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Zusammenfassung  
 
Hydrogele haben in den Lebenswissenschaften ein großes Interesse geweckt, da sie eine 
ideale Materialklasse für viele medizinische Anwendungen, wie den Wirkstofftransport und die 
Gewebezüchtung darstellen. Sie können so konzipiert sein, dass sie eine Vielzahl von 
therapeutisch aktiven Verbindungen mit höchster raumzeitlicher Kontrolle freisetzen können, 
wobei die freigesetzten Wirkstoffe von kleinen Molekülen bis hin zu Proteinen reichen. Darüber 
hinaus können Hydrogele als natürliche extrazelluläre Matrix (EZM) Analoga von Geweben 
fungieren, wobei sie Zellen an die gewünschte Stelle im Körper des Patienten bringen, dort 
beherbergen und ein Gerüst für die Bildung von neuem Gewebe bieten können. In diesem 
Zusammenhang steht die Herstellung von Hybridmaterialien im Mittelpunkt der gegenwärtigen 
Forschungsanstrengungen, da die Kombination von natürlichen (Makro-) Molekülen mit 
synthetischen Verbindungen mittels verschiedener chemischer Methoden die Entwicklung 
anwendungsorientierter Konjugate mit sich ergänzenden Eigenschaften ermöglicht. 
Ungeachtet umfangreicher Forschungsanstrengungen ist es bislang jedoch nur einer sehr 
begrenzten Anzahl von Hydrogelen gelungen, erfolgreich in der klinischen Entwicklung 
angewendet zu werden. Viele der vorgeschlagenen Hydrogele besitzen eine ausgeprägte 
Heterogenität bezüglich ihrer chemischen Zusammensetzung, was eine präzise Justierung 
ihrer physikalischen und pharmakologischen Eigenschaften erschwert. Chemisch definierte 
Hydrogele, die als biokompatible und abbaubare Zellmatrizen mit kontrollierter und schneller 
Gelierung, exzellenter Selbstheilung, einer definierten und einfachen Einführung von 
Funktionalitäten sowie allgemeiner Stabilität während der Zellkultur dienen können, sind 
derzeit noch schwer erreichbar.  
In dieser Dissertation wird das Design und die Herstellung neuartiger Hybridhydrogele 
hauptsächlich im Rahmen der Gewebeentwicklung untersucht, mit dem Ziel, die 
Materialeigenschaften zu verbessern und die zuvor genannten Eigenschaften in einem 
einzelnen Hydrogelsystem zu vereinen. Zusätzlich wird die Fähigkeit der Gele zur Darreichung 
von Arzneimitteln erforscht. Hydrogele werden dabei als künstliche Zellmatrix zur 
Regeneration von erkranktem oder traumatisiertem Gewebe getestet. Dies schließt eine 
mögliche Modulation endogener Stoffwechselprozesse durch die Zufuhr von therapeutisch 
aktiven Verbindungen ein. Durch die Entwicklung hybrider Hydrogele, die aus mindestens zwei 
unterschiedlichen Materialien bestehen, wird in dieser Arbeit eine relativ neue, und noch nicht 
ausreichend untersuchte Materialklasse vorgestellt, die eine Brücke zwischen den bereits 
bestehenden Hydrogelen aus vollsynthetischen und natürlichen Systemen schlägt. Es werden 
sogenannte hybride „Mischformen“ entwickelt, die wesentliche Aspekte biologischer Systeme 
aufgreifen und integrieren,  wobei ein Kompromiss zwischen verbesserter  Funktionalität  und 



angemessenem synthetischen Aufwand gewahrt wird. Ausgehend von der Architektur der 
natürlichen EZM als Inspiration wird die Entwicklung neuartiger Hybridhydrogele erforscht, 
indem die supramolekulare Vernetzung kovalenter Rückgrate eingesetzt wird, um die 
derzeitigen Einschränkungen konventioneller Gele zu überwinden und deren Verwendung für 
biomedizinische Anwendungen zu untersuchen. Darüber hinaus werden in dieser Arbeit 
relevante Materialeigenschaften wie Gelierung, mechanische Eigenschaften und deren 
mögliche Justierbarkeit, Freisetzung von aktiven Wirkstoffen sowie Abbaubarkeit und 
Biokompatibilität mit verschiedenen Zellarten untersucht. Damit die Hydrogele in der 
Gewebeentwicklung möglichst vielseitig einsetzbar sein werden, haben die Hydrogele eine 
höchst modulare Zusammensetzung, welche eine einfache und schnelle Einführung 
verschiedener Funktionalitäten und somit eine Anpassung der Hydrogele an das jeweilige 
Gewebe und die erforderlichen Anwendungsparameter ermöglichen soll. Hierbei werden 
Biopolymere in Kombination mit programmierbaren Strukturelementen wie DNS und Peptiden 
erforscht.  
Nukleinsäuren werden zunehmend wichtiger als vielseitige Bausteine, die Eigenschaften wie 
Programmierbarkeit und Bioaktivität für die nächste Generation von Hydrogelmaterialien 
einbringen. Im Rahmen dieser Arbeit wird ein umfangreicher und kritischer Überblick über die 
verfügbaren Beispiele DNS-basierter Hydrogele und deren potenzielle Anwendungen in den 
Lebenswissenschaften gegeben, wobei beschrieben wird, wie die Struktur von DNS-
Materialien ihre Eigenschaften beeinflusst (Kapitel 1). Die jüngsten Entwicklungen in der 
aufstrebenden Klasse der therapeutisch nutzbaren DNS-basierten Hydrogele werden 
zusammengefasst und neue, spannende Anwendungsbereiche im Fachgebiet der Biomedizin 
hervorgehoben. In diesem Zusammenhang werden DNS-basierte Hydrogele in zwei 
Kategorien unterteilt, bei denen die DNS entweder bei der Konstruktion des Materials beteiligt 
ist oder als funktionelle Einheit innerhalb des Netzwerks enthalten ist. Die wichtigsten 
synthetischen Konzepte zur Herstellung von DNS-basierten Gelen werden beschrieben und 
sowohl reine DNS Hydrogele als auch verschiedene DNS-basierte Hybride werden im Hinblick 
auf neue Konzepte, Eigenschaften und Anwendungen der DNS Hydrogelen ausführlich 
diskutiert. Dies umfasst DNS-basierte Hydrogele als Biosensoren, Arzneimittelreservoirs und 
-verabreichungssysteme, als Zellgerüste und immunmodulatorische Systeme.  
Exzellente Programmierbarkeit und perfekte Sequenzkontrolle während der Synthese werden 
durch DNS ermöglicht und machen diese zu einer attraktiven Option für supramolekulare 
Quervernetzer. Um jedoch ein klar definiertes Endmaterial zu erhalten, müssen alle Hydrogel 
Komponenten mit einem hohen Maß an Präzision hergestellt werden. Daher muss in einem 
Hybridhydrogel  auch das  kovalente Grundgerüst  aus einem  wohldefinierten  Makromolekül



bestehen. Denaturierte Proteine wie humanes Serumalbumin (HSA) stellen eine neue Klasse 
an Präzisionspolymeren dar, die eine vordefinierte Sequenz und Kettenlänge, sowie mehrere 
verschiedene funktionelle Gruppen für weitere chemische Modifikationen aufweisen. Die 
Kombination beider Materialien wird zur Herstellung hoch definierter Hydrogele für die 
Biomedizin erforscht. In diesem Zusammenhang wird die Anwendbarkeit von Protein-DNS 
Hydrogelen für die raumzeitlich kontrollierte Freisetzung von therapeutisch aktiven 
Verbindungen erfolgreich demonstriert. Um dies zu erreichen werden Hydrogele aufbauend 
auf bestehenden Arbeiten aus biologisch abbaubaren und biokompatiblen Komponenten 
hergestellt, insbesondere aus chemisch modifiziertem HSA und rational konstruierten DNS-
Verbindungselementen (Kapitel 3). Um das Rückgrat dieser Protein-DNS Hybridhydrogele 
herzustellen, wird HSA in ein bürstenähnliches, proteinabgeleitetes Präzisionspolymer 
überführt. Anschließend werden physikalische Hydrogele durch sequenzspezifische DNS 
Hybridisierung erzeugt. Die Hybridisierung erfolgt zwischen DNS Ketten, die auf das 
Polymerrückgrat aufgepfropft wurden, und kleinen, komplementären, dendritischen DNS 
Quervernetzern als Bindungspartner. Auf diese Weise erfolgt eine schnelle Gelierung unter 
physiologischen Bedingungen, ohne chemisch reaktive, toxische Gruppen oder 
Metallkatalysatoren zu benötigen. Durch die geschickte Auswahl der vernetzenden DNS 
Stränge können gleichzeitig mit der Quervernetzung bis zu zwei therapeutisch aktive 
Verbindungen in einem Schritt orthogonal in das Gel eingebracht werden. Weiterhin erhöht die 
Zugabe von einem biokompatiblen, kationischen Biopolymer, hier Chitosan, als 
elektrostatischer Stabilisator für die negativ geladenen DNS Quervernetzer die 
Hydrogelstabilität. Weitere wichtige Eigenschaften dieses Hydrogels, wie zum Beispiel 
thixotropes Verhalten mit der Fähigkeit zur Selbstheilung, welches auf eine mögliche 
Injektionsfähigkeit hinweist, werden erfolgreich gezeigt. Zusätzlich wird eine schnelle, 
hochspezifische und stabile Beladung sowie eine kontrollierte Freisetzung von DNS-
modifizierter bioaktiver Fracht gewährleistet. In diesem Zusammenhang ermöglicht die 
Desoxyribonuklease gesteuerte C3 Toxinfreisetzung eine effiziente und spezifische Hemmung 
der Osteoklastenbildung und Knochenresorption, ohne die osteoblastische Differenzierung 
und Mineralisierung in vitro zu beeinträchtigen, was die Eignung für die lokale Behandlung von 
Knochenerkrankungen wie Osteoporose durch lokale Medikamentenverabreichung im 
Rahmen einer kontrollierten Zeitskala bestärkt. 
Skalierbarkeit ist ein wichtiger Aspekt in der Herstellung von Biomaterialien, da sie direkt die 
Anwendbarkeit des Produkts bestimmt. Um eine reale Anwendung in der Klinik zu ermöglichen 
müssen Biomaterialien in ausreichender Menge und zu möglichst geringen Kosten produziert 
werden können. Da die Synthese von DNS Strängen als Quervernetzer den teuersten Schritt 
in der Herstellung der oben beschriebenen Hydrogele darstellt, wird im weiteren Verlauf der 
Dissertation nach alternativen Vernetzern gesucht.  Um die Mengen an  Hydrogel die  erzeugt 



werden können signifikant zu erhöhen, wird ein neues, alternatives supramolekulares 
Vernetzungssystem implementiert, welches anstelle von DNS-Strängen selbstassemblierende 
Peptide (SAPs) verwendet. Insbesondere wurden SAPs, die in der Lage sind, nanofaserige 
Strukturen zu bilden, umfassend für den Einsatz in der Hydrogelsynthese untersucht. Während 
diese SAP-basierten Systeme nicht das gleiche Maß an Programmierbarkeit wie DNS 
erreichen, sind sie viel einfacher und kostengünstiger in größerem Maßstab zu synthetisieren 
und erlauben dennoch die Herstellung von hochdefinierten 3D Materialien auf Basis der 
zugrundeliegenden Programmierbarkeit der Aminosäuresequenz. Weiterhin versprechen die 
gebildeten Peptidnanofibrillen (PNFs) eine verbesserte biologische Leistung, da sie eine 
ähnlich faserige Morphologie wie die natürliche EZM ausbilden. Um die gewünschten 
Leistungsanforderungen zu erfüllen und die bestehenden Systeme zu verbessern, werden in 
dieser Arbeit Hybridhydrogele entwickelt, indem das hochdefinierte Polypeptid-Rückgrat mit 
SAPs als funktionelle supramolekulare Quervernetzer konjugiert wird (Kapitel 4). Zudem 
werden pH-responsive, amphiphile Peptidgelatoren kreiert und im Hinblick auf ihre Fähigkeit 
zur Selbstassemblierung in verschiedene Nanostrukturen sowie zur letztlichen Induktion der 
Hydrogel Quervernetzung untersucht. Im Detail wird ein Depsi Peptid der PNF bildenden SAPs 
mit einer Esterbindung in der Aminosäure-Hauptkette hergestellt. Diese Depsi Peptide können 
unter sauren Bedingungen nicht zu PNFs assemblieren, während bei Erhöhung des  
pH-Wertes zu neutralen Bedingungen eine intramolekulare O-N-Acyl Migrationsreaktion den 
Ester in eine Peptidbindung überführt und eine sofortige Aggregation auslöst. Der Großteil der 
überführten Peptide nimmt an der PNF Bildung mit β-Faltblattstrukturen teil, dies ist wichtig, 
da die effiziente Überführung der löslichen Peptide in PNF Gelatoren neben der 
reizkontrollierten Selbstassemblierung die Effizienz des Vernetzungsschritts bestimmt. Die 
Konjugation einer ausreichenden Menge von Depsi Peptiden auf das von HSA abgeleitete 
Polypeptid Rückgrat überträgt das vorteilhafte, pH-responsive Aggregationsverhalten auf den 
Hybrid. Formal entspricht dies dem Ersatz von konjugierten DNS Strängen durch besser 
skalierbare und stimuli-responsive Peptide. Bei höherer Massenkonzentration bildet der Hybrid 
ein hochporöses Hydrogel mit sofortiger Gelierung in Phosphatpuffer bei neutralem pH-Wert 
in Abwesenheit von chemisch reaktiven, toxischen Gruppen. Des Weiteren können neue 
funktionelle Gruppen auf einfache Weise in situ mittels Copolymerisierung von zusätzlichen, 
freien und funktionalisierten Depsi Peptiden während des Gelierungsprozesses in einer 
homogenen und hochmodularen Art in das Gel eingebracht werden. Auf diese Weise ist, 
analog zur Einführung von farbstoffmarkierten Depsi Peptiden, eine Funktionalisierung mit 
Wachstumsfaktoren und anderen für biomedizinische Anwendungen nützlichen Molekülen 
denkbar. Bezeichnenderweise sind die PNF vernetzten Hybride anderen thixotropen 
Hydrogelen in Bezug auf die mechanischen Eigenschaften überlegen, einschließlich i) der 
Einstellbarkeit  der  Gelfestigkeit  durch  Ändern  der  Anzahl  der  Peptid-Pfropfen  oder  des 



Feststoffgehalts, ii) des thixotropen Verhaltens mit autonomer, ultraschneller, nahezu 
quantitativer Erholung nach mehreren Scherzyklen, iii) der sofortigen Erholung nach 
Schneiden, welche eine exzellente Selbstheilung auf makroskopischer Ebene zeigt, und  
iv) der Injektionsfähigkeit. Diese vorteilhaften mechanischen Eigenschaften resultieren 
höchstwahrscheinlich aus der in situ Reorganisation der PNF β-Faltblätter innerhalb des 
Hybrids. Zusätzlich hat das Hydrogel großes Potential als künstliche Zellmatrix, da es eine 
gute Langzeitstabilität in PBS oder Serum aufweist, wobei der Abbau durch Proteasen gezielt 
induziert werden kann. Diese Eigenschaft ist insbesondere für die Gewebeentwicklung in vivo 
von Bedeutung, bei welcher die Hydrogelmatrix für den aktiven Umbau durch Zellen 
zugänglich sein und eine vorgegebene Abbaurate aufweisen muss. Darüber hinaus unterstützt 
das Material das Überleben und Wachstum verschiedener Zelltypen und unterstreicht das 
Potenzial, als künstlicher Zellträger zu fungieren. Im Einzelnen wird das zelluläre Wachstum 
primärer humaner Endothelzellen aus der Nabelschnurvene und deren aktive Migration in das 
Material nach topologischer Aussaat demonstriert, was ein Unterscheidungsmerkmal des PNF 
vernetzten Hydrogels im Vergleich zu vielen anderen Arten von Hydrogelen ist. In solchen 
Materialien werden 3D Kulturen erst nach der Resuspension exogener Zellen in den Hydrogel-
Vorläuferlösungen beobachtet. Des Weiteren weisen dorsale Wurzelganglion-Neuronenzellen 
eine hohe Viabilität auf, wenn sie auf dem Gel kultiviert werden, welche vergleichbar zur 
Viabilität auf dem Goldstandard Matrigel ist. Weiterhin wird in vitro keine Aktivierung von 
Makrophagen beobachtet, was eine gute Zytokompatibilität bestätigt und eine 
vernachlässigbare Tendenz zur Immunaktivierung nahelegt. Unter Berücksichtigung all dieser 
Ergebnisse birgt das pH-responsive PNF vernetzte Hydrogel ein ausgezeichnetes Potenzial 
als regeneratives Trägermaterial für die Biomedizin zur Unterstützung des 2D und  
3D Zellwachstums.  
Um die Depsi Peptide als steuerbare Nanomaterialbausteine weiterzuentwickeln, wird der 
kontrollierte Auf- und Abbau von Peptidnanostrukturen, insbesondere von PNFs in Lösung, 
unter Nutzung des strukturellen Übergangs von Depsi Peptiden weiter untersucht (Kapitel 5). 
In diesem Zusammenhang wird das Schützen des Serin Depsi Amins erforscht, um eine 
Erweiterung der Reaktionsfähigkeit auf andere physiologisch relevante Reize neben dem  
pH-Wert zu ermöglichen. Um eine Steuerbarkeit des Abbaus zu erreichen, wird Methionin, 
welches sensitiv gegenüber oxidativen Zuständen ist, als orthogonale „responsive Einheit“ 

untersucht, wodurch der selektiv induzierte Abbau von PNFs durch geeignete Reize ermöglicht 
wird.  
Obwohl die induzierte Selbstassemblierung der Depsi Peptide supramolekular vernetzte 
Hydrogele mit attraktiven Eigenschaften hervorbringt, haben die resultierenden Gele 
(Kapitel 4)  nicht   den   gleichen  Grad  an  Programmierbarkeit  wie  die   DNS  haltigen  Gele 



(Kapitel 3). Um ein Material zu erzeugen in dem die Skalierbarkeit von Peptiden mit der 
Programmierbarkeit von DNS kombiniert wird, haben wir neue funktionelle Gruppen mit 
selektiven Bindungen zueinander untersucht (Kapitel 6). Hierfür werden dynamisch kovalente 
Wechselwirkungen zwischen Boronsäuren (BAs) und 1,2-Dihydroxybenzolen (CAs) analog zu 
Basenpaaren der DNS entwickelt. Dabei werden BA/CA Motive in einer binären Sequenz 
hergestellt, um molekulare Erkennung stimuli-responsiv zu kodieren. Zur Imitation von DNA 
Nukleobasen und DNA Strängen durch Erzeugen und Anordnen von BA oder CA Resten 
entlang eines definierten Peptidrückgrats, werden verschiedene Oligopeptide mit BA Einheiten 
und deren entsprechende CA Gegenstücke hergestellt und deren komplementäre Bindung 
analysiert. Es werden dabei gemischte Sequenzen, der Einbau einer "Punktmutation" sowie 
Strangverdrängung untersucht. Als Grundsatzbeweis wird Cytochrom c mit einem trivalenten 
Motiv markiert und erfolgreich mit Polyethylenglycol funktionalisiert. Somit kann der hier 
entwickelte synthetische Code auch für die Programmierung dynamischer makromolekularer 
Architekturen verwendet werden. 
 
 
 

 



Abstract  
 
Hydrogels have sparked great interest in life sciences as they are an ideal material class for 
many medical applications such as drug delivery and tissue engineering. They can be 
designed to deliver a multitude of therapeutically active compounds with highest 
spatiotemporal control spanning from small molecules to proteins. Furthermore, hydrogels can 
act as natural extracellular matrix (ECM) analogs of tissues, delivering and hosting cells to the 
desired location in the patient’s body and providing a space for the formation of new tissue. In 
this context, the production of hybrid materials is a major focus of current research efforts, 
since the combination of natural (macro-)molecules with synthetic compounds via different 
chemistries allows for engineering of application-oriented conjugates with complementing 
properties. However, despite extensive research, only a very limited number of hydrogels has 
successfully entered clinical development. Many proposed hydrogels suffer from heterogeneity 
regarding their chemical composition, which complicates precise adjustment of their physical 
and pharmacological properties. Chemically defined hydrogels that are able to serve as 
biocompatible and -degradable cell matrices featuring controlled and rapid gelation, excellent 
self-healing, a well-defined and simple introduction of functionalities, as well as general stability 
during cell cultivation are currently still difficult to achieve. 
In this Doctoral thesis, the design and preparation of novel hybrid hydrogels mainly in the 
context of tissue engineering is explored, with an aim to improve material properties and 
incorporate the above-mentioned features in a single hydrogel system. In addition, the ability 
of these gels to deliver therapeutic drugs is also investigated. Hydrogels are tested as artificial 
cell matrices for regeneration of diseased or traumatized tissue, with a potential modulation of 
endogenous metabolic processes via the delivery of therapeutically active compounds. By 
creating hybrid hydrogels, which represent a new class of materials and have not yet been 
sufficiently studied, this work bridges the existing gels made from either fully synthetic or 
natural systems. Hybrid forms are developed that integrate essential aspects of biological 
systems, while maintaining a compromise between improved functionality and appropriate 
synthetic effort. Taking the architecture of the natural ECM as an inspiration, the development 
of novel hybrid hydrogels is explored by employing supramolecular cross-linking of covalent 
backbones to overcome the current limitations of conventional hydrogels and examine their 
usage for biomedical applications. Furthermore, this thesis provides a more detailed 
investigation of the material properties such as gelation, mechanical properties and their 
potential adjustability, release of active ingredients as well as degradability and biocompatibility 
with different cell types. In order to make the hydrogels broadly applicable in tissue 
engineering, the hydrogels have a highly modular composition which should enable a simple 



and rapid introduction of various functionalities to afford adaptation of the hydrogels to the 
respective tissue and application parameters. Here, biopolymers in combination with 
programmable structural elements such as DNA and peptides are investigated.  
Nucleic acids are becoming increasingly important as versatile building blocks that introduce 
properties like programmability and bioactivity for the next generation of hydrogel materials. 
Within this work, a comprehensive and critical overview of the available examples of DNA-
based hydrogels and their potential applications in life sciences is provided, describing how 
the structure of DNA materials influences their various properties (Chapter 1). The recent 
developments in the emerging class of therapeutically useful DNA-based hydrogels are 
summarized and exciting application areas in the field of biomedicine are highlighted. In this 
context, DNA-based hydrogels are classified into gels that incorporate DNA either in the 
construction of the material or as a functional unit within the network. The most important 
synthetic concepts for the production of DNA-based gels are described and both all-DNA 
hydrogels and various DNA-based hybrids are comprehensively reviewed in view of new 
concepts, properties, and the applications of DNA hydrogels. This covers DNA-based 
hydrogels as biosensors, as drug reservoirs and delivery systems, as cell scaffolds, and as 
immunomodulatory systems. 
Excellent programmability and perfect sequence control during synthesis are offered by DNA, 
making it an appealing candidate as a supramolecular cross-linker. However, to achieve a final 
material that is well-defined, all hydrogel components need to be produced with a high level of 
precision. Consequently, in a hybrid hydrogel, the covalent backbone also needs to consist of 
a well-defined macromolecule. Denatured proteins, such as human serum albumin (HSA) 
represent a new class of precision polymers that have a pre-defined sequence and chain 
length and several different functional groups for further chemical modifications. The 
combination of both materials for the production of highly defined hydrogels for biomedicine is 
investigated. In this context, the applicability of protein-DNA hydrogels for spatiotemporally 
controlled release of therapeutically active compounds is successfully demonstrated. To 
achieve this, building on existing work, hydrogels are prepared from biodegradable and 
biocompatible components; more precisely from chemically modified HSA and rationally 
constructed DNA linkers (Chapter 3). To prepare the backbone of these protein-DNA hybrid 
hydrogels, HSA is transferred into a brush-like protein-derived precision copolymer. 
Subsequently, physical hydrogels are formed by sequence-specific DNA hybridization of 
backbone-grafted DNA tags with small, complementary, dendritic DNA linkers. In this way, 
rapid gelation occurs under physiological conditions without the need for chemically reactive, 
toxic groups or metal catalysts. By smartly selecting the cross-linking DNA strands, 
simultaneously  with  the  cross-linking  up  to  two  therapeutically  active  compounds  can be 



introduced orthogonally into the gel in a single step. Moreover, addition of a biocompatible 
cationic biopolymer – chitosan –as an electrostatic stabilizer for the negatively charged DNA 
linkers increases the hydrogel stability. Further important properties of this hydrogel are 
demonstrated. This covers thixotropic behavior with self-healing ability that suggests potential 
injectability. In addition, a rapid, highly specific and stable loading as well as controlled release 
of DNA-tagged bioactive cargo is realized. In this context, deoxyribonuclease (DNase) 
triggered C3 toxin release allows efficient and specific inhibition of osteoclast formation and 
bone resorption without affecting osteoblastic differentiation and mineralization in vitro, 
confirming the suitability for local treatment of bone diseases such as osteoporosis via local 
drug delivery on a controlled time scale.  
Scalability is an important aspect in the production of biomaterials as it directly determines the 
applicability of the product. In order to enable realistic clinical application, biomaterials must 
be produced in sufficient quantities and at the lowest possible cost. Since the synthesis of DNA 
strands as cross-linkers constitutes the most expensive step in the production of the hydrogels 
described above, alternative cross-linkers are explored in the further course of the dissertation. 
To significantly increase the obtainable amounts of hydrogel, a new, alternative 
supramolecular cross-linking system using self-assembling peptides (SAPs) instead of DNA 
strands is implemented. In particular, SAPs that are capable of forming nanofibrous structures 
have been extensively studied for use in hydrogel synthesis. While these SAP-based systems 
do not reach the same level of programmability as DNA, they are much easier and more cost-
effective to synthesize on larger scale and still allow the preparation of highly defined 
3D materials based on the underlying programmability of the amino acid sequence. 
Additionally, the formed peptide nanofibrils (PNFs) promise improved biological performance, 
since they resemble the fibrous morphology of natural ECM. To meet the desired performance 
requirements and elevate current systems, in this work, hybrid hydrogels are created by 
grafting SAPs onto the highly defined polypeptide backbone as functional supramolecular 
cross-linkers (Chapter 4). In addition, pH-responsive, amphiphilic peptide gelators are created 
and investigated for their ability to self-assemble into various nanostructures and finally induce 
hydrogel cross-linking. In detail, a depsi peptide is prepared from PNF forming SAPs having 
an ester bond in the amino acid main chain. These depsi peptides are unable to assemble into 
PNFs under acidic conditions, whereas upon raising the pH to neutral, an intramolecular  
O–N–acyl migration reaction converts the ester into a peptide bond and causes instantaneous 
aggregation. Most of the transitioned peptides participate in PNF formation with β-sheet 
structures, which is important because the efficient conversion of soluble peptides into PNF 
gelators, in addition to stimulus-controlled self-assembly, determines the effectiveness of the 
cross-linking step. 



Conjugating a sufficient amount of depsi peptides onto the HSA-derived polypeptide backbone 
transfers the beneficial, pH-responsive aggregation behavior onto the hybrid. Formally, this 
represents the replacement of DNA grafts by more scalable and stimuli-responsive peptide 
grafts. At higher mass concentration, the hybrid forms a highly porous hydrogel with 
instantaneous gelation in phosphate buffer at neutral pH in the absence of chemically reactive, 
toxic groups. Furthermore, new functional groups can be easily introduced into the gel in situ 
by convenient copolymerization of additional, free and functionalized depsi peptides during the 
gelation process in a homogeneous and highly modular manner. In this way, similar to how 
dye-labelled depsi is introduced, functionalization with growth factors and other molecules 
useful for biomedical applications is conceivable. Importantly, the PNF cross-linked hybrids 
are superior to other thixotropic hydrogels in terms of mechanical properties including  
i) adjustability of gel stiffness by changing the number of peptide grafts or by the solid content, 
ii) thixotropic behavior with autonomous, ultrafast, near-quantitative recovery after multiple 
shear cycles, iii) immediate recovery from cutting demonstrating excellent self-healing at a 
macroscopic scale, and iv) injectability. These favorable mechanical properties likely result 
from the in situ reorganization of the PNF β-sheets within the hybrid. In addition, the hydrogel 
has great potential as an artificial cell matrix, as it exhibits good long-term stability in PBS or 
serum, while degradation can be intentionally induced by proteases. This feature is particularly 
important for in vivo tissue engineering where the hydrogel matrices must be accessible for 
active remodeling by cells and provide a pre-determined degradation rate. In addition, the 
material is shown to support the survival and growth of various cell types, highlighting the 
potential to act as an artificial cell support. In more detail, the cellular growth of primary human 
umbilical vein endothelial cells and their active migration into the material after topological 
seeding is demonstrated, being a distinguishing feature of the PNF cross-linked hydrogel 
compared to many other types of hydrogels. In such materials, 3D cultures are only observed 
after resuspension of exogenous cells in the hydrogel precursor solutions. Furthermore, dorsal 
root ganglion neuronal cells exhibit high viability when cultured on the gel which is similar to 
the viability on the golden standard Matrigel. Moreover, no activation of macrophages is 
observed in vitro, demonstrating good cytocompatibility and suggesting low tendency for 
immune activation. In view of all these findings, the pH-responsive PNF cross-linked hydrogel 
offers excellent potential as a regenerative scaffold for biomedicine to support 2D and 3D cell 
growth.  
In order to further evolve the depsi peptides as controllable nanomaterial building blocks, the 
triggered assembly and disassembly of peptide nanostructures, particularly of PNFs in 
solution, is further investigated by making use of the structural transition of depsi peptides 
(Chapter 5). In this context, the caging of the serine depsi amine is explored to enable 
extension  of  the  responsiveness  to  other  physiologically  relevant  stimuli  besides  pH.  To 



provide controllability of the disassembly, methionine, which is sensitive to oxidative 
conditions, is explored as orthogonal “responsive unit”, enabling disassembly of PNFs by 
appropriate stimuli.  
Even though the induced self-assembly of the depsi peptides affords supramolecular cross-
linked hydrogels with appealing properties, the resulting gels (Chapter 4) cannot provide the 
same level of programmability as the DNA-containing hydrogels (Chapter 3). To create a 
material that combines the scalability of peptides with the programmability of DNA, we explore 
new functional groups with selective binding to each other (Chapter 6). In this context, dynamic 
covalent interactions between boronic acids (BAs) and catechols (CAs) are developed into 
synthetic nucleobase analogs where BA/CA motifs are prepared in a binary sequence to 
encode molecular recognition in a stimuli-responsive way. Simulating DNA nucleobases and 
DNA strands by creating and arranging BA or CA residues along a defined peptide backbone, 
different oligopeptides with BA units and their corresponding CA counterparts are prepared 
and their complementary binding is analyzed. Furthermore, mixed sequences, the inclusion of 
a “point mutation”, as well as strand displacement are investigated. As a proof of principle, 
cytochrome c is successfully functionalized with polyethylene glycol using the respective 
trivalent tag-conjugated derivatives, indicating that such a synthetic code may also allow to 
program dynamic macromolecular architectures.  
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Chapter 1  –   Introduction 
 
1.1 Challenges in material design for biomedicine     
 
The evaluation of potential materials in our environment that could be employed for a particular 
biomedical application has inspired biomaterial designs and applications for over thousands of 
years, e.g., to enhance tissue function and for the treatment of disease or injury. Often, simply 
the mechanical properties of the material were considered in the selection process. For 
example, corals or wood have been historically selected for dental implants or fabric for 
sutures.[1] While in the past, the materials were selected in such a way to only restore the basic 
functions, today this is no longer sufficient.  
 

 
Figure 1: Advanced biomedical materials development for applications and technology. The improved 
understanding of biochemical compositions and organization of biological structures has contributed to elucidating 
how molecular structure and chemistry mediate properties in biological systems. Advances in the natural sciences 
have provided scientists with a sophisticated toolbox of synthesis and processing techniques to develop new 
materials with unprecedented properties. Fusing the two worlds of biology and chemistry gives rise to novel 
engineering strategies yielding advanced materials for a broad range of biomedical applications.  
 
Advances in the natural sciences have provided scientists with a sophisticated toolbox of 
synthetic and processing techniques to develop new materials with unprecedented properties. 
In addition to this, the understanding of complex biological structures and processes related to 
the intended use of the material is an important factor for medical progress and indispensable 
for the design of future biomaterials. In particular, the improved knowledge of the hierarchical 
organization and composition of biological structures has contributed enormously to the 
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comprehension how molecular structures impart unique properties in many biological systems 
(Figure 1). Hereby, covalent bonds provide stability (e.g., peptide bonds), while secondary 
structures offer material elasticity (e.g., elastin).[1] While covalent chemistries have dominated 
the field of biomaterials for decades, the emergence of supramolecular chemistry has 
complemented and improved the ability to produce precise and physiologically structured 
materials. Supramolecular interactions play a crucial role in this context, as they enable 
dynamic macromolecular interactions and the controlled self-organization necessary to form 
biomaterials, e.g., emerging from single proteins to complex 3D structures such as tissues.[1] 
They can therefore be described as "chemistry beyond the molecule", as Nobel Laureate Jean-
Marie Lehn has expressed it. Supramolecular chemistry is manifested in the body for example 
by single molecule-matrix interactions, which include the presentation of biological signals or 
receptor-ECM interactions, as well as the general formation of structures via self-assembly 
into higher order motifs, like the fibrillary ECM itself.[1] These examples give a central motive 
for the development of synthetic analogs, e.g., for biomolecule presentation through 
supramolecular interactions or for the hierarchical assembly of biomaterials. 
Nature offers many models for innovative structures and functionalities, and provides 
inspiration for the design of artificial functional materials that address some of the major 
challenges in biomedical applications. For example, during wound healing a complex and 
orchestrated interplay of molecular signals and materials determines the rearrangement of 
natural structures of the ECM, ultimately resulting in tissue regeneration. The fundamental 
understanding of these interactions and endogenous processes opens up future possibilities 
for the rational design of innovative biomaterials that are optimally adapted to the requirements 
of the respective medical application.[1,2] Hereby, the successful reproduction of biological 
materials in their structure and function is pursued trough advanced synthesis techniques. In 
particular, biorthogonal chemistry has a special significance in this respect as it enables the 
production and functionalization of biomaterials (e.g., hydrogels) with unique capacities, which 
would cover aspects of native biological structures.  
In the end, the greatest challenge is to i) understand biology, ii) then reduce biological 
complexity to essential elements, iii) create structurally simple biomaterials, and finally iv) 
develop a synthetic, functionally complex material that can perform a desired task and ideally 
communicate, react and synergize with biology to meet clinical and therapeutic objectives 
(Figure 2).[1] 
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Figure 2: Material design in biomedicine. Current challenges are summarized in the depicted work flow from 
understanding the biological complexity, reducing it to the essential elements and finally creating structurally simple 
but functionally complex biomaterials that can perform a desired task.  
 
Modern thinking in respect of material design includes the ability to tune and manipulate 
materials in their complex physical and biological properties. Materials are now expected to no 
longer be bio-inert but actively interface with their environment. This can be realized by 
incorporating bioactive signals to achieve multifunctional design. Implanted materials are not 
only considered as mechanical scaffolds for tissue regeneration, but in addition, are 
constructed to function as pharmacological agents to improve regeneration by transmission of 
biological signals to the surrounding tissue.[1] The recent trends in soft biomaterial design go 
even further and drive the development of novel systems that actively interact with their 
environment by responding to and even integrating into the biological landscape.[1] In addition 
to developing the material structure, advances in the fields of material science and polymer 
chemistry have made it possible for us recently to evolve biomaterials from a traditional, pre-
defined static design that provided consistent functions like in many materials that have been 
clinically used such as orthopedic implants (mechanical support) and contact lenses (optical 
properties), to one with dynamic properties.[1] Thereby, the in situ transformation of materials 
undergoing an active material transition in biological systems is highly interesting.[3] This 
includes the preparation of degradable materials replacing permanent implants or materials 
that transform from an injectable, fluid state to a solid state for minimal invasive procedures.[1,3] 
Furthermore, for the preparation of smart materials, transformations can be designed to be 
stimuli-responsive where the innate biomaterial properties are regulated by either external 
stimuli, such as light, as well as temperature, or internal chemical and biological signals.[1,3] In 
addition to the intrinsic material properties defined by chemical composition, the production of 
biomaterials with new manufacturing techniques such as inkjet printing and microchip 
fabrication complements the established manufacturing processes and enables the adjustment 
of further material properties on a new level to advance the production of new, sophisticated 
biomaterials.[3]  
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Current challenges in the field of material design for regenerative medicine include healing as 
a central motif. This includes the development of healable materials capable of self-repair on 
the one side and active materials that promote healing of otherwise irreparably damaged 
tissues on the other side. Other challenges in the biomedical field include drug delivery 
systems that can be loaded with therapeutics and deliver them in response to cell signals and 
medical devices that integrate seamlessly into the tissue at the site of implantation.[1] Key to 
this will be synthetic tools that will enable scientists to control biomaterials from the molecular 
to the macroscopic scale and engineer advanced bio-complex materials. These biomaterials 
will feature the desired stability, loaded with the respective biological signals that will be 
delivered in the right spatiotemporal context, and will allow for patterning and dynamic display 
of biological functions.[1] However, it will be crucial that this progress is achieved in a way that 
enables large-scale production. In addition, biomaterials constantly experience a highly 
dynamic environment in vivo and thus changes occur continuously that alter performance, 
demonstrating the need for methods to track biomaterials in physiologically complex scenarios 
or in vitro assays that allow accurate prediction of in vivo performance.[1]  
 
With the future in mind, the design of soft biomaterials revolves around uniform concepts that 
will include hierarchy, complexity, dynamics, adaptation and self-regulation as well as healing. 
Modern chemistry is advancing constantly and allows the synthesis of the most defined 
molecules or even materials with integrated bio-functionality. However, even though we 
understand the chemistry behind most materials, and the synthesis of the most unique 
molecules and most complex assemblies seems possible, it is precisely these interactions of 
the material components among themselves and with their environment, which influence each 
other and dictate the material performance and function, but which to a large extent are not 
(yet) understood. This does not only include the final material or the material during its use, 
but already begins with the processing of the material components. In order to realize this great 
potential, computer-aided modelling and the latest developments such as artificial intelligence 
and its tools like machine learning will be of utmost importance to understand how to 
synthesize and engineer advanced biomaterials systems, which, for example, are able to adapt 
their function to the situation in a time-resolved manner or discover materials that are entirely 
new, and shorten development time.  
 
  



Chapter 1   –   Introduction 

5 

1.2 Structure and characteristics of hydrogels 
 
Hydrogels are water-swollen, cross-linked three-dimensional polymer networks. They can be 
prepared from one or more monomeric or polymeric building blocks yielding a material, which 
is able to absorb and store large amounts of water within the newly formed polymeric network 
due to numerous hydrophilic functional groups along the backbone.[4–7] Notably, chemical or 
physical cross-links between the polymer chains provide the required stability and resistance 
to dissolution.[5,7] By making use of their ready accessibility towards chemical modifications, 
hydrogels can be carefully engineered to control their physicochemical parameters. For 
example, introducing cell adhesion ligands allows for defined cell-material contacts, while 
bioactive components such as drugs or growth factors can be incorporated and/or released on 
demand.[7–9] In addition, hydrogels are generally easy to handle and can either be pre-
fabricated or formed in-situ after injection.[7] This combination of characteristics makes 
hydrogels a highly versatile material class for various applications.[5] The relatively high water 
content and the soft rubbery consistency of hydrogels further create a strong resemblance to 
living tissue, potentially more than any other class of synthetic materials.[10] As a result, 
hydrogels are extremely important in the biomedical field for a wide variety of applications.  
 
i) Hydrogels: backbones, cross-linkers, single- and multicomponent systems 
 
As hydrogels are a highly diverse class of materials, a classification is often conducted 
according to several structural aspects. Importantly, the networks’ cross-link junctions can be 
of chemical or physical nature, that is, permanent junctions due to covalently reacted cross-
links or transient junctions resulting from physical interactions such as ionic interactions, 
hydrogen bonds, hydrophobic interactions or polymer chain entanglements.[5–7,11] Based on the 
origin of their components, hydrogels can be classified into either natural or synthetic, but also 
hybrid combinations of both materials exist.[5,11] Alternatively, hydrogels are often categorized 
according to their preparation procedure. Thereby, one-step procedures employing 
multifunctional monomers for simultaneous polymerization and cross-linking are distinguished 
from multi-step procedures, where at first polymers are prepared containing specific reactive 
groups that are subsequently cross-linked.[5] The main strategies of multi-step hydrogel 
preparation are depicted in Figure 3. Both, the polymeric composition of hydrogels as well as 
the type of cross-linking directly determines the materials performance. Hydrogels can be 
prepared from one component or several building blocks. Homopolymeric hydrogels are 
networks derived from a single species of monomer as the basic structural unit. Thereby, the 
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straightforward approach does not require addition of other cross-linking materials for gelation. 
In contrast, copolymeric hydrogels are composed of two or more different monomer species 
with random, block or alternating configuration. Such multicomponent hydrogels are often 
characterized by advanced properties. Furthermore, two independently cross-linked polymer 
components that form multipolymer interpenetrating networks, are a special case with 
sometimes vastly different properties.[5,11] Finally, the network structure can be prepared in 
various forms from macroscopic bulk hydrogels to micro- and nanogels.[12–14] 
 

 
Figure 3: Schematic representation of multi-step hydrogel formation. A polymer backbone is decorated with 
polar groups and cross-linked either via physical interactions such as ionic or hydrophobic interactions, hydrogen 
bonds or via chemical reactions employing different cross-linkers. Physical cross-linking based on ionic interactions 
is depicted exemplarily where a polyanionic polymer can be cross-linked via either multivalent cations or polycations 
to form a physical hydrogel. Bifunctional or polyfunctional polymers can be cross-linked chemically with bi-, tri- or 
multifunctional cross-linkers to form a hydrogel network. Based on [6]. 
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ii) Essential hydrogel design criteria 
 
Hydrogels are extremely versatile and have established themselves as highly promising 
materials in the biomedical field, as they are characterized by a high degree of multi-
functionality in terms of composition and diversity of the production processes. Since many 
biomedical applications require very complex hydrogels adjustable to the particular location 
within the body, they are an ideal system for solving many urgent problems. Resulting from the 
hydrogels’ exceptionally tunable nature regarding their physical, chemical, and biological 
properties, precise adjustment of these fundamental “set screws” in rational design strategies 
to address biomedical issues becomes feasible. Thereby, hydrogels can be carefully tailored 
to the requirements of each specific application spanning tissue engineering and drug delivery 
approaches, directing the development of custom-made biomaterials towards certain 
biomedical applications as summarized in Figure 4.[8,11,15,16] This high versatility is exemplified 
by the many different forms of hydrogels with a wide range of mechanical properties including 
solid molded forms such as soft contact lenses, microparticles, coatings, e.g., on implants, 
catheters or pills, or membranes and sheets as reservoirs in a transdermal drug delivery patch, 
and even liquids which form gels on temperature change.[6] 
Essential criteria in hydrogel design include physical material parameters such as the ability 
and rate of degradation as well as mechanical properties. The hydrogel network structure can 
be defined by parameters such as the polymer volume fraction in the swollen state, the number 
average molecular weight between cross-links as well as the network pore size, which are 
critical in determining the mechanical properties of the material and are important for potential 
biomaterial applications.[8,11] As all of these parameters are rationally adjustable, hydrogels can 
be, for example, matched in their mechanical properties to certain tissues as required by the 
desired application.[11] This is particularly important as the native ECM provides mechanical 
support for surrounding cells and its modulus of elasticity that is often referred to as stiffness 
in a biological context, naturally varies dramatically between tissues within the body. For 
example, brain (Ebrain ~ 0.1-1 kPa) is softer than skeletal muscle (Emuscle ~ 8-17 kPa), which is 
softer than precalcified bone (Eprecalcified bone ~ 25-40 kPa).[17] In addition, the mechanical 
properties can also be displayed in complex gradients, e.g., at tissue interfaces. Since the 
changes in substrate stiffness have a decisive influence on the cellular behavior of proliferation, 
adhesion, and even differentiation, it is of crucial importance for tissue engineering applications 
to adapt the mechanical properties and elasticity of the hydrogel as a scaffold so that it 
corresponds closely to that of the native target tissue[17,18] In this context, dynamic mechanical 
analysis is the method of choice for characterizing the bulk mechanical properties of hydrogels. 
In particular, rheology, which enables the in situ production and analysis of hydrogels in order 
to monitor their gelation kinetics, characterize the liquid-to-solid transitions and the modulus of 
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gel samples with different cross-linking densities, is an important tool for analyzing hydrogels 
and evaluating their suitability for certain applications.[19] 
 

 
Figure 4: Macromolecular design allows for rational creation of hydrogel constructs, thereby directing the 
biomedical application.  

 
However, in order to design hydrogels for biomedical applications, which is the subject of this 
thesis, additional requirements also involving biological performance parameters have to be 
met. For most applications of hydrogels within our body, biocompatibility is generally accepted 
as a critical parameter. It directly determines the ability of the material to be applied in the body 
without causing a reaction that would interfere with its desired function, such as damage to 
adjacent cells, inflammation, scarring and immune responses.[18] In addition to biocompatibility, 
the controlled degradation of hydrogels into biocompatible products directs their design.[20] 
Moreover, the pore sizes of the network determine, how fast and which size of 
particles/molecules can be transported throughout the material and these features need to be 
considered as well. Thereby, parameters like network structure, pore sizes, polymer 
composition, and the water content can be employed for hydrogel bioengineering towards 
applications, where controlling drug or protein diffusion is essential.[8,11] Especially controlled 
release applications in the medical field often require systems that can sustain a constant 
release of a drug over prolonged periods of time to match their therapeutic window. Advances 
in synthesis allow for tethering of hydrogel structures and ease of functionalization, enabling 
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control over drug diffusion. Diffusion-controlled hydrogel systems are classified into matrix 
systems with homogeneous distribution of the active agent throughout the hydrogel, and 
reservoir systems, where the agent is concentrated in a core.[8] Alternatively, high dosages of 
a drug that can be released on demand are also of great interest for certain applications. In 
this context, environmental responsiveness is another particularly desirable feature to be 
included in smart hydrogel systems to control drug release, e.g., by external stimuli. Persistent 
themes of responsiveness in the physiological environment cover responses to changes in 
external pH, temperature, ionic strength, solvent composition, or magnetic fields in the form of 
reversible changes in the swelling behavior often linked to a transition point and complex 
release behaviors.[8,21–25] Furthermore, functional hydrogels, which are capable of recognizing 
specific molecules and subsequently responding with a notable, reversible change are highly 
desirable for numerous medical applications. The introduction of such molecule-recognition 
sites into hydrogels has been realized, for example, via grafting of bioselective molecules such 
as enzymes, antigens, crown ethers, and lectins to the hydrogel backbone leading to drastic 
changes in volume due to selective interactions with the analyte upon a recognition event.[8,26–

28] Last but not least, nano- or micro-patterned hydrogels are proposed for selective protein 
adsorption, cell adhesion, and bioactive substance immobilization. Thereby, functionality can 
be introduced to a given part of the hydrogel with high spatial precision.[29–31]  
For applications inside the body, it is typically necessary for the patient to undergo a surgical 
operation in order to place the hydrogel at the target site. Recent efforts were made to reduce 
the need for such invasive procedures, developing injectable materials that allow for minimal-
invasive administration routes. Benefits of this approach include a reduction of pain while 
minimizing healing time and scarring, reducing the risk of infection as well as enabling in situ 
molding of the hydrogel to fit any cavities or tissue defects. Several strategies for the 
preparation of injectable hydrogels exist. In the first strategy, two complementary reactive 
components are used, e.g., a polymer and a small molecule cross-linker, that rapidly form a 
gel in situ after mixing shortly before injection or after injection induced mixing using two-
channel syringes. Different cross-linking chemistries can be considered enabling a rational 
design of precursors to facilitate fast gelation while circumventing interference with native 
biological molecules.[32] Moreover, a variety of physical cross-linking interactions can be 
applied in preparation of injectable hydrogels that are already preformed but show shear 
thinning and thixotropy, transitioning to a viscous fluid as the bonds maintaining the gel 
structure fail upon application of mechanical force but re-forming a gel after leaving the needle. 
These include interactions triggered by the unique pH/temperature/ionic-strength-environment 
of the body or by physical interactions which can be disrupted by shear including electrostatic 
or hydrophobic interactions.[32–35] Challenges in the field of physical hydrogels for injection are 
linked to the dilution of the hydrogel within the body due to loss of mechanical integrity based 
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on the typically dynamic nature of bond formation and breaking, limiting the therapeutic window 
to shortterm biomedical applications.[32] However, the development of stable but thixotropic 
hydrogels, with a self-healing behavior is of particular interest. Hereby, thixotropy (Greek, 
“thixis”: stirring, shaking, “trepo”: turning, changing) means a time-dependent shear thinning 
property with reduction of the structural strength and viscosity during the shear stress phase 
followed by its more or less rapid but complete reconstruction during the subsequent rest 
phase.[36,37] Thixotropic behavior combined with subsequent fast gelation as well as adjustable 
viscosity are important pre-requisites and highly useful for the employment of hydrogels in 3D 
printing.[38–40]  

 
iii) Regenerative medicine: tissue engineering via hydrogels 
 
Millions of surgical procedures are conducted every year to treat patients suffering from the 
loss or failure of an organ or tissue due to accidents or diseases.[18] In most cases, tissue or 
organ transplantations are the treatment of choice for these patients, and as a consequence 
33,385 organs were transplanted in Europe in 2016. However, donor shortages restrict the 
number of possible transplantations which is highlighted by the discrepancy between patients 
on a waiting list versus the actual number of transplants. In 2016, 11,129 patients were active 
on the waiting list for kidney transplants while only 2094 transplants were actually performed 
in Germany. Sadly, 438 patients died while on the waiting list before a transplantable organ 
was available. The situation is similar when looking at other organs, like heart transplants, 
where 1,248 patients were active on the waiting list and only 297 heart transplants were 
conducted while 114 patients died while on the waiting list during 2016. Those 2016 data are 
based on the Global Observatory on Donation and Transplantation (GODT) data, produced by 
the WHO-ONT collaboration.[41] Similarly, hundreds of thousands of patients require tissues or 
cell transplants. According to the European Commission Directorate-General for Health and 
Food Safety, in 2015 in Europe, a total of 109,312 patients received non-reproductive tissues 
or cells where the main distributed type were skeletal tissues.[42] These statistics showcase the 
critical shortage of donor organs and tissue implants which has stimulated much research in 
this area, i.e., to seek for alternatives for organ transplantations.  
Tissue engineering represents a multidisciplinary approach of biology, surgery, and chemical 
engineering towards the development of substitutes that restore, maintain, or improve function 
of missing, defect, or injured tissue by delivery of living elements which ultimately become 
integrated into the patient. Tissue engineering has been rapidly making progress and 
represents a new and revolutionary technology towards future treatments of patients in need 
of replacing lost tissue function.[18,43,44]  
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Natural tissues can be defined as multi-component ensembles with a characteristic 3D 
architecture resembling cell- and tissue-specific extracellular matrix (ECM) hydrogels with 
therein-embedded different types of cells and extracellular molecules. Tissue functionality 
arises from the complex interplay between its components and their location relative to each 
other. In addition, tissues exhibit a dynamic nature where self-organization of cells is achieved 
via migration, proliferation and differentiation including active remodeling of the ECM while 
allowing efficient diffusion of nutrients, metabolites and growth factors. In consequence, design 
strategies for tissue engineering follow these characteristic spatial and temporal processes in 
mimicking the native ECM by synergistic approaches of cell biological and biomaterials 
technologies. The two main components of tissue engineered devices are the transplanted 
cells and the biomaterial.[18,45] Three main strategies for the engineering of tissues are 
differentiated. These consist of making use of i) isolated cells or cell substitutes, ii) non-cellular 
tissue, and iii) cells placed on or within matrices.[45] The latter being the most appealing 
approach, and representing an important aim of this thesis. Thereby, the focus is on material 
design that meets the requirements of the cells. Importantly, the major challenge in tissue 
engineering is to mimic the complex functionality of natural tissue in synthetic materials to 
enhance the therapeutic outcome for the patient.[18,45–49]   
Natural ECMs consist of hydrogels from various protein fibrils that are interwoven within a 
highly hydrated network of glycosaminoglycan chains. This structural organization gives rise 
to one of the most elemental functions of the ECM that is the ability to resist tensile and 
compressive stresses. In addition, soluble macromolecules such as growth factors, cytokines 
and chemokines, but also surface proteins of neighboring cells are present and perform 
important functions in the ECM. As a consequence, the scaffold chosen to mimic the ECM 
plays an essential role in tissue engineering as the complex interplay between physical and 
chemical signals displayed by the scaffold critically determines whether cells differentiate, 
proliferate, migrate, and perform other functions.[50] The 3D morphology and mechanical 
stability of the scaffold also plays an important role in supporting tissue ingrowth and the 
formation of a regenerated, endogenous ECM that ultimately replaces the scaffold creating 
normal, completely natural tissue. Consequently, biodegradability adds another dimension to 
hydrogel engineering. The material can be rationally designed to degrade over pre-determined 
time-periods into non-toxic products also avoiding long-term complications linked with 
permanently introduced scaffolds.[45] For example, hydrogels can be prepared with ester bonds 
located in the polymer backbone as a preferential cleavage site for proteases. As proteases 
are naturally secreted by cells, a dynamic interplay between cells and their microenvironment 
is created featuring local degradation and remodeling of the matrix.[45,48,50–52] Similarly, 
bioactive ligands can be introduced and released to control receptor-mediated cellular 
morphology and functions.[45] In order to sustain live cells within the engineered 3D matrix, it 
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needs to allow for sufficient diffusion of nutrients through an interconnected network of pores 
on the scale of cellular processes.[18] The described correlations are schematically summarized 
in Figure 5.  

 

 
Figure 5: Tissue engineering via bio-scaffolds such as hydrogels in regenerative medicine. The development 
of biomaterials in medicine that can restore or compensate tissues is crucially dependent on the scaffolding 
biomaterial, which must support cells and their functions in vitro and in vivo. As the physiological function of tissues 
is essentially determined by the coordinated interplay of their components, namely the matrix, the different cells 
and bioactive molecules, artificial 3D cell scaffolds must be precisely tailored in terms of their chemical, physical 
and biological properties. In order to develop next generation biomaterials in medicine, the scaffolds need to enable 
cellular attachment and proliferation, provide space for growth of new tissue, and be biocompatible as well as 
suitable for implantation in patients. Ideally, these materials favor vascularization for the nutrient supply of the tissue 
and also enable the delivery biological signals. Furthermore, attractive processing parameters such as injectability 
replace extensive surgery with minimally invasive techniques, lowering the burden to the patient. 
 
An important target of tissue engineering is the repair of bone tissue, since cartilage and bone 
damage becomes increasingly common in society. This is a result of trauma, arthritis, sports-
related injuries as well as bone disorders, and conditions arising from aging, especially when 
coupled to obesity and poor physical activity. Importantly, elderly patients are particularly prone 
to suffer from bone defects, which is one of the leading causes for disability and morbidity.[53,54] 
Related applications are tissue-engineered implant surfaces for reconstructive orthopedic 
surgeries aiming for permanently stabilized implants by application of prosthesis coatings prior 
implantation.[55]  
Currently, the standard techniques for repairing damaged bone tissue is the transplantation of 
bone, either from autografts from the patient´s iliac crest or, alternatively, allografts of donated 
bone.[53–55] At the present, an exceedingly great demand for functional bone grafts is 
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experienced worldwide. More than half a million patients in the US receive bone defect repairs 
per year.[53] However, while the basic requirements for a bone substitute material such as 
histocompatibility, non-immunogenicity, and other essential properties established autografts 
as the gold standard, many considerable shortcomings and complications of current clinical 
bone repair and regeneration treatments have been reported.[53] On the one hand, autografts 
provide for osteoinduction based on the presence of growth factors such as bone 
morphogenetic proteins (BMPs), osteogenesis due to osteoprogenitor cells, and 
osteoconduction originating from the porous 3D matrix. On the other hand, major limitations of 
this approach derive from the requirement of a second operation at the site of tissue harvest. 
Potential adverse consequences of this expensive procedure include significant donor site 
injury and morbidity, deformation, or scarring. Further risks include a high nonunion rate with 
host tissues and the possibility of inflammation, infection, or chronic pain due to the surgical 
procedure.[53,54] Allografts are sufficiently histocompatible and come in various forms like 
demineralized bone matrix. However, they are also linked to possible immune-activation or 
even immune-rejection. In addition, pathogen transfer may occur and allografts have reduced 
osteoinductive properties compared to autografts due to the lack of cellular components. 
Alternative techniques for bone repair include distraction osteogenesis, bonecement fillers, 
and bone morphogenetic proteins.[53,55] In summary, despite the progress that was achieved in 
bone repair, current clinical treatment methods still have significant drawbacks and do not meet 
the desired therapeutic outcome.[53] Therefore, much effort is put into creating novel materials 
for successful bone defect treatment.  
To be able to mimic the properties of bone efficiently, an in-depth understanding of its structure 
is essential. Bone is a highly dynamic, diverse and very complex tissue that conducts a variety 
of functions including locomotion, providing the skeletal system with load-bearing capacity, 
internal organ protection as well as accommodation of biological elements required for 
hematopoiesis. As a result, bone is successively responding to different metabolic, physical or 
endocrine stimuli while steady chemical exchange and structural remodeling occur in a 
continuous cycle of resorption and renewal. The 200 bones in the human skeletal system come 
in various forms including long, short, flat, and irregular structures as well as compact or 
trabecular pattern arrangements of bone tissue with varying mechanical strength.[53] A 
pronounced hierarchical structural organization characterizes bone tissue at the 
macrostructural, microstructural and nanostructural levels.[54] Regarding its composition, the 
bone ECM can be categorized into an organic component, predominantly type-1 collagen, and 
a mineralized inorganic component consisting of plate-like carbonated apaptite mineralites. 
Tough and flexible collagen fibers reinforced by hydroxyapatite nanocrystals form the 
nanocomposite structure and are essential to the compressive strength and high fracture 
toughness of bone.[53,54] Unlike other tissues, bone features a scarless regenerative capacity 
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upon fracture which makes it an outstandingly smart material. The healing process is 
characterized by a set of sequential processes which include hematoma formation with 
simultaneous inflammatory responses as well as recruitment of signaling molecules for the 
regulation of new bone formation such as interleukins, tumor necrosis factors (TNF-α), BMP 
and vascular endothelial growth factors (VEGF). In addition, external soft tissues engage in 
stabilization of the fracture via callus formation, and chondrogenesis is initiated while the tissue 
starts to mature and to calcify the matrix as chondrocyte proliferation decreases. With in-
growing blood vessels, the tissue becomes accessible to chondroclasts, which resorb the 
calcified cartilage, as well as to osteoblastic progenitors, which initiate new bone formation.[53] 
In order to recreate this amazing potential for regeneration in a synthetic material, synergy 
should be accomplished between i) a biocompatible and biodegradable scaffold mimicking the 
bone ECM niche, ii) osteogenic cells and iii) morphogenic signals directing cell differentiation 
as well as iv) vascularization for nutrient supply and clearance (Figure 5). In this context, the 
release of osteogenic and vasculogenic growth factors from the scaffold upon implantation at 
the defect site is favorable. Similar to most tissue engineering approaches, here, scaffold 
degradation in response to new tissue formation is considered beneficial, stimulating 
accelerated cell infiltration, integration with the surrounding native tissue, and finally bone 
regeneration.[53–55] Hydrogels offer many of these desirable features and are therefore 
considered particularly promising materials for cartilage and bone tissue regeneration.[11,54] 
Furthermore, next generation hydrogels offer attractive processing parameters, for example, 
injectability that may result in replacing extensive surgery with minimally invasive techniques, 
lowering the burden to the patient. In this context, the ability to match perfectly any desired 
irregular defect shape is a further highly relevant qualitiy.[53,54] Hydrogels from natural 
biomaterials such as collagen, gelatin, chitosan, alginate and hyaluronic acid as well as 
synthetic poly(ethylene glycol) (PEG) or poly(vinyl alcohol) (PVA)-based systems have been 
used in various combinations for bone tissue engineering.[53,54,56–60] Moreover, due to their 
biocompatible and biodegradable nature, self-assembling peptides have received increasing 
attention for the creation of injectable hydrogel scaffolds in tissue engineering. They can easily 
adopt the physical geometry of the tissue defect and degrade over prolonged periods of time 
into non-toxic components, which may be readily cleared in vivo. For example, nanofiber 
hydrogels can be formed upon the injection of self-assembling peptides (SAPs) such as 
RAD16-I via interaction with bodily fluids. In addition, SAPs like RAD16-I or P11-4 have been 
reported to support osteogenesis in vitro and in vivo.[53,61,62] Therefore, SAPs offer promising 
options for bone tissue engineering.  
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iv) Drug delivery via hydrogels  
 
Controlled drug delivery and release at the site of interest in the body, i.e., the required tissue 
or cell structure, are considered crucial for high drug efficiencies and safety profiles with 
minimized side effects.[63] General limitations of conventional drug administration approaches 
include the need for either a single dosage of large amount of drugs or alternatively smaller 
dosages given at shorter, regular intervals. Both approaches aiming to reach the therapeutic 
window of the drug, however, can lead to severe side effects and even toxicity as well as poor 
patient compliance in case of repeated administrations.[9,64–68] Additional limitations such as 
poor targeting and short circulation times below 12 h are linked to the most frequent 
administration route of pharmaceuticals, i.e., oral administration. Even worse, novel drugs 
based on peptides and proteins show even shorter serum half-lives in the range of minutes to 
hours, severely limiting their effectiveness.[9,69,70] With this in mind, drug delivery systems aim 
to eliminate these issues by addressing the parameters which define the spatial and temporal 
drug availability to cells and tissues. Various kinds of drug delivery systems based on 
membranes, nanoparticles, liposomes as well as hydrogels that demonstrate an enhancement 
of therapeutic efficacy, and reduction of toxicity and required dosage have been 
reported.[9,68,70–72]  
Hydrogels are attractive materials for clinical drug delivery systems because of their broadly 
tunable multiscale nature, where certain features are spanning length scales from centimeters 
to sub-nanometers allowing for modular design strategies to meet certain application-based 
requirements. As a general prerequisite, the drug and the hydrogel must be chemically and 
physically stable to ensure that drug bioactivity is maintained during all processes of hydrogel 
fabrication, packaging, transport, as well as storage. This is of particular importance to prevent 
the degradation of labile drugs. On this basis, physical as well as chemical interactions 
between the drug and the polymeric hydrogel backbone can be rationally engineered. This 
includes the design of hydrogel-based drug delivery platforms that provide spatial and temporal 
control over release behavior by tailoring the interaction between drug and the hydrogel 
network. Consequently, a large variety of entities spanning from small-molecule drugs, 
macromolecular drugs to living cells have been incorporated as therapeutic cargos.[9,68] 
Furthermore, the macroscopic hydrogel design specifies the routes of administration that can 
be rationally chosen as well. Generally, drug delivery via hydrogels can be conducted via 
transdermal, nasal or oral routes, via surgical implantation or local injection.[9] Hereby, good 
hydrogel adhesion at the targeted site is crucial for a sufficient drug dosage. As some tissues 
can be wet, dynamic, and slippery, adhesion becomes challenging.[9,73,74] However, this 
obstacle can be overcome by using hydrogels from mucoadhesive polymers. For example, 
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chitosan can, based on its positive charge, undergo electrostatic interactions with negatively 
charged surfaces like tissues and cells, ultimately yielding prolonged retention for oral or nasal 
delivery.[9,75,76]  
Furthermore, diffusion parameters of drugs inside the hydrogel network are highly relevant for 
calculating drug release and are defined by the mesh size that controls steric interactions 
between the drug and the polymer network. The diffusion parameters depend on polymer and 
cross-linker concentrations as well as external stimuli like pH or temperature. At mesh sizes 
larger than the drug, the release process is diffusion-dominated, and the hydrogel dimensions 
determine the time needed to diffuse through the hydrogel. For proteins encapsulated in a 
hydrogel with a porosity larger than the protein, diffusion out of a 1 mm thick sample requires 
minutes up to several hours. Notably, extended drug release beyond hours to days cannot be 
achieved via diffusion-dominated release strategies. However, slow and extended release can 
be realized when the mesh size approaches the drug size and the steric hindrance on drug 
diffusion becomes a prominent effect.[9,68] Exemplarily, a slight increase in polymer 
concentration from 20–35% extended the release of proteins from a triblock copolymer 
hydrogel from 6 to 14 days.[9,77] A step further, extremely small mesh sizes or very large drug 
molecules yield physical drug immobilization inside the network due to a strong steric 
hindrance effect. Hence, it is crucial for the operator to know the different parameters that 
determine the release behavior of the respective gel in order to be able to set the desired 
release profile.  
In order to achieve desirable therapeutic outcomes, the drug release from the hydrogel system 
needs to be programmed precisely with regards to the required duration of drug availability, 
which can be either short-term or long-term, and the release profile, which can be continuous 
or pulsatile. Strategies to control drug release other than via diffusion involve controlled release 
via network degradation, swelling or mechanical deformation (Figure 6). Network disintegration 
can be mediated by hydrolysis or enzyme activity and can occur at either the polymer 
backbone or the cross-links, which in both cases increases the mesh size and thus facilitates 
drug release.[9,51,68,78–81] In addition, on-demand drug release via hydrogel degradation can also 
be initiated in real time via application of external stimuli using triggers like pH or light of 
selected wavelengths combined with degradable moieties such as photodegradable  
o-nitrobenzyl ether.[9,68,82–84] Another strategy involves swelling-controlled drug release 
systems, which are based on the resultant increase in hydrogel mesh size. Thereby, swelling 
is balanced between forces constraining network deformation and water absorption due to 
osmosis and can be sensitive to external stimuli such as temperature, glucose, pH, ionic 
strength, and electric fields.[9,28,85–89] However, these strategies for drug release, especially in 
macroscopic hydrogel systems, often suffer from a relatively slow response. Finally, 
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mechanical hydrogel network deformations via either purely mechanical deformation or 
ultrasound and magnetic field deformations can be employed for drug release, generating 
pulsatile release patterns with instantaneous release rates.[9,90–92] In this way, hydrogels can 
be designed to control growth factor release upon mechanical deformation to enhance tissue 
vascularization.[93]  
 

 
Figure 6: Drug delivery via hydrogels. The design parameters for hydrogels as drug delivery systems define the 
drug release, including diffusion release linked to mesh size as well as controlled release via degradation, 
mechanical deformation or drug-polymer interactions. To achieve desirable therapeutic outcomes, the drug release 
from the hydrogel system needs to be programmed precisely with regards to the required duration of drug availability 
which can be either short-term or long-term, and the release profile, which can be continuous or pulsatile. 
Furthermore, different routes of administration can be explored depending on the macroscopic hydrogel design. 
Based on [9]. 
 
In addition, the design of chemical bonds between drug and hydrogel backbone polymer chains 
constitutes another important criterion for controlled drug release. Thereby, conjugation, 
electrostatic or hydrophobic interactions are employed to control, i.e., to either slow down or 
terminate drug diffusion through the network.[9,68] In this regard, drug immobilizing covalent 
linkages are either highly stable such as amide bonds formed through carbodiimide chemistry 
or thiol-ene bonds retaining the drug until network degradation. In addition, breakable bonds 
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are used for temporally programmed or triggered cleavage in response to environmental 
cues.[9,94] Cleavable covalent linkages mainly make use of ester or disulfide bonds as well as 
β-eliminative linkers in case of small-molecule linkages or, for example, protease susceptible 
peptide sequences in case of macromolecular linkages.[9,95,96] Strong affinity electrostatic 
interactions are highly advantageous for controlled and simultaneous delivery of one or 
multiple drugs from a single hydrogel system as the charge-based interactions between 
hydrogel backbone and drug are nonspecific and numerous sites for interaction are offered by 
the hydrogel backbone.[9,97] In this case, the drug release follows hydrogel degradation or 
screening of the electrostatic interactions by mobile ions from the environment. In this way, 
alginate hydrogels with negative charges can be employed to deliver cationic growth factors 
like VEGF for tissue regeneration.[9,98,99] Making use of binding-partners for extended affinity 
controlled release like the incorporation of heparin into the hydrogel and using heparin-binding 
peptides or proteins such as growth factors (i.e. VEGF) is another followed strategy. [9,68,100] In 
addition, the development of hydrophobic domains within hydrogels allows encapsulating and 
releasing hydrophobic drugs that otherwise were incompatible with the material.[9,68,101–108] 
Finally, considerations including hydrogel degradation avoiding surgical removal or re-usage 
by refilling upon consumption of the drug are critical parameters for hydrogel design as well.[9] 
Hydrogel drug delivery systems can be tuned to the required application parameters and have 
evolved into prime-candidates for drug delivery applications. They have been proposed as 
suitable materials for applications in various fields of medicine including cardiology, oncology, 
immunology, wound healing, and pain management.[9,68] Without any doubt, the development 
of new chemical tools to synthesize and functionalize hydrogels has led to an impressive 
number of hydrogel drug delivery systems, which anticipate clinical translation. However, the 
fact that only a small number of actual systems has been successfully translated to the clinic, 
points to the need for more research in this area to develop targeted systems that allow off-the 
shelf use.[9]  
In the following the different hydrogel classes are presented, starting with natural hydrogels, 
next, synthetic hydrogel systems are covered, and the introduction finishes with hybrid 
hydrogels, which combine the best of two worlds.  
  



Chapter 1   –   Introduction 

19 

1.3 Natural hydrogels  
 
As naturally derived polymers frequently demonstrate high biocompatibility and low cytotoxicity 
as well as natural abundance, their employment for hydrogel synthesis is an obvious choice. 
The most important examples from this class are summarized in Figure 7 and described in the 
following sections.  
 

 
Figure 7: Molecular structure of typical natural macromer repeating units used for preparation of natural 
hydrogels. A. Hydrogels from proteins with i) collagen and ii) fibrin as biopolymer hydrogel components. i) adapted 
in parts from “Collagen in tissue-engineered cartilage: Types, structure, and crosslinks”, Riesle, J., Hollander, A. P., 

Langer, R., Freed, L. E. & Vunjak-Novakovic, J. Cell. Biochem., 71, 313–327 (1998),[109] doi: 10.1002/(SICI)1097-
4644(19981201)71:3<313::AID-JCB1>3.0.CO;2-C (figure removed for copyright reasons). i) modified with 
permission from the Annual Review of Biochemistry, Volume 78 © 2009 by Annual Reviews, 
http://www.annualreviews.org, from “Collagen Structure and Stability”, Shoulders, M. D. & Raines, R. T., Annu. Rev. 
Biochem., 78, 929–958 (2009),[110] Copyright (2009); doi: 10.1146/annurev.biochem.77.032207.120833. ii) adapted 
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from “Fibrin Clot Structure and Function”, Undas, A. & Ariëns, R. A. S, Arterioscler. Thromb. Vasc. Biol., 31, 88–99 
(2011),[111] with permission of the publisher Wolters Kluwer Health, Inc.. Copyright (2011), Wolters Kluwer Health. 
doi: 10.1161/ATVBAHA.111.230631. B. Hydrogels from polysaccharides with the respective chemical structural 
formula of i) hyaluronic acid, ii) chitosan, iii) alginate, and iv) agarose units. i) Hyaluronic acid consists of 
disaccharide units of D-glucuronic acid and D-N-acetylglucosamine, connected via alternating β-(1,4) and β-(1,3) 
glycosidic bonds. ii) As chitosan is a product of partial deacetylation of chitin, a N-acetyl-D-glucosamine, chitosan 
is composed of randomly distributed N-acetyl-D-glucosamine and β-(1,4)-linked D-glucosamine. iii) Alginate is 
composed of varying number of α-L-guluronic acid and β-D-mannuronic acid residues linked via (1,4)-linkages.  
iv) Agarose is composed of alternating (1,4)-linked 3,6-anhydro-α-L-galactopyranose and (1,3)-linked β-D-
galactopyranose. C. Hydrogels from biopolymers made from natural monomers like i) DNA or ii) self-assembling 
peptides including ionic, self-complementary peptides such as RADA16-I, amphiphilic β-hairpin peptides such as 
MAX1 as well as peptide amphiphiles. i) adapted from Journal of Photochemistry and Photobiology B: Biology, 124, 
Sirajuddin, M., Ali, S. & Badshah, A., ”Drug–DNA interactions and their study by UV–Visible, fluorescence 
spectroscopies and cyclic voltammetry”, 1–19, Copyright (2013), with permission from Elsevier B.V.. doi: 
10.1016/j.jphotobiol.2013.03.013. [112] ii) chemical structure of the amphiphilic peptide MAX1 is reprinted from 
Biomaterials, 26, Kretsinger, J. K., Haines, L. A., Ozbas, B., Pochan, D. J. & Schneider, J. P., “Cytocompatibility of 

self-assembled β-hairpin peptide hydrogel surfaces”, 5177–5186, Copyright (2005), with permission from Elsevier 
Ltd.. doi: 10.1016/j.biomaterials.2005.01.029. [113] Chemical structure of peptide amphiphile according to [212]. 
 
 
 
i) Hydrogels from proteins 
 
Natural polymers such as collagen, gelatin, and fibrin have been extensively employed for 
hydrogel synthesis as they are derived from native tissue where they have important functions 
in the ECM and, therefore, offer high biocompatibility.[18] Biodegradability is another shared 
central feature of these proteinaceous hydrogel materials and is provided by the activity of 
different proteases.[18,114] However, the gels made purely from protein-derived building blocks 
often lack the required mechanical properties.[18,114] 
Collagen is the main component of the ECM of mammalian tissues such as skin, cartilage, and 
even bone and features a high cytocompatibility as many cell types readily attach.[18,114] 
Gelatin, as a derivative of collagen, is formed by breaking the natural triple-helix structure of 
collagen into single strands. Both collagen and gelatin can be used to easily form physical 
hydrogels, which show thermally reversible gelling behaviour.[18] To improve the physical 
properties, chemical cross-linking via, for example, glutaraldehyde, carbodiimides or 
diphenylphosphoryl azide or other chemical modification methods were reported. 
Nevertheless, these hydrogels are often still limited in physical strength and can be potentially 
immunogenic.[18,115–117] In addition, large variations between different collagen batches are 
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common and represent another obstacle for the reproducible preparation of materials with 
defined physicochemical characteristics. Despite their limitations, collagen- and gelatin-
derived hydrogels meet many of the criteria for biomedical applications and, therefore, have 
led to immense progress in the field of tissue engineering. Various applications have been 
proposed, for example, in the reconstitution of liver, skin, and blood vessels, cartilage and bone 
tissue engineering.[18,118–124]  
Fibrin is another natural polymer, belonging to the group of “tissue-derived natural polymers”, 
which are employed in hydrogel synthesis as it can be produced from the patient’s own 

blood.[18,125] This fibrous protein plays a key role in the clotting of blood and, therefore, during 
wound healing.[125,126] It is one of the most abundant polymers in nature and features an 
extraordinary network self-assembly mechanism. Fibrin fibers are formed from a soluble 
precursor protein fibrinogen through enzymatic polymerization via the proteolytic enzyme 
thrombin.[18,125,126] Importantly, fibrin fibers tolerate a high degree of deformation and are 
reported to be highly extensible without breakage, capable of resisting stretching to more than 
five times its resting length.[125] Manifold bioengineering applications have been reported for 
fibrin, including cartilage engineering. However, limitations in its mechanical strength represent 
a major obstacle and prevent broad application.[125,127–129]  
Utilization of soluble basement membrane extract, termed BME/Matrigel brings hydrogel 
engineering one step closer towards efficient ECM imitation. The basement membrane is an 
important extracellular matrix, which is present in all epithelial and endothelial tissues and 
holds important biological functions such as maintaining the integrity and specificity of tissue, 
acting as a cell- and molecule-barrier, separating different tissue types, as well as the 
transduction of mechanical signals.[130] The extract prepared from epithelial tumors forms 
hydrogels at 24–37 °C and has a similar composition to authentic basement membrane with 
laminin-111, collagen IV, entactin, and heparan sulfate proteoglycan as its major components. 
In addition, Matrigel contains several growth factors, similar to natural BME. However, 
significant batch-to-batch variations of the commercially available Matrigel originating from 
differences in tumor size and tissue preparations impede reproducibility of experiments.[130] 
Furthermore, problems arise regarding the handling of Matrigel as scientists are recommended 
to maintain the material always cold or on ice as some batches gel quickly.[130] Nevertheless, 
Matrigel is frequently used in cancer biology in a wide range of assays, including in vitro and 
in vivo angiogenesis, in vitro tumor cell biology and in vivo tumor growth assays and was 
reported to be well suitable for neural cell cultivation.[130–132] Despite the overall benefits of 
Matrigel for scientists and the emerging new derivatives, such as those with higher stiffness or 
with additional ECM proteins that could be promising for further applications, the low 
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reproducibility and extraction from diseased, cancerous tissues pose major barriers to its use 
in humans.  
Another class of widely studied self-assembling and hydrogel-forming materials are elastin and 
silk-like polymers. In contrast to the aforementioned biopolymeric materials which are 
extracted from natural resources, elastin mimetic protein-based poly-(GVGVP) polymer and its 
modified versions are produced recombinantly. Thereby, the elastin-mimetic protein is derived 
from the precursor protein of mammalian elastin, tropoelastin. Based on its elasticity, elastin is 
responsible for the resilience of elastomeric tissues such as skin or arteries and, therefore, has 
been employed for the development of stimuli-responsive hydrogels.[133–137] Importantly, this 
polypeptide is soluble in water below 25 °C, but folds into compact structures due to 
hydrophobic interactions and undergoes a phase transition to a viscoelastic state above this 
temperature. This phenomenon is defined as inverse temperature transition, or lower critical 
solution temperature (LCST), and the transition temperature can be modulated by changing 
the polypeptide concentration, composition, degree of ionization, pH, salt, or phosphorylation 
so that the transition occurs under physiologically relevant conditions.[133–136,138–140] 
Consequently, different viscoelastic and mechanical properties of the responsive hydrogels 
can be obtained.[136] Additional cross-linking strategies via γ-irradiation or chemical cross-
linkers were considered to enhance the mechanical properties of the gels.[137,139,141] The 
resulting elastomeric hydrogels are capable of temperature-induced shrinkage or expansion, 
which may be used to perform mechanical work.[137,138,141] Potential applications of such 
actuators are the development of artificial extracellular matrices in tissue engineering, 
especially for contractile muscle-like tissue grafts found in cardiac tissue as well as for 
controlled drug delivery.[18,138,142–144] An interesting example showcasing potential applications 
of hydrogels from elastin-like polypeptides was provided by Yee and coworkers, who proved 
the biocompatibility and non-immunogenicity of in vivo press-fit orthopaedic plugs in the 
treatment of osteochondral knee defects.[142,145] 
 

 
Figure 7Aii: Enzymatic formation of fibrin from fibrinogen. Hydrogels from proteins with fibrin as biopolymer 
hydrogel component. Adapted from “Fibrin Clot Structure and Function”, Undas, A. & Ariëns, R. A. S, Arterioscler. 
Thromb. Vasc. Biol., 31, 88–99 (2011),[111] with permission of the publisher Wolters Kluwer Health, Inc.. Copyright 
(2011), Wolters Kluwer Health. doi: 10.1161/ATVBAHA.111.230631.  
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ii) Hydrogels from polysaccharides 
 
In addition to tissue-derived proteinaceous material, polysaccharides such as hyaluronate or 
polysaccharides of marine algal origin such as alginate and agarose have also been employed 
for hydrogel synthesis. Their biocompatibility, low toxicity, biodegradability, relatively low cost, 
and simple gelation are the decisive advantages, which allow for a wide range of applications 
in biomedical engineering.[18,146–149]  
Hyaluronate, a non-sulphated glycosaminoglycan, consists of alternating β-(1,4)- and β-(1,3)-
linked D-glucuronic acid and N-acetyl-D-glucosamine units and is often used in the production 
of hydrogels given that it is part of the glycosaminoglycan components in the natural ECM 
where it performs important functions such as influencing the physical properties of tissues by 
occupying an enormous hydrodynamic volume. In addition, hyaluronate holds an essential role 
for structure and assembly of tissues via interactions with other ECM macromolecules and 
participates in influencing cell behavior through cell surface interactions, which makes it a 
promising candidate in hydrogel prepartion.[18,150,151] Hydrogels of hyaluronic acid can be 
prepared by covalent cross-linking via various chemical agents including hydrazide derivatives 
or radical polymerization and show favorable performance in tissue engineering applications 
like bone regeneration, intradermal implants and soft tissue augmentation.[18,148,151,152] 
However, similar to many protein-derived hydrogels,[18,115–117] weak mechanical properties limit 
potential applications and batch-to-batch variations are commonly observed. Moreover, 
thorough purification is required to remove impurities and endotoxins which could transmit 
disease or elicit immune responses.[18,148,151–153]  
Chitosan is the most abundant aminopolysaccharide in nature and consists of randomly 
distributed β-(1,4)-linked D-glucosamine and N-acetyl-D-glucosamine, produced by partial 
deacetylation of chitin obtained mainly via extraction from crustaceans.[149,154] Hydrogels from 
chitosan show a strong structural similarity to natural glucosaminoglycans and are, similar to 
hyaluronate hydrogels, susceptible to enzymatic degradation.[18,147,155] The hydrogels are 
based on ionic interactions or chemical cross-linking with, for example, 
glutaraldehyde.[18,147,156,157] As chitosan has a limited solubility and only features good solubility 
in acidic conditions, many derivatives have been proposed to enhance the solubility and allow 
for a better processability.[18,147,158,159]  
Alginate, a well-known biomaterial derived from brown-algae, consists of (1,4)-linked β-D-
mannuronic acid and α-L-guluronic acid monomers, which vary in quantity and sequence along 
the entire polymer chain based on the source and are subject to immediate ionotropic gelation 
in the presence of divalent cations like Ca2+, which form ionic interchain bridges.[18,160–163] While 
chelating agents can be employed for gentle dissolution of the hydrogels, on the other hand 
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introduction into a medium results in uncontrolled dissolution of the hydrogels due to loss of 
divalent ions.[18,161–164] To avoid such unpredictable degradation and to better control the 
mechanical properties, different covalent cross-linking strategies were employed.[18,146,162,165] 
Simultaneously, several attempts to provide control over degradation into smaller fragments 
were made as most alginates were linked to molecular weights above the renal clearance 
threshold.[18,165,166] Agarose, a polysaccharide with alternating copolymers of (1,4)-linked 3,6-
anhydro-α-L-galactose and (1,3)-linked β-D-galactose is soluble in water at temperatures 
above 65 °C while it gels at temperatures between 17–40 °C depending on the degree of 
hydroxyethyl substitutions on its side chains.[167] Notably, it forms thermally reversible 
hydrogels whose physical properties can be adjusted via the amount of utilized agarose with 
a decrease in pore radius as agarose concentrations increase, which may allow for tuning of 
cell proliferation and migration.[18,167–169] However, in direct comparison to these inert hydrogels 
based on alginate or agarose, bioactive hydrogels such as Matrigel or collagen gels have the 
advantage that they present more attachment ligands for cells, which is particularly important 
for tissue engineering applications. In direct comparison, collagen hydrogels provide a more 
native surface for many cells, i.e., chondrocytes, since collagen is the main component of, e.g., 
cartilage ECM, while agarose gels lack native ligands that would allow interaction with 
mammalian cells. As a result, collagen was more beneficial to the survival and proliferation of 
chondrocytes than gels based on agarose or alginate.[170]  
In consequence, for chitosan, alginate and agarose hydrogels, further modifications have to 
be introduced in order to stimulate the interactions of the hydrogel network with cells. Alginate, 
a hydrophilic polymer inert to interactions with mammalian cells, or agarose, a non-charged 
material, have been both successfully transformed into materials capable of promoting cell-
specific interactions and cell adhesion.[18,169,171–174] Furthermore, the introduction of sugar 
residues, signaling peptides or proteins such as collagen or albumin were modifications 
considered for chitosan hydrogel optimization.[18,147,163,175–178]  
Nevertheless, manifold modifications are required to convert natural polymers into an 
optimized material for hydrogel synthesis towards in vivo applications. Tissue-derived 
polymers are often associated with concerns of potential immunogenic reactions and often 
require improvement of their mechanical performance, while polysaccharides like alginate, 
agarose or chitosan must be modified to enable cellular interactions. 
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iii) Hydrogels from biopolymers made of natural monomers 
 
In the following, hydrogels from biopolymers made of natural monomers are introduced. In 
contrast to biopolymers like collagen, fibrin or hyaluronate which are extracted from natural 
resources, biopolymers made from natural monomers are synthesized chemically. Thereby, 
the highly specific self-assembly of many peptides as well as DNA into defined nanostructures 
is employed for the development of precisely defined, hierarchical 3D structures, a strategy 
that is particularly common for peptides/proteins in nature.[133]  
 
Hydrogels from peptides 
Polypeptide chains feature exact control of chain length and sequence as they can be 
synthesized precisely according to their constituent amino acids or accessed via expression in 
bacterial host using recombinant DNA technology.[133] In contrast to naturally derived 
compounds, the peptides can be synthesized, which minimizes the risk of carrying biological 
pathogens or contaminants.[179] In addition, automated solid-phase peptide synthesis makes 
peptides up to a certain length easily accessible while their amino acid sequence can be 
rationally designed. Moreover, control over the 3D structure is provided since all information 
required for folding and function are encoded in the primary structure, the amino acid 
sequence, and its spatial organization arises from sequence-to-structure 
relationships.[133,180,181] Molecular recognition and binding among the polypeptide chains 
renders the self-assembly process highly specific. Furthermore, due to the supramolecular 
nature of intra- and intermolecular interactions, dynamic control over higher order structures is 
achieved. As a result, the self-assembly of proteins and peptides based on certain naturally 
occurring motifs such as β-sheets, α-helices, and electrostatic interactions has produced 
distinct nanostructures that exert various functions in biological systems. These nanostructures 
range from actin filaments in the cytoskeleton at the nanoscale to fibrous protein components 
of the extracellular matrix at the microscopic scale, all the way up to muscles at the 
macroscopic scale. Furthermore, these supramolecular interactions are the driving force for 
peptide self-assembly into a number of other hierarchical structures including nanospheres, 
nanotubes, nanotapes, nanofibrils and hydrogels.[133,181–184] In addition, the variety of functional 
groups along the polypeptide’s main chain provides for ease of functionalization while 

synthetic, non-natural amino acids additionally complement nature’s diversity. Therefore, 

proteins and peptides can be seen as potential sources of engineered “smart functional 

materials”.[181,182]  
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Self-assembling peptides (SAPs) are a diverse class of biomolecules which are characterized 
by favoring the assembly of stable secondary interactions such as β-sheet structures like 
nanofibers or other nanoscale objects at certain conditions depending on salt, pH, and time.[185] 
The design rules are generally well understood and employ short amino acid sequences with 
alternating hydrophobic and hydrophilic side chains or, in case of charged amino acids, 
sequences of alternating positive and negative charges. Importantly, stable hydrogels can be 
formed from self-assembly of certain peptides at low concentrations (0.1–1%).[179,184,186,187] 
Examples of short self-assembling peptides include the ionic and self-complementary peptides 
like RAD16-I (AcN-RADARADARADARADA-CNH2) or RAD16-II (AcN-
RARADADARARADADA-CNH2), hydrophobic-hydrophilic alternating residues bearing 
peptides such as FEK16 (H2N-(FEFEFKFK)2-COOH) and more which rapidly form β-sheet 
fibers or aggregates and subsequently hydrogels at physiological pH.[11,133,179,187–192] These 
type of hydrogels hold the potential to generate a suitable 3D environment for the cultivation 
of cells, particularly for tissue engineering as successful encapsulation, growth, and 
differentiation of a variety of different cell types has been achieved.[187,188] In contrast to these 
self-complementary peptides, modular design strategies employ self-repulsive peptides (e.g., 
AcN-WKVKVKVKVK-CNH2 and AcN-EWEVEVEVEV-CNH2). Here, mutual attraction but 
simultaneous self-repulsion prevents spontaneous aggregation or gelation, thereby, allowing 
for external control of gelation (Figure 8A). The electrostatic inhibition of gelation can be 
removed by changing pH or ionic strength or by mixing two oppositely charged peptides, 
thereby, combining different modes of gelation.[133,193]  
However, more sophisticated responsive hydrogel systems have been developed in the 
meantime, which exploit stimuli triggered conformational changes of peptides for controlled 
hydrogel formation. For example, intramolecular folding of suitable peptides into a β-hairpin 
conformation is triggered via changes of the pH or temperature and afford hydrogels rich in β-
sheets.[133,194–196] Short 20mer sequences (e.g., MAX1, VKVKVKVKVDPPTKVKVKVKV-NH2) 
were designed with alternating hydrophobic and hydrophilic residues that flank an intermittent 
tetrapeptide β-turn (Figure 8B). Importantly, the peptide sequence and the folding stimulus 
afford control over the gelation process that can be designed to occur in a fast and fully 
reversible manner. In this context, heating of a 2 wt% unstructured peptide solution yields a 
triggered hairpin formation and gelation which can be reversed by removing the stimulus, 
meaning cooling.[194,196] In addition, the injectable β-hairpin peptide hydrogels were 
demonstrated to feature many highly beneficial characteristics such as sustained release of 
active therapeutics and cytocompatibility as well as successful encapsulation of various 
different cell types or growth factors.[113,197–199] The immense potency of sequence design was 
further revealed by Schneider and Pochan labs by developing injectable antibacterial 
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hydrogels based on this system. Impressively, during co-culture of mammalian and bacterial 
cells, proliferation of the former and inhibition of the latter was achieved.[199,200] 
 

 
Figure 8: Hydrogels from self-assembling peptides (SAPs) – β-sheet or β-hairpin structures. SAPs are a 
diverse class of biomolecules favoring the assembly of stable secondary interactions like β-sheet or β-hairpin 
structures affording for example nanofibers depending on salt, pH, and time, with hydrogel formation based on self-
assembly of certain peptides. A. Hydrogels from β-sheet forming peptides. i) Self-complementary peptides with 
short amino acid sequences of alternating positive and negative charges such as EAK16 (AcN-
AEAEAKAKAEAEAKAK-CNH2), which rapidly form β-sheet fibers or aggregates and subsequently hydrogels at 
physiological pH. The ionic bonds between oppositely charged residues are indicated. Based on [186]. ii) Self-
repulsive peptides with mutual attraction for modular assembly, e.g., KVW10 (AcN-WKVKVKVKVK-CNH2) and 
EVW10 (AcN-EWEVEVEVEV-CNH2). (+ and - refer to the positively (red) and negatively (blue) charged residues.) 
Cartoon representation of the molecular relationship between β-sheet peptides in the fibrils is shown (inset) as well 
as chemical structural formula of the respective peptides. B. Hydrogels from β-hairpin forming peptides. The 
intramolecular folding of suitable peptides, e.g., MAX1 (VKVKVKVKVDPPTKVKVKVKV-NH2), into a β-hairpin 
conformation is triggered via changes in the pH or temperature and affords hydrogels rich in β-sheets. Here, 
alternating hydrophobic and hydrophilic residues flank an intermittent tetrapeptide β-turn. Cartoon representation 
of the molecular relationship between β-hairpins in the fibrils is shown (inset) as well as the chemical structural 
formula of MAX1. The figure in the box is adapted from “Molecular structure of monomorphic peptide fibrils within 

a kinetically trapped hydrogel network”, Nagy-Smith, K., Moore, E., Schneider, J. & Tycko, R., Proc. Natl. Acad. 
Sci., 112, 9816–9821 (2015),[201] with permission. doi: 10.1073/pnas.1509313112. The remaining figure is adapted 
from “Cytocompatibility of self-assembled β-hairpin peptide hydrogel surfaces”, Kretsinger, J. K., Haines, L. A., 
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Ozbas, B., Pochan, D. J. & Schneider, J. P., Biomaterials, 26, 5177–5186 (2005),[113] with permission from Elsevier. 
Copyright (2005), Elsevier Ltd. doi: 10.1016/j.biomaterials.2005.01.029; and adapted with permission from “Tuning 

the pH Responsiveness of β-Hairpin Peptide Folding, Self-Assembly, and Hydrogel Material Formation”, Rajagopal, 

K., Lamm, M. S., Haines-Butterick, L. A., Pochan, D. J. and Schneider, J. P., Biomacromolecules, 10, (9), 2619–

2625 (2009).[361] Copyright (2009) American Chemical Society. doi: 10.1021/bm900544e. 
 
In addition to β-sheets, coiled-coil motifs are a structural folding pattern, which has been 
implemented for physical cross-linking in hydrogel synthesis as well (Figure 9A). The coiled-
coil motif is characterized by two or more α-helices which wind together to form a superhelix 
and a primary structure of 7-residue repeats (abcdefg)n. Thereby, a and d positions are 
hydrophobic and e and g positions are charged amino acid residues. The resulting hydrophobic 
or electrostatic interactions between the respective residues contribute to the stability of the 
coiled-coil structure.[133,202–205] Polypeptides with an ABA triblock copolymer sequence 
composed of a random coil block (B) and two flanking coiled-coil blocks (A) have been utilized 
for reversible stimuli-responsive hydrogel assembly in response to an external trigger like 
temperature, pH, or denaturing agent.[133,202,206–208] Importantly, minor changes in the primary 
structure of block A leads to dramatic changes in hydrogel properties.[205,206] The application of 
these α-helical peptide hydrogels as scaffolds for cell culture and tissue engineering was 
examined. In this process, the hydrogels were found to support cell growth and differentiation 
of rat adrenal pheochromocytoma cells (P12) cells into neural cells.[209,210]  
A different approach for hydrogel design was established by Stupp and coworkers who 
developed a class of self-assembling peptides that form fibers of cylindrical peptide amphiphile 
micelles in water (Figure 9B).[11,210–214] Peptide amphiphiles of conical shape are created by 
synthesis of ionic peptides with a hydrophobic alkyl chain that packs in the center of such a 
micelle, positioning the hydrophilic peptide segments to point towards the aqueous 
environment.[11,210–212] Thereby, cylindrical nanofibers, 6–10 nm in diameter and several 
micrometers in length arise from a β-sheet forming amino acid sequence adjacent to a 
hydrophobic tail as the key motif for assembly.[210,215,216] Notably, rational functionalization can 
be implemented easily as signaling epitopes can be displayed with high density on the fiber 
surface when the peptide segment is modified.[210,213,217] In this way, multiple biological signals 
can be displayed due to the modular nature of the self-assembled fibers.[11,212] Self-supporting 
hydrogels are afforded upon charge screening, e.g., when injecting a liquid containing peptide 
amphiphile nanofibers into biological fluids in vivo.[210] Moreover, application of gentle shear 
and immediate exposure to divalent cations yields gels with fiber alignment over macroscopic 
distances, which is recognized by cells and also affects the behavior of encapsulated cells.[218] 
However, typically such gel formation is irreversible and have relatively weak mechanical 
properties. 
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Figure 9: Hydrogels from self-assembling peptides (SAPs) – coiled-coil or cylindrical micelle structures. 
SAPs are a diverse class of biomolecules favoring the assembly of stable secondary interactions like coiled-coil or 
cylindrical micelle structures affording for example nanofibers depending on salt, pH, and time, with hydrogel 
formation based on self-assembly of certain peptides. A. Hydrogels from coiled-coil forming peptides. The coiled 
coil motif is characterized by two or more α-helices which wind together to form a superhelix and a primary structure 
of 7-residue repeats (abcdefg)n. Positions a and d are hydrophobic while positions e and g are charged amino acid 
residues. A parallel dimeric coiled coil is exemplarily shown in a schematic representation and as a ribbon plot 
(inset). Selected side chains are shown as balls and sticks. Polypeptides with an ABA triblock copolymer sequence 
composed of a random coil block and two flanking coiled-coil blocks (helix) afford reversible stimuli-responsive 
hydrogel assembly in response to an external trigger like temperature, pH or denaturing agent. The figure in the 
box is adapted from “Coiled Coil Domains: Stability, Specificity, and Biological Implications”, Mason, J. M. & Arndt, 

K. M., ChemBioChem, 5, 170–176 (2004),[203] with permission from John Wiley and Sons. Copyright (2004), WILEY‐

VCH Verlag GmbH & Co. KGaA, Weinheim. doi: 10.1002/cbic.200300781. The remaining figures are adapted from 
“Reversible Hydrogels from Self-Assembling Artificial Proteins”, Petka, W. A., Harden, J. L., McGrath, K. P., Wirtz, 

D., Tirrell, D. A., Science, 281, 389–392 (1998).[202] Adapted with permission from AAAS and the author. Copyright 
(1998), The American Association for the Advancement of Science. doi: 10.1126/science.281.5375.389.                      
B. Chemical structure of a canonical peptide amphiphile. Peptide amphiphiles of conical shape arise from a β-sheet 
forming amino acid sequence adjacent to a hydrophobic tail as the key motif for assembly. Figures are based on 
[212] (left) and reproduced (right) from “Self-Assembly and Mineralization of Peptide-Amphiphile Nanofibers”, 
Hartgerink, J. D., Beniash, E., Stupp, S. I., Science, 294, 1684–1688 (2001).[212] Reprinted with permission from 
AAAS. Copyright (2001), The American Association for the Advancement of Science. doi: 
10.1126/science.1063187. 
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Hydrogels from DNA 
As the next generation of materials, nucleic acids gain increasing importance as versatile 
building blocks, and DNA-containing hydrogels have sparked particular interest in the life 
sciences. As a result, they are currently intensively studied as an emerging material class for 
different applications. On the one hand, this is the result of unique properties like 
programmability and bioactivity that can be added to polymeric networks by incorporation of 
DNA as a building block. On the other hand, significant advances in chemistry and 
biotechnology have dramatically increased DNA availability and accessibility, which 
transferred it into a bulk material and broadened its applications. As a direct consequence, this 
has encouraged researchers to exploit the outstanding features of DNA and develop unique 
DNA-containing materials such as hydrogels, which is reflected by the rapidly growing number 
of publications in this field and novel examples of DNA-based hydrogels.  
 

 
Figure 10: Timeline giving an overview over notable discoveries and developments in DNA technology and 
their relevance for DNA-based hydrogels, highlighting the manifold applications of DNA-based hydrogels 
in the biomedical field. Highlighted examples include biosensing, drug delivery, immuno-modulation, and tissue 
engineering. Reproduced from the original source “Biomedical Applications of DNA‐Based Hydrogels”, Adv. Funct. 
Mater., 2019, 1906253,[219] created by Gačanin, J., Synatschke, C. V., Weil, T., and given as open access article 
under doi.org/10.1002/adfm.201906253, under the terms of the Creative Commons Attribution 4.0 International 
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License CC BY 4.0. (https://creativecommons.org/licenses/by/4.0/) – Copyright 2019 The Authors. Published by 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
 
In particular, supramolecular hydrogels that are based on DNA as building block benefit from 
its favorable features like biocompatibility, controlled biodegradability, stability against 
proteases, the ability for self-healing, and responsiveness to various stimuli. Since materials 
with these properties are difficult to access with other components, many other hydrogels from 
natural sources cannot achieve this level of versatility and structural programmability. In the 
review article below, I have outlined the recent developments in the emerging class of 
therapeutically useful DNA-based hydrogels and highlighted exciting areas in the field of 
biomedicine (Figure 10). Hydrogels that incorporate DNA either in the construction of the 
material or as a functional unit within the network were extensively discussed and critically 
compared with non-DNA cross-linkers in supramolecular hydrogels, while both all-DNA 
hydrogels and various DNA-based hybrids were comprehensively reviewed. First, the most 
important synthetic concepts for the production of DNA-based gels as well as new 
developments in this field were summarized. I aimed to show how the structure of DNA 
materials influences their properties and illustrated this with selected examples from life 
sciences. In separate chapters, new concepts, properties, and the various applications of DNA 
hydrogels were discussed while the use as DNA-based biosensors to detect traces of 
biologically relevant analytes, as drug reservoirs and delivery systems, and as cell scaffolds 
for tissue regeneration and other cell-based approaches were highlighted. As their importance 
was underlined by the 2018 Nobel Prize in Physiology or Medicine being awarded to cancer 
immunotherapy, I dedicated a separate chapter to new applications of DNA-based hydrogels 
as immunomodulatory systems that may shed light to new treatment approaches for a wide 
range of diseases. Concluding remarks discuss the importance of DNA-based hydrogels for 
applications in the biomedical field, new concepts and future challenges in this context. 
With this review article, a comprehensive and critical overview of the available examples of 
DNA-based hydrogels with potential applications in therapeutics or diagnostics that may set 
the stage for future applications in life sciences is given.  
The herein presented discussions are included in more detail in the original publication with 
the title “Biomedical Applications of DNA-Based Hydrogels” that is provided below as the 
published review article displaying the copyrights of the publisher. The reprints were made with 
the permission of the journal. In addition, information about the individual contribution of the 
respective authors is listed.  



Chapter 1   –   Introduction 

32 

 
 

Publication: 
                                 
 
 
“Biomedical Applications of DNA-Based Hydrogels” 
 
Jasmina Gačanin+, Christopher V. Synatschkeǂ and Tanja Weilǂ 
+ first authorship, ǂcorresponding author 
Published in Adv. Funct. Mater, 2019 
 
 
 
 
The following section provides the reprint of the manuscript of the publication summarized in 
Chapter 1, Section 1.3iii of the dissertation. The reprints were made with the permission of the 
respective journal. The copyrights are indicated and information about the individual 
contribution of the respective authors is listed. 
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Abstract: 
Nucleic acids are gaining significant attention as versatile building blocks for the next 
generation of soft materials. Due to significant advances in the chemical synthesis and 
biotechnological production, DNA becomes more widely available enabling its usage as bulk 
material in various applications. This has prompted researchers to actively explore the unique 
features offered by DNA-containing materials like hydrogels. In this review article, recent 
developments in the field of hydrogels that feature DNA as a component either in the 
construction of the material or as functional unit within the construct and their biomedical 
applications are discussed in detail. First, different synthetic approaches for obtaining DNA 
hydrogels are summarized, which allows classification of DNA materials according to their 
structure. Then, new concepts, properties, and applications are highlighted such as DNA-
based biosensor devices, drug delivery platforms, and cell scaffolds. With the 2018 Nobel Prize 
in Physiology or Medicine being awarded to cancer immunotherapy underscoring the 
importance of this therapy, DNA hydrogel systems designed to modulate the immune system 
are introduced. This review aims to give the reader a timely overview of the most important 
and recent developments in this emerging class of therapeutically useful materials of DNA-
based hydrogels.  
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1. Introduction

The great progress in DNA synthesis and the consequent 
accessibility of larger DNA quantities has prompted a material 
revolution by implementing DNA as a functional entity in the 
design of biohybrid materials.[1] Modern DNA synthesis tech-
niques enable rapid preparation or amplification of effectively 
any DNA sequence in large quantities by automated techniques, 
polymerase chain reaction (PCR), or production in microorgan-
isms.[2,3] In comparison to other biopolymers, such as proteins 
or polysaccharides, DNA consists only of a small set of nucleic 

acid monomers. However, their highly 
specific and predictive interaction between 
the monomer units with the respective 
complementary nucleic acids (AT and GC) 
facilitates spontaneous and convenient 
programming of synthetic 2D and 3D 
structures in solution.[4] Even small DNA 
building blocks like DNA bricks can be 
combined to produce predictable assem-
blies of thousands of individual compo-
nents.[5] Furthermore, DNA has great 
mechanical rigidity, thus it can serve as a 
rigid rod spacer for the precise positioning 
of tethered nanoparticles or functional 
molecular components along the polymer 
chain.[6,7] Recently, the development of 
more complex DNA scaffolds allowed the 
spatial arrangement of functional pro-
teins within multifunctional assemblies.[8] 
Moreover, DNA-based materials can 
exhibit dynamic and adaptable properties 
due to the supramolecular nature of the 
interaction of complementary nucleic acid 
sequences. These materials can, e.g., pre-

sent bioactive molecules in a dynamic and reversible fashion, 
which allows controlling their cellular interactions.[9]

Moreover, the high physicochemical stability of DNA nano-
structures[10] can be modulated by external triggers. While DNA 
double strands show a distinct thermally triggered dissociation 
behavior (melting temperature), an increase in thermal stability 
of DNA double helices can be achieved through intercalating 
agents, like psoralen, or via photo-cross-linking.[11–13] Finally, 
a large number of tools are provided by nature in the form of 
highly specific enzymes, such as endonucleases,[14–16] exonu-
cleases,[16,17] polymerases,[16–19] and ligases[16,17] that allow the 
DNA material to be processed or degraded efficiently and with 
a high level of precision.

Based on these features, DNA has stimulated new directions 
in materials design (Figure 1). For instance, its precise hybridi-
zation into 2D and 3D objects has culminated in the develop-
ment of several bottom-up fabrication processes such as DNA 
origami, where a circular, single-stranded DNA template is 
predictably folded into precise nanostructures with short DNA 
sequences, called staple strands.[20] Furthermore, as DNA objects 
are now becoming more readily available, they become increas-
ingly useful, e.g., as precision templates for the construction of 
precise 2D and 3D polymeric architectures.[21–23] Since DNA is a 
strongly hydrophilic polyelectrolyte, it can absorb large amounts 
of water, sparking an interest in DNA for hydrogel design.[24,25] 
In this respect, DNA is an excellent component for the con-
struction of supramolecular hydrogels, as it imparts important 
features such as biocompatibility, controlled biodegradability,  
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permeability for nutrients, adjustable mechanical proper-
ties, stability against proteases, the ability for self-healing, and 
responsiveness to various stimuli to the hydrogel.[26,27] In com-
parison to DNA, many other noncovalently cross-linked hydro-
gels derived from natural sources like alginate or gelatin, lack 
this level of versatility and structural programmability.[26] There-
fore, smart DNA hydrogels combine many desirable features 
for preparing customized materials for biomedical applications 
that cannot easily be achieved with other materials.

In this review, we summarize the underlying design principles 
for the construction of DNA-based hydrogels and highlight their 
applications in different fields of biomedicine (Figure 2). In con-
trast to other recent reviews on DNA hydrogels,[28–32] we particu-
larly focus on their applications in emerging fields such as bio-
sensing, drug delivery, immunotherapy, and tissue engineering 
and we discuss their unique features as well as current limitations.

2. Design of Nucleic Acid-Based Hydrogels

DNA-based hydrogels have been prepared based on different 
design principles.[28–31,33] The selected design and preparation 
methods have a strong impact on the characteristic features of 
DNA hydrogels and thus determine their respective biomedical 
applications. In this section, we introduce 1) hydrogels that con-
sist entirely of DNA, and 2) the usage of DNA as versatile and 
biocompatible cross-linkers in combination with synthetic poly-
mers as well as 3) materials containing short DNA sequences 
as functional grafts providing access to customizable hydrogels 
with unique bio-specificity.

2.1. “All-DNA” Hydrogels based on Polynucleotide Scaffolds

Today, based on the seminal work of Luo and colleagues, who 
achieved the first self-supporting all-DNA hydrogel, DNA can 
be considered as a building unit for bulk macroscale materials.  
This hydrogel reported by Um et al. in 2006 was prepared 
from branched and flexible 3D DNA, which was designed to 
associate with other complementary strands under network 
formation.[34] Several strategies to produce hydrogels made 
entirely from DNA sequences followed and have since been 
reported.[13,35–37] In the first approach, preformed DNA building 
blocks are mixed in solution, which then form a 3D network 
due to the interactions of complementary DNA strands on 
separate building blocks (Figure 3a). Binding between the 
building blocks can be achieved through hybridization of DNA 
sticky ends,[35] i-motifs,[36] or enzymatic ligation[34] as depicted 
in Figure 3a,b. The i-motif represents a tetrameric structure 
of cytosine-rich DNA sequences that self-assemble into a four-
stranded complex.[36,38] These assemblies are formed at pH 5 
and dissociate at pH 8, thus introducing a rapid, pH-responsive 
sol–gel transition of i-motif-containing materials.

All-DNA gels were also generated in more recent work by 
in situ formation of the building blocks, e.g., by enzymatic 
polymerase amplification reactions. Using branched, Y-shaped 
primers that are thermally stabilized by psoralen treatment, 
hydrogels can be prepared by PCR via extending and connecting 
the forward and reverse primers.[13] An intriguing example of 

gel formation by DNA polymerization uses combined rolling 
circle amplification and multi-primed chain amplification to 
build extremely long DNA sequences that eventually form gels 
through entanglement rather than predetermined cross-linking 
points (Figure 3c).[37]
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The selected cross-linkers in all-DNA hydrogels strongly 
influence the material properties of the resulting gels. Hydro-
gels made by hybridization of sequences with complementary 
sticky ends can undergo sol–gel transitions upon heating,[35] 
or by pH-changes[36] and they can be reversibly cycled through 
liquid–solid phase transitions. In contrast, gels made by enzy-
matic ligation are covalently cross-linked networks that do 
not undergo reversible sol–gel transitions.[34] In addition, the 
application of enzymatic DNA polymerization techniques can 
result in gels with metamaterial properties exhibiting solid-
like behavior when immersed in water and liquid-like behavior 
after water removal.[37] Furthermore, after complete deforma-
tion due to removal of water, the material shows shape-memory 
behavior as it recovers its original shape upon addition of 
water.[37] Similarly, Chen and Romesberg used PCR amplifica-
tion in combination with two specially synthesized forward and 
reverse bottlebrush primers to form DNA hydrogels that exhibit 
hierarchical architectures.[39] These gels have been rendered 
catalytically active by incorporating streptavidin-modified horse-
radish peroxidase after amplification of biotinylated bottlebrush 
primers, which could be attractive for encapsulation of specific 
guest molecules without loss of protein function.[39]

Although all-DNA-based hydrogels reveal many unique prop-
erties, there are still several limitations that need to be overcome 

to facilitate their usage in biomedicine. First of all, very few 
functional groups are available in DNA, which makes further 
chemical modifications rather challenging and limits customi-
zation of the functional properties of the hydrogel. In addition, 
some intrinsic limitations of DNA, such as its highly negative 
net charge, limited stability, and high synthesis costs currently 
prevent upscaling that would be necessary for in vivo biomedical 
applications. Consequently, only very few examples have been 
reported, in which all-DNA hydrogels have been used beyond 
proof-of-concept demonstrations, e.g., in 3D printing.[40,41]

2.2. Oligonucleotides as Cross-linkers

Some of these limitations may be overcome by combining 
hydrophilic polymer scaffolds with short DNA sequences acting 
as supramolecular cross-linking agents.[26,29,42] Such hydrogels 
utilize both the smart and programmable features of the DNA 
components as well as the chemical flexibility, stability, and acces-
sibility of hydrophilic polymers to optimize functional perfor-
mance. In this way, bulk materials are more readily available and 
several of the unique material characteristics of DNA are retained.

In 1996, Nagahara and Matsuda reported the first DNA-
containing polymer hydrogels that were based on short DNA 
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Figure 1. Timeline of notable discoveries and developments in DNA technology and their relevance for DNA-containing hydrogels.
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sequences grafted to a poly(acrylamide) polymer chain.[43] The 
authors demonstrated two pathways of achieving gelation: In 
so-called Type I hydrogels, a soluble DNA sequence hybrid-
ized with two other DNA strands attached to a polymer back-
bone, thereby inducing gelation (Figure 4).[43] In contrast, Type  
II hydrogels had complementary DNA strands attached to the 
polymer chain and gelation occurred in situ without the addi-
tion of external gelators (Figure 4).[43]

Following this seminal work, various DNA-polymer hybrid 
materials have been prepared with customized sol–gel transi-
tions that are externally controlled by complementary DNA 
strands.[44–46] Complex DNA cross-linking elements such as 

Y-shaped DNA,[47–49] i-motifs,[50] or DNA mismatch elements[51] 
have also been introduced into polymeric hydrogels (Figure 4, 
Table 1). Y-shaped DNA provides hybridization, gelation, and 
functionalization of hydrogels in one step, where the DNA link-
ages could be severed by heat, enzymes, or mechanical stress 
thus yielding gels with attractive multi-responsiveness and thixo-
tropic behavior.[47–49] Light-responsiveness has been achieved by 
incorporating an azobenzene-modified ssDNA into an acrylamide 
hydrogel inducing macroscopic volume changes of the dynamic 
hydrogel upon alternating irradiation with visible and UV light.[52] 
Furthermore, by exploiting the possibility to mismatch the sticky-
end sequences, hydrogels with tunable mechanical and thermal 
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Figure 2. Overview of the manifold applications of DNA-based hydrogels in the biomedical field. Highlighted examples include biosensing, drug 
delivery, immuno-modulation, and cell-based approaches. Printable sensors: Adapted with permission.[41] Copyright 2018, Wiley-VCH. Target sensing: 
Adapted with permission.[107] Copyright 2017, Royal Society of Chemistry. Cell regulation: Adapted with permission.[49] Copyright 2017, Wiley-VCH.  
Controlled release (top): Adapted with permission.[143] Copyright 2018. American Chemical Society. Controlled release (bottom): Adapted with permis-
sion.[73] Copyright 2012, American Chemical Society. Vaccination: Adapted with permission.[149] Copyright 2015, Elsevier. Immunotherapy: Adapted with 
permission.[162] Copyright 2018, American Chemical Society. Morphology switch: Adapted with permission.[180] Copyright 2018, American Association 
for the Advancement of Science. Designer ECM: Adapted with permission.[183] Copyright 2016, Wiley-VCH. Catch and release: Adapted under the terms 
of the Creative Commons Attribution 4.0 International License.[76] Copyright 2015, The Authors.
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properties were obtained.[51] Mismatches refer to regions within 
the sticky-ends of the DNA cross-linker that are partially comple-
mentary to the ssDNA grafted on the polymer backbone.[51]

Moreover, (multi)-stimuli-responsive gels,[42,50,53–63] 
logic gates,[64] and shape-memory[42,56,62,63] hydrogels have 
been reported based on DNA cross-linkers by additionally 
implementing DNA motifs like i-motifs, guanine quadruplex 
units, or aptamers (Figure 4c and Table 1). Briefly, guanine quad-
ruplexes are formed from guanine-rich nucleic acid sequences, 
where four guanine bases associate through hydrogen bonding 
to adopt a square planar structure, which is stabilized by ions like 
K+. Aptamers (Latin from aptus—fit, Greek from meros—part) are 
single-stranded DNA or RNA sequences that can selectively bind 
various substrates such as small molecules,[65–67] proteins,[68–74] 
or even cells,[75–77] with affinities comparable to antibodies.

The switching of multi-responsive hydrogels can be achieved 
by several cooperative stimuli-responsive DNA cross-linking 
motifs, each dictating the hydrogel properties. In this way, 
controlled dissociation and reassembly occurs, transitioning 
the hydrogel between different states such as stiff or quasi-
liquid states.[42] These gels can even function as logic gates, 

i.e., dissociation only occurs in the presence of two distinct 
target molecules but they remain intact if only one or none of 
the target molecule is present.[64] In shape-memory hydrogels, 
e.g., via the i-motif bridging units, cooperative cross-linking  
of nucleic acid-functionalized polymer chains has been 
reported.[62] Thereby, the two cooperative cross-linking strate-
gies retain a certain hydrogel shape. Upon dissociation of one 
cross-linker, a “memory code” in the quasi-liquid state is pro-
vided by the other, still intact cross-linking unit allowing reor-
ganization into the original shape.[42,62]

2.3. Oligonucleotides as Bioactive Groups  
or as Tags for Functionalization

Hydrogels incorporating DNA segments as functional, bioac-
tive elements and not as structural components have also been 
explored for various biomedical applications.[49,68,70–77] The 
presence of DNA as a bioactive group in these hydrogels typi-
cally does not significantly alter the mechanical properties of 
the gel, but rather imparts important interactions with thera-
peutically relevant molecules[49,68,70–74] or cells.[75–77]

Functionalization of DNA hydrogels is straightforward, 
only requiring introduction of short DNA sequences com-
prising the desired functionality during[47–49] or after gela-
tion.[78] These DNA tags hybridize complementary DNA 
strands at the polymer backbone or within the already formed 
hydrogel (Figure 4d). Similarly, phosphoramidite derivatives 
provide a synthetic route of oligonucleotides that are func-
tionalized with a methacryl group at the 5' end DNA (also 
called acrydite-modified DNA) and can subsequently be 
added during the gel-forming polymerization reaction of, i.e., 
acrylamide.[79–82]

Previously, DNA strands have been modified with reactive 
groups such as amine, carboxyl, thiol, or alkyne groups, as well 
as azobenzenes as light-sensitive switches, bioactive peptides, 
or proteins.[83,84] Moreover, therapeutically active compounds[49] 
or biomimetic signals[9] have been attached to the hydrogels, 
making them responsive toward enzymes or enabling strand 
displacement for controlled release of functional molecules. 
A potential drawback of the post-functionalization method of 
already formed gels is the need to infiltrate the hydrogel with 
the functionalized DNA tags, which could be sterically or elec-
trostatically hindered, particularly if larger DNA structures 
need to be incorporated.

In addition to the already mentioned reactive functionali-
ties and bioactive entities, aptamers have gained significant 
interest because of their high specificity toward a wide range 
of biological target molecules and the opportunity to selectively 
introduce functional molecules to the hydrogel (Figure 4e). 
Compared to antibodies, aptamers can have significantly 
smaller molecular weights, and they can be easily tailored 
for different targets, which makes them attractive as com-
ponents in bioassays[85,86] or as therapeutics for treatment of 
diseases such as eye disorders, thrombosis, vascular diseases, 
and cancer.[68] Aptamer sequences with high target-specific 
binding affinity values are generated by an in vitro selection 
process called systematic evolution of ligands by exponential 
enrichment.[87,88] One drawback of the application of aptamers 
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Figure 3. All-DNA hydrogels formed by a) hybridization of Y-shaped 
DNA[35] and i-motifs,[36] b) enzyme-catalyzed assembly,[34] and c) entan-
glement of long DNA chains formed via DNA polymerase chain ampli-
fication.[37] a) Adapted with permission.[35,36] Copyright 2009 and 2010, 
Wiley-VCH. b,c) Adapted with permission.[34,37] Copyright 2006 and 2012, 
Springer Nature.
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is their low cellular uptake due to their high negative charge 
density[89] as well as their limited stability in the presence of 
DNA degrading enzymes that are typically present in cells.[90] 
However, there are promising strategies to optimize their 
function, reduce their susceptibility to nuclease degradation, 
and improve the stability of aptamers to broaden their scope 
for biomedical applications.[68,90,91]

In the following, DNA hydrogels that were prepared by 
the already discussed design strategies and based on the 
introduced structural components are reviewed in view of 
their biomedical applications. We mainly focus on applica-
tions of DNA hydrogels as matrices for biosensing, as vehi-
cles for drug delivery and immunomodulation, as well as 
their applications for cell-based approaches such as tissue 
engineering.

2.4. Critical Comparison with Non-DNA Cross-linkers  
in Supramolecular Hydrogels

While DNA-containing hydrogels are an emerging material 
for biomedical applications, competing systems consisting 
of, e.g., biopolymers and peptides can also offer certain 
advantages. In the following, we critically compare a limited 
number of hydrogel systems that share certain aspects of the 
DNA-containing hydrogels discussed in this review. Similar 
to DNA, peptide sequences can also participate in (self-)rec-
ognition events, that lead to, i.e., the formation of α-helical 
or β-sheet structures. These features have been used to gen-
erate noncovalently cross-linked hydrogels by using short 
β-sheet-forming peptide-grafts as cross-linking sites to afford  
hybrid hydrogels with inner fibrillary structures.[92–94] Other 
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Figure 4. Oligonucleotides as hydrogel cross-linkers by a) direct DNA hybridization,[43] b) ssDNA linker units[43,48] including DNA origami linkers, or 
c) structure elements like i-motifs[50] or guanine quadruplex units.[41] Functional hydrogels by d) hybridization of modified DNA sequences[48] or by  
e) implementing aptamer sequences into the hydrogel.[57] Aptamers can bind various biological target structures. a) Adapted with permission.[43]  
Copyright 1996, Elsevier. b) Left: adapted with permission.[43] Copyright 1996, Elsevier. Right: adapted with permission.[48] Copyright 2014, Royal 
Society of Chemistry. c) Left: Adapted with permission.[50] Copyright 2014, Wiley-VCH. Right: Adapted with permission.[41] Copyright 2018, Wiley-VCH.  
d) Adapted with permission.[48] Copyright 2014, Royal Society of Chemistry. e) Adapted with permission.[57] Copyright 2008, American Chemical Society.
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examples include the coiled-coil motif and collagen mim-
icking peptides which, based on the simplicity and regularity, 
have been extensively studied in this context as well.[95–100] 
The structure formation of coiled-coil and collagen mim-
icking peptides is affected by the number of repeat units, 
pH, ionic strength, temperature, and concentration. Con-
sequently, a variation of the peptide or graft copolymer 
concentrations affect certain hydrogel characteristics (e.g., 
gelation time, morphology, stiffness, melting point tem-
perature) and can be used to introduce stimulus responsive 
behavior.[98,101,102] Recently, these systems have been exten-
sively reviewed and there has been much progress to design 
such hydrogels for biomedical applications.[101,103] One of the 
major advantages of these peptide-containing hydrogels is 
their promising scalability compared to the significant costs 
still associated with DNA synthesis. In terms of mechanical 
properties, DNA-containing hydrogels often do not out-
perform alternative systems without DNA. However, DNA 
reveals exceptional recognition properties, which drastically 
increases the programmability of DNA-containing materials 

and enhances their functional applications in particular for 
biosensing, drug delivery, and tissue engineering as dis-
cussed in the next sections.

3. Biomedical Applications of Nucleic Acid-Based 
Hydrogels

3.1. DNA-Based Hydrogels for Biosensing

The qualitative and quantitative detection of various analytes 
in vitro and in vivo is vital in many biomedical fields spanning 
clinical diagnosis and point-of-care testing to detecting trace 
targets in personalized healthcare, environmental monitoring, 
and food safety.[104,105] Particularly, portable and visual detection 
methods provide the technology for devices that are fast, simple 
to operate, and do not require special instruments.[104,105] In 
this context, target-specific stimuli-responsive DNA hydrogels 
could serve as a portable, sensitive, selective, and low-cost bio-
sensor platform.

Adv. Funct. Mater. 2019, 1906253

Table 1. DNA-motifs used for cross-linking of DNA hybrid hydrogels. While reversible transitions between DNA-based polymer hydrogels and DNA-
polymer solutions or quasi-liquid states can be implemented by employing different triggers like strand displacement, target-responsiveness, pH, 
and different ions for G-quadruplexes, or metal ions, they also offer the potential to construct smart shape-memory hydrogels when combining 
orthogonal stimuli.

DNA-motif Stimulus Polymer Hydrogel features Ref.

DNA duplex Strand displacement PAAma)

DNA

Sol–gel transition

Shape-memory behavior and

sol–gel transition

[42,61]

[42]

[194]

Aptamer Target-responsive, e.g., ATP, 

adenosine

PAAm, DNA Target-induced sol–gel formation

Tunable mechanical properties

[53,57,58,194]

[59]

Y-DNA Heat, enzymes,

mechanical stress

Protein-based Enzyme-controlled degradation

Sol–gel transition

[47–49]

i-Motif pH

pH, Ag+/cystamine

PNIPAMb)

PAAm

Acrylamide

pH 5: gel

pH 8: sol

Shape-memory behavior

[42,50,62]

[63]

Azobenzene-ssDNA Light Acrylamide Volume changes after irradiation 

with Vis and UV light,

Tunable mechanical properties

[52]

Mismatches DNA linker sequence Polypeptide Tunable mechanical and thermal 

properties

[51]

G-Quadruplexes K+/crown ether

Pb2+/DOTA, Sr2+/kryptofix

Acrylamide,

Carboxymethyl cellulose

Acrylamide

K+: gel

Crown ether: sol

Shape-memory behavior

Nanochannel with multiple gating 

features

Shape-memory behavior

[42,54,195]

[42,195]

[60]

[63]

Metal-ion/ligand Redox environment

Ag+/cysteamine

PAAm,

Carboxymethyl cellulose

Acrylamide

Tunable mechanical properties, 

shape-memory effects

Ag+: gel

Cysteamine: sol

Tunable mechanical properties

[56]

[55]

a)Poly(acrylamide); b)Poly(N-isopropylacrylamide).
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Typical design strategies of biosensor hydrogels employ a 
synthetic polymer as the scaffold and an analyte-binding, func-
tional DNA cross-linker as the sensor. The cross-linker dissoci-
ates only after recognition of the respective target compound 
and reports its presence by inducing changes in hydrogel 
swelling volume, mass, mechanical properties, or by the release 
of an encapsulated cargo generating a readout signal.[106,107] 
To date, different target-responsive DNA hydrogels have been 
reported[104–106] for the detection of ions,[81,108,109] small mole-
cules,[53,57,64] proteins,[110] viruses,[111] or toxins.[112,113] In certain 
cases, the readout from these DNA-based devices is even visible 
to the unaided eye, without the need for sophisticated equip-
ment and is also preserved in biological matrices including 
urine, serum, and lacrimal fluid.[53,110,111,114,115] This feature has 
been exploited for specific recognition of thrombin, which is 
relevant in the context of glomerulonephritis, an inflammation 
of the kidney's filtering systems which occurs in certain can-
cers, diabetes, hepatitis, or the autoimmune disease Systemic 
Lupus Erythematosus.[110,111,116] As the signal readout is one of 
the central differentiating elements of biosensors, the detection 
of various biomedical targets and metabolites by colorimetric, 
volumetric, or conformational interconversion as well as the 
development of electrochemical readout strategies for printable 
sensors are highlighted in the following sections.

Recently, Mao et al. described the sensitive and visual 
detection of different targets employing a functional DNA  
cross-linked hydrogel (Figure 5a).[107] The hydrogel was based 
on aptamers or DNAzymes, DNA oligonucleotides catalyzing 
certain chemical reactions, as a target-responsive unit that 
was incorporated into hydrogels able to bind ions or small 
molecules. In addition, glucoamylase, an enzyme that cata-
lyzes the digestion of amylose to glucose, was encapsulated 
for both molecular recognition and signal amplification.[107] In 
these gels, gold nanorods served as a multicolor readout cir-
cuit for monitoring the target concentration, e.g., Pb2+, with 
high sensitivity. Lead concentrations of about 50–100 × 10−9 m  
were detected with this system by simple visual inspection. 
Thus, portable hydrogels with DNAzyme–substrate complexes 
as cross-linkers of a DNA-grafted polyacrylamide polymer back-
bone even allowed visual quantification of lead ion concentra-
tions in aqueous solutions.[107] Important biomarkers such as 
adenosine,[57,105,117] which acts as a signaling molecule in the 
peripheral and central nervous system and also represents a 
cancer biomarker for monitoring disease progression,[105] as 
well as thrombin[57] have been detected by similar colorimetric 
assays. Colorimetry is the detection method of choice in most 
DNA hydrogel biosensors as it allows the straightforward detec-
tion of target analytes such as metal ions[108,117] and small mole-
cules,[105,115,117,118] e.g., for environmental monitoring, forensic 
analysis, detection of drug misuse, and medical diagnosis. 
However, this technique often provides only semiquantitative 
analysis and relatively low sensitivity.[119]

To overcome these limitations, Liu et al. used a molecular 
imprinting approach to form hydrogels that undergo mac-
roscopic volumetric shrinkage in the presence of target pro-
teins.[110] Such hydrogels were formed by aptamers carrying 
a polymerizable methacrylamide group together with bifunc-
tional aptamer–protein complexes as small cross-linkers. In this  
way, the proteins thrombin and PDGF-ββ, which are released 

during blood clotting and serve as biomarker for angiogenesis 
and atherosclerosis, were imprinted into the gel. The resulting 
gels showed remarkable sensitivity down to femtomolar con-
centrations of PDGF-ββ. In addition, the dried gels were 
stable for extended time periods and could be re-hydrated on 
demand.[110]

The development of surface-immobilized DNA hydrogels 
as printable sensors and for bioelectronics has been explored 
recently where applications in the fields of personalized medi-
cine and clinical diagnosis are anticipated.[41,119,120] Mao et al. 
reported the first surface-immobilized pure DNA hydrogel bio-
sensor (Figure 5b).[120] The soft DNA hydrogel scaffold was syn-
thesized via a surficial primer-induced strategy on a transparent 
electrode, allowing both colorimetric and electrochemical detec-
tion. The resulting immobilized 3D DNA hydrogel scaffold 
was employed to capture enzymes, providing a stable catalytic 
system for biosensing. On account of the molecular sieving 
effect and the good swelling/de-swelling properties, direct sen-
sitive detection of targets such as bilirubin in serum samples 
was successfully demonstrated. Furthermore, fast regeneration 
of the material and preservation of the catalytic activity after a 
few cycles was achieved.[120] The observed low detection limit of 
bilirubin of 32 × 10−9 m was proposed to allow for applications 
in the diagnosis of jaundice.[120]

Zhong et al. reported on a DNA hydrogel-based, highly selec-
tive and sensitive sensor for Pb2+ detection (Figure 5c), which 
was based on conformational interconversion that induces 
changes in the catalytic activity with impressive responses 
between 1 × 10−12 and 50 × 10−9 m. The hydrogel was con-
structed from a guanosine-borate monoester with subsequent 
K+-templated assembly into guanine quadruplexes (G4-DNA, 
as discussed in Section 2.2, Figure 4c). Guanine quadruplexes 
incorporate hemin and display enzyme-like activity.[40] The 
sensing event is based on Pb2+ substituting K+ within the com-
plex and subsequently inducing a conformational interconver-
sion to more compact structures that trigger hemin release.[40] 
This subsequent loss in catalytic activity was detected as 
changes in the absorbance that contribute to the high sensitivity 
of the sensor.[40] The authors suggest that the system provides 
a novel platform for sensing, biomolecular computation, and 
drug delivery, due to its facile construction combined with long-
term stability (up to 28 days), high sensitivity, and selectivity.[40]

The immense potential of this setup for flexible next-gen-
eration sensors and bioelectronics was also underlined by the 
in situ fabrication of a semiconducting hydrogel as a glucose 
biosensor (Figure 5d).[41] This biosensor was fabricated by 
loading the enzyme glucose oxidase into the DNA hydrogel as a 
catalytic matrix for the oxidation of aniline and the in situ dep-
osition of polyaniline. In this way, the biosensor was directly 
printed into a flexible electrochemical electrode. This detection 
system revealed excellent electrochemical properties, long-
term and cycle stability and was compatible with 3D printing, 
rendering it a promising material for flexible electrochemical 
applications such as the development of self-regulated insulin 
delivery devices.[41]

Another DNA hydrogel-based electrochemical biosensor was 
designed for the detection of microRNA that is specific to lung 
cancer.[119] The hybrid hydrogel was immobilized on an indium 
tin oxide/polyethylene terephthalate (ITO/PET) electrode, and 
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Figure 5. DNA-based hydrogels for biosensing. a) Target-responsive readout-unit release via gel–sol transition for colorimetric readout. The target-
responsive strand can be an aptamer resulting in strand displacement and hydrogel collapse. Alternatively, a DNAzyme is activated by the target to cut 
the cross-linking strand. Enzymes like glucose amylase can be used as readout-unit catalyzing colorimetric reactions for visual detection. AuNRs served 
as a multicolor substrate. Adapted with permission.[107] Copyright 2017, Royal Society of Chemistry. b) Printable surface-immobilized DNA hydrogels 
with high spatial definition. Surface-immobilized 3D DNA hydrogels were constructed on a transparent ITO electrode using a surficial primer-induced 
strategy for both colorimetric and electrochemical readout. For biosensing, the hydrogel can wrap enzymes for detection of, e.g., bilirubin in serum.[120] 
Adapted with permission under the terms of the Creative Commons Attribution-NonCommercial 3.0 Unported license.[120] Copyright 2018, The Authors. 
Published by Royal Society of Chemistry. c) Target-responsive DNA hydrogel based on catalytic interconversion resulting from conformational transi-
tion via cation substitution. The hydrogel comprised a G4-quartet motif with hemin and complexed K+ ions forming a catalytically active material. 
Cation substitution with Pb2+ forms more compact structures and simultaneous loss of hemin is followed by drastic change in the catalytic activity 
of the hydrogel where the H2O2/3,5,3,5-tetramethylbenzidin (TMB) oxidation was chosen as a model reaction. Adapted with permission.[40] Copyright 
2018, American Chemical Society. d) Flexible electrochemical biosensors. Enzyme-mimicking hydrogel matrix catalyzes the in situ oxidation of aniline 
yielding the deposition of polyaniline on G-quartet nanofibers. Detection of glucose was demonstrated by loading glucose oxidase enzyme (GOx) into 
the hydrogel. Adapted with permission.[41] Copyright 2018, Wiley-VCH.
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DNA-grafted polyacrylamide cross-linked by ferrocene-tagged 
DNA served as a recognition probe.[119] Upon hybridization of 
the recognition probes with the target miRNA, the hydrogel 
dissociated, resulting in a loss of ferrocene tags and, hence, a 
reduction in measurable current.[119] This biosensor was able to 
detect concentrations as low as 5 × 10−9 m (1 pmol) and showed 
a linear readout ranging between 10 × 10−9 and 50 × 10−6 m. It 
was highly sensitive, and showed good stability and selectivity. 
Furthermore, it can be applied toward a diversity of other tar-
gets as the recognition probe has a flexible sequence design.[119] 
These strategies indicate that DNA hydrogels could be inte-
grated into surface biosensing devices, thereby, broadening 
hydrogel applications in the field of diagnosis, personalized 
medicine, and environmental monitoring. Future challenges 
lie in the development of sensing devices that have improved 
stability and are operational under a wide range of environ-
mental conditions. In particular, the ability to accurately detect 
and quantify trace amounts of analytes in complex body fluids 
still represents a great challenge. In addition, current DNA 
hydrogel-based sensors are quite costly preventing their appli-
cation as single-use devices. Therefore, either the reusability of 
these sensors needs to be significantly improved, or the pro-
duction costs have to be substantially lowered. With the advent 
of personalized medicine, the need for individualized bioana-
lytics is gaining much attention. We anticipate that if the above-
mentioned challenges can be addressed, DNA hydrogel sensors 
will offer great potential in future personalized medicine as 
implantable sensors or for in vivo diagnostics.

3.2. DNA-Based Hydrogels for Drug Delivery Applications

One major concern in drug delivery is the capability to store and 
release drug molecules or therapeutic proteins in a controlled 
spatio-temporal fashion, i.e., based on changes in pH, tempera-
ture, the presence of enzymes, or light.[121] In this section, we 
discuss the customization of DNA hydrogels for various drug 
delivery applications to address tumor tissue or bone cells locally. 
First, examples dealing with hydrogels capable of releasing 
small molecules or therapeutic proteins are summarized. 
Then, more sophisticated drug depots that can target specific  
cells and release their cargo in response to changes in their 
environment or due to other external triggers are discussed. 
Finally, we present selected examples of such gels capable of 
storing and delivering therapeutic proteins in a spatio-temporal 
fashion in the context of different diseases such as osteoporosis.

Early hydrogel formulations based on enzymatically  
cross-linked DNA hydrogels lacked a specific ability to retain  
target molecules within the network, and their release kinetics 
were determined predominantly by diffusion parameters.[34] In 
recent years, DNA hydrogels have become more advanced and 
can now release drugs in a controlled fashion to improve their 
therapeutic performance as drugs are made available over pro-
longed periods of time.[70,73,122]

Hydrogel formulations are of particular interest for the con-
trolled and local delivery of anticancer drugs to improve their 
efficacy and reduce off-target side effects.[123,124] The most 
common cancer treatments involve local surgery or radiation 
therapy, as well as systemic approaches including chemotherapy, 

hormonal therapy, and antibody treatments.[125,126] Conventional 
chemotherapy based on cytotoxic small molecule drugs is con-
sidered a systemic treatment option for the elimination of can-
cerous cells and tissues, with the inherent limitation that these 
cytotoxic drugs often lack specificity toward cancerous cells 
versus healthy ones.[69,127] After systemic administration, drugs 
are distributed throughout the body and often only a small frac-
tion reaches the tumor site, whereas organs and nonmalignant 
tissues are frequently also negatively affected causing severe 
side effects.[69,127] Also, fluctuating drug levels represent a con-
cern as most cytotoxic drugs are released directly after admin-
istration causing sharp peaks and subsequent decline in the 
drug concentration, yielding inadequate therapy and severe side 
effects.[128] Consequently, there is a strong demand for targeted 
and controlled release technologies. Hydrogels, with tunable 
sustained release characteristics and injectable formulations, 
fuel legitimate hopes to improve drug efficacy and reduce the 
impact on healthy cells or tissues.

The recently reported concept of drug-integrated DNA Trojan 
Horses aims at overcoming the limitations and severe side 
effects of classical therapy by systemic injection, which is char-
acterized by strong off-target effects. With DNA Trojan Horses, 
an enhanced cellular uptake, higher accumulation of the drug 
in the target tissue, and a more efficient, localized release aim 
to achieve greater antitumor effects.[129] Cytotoxic nucleoside 
analogs, such as fluoroxidine, which are an important class of 
anticancer drugs, were directly integrated into DNA via solid-
phase synthesis. In a hierarchical self-assembly process, these 
drug-containing single-stranded DNAs can hybridize into 
Y-shaped motifs, which then assemble into nanogels with a 
precise drug loading ratio. These nanogels resemble spherical 
nucleic acid-like architectures constituting novel Trojan Horses 
for drug delivery and anticancer treatment.[129] In vitro experi-
ments showed that the fluoroxidine-containing nanogels pro-
vided rapid cellular uptake and effective drug release in the 
presence of DNases, resulting in an enhanced anticancer effect 
compared to the free drug as control.[129]

Another strategy for efficient cancer treatment employs 
light-triggered drug release by incorporating gold nanoparticles 
(AuNPs)[130] or gold nanorods (AuNRs)[124] into DNA hydrogels 
in combination with anticancer drugs such as Doxorubicin 
(Dox). Song et al. reported a hydrogel that was assembled by 
enzymatic ligation of X-shaped DNA building blocks composed 
of three sticky arms for cross-linking and one other arm.[124,130] 
Employing simple electrostatic interactions between the nega-
tively charged DNA and the positively charged gold substrates, 
AuNPs or AuNRs were loaded into the hydrogel, while Dox was 
simultaneously incorporated via intercalation into the DNA 
completing the drug delivery system (Figure 6a). Release of Dox 
was achieved through a photothermal effect after laser excitation 
of the AuNPs, which led to a heat shock and subsequent disas-
sembly of the whole construct. The cytotoxicity of this system 
was found to be boosted, illustrating the synergy between pho-
tothermal and chemo-therapeutic approaches in cancer treat-
ment. This led to a reduction in the necessary dosage of either 
the laser power or drug concentration providing opportunities 
to reduce side effects when applied in photothermal therapy.[130] 
Based on the closely assembled AuNPs with strongly coupled 
plasmon modes, these hydrogels could potentially also be 
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exploited as contrast agents in CT imaging or in radiosensiti-
zation competing against large AuNPs, with sizes of hundreds 
of nanometers that are typically used and exhibit increased tox-
icity, thus limiting their applications.[130]

Another attractive example was developed by Liao et al. 
who applied chemical, rather than physical triggers for drug 
release. They reported on microcapsules consisting of stim-
uli-responsive DNA hydrogels that released drugs in the 
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Figure 6. DNA-based hydrogels for drug delivery applications in anticancer therapy. a) DNA-based hydrogels as delivery vehicle for AuNPs and anti-
cancer drugs combining triggered drug release and photothermal therapy. The DNA hydrogel is degraded after excitation-induced heat generation, 
which disperses the AuNPs. Co-loading of the anticancer drug Dox facilitated light-controlled cargo release from the hydrogel, which is attractive for, 
i.e., computer tomography (CT), imaging contrast, or radiosensitization. Adapted with permission.[130] Copyright 2018, American Chemical Society. 
b) Triggered release of therapeutic molecules from stimuli-responsive DNA hydrogel microcapsules. Polymer chains were equipped with nucleic acid 
hairpin structures as well as single-strand tethers as hybridization and recognition units to achieve substrate-loaded stimuli-responsive hydrogel-
based microcapsules. Microcapsules were loaded with CaCO3 microparticles and the respective substrates, i.e., Dox, and functionalized with nucleic 
acid promoter units, which induce hybridization chain reaction (HCR) upon presence of the hairpin-modified chains. A hydrogel coating was formed, 
which, after the dissociation of the CaCO3 cores, yields substrate-loaded hydrogel microcapsules. Stimuli-responsiveness was implemented into the 
microcapsule by caged aptamer sequences recognizing, e.g., ATP. In the presence of ATP, the duplex-caged aptamer sequences are released and new 
substrate–aptamer complexes were formed thus releasing the Dox cargo molecules. Adapted with permission under the use of the Creative Commons 
Attribution 3.0 Unported license[131] Copyright 2017, the Authors, published by Royal Society of Chemistry. c) Triggered cancer drug release after targeted 
cancer cell recognition by using an aptamer-functionalized hydrogel system. Aptamer sequences are used as cross-links of DNA-grafted acrylamide 
polymers. The aptamers bind specifically to nucleolin receptors that are overexpressed in the membrane of many tumor cells. The enhanced affinity 
of the aptamer toward the nucleolin receptors effects changes of the aptamer conformation thus reducing the cross-linking density and leading to 
hydrogel dissolution, releasing the encapsulated drug Dox. Adapted with permission.[123] Copyright 2015, Elsevier.
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presence of specific ligands based on aptamer technology 
(Figure 6b).[131] In order to prepare the construct, first, drug-
loaded CaCO3 microcapsules were coated with a layer of 
poly(allylamine hydrochloride) and subsequently with poly-
acrylic acid. Finally, the construct was functionalized with 
nucleic acid promoter units. The promoter units induced a 
hybridization chain reaction in the presence of nucleic acid 
hairpin structures leading to a cross-linked DNA hydrogel 
that coats the particles. Stimuli-responsiveness was imple-
mented by incorporating ligand-specific aptamer sequences 
within several hairpin units. These microcapsules were able 
to release their cargo drug, Dox, in the presence of adenosine 
triphosphate (ATP) due to its interaction with the aptamer 
cross-links leading to the dissociation of the cross-linking 
nucleic acid duplex units and partial separation of the micro-
capsule shells. ATP is overexpressed in cancer cells making 
it an interesting trigger for site-selective release systems.[131] 

This strategy was further expanded to metal organic frame-
work nanoparticles (NMOFs) that are prepared as carriers 
for cargos like cancer drugs. Here, duplex DNA-capped drug-
loaded NMOFs have been developed to introduce stimuli-
responsiveness but are associated with shortcomings such 
as limited loading degrees and nonspecific drug leakage. To 
address these issues, DNA hydrogel-coated NMOFs were intro-
duced for controlled drug release.[132–134] The hydrogel-coated 
NMOFs revealed substantially higher drug loading compared 
to NMOFs locked by duplex DNA capping units.[133,134] In par-
ticular, the hydrogel-coated NMOFs do not show nonspecific 
drug leakage while exhibiting high cytotoxicity (40% within a 
time interval of 3 days after treatment) and selectivity toward 
MDA-MB-231 cancer cells.[132]

In addition, small triggering molecules, i.e., metabolites, or 
receptor proteins can bind and change the aptamer conforma-
tion inducing a switch from the DNA bound to an unbound 
state (Figure 6c).[123] This principle was employed for cancer 
cell recognition and targeted drug delivery of anticancer drugs 
like Dox. Nucleolin receptors are overexpressed on tumor cells 
and can be used to selectively target these cells for the delivery 
of anticancer ligands and nanoparticles.[135] Incorporation 
of anti-nucleolin binding aptamers as hydrogel cross-linkers 
induced dissolution of the hydrogel upon nucleolin binding, 
thus effecting drug release in biological environments.[123]

In addition to small molecules as drugs, other therapeuti-
cally active molecules may offer new avenues to treat diseases. 
In this context, protein therapeutics are of emerging interest 
for many indications as they combine biological activity, target 
selectivity, biodegradability, and biocompatibility.[136] However, 
their low plasma half-life, blood circulation, and membrane 
penetration often limit in vivo usage.[137] Therefore, the explora-
tion of novel delivery routes of protein therapeutics is of great 
interest and hydrogels represent an attractive option for gener-
ating local depots in vivo.

Osteoporosis represents a low bone mass disease and is char-
acterized by a deterioration of bone tissue that is connected with 
a high occurrence of bone fractures.[138] Incident rates of oste-
oporosis increase with age and currently available treatments 
are mainly systemic, which can lead to severe side effects.[138] 
It has been shown that Rho-inhibiting C3 toxins selectively 
target bone-resorbing osteoclast cells which cause brittle bones 

and enhanced risk of bone fractures.[139] Local delivery and 
release of the C3 protein toxin from a polypeptide-DNA hybrid 
hydrogel has been demonstrated as a promising method for the 
spatial and selective modulation of these bone-degrading osteo-
clast cells (Figure 7).[49] The hydrogel consisted of two compo-
nents: a) the polypeptide backbone derived from human serum 
albumin with grafted ssDNA sequences and b) dendritic DNA 
providing four sticky ends, two of which are complementary to 
the grafted ssDNA sequences for cross-linking and the other 
two hybridize the DNA-tagged C3 proteins.[47–49] The resulting 
DNA hybrid hydrogel revealed self-healing properties allowing 
local positioning by injection and controlled degradation by 
proteases and nucleases that boosted C3 release. It effectively 
reduced osteoclast migration and resorption activity in vitro 
without affecting the activity, viability, and proliferation of bone-
forming osteoblasts. Thereby, the hydrogel offers great poten-
tial for the local improvement of bone quality in osteoporotic 
bone and patient-specific prophylactic treatment of bones with 
a high fracture risk is conceivable.[49]

Another approach is based on aptamer-containing hydro-
gels that directly capture the bioactive molecules so that no 
chemical modifications of these molecules are required. The 
aptamer-containing hydrogels are particularly useful for the 
delivery and sustained drug release to specific cells or tissues.  
They are capable of storing and releasing bioactive molecules 
either sustainably,[70,71,123] periodically,[72] or through exte
rnal,[73,74,122,140] or mechanical triggers via direct cell–material 
interactions such as traction forces[141] by introducing aptamers 
that specifically bind the active ingredients. When incorporated 
into gels, aptamers specific to signaling proteins such as anti-
platelet derived growth factor-ββ (PDGF-ββ)[70–74] or vascular 
endothelial growth factor (VEGF)[73] increase the local con-
centration of these proteins thus retaining them longer in the 
gels compared to nonfunctionalized hydrogels. A triggered and 
sequential release of these proteins was achieved by applying 
the respective DNA replacement strands and subsequent 
hybridization and strand displacement as depicted schemati-
cally in Figure 8a.[72–74,122,140]

The principle of triggered and sequential protein release 
from DNA hydrogels was further expanded by spatially control-
ling the immobilization of proteins. Therefore, Zhang et al. pro-
posed a simplified approach using UV-light-induced thiol-ene 
click chemistry to produce an aptamer-patterned poly(ethylene 
glycol) (PEG) hydrogel by applying a photomask (Figure 8b,c). 
The photomask allows patterning within the hydrogel, where 
protein-binding aptamers are conjugated to the polymer net-
work in the areas exposed to UV light.[142,143] Protein loading 
occurs only within these regions and its release is triggered 
by hybridization of displacement strands to the aptamers 
(Figure 8b).[142] Using different protein-binding aptamers, 
multiple distinct proteins could be captured and released 
in a controlled fashion. It has been demonstrated that after 
incubation in a mixture of VEGF and PDGF-ββ proteins the 
respective binding and retention only occurred in those regions 
of the gel that were functionalized with the corresponding 
aptamer sequences (Figure 8c).[143] Using the displacement 
strand strategy, the proteins were released at predetermined 
time points. This combination of photo-patterning with two dif-
ferent aptamers gave both spatial and temporal control over the 
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release of two separate proteins even in complex environments 
such as human serum.[143] Good cytocompatibility was demon-
strated suggesting promising potential for in vivo usage. There-
fore, protein delivery is combined with patterning to realize 
spatially controlled immobilization and release of different 
proteins simultaneously or sequentially at distinct times and 
concentrations within 3D hydrogels.[143] The approach offers 
great potential to construct smart protein carriers for controlled 
release or biomimetic 3D micro-environments for cells.[142,143]

However, for certain applications it is not feasible to use 
DNA strands or other small molecules as the release trigger. 
Consequently, external triggers, such as light of specific wave-
lengths have been investigated to stimulate drug release. Light-
induced protein release from DNA hydrogels via sequential 
photoreaction and hybridization in a self-programming fashion 
is particularly attractive as light represents a well-controllable 
external stimulus.[78] An external light signal induces breakage 
of light-responsive groups within the DNA hydrogel releasing 
an oligonucleotide as an internal molecular signal.[78] These 
oligonucleotides diffuse to neighboring DNA–protein com-
plexes replacing the DNA, dissociating the DNA–protein com-
plex and thus releasing the protein cargo. Therefore, controlled 
PDGF-ββ protein release was demonstrated in a wound closure 
assay and the potential to regulate smooth muscle cell migra-
tion by the signal was highlighted.[78]

In addition to the discussed systems, the Almquist group 
has recently published a new approach that goes beyond the 
current usage of external triggers.[141] They eliminated the need 
for passive activation by, e.g., hydrolysis, spatially diffusive trig-
gers such as enzymes and pH changes, and even sophisticated 
exogenous triggers such as light by implementing cellular 

traction forces as innate stimulus. Briefly, aptamers were used 
as a substrate-independent, programmable platform, which is 
responsive to cellular traction forces, so-called TrAPs (traction 
force-activated payloads). Making use of the fact that aptamer 
binding constants rely on their ability to fold into a struc-
ture that binds to the relevant pocket on the targeted protein,  
Stejskalovà et al. developed a system where the activation of 
bioactive proteins was actively triggered by dynamic interac-
tions of cells with the biomaterial.[141] Here, the exertion of 
cellular traction forces triggered unfolding of the aptamers, 
which drastically reduced their binding affinity thus releasing 
the bound protein payloads, i.e., PDGF-ββ or VEGF-165. These 
aptamers were conjugated to a cell-adhesive peptide on the one 
end, and a chemical group on the other end enabling their con-
jugation to the polymer scaffold of interest. The functionality 
of such dynamic biomaterials was verified on planar structures 
and within clinically relevant 3D collagen sponges.[141] Even 
though the authors did not report on biomedical applications, 
based on the presented advanced proof-of-principle in vitro 
data, they suggest that this strategy forms the basis of a new 
method for integrating latent growth factor signaling within a 
wide range of biomaterial-based systems that are activated by 
their direct dynamic interactions with cells, opening new pos-
sibilities in designing dynamic biomaterial systems.[141]

The advantages of DNA-containing hydrogels for drug 
delivery applications rest on their programmability, reproduc-
ible drug-loading, biocompatibility, and biodegradability. In the 
context of cancer targeting, the possibilities offered by DNA 
hydrogels to release one or more drugs at precise locations and 
in predetermined doses may help overcome the resistance of 
certain hard-to-treat tumors, while minimizing detrimental 
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Figure 7. DNA-based hydrogels for application in bone regeneration. a) The DNA-protein hybrid hydrogel is assembled by cross-linking a serum 
albumin–derived polypeptide copolymer with grafted PEG and ssDNA side chains with dendritic DNA origami cross-linkers. Controlled release occurs 
via DNases. b) Design of injectable hydrogels that could inhibit osteoclast formation for local improvement of bone quality. Controlled release of C3 
hydrogels effectively reduced osteoclast resorption activity without affecting osteoblast, bone-forming cells, in vitro. Adapted under the terms of the 
Creative Commons Attribution-NonCommercial 4.0 International license.[49] Copyright 2017, The Authors.
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effects to healthy cells. However, the safe positioning of such 
local depots needs to be considered and they may not be suit-
able for addressing distant metastasis. As more stimuli for 
releasing compounds from DNA hydrogels are being devel-
oped, the potential uses also increase. Patterned hydrogel 
depots could be imagined as smart implants that can sense 
and react to biochemical processes of the individual patient, 
and release appropriate drugs in response to certain levels of 
analytes or metabolites. This would open great opportunities in 
advanced and personalized medicine.

3.3. Immunomodulatory DNA Hydrogels

The immune system represents the primary defense that pro-
tects the body against various infections and pathogens. Many 

vaccines have been developed to train the immune system to 
recognize pathogens.[144] Prophylactic vaccines are one of the 
most efficient therapies to prevent infective diseases, and they 
have been recognized for the treatment of certain cancers, 
namely, those of viral origin, such as hepatitis B virus and 
human papillomavirus (HPV).[144–147] However, many diseases 
are also associated with disorders of the immune system itself. 
On the one hand, an overactive immune system can be harmful 
to the person, e.g., in allergies, where foreign but harmless sub-
stances such as pollen, induce a severe immune reaction. In 
addition, healthy tissue can suddenly be mistaken as foreign 
and dangerous, resulting in a severe attack in autoimmune dis-
eases. Diabetes Type I, rheumatic arthritis, multiple sclerosis, 
and Lupus fall under the latter category.[144,145] In such states 
of hyperactive immune responses during autoimmune and 
inflammatory diseases,[145] as well as transplant rejection,[145] 
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Figure 8. a) Triggered cargo release from DNA-based hydrogels for therapeutic approaches. Release of multiple protein-drugs via strand displace-
ment. Aptamer-functionalized hydrogels are designed with adjustable release rates at predetermined time points using complementary sequences as 
biomolecular triggers. The color intensity of the balls indicates the protein amount, whereas light colors indicate fewer bound proteins. Adapted with 
permission.[73] Copyright 2012, American Chemical Society. b) Patterning and controlled release of therapeutic proteins as smart DNA-based hydro-
gels in biomedicine. 3D bioactive patterned hydrogels as biomimetic environments with spatio-temporally controlled release of bioactive proteins. 
The selective protein capturing and their spatial distribution were realized in an aptamer-patterned hydrogel. The system is based on the specific 
affinity between the aptamer and protein. Addition of complementary DNA strands (ssDNA) of the aptamer dissociates the protein cargo from the 
aptamer at desired time points and concentrations based on DNA hybridization. In this example, the spatial release of the protein thrombin in an 
aptamer-functionalized PEG hydrogel is shown within 1 h by adding the respective ssDNA. Adapted with permission.[142] Copyright 2017, Royal Society 
of Chemistry. c) Patterned hydrogel for spatio-temporally programmable capture and release of multiple proteins. To control the capture and release 
of multiple proteins in different hydrogel regions and at desired time periods was realized in aptamer-patterned hydrogels. By conjugating DNA of 
different aptamers via photoclick chemistry, spatio-temporally adjustable release rates can be realized for multiple proteins as both aptamer–protein 
interaction and aptamer–complementary ssDNA hybridization are highly specific. Here, two different aptamer–protein dissociations were triggered 
through complementary ssDNA releasing growth factors from aptamer-patterned hydrogel films providing a platform for aptamer functionalization 
and controlled protein release from hydrogel films. Adapted with permission.[143] Copyright 2018, American Chemical Society.
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the immune cell activation has to be reduced.[125,144] On the 
other hand, hypoactive conditions that appear in certain can-
cers or chronic infections often require the opposite approach 
of increasing the immune cell activation.[125,144]

In previous years, many new small molecules, proteins, or 
polymers have been developed as immunomodulators, some of 
which were also integrated into polymeric platforms.[144] Hereby, 
conventional treatment approaches aimed at therapeutic 
immune system modulation by administration of soluble com-
ponents, orally, nasally, or via local or systemic injection, and 
their dispersion throughout the body. However, only recently, 
polymeric scaffold-based immunomodulatory systems that can 
be implanted beneath the skin were reported and promise to 
treat different types of cancer, chronic infections, and autoim-
mune diseases.[144] In this context, the design of immunomodu-
lating hydrogels has become a rapidly growing field of research 
as they could be designed at multiple length scales (macro- to 
nanoscale) to target organs (e.g., lymph nodes, lymphoid 
residing cells, and their intracellular compartments), function 
as surrogate lymphoid-like tissues, and deliver multiple biomol-
ecules that could modulate the humoral and cellular immune 
response.[144] Here, DNA hydrogels are particularly interesting 
as they allow for the sustained release of bioactive molecules and 
guarantee intrinsic biodegradability over longer time frames.

Most research in the field of immunomodulatory DNA 
hydrogels centers on the utilization of unmethylated cytosine 
phosphate guanine (CpG) dinucleotide, the so-called CpG 
motif, in order to develop immunostimulatory soft materials 
for sustained release of signals.[148–152] The CpG motif is a well-
known pathogen-associated molecular pattern that resembles a 
danger signal, and it is recognized by the mammalian immune 
system via toll-like receptor 9 (TLR-9).[148,153–156] Subsequent 
release of proinflammatory cytokines stimulates the immune 
system.[155,156] While the effects of CpG motifs have yet to be 
fully elucidated, it is clear that CpG rapidly activates a variety 
of cell types spanning B cells, natural killer cells, and antigen-
presenting cells, including monocytes, macrophages, and den-
dritic cells.[155,156] The utilization of the CpG motif as a vaccine 
adjuvant seems promising and its implementation has been 
reported in a variety of DNA-based hydrogels, for applications 
spanning from immunotherapy against allergies to vaccination 
against cancer.[149,155–157] Besides, immobilization of CpG motifs 
within such gels can easily be obtained by hybridization. While 
the potent immune activating effect of CpG oligonucleotides 
was described the first time by Krieg et al. in 1995,[158] pointing 
out possible new applications as adjuvants, the first exam-
ples of DNA-based hydrogels containing the CpG motif[153,154] 
were reported by the Nishikawa group in 2010.[148] Building 
on this, newer systems with, sustained release of antigens for 
immunotherapy of, i.e., allergic rhinitis were subsequently 
described by the same group.[149–152] In a frequently reported 
strategy, six oligonucleotides and CpG motifs were assembled 
into dendritic DNA structures (Figure 9a,b).[149–152,159] The 
self-gelling and injectable CpG DNA hydrogel showed a high 
immunological potency and low toxicity as a vaccine adjuvant 
when loaded with ovalbumin (OVA), which is frequently used 
as a model antigen and serves as a proof-of-concept for many 
biomaterial-based vaccines[144] that is injected intradermally.[159] 
This was highlighted by the decrease in adverse reactions of the 

OVA/CpG DNA hydrogel compared to OVA injected with com-
plete Freund's adjuvant or alum, which are commonly used in 
experimental (Freund's adjuvant) or clinical (alum) vaccine for-
mulations.[159] Due to the self-gelling characteristics of the CpG 
DNA hydrogels, its administration into cavities or as a spray 
even allowed intranasal vaccination (Figure 9a).[149]

Rhinitis is caused by ragweed pollen and subcutaneous 
injection of CpG DNA conjugated antigen effectively prevented 
this disease in clinical studies.[160,161] The intranasal vaccination 
of Japanese cedar pollen (JCP) in mice also induced immuno-
therapeutic effects against allergic rhinitis.[149] CpG hydrogels 
loaded with Cryj1, a major JCP allergen, effectively induced 
allergen-specific immune responses in mice after intranasal 
administration, which was partially due to the sustained 
release of this antigen from the hydrogel.[149] The authors also 
proposed DNA hydrogels as a mucosal delivery system for 
shorter immunotherapy with a lower burden regarding their 
application by avoiding repeated subcutaneous injections.[149] 
To further broaden the applicability of the gel for oral delivery 
of CpG DNA antigens, the development of DNA hydrogel 
microspheres that were coated with chitosan was proposed to 
improve the stability and increase the intestinal transit time.[150] 
Further modifications focused on increasing the duration of 
sustained antigen and CpG DNA release from the hydrogels to 
increase their potency.[151,152] Two approaches for modifying the 
gels have been tested, namely, making use of electrostatic inter-
actions of the cationic polymer chitosan and DNA for stabili-
zation as the first approach and hydrophobic interactions from 
additional cholesterol groups as the second approach.[151,152] 
As a result, more efficient specific immune responses of OVA-
loaded CpG-DNA hydrogels were reported compared to the 
nonstabilized hydrogels.[151,152]

While the activation of the immune system for positive 
therapeutic effects has been a central but still elusive chal-
lenge in immunology and oncology for decades, recent clinical 
trials have significantly increased the chances of survival of 
patients with metastatic melanoma, for which conventional 
therapies have failed.[147] In this context, the emergence of 
targeted therapies and the ever advancing understanding of 
how antitumor immune responses are regulated, suggest 
that active immunotherapy is ideal to achieve efficient treat-
ment of cancer patients.[147] Hereby, it is pivotal to break the 
immunotolerance of the tumor and induce robust immunore-
sponses of the patient by applying a suitable vaccine and/or 
immunostimulant.[162]

Umeki et al. further advanced the introduced immunostim-
ulatory CpG DNA hydrogels for cancer immunotherapy, 
enhancing the antigen-specific antitumor immunity of the 
host by encapsulation of immune cells within the hydrogel, 
thereby, achieving co-delivery of the antigen and immune 
cells.[157] The hexapod-like DNA nanostructures featuring 
CpG motifs were also utilized in combination with gold nan-
oparticles to achieve tumor photothermal immunotherapy 
(Figure 9b). Here, Yata et al. created a composite-type DNA 
hydrogel, where gold nanorods functionalized with oligomers 
were intended to hybridize with immunostimulatory den-
dritic DNA during hydrogel formation.[163] These hydrogels, 
upon laser irradiation, release the hexapod-like DNA which 
efficiently stimulated immune cells.[163] Simultaneously, laser 
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irradiation at 780 nm increased the local temperature, which 
consequently enhanced tumor-associated antigen-specific IgG 
levels in serum and interferon production from splenocytes, 
white blood cells from the spleen.[163–165] Such treatment sig-
nificantly retarded tumor growth and extended the survival of 
the tumor-bearing mice.[163]

In contrast to the presented hydrogels that were designed to 
present and deliver certain antigens, recently, Shao et al. devel-
oped an injectable DNA hydrogel vaccine (DSHV) that behaves 
like an endogenous lymph node (Figure 9c).[162] After intraperi-
toneal or subcutaneous injection, the DSHV served as an arti-
ficial lymph node, where the antigen-presenting cells (APCs) 
were recruited and activated in vitro and in vivo by high local 
CpG concentrations resulting in strong immune responses and 
antitumor effects. The recruiting of APCs into the gel and their 

subsequent activation effected by high antigen concentrations 
sets this hydrogel system apart from the previously presented 
vaccine-releasing systems.[162] These findings underline the 
emerging relevance of supramolecular DNA-based hydrogels 
as a general platform for tumor vaccination and cancer therapy 
in the future.[162] Complementing the field of immunostimula-
tory DNA hydrogels, recent attempts also envision the delivery 
of immunoinhibitory nucleic acids for the treatment of auto-
immune diseases, e.g., systemic lupus erythematosus, related 
to enhanced TLR9-mediated signaling.[156,166] The design of 
immunomodulatory materials is still in its infancy. With the 
advent of tumor immune therapy, the application of soft DNA 
hydrogels for the local, controlled release of immunogenic 
agents promises new therapeutic options for the treatment of 
certain cancers, infections, and other diseases.
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Figure 9. Immunomodulatory DNA hydrogels. a) Nasal vaccination by application of the controlled release of allergens using self-gelling immunostim-
ulatory DNA for effectively inducing immune responses. Immunostimulatory DNA hydrogels are obtained by mixing hexapod-like DNA nanostructures 
using six oligodeoxynucleotides each, including an unmethylated cytosine–phosphate–guanine sequence (CpG motif), with the allergen (Cryj1). The 
allergen features slow release from the stDNA hydrogel, which is retained in the nasal cavity after intranasal administration. Intranasal immunization 
of mice with the Cryj1/sDNA hydrogel results in high levels of Cryj1-specific IL-12. Adapted with permission.[149] Copyright 2015, Elsevier. b) Tumor 
photothermal immunotherapy using DNA-based composite hydrogels. Applying a composite-type immunostimulatory DNA hydrogel consisting of 
hexapod-like DNA nanostructures with CpG sequences and gold nanoparticles allows for the efficient stimulation of immune cells upon laser irradiation 
of the hydrogel due to the release of hexapod-like DNA nanostructures. The intratumoral injection was followed by laser irradiation which increased the 
local temperature. Significantly retarded tumor growth has been demonstrated. Adapted with permission.[163] Copyright 2017, Elsevier. c) Designable 
immune vaccine systems based on DNA hydrogels. An injectable DNA supramolecular hydrogel vaccine (DSHV) system was designed to efficiently 
recruit and activate APCs in vitro and in vivo, thereby, mimicking the function of a lymph node where the APCs are recruited and activated by the high 
local concentration of CpG. After injection, naive APCs were recruited and activated by the DSHV system, resulting in subsequent interaction of mature 
APCs with other immune cells yielding strong immune responses and antitumor effects. The DSHV can be fabricated through the self-assembly of DNA-
based Y-scaffold and linker, as well as antigen P1. CpG sequences are included in linker sequences, which are marked in bright green color. The antigen 
P1 contained a B-cell and a T-helper cell epitope is shown as a purple ball. Adapted with permission.[162] Copyright 2018, American Chemical Society.
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3.4. DNA Hydrogels for Cell-Based Approaches  
and Tissue Engineering

The following section deals with DNA hydrogels that interact 
specifically with cells. These interactions are applied toward 
tissue engineering where extracellular matrix (ECM) mimics 
are generated that can precisely position bio-signals and even 
cells themselves, e.g., in tissue cultivation, as well as capture 
specific cells from circulation.

Tissue engineering has emerged as a key technology in 
regenerative medicine.[167–169] The introduction of cells and 
tissue constructs into the human body to replace or repair 
patient tissue is still a challenging endeavor as the “engineered” 
tissue should replicate the structure and function of the 
normal, healthy tissues as closely as possible.[170,171] Hydrogels 
have long since been applied as soft matrices due to their simi-
larities to soft tissue[171] and their innate structural and compo-
sitional similarities to the ECM provide an adequate framework 
for cellular proliferation and survival.[172,173] As a result, their 
usage as ECM mimics is a prevalent choice and different kinds 
of hydrogels with diverse chemical and physical properties 
have been proposed to enable cellular attachment and differen-
tiation in biodegradable matrices and facilitate solute nutrient 
transport.[171,174]

The thixotropic nature inherent to many DNA hydrogels is 
particularly useful toward tissue engineering applications, as 
new processing techniques could be applied such as bioprinting 
to mold the hydrogels, as bioink, into creating sophisticated 3D 
shapes[26] like 3D multilayers with complex structures and cell 
patterns.[26] Such soft materials could be preformed to fit var-
ious cavities when administered into the patient.[175] In addition, 
DNA-based hydrogels allow for the programmed dynamic and 
reversible display of various signals, positioned with nanoscale 
accuracy, to facilitate and control interactions with the ECM or 
cellular membrane.[9,176] The presentation of bioactive signals 
such as the RGD peptide motif that binds to integrin cell sur-
face receptors[9] is essential when designing ECM mimics for 
tissue engineering.[9,171] DNA-based hydrogels with short bioac-
tive peptide sequences such as RGD, IKVAV, or growth factor-
derived sequences were conjugated to DNA strands, which then 
hybridized with sticky ends of surface-exposed DNA.[9] Richards 
et al. developed a DNA-based system for surface modification 
of, e.g., acrylamide hydrogels yielding polyvalent display of 
affinity ligands for cell culturing (Figure 10a).[177] The synthesis 
of a polymeric DNA scaffold via hybridization chain reaction 
starting from single-stranded oligonucleotides was followed by 
hybridization of aptamers onto the hydrogel surfaces. As each 
DNA scaffold provided multiple sites for aptamer hybridization, 
surface functionalization with polyvalent aptamers was realized 
in a straightforward manner. Consequently, hydrogel surfaces 
functionalized with polyvalent ligands enhanced ligand display 
and 44% more cell binding was observed after 90 min com-
pared to surfaces directly conjugated with equal amounts of 
cell-specific aptamer.[177] This approach is especially interesting 
when limited surface areas or insufficient surface reaction sites 
are available.[177]

This study demonstrated a novel and highly efficient DNA-
based approach for the functionalization of surfaces employing 
polymerization of affinity ligands. However, the importance of 

multivalency for cell regulation and the control over dynamic 
signal display is another desirable material characteristic. 
Freeman et al. described a thin alginate layer that employed 
DNA to dynamically control and spatially arrange multiple bio-
active signals in order to mimic features of the ECM.[9] Thereby, 
bioactive peptide-DNA hybrid strands were immobilized on the 
surface through complementary DNA tethers, so-called surface 
strands (Figure 10b). A series of different DNA tethers varying 
in the degree of base-pair complementarity to the surface 
strands allows for programmed displacement of the functional 
DNA strands resulting in reversible switching of bioactivity. 
Thus, orthogonal and reversible display of multiple biomimetic 
signals as well as synergies between bioactive epitopes, which 
are spatially dependent, were promoted on a biomaterial using 
DNA as an adjustable spacer. As a result, cells were instructed 
to migrate or regroup as a direct response to a dynamic switch 
of exogenous signals for proliferation, such as a mimic of the 
fibroblast growth factor 2, or differentiation, like the peptide 
IKVAV.[9] Similarly, this technique could be beneficial for tissue 
engineering applications when used to modify hydrogel sur-
faces to direct cellular responses.

In addition to functional signal display, mechanical cues 
arising from ECMs also affect cellular properties and, there-
fore, the mechanical and rheological properties are of high 
significance in biomaterial design. Jiang et al. demonstrated 
that the tunable mechanical properties of polyacrylamide gels 
cross-linked with acrydite-oligonucleotides affect the neurite 
outgrowth of spinal cord neuronal cells in vitro.[44] By varying 
the length of the cross-linking strands or the stoichiometry of 
the linker strand to the bound oligonucleotides, they demon-
strated gel stiffnesses ranging from 100 Pa to 30 kPa. Such 
materials could be important for neuronal regeneration, e.g., 
in spinal cord injury as well as for neural tissue engineering 
including neuropathological conditions and neurodegenera-
tive diseases where the mechanical stiffness of tissue is being 
altered.[44,178,179]

However, despite the advances in the self-assembly of arti-
ficial hierarchical systems, approaches to create reversible and 
tunable structures that can be manipulated across different 
length scales remain challenging. Recently, Freeman et al. 
reported fibrous DNA hybrid hydrogels featuring reversible 
and dynamic self-assembly of superstructured networks mim-
icking the ECM (Figure 11a). Thereby, nanofibers were formed 
from peptide amphiphiles as well as peptides containing a 
covalently linked oligonucleotide terminal segment and were 
reversibly cross-linked by Watson–Crick base pairing between 
complementary oligonucleotides on separate fibers. Impor-
tantly, the resulting hydrogels exhibited hierarchical structures, 
which arose from the DNA-peptide amphiphiles’ dynamic 
reorganization. In contrast, disassembly occurred in response 
to chemical triggers such as ssDNA that mediated strand dis-
placement.[180] Two populations within the gel were observed, 
twisted fiber bundles as well as single fibers, and the switching 
between these two morphologies induced changes in cell 
activity, which was demonstrated for astrocytes (Figure  11A). 
A reactive phenotype was only observed when the astrocytes 
were cultured on the bundled fiber hydrogel resulting in the 
upregulation of cell marker proteins like glial fibrillary acid pro-
tein (GFAP) and an increase in reactive oxygen species (ROS). 

Adv. Funct. Mater. 2019, 1906253
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As these important phenotype transformations in astrocytes 
that are linked to brain and spinal cord injury as well as neuro-
logical diseases were demonstrated to be modulated by architec-
tural cues, the authors suggest that future therapeutic strategies 
that “defibrillate” glial scars could be explored to reverse neural 
pathologies through astrocytic fate decisions.[180] In a follow-up 
work, Daly et al. further demonstrated the powerful concept 
of combining DNA with peptides.[181] Compared to the work 
of Freeman et al., where peptide amphiphiles were used,[180] 
here, the peptide–DNA hybrids were created with the very 
short dipeptide Fmoc-FF–OH[181] that is known to assemble 
efficiently into nanoscale fibers. The combination with oligonu-
cleotides of different lengths encoded the formation of revers-
ible supramolecular hierarchical fibrous assemblies that were 

tunable by temperature or pH changes, as well as the addition 
of soluble triggers such as DNase. Variation in the length of the 
DNA segment had an impact on the morphology, dimensions, 
and helicity of the obtained structures. The presented data sug-
gests that this technique could serve as a useful handle for the 
design of tunable, self-assembled architectures, and the authors 
envision its application in the areas of tissue engineering, drug 
delivery, and sensing.[181]

The precise positioning of a large number of specialized 
cells with different functions within a material is another 
central challenge in tissue engineering.[182] Additionally, in 
multicellular organisms, important cellular processes such 
as proliferation and differentiation are regulated by signaling 
from the ECM. A material that is able to recognize particular 

Adv. Funct. Mater. 2019, 1906253

Figure 10. a) Schematic illustration of DNA polymerization for enhanced display of aptamers and comparison of surfaces with equal aptamer 
amounts. At direct conjugation, individual aptamers were directly conjugated to the hydrogel while polyvalent display features polyvalent aptamers 
formed on the hydrogel surface. The kinetic analysis of cell binding on surfaces with the aptamer amount of 7 × and the comparison of cell binding 
on surfaces with equal amounts of aptamer. Adapted with permission.[177] Copyright 2014, American Chemical Society. b) Dynamic reversible 
switching of cell bioactivity via toehold-mediated strand displacement. The bioactive strand is removed by a fully complementary displacement 
strand, thus switching bioactivity OFF; this process regenerates the surface strand, allowing for a second addition of the RGDS-DNA to turn  
bioactivity back ON. This process can be repeated for multiple cycles. DNA surface strands with variable spacer regions tune the distance between 
the peptide signals RGDS and PHSRN. The right panel shows immunofluorescence images of neurospheres subjected to dynamic and orthogonal 
presentation of IKVAV and FGF-2 signals. Adapted under the terms of the Creative Commons Attribution 4.0 International license.[9] Copyright 
2017, The Authors.
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cell types and then allows for the controlled attachment of these 
cells in a programmable way would be highly desirable.[183] One 
approach in this direction focused on creating DNA-network-
based functional hydrogels as an artificial designer ECM on 
solid support.[183] The networks were generated by enzymatic 
elongation via PCR. In a first step, amine-functionalized 
primers and two different branched primers were used for PCR 
while the resulting product became conjugated to an activated 
glass surface. In a next step, primers that did not participate 
in the first PCR were elongated in a primer-extension reaction 
and the usage of branched primers leads to their incorpora-
tion into the surface bound network. Here, the utilization of 
functionalized primers, i.e., modified with the cyclic pep-
tide c(RGDfK), a bait molecule that is known to enhance cell 

adhesion of endothelial cells and fibroblasts gave rise to selec-
tive cell attachment through specific interactions with cell-sur-
face markers (Figure 11b). In this way, cell-repellent properties 
of the unfunctionalized DNA-based hydrogel were converted to 
adhesiveness toward specific target cells when functionalized 
with the respective bait peptide. The specific response of cells 
to the DNA-modified surfaces was demonstrated by applying 
different cell types like HeLa or mouse embryonic fibroblasts 
that are known to bind the RGD peptide motif and cells such 
as HEK293T cells that were reported to not interact.[184–186] 
Notably, the nature and concentration of displayed molecules 
can be controlled to address different types of cells while 
DNase treatment allows for mild and efficient detachment of 
the adhered and viable cells.[183]

Figure 11. DNA-based hydrogels in tissue engineering—mimicking tissue. a) Reversible and dynamic self-assembly of superstructured networks in 
DNA hybrid hydrogels mimicking the ECM. Applying DNA hybridization for further cross-linking of peptide amphiphile fibers yields hydrogels with 
hierarchical structures due to the DNA–peptide amphiphiles’ dynamic reorganization. Disassembly occurs in response to chemical triggers. Two 
populations can be observed within the gel, consisting of twisted fiber bundles as well as single fibers, and the switching between these two mor-
phologies can induce a switch in cell activity which is shown for astrocytes. A reactive phenotype (cells are false colored in blue) was observed when 
cultured on bundled fiber hydrogel (false colored in pink) resulting in the upregulation of GFAP and an increase in ROS. Adapted with permission.[180] 
Copyright 2018, American Association for the Advancement of Science. b) Designer ECM based on DNA–peptide networks with cell adhesion proper-
ties. The networks are constructed using covalently branched DNA as primers in PCR. As a covalent coating of surfaces, this DNA-based material 
shows cell-repellent properties in its unfunctionalized state. Adhesiveness toward specific target cells is introduced with the respective biological 
signal peptide upon application of functionalized primers. DNase treatment enables the release of the adhered and viable cells under mild conditions. 
Adapted with permission[183] Copyright 2016, Wiley-VCH. c) Multiplexed patterning of cells at single-cell resolution. In this approach, the cell membrane 
proteins are biotinylated and then addressed via streptavidin-conjugated oligonucleotides. Patterning of the respective DNA spots in a microarray and 
building an islet construct that includes, e.g., mouse α- and β-islet cell lines, represents the construction of model pancreatic tissues as an avenue 
toward engineering islets for type 1 diabetics. The transfer of patterned cells into thin, stackable hydrogel films extends the pattern into three dimen-
sions. Other than tissue engineering, cell-based assays or fundamental studies of cell–cell interactions are potential fields of application. Adapted with 
permission.[187] Copyright 2011, Wiley-VCH.
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The programmability of DNA hydrogels regarding their com-
position and structure is an essential feature, as engineered 
tissue constructs require correct spatial positioning of cell types 
to mimic the anatomical microarchitecture in native tissue.[187] 
Therefore, the ability to control the positioning of cells within a 
material down to individual cells would offer great opportuni-
ties for constructing complex tissues with distinct hierarchies. 
Oligonucleotide-modified hydrogel surfaces selectively recog-
nize distinct cell types with single cell-resolution due to com-
plementary binding. For example, Vermesh et al. reported mul-
tiplexed patterning of cells at single-cell resolution by labeling 
different cell types with a unique complementary oligonucleo-
tide strand in order to covert DNA arrays to defined cell arrays. 
The subsequent transfer of the patterned cells into thin, stack-
able hydrogel films allowed the assembly of 3D islet tissue-like 
constructs (Figure 11c).[187]

Apart from the applications in tissue engineering, con-
trolled DNA hydrogel–cell interactions have been exploited 
for the specific binding of circulating tumor cells (CTCs) 
(Figure 12a). CTCs are viable tumor-derived cells that circu-
late in peripheral blood and contain molecular information 
about the primary tumor. Capture of such CTCs for their 
direct detection could provide a simple and effective approach 
for early cancer diagnosis. Selective isolation would allow for 
predictive diagnosis and therapy avoiding complex invasive 
tumor biopsy.[188–192] However, despite great promise, many 
CTC detection techniques are costly, time-consuming, or need 
advanced instrumentation.[69,192] Another critical issue that 
still needs to be addressed is the specificity of the “cell catch” 
step, where the current technology can only achieve 50% 
purity in the identified CTCs. This is insufficient for reliable 
real-time monitoring of the cancer therapy response, early 
cancer detection, or the identification of CTC subpopulations 
such as metastatic precursor cells.[189] Taking advantage of the 
unique features of DNA nanomaterials, several approaches 
to construct DNA-based hydrogels that provide the ability to 
capture live cells with high specificity and in real-time, as 
well as releasing the captured, vital cells in response to an 
external trigger, have been reported. In contrast to many other 
systems, which involve harsh capturing conditions inducing 
nonphysiological stress and often damage the CTCs, aptamer-
functionalized nanostructures showed great promise for CTC 
capture.[75] Song et al. described a novel strategy for the highly 
specific cancer cell catch and gentle release. They designed 
an aptamer-triggered in situ gelation mechanism for liquid 
cloaking of CTCs for live-cell analysis. The aptamer-toehold 
conjugated DNA staple strands, aptamer-initiator diblocks, 
were chosen to bind specifically to epithelial cell adhesion 
molecule (EpCAM) on the cell surface that is overexpressed 
by most cancer cells and induces the clamped hybridization 
chain reaction (HCR). Notably, the cancer cell recognition 
elements are not limited to EpCAM but can be substituted 
by other proteins expressed on the cell surface. While many 
systems often also lack the ability for live cell release after 
capturing,[190] implementation of ATP-responsive regions in 
the clamped HCR yielded a stimuli-responsive DNA hydrogel 
which provides both simple and gentle CTC capturing and 
release, yet has great potential to gather reliable information 
on the primary tumor.[75]

Another system for cancer cell capturing on a hydrogel sur-
face was described by Zhang et al. who employed aptamer-func-
tionalized polyacrylamide hydrogels for triggered cell release via 
either complementary sequences or restriction endonucleases 
(Figure 12b). They described systems with low unspecific cell 
binding, but high specificity toward human leukemic lympho-
blast cancer cells on the hydrogel surface and excellent release 
efficiencies while maintaining cell viability.[77,193] Aptamer-
mediated cell recognition was also applied by Li et al. to develop 
a Drosera-bioinspired hydrogel for catching and killing cancer 
cells (Figure 12c). Mimicking the carnivorous plant Drosera 
which presents an adhesive surface to the environment and 
releases digestive enzymes on its leaves, a novel hydrogel 
capable of performing multiple functions, more precisely, a 
hydrogel with target-catching and drug-releasing functions was 
designed. To achieve this, a bifunctional hydrogel was gener-
ated by two hydrogel layers, both of which were functionalized 
with oligonucleotides. The top layer served as a surface for cap-
turing target cells through nucleic acid aptamers. The bottom 
layer hydrogel was chemically functionalized with a double-
stranded DNA, constituting a depot for sustained sequestration 
of small toxic drugs. In vitro studies with human leukemic 
lymphoblasts showed that the cancer cells can be caught effi-
ciently by the hydrogel followed by Dox release killing the 
cells. Repetitive display of the cell-catching aptamer on the 
cell surface combined with the sustained drug release further 
allows for killing cancer cells in a continuous fashion.[76] These 
examples highlight the exciting opportunities in creating cell-
compatible matrices from DNA hydrogels. The combination of 
adaptable mechanical properties, programmability, selectivity, 
and biocompatibility make DNA a promising material for var-
ious applications in tissue engineering.

4. Conclusion

The recent progress in preparing DNA-based hydrogels has 
made this material class accessible for exciting applications 
in the biomedical field. DNA building blocks provide unique 
characteristics that have prompted the development of highly 
sensitive biosensors, drug delivery systems, and cellular scaf-
folds for regenerative therapies. We anticipate that these 
examples only signify the beginning of a much larger trend 
that is to follow in the future. For example, the aptamer tech-
nology enables the design of DNA gels that can detect almost 
any type of analyte with high selectivity and sensitivity. New 
aptamers are easy to generate, leading to an ever-growing 
number of addressable targets. The same approach is also 
useful in selectively triggering the release of drugs, where 
DNA-based systems can provide a biocompatible and often 
more selective alternative to conventional chemical linker 
strategies. New concepts, such as rechargeable drug reser-
voirs, can now be conceived due to the programmable and 
reversible interaction of complimentary DNA strands. Fur-
thermore, the combination of novel DNA materials with new 
treatment approaches, as shown exemplarily for immuno-
therapy, holds great promise in the future for tackling dis-
eases with challenging diagnoses, insufficient or nonexistent 
treatment options. Finally, interesting mechanical properties 
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together with the option for versatile biofunctionalization of 
DNA hydrogels makes them attractive as cellular scaffolds, 
e.g., for tissue engineering.

Despite the tremendous progress in the development of 
DNA-based hydrogels, several challenges need to be addressed 
before a wide-spread usage will become feasible. First, the cost 
for the production of DNA needs to be further reduced to allow 
for cost-effective upscaling. We also believe that a biotechno-
logical approach might become suitable for producing DNA 
building blocks and even DNA nanostructures above a certain 
size,[4] but purification remains the critical issue. In contrast, 
synthetic methods are more suited for preparing short DNA 
fragments and especially when nonnatural functions need 

to be incorporated. Most likely, a combination of improved 
biotechnological production and automated DNA synthesis 
will provide the pathways to sufficient amounts of material as 
seen for peptide solid-phase synthesis and protein expression. 
Second, by developing new chemical handles as well as by 
incorporating un-natural nucleotides, the toolbox of DNA func-
tions could be expanded, which may lead to the discovery of 
completely new properties of DNA materials. For biomedical 
applications, the stability of the DNA constructs as well as their 
blood circulation and potential interactions with blood proteins 
need to be studied in greater details.

Overall, the unique programmability of DNA paves the 
way to smart therapeutic systems and we could imagine DNA 

Figure 12. a) DNA-based hydrogels for cell-based applications in anticancer therapy. Recognition, cloaking, and de-cloaking of circulating tumor cells 
(CTCs) via DNA hydrogel with aptamer-toehold. Capturing and analyzing rare live CTCs allow for predictive cancer diagnosis as they contain molecular 
information on the primary tumor. The aptamer-triggered clamped hybridization chain reaction (atcHCR) can be applied for in situ identification and 
subsequent cloaking/decloaking of CTCs by porous DNA hydrogels. A DNA staple strand with aptamer-toehold biblocks specifically recognizes epithe-
lial cell adhesion molecule on the CTC surface. Thereby, cells are captured directly with minimal cell damage. De-cloaking of CTCs using controlled and 
defined chemical stimuli can release living CTCs without damages for subsequent culture and live cell analysis. Adapted with permission.[75] Copyright 
2017, American Chemical Society. b) DNA-based hydrogels for application as cell-type-specific catch and release platforms. Programmable hydrogels 
for controlled cell catch and release using aptamer hybridization and complementary sequences. Cell–material interactions can be programmed 
by switching the binding states of cells on a hydrogel surface using hybridized aptamers for cell-type-specific catch and triggering complementary 
sequences yielding dissociation of the aptamers from the hydrogel and simultaneous cell release. The programmable hydrogel is regenerable and can 
be applied to a new round of cell catch and release when needed. Adapted with permission.[77] Copyright 2012, American Chemical Society. c) DNA-
based hydrogel for cell attraction, catch and killing of diseased cells (e.g., cancer cells) inspired by Drosera. The combination of a two-layered hydrogel 
is presented to afford a material with multiple functions that can be performed synergistically or sequentially. The hydrogel consists of two layers, the 
top layer is functionalized with oligonucleotide aptamers allowing for catching of target cells with high efficiency and specificity while the bottom layer 
hydrogel is functionalized with double-stranded DNA which can sequester intercalated drug for sustained drug release, killing the cells bound to the 
top layer in close proximity. Subsequent to cell release, the bifunctional hydrogel can be regenerated for continuous cell catching and killing. Adapted 
under the terms of the Creative Commons Attribution 4.0 International License.[76] Copyright 2015, The Authors.
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hydrogels as tissue-like components that locally detect changes 
in their environment and release distinct quantities of different 
therapeutics on demand. In this way, exciting future opportuni-
ties for personal medicine could be envisioned.
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1.4 Synthetic hydrogels 
 
Although hydrogels from naturally derived polymers provide manifold advantages with respect 
to biomedical applications, fundamental limitations regarding gel properties exist, which are 
highly relevant for some applications. Limitations include the temporal control of gelation and 
the stability of the hydrogel cross-links, lack of control over cross-link dissolution in vivo as well 
as frequent inferior mechanical properties in comparison to native tissue.[220] As an alternative 
to natural hydrogels, synthetic hydrogels featuring precise chemical composition and ease of 
modification were developed to overcome these limitations, offering greater control over the 
final macroscopic hydrogel properties. Control over network cross-linking densities is provided 
by varying the molecular weight of the macromer or the polymerization conditions and, beyond 
that, the mechanical properties, the water content as well as degradation profiles can be 
precisely tailored.[220,221] Furthermore, synthetic polymers can be rationally designed to display 
novel features or responsiveness’ such as LCST behavior, which are favorable for biomedical 
applications. While natural polymers often need tedious reprocessing, classic synthetic 
chemistry makes synthetic polymers more economical as they are accessible in larger 
quantities. In this context hydrogels were produced by using a variety of synthetic polymers, 
such as PEG, PVA and poly(acrylic acid) (PAA) derivatives (Figure 11).[18,52] 
 

 
Figure 11: Hydrogels from synthetic polymers. Chemical structures of poly(ethylene glycol) (PEG), poly(vinyl 
alcohol) (PVA) and poly(acrylic acid) (PAA) derivatives poly(2-hydroxyethyl methacrylate) (PHEMA) and poly(N-
isopropylacrylamide) (PNIPAAm). 
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i) Non-degradable synthetic hydrogels 
 
Within the class of non-degradable synthetic hydrogels, non-ionic and hydrophilic PEG 
hydrogel systems were extensively studied. Favorable characteristics like non-
immunogenicity, anti-fouling properties preventing non-specific adsorption, high 
biocompatibility in many tissues of the human body combined with the versatility of PEG 
macromer chemistry allow for the optimization of these hydrogels in regard to their final 
application.[52,222,223] In order to form PEG hydrogels, various methods including physical, ionic, 
or covalent cross-linking can be employed. However, covalently cross-linked PEG hydrogels 
offer stable hydrogel structures with tunable physiochemical properties such as permeability, 
water content, elasticity or mechanical strength.[7,52,224]  
Another intensively studied group of synthetic polymers which is employed for hydrolytically 
stable hydrogels is PAA and its derivatives including poly(2-hydroxyethyl methacrylate) 
(PHEMA) and poly(N-isopropylacrylamide) (PNIPAAm).[11,18] Many applications including 
personal hygiene products or membranes for hemodialysis employ networks of PAAs as they 
are capable of absorbing many times their weight in water due to strong association of the 
carboxylic acid groups on the polymer chain with water molecules. PAA forms the basis of the 
material class of super absorbers and in consequence, its polymer derivatives most of all 
PHEMA and PNIPAAm are being extensively used in hydrogel synthesis.[11,18,225] Hydrogels 
based on PHEMA are typically synthesized via free radical polymerization from 2-hydroxyethyl 
methacrylate where the permeability as well as hydrophilicity depend on the cross-linking 
agents. The result are biologically inert gels that are not degradable under physiological 
conditions and whose first biomedical application dates back to 1960.[11,18,226] Their major fields 
of applications include contact lenses but due to the programmability of physiochemical 
properties, applications in protein and drug delivery, as well as cartilage replacement were 
proposed and modified, degradable derivatives were developed to broaden biomedical 
applications.[18,227–232] PNIPAAm-based hydrogels consist of an intensively studied responsive 
polymer. At the lower critical solution temperature of 32 °C, PNIPAM exhibits phase transition 
behavior. While being fully water soluble below 32 °C, a thermo-responsive transition takes 
place rendering the polymer hydrophobic and insoluble when exceeding this 
temperature.[14,18,233] The PNIPAAm-based hydrogels can be prepared via physical or chemical 
cross-linking and copolymerization strategies using acrylic acid, methacrylic acid, and others 
allow for tailoring of the hydrogels towards the desired applications including cartilage or 
pancreas tissue engineering.[14,18,234,235] Even though this thermo-responsive behavior is highly 
attractive in biomedical research, major limitations include non-degradable cross-links on the 
one hand as well as vinyl monomers and cross-linking molecules, which are reported to be 
toxic, carcinogenic, or teratogenic.[18,236] 
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ii) Biodegradable synthetic hydrogels 
 
While a broad range of synthetic polymers was generated via diverse chemical methods to 
produce highly stable hydrogels with favorable properties, network degradability under 
physiological conditions that represents a key feature for tissue engineering applications 
remained elusive for most of these synthetic polymer-based and covalently cross-linked 
hydrogels.[237] However, degradability is of importance as it enables dynamic remodeling of the 
hydrogel network allowing cell spreading, migration, and generation of cell–cell interactions. It 
is also observed in the native ECM, where local degradation occurs via cell-secreted proteolytic 
enzymes (e.g., matrix metalloproteases (MMPs)).[51,237]  
In order to expand non-degradable synthetic hydrogel systems in this way and facilitate 
degradation, a number of strategies have been developed. In this context, the incorporation of 
degradable units into synthetic, non-degradable polymers creating predetermined breaking 
points represents the most widely applied technique. Such degradable units were included into 
the polymer network or within covalent cross-links to introduce temporal and/or spatial control 
over hydrogel properties and broaden their potential applications.[52,221,238,239] Hydrogels were 
frequently designed to undergo hydrolytic degradation by incorporating degradable units like 
esters or oligomers of α-hydroxy acids such as lactic or glycolic acid as well as lactide units as 
degradable block-copolymer components in non-degradable polymers.[52,221,223,232,237,240–242] 
Several cell types have been successfully cultivated in such PEG-based hydrogels including 
chondrocytes and osteoblasts.[220,221,223,243] However, hydrolytic units offer only a limited level 
of control over degradation, mainly through the number of unstable groups, and potential 
inflammation arising from the acidic degradation byproducts of such as lactic acid are critical 
drawbacks.[237,240] Another strategy to generate degradable synthetic hydrogels covers the 
incorporation of enzyme cleavable units.[51,231,237] Here, proteolytically cleavable moieties like 
peptides that are incorporated as cross-links to locally support cell-mediated degradation and 
mimic the proteolytic degradation process that occurs in the native ECM are a common 
strategy.[51,237] Furthermore, the production of photolytically degradable hydrogels represents 
a highly advanced option for achieving improved control of degradation. For example, the 
incorporation of photolabile monomers like photodegradable acrylate within the hydrogel 
network allows for light-controlled degradation in situ. PEG-based hydrogels that were cross-
linked using a photocleavable diacrylate macromers showcase the possibility of tuning the 
physical or chemical hydrogel properties temporally and spatially in real time. In this way, 
channels could be generated to direct cell migration or local release of bioactive compounds 
could be achieved.[238,239] The temporal nature of the local environment is critically important 
for development and healing, and as a result, efforts to achieve controlled degradation of 



Chapter 1   –   Introduction 

63 

synthetic hydrogels under physiological conditions have led to advanced hydrogels for tissue 
engineering therapies.[237] 
 
 
1.5 Hybrid hydrogels  
 
Hybrid hydrogels are typically classified as hydrogel systems, which are formed from at least 
two distinct classes of molecules. For example, synthetic polymers can be combined with 
biological macromolecules via covalent or noncovalent chemistry to form hybrids with 
properties that could overcome some of the disadvantages of the individual 
components.[133,244,245] Even though classical synthetic methods have generated hydrogels with 
excellent properties and novel methods such as controlled radical polymerization strategies 
have enabled the synthesis of macromolecules with a narrow molecular weight distribution, 
however, perfect control over chain lengths, sequence, and three-dimensional structure still 
cannot be realized by those strategies.[133,246] With this in mind, peptides and proteins, for 
instance, are highly defined in chain length and monomer sequences, and such a 
peptide/protein segment could allow enhanced control over the nanoscale structure formation 
in comparison to most synthetic polymers that are heterogeneous in this respect. Conversely, 
a synthetic segment could attenuate thermal and enzymatic degradation as well as loss of 
function due to unfolding of the peptide/protein component.[244] Moreover, such hybrid 
hydrogels allow for the implementation of responsiveness as a result of biological recognition 
events or protein-ligand interactions to supplement the responsiveness, which is typically 
associated with conventional stimuli-responsive polymers arising from physical parameters 
such as temperature, pH, or hydrophobicity.[52] Consequently, the development of hybrid 
systems is highly motivated by their potential to superimpose the properties of their distinct 
components into the resulting material, which can help in the development of new and smart 
hydrogels with a broad range of applications. Furthermore, in certain cases, synergistic effects 
leading to materials with superior properties may be created.[133,245] A wide range of molecules 
with biological origin, including oligopeptides, oligodeoxyribonucleotides, lactic acid oligomers 
or intact proteins, have been employed for cross-linking water soluble synthetic polymers.[247–

251] Importantly, in the design of hybrid copolymers, which are to be employed in hydrogel 
synthesis, different copolymer architectures are conceivable. Thereby, the synthetic block and 
the biological block can be arranged differently yielding either linear hybrid block copolymers 
or branched hybrid copolymers with grafted or star shaped architectures, which can affect their 
respective function.  
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Hybrid block copolymers are capable of self-assembling or polymerizing into various 
nanostructured materials including hydrogels. They can be designed to contain simple or more 
complex biologically inspired peptide sequences in order to augment the polymer features. 
Prominent examples include block copolymers of water soluble polymer such as PEG that are 
coupled to (poly-)peptide or even protein segments, whereby diblock, triblock or even 
multiblock copolymers have been reported.[133,252–257] For instance, PEG diacrylate (PEGDA) 
has been reacted with calmodulin (CaM), a dynamic protein undergoing a conformational 
change upon ligand binding, to yield PEG-CaM-PEG conjugates. Subsequent photo-cross-
linking generates dynamic hydrogels capable of dynamic volumetric changes, highlighting the 
possibility to superimpose different properties within the hybrid. Applications of such gels 
include the triggered release of therapeutic growth factors.[255]  
Copolymers consisting of a synthetic backbone with associated grafts represent polymer 
architectures that have been frequently employed in hydrogel synthesis. In these systems, the 
length and number of grafts per polymer backbone has a substantial impact on the gelation 
process as well as the resulting hydrogel properties.[133,258,259] Novel hybrid hydrogel systems 
were developed by introducing peptide grafts to hydrophilic synthetic polymers.[258–261] For 
example, to provide a dimerization motif, graft copolymers were prepared by conjugating 
oppositely charged pentaheptad peptides (CCE and CCK), capable of self-assembling into 
coiled coils, to N-(2-hydroxypropyl)methacrylamide. The complementary graft copolymers 
(CCE-P and CCK-P) then self-assemble in situ into two-stranded α-helical antiparallel 
heterogenic coiled-coils and as a physical cross-linking system in the resulting hydrogel. 
Hydrogels are formed in PBS at neutral pH at concentrations as low as 0.1 %wt.[260] In a similar 
way, self-assembling β-sheet peptides can be grafted to a polymeric backbone to form 
physically cross-linked hybrid hydrogels whose mechanical properties are tailorable via 
peptide graft density and concentration.[258,261] Besides serving as a physical cross-linking 
system, the introduction of bioactive molecules via peptide grafts adds the ability to interact 
with cells to otherwise biologically inert polymers and is an important motif for the preparation 
of graft copolymers based hydrogels.[163,253,262–264]   
Macromolecules with a star-like architecture have also successfully been employed in hydrogel 
synthesis. For instance, multiarm star copolymers can serve as cross-links with linear polymers 
to form hydrogels by utilizing thiolated hyaluronic acid or dextran as one reactive component, 
and vinylsulfone or acrylate functionalized multiarm PEG, or dextran as the complementary 
reactant.[265,266] Furthermore, 4+2 systems where a difunctional linear cross-linker is used to 
couple 4-arm star PEG are also frequently applied to hydrogel preparation.[51,267–270] Another 
strategy for hydrogel synthesis is the utilization of two differently functionalized star-shaped 
copolymers, whereby they represent both, the cross-linker and the backbone. Exemplarily, 
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heparin-decorated star polymers can be mixed with a second kind modified with heparin 
binding peptides to form hydrogel based on the recognition of heparin and the complementary 
peptide.[133,271,272] In an even simpler approach, star-shaped PEG with bisphosphonate 
functionalized chain termini resulted in complex formation with calcium ions in aqueous 
solutions providing the basis for transient cross-links and hydrogel formation. Importantly, the 
hydrogel properties are highly dependent on the number and molecular weight of the arms.[273] 
Impressively, Weber and coworker developed a hydrogel from only one type of hybrid star 
copolymer functionalized with a photosensory module allowing to optically control the 
mechanical properties, even achieving materials with mechanical gradients. In this system, the 
mechanical properties are tunable reversibly and are controlled by light in a wavelength-
specific manner, making use of the photo-triggered reversible conformational changes 
between monomeric and dimeric forms of vinylsulfone functionalized 8-arm PEG.[274]  
 
However, in addition to hybrid copolymeric systems, hydrogels can be infused with inorganic 
material in form of composites and inorganic support media. Nanocomposite hydrogels are 
defined as hydrated polymeric networks which are physically or covalently cross-linked with 
each other and/or with inorganic nanoparticles or nanostructures. Thereby, the nanoparticles 
can be introduced into the polymeric networks either physically as fillers or as covalent parts 
of the network. As a result, the interactions between the polymeric network and the 
nanoparticles give rise to novel properties of the nanocomposite network and establish new 
possibilities for the development of advanced biomaterials.[275] For example, carbon-based 
nanomaterials such as carbon nanotubes (CNT), graphene or nanodiamonds, polymeric 
nanoparticles like dendrimers or hyperbranched polyesters, inorganic/ceramic nanoparticles 
such as hydroxyapatite, silica, silicates or calcium phosphate, as well as metal/metal oxide 
nanoparticles like gold, silver and iron oxide can be employed in this respect.[275–277] 
Incorporation of carbon nanotubes or graphene into hydrogels from natural or synthetic 
polymers augments the innate polymer networks with multi-functionality including high 
mechanical strength, electrical conductivity, and optical properties.[275,278] For example, by 
incorporating CNTs into hybrid hydrogels, the material becomes electrically conductive and 
thus very interesting for the regeneration of nerve, muscle, and cardiac tissues.[275,279] 
Moreover, as metal and metaloxide nanoparticles possess favorable properties like electrical 
conductivity in case of gold nanorods, magnetic properties in case of iron oxides, and 
antimicrobial properties in case of silver nanoparticles, they find application in hydrogels as 
imaging agents, drug delivery systems, conductive scaffolds, switchable electronics, actuators, 
and sensors.[275,280] 
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Chapter 2  –   Motivation  
 
The motivation of this thesis was to explore, design, and synthesize multifunctional hybrid 
hydrogels for medical applications. This area of research is highly relevant, since every year, 
millions of surgical procedures are performed to treat patients suffering from the loss or failure 
of an organ or tissue due to accidents or illness. As discussed in the introduction, tissue 
transplantations are a generally accepted strategy for treating these patients, but donor 
shortages represent a severe limitation of this approach and have stimulated the search for 
alternatives. Hydrogels as 3D polymeric scaffolds are considered an ideal material class for 
these applications because they can be prepared as natural ECM analogs of tissues, delivering 
and hosting cells to the desired location in the patient’s body and providing a scaffold for the 
formation of new tissue.  
In the context of tissue engineering, I have focused on the production of hydrogels as artificial 
cell matrices for tissue augmentation and the regeneration of diseased or traumatized tissue, 
with a possible modulation of endogenous metabolic processes via delivery of therapeutically 
active compounds for the regeneration of the patient’s tissue. Currently, only a very limited 
number of hydrogels has efficiently entered clinical development, and hydrogels proposed for 
these applications often suffer from heterogeneity regarding their chemical composition, which 
complicates precise adjustment of their therapeutic profiles. Furthermore, the introduction of 
functionalities is often associated with rather complicated strategies that involve either a 
comprehensive redesign of the hydrogel architectures or require a rather undefined 
introduction of cargo molecules based on absorption. While excellent self-healing is favorable 
for local injections and efficient tissue regeneration, the effective mechanical performances are 
often not as ideal as expected. In particular, material healing often does not take place 
autonomously or the recovery is observed only after a certain time period or after prolonged 
rest periods. In addition, compatibility with different types of cells is critical for in vivo use and 
has not been shown for most systems that are currently available. Furthermore, chemically 
defined hydrogels that are able to serve as biocompatible and -degradable cell matrices 
featuring controlled and rapid gelation, excellent self-healing, a well-defined and simple 
introduction of functionalities, as well as general stability during cell cultivation are currently 
still difficult to achieve.  
Hybrid hydrogels are a relatively new class of material that has not yet been sufficiently studied, 
but carries great potential to efficiently meet these biomedical and tissue engineering 
requirements, as described in the introduction. This work is intended to bridge the existing fully 
synthetic systems with natural ones to develop hybrid materials that integrate essential aspects 
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of biological systems, while maintaining a compromise between improved functionality, stability 
in biological environments, and a reasonable synthetic effort.  
Considering native tissue, the natural ECM itself has a heterogeneous architecture and 
contains covalent polymers such as proteoglycans in addition to supramolecular fibers. These 
complex natural supramolecular systems have been of great inspiration because they are 
fundamentally different from covalent structures due to their dynamic and reversible bonds that 
can lead to different behavior and new properties, e.g., dynamic regulation of cell behavior, or 
biorecognition. In my opinion, the class of supramolecular-covalent hybrid hydrogels is 
particularly interesting and very well suited for overcoming the current limitations and creating 
new attractive artificial cell matrices. I anticipated to develop novel hybrid hydrogels by 
employing supramolecular cross-linking of covalent backbones and examine their applicability 
towards biomedical applications (Figure 12). Here, biopolymers in combination with 
programmable structural elements (e.g., DNA and peptides) with precise supramolecular 
interactions have not yet been sufficiently investigated. After the synthesis of hybrid materials, 
a more detailed investigation of the individual properties such as gelation, mechanical 
properties and their potential adjustability, release of active ingredients as well as degradability 
and biocompatibility with different cell types is performed. In order to make the hydrogels 
applicable in many areas of tissue engineering, we anticipated the resulting hydrogels to also 
have a highly modular composition, which should enable the simple and rapid introduction of 
various functionalities. In this way, the hydrogels could be adapted to the respective tissue and 
application parameters without the need to create entirely new constructs. 
 

 
Figure 12: Hydrogels – Design from components to performance to application. The hydrogel components 
dictate the material performance and are designed regarding the backbone as well as the cross-linker yielding 
materials with unique physical (e.g., gelation, mechanical properties, pore sizes, degradation and others) and 
biological features (e.g., compatibility with different cell types, immunological response), ideally providing for 
modularity and multi-functionality. The interplay of these design criteria defines the hydrogel application with a focus 
on the medical field including artificial cell matrices, tissue engineering, and drug delivery applications. 
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From the molecular perspective, I aimed at exploring the utilization of a very defined, high 
molecular weight, and biodegradable polymer backbone with a supramolecular cross-linker 
system. In this context, I considered protein-derived copolymers as suitable backbone and 
expected that they would equip the hydrogel with several desirable properties. These 
copolymers are versatile biomaterials that are generated via chemical modification and 
denaturation of native proteins yielding linear precision polymers of highly defined 
compositions and the presence of different functional groups emerging from the amino acid 
side chains. They have been studied previously in vitro and in vivo and hold promising potential 
for various biomedical applications, i.e., drug delivery.[281–284] The high sequence and structure 
precision distinguishes polypeptide copolymers from other classical synthetic polymers with 
quite broad molecular weight distributions or batch-to-batch variations, which is typical for 
naturally derived biopolymers. Furthermore, initial preliminary work in our own research group 
already showed promising results on employing these polypeptide copolymers as potential 
hybrid hydrogels. Thereby, DNA-grafted protein hybrids were investigated in vitro as model 
platforms for hydrogel preparation in earlier publications of our group and cooperation partners 
since DNA hybridization is a particularly interesting cross-linking strategy in this context. It 
offers several important and advantageous properties resulting from the programmable nature 
of DNA sequences that allow specific cross-linking without the need for reactive organic 
reagents or catalysts as well as the generation of different, highly defined structures while 
being biodegradable and biocompatible. 
In this thesis, I focused on exploring possible applications of hybrid hydrogels in biomedicine 
and deepening the understanding of physico-chemical parameters of the hydrogels and their 
components. Furthermore, the exploration of the use of other materials to implement new 
features is a key motif of this thesis. Therefore, the exploration of other supramolecular cross-
linking systems as well as an exchange of components are considered as well.  
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Chapter 3  –   Hybrid hydrogels and controlled 
cargo release by DNA hybridization 
 
Targeted inhibition of osteoclast formation and activity 

 
 
 

 
Reproduced from the original source[285] with permission under the terms of the CC BY-NC 4.0 International license (https://creativecommons.org/licenses/by-nc/4.0/) – Copyright 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. doi.org/10.1002/adhm.201700392. 
 
 
 
This chapter is reproduced in part with permission from:  
Gačanin, J., Kovtun, A., Fischer, S., Schwager, V., Quambusch, J., Kuan, S. L., Liu, W., Boldt, 

F., Li, C., Yang, Z., Liu, D., Wu, Y., Weil, T., Barth, H., Ignatius, A., Adv. Healthcare Mater., 
2017, 6, 1700392. doi.org/10.1002/adhm.201700392; Spatiotemporally Controlled Release of 
Rho‐Inhibiting C3 Toxin from a Protein–DNA Hybrid Hydrogel for Targeted Inhibition of 
Osteoclast Formation and Activity; – Copyright 2017 The Authors. Published by WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim. This is an open access article under the terms of the 
Creative Commons Attribution NonCommercial 4.0 International license CC BY-NC 4.0. 
(https://creativecommons.org/licenses/by-nc/4.0/).[285]  
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The hydrogels presented in the introduction already highlight that the usage of hybrid hydrogels 
is a powerful tool for creating tailor-made platforms for a wide range of applications. In 
particular, the combination of synthetic components and materials of natural origin to create 
hybrid materials with the desired features such as bioactivity, stability, degradability, and 
injectability is highly attractive for biomedicinal applications.  
In the Weil group, protein-derived copolymers have been developed for several applications 
including drug delivery and nanoparticle coatings.[281–283,286,287] These multifunctional 
polypeptides are obtained by denaturation of native proteins and provide well characterized 
and versatile platforms that enable chemical post-functionalization to make sophisticated 
protein hybrid conjugates accessible.[288] The resulting brush-like copolymers are highly 
defined in view of the contour length of the backbone and monomer sequence, and the 
presence of different functional groups of natural diversity along the main chain that emerge 
directly from the amino acids provide a simple handle for chemical modification while 
maintaining a highly reproducible synthesis.[281–283,286,287] 
Within the field of physical gelators, as highlighted in the introduction, DNA stands out for its 
programmability and offers excellent possibilities to generate highly defined materials with an 
option for implementation of stimuli-responsiveness while not compromising biocompatibility.  
Recently, initial preliminary work in our own research group and with cooperation partners 
combined the unique protein polymers with DNA technology to create DNA-grafted polypeptide 
copolymers and showed promising results when employing them for the preparation of hybrid 
hydrogels. Importantly, physical cross-linking of the polypeptide backbone was achieved by 
DNA hybridization based on sequence-specific, supramolecular interactions of DNA tags 
grafted to the backbone and small, complementary dendrimeric Y-shaped DNA linkers without 
the need for reactive organic reagents or catalysts.[286,287] The DNA-protein hybrids were 
investigated in vitro as model platforms for hydrogel preparation in earlier publications of our 
group and cooperation partners.[286,287] Hereby, the simultaneous conjugation of up to two 
different model cargos was demonstrated using bait molecules such as fluorophores[287] or 
protein dyes[286] with successful release of, for example, the intact model protein GFP. First 
rheological studies revealed thixotropic properties, and injectability of the hydrogels was 
demonstrated with instantaneous recovery after shear stress.[287] In addition, the 
cytocompatibility of all components and their degradation products was demonstrated in vitro 
with human lung adenocarcinoma cells and human primary fibroblast cells.[286] 
In this material class of hybrid hydrogels, we chose to utilize supramolecular cross-linked 
protein-DNA hybrid hydrogels as a platform for the development of hydrogels for biomedicine 
to realize the spatiotemporally controlled release of functional molecules.  
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I prepared the protein-DNA hybrid hydrogel based on the optimized synthesis summarized 
schematically in Figure 13. Thereby, the protein-derived polymer backbone was prepared from 
human serum albumin (HSA) by sequential protein modification reactions (Figure 13A). This 
included the introduction of primary amines (cHSA) and the conjugation of poly(ethylene 
glycol) (PEG) via NHS chemistry to enhance water-solubility and reduce immunogenicity. Both 
reactions, the cationization and the conjugation of on average 18 PEG chains were confirmed 
via mass spectrometry and SDS gel electrophoresis. To enable copper catalyzed click-
chemistry, the residual amines were reacted to azido groups, which was validated via infrared 
spectroscopy. In a Huisgen cycloaddition, the azido-HSA was subsequently reacted with 
alkyne-functionalized single strand DNA (ssDNA) to afford the DNA-grafted protein polymer 
with an average of eight DNA tags per protein, as confirmed by agarose gel electrophoresis. 
The grafted ssDNA tags were important for precise sequence-programmed interaction with the 
DNA multiarm cross-linkers to form the hybrid hydrogel and impart the desired functionalities. 
In a last step, denaturation yielded the stable and well soluble brush-like polypeptide copolymer 
PcP. 
In addition, different DNA cross-linkers were prepared from hybridization of complementarily 
designed and synthesized DNA oligomers featuring overhanging single strand sticky ends 
(Figure 13B). These were designed to not undergo hybridization during the formation of the Y- 
or X- shaped linkers (DL1 and DL2, respectively) but enable conjugation with the backbone 
ssDNA grafts for cross-linking or conjugation with DNA-tagged cargo for hydrogel 
functionalization. Thereby, DL1 served as a small backbone cross-linker while DL2 allowed 
orthogonal loading of up to two cargos to its additional two sticky ends that were not involved 
in hydrogel cross-linking. The successful synthesis of DNA monomers via solid-phase 
synthesis with a standard phosphoramidite synthesis protocol was confirmed by MS, while 
their purity was demonstrated by analytical high pressure liquid chromatography (HPLC). The 
assembly of the respective linkers was analyzed by applying agarose gel electrophoresis.  
Mixing aqueous solutions of PcP and DL1 effected rapid gelation under physiological 
conditions resulting from DNA hybridization cross-linking in the absence of chemically reactive, 
toxic groups or metal catalysts. 
However, a substantial drawback of the previously reported protein-DNA hybrid hydrogel was 
the relatively rapid degradation of the hydrogel within one day, which impeded stable structure 
formation or long-term applications. Since many medical applications target slow, ideally 
controllable degradation processes with controlled release profiles for several days to weeks, 
further optimization of the system to increase the hydrogel stability was indispensable. To fine-
tune and increase the stability of the hydrogel while preserving the injectable and thixotropic 
properties, a widely used, biocompatible cationic biopolymer, i.e., chitosan, was added as an 
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electrostatic stabilizer for the negatively charged DNA linkers.[76,289] Incubation of the hydrogel 
in chitosan solution delayed hydrogel degradation, and we were able to observe the intact 
hydrogel up to several weeks. 
 

 
Figure 13: Protein-DNA hybrid hydrogel preparation using a protein backbone derived from sequential 
modification of human serum albumin (HSA) and cross-linker derived from step-wise assembly of DNA 
single strands (ssDNA). A. The HSA‐derived polypeptide backbone (PcP) is decorated with polyethylene glycol 
(PEG) and ssDNA (SE1′). B. The DNA cross-linker (DL1 and DL2) are prepared from DNA hybridization, the 
hybridizing sequences of the ssDNA as well as the respective sticky ends are indicated. C. C3-derived toxin-loaded 
hydrogel is prepared by mixing PcP and the loaded DL2 with DL1 in water while subsequent DNase‐initiated 
degradation enhances cargo release. Adapted from the original source “Spatiotemporally Controlled Release of 

Rho‐Inhibiting C3 Toxin from a Protein–DNA Hybrid Hydrogel for Targeted Inhibition of Osteoclast Formation and 
Activity”, Adv. Healthcare Mater., 2017, 6, 1700392,[285] which was created by Gačanin, J., Kovtun, A., Fischer, S., 

Schwager, V., Quambusch, J., Kuan, S. L., Liu, W., Boldt, F., Li, C., Yang, Z., Liu, D., Wu, Y., Weil, T., Barth, H., 
Ignatius, A., and is given as open access article under doi.org/10.1002/adhm.201700392, with permission under 
the terms of the Creative Commons Attribution NonCommercial 4.0 International license CC BY-NC 4.0 



Chapter 3   –   Hybrid hydrogels and controlled cargo release by DNA hybridization 

75 

(https://creativecommons.org/licenses/by-nc/4.0/) – Copyright 2017 The Authors. Published by WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim.  
  
The mechanical performance of the hydrogels is a critical parameter for their function and 
determines their applications. Therefore, it was of great importance to determine the influence 
of chitosan stabilization on the mechanical properties and I performed a comprehensive 
rheological evaluation, which is briefly summarized in Figure 14. The constant mechanical 
strength of the chitosan-stabilized hydrogels was verified over time with the storage modulus 
approaching a few hundred Pa. Thixotropic behavior and good self-healing properties were 
observed, which is important because it means that easy application by simple injection is 
conceivable as before, thus avoiding the need for surgical intervention and the associated 
risks.  
 

 
Figure 14: Thixotropic behavior of chitosan-stabilized protein-DNA hybrid hydrogel. Rheological 
characterization of a 3.4 wt% hydrogel was conducted at 25 °C via consecutive oscillatory strain sweep 
measurements with increasing strain and time sweep measurements at very low strain. The left panel highlights the 
hydrogel self-healing behavior after the liquefying high strain condition was removed (~160 s) while the diagram of 
the oscillatory strain measurement shows the cross-over point to the quasi-liquid state and is depicted in the 
enlarged, right diagram. Adapted from the original source “Spatiotemporally Controlled Release of Rho‐Inhibiting 
C3 Toxin from a Protein–DNA Hybrid Hydrogel for Targeted Inhibition of Osteoclast Formation and Activity”, Adv. 
Healthcare Mater., 2017, 6, 1700392,[285] which was created by Gačanin, J., Kovtun, A., Fischer, S., Schwager, V., 

Quambusch, J., Kuan, S. L., Liu, W., Boldt, F., Li, C., Yang, Z., Liu, D., Wu, Y., Weil, T., Barth, H., Ignatius, A.,  and 
is given as open access article under doi.org/10.1002/adhm.201700392, with permission under the terms of the 
Creative Commons Attribution NonCommercial 4.0 International license CC BY-NC 4.0 
(https://creativecommons.org/licenses/by-nc/4.0/) – Copyright 2017 The Authors. Published by WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim. 
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The highly increased hydrogel stability due to polyelectrolyte complex formation with chitosan 
combined with the thixotropic behavior and the recovery after shear stress are essential for 
medical applications such as local drug delivery, where prolonged release of bioactive 
molecules from these hydrogels is envisioned post injection. We were particularly determined 
to augment the common strategies for loading of functional cargo into hydrogels, which 
currently involve covalent chemical reactions, physical binding partners such as streptavidin-
biotin, or systems that are based on the adsorption of therapeutics during hydrogel preparation. 
For this purpose, we established a smart hydrogel as carrier platform with highly selective, 
orthogonal incorporation and controlled release of functional cargo at physiological conditions. 
This was realized by exploiting the selective and sequence-specific tagging of guest molecules 
via programmable DNA hybridization that offers such control.[290–292] In this context, a DNA-
tagged functional cargo was introduced via hybridization to the X-shaped DNA linkers for 
programmable cargo incorporation and afforded loading in a highly defined manner. 
Subsequent controlled release from the hydrogel was achieved by application of DNase, in 
particular this allowed enzyme triggered protein-cargo release while maintaining bioactivity of 
protease-sensitive therapeutics such as proteins or peptides. Notably, the specific 
incorporation of various guest molecules into this modular platform can be easily conducted 
by using differently functionalized DNA adaptors without the need to change the construct but 
using the same reaction scheme under physiological conditions. Such carrier systems are 
highly relevant for achieving sustained local delivery of therapeutically active compounds in, 
for example, bone defects or weak bone, or from prosthesis coatings of implant surfaces after 
reconstructive orthopedic surgeries. 
It is known that an imbalance in the complex interactions between bone-forming (osteoblasts) 
and bone-resorbing (osteoclasts) cells, which actively coordinate bone turnover, contributes 
significantly to the development of severe bone diseases such as osteoporosis. In addition, 
the imbalance leads to the obstruction of bone regeneration processes after injuries, surgical 
interventions, or chronic diseases of the osseous system, which are characterized by reduced 
bone strength and increased fracture risk.[293–297] Especially elderly patients suffer frequently 
from osteoporotic fractures leading to chronic pain, deformities, depression, disability, and 
death. By 2025, annual fractures and costs in the United States are expected to grow by 50% 
and exceed $25 billion to treat more than three million predicted fractures, which illustrates the 
enormous importance for the development of an efficient therapy option.[298–300] Current 
treatments for low bone mass diseases such as osteoporosis focus on the targeted 
pharmacological modulation of osteogenesis and reduction of osteoclast activity to reduce 
bone resorption trough the delivery of agents such as bisphosphonates or the human 
monoclonal antibody Denosumab.[298,299,301–303] However, these often cause gastrointestinal 
toxicity, which manifests in abdominal pain or gastritis and are linked to adverse effects like 
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hypersensitivity, serious infections, dermatological reactions, or musculo skeletal pain.[298,299] 
Bone structure improvement in osteoporosis treatments rarely shows good tolerability and 
there is still an unsurpassed demand for novel therapies. Therefore, we intended to test the 
ability of the newly developed biomaterial to deliver and locally release clostridial Rho-inhibiting 
C3 toxin to improve the osteoclast to osteoblast ratio.[298–300] Treatment with these toxins was 
previously reported to effectively decrease both, osteoclast formation from monocytic 
progenitor cells and their resorption activity in vitro.[304] The C3 toxins selectively traffic into 
cells via an endocytic mechanism and they are transported into the cytosol of cells of the 
monocyte/macrophage-lineage, such as osteoclasts, where they mono-ADP-ribosylate Rho, 
yielding inhibition of Rho-mediated signal-transduction. Thereby, reorganization of the actin 
cytoskeleton is effected, accompanied by inhibition of the central actin-associated cellular 
functions as well as a dramatic change in cellular morphology.[305,306] However, one must be 
aware that their cell selectivity is limited when administered systemically as other healthy 
macrophage-derived cells would also be targeted, which makes a suitable carrier for local 
delivery indispensable. In this work, we demonstrated that incorporation of these toxins into 
the hybrid hydrogel as a local drug depot with locally high drug concentrations and 
spatiotemporally controlled release has great potential for the local improvement of bone 
quality.  
The recombinant fusion toxin C21N-C3lim comprises the enzymatically active domain, C3lim, 
from C. limosum[307] and the nontoxic C2IN part of the C. botulinum C2 toxin[305], which likely 
increases the selective uptake into the cytosol of monocytes/macrophages. It was identified as 
the most efficient Rho-inhibitor of RAW 264.7 macrophages among the clostridial C3 
enzymes,[304] which prompted the decision to integrate it into the hydrogel. In the group of 
Prof. Dr. H. Barth, Institute of Toxicology and Pharmacology, University of Ulm, the cysteine 
mutant of this C3 fusion toxin with preserved enzymatic activity was created and analyzed. We 
utilized the cysteine mutant of the C3 fusion toxin to enable thiol-based bio-conjugation 
reactions with DNA oligomers, which ultimately allowed specific incorporation into the hydrogel 
via DNA hybridization. In cooperation with the Prof. Dr. H. Barth group, we showed in vitro with 
different macrophage cell lines that conjugation of a DNA oligomer via maleimide chemistry on 
the C3 fusion toxin preserved its enzymatic activity compared to the native toxin. This 
highlighted the excellent potential of the protein-DNA hybrid hydrogel to capture functional, 
specifically sensitive loads while bioactivity and function were fully sustained. 
In close collaboration with the Prof. Dr. A. Ignatius group, Institute of Orthopedic Research and 
Biomechanics, Centre for Trauma Research Ulm, Ulm University Medical Centre, we 
investigated whether the protein-DNA hybrid hydrogel can serve as a carrier and controlled-
release system, exemplarily for the C3 fusion toxin, to selectively influence bone cells in vitro 
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(see Figure 15). We demonstrated that temporally controlled toxin release allowed efficient 
and specific inhibition of osteoclast formation by 96% due to treatment of pre-osteoclastic cells 
with C3 fusion toxin-loaded hydrogel during the entire differentiation period. Confirming these 
data, the resorption activity of these cells after osteoclastogenic differentiation was significantly 
decreased. In addition, on-demand nuclease-mediated cargo release provided a simple and 
smart, yet biocompatible way, for cargo release simultaneously maintaining their 
pharmacological activity and boosting the therapeutic effect.  
 

 
Figure 15: Effect of C3 fusion toxin (C2IN-C3lim-G205C) delivered via protein-DNA hybrid hydrogels on the 
formation of mature osteoclast-like cells and their activity (B., C.) as well as on osteoblast viability and 
differentiation (D.). Hydrogel without or with immobilized C2IN-C3lim-G205C was added to pre-osteoclast 
RAW 264.7 cells treated with differentiation factor RANKL/M-CSF to induce osteoclast formation starting from 
day 1, as well as MC3T3-E1 cells cultivated with or without osteogenic differentiation medium (ODM). Toxin release 
was enhanced by DNase I addition to the hydrogel. A. Schematic illustration of resorbed or normal bone structure. 
The resorbed state is characterized by enhanced porosity and lower bone mass. B. The number of TRAP-positive 
multinucleated cells (MNC). Representative images of TRAP staining. Scale bar is 100 μm. Arrowheads indicate 
TRAP-positive MNC. C. Quantification of resorbed area per well. Representative images of von Kossa staining with 
visualization of resorbed areas in white. D. Cell viability (MTT assay). Representative alkaline phosphatase staining; 
osteoblast-like MC3T3-E1 cells without ODM. Scale bar is 500 μm. *=P < 0.05; **=P < 0.01; ***=P < 0.001. Adapted 
from the original source “Spatiotemporally Controlled Release of Rho‐Inhibiting C3 Toxin from a Protein–DNA 
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Hybrid Hydrogel for Targeted Inhibition of Osteoclast Formation and Activity”, Adv. Healthcare Mater., 2017, 6, 
1700392,[285] which was created by Gačanin, J., Kovtun, A., Fischer, S., Schwager, V., Quambusch, J., Kuan, S. 

L., Liu, W., Boldt, F., Li, C., Yang, Z., Liu, D., Wu, Y., Weil, T., Barth, H., Ignatius, A., and is given as open access 
article under doi.org/10.1002/adhm.201700392, with permission under the terms of the Creative Commons 
Attribution NonCommercial 4.0 International license CC BY-NC 4.0 (https://creativecommons.org/licenses/by-
nc/4.0/) – Copyright 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
 
For treatment of low bone mass diseases like osteoporosis it is essential to inhibit the activity 
of bone resorbing cells on the one hand, but it is particularly important to not impede the activity 
of bone forming cells as well. Importantly, to substantiate that the delivery of the C3 toxin via 
hydrogel does not compromise osteoblast activity, osteoblast-like cells were cultivated with or 
without toxin-loaded hydrogels. Here, our data clearly indicated that the presented hybrid 
hydrogel is biocompatible with cells other than macrophage-derived lineage as neither 
hydrogels alone nor the toxin-loaded hydrogels have adverse or toxic effects on osteoblasts. 
The hydrogels were found not to induce apoptosis and not to compromise cell proliferation nor 
osteogenic differentiation while mineralization was neither compromised, clearly highlighting 
their general biocompatibility with other cell lines. 
 
In summary, multifunctional protein-DNA hybrid hydrogels were produced from biodegradable 
and biocompatible components; more precisely from chemically modified HSA and rationally 
constructed DNA linkers with subsequent chitosan stabilization. Using sequence-specific DNA 
hybridization exclusively for cross-linking and as a system for controlled cargo incorporation 
reduced the DNA content to a minimum, while the lion's share was covered by the protein 
backbone. This is a beneficial aspect as it provided better scalability and reduced costs of 
hydrogel production, which is an important factor for commercial use. Important and beneficial 
properties of this material have been demonstrated in this work, covering i) rapid gelation under 
physiological conditions resulting from DNA hybridization cross-linking in the absence of 
chemically reactive, toxic groups or metal catalysts; ii) potential injectability resulting from 
thixotropic behavior with self-healing ability, and iii) rapid, highly specific; and stable loading; 
as well as controlled release of DNA-tagged cargo which can in principle cover proteins, 
enzymes, growth factors to therapeutics. In this context, DNase triggered C3 toxin release 
allowed efficient and specific inhibition of osteoclast formation and bone resorption without 
affecting osteoblastic differentiation and mineralization in vitro. The applicability of protein-DNA 
hydrogels for spatiotemporally controlled release of therapeutically active compounds was 
demonstrated, confirming the suitability of this efficient biomaterial for local treatment of bone 
diseases such as osteoporosis via local drug delivery on a controlled time scale. Due to the 
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high functionalization capacity of the protein-DNA hybrid hydrogel, it is in principle conceivable 
that it could also stimulate bone formation, which could be achieved by loading it with anabolic 
factors, including growth factors. It is likewise conceivable to fight periprosthetic infections by 
similarly loading the hybrid hydrogel with antibiotics, potentially giving rise to synergistic 
therapeutic outcomes. 
In view of all these aspects mentioned, the protein-DNA hybrid hydrogel provides a unique 
combination of the desired features rendering it highly attractive for local protein delivery. 
However, still the high costs of DNA and DNA origami represent a concern regarding 
scalability. Nevertheless, similar to peptide solid phase synthesis, which now facilitates 
upscaling of even long sequences to affordable prices properties, we envision that DNA 
synthesis will also further improve and there are already studies on gram scale production of 
DNA origami in bacteria cells.[308] 
 
The herein presented research is included in more detail with additional experimental data in 
the original publication that is provided in the following section as a re-print displaying the 
copyrights of the publisher. 
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Abstract: 
In osteoporosis, bone structure can be improved by the introduction of therapeutic molecules 
inhibiting bone resorption by osteoclasts. Here, biocompatible hydrogels represent an 
excellent option for the delivery of pharmacologically active molecules to the bone tissue 
because of their biodegradability, injectability, and manifold functionalization capacity. The 
present study reports the preparation of a multifunctional hybrid hydrogel from chemically 
modified human serum albumin and rationally designed DNA building blocks. The hybrid 
hydrogel combines advantageous characteristics, including rapid gelation through DNA 
hybridization under physiological conditions and a self-healing and injectable nature with the 
possibility of specific loading and spatiotemporally controlled release of active proteins, making 
it an advanced biomaterial for the local treatment of bone diseases, for example, osteoporosis. 
The hydrogels are loaded with a recombinant Rho-inhibiting C3 toxin, C2IN-C3lim-G205C. 
This toxin selectively targets osteoclasts and inhibits Rho-signaling and, thereby, actin-
dependent processes in these cells. Application of C2IN-C3lim-G205C toxin-loaded hydrogels 
effectively reduces osteoclast formation and resorption activity in vitro, as demonstrated by 
tartrate-resistant acid phosphatase staining and the pit resorption assay. Simultaneously, 
osteoblast activity, viability, and proliferation are unaffected, thus making C2IN-C3lim-G205C 
toxin-loaded hybrid hydrogels an attractive pharmacological system for spatial and selective 
modulation of osteoclast functions to reduce bone resorption.   
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1. Introduction

Bone turnover is an active process 
resulting from the well-orchestrated 
interplay between bone-forming cells 
(osteoblasts) and bone-resorbing cells 
(osteoclasts). Their cross-talk is tightly 
regulated by hormones, including para-
thormone,[1,2] cytokines, for example, 
interleukin 6,[3] and growth factors, 
including bone morphogenetic proteins 
(BMPs) 2 and 7.[1] Disequilibrium in this 
complex interplay leads to an imbalance 
between bone formation and resorption, 
which results in severe bone diseases, 
including osteoporosis, and affects regen-
eration processes after both injuries and 
surgical intervention.[4,5] Therefore, opti-
mizing skeletal repair in the context of 
osteoporosis is an important scientific and 
medical aim. Bone structure improvement 
can be achieved by enhancing bone forma-
tion with therapeutic molecules, including 
BMPs,[6,7] and repressing resorption 
using, for example, bisphosphonates.[7–9] 
To achieve local delivery of therapeuti-
cally active compounds in bone defects or 

In osteoporosis, bone structure can be improved by the introduction of thera-
peutic molecules inhibiting bone resorption by osteoclasts. Here, biocompatible 
hydrogels represent an excellent option for the delivery of pharmacologically 
active molecules to the bone tissue because of their biodegradability, inject-
ability, and manifold functionalization capacity. The present study reports the 
preparation of a multifunctional hybrid hydrogel from chemically modified 
human serum albumin and rationally designed DNA building blocks. The hybrid 
hydrogel combines advantageous characteristics, including rapid gelation 
through DNA hybridization under physiological conditions and a self-healing 
and injectable nature with the possibility of specific loading and spatiotempo-
rally controlled release of active proteins, making it an advanced biomaterial for 
the local treatment of bone diseases, for example, osteoporosis. The hydrogels 
are loaded with a recombinant Rho-inhibiting C3 toxin, C2IN-C3lim-G205C. This 
toxin selectively targets osteoclasts and inhibits Rho-signaling and, thereby, 
actin-dependent processes in these cells. Application of C2IN-C3lim-G205C 
toxin-loaded hydrogels effectively reduces osteoclast formation and resorption 
activity in vitro, as demonstrated by tartrate-resistant acid phosphatase staining 
and the pit resorption assay. Simultaneously, osteoblast activity, viability, and 
proliferation are unaffected, thus making C2IN-C3lim-G205C toxin-loaded 
hybrid hydrogels an attractive pharmacological system for spatial and selective 
modulation of osteoclast functions to reduce bone resorption.
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weak bone, for example, immediately surrounding implants, an 
appropriate carrier is crucial to achieve sustained in situ release 
of therapeutic molecules. Here, biocompatible hydrogels could 
represent one of the best options for achieving an efficient local 
delivery system. The high water content imparts biocompat-
ibility and a large number of therapeutics could be loaded and 
delivered via a controllable slow-release mechanism.[10]

It has been shown previously that the delivery of thera-
peutic molecules into bone tissue is possible via absorption 
of the therapeutic within a synthetic hydrogel,[11] physically 
crosslinked alginate-gel[12] or Matrigel[13] during hydrogel prepa-
ration. Recently, we developed a biodegradable and biocom-
patible protein–DNA hybrid hydrogel, which is crosslinked by 
DNA hybridization without the application of reactive organic 
reagents or catalysts. DNA hybridization is based on sequence-
specific, supramolecular interactions, providing the hydrogel 
with beneficial features, including being injectable and self-
healing.[14] Importantly, it is this injectable nature, which allows 
for simple, local administration of the protein–DNA hybrid 
hydrogel via injection at the diseased site. In contrast to the 
incorporation of guest molecules via absorption, protein–DNA 
hydrogels offer the opportunity to readily assemble the desired 
bioactive molecules within the hydrogel using the appropriately 
functionalized DNA adaptors. Even different kinds of func-
tional proteins could be immobilized successfully following this 
approach.[14] In this fashion, a highly controlled protein loading 
in combination with local release of the bioactive molecules 
could be achieved at the diseased site by nuclease-mediated 
cargo release. In contrast to conventional hydrogel scaffolds 
based on synthetic polymers or undefined mixtures, including 
Matrigel, with high batch-to-batch variations,[15] the protein–
DNA hydrogels described herein feature a precisely defined 
composition and highly reproducible synthesis. Moreover, pro-
tein–DNA hybrid hydrogels provide several advantageous fea-
tures, including adaptable polypeptide chain lengths, precisely 
defined amino acid sequences, and high biocompatibility.[16] In 
addition, further chemical modifications are facilitated by the 
presence of different functional groups along the main chain 
of the polypeptide backbone. The same strategy that converts 
proteins into versatile biomaterials combining biocompatibility, 
biodegradability, and multifunctionality has been studied pre-
viously in vitro and in vivo, demonstrating great potential for 
drug delivery[17,18] and bioimaging.[17,19,20] Therefore, this mod-
ular approach for the precise assembly of multicomponent and 
biodegradable hydrogels based on supramolecular interactions 
of the DNA building blocks allows for the controlled assembly 
of various pharmacologically active proteins and enzymes 
within the hydrogel without the need for applying reactive or 
potentially toxic reagents. Moreover, spatiotemporally con-
trolled cargo release from the hybrid hydrogel is achieved by 
DNase application, which allows protein-cargo release while 
maintaining their pharmacological activity. In addition to being 
extensively studied for systemic application during cancer treat-
ment,[21] DNases have been reported to be well tolerated in 
patients with cystic fibrosis[22] and nephritis lupus.[23] In par-
ticular, bovine pancreatic DNase has been reported to not cause 
any evidence of systemic toxicity when applied by intravenous 
injections or by other parenteral routes, including intrathecal.[24] 
Therefore, DNase administration provides a simple and smart, 

yet biocompatible possibility for well-directed cargo release. To 
address the excessive bone resorption by osteoclasts in osteo-
porosis, the targeted pharmacological modulation of osteo-
genesis or osteoclast activity represents a favorable strategy. 
The clostridial Rho-inhibiting C3 toxins could be attractive 
candidates for this purpose, because the treatment of cultured 
osteoclast-like cells with these enzymes effectively decreased 
both osteoclast formation from monocytic progenitor cells and 
their resorption activity in vitro.[25] The C3 toxins (≈25 kDa) 
mono-ADP-ribosylate Rho in the cytosol inhibits Rho-mediated 
signal-transduction and results in reorganization of the actin 
cytoskeleton accompanied by a dramatic change in cell mor-
phology and inhibition of central actin-associated cellular func-
tions.[26,27] Moreover, C3 toxins, such as C3bot from Clostridium 
(C.) botulinum[28] and C3lim from C. limosum,[29] are efficiently 
taken up into the cytosol of cells of the monocyte/macrophage-
line by an endocytic mechanism but not into the cytosol of 
other cell types, including epithelial cells and fibroblasts.[26] The 
recombinant fusion toxin C2IN-C3lim contains C3lim and the 
nontoxic C2IN portion of the C. botulinum C2 toxin,[26] which 
likely enhances the selective uptake of C2IN-C3lim into the 
cytosol of monocytes/macrophages and osteoclasts, because 
both cell populations are derived from the same lineage.[25] In 
these earlier studies, we identified C2IN-C3lim as the most 
efficient Rho-inhibitor for RAW 264.7 macrophages among 
the clostridial C3 enzymes. Additionally, we demonstrated 
that this fusion toxin ADP-ribosylates Rho in RAW 264.7 cells 
results in reorganization of F-actin, as demonstrated by DAPI/
phalloidin-staining of C2IN-C3lim-treated cells, and finally in 
the characteristic changes of cell morphology.[25] We believe 
that incorporating C2IN-C3lim enzyme into the biocompatible 
protein–DNA hybrid hydrogel opens a new avenue for efficient 
and cell type-selective treatment of increased bone resorption, 
featuring local application of therapeutics, ensuring a high local 
concentration and spatiocontrolled cargo release (Figure 1).

Herein, we demonstrate the unique potential of this novel 
protein–DNA hybrid hydrogel for local application and con-
trolled release of C2IN-C3lim for the targeted pharmacological 
inhibition of osteoclast formation and resorption activity 
without affecting osteoblasts.

2. Results and Discussion

2.1. Preparation of C2IN-C3lim-G205C

The fusion protein C2IN-C3lim (≈50 kDa) combining both the 
enzymatically inactive N-terminal region of the C2I-toxin C2IN 
(≈25 kDa) from C. botulinum and the enzymatically active toxin, 
C3lim, from C. limosum could efficiently and specifically inhibit 
osteoclast differentiation and growth as discussed previously.[25] 
To load C2IN-C3lim into the hydrogel, a cysteine mutant of this 
fusion protein was created. As described in the experimental 
design, we replaced glycine at position 205 with cysteine to 
create the C2IN-C3lim-G205C mutant, suitable for accom-
plishing thiol-based bioconjugation reactions. Gly-205 was 
selected, because it is located on the surface of the folded protein 
and, therefore, the mutation is accessible for DNA conjugation. 
After expression as the glutathione S-transferase (GST)-fusion 
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protein in Escherichia coli and purification by affinity chroma-
tography using the glutathione-sepharose system, the identity 
and complete expression of the toxin was confirmed by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and subsequent western blotting using specific antibodies. 
According to Coomassie blue staining (Figure 2A) and antibody 
staining, both the C2IN and C3 regions could be detected at 
the expected height by specific antitoxin antibodies (Figure 2B). 
The enzymatic activity of C2IN-C3lim-G205C was confirmed 
by ADP-ribosylation (Figure 2C). This ADP-ribosylation assay 
is well-established and represents the gold standard because of 
the very sensitive and specific detection of the modification of 
Rho by C3 toxins in cells.[25–30]

To confirm C2IN-C3lim-G205C uptake into the cytosol of 
living cells, J774A.1 macrophages were intoxicated with dif-
ferent amounts of C2IN-C3lim-G205C. Incubation of J774A.1 
cells for 8 h with the newly generated C2IN-C3lim-G205C or 
the original C2IN-C3lim as a control, led to clear C3-induced 
morphological cell changes (Figure 2D). To demonstrate the 
toxins could ADP-ribosylate Rho, the cells were lysed and in 
vitro ADP-ribosylation was performed. The lysates were incu-
bated with biotin-NAD+ and fresh C2IN-C3lim-toxin. Rho in 
untreated cells was strongly ADP-ribosylated during the in 
vitro reaction, resulting in a strong signal in the western blot 
(Figure 2E). In contrast, less ADP-ribosylated Rho was detected 
when the macrophages were treated with C2IN-C3lim-G205C, 
indicating that Rho was already ADP-ribosylated in living cells 
during the incubation period. This assay (Figure 2E) clearly 
displayed a concentration-dependent intoxication. Loading of 
comparable amounts of total protein was confirmed by actin 
staining with specific antibodies. In summary, the results indi-
cate the specific uptake of C2IN-C3lim-G205C into the cytosol 
of J774A.1 cells, whereas other cell types, including fibroblasts 
and epithelial cells, remained unaffected (data not shown).

2.2. Preparation of Toxin-Loaded Hydrogel

The synthesis of the hydrogel is based on a protocol reported 
previously. Briefly, human serum albumin (HSA) is first 
converted to cHSA (Figure 3A).[31] Thereafter, about 18 

poly(ethylene glycol) (PEG) chains (Mw = 2000) are conjugated 
to the amino groups of cHSA to afford cHSA-PEG(2000)18. 
Noteworthy, primary amino groups can originate from the 
newly introduced amino groups of the previous synthetic step 
as well as from lysine side chains of cHSA. For clarity reasons, 
the conjugation reaction in the scheme is only shown for the 
newly introduced amines and not for the lysine side chains. 
Residual amines are converted to azido groups by applying the 
diazo transfer reagent imidazole-1-sulfonyl azide hydrochlo-
ride yielding N3-cHSA-PEG(2000)18. The alkyne functionalized 
ssDNA sequence (alkyne-SE1′) is then conjugated to N3-cHSA-
PEG(2000)18 via Huisgen cycloaddition yielding cHSA-
PEG(2000)18-SE1′8 with on average eight SE1′ per polymer 
chain. Finally, cHSA-PEG(2000)18-SE1′8 is denatured in concen-
trated urea buffer, followed by reduction of the disulfide bridges 
by tris(2-carboxyethyl)phosphine (TCEP) and capping of the 
free sulfurhydryl groups as reported.[14] The stable and well sol-
uble polypeptide copolymer dcHSA-PEG18-SE1′8 (PcP) is thus 
obtained, carrying PEG chains contributing water-solubility 
and ssDNA (SE1′) allowing the precise interaction with DNA 
crosslinkers as well as further functionalization.

The hydrogel was prepared from the PcP as depicted in 
Figure 3A, according to the previously reported protocol.[14] 
The detailed synthesis and characterization of all synthesis 
steps are summarized in Scheme S1 and Figures S3–S19 (Sup-
porting Information). Gelation of the hydrogel is based on the 
crosslinking of the PcP with multiarm DNA crosslinker (DL1 
and DL2 DNA linkers, Figures 3B and 4). DL2 allows loading 
of up to two C2INC3lim-G205C to its sticky ends SE3′ and 
SE4′, while DL1 serves as a small crosslinker to increase the 
crosslinking degree. Maleimide-modified DNA tag SE3′ was 
specifically conjugated to the single mutated cysteine residue 
of C2IN-C3lim-G205C (Figure 4). The conjugation of the SE3′ 
DNA tag to C2IN-C3lim-G205C did not influence the uptake 
of this toxin into macrophages or its ADP-ribosyltransferase 
activity in the cytosol of these cells (Figures S1 and S2, Sup-
porting Information). Moreover, the coupling of the DNA tag 
to C2IN-C3lim-G205C had no effect on the viability of J774A.1 
macrophages or RAW 264.7 monocytic cells, because the 
number of viable cells after 72 h was comparable when treated 
with C2IN-C3lim, C2IN-C3lim-G205C, or C2IN-C3lim-G205C 
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Figure 1. Design concept – inhibition of local bone resorption via administration of injectable protein–DNA hybrid hydrogel featuring spatiotemporally 
controlled release of Rho-inhibiting C3 toxin. Inhibition of bone resorption can be realized by the selective targeting of the formation and activity of 
osteoclasts, allowing for efficient bone regeneration (DL2-FT: C2IN-C3lim-G205C toxin-loaded DL2 DNA linker, DL1: DNA linker for crosslinking, PcP: 
protein-derived polypeptide copolymer backbone of the hydrogel).
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coupled to the DNA tag (Figures S1 and S2, Supporting Infor-
mation). The results indicate that the treatment of the mac-
rophages with the individual C2IN-C3lim fusion toxins did 
not kill the cells but rather altered their actin cytoskeleton via 
the C3-catalyzed ADP-ribosylation of Rho. Through the DNA 
tags, C2IN-C3lim-G205C could be readily loaded onto the DL2 

linker under physiological conditions, thus the protein activity 
could be effectively maintained (data not shown). By mixing the 
C2IN-C3lim-G205C-loaded DL2 and PcP with a small amount 
of DL1 in water, the gelation occurred within 1 min at room 
temperature (RT). A temporally and spatially defined release 
of the intact C2IN-C3lim-G205C hydrogel cargo was achieved 
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Figure 2. Characterization of C2IN-C3lim-G205C and the concentration-dependent ADP-ribosylation of Rho in living J774A.1 macrophages subsequent 
to the uptake of C2IN-C3lim-G205C. A) Coomassie blue staining of the expressed and purified fusion protein C2IN-C3lim-G205C after SDS-PAGE. 
B) SDS-PAGE of 400 ng C2IN-C3lim-G205C and 400 ng C2IN-C3lim for control followed by western blot. Complete expression of the fusion protein 
was confirmed by detecting protein moieties with specific antibodies against C2IN and C3. C) Lysate from CHO-K1 cells (40 µg) and the toxins C2IN-
C3lim-G205C, C2IN-C3lim or C3lim (each 300 ng) were incubated in the presence of biotin-NAD+ (10 × 10−6 m) for 30 min at 37 °C. As controls, cell 
lysate was either left untreated or was incubated only with biotin-NAD+. Samples were separated by SDS-PAGE, blotted and biotinylated proteins were 
detected with streptavidin-peroxidase (1: 300 ng C2IN-C3lim-G205C, 2: 300 ng C2IN-C3lim, 3: 300 ng C3lim, 4: lysate with biotin-NAD+, 5: lysate only). 
D) J774A.1 macrophages were treated for 8 h with either C2IN-C3lim-G205C (0.5 µg mL−1), C2IN-C3lim (0.5 µg mL−1) or were left untreated (nega-
tive). E) J774A.1 macrophages were concentration-dependent treated for 3 h with C2IN-C3lim-G205C (0.3, 0.5, 1, 2 µg mL−1) or were left untreated as 
a control. Subsequently, cells were lysed and the lysates were incubated for 30 min at 37 °C with 300 ng C2IN-C3lim and 10 × 10−6 m biotin-NAD+ to 
ADP-ribosylate Rho that was not ADP-ribosylated in the living cells. Subsequently, samples were subjected to SDS-PAGE and western blot and bioti-
nylated proteins were then detected using streptavidin-peroxidase. Loading of comparable amounts of total protein was confirmed by actin staining 
with specific antibodies.
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by enzyme-mediated degradation of the hydrogel by DNase I 
application.

2.3. Improved Hydrogel Stability by Chitosan

Because bone regeneration is a slow process, which neces-
sitates controlled release of the toxin protein for several to 
tens of days, we have further developed a method to fine-
tune and increase the stability of the hydrogel. A biocompat-
ible cationic biopolymer – chitosan – was applied to interact 
with the negatively charged DNA linkers and to stabilize them 
through electrostatic interaction. Chitosan has been widely 
used for biocompatible hydrogel design and its biocompat-
ibility has been frequently demonstrated.[32,33] We found that 
incubation of the hydrogel in chitosan solution (5 mg mL−1 in 

phosphate-buffered saline (PBS), pH 5 at 4 °C) for 2.5 h sig-
nificantly prevented hydrogel degradation during cell experi-
ments and prolonged the effective time of the hydrogel for slow 
protein release. The prepared hydrogels stabilized by chitosan 
treatment remained intact in PBS at 4 °C for 35 d. Moreover, 
the stabilized hydrogels remained intact in PBS at RT and 
37 °C for several weeks, allowing for easy handling and admin-
istration. In contrast, the control hydrogel not incubated in 
chitosan degraded within 1 d when incubated at 4 °C in PBS 
(Figure S13, Supporting Information). Therefore, this observa-
tion indicates a highly increased stability of the hydrogel via 
noncovalent interactions. This could be advantageous for fur-
ther in vivo application, allowing prolonged release of bioactive 
molecules from the hydrogels. These molecules might include 
anabolic factors, including growth factors, to stimulate bone 
formation, or antibiotics to fight periprosthetic infections, or 
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Figure 3. Scheme for the preparation of the hybrid protein–DNA hydrogel building blocks. A) Sequential preparation of human serum albumin (HSA)-
derived polypeptide backbone (PcP) decorated with polyethylene glycol (PEG) and ssDNA (SE1′). B) Preparation of DNA crosslinker by DNA hybridiza-
tion. Hybridizing sequences of the ssDNA as well as the respective sticky ends are indicated.
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might target osteoclasts, thereby inhibiting bone resorption, 
for example, C3-toxin. Therefore, although hydrogels cannot be 
used for mechanical bone augmentation, in contrast to conven-
tional cements, they may be useful for local drug release.

2.4. Mechanical Properties of the Stabilized Hybrid Hydrogel

To assess quantitatively the mechanical properties of the 
hybrid hydrogel, which are critical parameters for its function 
and applications, rheological characterization was performed. 
The oscillatory frequency sweep revealed typical viscoelastic 
behavior at lower frequencies, verifying the nature of a gel 
with the values of the storage modulus G′ being higher than 
the corresponding values of the loss modulus G″ (Figure 5A). 
With increasing frequency, the loss modulus increased until 
intersection with the storage modulus occurred, indicating a 
phase transition from the gel to sol state at high frequencies. 
Moreover, mechanical stability over time was investigated by 
an oscillatory time-sweep test, measured at a fixed frequency 
(1 Hz) and strain (1%) (Figure 5B). The hydrogel exhibited 
constant mechanical strength with time, indicating that no 
structural rearrangements occurred within the hydrogel 
once gelation was completed. In addition, mechanical prop-
erties were investigated by an oscillatory strain sweep (0.01–
1000%) at a fixed frequency (1 Hz) (Figure 5C). The values 
of G′ and G″ remained constant in the low shear-stress 
region (<20%). However, with increasing oscillatory strain, 
G′ decreased rapidly, whereas G″ increased slightly after the 
strain exceeded 40%. These results indicate the presence of 
a network structure, which does not collapse abruptly. How-
ever, microfissures within the network did form, which rap-
idly expanded to macrofractures, resulting in a gel-to-sol 
transition, indicating the collapse of the gel state to a quasi-
liquid state at the intersection of G′ and G″ at 123% strain. 
Moreover, the self-healing properties of the hydrogel were 

demonstrated by a combinatorial measurement, where the 
performed strain sweep was followed by an oscillatory time-
sweep measurement at the same fixed frequency (1 Hz) used 
in the strain sweep and, importantly, a very low strain (0.1%) 
to avoid impacting structure formation during gel recovery 
(Figure 5D). This self-healing behavior of the hybrid hydrogel 
indicates that it could be applied in a straightforward fashion 
by simple injection directly to bone defects, thereby avoiding 
the need for surgical procedures to deliver the hydrogel into 
the body.

2.5. Inhibition of Osteoclast Formation and Bone Resorption  
by Hydrogel-Released C2IN-C3lim-G205C

To analyze C3-mediated toxicity in osteoclasts, hydrogel alone 
or hydrogel loaded with C3-derived recombinant fusion toxin 
C2IN-C3lim-G205C were incubated with RAW 264.7 cells 
in osteoclastogenic medium. The RAW 264.7 cell is a well-
characterized preosteoclastic cell line, which is widely used 
as a model for osteoclast formation and activity.[34,35] Prelimi-
nary experiments showed that these cells were, like J774A.1 
cells, susceptible to the cytotoxic effect of the recombinant 
fusion toxin (Figures S1 and S2, Supporting Information). 
Here, we investigated whether our hydrogel can serve as 
a potential carrier and controlled-release system for C2IN-
C3lim-G205C to affect selectively bone cells in situ. The for-
mation of multinucleated tartrate-resistant acid phosphatase 
(TRAP)-positive cells could be significantly reduced by 96% 
(P < 0.001 compared to control) after the treatment of RAW 
264.7 cells with hydrogel loaded with C2IN-C3lim-G205C 
during the entire differentiation period, whereas cells incu-
bated with hydrogel alone did not significantly differ from 
differentiated control cells (Figure 6A–E). Confirming these 
data, the resorption activity of RAW 264.7 cells after osteo-
clastogenic differentiation on a calcium phosphate-coated 
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Figure 4. Scheme for the preparation of the toxin–DNA conjugate and the toxin-loaded hydrogel. A) Coomassie blue staining of the C2IN-C3lim-G205C-
SE3′ DNA conjugate after SDS-PAGE. A total of 3 µg of the DNA conjugation reaction giving C2IN-C3lim-G205C-SE3′ and 3 µg C2IN-C3lim-G205C 
for control were subjected to SDS-PAGE. B) Preparation of the fusion toxin (FT) DNA conjugate DL2-FT by DNA-programed assembly. The ssDNA-
modified C2IN-C3lim-G205C-SE3′ is used for DNA hybridization with DL2. C) Scheme for the preparation of C2IN-C3lim-G205C-loaded hydrogel with 
subsequent DNase-initiated degradation.
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surface with C2IN-C3lim-G205C-loaded hydrogel was signifi-
cantly decreased, whereas hydrogels without toxin displayed 
no effect (Figure 6F–J). Therefore, in summary, hybrid hydro-
gels alone do not affect osteoclastogenic differentiation or the 
activity of osteoclast-like cells, whereas toxin-loaded hydrogels 
displayed a significant toxic effect, indicating effective C2IN-
C3lim-G205C uptake into the cytosol. This corresponds to 
the described toxic effects when C2IN-C3lim was applied to 
macrophages, leading to the inhibition of Rho-mediated sign-
aling, reorganization of the actin cytoskeleton, and a charac-
teristic C3-mediated cell morphology.[26] Moreover, these data 
are in agreement with our previous findings, showing that 
C2IN-C3lim without a carrier could also affect morphology, 
viability, and osteoclastogenic differentiation of RAW 264.7 
cells in a concentration-dependent manner more effectively 
than C3bot1.[25] Currently, the reason for the cell type-selec-
tive mode of action of C2IN-C3lim toward macrophage-like 
cells, including osteoclasts, remains unclear. However, one 
possible reason for the efficient internalization of C3 proteins 
into the cytosol of such cells may be that C3bot binds to pro-
teinaceous structures on macrophages and that macrophages 
exhibit significantly more C3-binding sites compared to other 
cell types.[36]

2.6. Hydrogel-Released C2IN-C3lim-G205C Does Not Affect 
Osteoblast Viability or Differentiation

To confirm that the delivery of C2IN-C3lim-G205C toxin via 
hydrogel does not compromise osteoblast activity, osteoblast-
like MC3T3-E1 cells were cultivated in osteogenic media with 
or without C2IN-C3lim-G205C immobilized in hybrid hydro-
gels. Cell proliferation and metabolic activity was evaluated 
by the MTT assay. No significant differences in cell viability 
were found between the groups (Figure 7A). Furthermore, 
analysis of the gene expression of the characteristic apoptosis 
marker tumor protein p53 and the proliferation marker KI67 
showed, in agreement with the MTT analysis, no differences 
between the groups (Figure 7B,C). These results indicate that 
neither hydrogel alone nor C2IN-C3lim-G205C immobilized on 
hydrogel induced apoptosis or compromised cell proliferation. 
These data are in accordance with our previous studies showing 
that C2IN-C3lim cannot penetrate MC3T3-E1 cells without the 
separate transport component C2IIa, thereby not affecting Rho 
ADP-ribosylation in these cells.[25]

Osteogenic cell differentiation was analyzed by alkaline phos-
phatase staining and by the expression of osteogenic marker 
genes, including alkaline phosphatase (Alpl), osteocalcin 
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Figure 5. Rheological properties of chitosan-stabilized hybrid hydrogel. A) Frequency sweep (0.05–100 Hz) of 3.4% hydrogel at 25 °C with a fixed strain 
of 1%. Values are given as the mean ± standard deviation (n = 2). B) Oscillatory time sweep of 3.4% hydrogel for 5 min with a fixed strain of 1% and 
frequency of 1 Hz at 25 °C. Values are given as the mean ± standard deviation (n = 3). C) Oscillatory strain sweep (0.01–1000%) of 3.4% hydrogel at 
25 °C with a fixed frequency of 1 Hz. Values are given as the mean ± standard deviation (n = 2). D) Oscillatory strain sweep (0.01–1000%) of 3.4% 
hydrogel at 25 °C with a fixed frequency of 1 Hz, followed by an oscillatory time sweep measurement with a fixed strain of 0.1% and frequency of 1 Hz 
at 25 °C. Values are given as the mean ± SD (n = 2).
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(Bglap), and bone sialoprotein (Ibsp). We detected no significant 
differences in the alkaline phosphatase activity or gene expres-
sion between cells incubated in osteogenic differentiation 
medium with or without C2IN-C3lim-G205C-loaded hydrogels 
(Figure 7D–H), indicating that the hydrogel alone or the treat-
ment with toxin did not compromise osteogenic differentiation 
of MC3T3-E1 cells. Osteocalcin gene expression was also sig-
nificantly increased with both hydrogels. There was a nonsig-
nificant increase in Ibsp expression in the presence of hydrogel. 
Therefore, our data clearly indicate that hybrid hydrogels either 
alone or loaded with C2IN-C3lim-G205C had no adverse or 
toxic effect on osteoblasts. In the osteoclast cell culture, C2IN-
C3lim-G205C decreased osteoclast formation and activity, and 
these effects can be attributed to the toxin, because treatment 
with hydrogel alone did not affect the cells. However, the use 
of cell lines represents a limitation of the present study and 
implies the need for further evaluation using primary cells.

3. Conclusions

We have prepared a multifunctional hybrid hydrogel consisting 
of biodegradable and biocompatible components as well as 
a functional protein cargo as an efficient biomaterial for local 
treatment of bone diseases, including osteoporosis. The hybrid 
hydrogel is composed of chemically modified HSA and a 
rationally designed DNA linker. The hybrid hydrogel provides 
several advantageous features because of the mild and efficient 
DNA hybridization-based gelation, including: (1) rapid gelation 
under physiological conditions with crosslinking in the absence 

of chemically reactive, toxic groups or metal catalysts; (2) self-
healing with favorable injectability allowing direct application 
to bone defects by simple injection,[14] (3) rapid, highly specific, 
and stable loading and controlled release of DNA-tagged cargo, 
ranging from proteins, enzymes, and growth factors to antibi-
otics. Considering all these properties, there are currently no 
other materials that provide a combination of all these features.

Recombinant C3 toxin (C2IN-C3lim-G205C) was effectively 
incorporated into the hybrid hydrogel, which fully maintained 
its bioactivity following bioconjugation. The spatiotemporally 
controlled C2IN-C3lim-G205C release allows efficient and spe-
cific inhibition of osteoclast formation and bone resorption, but 
does not affect osteoblastic differentiation and mineralization. 
The protein release by DNase application allows for local appli-
cation of this hydrogel, which could provide inhibition of osteo-
clasts on a controlled time scale. This could provide not only a 
promising strategy to promote skeletal repair of bone diseases 
but also for local improvement of bone quality, for example, 
immediately surrounding bone implants. In addition, after 
releasing the therapeutic protein, this hydrogel is fully degra-
dable and nontoxic, which is critical for noninvasive therapies.

In principle, because of the high functionalization capacity of 
the protein–DNA hybrid hydrogel, it is conceivable that it could 
stimulate bone formation by loading the hydrogel with anabolic 
factors, including growth factors, or to fight periprosthetic infec-
tions by loading it with antibiotics. In relation to this, instanta-
neous protein immobilization by simply adding the crosslinker 
immediately prior to injection or by applying moderate sheer 
forces would allow the application of very sensitive, less stable 
proteins. In this manner, the protein–DNA hybrid hydrogel 
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Figure 6. Effect of C2IN-C3lim-G205C released from protein–DNA hybrid hydrogel on the formation of mature osteoclast-like cells and their activity. 
Hydrogel comprising immobilized C2IN-C3lim-G205C (1 µg per 500 µL) was added to RAW 264.7 cells starting from day 1 and cells were treated with 
RANKL/M-CSF to induce osteoclast formation. Toxin release was enhanced by the addition of DNase I (50 or 100 U) to the hydrogel. A) The number 
of TRAP-positive multinucleated cells was determined after 5 d of incubation. B) Representative image of TRAP staining of untreated RAW 264.7 cells, 
C) cells after osteoclastogenic differentiation, and D) osteoclastogenic differentiation in the presence of unloaded hydrogel or E) C2IN-C3lim-G205C-
loaded hybrid hydrogel. Scale bar is 100 µm. Arrowheads indicate TRAP-positive multinucleated cells. F) Quantification of resorbed area per well and 
G) representative von Kossa staining of a well with untreated RAW 264.7 cells, H) cells after osteoclastogenic differentiation, and I) osteoclastogenic 
differentiation in the presence of unloaded hydrogel or J) C2IN-C3lim-G205C-loaded hybrid hydrogel. Values are given as the mean ± SD (n = 12–15 
for TRAP staining, n = 6–8 for pit assay), *=P < 0.05; **=P < 0.01; ***=P < 0.001.
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has great potential for the local improvement of bone quality 
in osteoporotic bone, for example, surrounding implants.[37–39] 
Moreover, using this strategy, patient-specific prophylactic treat-
ment of bones with a high fracture risk, including vertebrae 
and the femoral neck, is also conceivable.[40–42]

4. Experimental Section
Materials and Instruments: HSA (>98%), bovine pancreatic 

deoxyribonuclease I (DNase I, lyophilized powder, protein 
≥85%, ≥400 Kunitz units mg−1 protein), high-purity chitosan (Mv 
40 000–60 000), DMT-dA(bz)-CPG, DMT-dT-CPG, DMT-dG(ib)-CPG, 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, ethylene diamine, 
and 5-hexyn-1-ol were obtained from Sigma-Aldrich Chemie GmbH 
(Munich, Germany). DMT-dA(bz) phosphoramidite, DMT-dT 
phosphoramidite, DMT-dG(iBu) phosphoramidite, and DMT-dC(Bz) 
phosphoramidite were obtained from Wuhu Huaren Science and 
Technology Co. (Wuhu City, Anhui Province, China). α-Methoxy-ω-
carboxylic acid succinimidyl ester poly(ethylene glycol) was purchased 
from Iris Biotech GmbH (Marktredwitz, Germany). TCEP hydrochloride, 
urea, and ethylenediaminetetraacetic acid were obtained from Alfa 
Aesar (Karlsruhe, Germany). N-ethyldiisopropylamine was purchased 
from Merck Millipore (Darmstadt, Germany). 2-Cyanoethyl N,N-
diisopropylchloro phosphoramidite was obtained from ChemGenes 

Corporation. TEAA 2.0 m buffer (pH 7) for high-performance liquid 
chromatography (HPLC) purification of DNA was purchased from 
Biosolve BV (Valkenswaard, Netherlands). Anti-C2IN and anti-C3 
antisera were raised in rabbits (Pineda, Berlin, Germany). Horseradish-
peroxidase-conjugated anti-rabbit and anti-mouse antibodies were 
obtained from Santa Cruz (Santa Cruz, Dallas, USA) and monoclonal 
anti-actin antibody from Sigma (Taufkirchen, Germany).

DNA synthesis was performed on a PolyGen 12-Column solid-phase 
DNA synthesizer (PolyGen GmbH). Purification of the synthesized 
DNA was accomplished by HPLC (1260 Infinity Quarternary LC System, 
Agilent Technologies) with a C18 RP-HPLC column (Agilent Eclipse XDB-
C18, 5 µm, 9.4 × 250 mm, Agilent Technologies). The DNA concentration 
was determined using a NanoDrop 2000c from Thermo Fisher Scientific 
Inc. ÄKTA Purifier FPLC and a HighPrep_16/60 Sephacryl 300 HR 
column (GE healthcare, Munich, Germany) were used for polypeptide 
copolymer purification. A Superdex 200 Increase 10/300 GL column 
from GE healthcare was utilized for DNA linker purification. Agarose 
gel electrophoresis was conducted using the Bio-Rad Mini-Sub Cell 
GT horizontal electrophoresis system (Bio-Rad Laboratories GmbH). 
Sodium dodecyl sulfate (SDS) gel electrophoresis was performed 
using the Bio-Rad Mini-PROTEAN Tetra Cell electrophoresis system. 
Matrix-assisted laser desorption/ionization time-of-flight mass specta 
(MALDI-ToF MS) were recorded on a Bruker Reflex III MALDI-ToF MS 
spectrometer (Bruker Corporation). Rheological measurements were 
conducted on a DHR3 rheometer (TA Instruments). Characterization 
of chemical compounds by nuclear magnetic resonance spectroscopy 
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Figure 7. Effect of C2IN-C3lim-G205C delivered via hydrogel on osteoblast viability, proliferation, and differentiation. Hydrogel alone or hydrogel 
containing immobilized C2IN-C3lim-G205C (1 µg per 500 µL) was added to MC3T3-E1 cells cultivated with or without osteogenic differentiation 
medium (ODM). A) Cell viability as determined by the MTT assay. B) Expression of the apoptosis marker p53 and C) proliferation marker KI67.  
D) Representative alkaline phosphatase staining of MC3T3-E1 cell incubated without ODM, E) cells after osteogenic differentiation without and  
F) with hydrogel alone or G) with C2IN-C3lim-G205C-immobilized hybrid hydrogel. Scale bar is 500 µm. H) Relative expression of alkaline phosphatase 
(Alpl), osteocalcin (Bglap), and bone sialoprotein (Ibsp). Values are given as the mean ± SD (n = 15–22 for MTT assay, n = 6–10 for RT-qPCR analysis),  
*=P < 0.05; **=P < 0.01.
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was conducted using a Bruker DRX 400 (1H-NMR 400 MHz, 13C-NMR  
100 MHz, 31P-NMR 162 MHz).

Vector Construction for the C3 Mutant – C2IN-C3lim-G205C: To create 
the cysteine-mutant of the fusion toxin C2IN-C3lim, glycine-205 was 
replaced by cysteine. The vector for the cysteine-C2IN-C3lim mutant was 
generated by site-directed mutagenesis with pGEX2T-C2IN-C3lim[30] as 
a template and the respective oligonucleotides using the Quick Change 
II XL site-directed mutagenesis kit (Agilent Technologies) according 
to manufacturer’s instructions. One of the two complementary 
synthetic oligonucleotides is depicted here; C2IN-C3lim-G205C: 
5′-CCTGAGTCAGCTATTATAACTACTATAA-AGTGCAAAGACTATATATTA-
ATAGAAGGAAG-3′. The mutated plasmid was transformed into E. coli 
BL21 competent cells and the presence of the mutation confirmed by 
DNA sequencing.

Expression and Purification of the Recombinant C2IN-C3lim-G205C 
Mutant: C2IN-C3lim-G205C protein was expressed as a recombinant 
GST-fusion protein in E. coli as described earlier,[30] containing the 
respective DNA plasmid (C2IN-C3lim-G205C gene). Protein expression 
and enzymatic activity of the fusion protein was confirmed by SDS-PAGE 
and western blotting.

Macrophage Intoxication Assay to Evaluate Toxin Activity: J774A.1 
macrophage-like cells (obtained from Dr. Singh Chhatwal, Braunschweig, 
Germany) were cultivated at 37 °C and 5% CO2 in Dulbecco’s modified 
Eagle medium (DMEM), containing 10% heat-inactivated (30 min 
at 56 °C) fetal calf serum (FCS). The medium contained l-glutamate 
(4 × 10−3 m), penicillin (100 U mL−1), and streptomycin (100 mg mL−1). 
Cells were reseeded at least twice weekly. For the intoxication assay, the 
cells were seeded in 12-well plates at a density of 125 000 cells per well in 
1 mL medium. Afterward, the cells were incubated with toxin solutions: 
Either C2IN-C3lim-G205C (0.5 µg mL−1) or C2IN-C3lim (0.5 µg mL−1), 
which were added into the cell culture medium, or the cells were left 
untreated (negative control). At indicated time points, pictures were 
taken using a Zeiss Axiovert 40CFl microscope (Oberkochen, Germany) 
connected to a progress C10 CCD camera from Jenoptik (Jena, 
Germany). To detect in vitro enzyme activity of the new fusion-protein 
C2IN-C3lim-G205C, 40 µg of Chinese Hamster Ovary (CHO) cell lysate, 
including protease inhibitor, were incubated for 30 min at 37 °C in the 
presence of biotin-labeled NAD+ as cosubstrate for ADP-ribosylation 
and with 300 ng of C2IN-C3lim-G205C, C2IN-C3lim, or C3lim. The 
samples were denatured at 95 °C for 10 min and subjected to SDS-
PAGE followed by western-blot analysis. Biotin-labeled ADP-ribosylated 
Rho was detected using a streptavidin-peroxidase system (MILLIPORE 
Immobilon Western, Billerica, USA) according to the manufacturer’s 
instructions. Loading of comparable amounts of blotted protein was 
confirmed by detection of actin in the same blots.

MTS Assay: A total of 5000 RAW 264.7 cells or 8000 J774A.1 cells 
per well were seeded in 96-well plates overnight at 37 °C and 5% 
CO2. Subsequently, the cells were incubated for 24, 48, and 72 h in a 
total volume of 100 µL containing either medium alone as control or 
C2IN-C3lim, C2IN-C3lim-G205C, or C2IN-C3lim-G205C-SE3′ at a final 
concentration of 2 or 1 µg mL−1. Each sample was tested as a three-well 
replicate. The number of viable cells after incubation was determined 
using the CellTiter 96 AQueous One Solution Cell Proliferation Assay 
(MTS assay, Promega GmbH, Mannheim, Germany) according to the 
manufacturer’s instructions.

Conjugation of Maleimide DNA to C2IN-C3lim-G205C Toxin – C2IN-
C3lim-G205C-SE3′: Maleimide SE3′ (5.28 µL of 500 ng µL−1 stock 
solution in water, 663 pmol), C2IN-C3lim-G205C toxin (69.95 µL of 
474 ng µL−1 solution in water, 663 pmol), and TCEP (12.02 µL, 5 ng µL−1, 
324 pmol, 0.3 eq) were mixed in PBS buffer (total volume of 100 µL) and 
incubated under gentle shaking for 4 h at RT. A conjugation yield of 30% 
was confirmed by SDS gel electrophoresis (10% gel, 2-(N-morpholino)
ethanesulfonic acid buffer, 150 V, 50 min) and the modified toxin was 
stored at −20 °C until further use.

Preparation of Toxin-Loaded DNA Linker DL2-Fusion Toxin (FT) – DNA-
Programed Assembly of C2IN-C3lim-G205C-SE3′ and DL2 DNA Linker: 
C2IN-C3lim-G205C-SE3′ (30 µg, 603 pmol) and DL2 (25.5 µg, 354 pmol)  
were mixed in PBS (26.55 µL total volume) and incubated under  

gentle shaking overnight at 4 °C to obtain the toxin-loaded DL2 linker 
(DL2-FT).

Preparation of Hybrid Hydrogel Comprising C2IN-C3lim-G205C: A total 
of 10 µL hydrogel comprising C2IN-C3lim-G205C toxin was prepared by 
mixing 2.25 µL PcP (15 wt%), 4.5 µL water (nuclease free), and 1.5 µL 
DL2-FT to obtain a final concentration of toxin in cell culture medium 
of 1 µg per 500 µL. Addition of 2.25 µL DL1 (2 × 10−3 m) resulted 
in hydrogel formation within seconds. To prepare 5 µL hydrogel, 
1.13 µL PcP (15 wt%) was mixed with 2.3 µL water (nuclease free) and 
0.45 µL DL2-FT to obtain a final concentration of the toxin in cell culture 
medium of 1 µg per 500 µL, followed by the addition of 1.13 µL DL1 
(2 × 10−3 m) and rapid mixing of the components. Hydrogel formation 
occurred within few seconds.

Stabilization of Hybrid Hydrogel: Stabilization of the hydrogel was 
achieved by incubation in saturated chitosan solution (5 mg mL−1, pH 5, 
500 µL for 10 µL hydrogel and 150 µL for 5 µL hydrogel) for 2.5 h at 4 °C 
for cell experiments and rheological characterization or 3 h to determine 
stability.

Rheological Characterization: Rheological characterization was 
conducted using a DHR3 rheometer (TA Instruments) equipped with 
a temperature controller and a solvent reservoir to prevent hydrogel 
drying. Experiments were performed using an 8 mm parallel-plate 
geometry with 20 µL toxin-free hydrogels (DL2-FT was substituted by 
nuclease-free water) resulting in a gap size of 0.35 mm. In total, three 
different experiments were performed: (i) The linear viscoelastic region 
was found to be in the range of 1% strain and 1 Hz frequency. Therefore, 
oscillatory time-sweep measurements were performed at a fixed strain 
of 1% and a fixed frequency of 1 Hz at 25 °C for 5 min. (ii) Oscillatory 
strain sweeps (0.01–1000%) were conducted at a fixed frequency of 1 Hz 
at 25 °C. (iii) Frequency sweeps (0.05–100 Hz) were performed at a fixed 
strain of 1% at 25 °C.

Osteoclast Cell Culture: Murine monocytic RAW 264.7 cells (from 
LGC Standards GmbH/American Type Culture Collection (ATCC), 
Wesel, Germany) were incubated in DMEM (ATCC, Manassas, VA, USA) 
containing 10% FCS (Gibco, Darmstadt, Germany), 1% l-glutamine 
(Gibco), and 1% penicillin–streptomycin (Biochrom AG, Berlin, 
Germany) at 37 °C under a humidified atmosphere with 5% CO2. To 
support the differentiation of RAW 264.7 cells into osteoclasts in vitro, 
the medium was supplemented with 20 ng mL−1 of murine recombinant 
receptor activator of nuclear factor-κB ligand (RANKL) and 10 ng mL−1 
macrophage colony-stimulating factor (M-CSF).

Osteoclast formation was assessed by TRAP staining, seeding 2000 
cells per well into 24-well plates. Resorption activity was evaluated 
by the pit assay, seeding 500 RAW 264.7 cells on calcium phosphate-
coated 96-well plates. Coating was performed using SaOS2 cells as 
described in Lutter et al.[43] After 24 h, cell-culture medium was replaced 
with osteoclastogenic medium containing RANKL and M-CSF, and  
10 µL hydrogel per 0.5 mL medium (24-well plates) or 5 µL hydrogel per 
0.15 µL medium (96-well plates) was added. To avoid direct hydrogel/
cell contact, the hydrogels were added into cell culture inserts placed 
into the wells. To enhance cargo release from the hydrogel, 100 U  
(10 µL hydrogel) or 50 U (5 µL hydrogel) DNase I was applied onto the 
hydrogel. After 5 d, TRAP staining was performed using a TRAP staining 
kit (Sigma) according to manufacturer’s recommendations to analyze 
osteoclast formation. TRAP-positive cells with more than three nuclei 
were counted as osteoclasts (n = 12–15). To quantify TRAP staining, 
the mean number of TRAP+ multinucleated cells was calculated for each 
well by analyzing six visual fields per well under 100× magnification. 
Von Kossa staining was used to determine the resorption area using 
the image processing software Photoshop 6 (Adobe Systems) (n = 
6–8). Here, the entire well area was set as the region of interest (ROI) 
and the threshold was set to the lightest (resorbed) area in the ROI. 
The percentage of resorbed area was calculated as the ratio of pixels 
after thresholding to the total number of pixels per ROI. All data were 
analyzed using Kruskal–Wallis with Dunn’s post hoc test.

Osteoblast Cell Culture: Murine preosteoblastic MC3T3-E1 cell line 
(German Collection of Microorganisms and Cell Cultures, Braunschweig, 
Germany) was incubated in alpha-minimal essential medium (Gibco) 
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supplemented with 10% FCS (PAA Laboratories, Pasching, Austria), 
1% penicillin/streptomycin (Gibco), and 1% l-glutamine (Biochrom) 
at 37 °C under a humidified atmosphere with 5% CO2. To induce 
osteogenic differentiation, the medium was additionally supplemented 
with 10 × 10−3 m β-glycerophosphate and 0.2 × 10−3 m ascorbate-
2-phosphate (both Sigma-Aldrich; further denoted as osteogenic 
differentiation medium, ODM). A total of 20 000 cells were seeded per 
well in 24-well plates. After 24 h, the expansion medium was replaced 
with ODM containing 10 µL hydrogel per 0.5 mL medium. To avoid direct 
hydrogel/cell contact, the hydrogels were added into cell culture inserts 
placed into wells. Cargo release was enhanced from the hydrogel by the 
application of 100 U DNase I onto the hydrogel. Cell proliferation and 
metabolic activity were assessed after 7 d of osteogenic differentiation 
by the MTT assay as described previously.[25] Alkaline phosphatase 
protein expression was analyzed using the alkaline phosphatase staining 
kit (Sigma). Additionally, the expression of osteodifferentiation markers 
(alkaline phosphatase, osteocalcin, and bone sialoprotein), apoptosis 
marker p53, and proliferation marker KI67 were analyzed by real time 
quantitative PCR (RT-qPCR, n = 6–10). All data were analyzed using 
Kruskal–Wallis with Dunn’s post hoc test.

Total RNA of samples was isolated using the Micro RNEasy Kit 
(Qiagen, Hilden, Germany) according to the manufacturer’s protocol. 
A total of 1 µg of isolated RNA was subscribed into cDNA using 
the Omniscript Reverse Transcriptase Kit (Qiagen). Real-time PCR 
was performed using the Brilliant Sybr Green qPCR Master Mix Kit 
(Stratagene, Agilent Technologies, Munich, Germany) according to the 
manufacturer’s instructions in a total volume of 25 µL as previously 
described.[44] Primer sequences are summarized in Table 1. Gene 
expression was normalized to the housekeeping protein glyceraldehyde 
3-phosphate dehydrogenase (GAPDH).

Statistical Analysis: All results are presented as a mean ± standard 
deviation (SD). For experiments with RAW 264.7 and MC3T3-E1 cells, 
statistics software GraphPad Prism 6 (GraphPad Software, La Jolla, 
CA, USA) was used to evaluate the data, applying Kruskal–Wallis with 
Dunn’s post hoc test. The level of significance was set to P < 0.05. 
All data were obtained from at least three independent experiments. 
Here, sample size was as follows: TRAP staining (n = 12–15), pit assay  
(n = 6–8), MTT assay (n = 15–22), real-time quantitative PCR (n = 6–10).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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1. Comparison of the toxicity of different fusion toxins using J774A.1 and RAW 264.7 cells 

 
Figure S1: C2IN-C3lim-G205C-SE3’ efficiently enters J774A.1 macrophages and modifies intracellular Rho. J774A.1 macrophages were incubated with either C2IN-C3lim, C2IN-C3lim-G205C, C2IN-C3lim-G205C-SE3’ (each 2 µg mL-1) or were left untreated (negative control). A. Effect of C2IN-C3lim toxins on cell morphology. Representative images after 7 h treatment show the characteristic changes in cell morphology after treatment with C2IN-C3lim toxins (scale bar is 20 µm) B. Analysis of the ADP-ribosylation status of Rho from the cells. After 7 h of intoxication, the cells were lysed and lysates incubated for 30 min at 37 °C with 350 ng of C3 enzyme and 10 µM of biotin-NAD+ to ADP-ribosylate the Rho proteins in vitro which were not ADP-ribosylated in the living cells during incubation with the C2IN-C3lim toxins. ADP-ribosylated, i.e. biotinylated Rho was detected by western blotting with streptavidin-peroxidase. Note: In this assay, a strong signal indicates that no Rho was ADP-ribosylated in the living cells and a weak signal indicates that most of the Rho protein was ADP-ribosylated by the toxins during incubation of the living cells. Comparable protein loading was confirmed by western blotting of actin. C. The effect of C2IN-C3lim, C2IN-C3lim-G205C or C2IN-C3lim-G205C-SE3’ (each 1 and 2 µg mL-1) on the viability of J774A.1 cells was analyzed after 72 h of incubation by MTS test. 
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Figure S2: C2IN-C3lim-G205C-SE3’ efficiently enters RAW 264.7 macrophages and modifies intracellular Rho-proteins. RAW 267.4 macrophages were intoxicated with either C2IN-C3lim, C2IN-C3lim-G205C, C2IN-C3lim-G205C-SE3’ (2 µg mL-1) or were left untreated as negative control. A. Representative images after 24 h treatment show characteristic change in morphology of RAW 264.7 cells when treated with the toxins (scale bar is 20 µm) B. After 7 h intoxication time, cells were lysed and lysates were incubated for 30 min at 37 °C with 350 ng wildtype C3 and 10 µM biotin-NAD+ to ADP-ribosylate non-ADP-ribosylated Rho. Subsequently, samples were subjected to SDS-PAGE and western blot, biotinylated proteins were detected using streptavidin-peroxidase. Comparable amounts of spotted total protein were confirmed by actin staining with specific antibodies. C. Change in amount of viable RAW 264.7 cells treated with C2IN-C3lim, C2IN-C3lim-G205C or C2IN-C3lim-G205C-SE3’ (each 1 and 2 µg mL-1) was detected after 72 h by MTS assay. 
 

2. Preparation of the protein backbone 

 Scheme S1: Scheme for the sequential preparation of human serum albumin (HSA)-derived polypeptide backbone (PcP) decorated with polyethyleneglycol (PEG) (noteworthy, primary amino groups can originate from the newly introduced amino groups of the previous synthetic step as well as from lysine side chains of cHSA. For clarity reasons, the conjugation reaction in the scheme is only shown for the newly introduced amines and not for the lysine side chains) and ssDNA (SE1’). 
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Synthesis of cationized human serum albumin (cHSA) 
HSA (600 mg, 9.1 µmol) was dissolved in 60 mL ethylendiamine (EDA) solution (2.5 M, pH = 4.75) at room temperature. Subsequently, N-(3-dimethylaminopropyl)-N´-ethylcarbodiimide hydrochloride (EDC, 3.07 g, 16 mmol) was added. The reaction was stirred for 2 h on an orbital shaker at room temperature. The reaction was stopped by addition of acetate buffer (4 mL, 4 M, pH = 4.75). Thereafter, the colorless solution was concentrated by ultrafiltration using Vivaspin 20 ultrafiltration tubes (30 kD molecular weight cut-off (MWCO)) and washed twice with acetate buffer (100 mM, pH = 4.75) and five times with Milli-Q-water. After lyophilization (ALPHA 1-4LD Plus, Christ), the cHSA was afforded as a white solid (634 mg, 8.7 µmol, 96 %).  
MALDI-ToF MS (H2O): m/z = 72817 (M+). 
 
Synthesis of PEGylated cHSA (cHSA-PEG(2000)18) 
cHSA (130 mg, 1.8 µmol) was dissolved in 75 mL degassed phosphate-buffer (50 mM, pH 8.0). Thereafter, MeO-PEG(2000)-NHS ester (131.5 mg) was dissolved in 500 µL DMSO and introduced to the protein solution. The reaction mixture was stirred for 135 min at room temperature. The solution was concentrated and washed eight times with Milli-Q-water in ultrafiltration (Vivaspin 20 ultrafiltration tubes, 30 kD MWCO). After lyophilization, the cHSA-PEG(2000)18 was afforded as a white solid (190 mg, 1.76 µmol, 98 %). 
MALDI-ToF MS (H2O): m/z = 107756 (M+). 
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 Figure S3: MALDI-ToF MS spectrum (positive ion, linear ToF) of native HSA (black), cHSA (red), cHSA-PEG(2000)18 (blue), N3-cHSA-PEG(2000)18 (pink), SE1’8-cHSA-PEG(2000)18 (green).  

 
Synthesis of azido HSA (N3-cHSA-PEG(2000)18) 
cHSA-PEG(2000)18 (49.1 mg, 0.46 µmol) was dissolved in 2.19 mL of Milli-Q-water. A solution of copper sulfate (10.05 µL, 10 mg/mL) and potassium carbonate (110.48 µL, 100 mg/mL) was prepared and introduced to the protein solution. In addition, a solution of imidazole-1-sulfonyl azide hydrochloride (7 mg, 33.4 µmol) in Milli-Q-water was added to the mixture. Imidazole-1-sulfonyl azide hydrochloride was prepared according to Goddard-Borger and Stick.[1] The 1H NMR is provided in the appendix (Figure 14). The reaction was stirred for 24 hours at RT. Excess reagents were 
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removed by ultrafiltration (MWCO 30 kDa) three times using Milli-Q-water and subsequently lyophilized to give a white solid (44.6 mg, 94 %). 
MALDI-ToF MS (H2O): m/z = 103670 (M+). 
IR, ν(cm-1): 3291 (N-H and O-H), 2923 (C-H), 2872 (C-H), 2099 (-N3), 1649 (Amide I), 1537 (Amide II), 1451, 1250 (Amide II), 1096 (C-O-C). 
 
[Imidazole-1-sulfonyl azide hydrochloride:  
1H NMR (400 MHz, D2O) δ = 9.48 (d, 3J = 1.1 Hz, 1 H), 8.01 (s, 1 H), 7.61 (s, 1 H).] 
 

 Figure S4: IR spectrum of N3-cHSA-PEG(2000)18. 
 
 

 Figure S5: SDS gel electrophoresis (10 %, MES buffer) of modified human serum albumin (HSA). Line 1: N3-cHSA-PEG(2000)18. Line 2: cHSA-PEG(2000)18. Line 3: cHSA. Line 4: Native HSA. 



7 

 

Synthesis of SE1’-HSA (cHSA-PEG(2000)18-SE1’8) 
N3-cHSA-PEG(2000)18 (24 mg, 232 nmol) was dissolved in PBS buffer (11 mL). In a second step, CuSO4 · 5H2O (3.65 mg, 14.41 µmol) and sodium ascorbate (4.26 mg, 21.59 µmol) were mixed separately in PBS buffer (791 µL) and added to the protein solution. In a third step, alkyne-SE1’ DNA stock solution (7.63 mM, 465 µL) was added to the mixture. The reaction was stirred for 24 h at room temperature. Subsequently, the reaction was concentrated and washed three times with 50 mM EDTA (pH 7) and three times with Milli-Q-water by ultrafiltration (Vivaspin 20 ultrafiltration tubes, 30 kD MWCO). Lyophilization yielded cHSA-PEG(2000)18-SE1’8 as a white solid (30.9 mg, 232 nmol, quantitative). 
MALDI-ToF MS (H2O): m/z = 133003 (M+). 

 

 Figure S6: Agarose gel electrophoresis (1 %, TAE buffer, 100 V, 45 min) of DNA-“click” reaction. Line 1: N3-cHSA-PEG(2000)18. Line 2: Click reaction mixture. The formation of protein-DNA conjugate was observed. N3-cHSA-PEG(2000)18 was consumed completely since alkyne DNA was given in excess. Line 3:Alkyne-SE1’ DNA. 
 
Preparation of denatured HSA-derived polypeptide copolymer (PcP) 
cHSA-PEG(2000)18-SE1’8 (20.6 mg, 155 nmol) was added to degassed urea-sodium phosphate buffer (7 mL, 5 M Urea, 50 mM sodium phosphate buffer, pH 7.4) under argon and stirred for 15 min to allow protein denaturation. Subsequently, TCEP (tris(2-carboxyethyl)phosphine hydrochloride, 4.7 mg, 16.4 µmol) was added to the solution and stirred for 30 min under argon to reduce all disulfides. Thereafter, N-(2-aminoethyl)maleimide (4.12 mg, 29.4 µmol) was added to the reaction mixture and stirred overnight under argon atmosphere. N-(2-aminoethyl)maleimide was synthesized according to the protocol of Kuan et al.[2] The 1H NMR is provided in the appendix (Figure 15). The product was purified by ultrafiltration (MWCO 30 kDa) with Milli-Q-water three times followed by gel filtration using a HighPrep_16/60 Sephacryl 300 HR column on the Äkta purifier system. Purification was conducted using phosphate buffer (50 mM, pH 7.4) with 150 mM NaCl at 0.5 mL/min flow. The purified protein was desalted by ultrafiltration (MWCO 30 kDa) with Milli-Q-water for three times and lyophilized to give PcP as white solid (15.9 mg, 77 % yield). 
[N-(2-aminoethyl)maleimide:  
1H NMR (400 MHz, D2O) δ = 6.87 (s, 2 H), 3.81 (t,3J = 5.6 Hz, 2 H), 3.20 (2 H,t, 3J = 5.6 Hz, 2 H).] 
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 Figure S7: Purification of cHSA-PEG(2000)18-SE1’8 via gel filtration chromatography using HighPrep_16/60 Sephacryl 300 HR column on the Äkta purifier system. Purification was conducted using phosphate buffer (50 mM, pH 7.4) with 150 mM NaCl at 0.5 mL/min flow. Absorbance was recorded at 280 nm, 254 nm and 214 nm. 
 

3. Synthesis of DNA components 
Synthesis of alkyne DNA modifier 

 Scheme S2: Synthesis of alkyne DNA modifier. 
The synthesis of alkyne DNA modifier was conducted with a variation of synthesis protocol of Wu et al.[3] To ice-cooled anhydrous CH2Cl2 (30 mL), 5-Hexyn-1-ol (1.9 mmol, 200 µL), ethyldiisopropylamine (7 mmol, 1.2 mL) and 2-cyanoethyl-N,N-diisopropylphosphoramidite (2.2 mmol, 500 µL) were added under inert conditions during stirring. The reaction was stirred for 90 min at RT. Thereafter, the mixture was diluted with CH2Cl2 (60 mL) and extracted with saturated NaHCO3 (60 mL), Milli-Q-water (60 mL) and brine (60 mL) to remove remaining base and formed salt. The product in the organic phase was dried with anhydrous sodium sulfate, filtered and concentrated. Purification by column chromatography on silica gel (n-hexane: ethylacetate = 3:2; 5 % triethylamine) gave alkyne-phosphoramidite as yellow oil. The NMR spectra are provided in the appendix (Figure 16-18). 
1H NMR (400 MHz, CDCl3) δ = 1.16–1.19 (m, 12 H), 1.58–1.65 (m, 2 H), 1.70–1.76 (m, 2 H), 1.94 (t, 3J = 2.7 Hz, 1 H), 2.23 (td, 3J = 7.0, 2.7 Hz, 2 H), 2.64 (t, 3J = 6.5 Hz, 2 H), 3.55–3.90 (m, 6 H). 
13C NMR (101 MHz, CDCl3) δ = 18.22, 20.47, 20.53, 24.66–24.81, 25.10, 30.25–30.32, 31.09, 43.05–43.17, 58.31–58.50, 63.08–63.25, 68.59, 84.37, 117.79.  
31P NMR (162 MHz, CDCl3) δ = 147.36. 
 



9 

 

Synthesis of alkyne SE1’ DNA 

 Scheme S3: Synthesis of alkyne SE1’ DNA. 
The alkyne-DNA (AAG TGT CCA GTT) was synthesized by a solid-phase synthesizer using alkyne-phosphoramidite with a standard phosphoramidite synthesis protocol. The alkyne-phosphoramidite was dissolved in anhydrous acetonitrile to give a 0.1 M solution. The CPG loaded DNA (500 Å CPG support) was synthesized in 1 µmol scale with a “DMT-on” method. Cleavage was conducted by addition of concentrated ammonia solution (100 µL per µmol DNA) and stirring for 15 h at RT, followed by removal of ammonia via centrifugal evaporation. The crude product was purified by HPLC using an ACN gradient and a TEAA buffer (triethylamine and acetic acid buffer, 100 mM, pH=7). Characterization was conducted via MALDI-ToF MS.  
MALDI-ToF MS (m/z [M+H]+ = 3822.26 g/mol). 

 Figure S8: MALDI-ToF MS spectrum (negative ion, linear ToF) of alkyne DNA. m/z [M+H]+ = 3822.26 g/mol. 
 
Synthesis of maleimide DNA modifier 
 

 
 
  

 
Scheme S4: Synthesis of maleimide DNA modifier. 
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The maleimide modifier for oligo DNA synthesis was prepared according to the protocols of Heath et al. and Sánchez et al.[4-5] The 31P NMR according to literature is provided in the appendix (Figure S19). 
31P NMR (162 MHz, CDCl3) δ = 147.90. 
 
Synthesis of maleimide SE3’ DNA 
The maleimide-DNA (TGA CCG ATG ACA G) was synthesized by a solid-phase synthesizer using maleimide-phosphoramidite with a standard phosphoramidite synthesis protocol. The maleimide-phosphoramidite was dissolved in anhydrous acetonitrile to give a 0.1 M solution. The CPG loaded DNA (500 Å CPG support) was synthesized in 5 µmol scale with a “DMT-on” method. Cleavage was conducted by addition of a 1:1 (v/v) mixture of concentrated ammonia solution and 40 % methylamine in Milli-Q-water (1 mL) and stirring for 2 h at RT. The reaction was centrifuged (5 min, 3000 rpm) and the supernatant was subjected to centrifugal evaporation for removal of the cleavage cocktail. The beads were washed with Milli-Q-water (500 µL) and left for incubation at RT with shaking for 1 h. This washing procedure was repeated twice and the supernatants were collected and submitted to centrifugal evaporation. The crude product was purified by HPLC using an ACN gradient and a TEAA buffer (triethylamine and acetic acid buffer, 100 mM, pH=7). Characterization was conducted via MALDI-ToF MS.  
MALDI-ToF MS (m/z [M+H]+ = 4276.95 g/mol). 
 

 Figure S9: MALDI-ToF MS spectrum (negative ion, linear ToF) of maleimide DNA. m/z [M+H]+ = 4276.95 g/mol. 
 
DNA synthesis 
The DNA was synthesized by a solid-phase synthesizer using alkyne-phosphoramidite with a standard phosphoramidite synthesis protocol. The CPG loaded DNA (500 Å CPG support) was synthesized in 1 µmol scale with a “DMT-on” method. Cleavage was conducted by addition of concentrated ammonia solution (100 µL per µmol DNA) and stirring for 15 h at RT, followed by removal of ammonia using a concentrator. The crude product was purified by HPLC using an ACN gradient and a TEAA buffer (triethylamine and acetic acid buffer, 100 mM, pH=7). 
DNA Sequences:  

S1-1   CCT GTC TGC CTA ATG TGC GTC GTA AGT AAC TGG ACA CTT 
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S1-2   CTT ACG ACG CAC AAG GAG ATC ATG AGT AAC TGG ACA CTT 
S1-3   CTC ATG ATC TCC TTT AGG CAG ACA GGT CAG AGT GGA TTG 
S2-1   CCT GTC TGC CTA ATG TGC GTC GTA AGC AAT CCA CTC TGA 
S2-2   CTT ACG ACG CAC AAG GAG ATC ATG AGC TGT CAT CGG TCA 
S2-3  CTC ATG ATC TCC TTT AGG CAG ACA GGG ACA CAC TAA GGT 
Alkyne-SE1’  Alkyne- AAG TGT CCA GTT 
Maleimide-SE3’ Maleimide-TGA CCG ATG ACA G 

 
For further characterization, MALDI-ToF MS and HPLC of the synthesized and purified DNA was conducted. The respective MALDI-ToF MS spectra and HPLC chromatograms are summarized in Figures S10 and S11. 

 Figure S10: MALDI-ToF MS spectrum (negative ion, linear ToF) of S1 (A-C) and S2 (D-F) DNA monomers. The required data was processed using the software mMass. Hereby, baseline correction, normalization of intensities and smoothing of the spectra according to the Savitzky-Golay method were performed. The half mass [M+2H]2+ can also be seen in the spectra.  
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A. S1-1, m/zfound [M+H]+ = 11964 g/mol. B. S1-2, m/zfound [M+H]+ = 12009 g/mol. C. S1-3, m/zfound [M+H]+ = 12077 g/mol. D. S2-1, m/zfound [M+H]+ = 11933 g/mol. E. S2-2, m/zfound [M+H]+ = 12032 g/mol. F. S2-3, m/zfound [M+H]+ = 12023 g/mol. 

 Figure S11: HPLC chromatogram of synthesized and purified DNA. F.l.t.r S1 DNA (blue, S1-1; red, S1-2; green, S1-3), S2 DNA (pink, S2-1; green, S2-2; purple, S2-3) and alkyne DNA (SE1’, green) as well as maleimide DNA (SE3’, blue). 
 
Preparation of DL1 and Y2 DNA linker 
Preparation of DL1 and Y2 linker was conducted by mixing S1 DNA or S2 DNA, respectively, in a 1:1:1 ratio. S1-1 DNA (7.2 µL of a 33.2 µg/µL solution in nuclease free water), S1-2 DNA (7.26 µL of a 33.11 µg/µL solution in nuclease free water) and S1-3 DNA (6.58 µL of a 36.61 µg/µL solution in nuclease free water) were mixed in TBE buffer (total volume 100 µL) to give 20 nmol DL1 linker.  S2-1 DNA (13.87 µL of a 17.52 µg/µL solution in nuclease free water), S2-2 DNA (16.04 µL of a 14.96 µg/µL solution in nuclease free water) and S2-3 DNA (22.01 µL of a 10.88 µg/µL solution in nuclease free water) were mixed in TBE buffer (total volume 100 µL) to give 20 nmol Y2 linker. The reaction mixtures were incubated at 95 °C for 5 min and left for overnight incubation at room temperature under vigorous shaking to give DL1 or Y2 (yield 70 %). The respective linker was further characterized using 1 % agarose gel electrophoresis to prove successful self-assembly of the three single DNA strands (Figure 12).  
For utilization as cross-linker in hybrid hydrogel, the DL1 linker was further concentrated to a 2 mM solution using centrifugal evaporation. 
Preparation of DL2 DNA linker 
DL1 and Y2 with one complementary sticky end, each, were mixed in equal molar ratio to yield the DL2 linker. For example, 20 nmol DL1 linker (100 µL in TBE buffer) and 20 nmol Y2 linker (100 µL in TBE buffer) were mixed directly and incubated overnight with vigorous shaking to obtain DL2 (yield 40 %). 
The DL2 linker was separated from its precursors using Äkta purification with size exclusion column (SuperdexTM 200 Increase 10/300 GL). Purification of 10 nmol DL2 was conducted using 1x TAE buffer with 150 mM NaCl at 0.5 mL/min flow. The purified fractions comprising DL2 linker were identified by agarose gel electrophoresis and concentrated using centrifugal evaporation.  
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 Figure S12: Characterization and purification of DL2 linker. A Agarose gel electrophoresis (2 %, TBE buffer, 100 V, 90 min). Line 1: S1 monomer. Line 2: DL1 linker. Line 3: Y2 linker. Line 4: DL2 linker. B Purification of DL2 via gel filtration chromatography using SuperdexTM 200 Increase 10/300 GL column on the Äkta purifier system. Purification was conducted using 1xTAE buffer with 150 mM NaCl at 0.5 mL/min flow. C Agarose gel electrophoresis (2 %, TBE buffer, 100 V, 90 min) of fractions after gel filtration chromatography purification of DL2 linker. Line 1,2: DL2 linker. Line 3,4: Mixture of DL1, Y2 and DL2 linker. Line 5-7: Mixture of DL1 and Y2.  
 

4. Experimental data 
Stabilization of hybrid hydrogel 

 Figure S13: Chitosan stabilization of protein-DNA hybrid hydrogel. The chitosan stabilized hybrid hydrogel remained intact when incubated in PBS at 4 °C for 35 d, whereas the non-stabilized hydrogel dissociated within one day. A. Chitosan stabilized hydrogel is shown after 2.5 h incubation in a saturated chitosan solution (5 mg/mL, pH 5) at 4 °C (0 d) and during subsequent incubation in PBS at 4 °C for 1, 10 and 35 days. B. The non-stabilized hybrid hydrogel is shown after preparation (0 d) and after incubation in PBS at 4 °C for 1 day. The hydrogel dissociated within 1 day. C. Change in porosity of the hydrogel was observed between 73 d and 113 d of incubation in PBS at 4 °C. The scale bar is 250 µm. 



14 

 

 
5. References 

[1] E. D. Goddard-Borger, R. V. Stick, Org Lett 2007, 9, 3797. 
[2] S. L. Kuan, T. Wang, M. Raabe, W. Liu, M. Lamla, T. Weil, ChemPlusChem 2015, 80, 1347. 
[3] Y. Wu, C. Li, F. Boldt, Y. Wang, S. L. Kuan, T. T. Tran, V. Mikhalevich, C. Fortsch, H. Barth, Z. Yang, D. Liu, T. Weil, Chem. Commun. (Camb.) 2014, 50, 14620. 
[4] W. H. Heath, F. Palmieri, J. R. Adams, B. K. Long, J. Chute, T. W. Holcombe, S. Zieren, M. J. Truitt, J. L. White, C. G. Willson, Macromolecules 2008, 41, 719. 
[5] A. Sanchez, E. Pedroso, A. Grandas, Org. Lett. 2011, 13, 4364. 
 
 



15 

 

 
6. Appendix 

NMR Spectra 

 
Figure S14: 1H-NMR of imidazole-1-sulfonyl azide hydrochloride in CDCl3. 
 

 
Figure S15: 1H-NMR of N-(2-aminoethyl)maleimide in CDCl3. 
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Figure S16: 1H-NMR of alkyne DNA modifier in CDCl3. 
 

 
Figure S17: 13C-NMR of alkyne DNA modifier in CDCl3. 
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Figure S18: 31P-NMR of alkyne DNA modifier in CDCl3. 

 
Figure S19: 31P-NMR of maleimide DNA modifier in CDCl3. 
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Chapter 4  –   Hybrid hydrogels by pH-responsive 
functional nanofiber gelators        
 
Cell matrices with autonomous and ultrafast self-healing  

 
 
 

 
Reproduced from the original source[309] with permission under the terms of the CC BY-NC 4.0 International license (https://creativecommons.org/licenses/by-nc/4.0/) – Copyright 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. doi.org/10.1002/adma.201805044. 
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In the previous chapter, I discussed DNA cross-linked protein hybrid hydrogels that amongst 
other beneficial properties enabled spatiotemporally controlled release of a therapeutically 
active protein allowing for cell population control. However, as mentioned, DNA as a cross-
linking agent is still expensive and has limited scalability to date. Therefore, to make the 
hydrogel platform more easily applicable and allow for larger scale production, we further 
evolved the hydrogel system described in Chapter 3. We created a new supramolecular cross-
linking system based on self-assembling peptide grafts instead of DNA that allows the 
preparation of 10 to 100 times the amount of hydrogel compared to the previously described 
DNA system.  
As discussed in the introduction, nanofiber-forming peptides afford defined materials based on 
their programmable amino acid sequence, offer well scalable synthesis via SPPS, can mimic 
morphological features of the ECM and can provide noncovalent cross-links due to hydrogen 
bonding. I combined both covalent and supramolecular components by grafting SAPs onto the 
highly defined PcP precision polypeptide backbone to introduce modular bioactivity and 
simultaneously induce gel formation by generating a peptide nanofiber network. Our approach 
contrasts with earlier work, which produced first examples of hybrid hydrogels that use this 
“grafting to” strategy exclusively to introduce biological functions into biologically inert 
polymers, e.g., to couple typical peptides such as RGD, but no cross-linking was 
induced.[163,253,262–264] Only in very few and recent examples, peptide grafts have also been 
employed for hydrogel cross-linking. These include the use of different chemistries for cross-
linking such as formation of complexes with metal ions.[259] Interesting systems using peptides 
with self-assembly domains to mediate gelation by intermolecular association and hydrogen 
bonding implemented either coiled coil[260] or β-sheet forming peptides[258,261] to cross-link 
synthetic polymers but did not include biological functions. Some of these results by other 
groups were published only very recently in the course of my thesis, demonstrating the 
immense potential and interest in these systems.[261] However, these early systems were 
associated with heterogeneity based on distributions of molecular weight arising from the 
synthetic polymer backbone as well as chemical composition as copolymerization yields 
ranged between 40-60 % or hydrogel formation could not be controlled via external 
stimuli.[258,259,261] Furthermore, an evaluation of their biocompatibility was not performed. In 
order to elevate current systems and further advance the field, we proposed hybrid hydrogels 
prepared from a precision soft poly-peptide matrix combined with short SAP motifs for gelation 
and functionalization and tested them as cell scaffold.  
To implement supramolecular cross-linking via self-assembly, the amphiphilic 9mer peptide 
sequence KIKISQINM (P1) was designed. This short peptide had a strong tendency to 
instantaneously form stable β-sheet PNFs in aqueous solution, which is advantageous for 
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stable hydrogel cross-linking at physiological conditions. However, the ability of this peptide to 
form fibers also under the most varied operating conditions, prohibited purification and 
characterization of the hybrid brush. To overcome this challenge, I explored pH-
responsiveness and synthesized the depsi version of P1, namely D1 (KIKI-(COOH)-SQINM) 
that features an ester bond in the amino acid main chain (see inset Figure 16).  
 

 
Figure 16: Synthesis of PNF cross-linked polypeptide hybrid hydrogels with pH-responsive structure 
formation. Preparation of hydrogel backbone by sequential modification of human serum albumin (HSA). The HSA‐
derived polypeptide-depsi copolymer (BD1) is decorated with polyethylene glycol (PEG) and 20 depsi (D1) grafts. 
Box: pH‐induced intramolecular O–N–acyl migration of the depsi peptides (D1, D1‐Mal) yielding linear peptides (P1, 
P1‐Mal). Adapted from the original source “Autonomous Ultrafast Self-Healing Hydrogels by pH-Responsive 
Functional Nanofiber Gelators as Cell Matrices”, Adv. Mater., 2019, 31, 1805044,[309] which was created by 
Gačanin, J., Hedrich, J., Sieste, S., Glaßer, G., Lieberwirth, I., Schilling, C., Fischer, S., Barth, H., Knöll, B., 

Synatschke, C. V., Weil, T., and is given as open access article under doi.org/10.1002/adma.201805044, with 
permission under the terms of the Creative Commons Attribution NonCommercial 4.0 International license CC BY-
NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/) – Copyright 2018 The Authors. Published by WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 
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The enhanced solubility of this kinked ester structure renders the peptide unable to self-
assemble into PNFs under acidic conditions.[310,311] Notably, upon increasing the pH to neutral, 
an intramolecular O–N–acyl migration reaction occurred and converted the ester into a peptide 
bond, which linearized the depsi peptide and resulted in instantaneous PNF formation (see 
Figure 17A) as confirmed by HPLC, transmission electron microscopy (TEM), fluorescence 
spectroscopy, and FT-IR. The conversion rate of individual peptides to PNFs was high as 
determined by an in-house developed assay and is favorable for efficient hydrogel cross-
linking. Furthermore, the presence of β-sheet structures at neutral pH was confirmed by 
Thioflavin T (ThT) assay, FT-IR, and circular dichroism (CD) spectroscopy. 
 

 
Figure 17: pH-responsive structure formation. A. pH-responsive structure formation of the depsi peptide. TEM 
images of D1 incubated at acidic (pH 2) or physiological pH (pH 7.4). Scale bars are 5 µm and 200 nm (inset). 
Conversion rates of D1 and P1-Ctrl (the linearly synthesized control peptide without ester bond) at acidic or 
physiological pH (right). B. pH-responsive structure formation of the hybrid brush with grafted depsi peptide. TEM 
images of BD1 incubated at acidic or physiological pH. Scale bars are 2 µm and 200 nm (inset). ATR FT-IR spectra 
of BD1 incubated at acidic or physiological pH. Adapted from the original source “Autonomous Ultrafast Self-Healing 
Hydrogels by pH-Responsive Functional Nanofiber Gelators as Cell Matrices”, Adv. Mater., 2019, 31, 1805044,[309] 
which was created by Gačanin, J., Hedrich, J., Sieste, S., Glaßer, G., Lieberwirth, I., Schilling, C., Fischer, S., Barth, 
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H., Knöll, B., Synatschke, C. V., Weil, T., and is given as open access article under 
doi.org/10.1002/adma.201805044, with permission under the terms of the Creative Commons Attribution 
NonCommercial 4.0 International license CC BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/) – 
Copyright 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
 
I successfully transferred this pH-responsive aggregation behavior to the hybrid by conjugating 
a sufficient amount of about 20 depsi peptides to the albumin-derived PcP backbone. Formally, 
this represents the replacement of DNA grafts by more scalable and stimuli-responsive peptide 
grafts. Briefly, HSA was cationized and the afforded cHSA conjugated with PEG chains. 
Subsequent denaturation and reduction of all disulfide bridges into reactive sulfhydryl groups 
afforded a protein-derived copolymer with grafted PEG chains which was then reacted with 
maleimide-functionalized D1 to yield depsi-grafted copolymer BD1 with about 20 depsi 
peptides per polypeptide chain (see Figure 16). Importantly, the grafted depsi peptides 
imparted good solubility in acidic water and no fibril formation was detected in TEM, facilitating 
purification of the polymer product BD1 from unreacted components and characterization. By 
increasing the pH to neutral, the induced O–N–acyl migration of the grafted D1 transitioned 
the soluble copolymer BD1 to BP1, the brush with transitioned peptide P1, resulting in 
structural rearrangements that provided ThT-active aggregates, which were also clearly visible 
in TEM. In addition to the structures from the α-helical-rich polypeptide backbone, FT-IR 
revealed new bands in BP1 after incubation at neutral pH that are related to the presence of 
β-sheet structures (see Figure 17B).  
Instantaneous gelation was observed at 4 wt% mass concentration in phosphate buffer at 
pH 7.4. Scanning electron microscopy revealed a highly porous structure of the formed 
hydrogel H1 with mean pore sizes of about 11 µm, which are considered sufficiently large for 
cell cultivation. Importantly, supramolecular copolymerization of free and functionalized depsi 
peptide during the gelation process enabled convenient introduction of functionalities into the 
hydrogel. This was highlighted by the homogenous distribution of fluorescent staining 
throughout the hydrogel upon copolymerization of BD1 with free depsi peptide and small 
amounts of rhodamine-dye labelled depsi peptide (see Figure 18A, B). In particular, the dye-
labelled depsi peptide was only chosen as a model that underlined the potential for the 
functionalization of the PNF cross-linked hydrogel, for example for imaging purposes. Similar 
to the introduction of dye-labelled depsi, growth factors and other molecules useful for tissue 
engineering could be implemented simultaneously in a highly modular way. This allows 
homogeneous hydrogel functionalization and dynamic ligand display based on supramolecular 
assemblies and distinguishes the presented hydrogel from other systems.[163,253,262–264] This 
characteristic is particularly important for applications in regenerative medicine, where the 
hydrogels are intended to replace or repair the ECM, which is in constant remodeling, with 
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dynamic signal display, and where static ligand display, as reported in early hydrogel systems 
with typical peptide grafts such as RGD, is no longer desirable. 
 

 
Figure 18: Characterization of the 4 wt% PNF cross-linked hydrogel. A. Schematic illustration of hydrogel 
functionalization via supramolecular copolymerization with free and dye-labelled depsi peptide. B. Confocal laser 
scanning microscopy images of hydrogel after functionalization via fluorescent peptides which were added to BD1 
during gelation. Scale bars are 20 μm C. Rheological characterization was conducted at 25 °C via consecutive 
oscillatory strain sweep measurements with increasing strain and time sweep measurements at very low strain 
demonstrating the thixotropic nature of the hydrogel, highlighting the self-healing behavior after the liquefying high 
strain condition was removed. D. Healing efficiency of H1 after consecutive oscillatory strain sweeps (0.01-1000%) 
calculated from the storage modulus shown in C. yielding the immediate hydrogel recovery (open box, first acquired 
data point, 13 s) and the mean hydrogel recovery during the following oscillatory time sweep (grey box, 0.1% strain, 
800s) for each strain sweep (No 2–4). E. Images of the self-healing process at macroscopic level. The hydrogel 
(intact) was cut in half (cut) and joined together (t = 0 min, t = 5 min). Scale bars are 500 μm. Within 5 minutes after 

joining the gel together, the incision site cannot be observed any more. F. 3D pattern written with rhodamine B 
colored hydrogel using a syringe and demonstrating injectability. Adapted from the original source “Autonomous 

Ultrafast Self-Healing Hydrogels by pH-Responsive Functional Nanofiber Gelators as Cell Matrices”, Adv. Mater., 
2019, 31, 1805044,[309] which was created by Gačanin, J., Hedrich, J., Sieste, S., Glaßer, G., Lieberwirth, I., 

Schilling, C., Fischer, S., Barth, H., Knöll, B., Synatschke, C. V., Weil, T., and is given as open access article under 
doi.org/10.1002/adma.201805044, with permission under the terms of the Creative Commons Attribution 
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Furthermore, the material showed superior properties in rheological analysis. This included an 
instantaneous gel formation with constant mechanical strength over time and stiffness around 
1 kPa, similar to soft tissue.[312,313] The gel stiffness was adjustable by changing the number of 
peptide grafts or by the solid content (spanning approximately 0.1 to 2 kPa) which is very useful 
for adjusting the gel according to the prevailing tissue parameters. At higher strains, the β-
sheet PNF cross-links progressively break resulting in a gel-to sol transition at 41% failure 
strain, with the material behaving like a viscous fluid. Importantly, the PNF cross-linked 
hydrogel displayed a thixotropic behavior with excellent self-healing that proceeded 
autonomously without the need for external intervention, e.g., the addition of healing agents or 
external stimuli.[314–318] Exceptional recovery from high strain conditions was demonstrated 
over multiple cycles and after subjecting the material to high strain for consecutively longer 
periods of time (up to 65 min) with immediate and near quantitative reassembly of the liquid 
solution of BP1 to hydrogel after removal of the liquefying strain, although no resting period 
was granted (Figure 18C, D). These material properties of H1 remained mostly unaffected by 
changes in temperature between 25 and 37 °C or the presence of serum proteins, which also 
suggests excellent self-healing and performance within the body, for example, after injection. 
This is in particular attractive for the design of biological matrices as they need to withstand 
constant mechanical deformations, e.g., due to strains generated by cells that exert forces on 
their local environment and by exogenous forces affecting the entire biomaterial. From these 
experiments, we learned that the bonds being broken are non-covalent, while the covalent 
brush backbone remains intact. However, these non-covalent bonds can be formed reversibly 
in a fast and complete fashion at any time, which is most likely based on the in situ 
reorganization of the PNF β-sheets. Excellent self-healing was demonstrated also at a 
macroscopic scale as the hydrogel featured fast recovery from cutting (Figure 18E). Overall, 
the PNF cross-linked polypeptide hydrogel is superior to other thixotropic hydrogels, where G′ 
did not recover to the initial values,[261,319–322] or only after tens of minutes at low shear 
forces,[322–326] or if longer resting periods without any strain[261,324] were afforded. Injectability 
was demonstrated with a syringe “pen” containing rhodamine colored gel as “ink” displaying 
the possibility of straightforward application (Figure 18F). The hybrid hydrogel exhibited good 
long-term stability as it remained stable for several days in PBS or cell serum, while the 
degradation could be accelerated by trypsin leading to a fast digestion in the range of minutes. 
Such controlled degradation by proteases is particularly important for in vivo tissue engineering 
applications where the hydrogel matrix needs to be amenable for active remodeling by cells 
and provide for regulated cargo molecule release. 
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Next, the ability of the material to support cells in culture was tested. This is a necessary 
requirement for its use in tissue engineering. The hydrogel showed good biocompatibility, 
which is most likely a result of being constructed mostly from amino acids. Furthermore, the 
gels successfully supported the cellular growth of different cell types (Figure 19). In close 
internal cooperation within our group, excellent cell vitality as well as the active infiltration of 
the material by primary human umbilical vein endothelial cells (HUVECs) were demonstrated.  
 

 
Figure 19: Cell compatibility of PNF cross-linked hydrogel with different cell lines. A. Cell vitality of HUVECs 
with medium as negative control (co), staurosporine (stauro, positive control), H1, denatured cHSA-PEG (4), or D1. 
*** =P < 0.001. B. Neuronal survival within hydrogel. Dorsal root ganglion (DRG) neurons were incorporated into 
hydrogel (H1) without neuronal growth factor NGF. Fluorescence microscopy images after one or four days of 
culture show DRG neurons pre-stained with DiAsp within the surrounding hydrogel. As positive control, Matrigel, a 
gold standard 3D matrix for cell cultivation was applied. Neurons show similar survival rates in Matrigel as well as 
in hydrogel (−NGF) for one and four days in culture. C. Active cell migration into the hydrogel. HUVECs vital and 
dead were seeded topologically on the gel and stained with calcein (green, for living cells) or propidium iodid (PI, 
red, for dead cells), respectively. Orthogonal slices from z‐stack confocal images in orthogonal view i and ii indicate 
the location of cells in H1 24 h post seeding. Vital cells migrated into the hydrogel, while dead cells localized on top 
of the gel with no passive sinking into the gel. Scale bars are 100 µm. Adapted from the original source “Autonomous 

Ultrafast Self-Healing Hydrogels by pH-Responsive Functional Nanofiber Gelators as Cell Matrices”, Adv. Mater., 
2019, 31, 1805044,[309] which was created by Gačanin, J., Hedrich, J., Sieste, S., Glaßer, G., Lieberwirth, I., 

Schilling, C., Fischer, S., Barth, H., Knöll, B., Synatschke, C. V., Weil, T., and is given as open access article under 
doi.org/10.1002/adma.201805044, with permission under the terms of the Creative Commons Attribution 
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These experiments outlined that cells can migrate along the structure of the protein-peptide 
scaffold which distinguishes the PNF cross-linked hydrogel from the most known hydrogels, 
where 3D cultures are only observed after resuspension of exogenous cells in the hydrogel 
precursor solutions.[327] In cooperation with the Prof. Dr. B. Knöll group, Institute of 
Physiological Chemistry, Ulm, the cytocompatibility with dorsal root ganglion neuronal cells, 
an established model system to investigate regeneration of peripheral nervous system (PNS) 
neurons after injury, was examined and found to exhibit a high viability when cultured on the 
gel, comparable to the gold standard Matrigel. Moreover, in cooperation with the  
Prof. Dr. H. Barth group, Institute of Toxicology and Pharmacology, Ulm, we observed no 
activation of macrophages in vitro, demonstrating good cytocompatibility and suggesting low 
tendency for immune activation. In view of all these findings, this pH-responsive PNF cross-
linked hydrogel may provide great potential for supporting 2D and 3D cell growth in tissue 
engineering applications. 
Concluding, a nature-inspired fibrous hybrid hydrogel was created based on the pH-induced 
structural transition of depsi peptide gelators grafted onto a protein-derived copolymer. The 
convenient pH-induced gelation was induced by the self-assembly of the grafted depsi 
peptides into PNFs at physiological conditions and, thereby, resulted in supramolecular cross-
linking. The soluble precursor polymer was prepared from denatured HSA grafted with PEG 
chains for solubility and depsi peptides for controlled gelation as well as in situ functionalization 
via coassembly. Its pH-controlled transformation yielded instantaneous formation of hydrogels 
with an inner β-sheet PNF network. Compared to the hydrogel presented in Chapter 3, the 
formal replacement of the DNA by depsi peptides might have compromised programmability 
but simultaneously introduced a significantly higher scalability allowing the preparation of 3D 
materials in the 100 mg range and gave rise to outstanding mechanical properties. The PNF 
cross-linked hydrogels still maintained important features of the DNA gels such as rapid 
gelation in the absence of chemically reactive, toxic groups or metal catalysts, and injectability 
but additionally profited from exceptional mechanical properties with autonomous and ultrafast 
self-healing with high recovery over multiple cycles that is superior to other thixotropic gels. 
The hydrogels also exhibited a high biocompatibility which was demonstrated for a number of 
different cell types, which were cultivated up to multiple days, including neuronal cells, 
macrophages, and endothelial cells which even displayed active migration into the material 
and emphasized its suitability as artificial cell matrix. In consequence, the material offers great 
potential as a regenerative scaffold for biomedicine to support 2D and 3D cell growth. 
The herein presented research is included in more detail with additional experimental data in 
the original publication that is provided in the following section as a re-print displaying the 
copyrights of the publisher. 
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Abstract:  
The synthesis of hybrid hydrogels by pH‐controlled structural transition with exceptional 
rheological properties as cellular matrix is reported. “Depsi” peptide sequences are grafted 

onto a polypeptide backbone that undergo a pH‐induced intramolecular O–N–acyl migration 
at physiological conditions affording peptide nanofibers (PNFs) as supramolecular gelators. 
The polypeptide–PNF hydrogels are mechanically remarkably robust. They reveal exciting 
thixotropic behavior with immediate in situ recovery after exposure to various high strains over 
long periods and self‐repair of defects by instantaneous reassembly. High cytocompatibility, 
convenient functionalization by coassembly, and controlled enzymatic degradation but stability 
in 2D and 3D cell culture as demonstrated by the encapsulation of primary human umbilical 
vein endothelial cells and neuronal cells open many attractive opportunities for 3D tissue 
engineering and other biomedical applications.  
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synthetic materials that serve as artificial 
matrices stimulating cell growth and divi-
sion,[2] providing therapeutic options, such 
as in tissue engineering,[3] cell printing,[4] 
and in regenerative medicine.[5] Nanofiber-
forming peptides have been extensively 
studied in the biomaterials field, as they 
mimic the fibrous part of the ECM mor-
phology formed by proteins such as col-
lagen and support the survival and growth 
of cells when applied as coatings or  
3D matrices.[6] Short peptide sequences, 
such as the RADA-16 peptide, peptide 
amphiphiles, and Fmoc-functionalized 
oligopeptides are promising artificial cell 
supports.[7] These materials have poten-
tial applications in regenerating both hard 
and soft tissues.[8] However, their strong 

tendency to form fibrous aggregates under a broad range of 
conditions has been problematic, e.g., during chemical modifi-
cation and purification, which prompted the implementation of 
induced fiber formation by external triggers.[9] Furthermore, the 
natural ECM is heterogeneous and contains covalent polymers 
such as proteoglycans in addition to supramolecular protein 
fibers. Consequently, purely supramolecular hydrogels often lack 
long-term stability in cell media and are mechanically fragile. 
Hybrid materials combining both covalent and supramolecular 
components may address these needs. Additionally, imple-
menting injectability and self-healing properties is essential for 
less invasive applications to limit injury to the patient.[10] Current 
approaches for achieving injectable hydrogels include thermo-
gelation, dynamic-covalent bonds, and host–guest interactions.[11] 
For biomedicinal applications, biocompatibility of the hydrogel 
and its degradation products represent a key concern, and reac-
tive groups within the gel can be problematic. Therefore, natural 
biopolymers such as DNA or self-assembling peptides have been 
proposed as cross-linkers enabling reversible gelation.[12] How-
ever, the design of hydrogels that could serve as biocompatible 
and biodegradable cell matrices with sufficient stability during 
cultivation, combined with controlled and rapid gelation as well 
as excellent self-healing properties, are still elusive.

Herein, we propose hybrid hydrogels providing a soft poly-
peptide matrix combined with covalently attached poly(ethylene 
gylcol) (PEG) chains and short self-assembling peptide motifs 
for pH-induced gelation through formation of a peptide 
nanofiber (PNF) network. These materials may provide high 
biocompatibility as they are constructed mostly from amino 

The synthesis of hybrid hydrogels by pH-controlled structural transition with 
exceptional rheological properties as cellular matrix is reported. “Depsi” 
peptide sequences are grafted onto a polypeptide backbone that undergo a 
pH-induced intramolecular O–N–acyl migration at physiological conditions 
affording peptide nanofibers (PNFs) as supramolecular gelators. The polypep-
tide–PNF hydrogels are mechanically remarkably robust. They reveal exciting 
thixotropic behavior with immediate in situ recovery after exposure to various 
high strains over long periods and self-repair of defects by instantaneous 
reassembly. High cytocompatibility, convenient functionalization by coas-
sembly, and controlled enzymatic degradation but stability in 2D and 3D cell 
culture as demonstrated by the encapsulation of primary human umbilical 
vein endothelial cells and neuronal cells open many attractive opportunities 
for 3D tissue engineering and other biomedical applications.

Hydrogels

The extracellular matrix (ECM) has been optimized during evo-
lution and forms a complex, supportive environment for cells 
providing mechanical and biochemical cues, and enabling cells 
to communicate.[1] There is an emerging interest to design 
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acids and feature ultrafast recovery even after high shear stress 
over long time periods. They instantaneously recover after 
passing through a thin injection needle, and they may provide 
great potential for supporting 2D and 3D cell growth, which 
offers new avenues for tissue engineering.

The amphiphilic 9mer peptide sequence KIKISQINM (P1) 
was designed as a supramolecular cross-linker. This short peptide 
is amphiphilic and has a strong tendency to instantaneously 
form stable cross b-sheet peptide nanofibers (PNFs) in aqueous 
solution even at low pH conditions (Figure S8, Supporting 

Information). Furthermore, it provides a central serine residue, 
which is crucial for preparing the respective depsi sequence KIKI-
(COO)-SQINM, D1. To selectively trigger self-assembly and to 
facilitate purification of unreacted peptide at low pH, the depsi 
peptide version of P1, D1, was synthesized. D1 features an ester 
bond in the main chain and a kinked structure unable to self-
assemble into PNFs.[13] Upon increasing the pH to neutral, an 
intramolecular O–N–acyl migration occurs converting the ester 
into the peptide bond, which linearizes the depsi peptide and 
enables instantaneous PNF formation (Figure 1A, box).

Adv. Mater. 2019, 31, 1805044

Figure 1. Synthesis of polypeptide–PNF hydrogels. a) Preparation of BD1. Box: pH-induced intramolecular O–N–acyl migration of the depsi pep-
tides (D1, D1-Mal) yielding linear peptides (P1, P1-Mal). b) MALDI FT-ICR MS of D1. c) HPLC chromatograms of the conversion of D1 to P1 in PBS 
(1 mg mL−1). d) MALDI-ToF MS of cHSA-PEG (3, MW = 115 500 g mol−1) with 22 PEG chains and the polypeptide–depsi copolymer (BD1, MW =  
145 000 g mol−1) with 20 depsi grafts.
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The depsi peptide D1 was synthesized by solid phase pep-
tide synthesis (SPPS) under Fmoc-protection combined with 
the O–acyl isopeptide method (Scheme S1, Supporting Infor-
mation) and purified by reverse-phase HPLC. MALDI FT-ICR 
MS showed the expected m/z value of the desired product 
(Figure 1B). The intramolecular O–N–acyl migration in D1 
was induced at neutral pH, and PNF formation was analyzed 
by high-performance liquid chromatography (HPLC), trans-
mission electron microscopy (TEM), emission spectroscopy, 
and Fourier-transform infrared spectroscopy (FT-IR) measure-
ments. In HPLC, the retention times shifted from 10.18 min 
for D1 (Figure S9A, Supporting Information) to 9.90 min for 
P1 (KIKISQINM, Figure 1C). Note that P1 was formed from 
depsi peptide D1, whereas the reference peptide P1-Ctrl of the 
same KIKISQINM sequence was directly prepared by SPPS.

P1 forms PNFs exceeding several micrometers in length 
and 11.30 ± 1.26 nm in diameter, whereas no PNF forma-
tion occurred at low pH (Figure 2A). The conversion rate 
measures the amount of soluble peptide that is converted to 
PNFs. At neutral pH, high conversion rates of 88.5 ± 2.2% 

and 83.7 ± 2.6% were obtained for D1 and P1-Ctrl, respec-
tively (Figure 2B). At acidic pH, only P1-Ctrl assembled into 
PNFs with 56.9 ± 1.8%, whereas D1 showed only low aggre-
gation tendency of 24.5 ± 4.7% and no PNFs were visible in 
TEM, confirming the pH-dependent PNF formation. Cross 
b-sheet structures in PNFs from P1 and P1-Ctrl at neutral pH 
were characterized by the blueshifted emission of Thioflavin T 
(ThT, Figure 2C)[14] and the minimum in the circular dichroism 
spectra at around 216 nm (Figure S10, Supporting Informa-
tion). Also, FT-IR spectroscopy of freeze-dried D1 at low pH 
gave signals in the amide I band region between 1590 and 
1735 cm−1 (Figure 2E) and a maximum peak at 1638–1639 cm−1 
related to unordered structures, whereas the linear peptide 
P1-Ctrl showed a maximum peak at 1634–1636 cm−1 corre-
sponding to b-sheets.[15] At pH ≈7, D1 was converted to P1 and 
a new maximum signal at 1680–1682 cm−1 and a second signal 
at 1630 cm−1 appeared indicating b-sheet structures.

For the hybrid hydrogel, maleimide-functionalized D1 
(D1-Mal, Figure S3, Supporting Information) was conju-
gated to the long polypeptide backbone of denatured human 

Adv. Mater. 2019, 31, 1805044

Figure 2. pH responsive PNF formation. a) TEM images of D1 (1 mg mL−1) incubated at acidic or physiological pH. Scale bars are 5 µm and 200 nm 
(inset). b) Conversion rates of D1 and P1-Ctrl into PNFs after incubation at acidic or neutral pH (1 mg mL−1). Mean ± s.d. (n = 3). c) ThT assay of 
D1 and P1-Ctrl after incubation at neutral pH (1 mg mL−1) at different time points. The ThT fluorescence emission was recorded at λem = 488 nm  
(λex = 440 nm) with 10 nm bandwidths and multiple reads per well (3 × 3). Data are presented as mean ± s.d. (n ≥ 3), with nine measurements of 
the same well at different positions. One-way ANOVA followed by Tukey’s multiple comparisons test was performed (P < 0.05 (*), P < 0.01 (**), and 
P < 0.001 (***). d) TEM images of BD1 (1 mg mL−1) incubated at acidic or physiological pH. Scale bars are 2 µm and 200 nm (insets). e) ATR FT-IR 
spectra of D1 and P1-Ctrl at acidic or neutral pH (1 mg mL−1). f) ATR FT-IR spectra of BD1 in acidic or neutral pH (1 mg mL−1).
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serum albumin (HSA) providing in vivo biocompatibility and 
biodegradability. The synthetic route for depsi-grafted poly-
peptide BD1 is shown in Figure 1A. First, HSA (1) was con-
verted to cationized HSA (cHSA, 2) to introduce primary 
amine groups facilitating interactions with cellular mem-
branes.[16] Subsequently, about 22 poly(ethylene glycol) (PEG) 
chains (MW = 2000 Da) were conjugated to cHSA that bind 
water molecules and impart higher stability to afford cHSA-
PEG (3).[17] Denaturation of 3 proceeded in concentrated urea 
buffer followed by the reduction of all disulfide bridges into 
reactive sulfhydryl groups yielding 4 with grafted PEG side 
chains. Then, 4 was reacted with D1-Mal yielding depsi-grafted 
copoly mer BD1 (Figure 1A) with about 20 depsi peptides per 
polypeptide chain (145 000 m/z, Figure 1D).

The product was well soluble in acidic water facilitating 
characterization and purification from unreacted components 
by ultrafiltration. Structural rearrangements from soluble 
copolymer BD1 to hydrogel 1 (H1) with PNFs as supramo-
lecular gelators were triggered by the pH-induced O–N–acyl 
migration of grafted D1 peptides. Upon incubation at neu-
tral pH, ThT active aggregates were obtained and PNFs were 
clearly visible in TEM (Figure 2D and Figure S12, Supporting 
Information). However, at low pH, no aggregate formation 
was detected in TEM images (Figure 2D). These results indi-
cate successful transfer of the aggregation behavior of D1 to 
the copolymer BD1. FT-IR spectroscopy of freeze-dried BD1 at 
low or neutral pH revealed in the amide I band region signals 
from 1590 to 1735 cm−1 and α-helical structures at 1655 cm−1 
from the α-helical-rich polypeptide backbone. At neutral pH, 
new bands at 1680 cm−1 appeared indicating the presence of 
anti-parallel b-sheet structures (Figure 2F). The corresponding 
copolymer BP1-Ctrl without the pH-switch was also prepared 
by conjugating the linear model peptide P1-Ctrl-Mal (Figure S4, 
Supporting Information) to the polypeptide backbone 4. BP1-
Ctrl showed immediate aggregation in all solvents and at any 
pH, making purification from, e.g., unreacted peptide mono-
mers impossible (Figure S13, Supporting Information).

At 4 wt% mass concentration, instantaneous gelation was 
observed in phosphate buffer solution (PBS, pH 7.4) yielding 
H1 with a highly porous structure and mean pore sizes of 11 
± 3.5 µm, as observed by scanning electron microscopy (SEM, 
Figure S15, Supporting Information). Convenient functionali-
zation by simply mixing (copolymerization) D1 (18 eq), rhoda-
mine dye labelled D1-Rho (2 eq, Figure S5, Supporting Infor-
mation), and BD1 afforded the respective fluorescently labeled 
PNFs inside the hydrogel H3. Confocal laser scanning micros-
copy (CLSM) (Figure 3A and Figures S16–S18, Supporting 
Information) showed homogeneous fluorescent staining 
throughout the material highlighting the opportunity to intro-
duce functionalities into the hydrogels by simply mixing free 
and functionalized depsi peptide during the gelation process.

The mechanical properties of H1 were investigated first in 
a time-sweep experiment (Figure S19, Supporting Information) 
with fixed frequency and strain. No crossover was observed, 
indicating instantaneous gelation during sample preparation 
(30 s). The mechanical strength of H1 was in the range of sev-
eral hundred Pa (G′ [≈0.7 kPa], G″ [≈0.04 kPa]) and similar to 
soft tissues[18] and remained constant over time as no struc-
tural rearrangements occurred after gelation. The cross-linked 

gel behavior was further demonstrated by frequency sweeps 
(Figure 3B) that showed no frequency dependence for both G′ 
and G″ up to 30 rad s−1 and only a small continuous increase 
without intersection at high frequencies. H1 maintained its 
mechanical properties even when exposed to oscillatory strains 
of 15–20% below which the values of G′ and G″ remained 
constant (Figure 3C). With increasing oscillatory strain, G′ 
decreased gradually, whereas G″ increased slightly for strains  
above 15% indicating a network structure, which does not col-
lapse abruptly but rather gradually. This is most likely due to 
the long polypeptide backbone that compensated small strains 
through conformational changes. At high strains >15%, the 
b-sheet PNFs break with microfissures that gradually expanded to 
macro-fractures within the hydrogel network.[19] At a failure strain 
of ≈41%, a gel-to-sol transition occurred and the material behaved 
like a viscous fluid (Figure S20, Supporting Information).

Four step-strain sweep experiments up to strains of 1000% 
immediately followed by a period of low fixed strain (0.1%) were 
applied (Figure 3D) to evaluate the self-healing capability.[20] 
Remarkably, even though no resting period was granted after 
each step-strain experiment, the gels recovered almost imme-
diately upon removal of high shear force. H1 showed superior 
ultrafast recovery behavior compared to other thixotropic hydro-
gels, where G′ did not recover to the initial values,[12,21,22] or 
only after tens of minutes at low shear forces,[22–24] or if resting 
periods without any strain of ≈30 min were afforded.[12,24] The 
recovery potential of the PNF cross-linked polypeptide hydrogel  
was extraordinarily high and immediate reassembly of the liquid 
solution of BP1 to the hydrogel occurred within less than 20 s 
after removal of the liquefying strain, indicating that the broken 
bonds were immediately and reversibly reformed. A nearly 
quantitative healing efficiency and recovery occurred directly 
after removal of high strain (Figure S21A, Supporting Informa-
tion). Even after being subjected to high strain for consecutively 
longer periods of time (up to 65 min), the hydrogel reformed 
almost instantaneously (Figure S21B, Supporting Information) 
upon removal of the high strain condition. Furthermore, H1 
also rapidly self-heals at a macroscopic scale, as demonstrated 
by the recovery from cutting and rejoining a piece of gel within 
5 min after cutting (Figure S21C, Supporting Information).

Noteworthily, self-healing of the PNF gelators proceeded 
autonomously without the need for external intervention such 
as the addition of healing agents or external stimuli.[25] The 
mechanical properties of H1 remained mostly unaffected by 
changes in temperature between 25 and 37 °C (Figure S22, 
Supporting Information) and the presence of serum proteins 
(Figure S23, Supporting Information). Gel stiffness was adjust-
able by the number of D1 attached to the polypeptide chain: 
Decreasing the number of D1 (10 copies of D1 instead of 20) 
gave significantly weaker gels (G′ ≈0.1 kPa, Figure S24, Sup-
porting Information), while doubling the solid content from 
4% to 8%, gel stiffness increased by twofold (G′ ≈1.8 kPa, 
Figure S25, Supporting Information). As shown in Figure 3E, 
H1 was injectable as demonstrated by writing the letters “U-U” 
(≈0.5 cm scale) on a glass slide with a syringe “pen” containing 
rhodamine colored H1 as “ink.”

H2 containing fluorescently labeled polypeptide backbone 
BD1-RITC was prepared inside a transwell setup and incubated 
in PBS at 37 °C in the presence or absence of the protease 

Adv. Mater. 2019, 31, 1805044
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Figure 3. Characterization of polypeptide–PNF hybrid hydrogels (4 wt%). a) Schematic illustration of self-healing due to reassembly of the PNFs 
cross-linkers after shear stress and functionalization by copolymerization with D1-Rho yielding H3. b–d) Rheological characterization of H1 (25 °C). 
Mean ± s.d. (n = 3). b) Frequency sweep (0.05–100 Hz) with fixed strain (1%). c) Oscillatory strain sweep (0.01–1000%) with fixed frequency (1 Hz). 
d) Consecutive measurements of oscillatory strain sweeps (0.01–1000%) with fixed frequency (1 Hz), followed by oscillatory time sweep measurements 
with fixed strain (0.1%) and frequency (1 Hz) demonstrating the thixotropic nature of the hydrogel. e) Injection behavior of H1. 3D pattern written with 
rhodamine B colored H1 via 0.25 mL Hamilton syringe. f) Degradation of H2 (25 µL) in the presence of trypsin (0.43 nmol) or in PBS (37 °C) measured 
by fluorescence intensity of the surrounding medium. Mean ± s.d. (n = 3). g) Cell vitality of HUVECs seeded 24 h prior treatment with medium as 
negative control (co), staurosporine (stauro, positive control, 1 × 10−6 m), H1 (0.4 mg, 2.8 nmol), 4 (0.35 mg, 2.8 nmol), or D1 (0.06 mg, 55.9 nmol). 
Caspase-Glo 3/7 Assay was performed 48 h after cell seeding. Data are plotted as mean ± SEM of four experiments with two replicates each. One-way 
ANOVA followed by Tukey’s multiple comparisons test was performed, *** =P < 0.001. h) Migration of HUVECs into H1. HUVECs vital and dead were 
seeded topologically on H1 and stained with calcein (green, for living cells) or propidium iodid (red, for dead cells), respectively. Orthogonal slices 
from z-stack confocal images in orthogonal view i and ii show location of cells in H1 24 h post seeding. Vital cells migrate into H1 whereas dead cells 
localized on top of H1 and no sinking occurred into the hydrogel. Scale bar is 100 µm.
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trypsin. Fluorescence of the surrounding solution was moni-
tored to follow the degradation of the polypeptide backbone 
(Figure 3F and Figure S26, Supporting Information). H2 (4%) 
was rapidly digested within 30–45 min by trypsin (0.43 nmol), 
but it remained stable in PBS and cell serum for several days 
indicating its potential as cell matrix. To test the ability of H1 
to support cellular growth, primary human umbilical vein 
endothelial cells (HUVECs) and primary neuronal cells were 
used. HUVECs were tested with H1 (4 wt%), the precursor 
protein (4), and peptide (D1) for 24 h. As positive and nega-
tive controls, medium (co) and the cell toxin staurosporine 
(stauro) were used, respectively. HUVECs revealed excel-
lent cell vitality in H1, whereas increased caspase 3/7 activity 
indicative for early apoptosis was only observed in the posi-
tive stauro control (Figure 3G). HUVECs were seeded on H1 
and subsequently analyzed by confocal live imaging after 24 h 
and 7 d. They migrated into H1, where they expanded in cell 
clusters found throughout the gel, and high cell vitality was 
observed according to the representative orthogonal view of a 
confocal z-stack (Figure S27, Supporting Information). Viable 
HUVECs infiltrated H1 even after topological seeding, while 
dead cells remained at the top of H1 without sinking into the 
gel in a control experiment (Figure 3H). This clearly indicates 
that cells can migrate along the structure of the protein–pep-
tide scaffold. In contrast, for most known hydrogels, 3D cul-
tures are only observed after resuspension of exogenous cells 
in the hydrogel precursor solutions.[26] Also, dorsal root gan-
glion neuronal cells exhibited high viability when cultured on 
H1, comparable to the golden standard Matrigel as a positive 
control for up to 4 d in vitro (Figure S28, Supporting Infor-
mation). Additionally, no activation of macrophages in vitro 
was observed (Figure S29, Supporting Information), demon-
strating good cytocompatibility and suggesting low tendency 
for immune activation.

A nature-inspired cytocompatible hybrid hydrogel was pre-
pared by pH-controlled structural transition of a depsi-peptide-
grafted copolymer into a fibrous soft polymer hydrogel. The 
soluble precursor polymer consisted of denatured HSA grafted 
with PEG chains for solubility and depsi peptides for controlled 
gelation and in situ functionalization by coassembly. It was 
transformed into H1 with an inner b-sheet fibrous network by 
convenient pH-induced gelation. The PNF cross-linked hydro-
gels feature fast gelation, excellent recovery from high strain 
conditions over multiple cycles, and re-formation after injec-
tion as well as macroscopic cutting. These excellent self-healing 
properties combined with immediate recovery due to the rapid 
in situ reorganization of the PNF b-sheets are particularly 
attractive for designing biological matrices that need to with-
stand constant mechanical deformations, e.g., due to strains 
generated by cells that exert forces on their local environments 
as well as by exogenous forces that affect the entire biomaterial. 
The hybrid hydrogels are highly compatible with a number of 
different cell types, such as endothelial cells, neuronal cells, and 
macrophages, and allow for their cultivation for multiple days. 
Controlled degradation by proteases into nontoxic metabolites 
is crucial for in vivo applications, e.g., by providing a matrix 
that cells can actively remodel during culture or to regulate the 
release of cargo molecules in vivo. Together with the opportu-
nity to conveniently introduce new functions by coassembly of 

modified depsi peptides, the material offers great potential as a 
regenerative scaffold for biomedicine.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Experimental Section 
Materials. HSA (> 98%), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, ethylene 
diamine, triisopropylsilane, Boc-Ser-OH (≥ 99.0%), α-cyano-4-hydroxycinnamic acid 
(≥ 99.0%) and Dulbecco’s phosphate buffered saline (PBS) were obtained from Sigma-
Aldrich Chemie GmbH. Thioflavin T was obtained from Fluka Analytical, Sigma Aldrich. 
CH3O-PEG-NH-CO-C2H4-CONHS (12 2000-35) was purchased from Rapp Polymere GmbH. 
Tris-(2-carboxyethyl)-phosphate (TCEP) hydrochloride (99%) was purchased from Acros 
Organics. 3,5-Dimethoxy-4-hydroxycinnamic acid was obtained from TCI (Tokyo Chemical 
Industry CO., LTD.) Urea (molecular biology grade) was obtained from AppliChem. 3-
Maleimidopropionic acid N-hydroxysuccinimide ester (99%) was obtained from Alfa Aesar. 
PyBOP, Fmoc-Asn(tBu)-OH, Fmoc-Ile-OH, Fmoc-Gln(Trt)-OH, Fmoc-Lys(Boc)-OH, Fmoc-
Ser(tBu)-OH and Fmoc-Met-Wang resin were purchased from Novabiochem®, Merck. N-
ethyldiisopropylamine for synthesis (DIPEA) and rhodamine isothiocyanate (RITC) were 
obtained from Merck. Piperidine (≥ 99.5% for peptide synthesis) and trifluoroacetic acid 
(TFA, ≥ 99.9%) were obtained from Carl Roth. Dimethylformamide (DMF, peptide 
synthesis), diethyl ether and acetonitrile (HiPerSolv Chromanorm for HPLC-gradient grade) 
were purchased from VWR Chemicals Prolabo. Dimethylsulfoxid (DMSO, ACS reagent, 
≥ 99.9%) was purchased from Honeywell, Riedel-de Haën®. Trypsin solution 
(trypsin/EDTA, 0.05% / 0.02% in PBS) was purchased from PAN™ Biotech. Vivaspin 20 
tubes (30 kDa MWCO) and Vivaspin 500 tubes (3 kDa MWCO) were purchased from 
Sartorius. Syringe filters Chromafil®Xtra RC-20/13 (0.20 µm) were obtained from Machery-
Nagel. Millicell® hanging cell culture inserts (5.0 µm, PET) were obtained from Merck. 
Corning® Costar® Spin-X® centrifuge tube filters (0.45 µm, nylon) were purchased from 
Sigma Aldrich. µ-slides angiogenesis were obtained from ibidi®. HUVECS (cat. No. 
C2517A, lot 488956) and EGMTM 2 Growth Medium were purchased from Lonza. Caspase-
Glo® 3/7 Assay was obtained from Promega.  
  



Solid-phase peptide synthesis. For peptide synthesis, the Fmoc-based synthesis strategy by 
R. B. Merrifield was applied with synthesis of the peptide from C to N-terminus. The Fmoc-
amino acid side-chain protections were chosen as follows: Boc (Lys), tBu (Asn, Ser), Trt 
(Gln). Fmoc-Met-Wang-resin (100 µmol, 135 mg, substitution 0.74 mmol/g) was incubated in 
3 mL DMF at 4 °C overnight in order to allow swelling of the resin. The peptide was 
assembled by sequential coupling of activated Nα-Fmoc-amino acid (5 eq) in DMF (2.5 mL) 
in the presence of (DIPEA, 5 eq) and (PyBOP, 5 eq) via microwave-assisted reaction at 75 °C 
for 10 min (500 rpm) followed by washing of the resins with DMF (3 mL x4). Nα-Fmoc 
deprotection was conducted by application of piperidine (25% v/v in DMF, 3 mL, 5 min 
x1,10 min x1) followed by washing with DMF. The peptides were cleaved from the resin 
using a cleavage cocktail (10 mL) comprising TFA (95% v/v), Milli-Q-water (2.5% v/v), and 
TIPS (2.5% v/v). After 2 h incubation on a shaker (600 rpm) at room temperature, the 
peptides were precipitated with 4 °C cold diethyl ether (40 mL) and submitted to 
centrifugation at 3750 rpm for 10 min (x3, 0 °C). The resultant peptides were left for drying 
overnight at 4 °C, subsequently suspended with 0.1% aqueous TFA (30 mL) and lyophilized 
for 48 h. The crude products were purified by preparative reverse-phase HPLC using a 0.1% 
TFA water–acetonitrile mixture as eluant, submitted to vacuum concentrator and lyophilized 
for 48 h. The purified peptides were characterized by MALDI FT-ICR MS and stored at 4 °C 
until use.  
  



KIKI-(COOH)-SQINM (D1, by the O-acyl isopeptide method). 

 
Scheme S1. Solid phase peptide synthesis scheme of depsi peptide (D1, KIKI-(COOH)-SQINM). 
Reagents/conditions: (i) 25% v/v piperidine/DMF, 3 mL, RT, 5 min, 10 min. (ii) Fmoc-AA-OH 
(2.5 eq), DIPEA (5 eq), PyBOP (5 eq), DMF, 75 °C, 10 min. (iii) Boc-Ser-OH (2.5 eq), DIPEA (5 eq), 
PyBOP (5 eq), DMF, 75 °C, 10 min. (iv) Fmoc-Ile-OH (2.5eq), DIPEA (5 eq), PyBOP (5 eq), 75 °C, 
60 min (x2). (v) Fmoc-Lys(Boc)-OH (2.5 eq), DIPEA (5 eq), PyBOP (5 eq), DMF, 75 °C, 10 min. (vi) 
Fmoc-Ile-OH (2.5 eq), DIPEA (5 eq), PyBOP (5 eq), DMF, 75 °C, 10 min. (vii) Fmoc-Lys(Boc)-OH 
(2.5 eq), DIPEA (5 eq), PyBOP (5 eq), DMF, 75 °C, 10 min. (viii) TFA (95% v/v), Mili Q water 
(2.5% v/v), TIPS (2.5% v/v), 10 mL, 600 rpm, RT, 2 h.  
 

 
The depsi peptide D1 was synthesized according to the general Fmoc-based solid-phase 
procedure described in combination with the O–acyl isopeptide method. Thereby, sequentially 
Fmoc-Asn(tBu)-OH (5 eq, 298.4 mg), Fmoc-Ile-OH (5 eq, 176.7 mg) and Fmoc-Gln(Trt)-OH 
(5 eq, 305.4 mg) were coupled to the resin (Wang resin, 100 µmol, 135 mg) and Nα-Fmoc 
deprotected as described using the conventional method. Next, Boc-Ser-OH (5 eq, 102.6 mg) 



was coupled in the presence of DIPEA and PyBOP in DMF (2.5 mL). Subsequently, the 
coupling of Fmoc-Ile-OH (176.7 mg) to the α-hydroxy group of serine was performed using 
the DIPEA-PyBOP method in DMF (2.5 mL) via microwave-assisted reaction at 75 °C for 
60 min (x2) with washing of the resin between the coupling steps. After Nα-Fmoc 
deprotection, Fmoc-Lys(Boc)-OH (234.8 mg), Fmoc-Ile-OH (176.7 mg) and another Fmoc-
Lys(Boc)-OH (234.8 mg) were coupled sequentially as described by the conventional method 
in presence of DIPEA and PyBOP. The peptide was cleaved from the resin after treatment 
with the TFA/H2O/TIPS cleavage cocktail for 2 h, followed by precipitation and wash with 
4 °C cold diethyl ether, centrifugation and suspension in 0.1% aqueous TFA as well as 
lyophilization as described to give the crude depsi peptide D1 (34.5 mg). The crude peptide 
(2.5 mg x2) was dissolved in 0.1% aqueous TFA (2 mL x2), filtered using a 0.22 µm filter 
unit and purified by preparative reverse-phase HPLC using a 0.1% TFA water–acetonitrile 
mixture as eluant. After vacuum concentration of the collected peak fractions for 4 h, the 
peptide was lyophilized for 48 h to yield the peptide as white amorphous powder (1.1 mg pure 
peptide from 5 mg crude used for purification, 22.0%). The purified peptides were 
characterized by MALDI FT-ICR MS and stored at 4 °C until use.  
MALDI FT-ICR MS (0.1% aqueous TFA): m/z = calc. 1073.63, found: 1074.63 [M+H]+. 
  



 
Figure S1. MALDI FT-ICR mass spectrum of KIKI-(COOH)-SQINM (D1) peptide 
(0.1% aqueous TFA). Measurements were carried out on a Bruker solariX (2010) Hybrid 7T 
FT-ICR using an α-cyano-4-hydroxycinnamic acid matrix. m/z calculated for KIKI-(COOH)-
SQINM, D1: [M+H]+ = 1074.63 , [M+O+H]+ = 1090.63, [M+Na]+ = 1096.62, [M+K]+ = 
1112.59, found: 1074.63 [M+H]+, 1090.63 [M+O+H]+, 1096.62 [M+Na]+, 1112.59 [M+K]+.  
 
  



KIKISQINM (control peptide P1-Ctrl, by the conventional method). 

 
The control peptide P1-Ctrl was synthesized according to the conventional Fmoc-based solid-
phase procedure with the DIPEA-PyBOP strategy as described. The peptide was assembled 
onto preswollen Fmoc-Met-Wang-resin (100 µmol, 135 mg, substitution 0.74 mmol/g) by 
sequential coupling of activated Nα-Fmoc-amino acid (5eq) in DMF (2.5 mL) in the presence 
of (DIPEA, 5 eq) and (PyBOP, 5 eq) via microwave-assisted reaction at 75 °C for 10 min 
(500 rpm) followed by washing of the resins with DMF (3 mL x4). Thereby, sequentially 
Fmoc-Asn(tBu)-OH (298.4 mg), Fmoc-Ile-OH (176.7 mg), Fmoc-Gln(Trt)-OH (305.4 mg), 
Fmoc-Ser(tBu)-OH (192.0 mg), Fmoc-Ile-OH (176.7 mg), Fmoc-Lys(Boc)-OH (234.8 mg), 
Fmoc-Ile-OH (176.7 mg) and Fmoc-Lys(Boc)-OH (234.8 mg) were coupled to the resin via 
cycling coupling, washing and Nα-Fmoc-deprotection steps. Nα-Fmoc deprotection was 
conducted by application of piperidine (25% v/v in DMF, 3 mL, 5 min x1,10 min x1) 
followed by washing with DMF. The peptides were cleaved from the resin using a 
TFA/H2O/TIPS cleavage cocktail as described. Subsequent to precipitation in cold diethyl 
ether, centrifugation and air-drying, the dry peptide pellets were suspended with 0.1% 
aqueous TFA and lyophilized to give the crude peptide (44.8 mg, 41.7 µmol, 41.7%) as white 
amorphous powder. The crude peptide (2.4 mg x4) was dissolved in 0.1% aqueous TFA (2 
mL x4), filtered using a 0.22 µm filter unit and purified by preparative reverse-phase HPLC 
using a 0.1% TFA water–acetonitrile mixture as eluant. After vacuum concentration of the 
collected peak fractions for 4 h, the peptide was lyophilized for 48 h to yield the peptide as 
white amorphous powder (5.8 mg pure peptide from 9.6 mg crude used for purification, 
5.4 µmol, 60.4%). The purified peptides were characterized by MALDI FT-ICR MS and 
stored at 4 °C until use.  
MALDI FT-ICR MS (0.1% aqueous TFA): m/z = calc. 1073.63, found: 1074.63 [M+H]+. 
  



 
Figure S2. MALDI FT-ICR mass spectrum of KIKISQINM peptide (control peptide P1-
Ctrl, 0.1% aqueous TFA). Measurements were carried out on a Bruker solariX (2010) 
Hybrid 7T FT-ICR using an α-cyano-4-hydroxycinnamic acid matrix. m/z calculated for 
KIKISQINM, P1-Ctrl: [M+H]+ = 1074.63 , [M+O+H]+ = 1090.63, [M+Na]+ = 1096.62, 
found: 1074.63 [M+H]+, 1090.63 [M+O+H]+, 1096.62 [M+Na]+. 
  



N-terminal functionalization of peptides via SPPS. After preparation of the peptides via 
SPPS as described, N-terminal functionalization with maleimide was conducted via SPPS. 
Therefore, 3-maleimidopropionic acid N-hydroxysuccinimide ester (2.5 eq, 125.0 µmol, 
33.3 mg) in DMF (1.4 mL) was introduced to the peptide resins (50.0 µmol) in DMF 
(0.4 mL), followed by a microwave-assisted reaction at 40 °C for 120 min (500 rpm) with 
subsequent washing of the resins with DMF (3 mL x4). The peptides were cleaved from the 
resin using a TFA/H2O/TIPS cleavage cocktail and processed as described. 
 
Maleimide-KIKI-(COOH)-SQINM (depsi peptide D1-Mal) 

 
Lyophilization yielded the crude peptide D1-Mal (34.5 mg, 28.2 µmol, 51.6%) as white 
amorphous powder. The crude peptide D1-Mal (2.5 mg x5) was dissolved in 0.1% aqueous 
TFA (2 mL x5), filtered using a 0.22 µm filter unit and purified by preparative reverse-phase 
HPLC using a 0.1% TFA water–acetonitrile mixture as eluant. After vacuum concentration of 
the collected peak fractions for 4 h, the control peptide D1-Mal was lyophilized for 48 h to 
yield the peptide as white amorphous powder (2.3 mg pure peptide from 12.5 mg crude used 
for purification, 18.1%). The purified peptides were characterized by MALDI FT-ICR MS 
and stored at 4 °C until use. 
MALDI FT-ICR MS (0.1% aqueous TFA): m/z = calc. 1224.65, found: 1225.66 [M+H]+. 
  



 
Figure S3. MALDI FT-ICR mass spectrum of Maleimide-KIKI-(COOH)-SQINM (D1-
Mal) peptide (0.1% aqueous TFA). Measurements were carried out on a Bruker solariX 
(2010) Hybrid 7T FT-ICR using an α-cyano-4-hydroxycinnamic acid matrix. m/z calculated 
for maleimide-KIKI-(COOH)-SQINM, D1-Mal: [M+H]+ = 1225.65 , [M+O+H]+ = 1241.66, 
[M+Na]+ = 1247.64, found: 1225.66 [M+H]+, 1241.66 [M+O+H]+, 1247.64 [M+Na]+. 
  



Maleimide-KIKISIQNM (control peptide P1-Ctrl-Mal). 

 
Lyophilization yielded the crude control peptide P1-Ctrl-Mal (43.1 mg, 35.2 µmol, 70.4%) 
as white amorphous powder. The crude peptide P1-Ctrl-Mal (2.4 mg x6) was dissolved in 
0.1% aqueous TFA (2 mL x6), filtered using a 0.22 µm filter unit and purified by preparative 
reverse-phase HPLC using a 0.1% TFA water–acetonitrile mixture as eluant. After vacuum 
concentration of the collected peak fractions for 4 h, the control peptide P1-Ctrl-Mal was 
lyophilized for 48 h to yield the peptide as white amorphous powder (5.1 mg pure peptide 
from 14.4 mg crude used for purification, 35.3%). The purified peptides were characterized 
by MALDI FT-ICR MS and stored at 4 °C until use. 
MALDI FT-ICR MS (0.1% aqueous TFA): m/z = calc. 1224.65, found: 1225.66 [M+H]+. 
  



 
Figure S4. MALDI FT-ICR mass spectrum of Maleimide-KIKISQINM (P1-Ctrl-Mal) peptide 
(0.1% aqueous TFA). Measurements were carried out on a Bruker solariX (2010) Hybrid 7T FT-ICR 
using an α-cyano-4-hydroxycinnamic acid matrix. m/z calculated for maleimide-KIKISQINM, P1-
Ctrl-Mal: [M+H]+ = 1225.65 , [M+Na]+ = 1247.64, [M+K]+ = 1263.62, found: 1225.66 [M+H]+, 
1247.64 [M+Na]+, 1263.62 [M+K]+. 
  



Rhodamine-KIKI-(COOH)-SQINM (depsi peptide D1-Rho). 

 
After preparation of the peptides via SPPS as described, N-terminal functionalization with 
Rhodamine B was conducted via SPPS. Therefore, Rhodamine B (1.0 eq, 50.0 µmol, 
24.0 mg) in DMF (1.3 mL) was introduced to the peptide resins (50.0 µmol) in presence of 
PyBOP (5 eq, 0.25 mmol, 130.4 mg) and DIPEA (10 eq, 0.5 mmol, 0.1 mL) followed by a 
microwave-assisted reaction at 75 °C for 10 min (500 rpm) with subsequent washing of the 
resins with DMF (3 mL x8). The peptide was cleaved from the resin using a TFA/H2O/TIPS 
cleavage cocktail and processed as described under exclusion of light to avoid bleaching of 
the dye. Lyophilization yielded the crude peptide D1-Rho (32.0 mg, 21.4 µmol, 42.7%) as 
pink amorphous powder. The crude peptide D1-Rho (2.3 mg) was dissolved in 0.1% aqueous 
TFA (2 mL), filtered using a 0.22 µm filter unit and purified by preparative reverse-phase 
HPLC using a 0.1% TFA water–acetonitrile mixture as eluant. After vacuum concentration of 
the collected peak fractions for 4 h, the peptide D1-Rho was lyophilized for 48 h to yield the 
peptide as pink amorphous powder (0.3 mg pure peptide from 2.3 mg crude used for 
purification, 12.9%). The purified peptides were characterized by MALDI FT-ICR MS and 
stored at 4 °C until use. 
MALDI FT-ICR MS (0.1% aqueous TFA): m/z = calc. 1498.85, found: 1498.85 [M]+. 
  



 
Figure S5. MALDI FT-ICR mass spectrum of rhodamine-KIKI-(COOH)-SQINM (D1-
Rho) peptide (0.1% aqueous TFA). Measurements were carried out on a Bruker solariX 
(2010) Hybrid 7T FT-ICR using an α-cyano-4-hydroxycinnamic acid matrix. m/z calculated 
for rhodamine-KIKI-(COOH)-SQINM, D1-Rho: [M]+ = 1498.85, [M+O]+ = 1514.84, found: 
1498.85 [M]+, 1514.85 [M+O]+. 
  



RITC-(maleimide-KIKI-(COOH)-SQINM) (D1-Mal-RITC). 

 
After preparation of the maleimide functionalized peptide D1-Mal via SPPS as described, 
functionalization of lysine side-chain with RITC was conducted in solution. Therefore, RITC 
(1.0 eq, 0.9 mg, 1.7 µmol) in DMSO (10 mg/mL) was introduced to a solution of peptide D1-
Mal (2.0 mg, 1.7 µmol) in DMSO (10 mg/mL) in presence of DIPEA (2 eq, 3.4 µmol, 
0.6 µL) followed by incubation at 23 °C overnight. MALDI FT-ICR MS revealed no presence 
of product, hence, more DIPEA (10 eq, 17.0 µmol, 6.1 µL) was added to the reaction mixture 
and incubated at 23 °C overnight. MALDI FT-ICR MS revealed presence of educt, hence, 
more DIPEA (100 eq, 170 µmol, 61.0 µL) was added to the reaction mixture and incubated at 
23 °C overnight. The reaction mixture (100 µL, 251.2 µL) was dissolved in 0.1% aqueous 
TFA (1.9 mL, 1.7 mL), filtered using a 0.22 µm filter unit and purified by preparative reverse-
phase HPLC using a 0.1% TFA water–acetonitrile mixture as eluant. After vacuum 
concentration of the collected peak fractions for 4 h, the peptide D1-Mal-RITC was 
lyophilized for 48 h to yield the peptide as pink amorphous powder (0.24 mg, 8.6%). The 
purified peptides were characterized by MALDI FT-ICR MS and stored at 4 °C until use. 
MALDI FT-ICR MS (0.1% aqueous TFA): m/z = calc. 1724.85, found: 1725.85 [M+H]+. 
  



 
Figure S6. MALDI FT-ICR mass spectrum of RITC-(maleimide-KIKI-(COOH)-SQINM) (D1-
Mal-RITC) peptide (0.1% aqueous TFA). Measurements were carried out on a Bruker solariX 
(2010) Hybrid 7T FT-ICR using an α-cyano-4-hydroxycinnamic acid matrix. m/z calculated for RITC-
(maleimide-KIKI-(COOH)-SQINM), D1-Mal-RITC: [M]+ = 1724.85, found: 1725.85 [M+H]+, 
1740.85 [M+O+H]+. 
  



Synthesis of cationized human serum albumin (cHSA, 2). cHSA was prepared according to 
the literature.[1] HSA (600 mg, 9.1 µmol) was dissolved in 60 mL ethylendiamine (EDA) 
solution (2.5 M, pH = 4.75) at room temperature. Subsequently, N-(3-dimethylaminopropyl)-
N´-ethylcarbodiimide hydrochloride (EDC, 3.07 g, 16 mmol) was added. The reaction was 
stirred for 2 h on an orbital shaker at room temperature. The reaction was stopped by addition 
of acetate buffer (4 mL, 4 M, pH = 4.75). Thereafter, the colorless solution was concentrated 
by ultrafiltration using Vivaspin 20 ultrafiltration tubes (30 kDa molecular weight cut-off 
(MWCO)) and washed two times with acetate buffer (100 mM, pH = 4.75) as well as five 
times with Milli-Q-water. After lyophilization (ALPHA 1-4LD Plus, Christ), the cHSA was 
obtained as a white solid (634 mg, 8.7 µmol, 96%).  
MALDI-ToF MS (H2O): m/z = 72651 [M+]. 

 
Figure S7. MALDI-ToF mass spectrum of cHSA (blue) and its precursor HSA (black). 
Measurements were carried out on a Bruker Reflex III MALDI-ToF mass spectrometer 
(Bruker Corporation) using a sinapinic acid matrix. HSA: m/z found: 66260 [M+]. cHSA: m/z 
found: 72651 [M+]. 
  



Synthesis of PEGylated cHSA (cHSA-PEG(2000)22, 3). cHSA-PEG(2000)22 was prepared 
according to the literature.[1] cHSA (130 mg, 1.8 µmol) was dissolved in 75 mL degassed 
phosphate-buffer (50 mM, pH 8.0). Thereafter, MeO-PEG(2000)-NHS ester (131.5 mg) was 
dissolved in 500 µL DMSO and introduced to the protein solution. The reaction mixture was 
stirred for 135 min at room temperature. The solution was concentrated and washed eight 
times with Milli-Q-water by ultrafiltration (Vivaspin 20 ultrafiltration tubes, 30 kDa MWCO). 
After lyophilization, the cHSA-PEG(2000)22 was obtained as a white solid (190 mg, 
1.76 µmol, 98%). In case the conjugated amount of PEG groups was found not to be 
sufficient, a second round of PEGylation was conducted with a suitable number of PEG 
equivalents.  
MALDI-ToF MS (H2O): m/z = 115481 [M+]. 
 
Preparation of denatured cHSA-PEG(2000)22 (dcHSA-PEG(2000)22, 4). In a first step, urea-
sodium phosphate buffer (8.4 mL, 5 M Urea, 50 mM sodium phosphate buffer, pH 7.4) was 
degassed. Subsequently, cHSA-PEG(2000)22 (18.0 mg, 156 nmol) was added to the degassed 
buffer solution and stirred under argon for 15 min to allow protein denaturation. Next, TCEP 
(tris(2-carboxyethyl)phosphine hydrochloride, 4.2 mg, 14.8 µmol) was added to the solution 
and stirred overnight under argon atmosphere to reduce all disulfides. The product was 
purified by ultrafiltration (Vivaspin 20 ultrafiltration tubes, 30 kDa MWCO) with Milli-Q-
water five times and lyophilized for 2 days to give a white solid (quantitative). 
 
Peptide-protein hybrid: depsi-brush BD1. dcHSA-PEG(2000)22 (15.9 mg, 0.1 µmol) was 
dissolved in DMSO (150 µL). The depsi peptide D1-Mal (20 eq, 2.8 µmol, 3.4 mg) was 
predissolved in DMSO (35 µL) and introduced to the protein solution. The reaction mixture 
was vigorously mixed and incubated for 24 h at room temperature on a shaker at 1150 rpm. 
The reaction mixture was washed five times with 0.1% TFA by ultrafiltration (30 kDa 
MWCO). After lyophilization (2 d), BD1 was obtained as white solid (12.2 mg, 0.084 µmol, 
61%). 
MALDI-ToF MS (0.1% TFA in H2O): m/z = 145000 [M+]. 

 
Peptide-protein hybrid: control peptide-brush BP1-Ctrl. dcHSA-PEG(2000)30 (10.5 mg, 
80.0 nmol) was dissolved in DMSO (70 µL). The control peptide P1-Ctrl-Mal (20 eq, 



1.6 µmol, 2.0 mg) was predissolved in DMSO (20.4 µL) and introduced to the protein 
solution. The reaction mixture was vigorously mixed and incubated at room temperature for 
24 h on a shaker at 1150 rpm. The reaction was washed five times with 0.1% TFA by 
ultrafiltration (30 kDa MWCO). However, after introduction of the DMSO mixture into the 
acidic aqueous solution, the mixture turned into a turbid suspension indicating aggregate 
formation. After lyophilization (2 d), the hybrid was obtained as a white solid (10.2 mg). 
 
Peptide-protein hybrid: RITC labeled depsi-brush BD1-RITC. dcHSA-PEG(2000)30 (9 mg, 
68.6 nmol) was dissolved in DMSO (60 µL). The depsi peptide D1-Mal (18 eq, 1.2 µmol, 
1.5 mg) and the RITC labeled depsi peptide D1-Mal-RITC (2 eq, 0.1 µmol, 0.2 mg) were 
predissolved separately in DMSO (18 µL) and introduced sequentially to the protein solution. 
The reaction mixture was vigorously mixed and incubated for 24 h at room temperature on a 
shaker at 1150 rpm. The reaction was washed five times with 0.1% TFA by ultrafiltration 
(30 kDa MWCO) under exclusion of light to prevent photo-bleaching. After lyophilization 
(2d) in the dark, BD1-RITC was obtained as pink solid (6.2 mg). 
 
Peptide-protein hybrid: depsi-brush BD2. dcHSA-PEG(2000)22 (4.7 mg, 0.04 µmol) was 
dissolved in DMSO (50 µL). The depsi peptide D1-Mal (10 eq, 0.4 µmol, 0.5 mg) was 
predissolved in DMSO (15 µL) and introduced to the protein solution. The reaction mixture 
was vigorously mixed and incubated for 24 h at room temperature on a shaker at 1150 rpm. 
The reaction mixture was washed five times with 0.1% TFA by ultrafiltration (30 kDa 
MWCO). After lyophilization (2 d), BD2 was obtained as white solid (3.1 mg, 0.026 µmol, 
65%). 
MALDI-ToF MS (0.1% TFA in H2O): m/z = 121000 [M+]. 
 
Mass spectrometry. Proteins were recorded on a Bruker Reflex III MALDI-ToF mass 
spectrometer (Bruker Corporation) using a sinapinic acid matrix during sample preparation. In 
case of peptides, mass spectrometry was recorded on Bruker solariX (2010) Hybrid 7T FT-
ICR (Bruker Corporation) using an α-cyano-4-hydroxycinnamic acid matrix. 
 
HPLC measurement of depsi transition. The intramolecular O–N–acyl migration reaction at 
neutral pH with proceeding linearization of the kinked depsi peptide molecule D1 yielding 



peptide P1 was monitored via HPLC based on the resulting shift in the elution time. As 
control, the synthesized linear control peptide P1-Ctrl was also analyzed. Both peptides were 
incubated at 1 mg/mL (0.3 mL) at 24 °C in pH 7.4 (PBS) and pH 2 (0.1% aqueous TFA). An 
aliquot of the potential reaction (50 µL) was quenched at defined time points (t1-6 = 0 h, 0.5 h, 
1.0 h, 3.0 h, 6 h, 12 h) by introduction of the stock solution into 4% aqueous TFA (55 µL) and 
subsequent vortexing. The quenched solutions were stored at 4 °C until chromatographic 
analysis, which was performed by injection of 50 µL of the quenched solution onto an 
analytical ChroCART® 125-4 column (LC cartridge, 100 RP-18, 5 µm, LiChrospher®, 
Merck). Separation was performed by analytical reverse-phase HPLC (1260 Infinity 
Quarternary LC System, Agilent Technologies) using a 0.1% TFA water–acetonitrile mixture 
as eluant, the applied gradient is summarized in Table 1. Detection of the peptides was 
conducted at 215 nm.  
  



Table 1. Gradient for monitoring of the intramolecular O–N–acyl migration reaction of 
depsi peptide. 

Time [min] ACN, 0.1%TFA [%] 0.1% TFAaq [%] 
Flow 

[mL/min] 
0.00 5 95 0 
0.01 5 95 1 
1.00 5 95 1 
5.00 10 90 1 
10.00 40 60 1 
18.00 100 0 1 
20.00 5 95 1 
22.00 5 95 1 

 
 
  



Transmission electron microscopy (TEM). TEM was performed with aliquots of 
preincubated peptide or peptide-protein hybrid samples. Thereby, each sample was incubated 
in the respective solvent at 1 mg/mL overnight on a shaker (600 rpm) at 37 °C. A 3 µL 
droplet of the sample was deposited on a copper grid coated with a thin electron-transparent 
Formvar-layer and freshly etched with oxygen plasma. Subsequent to an incubation time of 
5 min, the sample solution was removed using filter paper, 7 µL of an aqueous 2% uranyl 
acetate solution were added on the copper grid and incubated for 5 minutes to enhance sample 
contrast via staining. The grids were washed three times in Milli-Q-water, excess water was 
removed via filter paper and the grids were dried in air. Imaging was performed in high 
vacuum with a JEOL 1400 transmission electron microscope at an acceleration voltage of 
120 kV.  
 
Conversion assay. To investigate the quantity of the transition of D1 to P1 and the resulting 
PNF formation, conversion rates of depsi peptide D1 and the linear control peptide P1-Ctrl 
incubated in either 0.1% aqueous TFA (pH ~ 2) or PBS (pH ~ 7) were determined. Therefore, 
a DMSO stock solution (10 mg/mL, 20 µL) of the respective peptide was introduced into 
sterile filtered (0.22 µm filter unit) solvent (0.1% aqueous TFA or PBS, 180 µL) to yield a 
1 mg/mL solution. After incubation for 24 h, the solutions were split, and one half of the 
original solution (100 µL) was centrifuged (13.2 krpm, 105 min, 4 °C) using Vivaspin 500 
tubes (3 kDa MWCO) in order to remove any peptide aggregates from the solution. In a next 
step, the obtained amount of filtrate as well as the other half of the original solution were 
lyophilized overnight to obtain solid compound. Subsequently, the resulting solids were 
dissolved in DMSO (25 µL), and the amount of free amino groups was determined via 
fluorescent readout (λex = 365 nm, λem = 470 nm) upon incubation in presence of 
fluorescamine. Therefore, 3 µL fluorescamine solution (3 mg/mL in DMSO) were added to 
10 µL sample (pure DMSO for calibration, original sample or filtrate) in a black 384-well-
plate (Greiner Bio-one) and incubated for 20 min at RT in the dark. The fluorescence 
intensities were detected with an excitation wavelength of λex = 365 nm and emission 
wavelength of λem = 470 nm with 10 nm bandwidths and multiple reads (3x3) per well 
(Infinite® M1000 PRO microplate reader, Tecan). Thereby, we calculated the n-fold 
fluorescence intensity enhancements (DMSO = 1) and defined the conversion rate (CR) 
according to Equation 1.  
        

                             (        )

                       (        )
          (1) 



A total of three measurements of individually prepared sample were performed.   
 
Thioflavin T (ThT) assay. Sample solutions of the depsi peptide D1 or the control peptide 
P1-Ctrl (1 mg/mL) were prepared by introducing the respective DMSO stock solution 
(10 mg/mL) to filtered (0.22 µm filter unit) DBPS and incubated on a shaker (600 rpm) at 
37 °C. At defined time points (t1-6 = 0 h, 1 h, 3 h, 8 h, 12 h, 48 h), a sample aliquot (2 µL) was 
taken and introduced to a ThT solution in PBS (50 µM, 10 µL) which was placed in a 384 
well-plate (flat bottom black polystyrol small volume, Greiner bio-one). For reference, the 
sample was substituted by PBS (2 µL) and similarly introduced to the ThT solution. Prior to 
fluorescence read-out, the ThT mixtures were mixed thoroughly and incubated for 5 min at 
RT to allow for interaction of ThT with potential fibrillary structures. The fluorescence 
emission was recorded at λem = 488 nm upon excitation at λex = 440 nm with 10 nm 
bandwidths and multiple reads per well (3x3) (Infinite® M1000 PRO microplate reader, 
Tecan). A total of three measurements per sample were performed.[2]   
 
ATR FT-IR. For analysis of secondary structure elements, ATR FT-IR of preincubated and 
lyophilized peptide or peptide-protein hybrid samples was performed. A DMSO stock 
solution (10 mg/mL) of the respective peptide or hybrid was introduced into sterile filtered 
(0.22 µm filter unit) solvent (0.1% aqueous TFA pH ~ 2 or PBS pH 7.4) to yield a 1 mg/mL 
(40 µL) solution. All samples were incubated at 37 °C on a shaker (600 rpm) overnight and 
subsequently lyophilized. ATR FT-IR spectra of solid sample were recorded using a Bruker 
Tensor 27 spectrometer equipped with a diamond crystal as ATR element (PIKE Miracle™) 

with a spectral resolution of 2 cm−1, each spectrum was an average of 20 scans. 
 
Circular dichroism (CD). For analysis of secondary structure elements, circular dichroism 
spectra of pre-incubated peptide samples were measured on a JASCO J-180 
spectropolarimeter. Therefore, the respective peptide was introduced into sterile filtered 
(0.22 µm filter unit) Milli-Q water to yield a 1 mg/mL solution which was further diluted to 
0.2 mg/mL using filtered Milli-Q water and adjusted to neutral pH using 1 M NaOH. All 
samples were incubated at 37 °C on a shaker (600 rpm) for one hour and subsequently 
submitted to measurement. The sample was measured with a volume of 300 µL at 25 °C. The 
CD signal was measured from 260 nm to 180 nm. The bandwidth was set to 1 nm with a 



response at 1 sec. Standard sensitivity was used with the data pitch 0.1 nm and 100 nm/min 
scanning speed. The data was recorded by 5 times data accumulation. 
 
Cryogenic scanning electron microscopy (Cryo-SEM). Hydrogel H1 (4 w%, 1.20 mg BD1 in 
30 µL filtered (0.22 µm) 100 mM phosphate buffer with pH 7.4) was prepared on a copper 
sample holder. After an incubation time of 5 min at RT, the hydrogel was transferred into a 
freezing chamber in a dry gaseous nitrogen atmosphere and shock frozen by plunging quickly 
into sub-cooled liquid nitrogen (nitrogen slush). After the transfer to a preparation chamber, 
the stage was set to −120 °C and after an equilibrium time of 5 min, the hydrogel was 
fractured by a built-in tool. The sample was directly transferred under vacuum to the SEM 
cryo stage which was kept at -110 °C. In a following step, sublimation was performed at 
−80 °C for 30 min and at −70 °C for 15 min. Imaging was performed once the sample and 
cryo stage were stable back at −110 °C. For cryogenic observation of the samples by means of 
FE-SEM a Hitachi SU8000 (HHT Europe, Krefeld) was used in combination with a cryo 
SEM preparation unit, type EMITECH K1250X (Quorum Technologies Ltd, Laughton, UK). 
 
Confocal laser scanning microscopy and fluorescence microscopy. Hydrogel H3 (10 µL, 
4%, BD1) with free depsi peptide (18 eq. D1, 51.0 nmol, 0.06 mg and 2 eq. D1-Rho, 
5.7 nmol, 0.01 mg) was assembled in an ibidi µ-slide angiogenesis well-plate by addition of 
100 mM phosphate buffer (10 µL, pH 7.4) to the premixed solids. In order to avoid drying of 
the sample, the hydrogel was covered with 10 µL PBS. All samples were imaged using the 
Zeiss LSM710 confocal microscope (plan-Apochromat 63x/1.40 Oil DIC M27). Excitation 
and emission wavelength for rhodamine B were 561 nm and 626 nm, respectively, detection 
wavelength was 566–685 nm.  
 
Rheology. Rheological characterization was conducted using a DHR3 rheometer (TA 
Instruments) equipped with a temperature controller and a solvent reservoir to prevent 
hydrogel drying. Experiments were performed using an 8 mm parallel-plate geometry with 
hydrogels of 30 µL volume resulting in a gap size of 0.45 – 0.50 mm. Characterization of the 
hydrogels mechanical properties was generally conducted at 25 °C. In addition, the 
mechanical properties at 37 °C were assessed, too, and the results are accordingly labeled. For 
general rheological characterization, H1 (4%, 30 µL, 1.2 mg BD1) was prepared using 
filtered (0.22 µm filter unit) 100 mM phosphate buffer (pH 7.4). For characterization of 



hydrogel properties in serum containing cell medium, H1 (4%, 30 µL, 1.2 mg BD1) was 
prepared in EGMTM 2 growth medium (2% FBS). In order to investigate the ranges of 
modulus that can be achieved by the presented material design, H4 (4%, 30 µL, 1.2 mg BD2) 
and H1 (8%, 30 µL, 2.4 mg BD1) were characterized as well, results are accordingly labeled.  
Several different experiments were performed:  
(i) Time sweep: The linear viscoelastic region was found to be in the range of 1% strain and 
1 Hz frequency. Therefore, oscillatory time-sweep measurements were performed at a fixed 
strain of 1% and a fixed frequency of 1 Hz at 25 °C (or 37°C) for 5 min. 
(ii) Strain sweep: Oscillatory strain sweeps (0.01–1000%) were conducted at a fixed 
frequency of 1 Hz at 25 °C (or 37°C).  
(iii) Frequency sweeps: Frequency sweeps (0.05–100 Hz) were performed at a fixed strain of 
1% at 25 °C . 
(iv) Thixotropy measurement: Combined measurements of an oscillatory strain sweep (0.01–

1000%) at 25 °C (or 37°C) with a fixed frequency of 1 Hz followed by an oscillatory time 
sweep measurement with a fixed strain of 0.1% and frequency of 1 Hz for 800 s at 25 °C (or 
37°C) were conducted to analyze the self-healing capacity of the hydrogels. Notably, the 
healing efficiency of H1 was quantified from the storage modulus acquired from this 
experiment (Figure 3D). In this context, the initial hydrogel recovery (first acquired data 
point, 13 s) and the mean hydrogel recovery during the following oscillatory time sweep 
(0.1% strain, 800s) were summarized for each strain sweep (No 2-4) in Figure S21. The data 
was normalized to the mean storage modulus of H1 after the first strain sweep.  
(v) Rheological recovery test: Combined measurements of consecutive oscillatory time 
sweeps with alternating high (1000%) strain and low (0.1%) strain at 25 °C with a fixed 
frequency of 1 Hz. While the recovery phase under low strain was always 300 s, differing 
strain durations of high strain (1000%, 1 min, 5 min, 65 min) were utilized to assess the 
recovery potential.  
(vi) Complex viscosity during oscillatory measurements: see (i), (ii) and (iv). 
(vii) Flow curves: Continuous flow rheology experiment. Flow ramp from shear rates of 0 to 
100 1/s over 500 s at 25 °C. In addition, the flow ramp from shear rates of 100 to 0 1/s was 
measured as well to ensure the material has not lost contact to the plate/plate geometry.  
 



Macroscopical test of self-healing process.  
H1 (4%, 3.2 mg, prepared in 100 mM PB pH 7.4) was prepared onto a coverslip and images 
of the intact hydrogel were taken. To follow the recovery, the hydrogel was cut in half and 
joined together. At each step (intact, cut, joined t = 0 min, 5 min), microscopy images were 
taken on a Keyence fluorescence microscope (BZ-X700) with a 4 x objective. Single pictures 
were merged to show the complete gel using the corresponding BZ-II Analyzer Software.  
 
Injection behavior of peptide-protein hybrid hydrogel. Hydrogel H1 (4 w%, 9.7 mg BD1 in 
240 µL filtered (0.22 µm) 100 mM phosphate buffer with pH 7.4) was prepared and stained 
by addition of rhodamine B (2.5 µL) after gelation was completed. A part of the hydrogel was 
transferred into a Hamilton® syringe (0.25 mL) and “written” directly onto a glass slide into a 

“U-U” 3 D pattern using the syringe as a “pen” with the hydrogel as its “ink”.  
 
Digestion / stability assay. Hydrogels (H2: 25 µL, 4 w%, BD1-RITC) were prepared in 
millicell hanging cell culture inserts (PET, 5 µm, 24-well) by addition of filtered (0.22 µm 
filter unit) phosphate buffer (100 mM, 25 µL) to BD1-RITC (1.0 mg) and gentle mixing for 
< 30 s until hydrogel was assembled. After 5 min incubation at RT to ensure gelation was 
completed, each of the inserts was placed into a well (24-well plate). For stability analysis the 
wells were filled with PBS (0.8 mL) and subsequently 100 µL were transferred into the insert. 
Similarly, hydrogels were prepared for analysis of tryptic digestion. Notably, the wells (24-
well plate) were filled with PBS (0.6 mL) and a trypsin solution (0.05 w/v%, 200 µL), 
subsequently, 100 µL of this mixture were transferred into the hydrogel containing insert. At 
defined time points (t1-11 = 0 h, 3 h, 6 h, 1 d, 2 d, 3 d, 4 d, 5 d, 8 d, 14 d, 21 d), a picture of the 
hydrogel within the insert and a sample aliquot from the surrounding solvent (25 µL) was 
taken, placed in a 384 well-plate (flat bottom black polystyrol small volume, Greiner bio-one) 
and submitted to fluorescence read-out with detection of emission at λem = 580 nm upon 
excitation at λex = 555 nm with 10 nm bandwidths and multiple reads (3x3) per well 
(Infinite® M1000 PRO microplate reader, Tecan). In order to keep the solvent volume 
constant, the meniscus was marked on each well and PBS (min. 25 µL) was added to each 
well and the solvent was mixed prior to sample taking. A total of two measurements per 
sample were performed, three hydrogels were prepared and analyzed independently.     
 



HUVEC cell culture. HUVECS were thawed and maintained in EGMTM 2 growth medium 
according to manufacturer’s instructions. Cells were grown to 80% confluence in complete 
EGMTM 2 growth medium and used within passage 8. For splitting, cells were washed with 
PBS, trypsinated for 5 min and after centrifugation (5 min, RT, 1000 rpm) resuspended in 
EGMTM 2 growth medium.  
 
HUVEC cytotoxicity. Cytotoxicity of the hydrogel and its compounds was quantified using 
the Caspase-Glo® 3/7 Assay. Prior treatment, cells were seeded with 50.000 cells per 96 well. 
Hydrogel H1 (4%, 0.4 mg BD1, 2.8 nmol, prepared with medium), the brush precursor 4 
(0.35 mg, 2.8 nmol), the depsi peptide D1 (0.06 mg, 55.9 nmol), staurosporine (1 µM) for 
negative control or medium alone for positive control were applied 24 h after cell seeding, 
followed by incubation with cells for 24 h. The Caspase-Glo® 3/7 Assay was performed 48 h 
after cell seeding according to manufacturer’s instructions. Luminescence was detected using 

a GloMax Multi 96-well plate reader (Promega).  
 
HUVEC morphology and migration. For cell morphology and migration studies, H1 (4 w%, 
0.4 mg BD1, 10 µL) was prepared in angiogenesis µ-slides and prewashed with cell medium 
(50 µL), followed by topological seeding of HUVECS (50 000 cells per well) on top of the 
hydrogel. After 24 h, live dead cell staining was applied with 5 µM calcein and 5 mg/mL 
propidium iodid, for 30 min. For migration studies vital or dead HUVECS (50.000 cells per 
well) were seeded in different wells and stained with 5 µM calcein or 5 mg/mL propidium 
iodid, respectively. Live cell imaging was performed 24 h or 7 days after seeding with CLSM 
(Leica-TCS-SP5). Z-stack images were recorded and orthogonal views are presented.  
 
Mouse primary neuronal culture: DRGs (dorsal root ganglia) of 7–9 weeks old C57BL/6 
mice were isolated. As a first step the spine with the rib cage of the mouse was removed and 
cleaned in ice cold 1X PBS. Dissected DRGs were collected in Petri dishes with ice cold 
HBSS (Hank’s balanced salt solution), dispensable tissue was removed and cleaned DRGs 

were stored on ice in 1 mL HBSS until further preparation. Following dissection, the DRGs 
were first centrifuged at 1000 rpm for 2 min at RT and the HBSS was replaced by 500 µL 
digestion solution (0.25% collagenase, 5% dispase dissolved in DMEM). For digestion, tubes 
containing DRGs and digest solution were incubated at 37° C for 1 h and flicked every 
15 min. Afterwards the DRGs were spun down at 800 rpm for 2 min at RT and then washed 



with 1 mL pre-warmed DRG media (DMEM/NBM ratio1:1, supplemented with 10% FCS, 
2% B27 supplement, 0,1% L-glutamine), following another centrifugation step at 800 rpm for 
2 min at RT. Again, DRGs were washed with 1 mL DRG media and then transferred into 
falcon tubes. The solution was triturated 30 times with glass pipettes with whole diameter 
following 15 times triturating with glass pipettes with half the diameter. Afterwards, to get rid 
of tissue clumps, the solution settled for approximately 30 sec and the supernatant was 
transferred to a new falcon tube. This was repeated once before the supernatant was 
centrifuged at 800 rpm for 5 min at RT. The resulting cell pellet was resuspended in 500 µL 
DRG culture media without NGF. Neurons were pre-stained with 25.4 µM DiAsp (4-(4-
(Dihexadecylamino)styryl)-N-Methylpyridinium Iodide, Molecular Probes) before seeding. 
For this, cells were centrifuged at 800 rpm for 5 min and the resulting supernatant was 
discarded. The pellet was resuspended in 1 mL pre-warmed HBSS with 2 µL DiAsp and 
centrifuged again at 800 rpm for 10 min. Again, the supernatant was discarded, and the pellet 
was washed with 1 mL pre-warmed HBSS. After washing, the cells were centrifuged at 
800 rpm for 5 min and subsequently the pellet was solved in 500 µL DRG culture media 
without NGF. All centrifugation steps were performed at RT. 
 
Neuronal survival: H1 (4%) was prepared in 10 µL DRG culture media with or without 
50 ng/mL NGF containing 300–400 cells. The resulting hydrogel with encapsulated cells was 
transferred into angiogenesis µ-slides and covered with 50 µL DRG culture media (NBM 
supplemented with 2% B27 supplement, 1% L-glutamine, 1% Pen/Strep) with NGF 
(50 ng/mL). Matrigel was prepared according to manufacturer’s protocol and used as a 
positive control for cell attachment. In this context, Matrigel (6 µL) was placed into 
angiogenesis µ-slides on ice using pre-cooled pipette tips and mixed with cell suspension 
(DRG culture media) to yield 300–400 cells per hydrogel. The Matrigel with encapsulated 
cells was then incubated for 10 min at RT and further incubated at 37°C for 30 min to allow 
gelation. Subsequently, the Matrigel was covered with 50 µL DRG culture media (NBM 
supplemented with 2% B27 supplement, 1% L-glutamine, 1% Pen/Strep) with NGF 
(50 ng/mL). Cells were incubated at 37 °C and 5% CO2 for four days. A culture medium 
change was performed after 1 DIV. Neurons were imaged under the Zeiss Axiovert 200 M 
fluorescence microscope (DiAsp λex = 450 nm, λem= 595 nm). Pictures were taken after 1 DIV 
and 4 DIV with the AxioCam MRm camera from Zeiss. 
 



Macrophage cell culture: J774A.1 macrophage-like cells (obtained from DSMZ, 
Braunschweig, Germany) were cultured in 10 cm cell dishes at 37 °C and 5% CO2 in DMEM 
medium (GIBCO® life technologies), containing 10% heat-inactivated fetal calf serum 
(GIBCO® life technologies), L-glutamine (4 mM) penicillin (100 U/mL) and streptomycin 
(100 mg/mL). The cells were scraped off and re-seeded three times a week at a confluence of 
80–100%. 
 
Macrophage intoxication and activation assay: For intoxication assay, 2x106 J774A.1 cells 
were seeded in a 96 well plate for one day. Then, the cells were treated in complete growth 
medium with either H1 (4%, 0.25 mg BD1, 1.75 nmol, prepared with medium), 4 (1 and 
0.5 eq), D1 (20 and 10 eq) or 1 (1 and 0.5 eq). For control, cells were left untreated or were 
treated with the apoptosis-inducer staurosporine. After an incubation time of 24 h at 37 °C 
and 5% CO2, the number of viable cells was determined using the CellTiter 96® AQueous One 
Solution Cell Proliferation (MTS) assay (Promega) according to the manufacturer’s 

instructions.  
To analyze the effects on macrophage activation, 2  106 J774A.1 cells were seeded in a 
96 well plate for one day and were then treated in complete growth medium with either H1 
(4%, 0.25 mg BD1, 1.75 nmol, prepared with medium), 4 (1 and 0.5 eq), D1 (20 and 10 eq) or 
1 (1 and 0.5 eq). For control, cells were left untreated or were treated with bacterial 
Escherichia coli lysate. After an incubation time of 2 h, pictures were taken and the changes 
in cell morphology were analyzed. Pictures were taken using an Axiovert 40CFl microscope 
(Zeiss) connected to a ProgResTM C10 CCD camera (Jenoptik). 
 
Statistical analysis.  

 ThT Assay: Data are presented as mean ± SD of at least triplicates n ≥ 3, with 9 

measurements of the same well at different positions. Statistical tests were performed 
using OriginPro2017 (OriginLab Corporation, Northampton, MA, USA). The obtained 
data was analyzed by One-way ANOVA followed by Tukey's multiple comparisons 
test. Significance was considered at P values of P < 0.05 (*), P < 0.01 (**) and P < 
0.001 (***). 

 HUVEC cytotoxicity: Data are presented as mean ± SEM of four independent 
experiments in duplicates n = 8. Statistical tests were performed using Prism 5 



(GraphPad, La Jolla, CA, USA). The obtained data was analyzed by One-way 
ANOVA followed by Tukey's multiple comparisons test. Significance was considered 
at P values of P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***).  

  



 
Figure S8. Transmission electron microscopy images of nanofibers formed by P1-ctrl 
incubated in 0.1% aqueous TFA. 
  



 
Figure S9. HPLC assay for monitoring of the intramolecular O–N–acyl migration 
reaction within depsi peptide. HPLC trace of depsi peptide D1 incubated in 0.1% aqueous 
TFA (A) for 12 h (no change in retention time). HPLC trace of control peptide P1-Ctrl 
incubated in 0.1% aqueous TFA (B) or PBS (C) for 12 h (no change in retention time with Rt 
(0.1% TFA) = Rt (PBS)). 
  



 
Figure S10: CD spectrum of D1 and P1-Ctrl at neutral pH in water. The compounds were 
incubated at 0.2 mg/mL in water (neutral pH) for 1 hour. At neutral pH, a minimum in the 
beta-sheet region of the spectra (near 216 nm)[3] was detected for both, D1 (216 nm) and for 
P1-Ctrl (217 nm), indicating the formation of fibers with cross-beta sheet structures. 
  



 

 
Figure S11. Initiation of fiber formation of maleimide modified depsi peptide D1-Mal. 
A,B. Transmission electron microscopy images of D1-Mal incubated in 0.1% aqueous TFA 
(A) or PBS (B) at 1 mg/mL on a shaker (600 rpm) and 37 °C. The scale bars are 5 µm and 
200 nm (insets). C. ThT Assay of D1-Mal incubated in PBS at 1 mg/mL on a shaker 
(600 rpm) and 37 °C. Fluorescence was recorded at λem = 488 nm after excitation at λex = 440 
nm.  
  



 
Figure S12. ThT Assay of BD1 after overnight incubation in PBS (1 mg/mL, 600 rpm, 
37 °C) indicating the D1 driven aggregation of the hybrid. Fluorescence was recorded at 
λem = 488 nm after excitation at λex = 440 nm.  
  



 
Figure S13. Purification of BD1 vs BP1-Ctrl in 0.1% aqueous TFA (pH ~ 2). A. Clear 
solution of BD1 hybrid brush, purified from unreacted monomer peptide D1-Mal. B. Turbid 
suspension of control brush BP1-Ctrl. No purification from unreacted peptide monomers was 
possible due to significant aggregate formation of the linear control peptide P1-Ctrl.  
  



 
Figure S14. ATR FT-IR for secondary structure analysis. A. Control brush BP1-Ctrl 
incubated overnight in either 0.1% aqueous TFA (pH ~ 2) or PBS (pH 7.4) at 1 mg/mL at 
37 °C. B. The brush precursor denatured cHSAPEG (4) incubated overnight in either 0.1% 
aqueous TFA (pH ~ 2) or PBS (pH 7.4) at 1 mg/mL at 37 °C. 
  



 
Figure S15. Cryo scanning electron microscopy (Cryo-SEM) images of H1. 
  



 
Figure S16. Copolymer hydrogel: Functionalization via fluorescent tags. Fluorescence 
microscopy image of H3 with additional amounts (20 eq) of free depsi peptide (D1 18 eq, 
fluorescently labelled D1-Rho 2 eq) which was added to the copolymer BD1 during gelation. 
Excitation and emission wavelength for rhodamine B were 561 nm and 626 nm, respectively, 
detection wavelength was 566–685 nm. The scale bar is 250 µm. 
  



 
Figure S17. Hydrogel functionalization via fluorescent tags. Confocal laser scanning 
microscopy images of H3 with additional amounts (20 eq) of free depsi peptide (D1 18 eq, 
fluorescently labelled D1-Rho 2 eq) which was added to the copolymer BD1 during gelation. 
Excitation and emission wavelength for rhodamine B were λex = 561 nm and λem = 626 nm, 
respectively, detection wavelength was 566–685 nm. The scale bars are 20 µm. 
  



 
Figure S18. Hydrogel functionalization via fluorescent tags. Confocal laser scanning 
microscopy z-stack images of H3 with additional amounts (20 eq) of free depsi peptide (D1 
18 eq, fluorescently labelled D1-Rho 2 eq) which was added to the copolymer BD1 during 
gelation. The images of the slices recorded during the performed z-stack are presented with 
indication of the respective z-level in the left corner of each panel. Excitation and emission 
wavelength for rhodamine B were 561 nm and 626 nm, respectively, detection wavelength 
was 566–685 nm. The scale bars are 20 µm. 
  



 
Figure S19. Rheological characterization of H1 (25 °C). Oscillatory time sweep (400 s) with 
fixed strain (1%) and frequency (1 Hz). Mean ± s.d. (n = 3). 
  



 
Figure S20: Characterization of viscosity of H1 (4%) via different rheological 
experiments at 25 °C. A. Continuous flow rheology experiment. Flow ramp from shear rates 
of 0 to 100 1/s over 500 s. Mean of n = 2. B. Complex viscosity during oscillatory time sweep 
(400 s, 1% strain, 1 Hz). C. Complex viscosity during oscillatory strain sweep (0.01–1000%) 
with fixed frequency (1 Hz). D. Complex viscosity during consecutive measurement of 
oscillatory strain sweep (0.01–1000%) with fixed frequency (1 Hz), followed by an 
oscillatory time sweep measurement with fixed strain (0.1%) and frequency (1 Hz) 
demonstrating the thixotropic nature of the hydrogel. B. - D.: Mean ± s.d. (n = 3). 
  



 
Figure S21: A. Healing efficiency of H1 after consecutive oscillatory strain sweeps (0.01-
1000%). The healing efficiency was calculated from the storage modulus shown in Figure 3D 
yielding the immediate hydrogel recovery (open box, first acquired data point, 13 s) and the 
mean hydrogel recovery during the following oscillatory time sweep (grey box, 0.1% strain, 
800s) for each strain sweep (No 2–4). The data was normalized to the mean storage modulus 
of H1 after the first strain sweep. Mean ± s.d. (n = 3). B. Rheological recovery test of the H1 
hydrogel with the storage modulus as a function of time (strain duration i, ii: 1 min; iii, iv, v, 
vii: 5 min; vi: 65 min) under 1000% breaking strain (red). The high strain loading phase of 
1 min, 5 min and 65 min were followed by 5 min of recovery (black) at 0.1% strain, each. The 
hydrogel shows a good self-healing efficiency even after extended strain of 1000% for 
65 min. C. Images of self-healing process of H1 at macroscopic level. H1 was prepared 
(intact), cut in half (cut) and joined together (t = 0 min, t = 5 min). After each step, 
microscopy images were taken with a 4 x objective and merged to show the complete gel. The 
scale bars are 500 µm. Within 5 minutes after joining the gel together, the incision site cannot 
be observed any more. 
  



 

 
Figure S22: Rheological characterization of H1 (4%) at 37 °C. Mean of n = 2. A. 
Oscillatory time sweep (400 s) with fixed strain (1%) and frequency (1 Hz). B. Oscillatory 
strain sweep (0.01–1000%) with fixed frequency (1 Hz). C. Consecutive measurements of 
oscillatory strain sweeps (0.01–1000%) with fixed frequency (1 Hz), followed by oscillatory 
time sweep measurements with fixed strain (0.1%) and frequency (1 Hz) demonstrating the 
thixotropic nature of the hydrogel is retained at 37°C. D. Complex viscosity during oscillatory 
time sweep (420 s, 1% strain, 1 Hz). Notably, the rheological characterization of H1 indicates 
that the hydrogel’s mechanical properties are maintained regarding its mechanical strength 

(storage modulus), its behavior towards oscillation strain and its thixotropic nature with a fast 
and efficient recovery after high breaking strain including the hydrogel viscosity for 
temperatures between 25 °C and 37 °C. 
  



 
Figure S23: Rheological characterization of H1 (4%) at 25 °C prepared in serum 
containing medium (EGMTM 2 growth medium, 2% FBS). Mean of n = 2. A. Oscillatory 
time sweep (420 s) with fixed strain (1%) and frequency (1 Hz). B. Oscillatory strain sweep 
(0.01–1000%) with fixed frequency (1 Hz). C. Consecutive measurement of oscillatory strain 
sweep (0.01–1000%) with fixed frequency (1 Hz), followed by an oscillatory time sweep 
measurement with fixed strain (0.1%) and frequency (1 Hz) demonstrating the thixotropic 
nature of the hydrogel is retained. D. Complex viscosity during oscillatory time sweep (600 s, 
1% strain, 1 Hz). Notably, the rheological characterization of H1 when prepared using serum 
containing medium indicates that the hydrogel’s mechanical properties are not fully 

maintained regarding its mechanical strength (storage modulus, viscosity). However, the 
breaking strain is shifted to higher strains. Noteworthy, its thixotropic nature with a fast and 
efficient recovery after high breaking strain is maintained.  
  



 
Figure S24: Rheological characterization of H4 (H4 is prepared from BD2 with approx. 
10 D1 peptides conjugated per polypeptide backbone (4), which is half of the amount 
used in H1, 4%) at 25 °C. A. Oscillatory time sweep (400 s) with fixed strain (1%) and 
frequency (1 Hz). B. Oscillatory strain sweep (0.01–1000%) with fixed frequency (1 Hz). C. 
Consecutive measurements of oscillatory strain sweeps (0.01–1000%) with fixed frequency (1 
Hz), followed by oscillatory time sweep measurements with fixed strain (0.1%) and frequency 
(1 Hz) demonstrating the thixotropic nature of the hydrogel with a good recovery ability is 
retained.  
  



 
Figure S25: Rheological characterization of H1 (8%) at 25 °C. A. Oscillatory time sweep 
(400 s) with fixed strain (1%) and frequency (1 Hz). B. Oscillatory strain sweep (0.01–

1000%) with fixed frequency (1 Hz). C. Consecutive measurement of oscillatory strain sweep 
(0.01–1000%) with fixed frequency (1 Hz), followed by an oscillatory time sweep 
measurement with fixed strain (0.1%) and frequency (1 Hz) demonstrating the thixotropic 
nature of the hydrogel is retained. D. Consecutive measurements of oscillatory strain sweeps 
(0.01–1000%) with fixed frequency (1 Hz), followed by oscillatory time sweep measurements 
with fixed strain (0.1%) and frequency (1 Hz) demonstrating the thixotropic nature of the 
hydrogel is retained after several cycles. Notably, the rheological characterization of H1 when 
prepared at 8% revealed that the storage reaches up to approximately 1.8 kPa when the weight 
percentage is doubled. The breaking strain is shifted to higher strains. Noteworthy, its 
thixotropic nature with a fast and efficient recovery after high breaking strain is maintained. 
A.-C. Mean of n = 2. 



 

 
Figure S26. Degradation behavior of the polypeptide backbone. The fluorescent hydrogel 
H2 (4 w%, 25 µL) was prepared in a transwell setup and incubated in PBS (37 °C) in 
presence or absence of the proteolytic enzyme trypsin. Images of H2 at defined time points 
after incubation are presented.  
  



 
Figure S27: Cell vitality of HUVECs – live cell z-stack imaging. A. HUVECs 24 h after 
topological seeding on H1. Cells were stained with calcein (green, for living cells) and 
propidium iodide (red, for dead cells). Scale bar is 20 μm. B. HUVECs 7 days post 
topological seeding on H1. Cells were stained with calcein (green, for living cells), Propidium 
Iodide (red, for dead cells) and HCS NuclearMask™ Deep Red Stain (cyan, DNA staining). 

Scale bar is 20 µm. Vital HUVECs can be observed at different levels of the H1 hydrogel, 
validating cell survival up to 7 days in vitro and indicating cell migration into hydrogel.  
  



 Figure S28: Neuronal survival within H1 (4%). Dorsal root ganglion (DRG) neurons 
derived from adult mice are an established model system[4] to investigate regeneration of 
peripheral nervous system (PNS) neurons after injury and were incorporated into hydrogel 
(H1) with or without NGF and cultivated for 4 days. Fluorescence microscopy images after 
one or four days of culture show DRG neurons pre-stained with DiAsp within the surrounding 
hydrogel. As positive control, Matrigel, a gold standard 3D matrix for cell cultivation was 
applied. Neurons show similar survival rates in Matrigel as well as in hydrogel + NGF and 
hydrogel  − NGF for one and four days in culture, thereby, stressing the potential of H1 as 
new matrix to support neurons during regenerative processes. 
 
  



 

 
Figure S29: Macrophage viability and morphology. Murine J774A.1 macrophages were 
incubated for 24 h at 37°C with H1 (4%, 0.25 mg) and the precursor compounds 4 (1 and 
0.5 eq), D1 (20 and 10 eq) and 1 (1 and 0.5 eq). For positive control, the established inducer 
of apoptotic cell death staurosporine was used in parallel. A. Cell viability. After 24 h, the 
viability was measured using the CellTiter 96® AQueous One Solution Cell Proliferation 
Assay. B. Cell morphology and activation. After 24 h the morphology of the macrophages 
was evaluated by phase contrast microscopy. The results suggest no activation of these 
immune cells in vitro within 24 h of incubation.  
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In the previous chapter, I could show how the pH-responsive structural transition of depsi 
peptides can be utilized to form biocompatible hydrogels with exceptional mechanical 
properties. In particular, it was demonstrated that depsi peptides are powerful tools for 
controlling morphological transitions leading to macroscopic changes in material properties, 
i.e., from the controlled formation of nanofibers to gelation, covering the nanometer to 
millimeter length scales. In this chapter, we make use of the structural transition of depsi 
peptides to control the assembly and disassembly of peptide nanostructures, particularly of 
peptide nanofibers in solution, but without the formation of gels. In particular, we addressed 
this challenge by exploring the possibility of using the O–N–acyl shift as a trigger for the 
formation of nanofibers while an oxidative reaction of methionine was investigated as a trigger 
for disassembling the nanofibers. 
Among different self-assembling systems, SAPs are a highly interesting class of biomaterials 
and a useful tool to create a wide range of different structures, spanning filamentous 
nanostructures, functional templates, or hydrogels, for a broad range of applications. In 
particular, peptide nanofibers that mimic the morphology of naturally occurring structures, e.g., 
collagen in the ECM or actin in the cytosol, are considered important and useful materials for 
regenerative approaches. The synthesis of such supramolecular materials requires the 
programming of molecular design and precise control over intermolecular forces. In this 
context, the amino acid sequence predetermines structure formation, so that the basic 
nanoscale peptide building blocks assemble to a certain predictable structure, e.g., fibers with 
sheet, ribbon, or helix elements. However, despite established sequence-structure guidelines 
for the design of peptide-based materials, the precise control and better understanding of the 
assembly phenomena of small peptide building blocks are of crucial importance. 
Simultaneously, the controlled disassembly of the supramolecular structures formed is a 
further major constraint for this class of self-assembling material, which is highly desirable as 
well, especially when coupled to usage in vivo, and needs further investigation. In this context, 
these self-assembled peptide-based nanostructures become more biomimetic by providing for 
disassembly on demand, e.g., after they completed their task within the body. In addition, a 
controlled and biocompatible disassembly is a crucial pre-requisite for degradation without 
disruption of other physiological processes. Furthermore, β-sheet forming peptide nanofibers 
can closely resemble amyloid-type aggregates, which are implicated in several 
neurodegenerative diseases. In order to further evolve the depsi peptides as controllable 
nanomaterial building blocks and overcome potential risks related to the high stability of 
amyloids, the implementation of stimuli-responsive assembly and disassembly was 
investigated.  
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In the following, the results from a collaborative work are presented where rational chemical 
design was applied to enable orthogonally stimulated assembly and disassembly of depsi 
peptides. While in this context, serine has been used in Chapter 4 to construct an ester bond 
that provides an oligopeptide that can undergo an O–N–acyl shift as trigger for the formation 
of nanofibers, here, we explored the caging of the serine depsi amine to extend the 
responsiveness to other physiologically relevant stimuli besides pH. In addition, methionine, 
which is sensitive to oxidative conditions, can also be employed as orthogonal chemical trigger 
to induce disassembly by appropriate stimuli and was now used as “responsive unit” to provide 

a higher level of control over disassembly. Using the peptide sequence KIKISQINM, which 
contains serine and methionine, as an example, it was shown that the assembly and 
disassembly of PNFs can be controlled independently of each other.  
In detail, the depsi peptide KIKISQINM was synthesized with a boronic acid-carbamate bond 
as a caging group of the depsi amine (Figure 20). The cleavage of the carbamate group in the 
presence of kosmotropic agents such as phosphate salts enabled the O–N–acyl shift resulting 
in PNF self-assembly. The selective carbamate bond-cleavage and the subsequently H2O2-
induced methionine oxidation were followed via kinetic profiling with analytical HPLC and 
MALDI-ToF MS. The measurements demonstrated the gradual hydrolysis of the carbamate 
bond over time to first form the intermediate free depsi peptide which then underwent the  
O–N–acyl shift to form the linear peptide, and subsequently its oxidized derivative. The self-
assembling behavior of the caged depsi peptide in response to both stimuli was followed by 
Proteostat staining, FT-IR, and CD measurements to indicate the presence of β-sheet 
structures as a result of assembly, while the respective morphologies were visualized via TEM. 
In a similar fashion, the disassembly of the fibrils through the oxidation of methionine by 
application of H2O2 was followed. Here, the oxidation of the nonpolar thioether to the 
corresponding sulfoxide is expected to enhance the polarity and afford the disassembly of 
PNFs. In case of the caged depsi peptide, no structure formation was detected as no fibers 
were observed in TEM, and CD spectroscopy indicated unordered structures for the caged 
depsi peptide. After hydrolysis of the carbamate group in phosphate buffered saline and 
subsequent rearrangement, responsive β-sheet structure formation was demonstrated. In this 
context, the fluorescence intensity from the fluorogenic Proteostat stain only increased upon 
triggering with phosphate salts, while FT-IR and CD indicated β-sheet formation of the resulting 
linear peptide. TEM further supported these results, revealing spontaneous and rapid self-
assembly into fibrillary nanostructures only for the linear peptide. Separated fibers and dense 
fiber networks were observed, and the fibers had lengths of up to several micrometers, while 
their diameter was about 10 nm, which is comparable to the fibers reported in Chapter 4. 
Importantly, the subsequent oxidation of the linear peptide successfully led to disassembly 
without observable fiber formation in TEM. The destruction of the β-sheet structures was also 
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indicated by Proteostat staining, which showed a diminishing fluorescence signal after 
oxidation, as well as FT-IR and CD that further confirmed these results as the absorbance 
associated to β-sheet structures was less dominant after the oxidation reaction. 
 

 
Figure 20: Chemical design and structure of boronic acid carbamate bond and methionine controlled depsi 
oligopeptide. The carbamate and methionine provide the two orthogonal stimuli. A. Mechanism of stimulus-
responsive O–N–acyl rearrangement of the depsi peptide and subsequent oxidation of methionine. B. Proteostat 
assay of depsi peptide, hydrolysis into linear peptide and oxidized peptide. C. Triggered structure formation via self-
assembly as well as triggered disassembly of formed PNF structures. TEM images of formed PNFs upon O–N–acyl 
shift and subsequent disassembly of nanofibers upon oxidation (H2O2 treatment). Scale bars are 500 µm. D. Kinetic 
profiling, HPLC spectra. Boronic-acid-carbamate hydrolysis and O–N–acyl can be observed. In addition to the educt 
KIKI(COO-PBA)-SQINM (5), the peak of the non-protected KIKI(COOH)-SQINM (6) becomes visible after 30 min, 
which is then transforming into the linear peptide KIKISQINM (7). E. Kinetic profiling, HPLC spectra. Oxidation of 7 
into KIKISQIN(M=O) by H2O2 treatment. Adapted from the original source “Orthogonally Stimulated 

Assembly/Disassembly of Depsipeptides by Rational Chemical Design”, ChemBioChem, 2019, 20, 1376,[328] which 
was created by M. Pieszka, A. M. Sobota, J. Gačanin, T. Weil, D. Y. W. Ng, and is given as open access article 

under doi.org/10.1002/cbic.201800781, with permission under the terms of the Creative Commons Attribution 
NonCommercial 4.0 International license CC BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0) – 
Copyright 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA. 
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Concluding, in addition to the controlled self-assembly of a depsi oligopeptide for structure 
formation presented in Chapter 4, this work demonstrated the convenient and controlled 
disassembly of PNFs from depsi peptide gelators. The disassembly was induced via oxidation 
of methionine as external trigger. In particular, an oxidative stimulus is considered attractive 
since it is expected that enzymatic triggers like glucose oxidase could be employed, e.g., in 
hydrogels, to increase local oxidative values via production of H2O2 in response to glucose. 
We envision that with this strategy, the PNF structures derived from depsi peptides, as formed 
in the hydrogels discussed in Chapter 4, can be disassembled in a controlled fashion. This 
would expand the potential applications of peptide protein hybrid hydrogels, including in vivo 
strategies. 
 
The herein presented research is included in more detail with additional experimental data in 
the original publication that is provided in the following section as a re-print displaying the 
copyrights of the publisher. 
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Very Important Paper

Orthogonally Stimulated Assembly/Disassembly of
Depsipeptides by Rational Chemical Design
Michaela Pieszka,[a, b] Adriana Maria Sobota,[a] Jasmina Gačanin,[a, b] Tanja Weil,*[a, b] and
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Controlling the assembly and disassembly of cross-b-sheet-

forming peptides is one of the predominant challenges for this
class of supramolecular material. As they constitute a continu-

ously propagating material, every atomic change can be ex-
ploited to bring about distinct responses at the architectural

level. We report herein that, by using rational chemical design,

serine and methionine can both be used as orthogonal chemi-
cal triggers to signal assembly/disassembly through their corre-

sponding stimuli. Serine is used to construct an ester-bond
oligopeptide that can undergo O,N-acyl rearrangement, where-

as methionine is sensitive to oxidation by H2O2. Using the
example peptide sequence, KIKISQINM, we demonstrate that

assembly and disassembly can be independently controlled on

demand.

The molecular ordering of small molecules formed by regular
and precise intermolecular forces represents one of the leading

principles of supramolecular material synthesis.[1] Programmed
through molecular design, these interactions involve a selec-

tion of hydrogen bonds, p-stacks, and van der Waals as well as

electrostatic forces in which self-association of the molecules is
often a thermodynamic minimum.[1] As it is coupled with the

release of solvent molecules, the assembly is also driven
entropically and, thus, derives its innate sensitivity towards

both temperature and the concentration of the monomers.[2]

As these various parameters can all affect self-assembly, it can

often be a challenge to exert direct control over the kinetics

and responsiveness of superstructure formation.
Among different self-assembling systems, the cross-b-sheet

arrangement of many peptides, which forms so-called amyloid

structures, has emerged a major class of nanomaterials with

several unique features. Amyloid structures are often associat-
ed with severe neurodegenerative disorders such as Alzheim-

er’s disease.[3] The propagation of the disease stems from sev-
eral known oligopeptide sequences that exhibit a very strong

tendency to form cross-b-sheets that subsequently assemble

into hierarchical fibrillary networks.[4] Although the accumula-
tion of these fibrils into larger aggregates can be detrimental

to neurons, they have been exploited as excellent molecular
support in both nano- and bulk materials, especially when tar-

geted to biomedical applications.[3, 5]

Nonetheless, the processability as well as temporal control

over the self-assembly and disassembly of amyloid-like pep-

tides are prominent limitations to their use in vivo. Hence, sig-
nificant efforts have been directed towards the design of oligo-

peptides to allow a higher level of control of b-sheet forma-
tion.[6] Hydrophilic amino acids within the sequence, such as

lysine or glutamic acid, can be leveraged to promote or inhibit
intermolecular interactions depending on their protonation

state.[7] On the other hand, depsipeptides, in which a serine

residue within the peptide sequence is connected through an
ester bond instead, have shown exceptional promise for amy-

loid fibril formation by an external pH stimulus.[8]

Depsipeptides were originally developed to alleviate solubili-

ty issues with ultra-long peptides by providing a kink in the
otherwise linear structure.[9] This kink, caused by the ester-

linked serine residue, would undergo an five-membered O,N-

acyl shift due to the higher nucleophilicity of the free amine
upon deprotection to furnish the designated peptide. Hence,
we envisioned that, depending on the mechanism to release
the free amine, the O,N-acyl shift could be controlled covalent-

ly on demand.
Likewise, the disassembly of amyloids is a concern for the

development of biomaterials, especially for use in vivo.[10] The
degradation of these systems is essential for their extrusion
once their designated purpose has been achieved. However,

the disassembly of typical amyloids under physiological con-
ditions is highly unfavourable due to their thermodynamic

stability; they are widely known to be heat and proteolytically
resistant.[11]

To overcome this, we demonstrate that orthogonal chemical

triggers can be rationally designed and incorporated within an
oligopeptide such that the assembly/disassembly can be con-

trolled independently by external stimuli (Figure 1). We intro-
duced a depsipeptide sequence containing a boronic acid–car-

bamate bond to cage the amine of the serine. The self-assem-
bling sequence of the oligopeptide contains a methionine resi-
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due in which the thioether motif directly imparts sensitivity to
local oxidative conditions. In particular, an oxidative stimulus is

attractive as it is well known that cancerous tissues contain a

much higher concentration of hydrogen peroxide and various
reactive oxygen species.[12] By integrating both aspects, amy-

loid self-assembly is directly controlled by the cleavage of the
carbamate bond, whereas the disassembly is dictated by the

oxidation of the methionine at the C terminus. In addition, the
effects of these triggers produce distinct morphological

changes that can be visualized by transmission electron mi-

croscopy (TEM). In establishing this concept, we anticipate that
the methodology will provide enormous synergy with existing
amyloid-based technology ranging from hydrogels[13] to drug
delivery[14] and viral gene transduction.[5b]

The synthesis of the oligopeptide takes place in the solid
phase on Wang resin preloaded with the first amino acid, me-

thionine (1). Standard microwave-assisted peptide synthesis

was used to construct the peptide in sequence with aspara-
gine, isoleucine and glutamine by using double coupling

steps. Following this, 9-fluorenylmethyloxycarbamate (Fmoc)-
Ser-OH (Scheme 1) was coupled in a single step—in order to

prevent side reactions with the free hydroxy group—to form
2. The Fmoc group was removed, then a boronic acid-carba-

mate caging group was installed by using 4-nitrophenyl(4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)carbonate
with N,N-diisopropylethylamine in DMF at room temperature

overnight. The depsi-ester bond from the serine was construct-
ed by treating 3 with Fmoc-Ile-OH, diisopropylcarbodiimide
(DIC) and 4-dimethylaminopyridine (DMAP) to afford 4. The
coupling of the next three residues—lysine, isoleucine and

lysine—was conducted at room temperature as the carbamate
bond is heat sensitive. Cleavage of the peptide, together with
complete deprotection with 95 % trifluoroacetic acid (TFA),
2.5 % TIPS and 2.5 % water afforded the target caged-oligopep-
tide 5.

The responsiveness of oligopeptide 5 towards the assembly
trigger rests upon the boronic acid–carbamate caging group.

Benzylic carbamate bonds are sensitive to hydrolytic condi-
tions, and their stability can be tuned over a wide range,
depending on the aromatic substituents.[15] Boronic acid was

chosen both as an electron-withdrawing group and as a po-
tential reactive chemical function. Hence, the experiment was

designed to monitor the mechanism of bond cleavage by ki-
netic profiling using analytical HPLC (Figure 2 A and Figure S5
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Figure 1. Chemical design and structure of a depsi-oligopeptide controlled by a boronic acid carbamate bond. The carbamate and methionine provide the
two orthogonal stimuli.
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in the Supporting Information). We found that the carbamate
bond can be cleaved selectively in the presence of kosmotrop-
ic agents such as phosphate salts, but is stable in pure water.

A retention time of 11.0 min was observed for the caged pep-
tide 5. Gradual hydrolysis of the carbamate bond is observed
over time, with the intermediate free depsipeptide 6 being
formed at 10.3 min. It is important to note that 6 can be ob-
served to undergo rapid O,N-acyl shift to form the linear pep-

tide 7 at 10.2 min. After 24 h, full conversion to the linear pep-
tide form was attained, although its formation and spontane-

ous self-assembly had already begun after 1 h (Figure S5). In
order to confirm the peak assignments, oligopeptides 6 and 7
were synthesised separately and analysed as controls in the

HPLC (Figure S5).
In a similar fashion, disassembly through the oxidation of

methionine by applying H2O2 was monitored (Figures 2 B and
S6). The final and linear forms of 7 were treated with 100 mm

H2O2. Oxidation of the thioether into a sulfoxide was apparent
from the HPLC within 5 min (Figure 2 B). A significant shift in
the retention time towards higher polarity from 10.2 to 9.4 min

was observed; this is in agreement with the formation of the
more polar sulfoxide functional group. The conversion was
about 85 % within 1 h and was shown to be complete within
8 h.

Although the HPLC studies show definitive changes in the

oligopeptide structure in response to both orthogonal stimuli,
a molecular-level characterization would reinforce these obser-

vations. To this end, we used MALDI-TOF-MS to elucidate the
peak identities (Figures 2 C–E and S7). The loss of the carba-
mate caging motif from oligopeptide 5 (m/z : 1234.68

[M@H2O++H]+) could be correlated to the linear peptide 7
(m/z : 1074.45 [M++H]+ , 1096.43 [M++Na]+). As the molecular

weights of 6 and 7 are identical, characterization by MALDI-
TOF MS is not possible. However, the transient presence of a

Scheme 1. A) Microwave assisted solid-phase peptide synthesis of the target boronic acid caged depsipeptide 5. a) Piperidine/DMF, 75 8C, 2 and 5 min;
b) Fmoc-Asn(Trt)-OH/Fmoc-Ile-OH/Fmoc-Gln(Trt)-OH/Fmoc-Ser-OH, PyBOP, DIPEA, 75 8C, 2 V 10 min for Asn Ile, and Gln, 10 min for Ser; c) 4-nitrophenyl (4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl) carbonate, DIPEA, RT, overnight; d) Fmoc-Ile-OH, DIC, DMAP, RT, 2 h and overnight; e) piperidine, RT,
2 V 10 min; f) Fmoc-Ile/Fmoc-Lys(Boc)-OH, PyBOP, DIPEA, RT, 2 V 60 min; g) TFA, TIPS, water, RT, 2 h. B) Mechanism of stimulus-responsive O,N-acyl rearrange-
ment of 5 and subsequent oxidation of methionine.
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peak at tR = 10.3 min correlates to the well-reported rapid

O,N-acyl shift of depsipeptide 6.[9] In a complementary fashion,
oxidation of oligopeptide 7 by H2O2 was confirmed by the

addition of oxygen to form the sulfoxide 8 (m/z : 1090.50
[M++H]+).

Upon the investigation of the molecular mechanisms, the
self-assembling behaviour of caged depsipeptide 5 as a re-

sponse towards both stimuli was elucidated. As the fundamen-
tal linear peptide sequence is known to form strong b-sheet

supramolecular nanostructures, the rearrangement reaction
could be characterized by Proteostat staining. The fluorogenic

stain produced a large increase in fluorescence intensity upon

triggering with phosphate salts, thus implying the responsive
formation of b-sheet structures (Figures 3 A and S8). In con-

trast, a control experiment containing the caged depsipeptide
5 in pure water did not show fluorescence upon staining. Sub-

sequently, upon adding H2O2 to 7 as the disassembly stimulus,
the fluorescence diminished, thus implying the destruction of

the cross-b-sheet structures.

These results were further supported by performing FTIR
and comparing these values to the known literature vibrational

frequencies of the b-sheet peptidic assemblies.[16] Self-assem-
bled peptide 7 showed distinct absorbances at 1635 and

1667 cm@1, which correspond to b-sheet structures and other
secondary structures, respectively (Figures 3 B and S9). Al-

though the IR spectrum upon oxidation looks relatively similar

it is important to note that the relative content of other non-b-
sheet structures is more significant. The higher absorbance at

1667 cm@1 implies that b-sheet interactions are less dominant
after the oxidation reaction. Hence, we speculate that the cor-

responding increase in other competing secondary structures
is detrimental to self-assembly and interferes in the stability of

the fibrillar structure. To support the results from IR, circular di-

chroism spectra of 5, 7 and 8 were recorded (Figure S10). The
spectrum of depsi(KIKI)PBA-SQINM 5 showed expected un-

ordered structures, whereas KIKISQINM 7 was proven to form
b-sheets. Upon oxidation of 7 to 8, the spectrum changed

considerably, with a reduction in b-sheet content and a
corresponding increase in unordered structures (Figure S10,

Table S1).[17]

To visualize our spectroscopic analysis, we performed trans-
mission electron microscopy (TEM) of both the stimulated as-
sembly of the depsipeptide and disassembly of the nanostruc-
ture (Figure 3 C). Caged depsipeptide 5 was observed to spon-

taneously self-assemble into fibrillar nanostructures after hy-
drolysis of the carbamate bond in phosphate-buffered saline

and subsequent rearrangement (Figure 3 C). These nanofibres
show the well-observed characteristic features of amyloid-like
peptides that are known to build from continuous b-sheet

interactions. The length of the fibres varies between around
100 nm and several micrometres. The diameter of the fibres is

9.44:1.59 nm, yet in some fibres the thickness can be ob-
served to change periodically ; this indicates twisting of the

fibre strand along its axis. As can be seen in Figure S12, the

twist is left-handed. Separated fibres as well as dense fibre net-
works can be observed. Some fibres are organised into multi-

stranded assemblies, which appear a lot darker and thicker in
TEM image than solitary fibres.[18] In agreement to other re-

ports, a time-lapse study demonstrated that these nanofibres
formed rapidly (1 h), with no observable increase in fibre densi-

Figure 2. Kinetic profiling of A) hydrolysis of boronic acid-carbamate 5 with
subsequent O,N-acyl rearrangement into 7 and B) oxidation of 7 by H2O2.
MALDI-TOF-MS of C) Depsipeptide 5, D) linearized peptide 7 and E) Oxida-
tion of 7 into 8 by H2O2.
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ty for the next 8 h (Figures S11, S13 and S14).[6a, 8a] Subsequent

oxidation with 100 mm H2O2 successfully led to disassembly
(Figure 3 C).

The assembly of the peptides into b-sheets and further into
nanofibres is based on an interplay of hydrogen bonds that

are formed between the amide groups in the peptide back-

bone and hydrophobic interactions between the nonpolar
amino acid side chains of isoleucine and methionine.[19] Addi-

tional stabilization of the structure is provided by hydrogen
bonds formed by the side chains of glutamine and aspara-

gine.[20] As shown by FTIR (Figure 3 B), parallel b-sheets are
formed; this is in accordance with Wang et al. who reported

that peptides with strongly hydrophobic side chains form par-
allel rather than antiparallel b-sheets.[19c]

Oxidation of the nonpolar thioether in the methionine side

chain to the corresponding sulfoxide significantly enhances
the polarity of the side chain.[21] The dipolar character of sulfox-

ides is suspected to cause electrostatic repulsion between the
methionine sulfoxide residues in the peptide side chains, and

this leads to disassembly of the fibres.

In summary, we have presented a synthetic methodology
that facilitates direct and independent control over the self-as-

sembly of amyloid-like oligopeptides. Serine and methionine
are necessary components of the design to implement the

chemical triggers. Serine provides a unique handle to control
the overall conformation of the peptidic backbone through

the depsi-ester bond, whereas methionine is sensitive to oxida-

tion. Although the concentration of H2O2 applied within this
study still exceeds those in cancer environments, enzymatic

triggers such as glucose oxidase could be combined—for ex-
ample, in a hydrogel—to elevate local H2O2 production as a re-
sponse to glucose. Chemically, different caging groups that in-

troduce other stimuli such as enzymes, light and pH could be
tailored to fit a designated application. By providing this facile
platform, we envision that control over self-assembly could be
further extended beyond the peptide sequence.
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Figure 3. A) Proteostat assay of depsipeptide 5, hydrolysis of peptide 5 into 7 and oxidized peptide 8. Data are represented as mean:SEM, n = 4. B) FTIR
spectra of peptide 7 and oxidized peptide 8. C) TEM images of the O,N-acyl shift–triggered fibrillization (top) within 1 h. Complete disassembly of nanofibres
by H2O2 oxidation (bottom) over 24 h. Times are represented as cumulative intervals. Scale bars: 500 nm.
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1. Materials and Instruments 

1.1 Materials 

All solvents and reagents were bought from commercial sources (Sigma Aldrich, GL Biochem, 

Carl Roth, Fisher Scientific, Acros Organics, Merck Novabiochem) and used without any 

further purification. All reagents used for peptide synthesis were used in Peptide Synthesis 

grade.  HPLC was performed using HPLC grade acetonitrile. Water for HPLC and reactions 

was obtained from a Millipore purification system. Thin-layer chromatography (TLC) was 

performed on Macherey-Nagel Alugram Sil G/UV254 plates and visualized under UV light at 

254 nm. Column chromatography was carried out using Macherey-Nagel silica gel 0.04 – 

0.063 mm. 

 

1.2 Instruments 

1.2.1 Nuclear Magnetic Resonance Spectroscopy (NMR) 

NMR spectra were recorded on a Bruker Avance II 300 MHz and Avance III 700 MHz NMR 

spectrometer. The solvent signal was used as a reference (deuterated chloroform δ = 

7.26 ppm for 1H, 77.16 ppm for 13C). The data was processed in MestReNova. 

 

1.2.2 Microwave Peptide Synthesizer 

Peptide Synthesis was performed in a Liberty Blue Automated Microwave Peptide Synthesizer 

by CEM. 

 

1.2.3 High-Performance Liquid Chromatography (HPLC) 

Purification of the peptides was done on a preparative HPLC setup by Shimadzu. An Agilent 

ZORBAX Eclipse XDB-C18 HPLC column (9.4 x 250 mm, 5 μm) was used for the purification 

at a flowrate of 4 mL/min. Analytical HPLC measurements were performed on a semi-
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preparative HPLC by Shimadzu using an Atlantis T3 column (4.6 x 100 mm, 5 µm) with a 

flowrate of 1 mL/min. Acetonitrile and MilliQ water, each acidified to 0.1% TFA were used as 

solvents. Absorbance was measured at 190, 214 and 254 nm. Spectra were processed with 

the software LabSolutions. 

 

1.2.4 Liquid Chromatography - Mass Spectrometry (LC-MS) 

HPLC-ESI-MS was measured on the device LC-MS 2020 by Shimadzu using a Kinetex 2.6 µm 

EVO C18 100 Å LC 50 x 2.1 mm column. The solvents were MilliQ water + 0.1% formic acid 

and acetonitrile. Samples were prepared in methanol. The solvent gradient started at 5% ACN 

content, which was increased to 95% within 12 min. The data was processed with 

LabSolutions. 

 

1.2.5 Matrix-Assisted Laser Desorption/Ionization - Time of Flight Mass 

Spectrometry (MALDI-TOF) 

MALDI-TOF spectra were measured on a rapifleX MALDI-TOF/TOF from Bruker and MALDI 

Synapt G2-SI from Waters. Samples were prepared by mixing with a saturated α-cyano-4-

hydroxycinnamic acid (CHCA) solution in water/ACN 1/1 + 0.1% TFA. The data was processed 

in mMass. 

 

1.2.6 Fluorescence Spectroscopy 

Fluorescence intensity was measured using a SPARK 20M microplate reader by the company 

Tecan Group Ltd. A Greiner 384 flat black wellplate was used and the data was processed 

with Excel. 

 

1.2.7 Fourier-Transform Infrared Spectroscopy (FTIR) 
FTIR spectra were measured using a Bruker TENSOR II spectrometer equipped with a 

PLATINUM ATR single reflection diamond ATR accessory. The data was processed using 

Excel. 
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1.2.8 Circular Dichroism Spectroscopy (CD) 
CD was measured on a JASCO J-1500 spectrometer in a 1 mm High Precision Cell by 

HellmaAnalytics. The data was processed in the softwares Spectra Analysis and CD 

Multivariate SSE by JASCO.  

1.2.9 Transmission Electron Microscopy (TEM) 

TEM pictures were taken on a JEOL 1400 transmission electron microscope. Formvar/carbon-

film coated copper grids (300 mesh) were purchased from Plano GmbH. The pictures were 

processed in ImageJ. 

 

 

2. Synthesis 

2.1 Synthesis of 4-Nitrophenyl (4-(4,4,5,5-tetramethyl-1,3,2-dioxa-

borolan-2-yl)benzyl) carbonate 

 

4-Hydroxymethylphenylboronic acid pinacol ester (3.00 g, 12.81 mmol) was dissolved in 30 mL 

dry THF under argon atmosphere. After triethylamine (3.6 ml, 25.97 mmol) was added to the 

reaction flask, the flask was cooled in an ice bath. 4-Nitrophenyl chloroformate (2.84 g, 

14.10 mmol) was added in portions and the reaction mixture was stirred for one hour at room 

temperature, then the solvent was removed in vacuo. The mixture was suspended in 

ethylacetate and washed with 1 M HClaq, saturated sodium bicarbonate solution and brine. 

Ethylacetate was removed in vacuo and the reaction mixture was purified by silica 

chromatography (1:4 ethylacetate:n-hexane). After drying in vacuo 5.11 g (8.97 mmol, 70% 

yield) of 4-nitrophenyl (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl) carbonate was 

received as a white crystalline powder.[1] 
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1H NMR (300 MHz, CDCl3) δ [ppm] = 8.27 (d, J = 9.1 Hz, 2H), 7.85 (d, J = 7.6 Hz, 2H), 7.41 

(m, 4H), 5.31 (s, 2H), 1.35 (s, 12H). 

13C NMR (176 MHz, CDCl3) δ [ppm] = 155.67, 152.57, 145.57, 137.20, 135.34, 127.77, 125.45, 

121.92, 84.14, 70.95, 25.01. 

2.2 Peptide Synthesis 

2.2.1 Depsi(KIKI)PBA-SQINM  

 

Peptide synthesis was performed according to the solid phase peptide synthesis Fmoc 

strategy by Merrifield. The peptide was synthesized from the C to the N-terminus in a 

microwave peptide synthesizer. After Fmoc-Methionine Wang resin 1 (147 mg, 0.1 mmol) was 

swollen in DMF for one hour at room temperature, the Fmoc protecting group was removed by 

two deprotection steps with 20% piperidine in DMF (3 mL) at 75 °C for 2 and 5 min (i). Fmoc-

Asn(Trt)-OH, Fmoc-Ile-OH and Fmoc-Gln(Trt)-OH (5 eq in 2.5 mL DMF) were double coupled 

consecutively for 10 min at 75 °C (ii). PyBOP (5 eq in 1 mL DMF) and DIPEA (10 eq in 0.5 mL 

DMF) were added in every coupling step. Each coupling was followed by two deprotection 

steps (2 and 5 min) and three washes with DMF. Fmoc-Ser-OH was also coupled for 10 min 

(ii), but not double coupled to prevent side reactions on its unprotected hydroxyl group. After 

the deprotection of the N-terminal protecting group of serine (i), 0.025 mmol of the resin were 

modified on the N-terminus with 4-nitrophenyl (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzyl) carbonate (99.79 mg, 0.25 mmol) in DMF and DIPEA (87 µL, 0.5 mmol) overnight 

at room temperature (iii). After the resin was thoroughly washed with DMF and DCM, the depsi 

ester bond was formed by a reaction of the serine side chain hydroxyl group with Fmoc-Ile-OH 
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(88.35 mg, 0.25 mmol) using DIC (39 µL, 0.25 mmol) and 4-DMAP (3.05 mg, 0.025 mmol) in 

1 mL DMF for two hours at room temperature (iv). The reagents were removed and the same 

amount of Fmoc-Ile-OH, DIC, 4-DMAP and DMF was added to the resin, which was stirred 

overnight afterwards. After washing the resin with DMF and DCM, Fmoc-Lys(Boc)-OH, Fmoc-

Ile-OH and Fmoc-Lys(Boc)-OH were double coupled, while every coupling step was performed 

for 60 min at room temperature (vi). In between the couplings, double Fmoc deprotection was 

performed at room temperature for 10 min each (v). After final Fmoc-deprotection (2x10 min, 

room temperature) the resin was washed with DMF and stirred in a cleavage cocktail 

containing trifluoroacetic acid/triisopropylsilane/water 95/2.5/2.5% (2 mL) for 2 h to cleave the 

peptide from the resin (vii). This also removed the side chain protecting groups and the pinacol 

protecting group of the PBA modification. The crude peptide was precipitated in 20 mL of cold 

diethylether, centrifuged (4 °C, 3800 rpm, 10 min), dissolved in ACN/water and purified by 

HPLC. The gradient started with 5% ACN, which was kept constant for 1 min, then the ACN 

content was increased linearly to 100% within 15 min. The retention time of the product was 

13.25 min. After lyophilization Depsi(KIKI)PBA-SQINM 5 was received as a white powder. 

 

 

Figure S1: MALDI-TOF MS of Depsi(KIKI)PBA-SQINM 5 using α-cyano-4-hydroxycinnamic acid as matrix. m/z 

calculated: [M+H]+ = 1251.67 g/mol, found: [M-PBA]+ = 1074.6521 g/mol, [M-OH-H2O]+ = 1216.6722 g/mol, [M-OH]+ 

= 1234.6842 g/mol, [M+K+TFA]+ = 1405.7106 g/mol. Note: Due to the instability of the carbamate bond, some PBA 

is cleaved during the measurement. 



S7 
 

 

Figure S2: LCMS-ESI spectrum of the Depsi(KIKI)PBA-SQINM 5 calculated, [M-H]- = 1250.67 g/mol, found: [M-H] 
= 1251 g/mol. 

 

2.2.2 Depsi(KIKI)SQINM 6 

Depsi(KIKI)SQINM 6 was synthesized following the protocol of Gačanin et al. [2] 

 

Figure S3: MALDI-TOF MS of Depsi(KIKI)SQINM 6 using α-cyano-4-hydroxycinnamic acid as matrix. m/z 

calculated: [M+H]+ = 1074.35 g/mol, found: [M+H]+ = 1074.5562 g/mol, [M+Na]+ = 1096.5363 g/mol, [M+K]+ = 

1112.5149 g/mol, [M+Na+K-H]+ = 1134.4997 g/mol. 
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2.2.3 KIKISQINM 7 

KIKISQINM 7 was synthesized following the protocol of Gačanin et al.[2] 

 

Figure S4: MALDI-TOF MS of KIKISQINM 7 using α-cyano-4-hydroxycinnamic acid as matrix. m/z calculated: 

[M+H]+ = 1074.35 g/mol, found: [M+H]+ = 1074.4500 g/mol, [M+Na]+ = 1096.4301 g/mol, [M+K]+ = 1112.4033 g/mol, 

[M+2Na-H]+ = 1118.4106 g/mol. 

 

3. Characterization 

3.1 HPLC Study 

Depsi(KIKI)PBA-SQINM 5 (0.2 mg) was dissolved in 400 µL tetrahydrofuran and diluted to 

0.1 mg⋅ml-1 with 1.6 mL PBS (Dulbecco’s phosphate buffered saline). HPLC spectra were 

measured by injection of 50 µL of the reaction solution at certain time points using an analytical 

column (see 1.2.3) with a flowrate of 1 mL/min (Figure S5). The gradient started at 5% ACN, 

which was kept constant for 1 min, then the acetonitrile content was increased linearly to 100% 

ACN within 15 min. After 24 h incubation time the hydrolysis and O, N - acyl shift were 

completed, therefore 35% H2O2 solution was added to receive a concentration of 100 mM. 

HPLC spectra were taken until completion of the oxidation reaction (Figure 6). 
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Figure S5: HPLC spectra at 190 nm taken after certain time points to observe the carbamate hydrolysis and O, N-

acyl shift. The peak at 11 min is the educt Depsi(KIKI)PBA-SQINM 5. After 30 min the peak of Depsi(KIKI)SQINM 

6 is observed at 10.3 min. KIKISQINM 7 is observed after 10.2 min. Note: the retention time of KIKISQINM and its 

depsi form shifts slightly upon increasing its concentration. 

 



S10 
 

 

Figure 6: HPLC spectra at 190 nm taken after certain time points to observe methionine oxidation in KIKISQINM 

(retention time 10.15 min) to KIKISQIN(M=O) 8 (9.40 min).  

 

3.2 MALDI-TOF 

MALDI spectra of the educt Depsi(KIKI)PBA-SQINM 5, KIKISQINM 7 and KIKISQIN(M=O) 8, 

resulting from the HPLC study (3.1) were recorded to prove methionine oxidation. 
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Figure S7: MALDI-TOF MS of Depsi(KIKI)PBA-SQINM 5, KIKISQINM 7 and KIKISQIN(M=O) 8 using α-cyano-4-

hydroxycinnamic acid as matrix. A: Depsi(KIKI)PBA-SQINM m/z calculated: [M+H]+ = 1251.67 g/mol, found: [M-

PBA]+ = 1074.6521 g/mol, [M-OH-H2O]+ = 1216.6722 g/mol, [M-OH]+ = 1234.6842 g/mol,  Note: Due to the instability 

of the carbamate bond, some PBA is cleaved during the measurement. B: KIKISQINM m/z calculated: [M+H]+ = 

1074.63 g/mol, found: [M+H]+ = 1074.4500 g/mol, [M+Na]+ = 1096.4301 g/mol, [M+K]+ = 1112.4003 g/mol, [M+2 

Na-H]+ = 1118.4106 g/mol, [M+Na+K-H]+ = 1134.2836 g/mol. C: KIKISQIN(M=O) m/z calculated: [M+H]+ = 

1089.62 g/mol, found: [M+H]+ = 1090.4967 g/mol, [M+Na+2ACN]+ = 1196.5311 g/mol, [M+2Na+2ACN-H]+ = 

1218.5091 g/mol, [M-Na+K+2ACN-H]+ = 1234.4822 g/mol. 

 

3.3 Peptide Fibrillation 

Peptide fibers were formed by dissolving the peptide in DMSO at a concentration of 10 mg/ml 

and diluting with Dulbecco’s phosphate buffered saline (PBS) to receive a final concentration 

of 1 mg/ml (0.8 mM). The peptides were incubated at room temperature for 24 h in an orbital 

shaker. In order to destroy the fibers by oxidation of methionine to methionine sulfoxide, 

hydrogen peroxide was added as a 35% solution to receive a concentration of 100 mM of H2O2 

and incubated for further 24 h. 
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3.4 Proteostat Assay 

The Proteostat Protein Aggregation Assay Kit was purchased from Enzo Life Sciences, Inc. 

0.13 µL of the Proteostat stock solution was diluted with 24.62 µL MilliQ water and 0.25 µL 

assay buffer. 1 µL of this solution was added to 9 µL peptide solution (see 3.3) in a Greiner 

384 flat black wellplate. The solutions were incubated in the dark for 15 min while shaking at 

510 rpm. The fluorescence intensity was measured with an excitation and emission bandwidth 

of 20 nm and an emission wavelength of 600 nm after excitation with light at 550 nm. The 

experiment was done four times. Control measurements were done by incubating Proteostat 

solution in MilliQ water, PBS and PBS with 100 mM H2O2. 

 

Figure S8: Fluorescence intensity spectra of peptides incubated with Proteostat, measured at 600 nm after 

irradiation with 550 nm. Depsi(KIKI)PBA-SQINM 5 was incubated in water/DMSO 9:1 for 48 h. KIKISQINM was 

fibrillized by dissolving Depsi(KIKI)PBA-SQINM 5 in PBS:DMSO 9:1 and incubating for 48 h. KIKISQIN(M=O) 8 was 

formed by adding 100 mM hydrogen peroxide to KIKISQINM 7 fiber solution and further incubation for 24 h. 
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3.5 Fourier-Transform Infrared Spectroscopy 

100 µL of peptide solution (see 3.3) were lyophilized. FT-IR spectra of the lyophilized peptides 

were measured at wavenumbers from 400 to 4000 cm-1. 

 

Figure S9: FT-IR spectra of KIKISQINM 7 and the oxidized derivative KIKISQIN(M=O) 8. 

 

3.6 Circular Dichroism 

After KIKISQINM 7 was dissolved in 40 µL MilliQ water (1 mg/mL), the pH was adjusted to 7 

with a 1 M NaOH solution. After 2 h incubation time at room temperature the sample was 

divided in two and 35% hydrogen peroxide solution was added to one sample to achieve a 

100 mM concentration of H2O2. After incubation overnight both samples were further diluted 

with 240 µL MilliQ water and circular dichroism was measured at room temperature from 260 

to 190 nm with a bandwith of 1 nm. The data pitch was set to 0.2 nm, while the scanning speed 

was 5 nm/min. Each sample was measured three times and the data accumulated. For 

comparison Depsi(KIKI)PBA-SQINM 5 was dissolved in MilliQ water and CD spectra were 

measured at the same concentration and the same settings as 7 and 8.  
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Figure S10: CD spectra of Depsi(KIKI)PBA-SQINM 5, KIKISQINM 7 and the oxidized derivative KIKISQIN(M=O) 
8. 

The spectra were used to calculate the content of each secondary structure with the software 

CD Multivariate SSE by JASCO. 

Table S1: Content of secondary structures calculated based on CD. 

 Helix Sheet Turn Unordered 

Depsi(KIKI)PBA-SQINM 5 0.0% 38.1% 13.6% 50.0% 

KIKISQINM 7 4.7% 42.6% 13.4% 39.3% 

KIKISQIN(M=O) 8 2.7% 36.9% 15.1% 45.2% 

 

3.7 Transmission Electron Microscopy 

4 µL of peptide fiber solution (see 3.3) were pipetted onto freshly etched Formvar coated 

copper grids and incubated for 5 min. The solutions were removed with filter paper and the 

grids were stained with 4% uranyl acetate solution for 2.5 min. After washing with MilliQ water 

three times the grids were left to dry before they were measured.  
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Figure S11: TEM after hydrolysis and O, N-acyl shift of Depsi(KIKI)PBA-SQINM 5 to KIKISQINM 7 in PBS after 

48 h incubation. Scale bar = 500 nm. 

 

Figure S12: TEM of left-handed twisted peptide fibers formed by KIKISQINM. The red arrow indicates the thinner 

part of the peptide fiber with a diameter of 9 nm, the blue arrow shows the thicker one with a diameter of 11 nm.  
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In order to determine how long it takes till fibers are formed and how the fibers change upon 

time, TEM grids were prepared as described above at certain time points after adding PBS 

(45 µL) to the peptide stock solution in DMSO (50 µg in 5 µL). 

 

Figure S13: TEM after hydrolysis and O, N-acyl shift of Depsi(KIKI)PBA-SQINM 5 to KIKISQINM 7 in PBS after one 

and two hours. Scale bar = 500 nm. 
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Figure S14: TEM after hydrolysis and O, N-acyl shift of Depsi(KIKI)PBA-SQINM 5 to KIKISQINM 7 in PBS after four 

and eight hours. Scale bar = 500 nm. 
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In Chapter 3, I presented multifunctional protein-DNA hybrid hydrogels that benefited from 
rationally constructed DNA linkers. Here, sequence-specific DNA hybridization was the driving 
force for cross-linking and could be used to selectively incorporate therapeutic cargo into the 
hydrogel. However, the high costs of DNA synthesis represent a concern regarding scalability 
and limit the use for broad clinical applications. As described in Chapter 4, in search of a more 
scalable gelator, I developed and explored depsi peptides for hydrogel synthesis. While the 
pH-induced self-assembly of the depsi peptides afforded supramolecular cross-linked 
hydrogels that had interesting mechanical properties and showed good biocompatibility, the 
resulting gels cannot provide the same level of programmability as the DNA-containing 
hydrogels. To address this challenge, in this chapter we explored the use of peptide based 
motifs for selective binding and sequence programmable features, similar to DNA 
hybridization. The resulting materials could potentially address both the issue of scalability and 
programmability, combining the best of peptide and DNA chemistry. 
While there has been much effort to develop artificial DNA prototypes by adapting both 
supramolecular and dynamic covalent chemistry,[330–335] the preparation of synthetic DNA-type 
systems remains very challenging, as most systems fail the primary design criteria, some of 
them listed hereafter. Relating to the sequence level, the interacting motifs must be small to 
avoid steric hindrance, especially when incorporating them into a sequence. At the molecular 
level, the binding event should be selective for complementary sequences but simultaneously 
remain dynamic and interchangeable under mild aqueous conditions. In this context, the 
interaction between boronic acids (BA) and catechols (CA) fulfills these criteria very well as 
the binding complex requires very little space and offers fast binding kinetics. In addition, it 
provides pH-responsiveness within the physiological range (pH 5.0 – 7.4) making it an 
appealing system for the development of synthetic nucleobase analogs.[336] 
In the following, the results from a collaborative work are presented where well-known dynamic 
covalent interactions between BAs and CAs were developed into synthetic nucleobase 
analogs. Inspired by peptide nucleic acids, in contrast to earlier work, BA/CA motifs were 
prepared here in a binary sequence in order to encode molecular recognition in a stimuli-
responsive way. The fundamental concept is to mimic DNA nucleobases and DNA strands by 
creating and arranging BA or CA residues along a defined peptide backbone, yielding “strands” 

with sequence recognition to their complementary strand (Figure 21).  
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Figure 21: Formation of a synthetic code. A. Chemical design of the peptide scaffold and the encoding of binary 
BA/CA pairing with a schematic representation of the thermodynamic processes involved in multivalent effects, and 
sequence recognition with complementary as well as mismatched sequences. Chemical structures of BA/CA 
peptide codes are shown, only a selected small library is depicted. B. MALDI-ToF MS of (AX)3-(BX)3 at pH 7.4 (top) 
and pH 5.0 (bottom). C. FT-IR spectra of (AX)3-(BX)3 and its separate constituents in phosphate buffer at pH 7.4. 
Adapted from the original source “Sequence Programming with Dynamic Boronic Acid/Catechol Binary Codes”, 

Journal of the American Chemical Society, 2019, 141 (36), 14026-14031,[329] which was created by M. Hebel, A. 
Riegger, M. M. Zegota, G. Kizilsavas, J. Gačanin, M. Pieszka, T. Lückerath, J. A. S. Coelho, M. Wagner, P. M. P. 

Gois, D. Y. W. Ng, and T. Weil, and is given as open access article under doi: 10.1021/jacs.9b03107, with 
permission under the terms of the Creative Commons Attribution 4.0 International license CC-BY 4.0. 
(https://creativecommons.org/licenses/by/4.0, ACS AuthorChoice/Editors’ Choice via Creative Commons CC-BY 
agreement, https://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html, further permissions related to 
the material excerpted should be directed to the ACS). – Copyright 2019 American Chemical Society. Published by 
American Chemical Society. https://pubs.acs.org/doi/10.1021/jacs.9b03107 
 
As nucleobase-analogues, unnatural amino acids were envisioned containing BA or CA 
coupled to L-phenylalanine. While the amino acid comprising CA, dihydroxy-L-phenylalanine, 
was commercially available, the corresponding boronated L-phenylalanine was synthesized. 
This involved preparation of iodo-phenylalanine with subsequent Suzuki-Miyaura borylation to 
introduce the BA pinacol ester moiety, followed by a global deprotection at the end. In a final 
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step, the protecting groups were replaced by groups that are stable under microwave 
conditions and suitable for SPPS. Using these BA and CA amino acid building blocks, different 
hexa- and octapeptides were prepared to investigate the effects of sequence, length and 
positional defects. Notably, lysines (X) that do not participate in the coding segment were 
incorporated in an alternating fashion to improve water solubility. Oligopeptides with one 
[(BX)1], two [(BX)2] or three BA [(BX)3]-units and their corresponding CA oligopeptide 
counterparts [(AX)1, (AX)2, (AX)3] were synthesized and the binding affinities of the dynamic 
covalent interactions were analyzed [(AX)1-(BX)1, (AX)2-(BX)2, (AX)3-(BX)3]. Fluorescence 
microscale thermophoresis (MST) at pH 7.4 revealed increasing binding events from single to 
divalent to trivalent tags with a respective 10-fold and 70-fold increase (1300 ± 300 M-1,  
12500 ± 1100 M-1, 81400 ± 7300 M-1). The trivalent binding of complementary BA/CA codes 
was independently characterized and confirmed by Förster resonance energy transfer (FRET), 
comprehensive NMR studies, MALDI-ToF MS, and CD spectroscopy. Structural studies via 
FT-IR further confirmed the trivalent binding event of the complementary tags (AX)3-(BX)3, 
indicating an enhancement in bond energy and C=C character for the dynamic covalent 
interaction, as the vibrational mode at 1289 cm-1 was eliminated while a new signal was 
recorded at 1495 cm-1. In addition, density functional theory (DFT) calculations were performed 
to model the structure of the formed complexes. Notably, when comparing the binding affinity 
of the multivalent tags to DNA hybridization, the complementary trivalent tags are comparable 
to about eight base-pairs of 50% G-C content on a DNA level. Furthermore, the usage of mixed 
sequences (ABA, BAB) and the inclusion of a nonbinding unit or “point mutation” (alanine, Y, 

e.g., AAYA-BYBB) were explored to encode a sequence specific binding event, where the 
mixed sequences contained partially complementary parts and the nonbinding parts provided 
a defect within the sequence. While the mixed sequence tags interacted with a binding affinity 
comparable to the homogenous pairs, the interaction took significantly longer indicating defect 
correction comparable to DNA. Furthermore, sequence hybridization could be weakened with 
noninteracting amino acids while mismatched partners (e.g., (AX)3-BYBB) further weakened 
complementarity. In addition, strand displacement, an important tool in DNA nanotechnology, 
was demonstrated. In particular, the binding of the monovalent ((BX)1) and trivalent tags ((BX)3) 
against a trivalent CA template tag ((AX)3) was characterized via FRET where it was 
demonstrated that the monovalent and trivalent tags can displace each other by at least 50% 
depending on the respective stoichiometric factor. On the basis of these findings, the 
established binary codes were envisioned to be applicable for recognition of macromolecules, 
i.e., proteins and polymers. As a proof of principle, cytochrome c was successfully 
functionalized with PEG using the respective trivalent tag-conjugated derivatives, as 
demonstrated by Alizarin Red S titration assay, MALDI-ToF MS and topological height 
increases visualized by atomic force microscopy (AFM).  
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The development of such a synthetic code is of great interest in many research areas, including 
intelligent molecular systems in general, but this technology may also provide a synthetic 
strategy for programming dynamic macromolecular architectures. With this in mind, the 
presented boronic acid/catechol binary code peptide tags are very interesting for application 
as dynamic-covalent cross-linkers, e.g., within the protein-based hybrid hydrogels presented 
in this thesis.  
 
The herein presented research is included in more detail with additional experimental data in 
the original publication that is provided in the following section as a re-print displaying the 
copyrights of the publisher. 
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Abstract: 
The development of a synthetic code that enables a sequence programmable feature like DNA 
represents a key aspect toward intelligent molecular systems. We developed herein the well-
known dynamic covalent interaction between boronic acids (BAs) and catechols (CAs) into 
synthetic nucleobase analogs. Along a defined peptide backbone, BA or CA residues are 
arranged to enable sequence recognition to their complementary strand. Dynamic strand 
displacement and errors were elucidated thermodynamically to show that sequences are able 
to specifically select their partners. Unlike DNA, the pH dependency of BA/CA binding enables 
the dehybridization of complementary strands at pH 5.0. In addition, we demonstrate the 
sequence recognition at the macromolecular level by conjugating the cytochrome c protein to 
a complementary polyethylene glycol chain in a site-directed fashion. 
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ABSTRACT: The development of a synthetic code that
enables a sequence programmable feature like DNA
represents a key aspect toward intelligent molecular
systems. We developed herein the well-known dynamic
covalent interaction between boronic acids (BAs) and
catechols (CAs) into synthetic nucleobase analogs. Along
a defined peptide backbone, BA or CA residues are
arranged to enable sequence recognition to their
complementary strand. Dynamic strand displacement
and errors were elucidated thermodynamically to show
that sequences are able to specifically select their partners.
Unlike DNA, the pH dependency of BA/CA binding
enables the dehybridization of complementary strands at
pH 5.0. In addition, we demonstrate the sequence
recognition at the macromolecular level by conjugating
the cytochrome c protein to a complementary poly-
ethylene glycol chain in a site-directed fashion.

Molecular interactions in Nature are often involved in a
complex network of energy landscapes where individual

components, from small molecules to organelles, form
transient systems on demand.1 Proteins have their origin
within the genome, where molecular information is encoded
and translated based on precise complexation and spatially
controlled chemistry. In this respect, there has been much
progress in the creation of artificial DNA prototypes to
program molecular functions,2,3 adapting both supramolecu-
lar4−8 and dynamic covalent interactions.9−12 Despite these
successes in pursuit of artificial life, the advent of synthetic
chemistry in this field remains far slower than their
biochemistry counterparts.13−16

The development of synthetic DNA-type systems is
deceptively challenging. On the sequence level, it is necessary
that the interacting motifs are small so that both sterical
demand and synthesis are not compromised by increasing
sequence length. Molecularly, the binding event should be
selective for complementary sequences while remaining
dynamic and exchangeable in mild aqueous conditions. At
first glance, synthetic functional groups in supramolecular
chemistry (e.g., cyclodextrin,17 curcubituril,18 ureido-pyrimidi-
nones19) or dynamic covalent chemistry (e.g., spiropyran,20

diarylethenes21) seem to satisfy the above criteria. However,
most motifs are either sterically bulky, offer too high binding
constants already for the first binding event and/or they are
laborious to be incorporated along a sequence.
Unlike most recognition motifs, the interaction between

boronic acids (BAs) and electron rich vicinal diols such as
catechols (CAs) fulfills these criteria well.22 The binding
complex is equipped with (1) small spatial requirement, (2)
fast binding kinetics and (3) pH-responsiveness within the
physiological range (5.0−7.4).23 Hence, its dynamic covalent
binding capabilities have been applied broadly in therapeu-
tics,24 biosensors,25,26 stimulus responsive ligation tools27 and
as self-regenerative materials.28,29 Herein, we propose that BA/
CA motifs in a binary sequence would encode molecular
recognition in a stimulus responsive fashion.
The permutation between binary “1/0” events and the

length of the backbone defines the coding space (Figure 1).
Inspired by peptide nucleic acids, a peptide backbone was
designed to ensure greater hydrolytic stability.30 Moreover,
existing peptide synthesis methodologies facilitate the prep-
aration of longer sequences, installation of customizable end
groups and flexibility of spacer groups, i.e., lysine or alanine to
control solubility, steric demand or surface charges. As a
demonstration in a broader context, a protein (cytochrome c)
and a polymer (polyethylene glycol) were conjugated via these
dynamic covalent tags to demonstrate recognition specificity at
the macromolecular level.
The unnatural amino acid 7 containing the BA was

synthesized based on a protocol for iodo-phenylalanine
(Scheme 1).31 L-Phenylalanine was iodinated to afford 1,
with the carboxylic acid and the amine groups protected by the
methyl ester (2) and the boc group (3), respectively. Suzuki−
Miyaura borylation was conducted to install the BA pinacol
ester moiety (4) with a subsequent global deprotection to yield
the boronated L-phenylalanine 5. Here, a switch in protecting
groups is necessary because the pinacol ester is sensitive to
microwave conditions. Additionally, longer sequences contain-
ing multiple BA cause aggregation on the solid phase. Thus,
after the installation of the fmoc moiety (6), the BA was
protected with a highly bulky pinanediol to afford 7. The
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corresponding CA containing amino acid, dihydroxy-L-phenyl-
alanine, was commercially available.
Peptide sequences containing all permutations of BA and

CA in a hexa/octa-peptide format were synthesized to

elucidate the influence of sequence, length and positional
defects. The amino acids that do not participate in the coding
segment are filled by lysines (X) to improve water solubility.
To demonstrate the chemical versatility, the N-terminus was
modified with reactive functionalities, i.e., amine, thiol or
maleimide (Scheme 1). In this way, oligopeptides containing
one, two and three BA [(AX)1, (AX)2, (AX)3] as well as their
complementary CA counterparts [(BX)1, (BX)2, (BX)3] were
synthesized. The binding affinities of the dynamic covalent
interactions between (AX)1-(BX)1, (AX)2-(BX)2, (AX)3-
(BX)3 were evaluated by fluorescence microscale thermopho-
resis in 300 mM phosphate buffer, pH 7.4 (Figure 2a).
In each series, fluorescein labeled BA peptides act as the

template strand and are titrated with their complementary CA
peptides. For a single BA/CA binding event, (AX)1-(BX)1, a
binding affinity of 1300 ± 300 M−1 was observed, which is
consistent with published data.32 By increasing the binding
event to divalent (AX)2-(BX)2 and trivalent (AX)3-(BX)3, a
respective 10-fold (12 500 ± 1100 M−1) and 70-fold (81 400 ±
7300 M−1) increase were observed. Importantly, the absence of
binding errors to form unstructured aggregates was supported
by the defined fluorescence decay and dynamic light scattering
(Figure S4). The binding of (AX)3-(BX)3 was also confirmed
independently by Förster resonance energy transfer (FRET)
(Figure S5). The lesser increase in binding affinity with each
subsequent binding code suggests that energy is required to
compensate the backbone structure in the bound state. By
bringing the findings into perspective of DNA hybridization,

Figure 1. (a) Peptide scaffold to code a binary BA/CA pairing. (b)
Thermodynamic processes involved in multivalent effects, comple-
mentary and mismatched sequences.

Scheme 1. Synthesis of BA Containing Amino acid 7 and the Chemical Structures of a Small Library of BA/CA Peptide Codes
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the binding affinity of (AX)3-(BX)3 is comparable to about
eight base pairs (with 50% G-C content) on a DNA level.33,34

The binding structure of the (AX)3-(BX)3 complex was
characterized by multidimensional 1H NMR spectroscopy. The
binding of the boronic acids and catechols leads to the
complete transformation of the chemical environment, shifting
the 1H aromatic signals of the components (Figure 2b, S6).
Resonance peaks of the boronic acids 1HAR in the total
correlation spectroscopy (TOCSY) were shifted into high-field
confirming that the boron center becomes less electron
withdrawing upon binding (Figures S7 and S8). Nuclear
Overhauser effect spectroscopy (NOESY) analysis of (AX)3-
(BX)3 shows many additional and shifted intramolecular
through space 1H-couplings compared to the separate
components (Figures 2c, S9 and S10). These new interactions
ascertain the formation of chemical environments that increase
the intramolecular through space interactions between the
aromatic groups and the Hα, Hβ of the boronic acid or
catechols. Diffusion ordered NMR (DOSY) confirms the
binding event as an increase in the diffusion time of the
complex (Figures 2d and S11). Additionally, the monovalent
complexes are stable to heat up to 70 °C at the using variable
temperature NMR (Figures S15−S19).
The observed BA−CA interaction was supported independ-

ently by matrix-assisted laser desorption/ionization-time of
flight (MALDI-TOF) MS, where the formation of (AX)3-
(BX)3 was characterized by an m/z value at 2079.01 at pH 7.4
(Figure 2e, top). Noteworthy, significant fragmentation of the
complex occurs due to the acidic nature of the matrix (α-
cyano-4-hydroxycinnamic acid, α-CHCA). At pH 5.0, only
separate components of (AX)3 and (BX)3 were found (Figure

2e, bottom). In the Fourier-transform infrared (FTIR) of
(AX)3-(BX)3, the vibrational mode at 1289 cm−1 was lost
while a new peak was observed at 1495 cm−1, suggesting an
increase in bond energy and CC character for the dynamic
covalent interaction (Figure S20).35,36 The electron deficient
boron withdraws electrons through the vicinal diols, which
reduces the electron density of the catechol aromatic system.
Circular dichroism spectroscopy found that, at pH 7.4, the

(AX)3-(BX)3 complex shows a strong negative molar ellipticity
at 210 nm, corresponding to the n-π* transition of the
carbonyl group (Figure 2f, S21). Together with the absence of
Cotton effects, these observations imply that the tetrahedral
boron center has a strong through-space effect on the CO
bond. Density functional theory (DFT) calculations confirmed
that hydrogen bonding interactions between the hydroxyl
groups of the tetrahedral boron and the carboxyl groups of
lysines contribute to lowering the electronic energy of (AX)3-
(BX)3 (Figures 3a, S23 and S24). The combination of these
observations seems to corroborate the shifts associated with
the TOCSY, NOESY cross-peaks. In contrast, at pH 5.0, there
is no interaction between the complementary sequences
(Figure S21). Here, DFT calculations using a simplified
structure revealed a low activation energy (10 kcal mol−1) for
the first boron−oxygen (catechol) bond breaking step,
representing the fast hydrolysis of the tetrahedral boron
observed at acidic pH (Figure S26).
Interestingly, sequences containing consecutive BA/CA

residues without the alternating spacers (A3X3, B3X3) do not
bind to their complementary partners ≤500 μM (Table 1,
Figure S22, S27). Above this concentration, precipitation of
A3X3 occurs, indicating the importance of the lysine spacer in

Figure 2. Characterization of multivalent binding of complementary BA/CA codes. (a) Binding affinity determination of (AX)1-(BX)1
(monovalent, blue), (AX)2-(BX)2 (divalent, red) and (AX)3-(BX)3 (trivalent, black) by fluorescence microscale thermophoresis in 300 mM
phosphate buffer, pH 7.4. (b) 1H NMR and (c) 1H NOESY of (AX)3, (BX)3 and (AX)3-(BX)3 complex in 300 mM phosphate buffer, pH 7.4, 9:1
(H2O:D2O), 298 K. (d) DOSY of the (AX)3-(BX)3 complex against (BX)3 in 300 mM phosphate buffer, pH 7.4, 9:1 (H2O:D2O), 298 K. (e)
MALDI-TOF of (AX)3-(BX)3 at pH 7.4 (top) and pH 5.0 (bottom). (f) Circular dichroism spectroscopy of (AX)3-(BX)3 and their separate
components at phosphate buffer pH 7.4, 298 K.
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the alternating (AX) arrangement providing both solubility
and relief of steric constraints for the binding event.
Next, we encoded a sequence specific binding event by using

(1) mixed sequences (ABA and BAB) and (2) inclusion of a
nonbinding event Y. Importantly, mixed sequences contain
partially complementary parts, whereas the nonbinding event
provides an “error” in the sequence. We observed that the
ABA-BAB interacts with a binding affinity of 79 400 ± 5200
M−1, which is comparable to the homogeneous (AX)3-(BX)3
pairs (Table 1). However, the interaction took significantly
longer (about 8 h) suggesting that error correction requires a
certain time frame, similar to DNA.37,38 On the other hand,
sequence hybridization can be weakened correspondingly by
AAYA-BYBB, where Y is a nonbinding, noninteracting amino
acid (alanine). The increase in the chain length also increases
the energy needed to compensate, resulting in a lower binding
affinity (21 100 ± 6100 M−1) to a divalent level. Mismatched
partners such as (AX)3-BYBB further weaken complementar-
ity. Taking another mismatch pair of identical length, BAB-
(BX)3, nonbinding residues appear in 1H NMR (Figure S12),
indicating very weak interactions.
Since strand displacement dynamics is an important tool in

DNA nanotechnology,38−40 we investigate the displacement
dynamics of our conjugate by the binding of monovalent
(BX)1 and a trivalent (BX)3 against a (AX)3 template. The
fluorescein-(AX)3 was first titrated with (BX)1 until binding
saturation (Figure 3b, black). Displacement and sorting was
then achieved by titrating the (AX)3-(BX)1 against Dy-
light650-(BX)3, monitored independently by FRET. The
intersection between the measurements indicates a stoichio-
metric ratio where (BX)1 and (BX)3 can competitively displace
each other by at least 50% (Figure 3b). For (BX)1 to displace
(BX)3 by 50%, a stoichiometric factor of >4000 mol % is

required. On the other hand, (BX)3 would only require >2.5
mol % due to its multivalent effect.
Based on these findings, the established binary codes could

be used to enable recognition of macromolecules, i.e., proteins
and polymers. As PEGylation of proteins remain an important
aspect in protein therapeutics,41,42 we functionalized PEG5000
and yeast cytochrome c (CytC) with (AX)3 and (BX)3,
respectively. The conversion to PEG5000-(AX)3(BX)3-CytC
was quantified by a fluorogenic sensor, Alizarin Red S in a
titration assay (Figure 3d). The construct was characterized
additionally with MALDI-TOF MS albeit with partial
dissociation of the construct due to the acidic matrix (Figure
3e). Additionally, topological height increases due to complex-
ation was visualized by atomic force microscopy (Figure
S19).43

In summary, we have demonstrated, to the best of our
knowledge, the first application of boronic acid chemistry in
molecular sequence programming under physiological con-
ditions. By combining the recognition and binding custom-
ization of boronic acid/catechol chemistry with a peptide

Figure 3. (a) Model of the DFT optimized structure of (AX)3-(BX)3 at (B3LYP/6-31G(d) theory level (see Supporting Information). (b)
Displacement reaction on a fluorescein-(AX)3 template: Monovalent (BX)1 was titrated to achieve maximum binding (fluorescence, blue) followed
by the addition of increasing amounts of Dylight650-(BX)3 to displace (BX)1 (FRET, black). (c) Sequence dependent discrimination between
complementary AAYA-BYBB and mismatching (AX)3-BYBB peptide based on titration. (d) Quantification of binding of PEG5000-(AX)3 with
CytC-(BX)3 at 100 μM using Alizarin Red S assay. (e) Characterization of the recognition by CytC-(BX)3 (13 886 g mol−1) with PEG5000-(AX)3
(6468 g mol−1) yielding PEG5000-(AX)3(BX)3-CytC (calcd. MW: 20 036 g mol−1, detected MW 20 243 g mol−1, matrix CHCA) using MALDI-
TOF MS.

Table 1. Summary of Association Constants of Different
Matching/Mismatching Sequences

Binding Partner Ka (M
−1) Type Binary Code

(AX)1-(BX)1 1300 ± 300 Monovalent 1
(AX)2-(BX)2 12 500 ± 1100 Divalent 11
(AX)3-(BX)3 81 400 ± 7300 Trivalent 111
A3X3-B3X3 <2000 No Spacer 111
ABA-BAB 79 400 ± 5200 Mixed Trivalent 111
(BX)3-BAB − − Mismatch
AAYA-BYBB 21 100 ± 6100 Divalent (Spaced) 1101
(AX)3-BYBB 9400 ± 800 Divalent Mismatch
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scaffold, synthetic binary codes were created, in which binding
and dynamic displacement was directed in a predictable and
logical manner. In addition, the pH responsiveness of the
chemistry adds an extra trigger to control the hybridization
process. Assisted by the burgeoning field of site-selective
protein chemistry,44 the application of complementary
sequences to the protein cytochrome c and PEG5000 further
underlines the potential to create defined and dynamic
macromolecular assemblies. We envision that the technology
provides a synthetic platform for programming macro-
molecular architectures to possess complex dynamic features.
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1. Index of Abbreviations 
 

FITC       fluorescein isothiocyanate 

Bor-   (in peptide sequence)   para-borono-phenylalanine 

Cat-   (in peptide sequence)   L-3,4-dihydroxyphenylalanine 

Mal-   (in peptide sequence)   6-maleimidohexanoic acid 

PEG5000-maleimide methoxypolyethylene glycol 

maleimide 

TCEP tris(2-carboxyethyl)phosphine 

hydrochloride 

AEEAc 8-amino-3,6-dioxaoctanoic acid 

Fmoc-       Fluorenylmethyloxycarbonyl- 

Boc       tert-Butyloxycarbonyl- 
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2. Experimental Procedures 

2.1 Synthesis of protected borono-phenylalanine 

NMR spectra were recorded on a Bruker 400 or 500 MHz NMR spectrometer. Signals 

are reported in parts per million (ppm) with respect to residual solvent peak (CDCl3, 

DMSO-d6, CD3OD, D2O). LC-MS was recorded on or Shimadzu LC-MS 2020. The 

MALDI-TOF mass spectra were obtained from Bruker Reflex III (MALDI-TOF) and 

Bruker Solarix (FTICR) spectrometer. All chemical reagents were obtained from 

commercial suppliers and were used without further purification unless otherwise 

noted. Thin layer chromatography (TLC, Merck 60 F254) was used to monitor the 

reactions. TLC plates were stained with KMnO4, ninhydrine, iodine. Acros Organics 

silica gel was used for column chromatography (0.035 nm – 0.070 nm, 60 Å).  

 

4-Iodo-L-phenylalanine (1)  

Phenylalanine (1 equiv.), was dissolved in a mixture of acetic and sulfuric acid (5:1). 

Then iodine (0.4 equiv.) and sodium periodate (0.23 equiv.) were added. The mixture 

was heated to 70 °C, stirred overnight and concentrated under vacuum. Water and 

DCM (4:1) were added to dissolve the solid. The two layers were separated and the 

aqueous layer was washed with DCM and Et2O. Subsequently, activated charcoal was 

added to the aqueous layer, stirred for one hour and filtered. By adjusting the pH of the 

solution to 4, the white product was precipitated. After filtration the solid was dried 

under vacuum (Yield: 86%). The NMR data was accordance with the literature.[1]  1H-

NMR (400 MHz, CD3OD): δ (ppm) = 3.05 (dd, 1H), 3.28 (dd, 1H), 3.91 (dd, 1H), 7.13 

(d, 2H), 7.73 (d, 2H). 13C-NMR (125 MHz, CD3OD): δ (ppm) = 37.67, 55.74, 95.28, 
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133.41, 136.03, 140.19, 171.12. HR-ESI-MS: m/z = 291.98290 [M + H]+, (calcd. mass: 

291.98345 [M + H]+, formula: C9H10INO2). 

 

4-Iodo-L-phenylalaninemethylester (2)  

4-Iodopenylalanine (1 equiv.) was dissolved in dry MeOH. The solution was cooled to 

0 °C and thionylchloride (3 equiv.) was added dropwise. The mixture was heated to 

70 °C, and stirred overnight. The solvent was partially evaporated to concentrate the 

solution, which was added to cold Et2O causing the white product to precipitate. The 

product was filtered and dried in vacuum (Yield: 94%). The NMR data was in 

accordance with the literature.[1] 1H-NMR (400 MHz, CD3OD): δ (ppm) = 3.10 – 3.22 

(m, 2H), 3.81 (s, 3H), 4.33 (dd, 1H), 7.07 (d, 2H), 7.73 (d, 2H). 13C-NMR (125 MHz, 

CD3OD): δ (ppm) = 36.81, 53.63, 54.87, 94.12, 132.55, 135.16, 139.34, 170.26. HR-

ESI-MS: m/z = 307.00581 [M + H]+, (calcd. mass: 307.00693 [M + H]+, formula: 

C10H12INO2). 

 

N-(tert-butyloxycarbonyl)-4-Iodo-L-phenylalaninemethylester (3) 

4-Iodophenylalaninemethylester (1 equiv.) was dissolved in DCM. Then di-tert-

butyldicarbonat (1.2 equiv.) and TEA (3 equiv.) were added. The solution was stirred 

overnight and concentrated under vacuum. The crude was purified with column 

chromatography (n-hexane/ethylacetate, 3:1) to afford a clear, highly-viscous oil (Yield: 

92%). The NMR was in accordance with the literature.[1] 1H-NMR (400 MHz, CDCl3): δ 

(ppm) = 1.42 (s, 9H), 2.92 - 3.10 (m, 2H), 3.71 (s, 3H), 4.56 (dd, 1H), 4.97 (d, 1H), 6.87 

(d, 2H), 7.61 (d, 2H). 13C-NMR (125 MHz, CDCl3): δ (ppm) = 28.41, 52.48, 54.40, 

80.23, 92.67, 131.46, 135.85, 137.73, 155.20, 172.28. LC-MS (ESI): m/z = 406 [M + 

H]+, (calcd. mass: 406 [M + H]+, formula: C15H20INO4). 

 

N-(tert-butyloxycarbonyl)-4-(pinacolylborono)-L-phenylalaninemethylester (4) 

Potassium acetate (3 equiv.) was placed in a round bottom flask and was dried under 

vacuum. Then N-(tert-butyloxycarbonyl)-4-Iodophenylalaninemethylester (1 equiv.), 

the Pd catalyst (PdCl2dppf, 0.03 equiv.) and bis-pinacolatodiboron (1.3 equiv.) were 

added, followed by dry DMSO. The clear solution was degassed (4x), heated to 80 °C, 

and stirred overnight. After removal of the solvent in vacuum, water and DCM were 

added to the black solid. The aqueous layer was washed with additional DCM (3x). 

The combined organic layers were dried and concentrated in vacuum. Column 

chromatography (EA/n-hexane, 1:3) was used to isolate the pure product as white solid 
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(Yield: 87%). The data NMR was in accordance with literature.[2] 1H-NMR (400 MHz, 

CD3OD): δ (ppm) = 1.34 (s, 12H), 1.42 (s, 9H), 2.95 - 3.15 (m, 2H), 3.70 (s, 3H), 4.58 

(dd, 1H), 4.95 (d, 1H), 7.12 (d, 2H), 7.73 (d, 2H). 13C-NMR (125 MHz, CD3OD): δ (ppm) 

= 25.00, 28.43, 31.38, 38.53, 52.38, 54.46, 80.08, 83.93, 128.85, 135.15, 139.34, 

155.19, 172.36. LC-MS (ESI): m/z = 428 [M + Na]+, (calcd. mass: 428 [M + Na]+, 

formula: C21H32BNO6). 

 

4-Borono-L-phenylalanine (5)  

N-(tert-butyloxycarbonyl)-4-(pinacolylborono)-phenylalaninemethylester (1 equiv.) 

was dissolved in acetone. Concentrated sodium hydroxide solution (10 equiv.) was 

added and the solution was stirred overnight. The next day, the pH of the solution was 

adjusted to 0 using concentrated HCl. Then the solution was heated to 50 °C and 

stirred overnight. The solution was concentrated by partial removal of the solvent and 

the pH was adjusted to 4 causing the product to precipitate. After filtration the white 

solid was washed with cold water, Et2O and dried in vacuum (yield: 81%). The NMR 

was in accordance with the literature.[3] 1H-NMR (400 MHz, CD3OD): δ (ppm) = 2.65 - 

2.85 (m, 2H), 3.81 – 3.87 (m, 1H), 6.79 (d, 2H), 7.17 (d, 2H). 13C-NMR (125 MHz, 

CD3OD): δ (ppm) = 44.85, 62.61, 103.19, 141.64, 144.34, 147.03, 179.89.  

 

N-(9H-Fluorenylmethoxycarbonylamino)-4-borono-L-phenylalanine (6)  

4-Boronophenylalanine (1 equiv.) was suspended in water. Then the pH was adjusted 

to 11 by adding NaOH. A solution of N-(9-Fluorenylmethoxycarbonyloxy)succinimide 

(1.2 equiv.) was added dropwise to the resulting clear aqueous solution and stirred 

overnight. The reaction mixture was washed with EA (3x) before the pH was adjusted 

to 1. Another potion of EA was added (3x) to extract the product. The combined organic 

layers were dried and concentrated under vacuum to afford a white solid (yield: 69%). 
1H-NMR (400 MHz, CDCl3): δ (ppm) = 3.07 - 3.14 (m, 2H), 4.15 - 4.23 (m, 2H), 4.29 

(dd, 1H), 4.44 (dd, 1H), 7.22 - 7.31 (m, 4H), 7.33 - 7.40 (m, 2H), 7.48 - 7.54 (d, 2H), 

7.56 - 7.62 (d, 2H), 7.75 - 7.80 (m, 2H). 13C-NMR (125 MHz, CDCl3): δ (ppm) = 26.29, 

38.66, 56.74, 68.00, 120.88, 126.25, 126.36, 128.18, 128.76, 129.62, 135.01, 142.53, 

145.22, 158.39, 174.92, 175.28. LC-MS (ESI): m/z = 432 [M + H]+, (calcd. mass: 432 

[M + H]+, formula: C24H22BNO6). 
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General protocol for the protection of the boronic acid 

Fmoc-Boronic acid (1 equiv.) was dissolved in a toluene/THF (1:1) mixture. Then 

(1S,2S,3R,5S)-(+)-pinanediol or pinacol (1 equiv.) was added. The solution was stirred 

for 15 min before the solvent was completely removed in vacuum. Then another portion 

of toluene/THF was added, the solution was stirred for another 10 min and solvent 

again evaporated (repeated 3x). Column chromatography (n-hexane/ THF, 4:1 up to 

1:2 + 2% FA) was used to isolate the products as white solids. 

 

N-(9H-Fluorenylmethoxycarbonylamino)-4-(pinacolatoborono)-L-phenylalanine 

(7a)  

Synthesis was conducted according to the general protocol above. Yield: 83%. The 

NMR data was in accordance with the literature.[4] 1H-NMR (400 MHz, MeOH-d4): δ 

(ppm) = 1.30 (s, 12H), 2.90 – 3.00 (m, 1H), 3.20 – 3.30 (m, 1H), 4.05 – 4.15 (m, 1H), 

4.30 – 4.40 (m, 2H), 7.20- 7.30 (m, 6H), 7.32 – 7.39 (m, 2H), 7.48 - 7.55 (m, 2H), 7.61 

– 7.66 (d, 2H), 7.73 – 7.79 (d, 2H). 13C-NMR (125 MHz, CDCl3): δ (ppm) = 25.17, 

36.63, 48.27, 55.20, 67.26, 84.97, 120.82, 126.15, 126.30, 126.36, 128.15, 128.68, 

128.70, 129.83, 129.92, 135.86, 142.36, 145.19, 156.20, 174.36. LC-MS (ESI): m/z = 

514 [M+H]+, (calcd. mass: 514 [M+H]+, formula: C30H32BNO6).  

 

N-(9H-Fluorenylmethoxycarbonylamino)-4-(pinandiolborono)-L-phenylalanine 

(7b)  

Synthesis was conducted according to the general protocol above. Yield: 80% 1H-NMR 

(400 MHz, CDCl3): δ (ppm) = 0.85 (s, 3H), 0.98 (d, 1H), 1.26 (s, 3H), 1.39 (s, 3H), 1.73 

– 1.75 (m, 1H), 1.83 – 1.89 (m, 1H), 2.05 (t, 1H), 2.09 – 2.17 (m, 1H), 2.30 – 2.40 (m, 

1H), 2.79 (t, 1H), 2.85 – 2.95 (m, 1H), 3.10 – 3.18 (m, 1H), 4.14 – 4.17 (m, 1H), 4.17 – 

4.25 (m, 2H), 4.47 (dd, 1H), 7.20- 7.40 (m, 6H), 7.59 (d, 2H), 7.60 – 7.62 (m, 2H), 7.75 

(d, 2H), 7.89 (d, 2H). 13C-NMR (125 MHz, CDCl3): δ (ppm) = 23.67, 24.46, 25.17, 

26.06, 26.87, 28.43, 35.15, 36.75, 37.79, 39.02, 46.58, 50.90, 55.41, 65.66, 67.06, 

77.25, 85.81, 120.09, 120.11, 125.19, 125.36, 127.06, 127.57, 127.62, 128.83, 134.49, 

140.68, 140.72, 141.61, 143.76, 155.92, 1732.32. HR-MS (MALDI-TOF, DHB): m/z = 

566.27053 [M+H]+, 588.25246 [M + Na]+, (calcd. mass: 566.27085 [M+H]+, 588.25279 

[M+ Na]+, formula: C34H36BNO6). 
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2.2 Solid-phase-peptide-synthesis 
 

Peptides were synthesized using standard fmoc solid phase peptide synthesis (Fmoc-

SPPS). Preloaded resins (catechol containing peptides: Wang Resin, boronic acid 

containing peptides: tentagel resin) were swelled overnight (DMF, 4°C) and used after 

3 washes with fresh DMF (peptide grade): 

 

 

 

The deprotection, coupling and final cleavage conditions are given in the protocol listed 

below. 

 

Deprotection: 

• Deprotection #1 (25% Piperidine in DMF, 3 min, R.T.) 

• Deprotection #2 (25% Piperidine in DMF, 10 min, R.T.) 

• Wash (4x DMF) 

 

Coupling: 

• Add reagents (5 equiv. amino acid, 5 equiv. PyBoP, 10 equiv. DIPEA) 

• Microwave (5 min, 75°C), for boronic acid containing peptides increase the 

reaction time subsequently (2 min/boronic acid) 
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• Wash (4x DMF) 

 

Final cleavage from the solid phase: 

 

For catechol containing peptides: Treat the peptide, which is still bound to the solid 

phase with 95% TFA, 2.5% TIPS, 2.5% H2O, 2 h, R.T. 

After the final cleavage, the peptides were precipitated by dropping the peptide solution 

into cold ether. Subsequently, the peptides were purified with HPLC and characterized 

with mass spectrometry. 

 

For boronic acid containing peptides: Treat the peptide, which is still bound to the solid 

phase with 95% TFA, 2.5% TIPS, 2.5% H2O, 2 h, R.T. 

After that the peptides were precipitated by dropping the peptide solution into cold 

ether. In the next steps the following synthesis strategy was used: 

 

1) Excess PBA (5 equiv.) in hydrochloric acid (4 N), add Et2O (2 Phases), 30 min, 

exchange the organic phase steadily (3 times), then remove all the solvent. 

3) Add conc. hydrochloric acid and stir for 30 min, then remove the hydrochloric acid. 

 

After the final cleavage the peptides were precipitated by dropping the peptide solution 

into cold ether. Subsequently, the peptides were purified with HPLC and characterized 

with mass spectrometry. 

 

 

2.3 Labeling of peptides with fluorescent dyes 
 

DyLight®650-Cys-AEEAc-Cat-Lys-Cat-Lys-Cat-Lys 

The catechol peptide with the sequence Cys-AEEAc-Cat-Lys-Cat-Lys-Cat-Lys 

(0.1926 mg, 0.1634 µmol, 1.1 equiv.) was dissolved in 100 µL degassed phosphate 

buffer (pH 6.8, 200 mM). TCEP (4.67 mg, 16.34 µmol, 100 equiv.) was added and 

stirred for 2 h under argon atmosphere. Then DyLight®650-maleimide (0.1621 mg, 

0.1485 µmol, 1.0 equiv.) was added as a 10 mg/mL DMF-solution and the mixture was 

stirred at room temperature overnight under argon atmosphere. The resulting crude 

solution was purified by HPLC (chapter 5). 
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Fluorescein-Cys-AEEAc-Bor-Lys-Bor-Lys-Bor-Lys 

The boronic acid peptide with the sequence Cys-AEEAc-Bor-Lys-Bor-Lys-Bor-Lys 

(0.250 mg, 0.2044 µmol, 1.0 equiv.) was dissolved in 500 µL degassed phosphate 

buffer (pH 7.1, 200 mM). TCEP (2.923 mg, 10.22 µmol, 50 equiv.) was added and 

stirred for 2 h under argon atmosphere. Then fluorescein-maleimide (2.18 mg, 5.110 

µmol, 25 equiv.) was added as a 10 mg/mL DMF-solution and the mixture was stirred 

at room temperature overnight under argon atmosphere. The resulting crude solution 

was purified by HPLC (Refer to Section 5). 

 

Fluorescein-Cys-AEEAc-Bor-Lys-Bor-Lys-Ala-Lys-Bor-Lys 

The boronic acid peptide with the sequence Cys-AEEAc-Bor-Lys-Bor-Lys-Ala-Lys-Bor-

Lys (0.646 mg, 0.4540 µmol, 1.0 equiv.) was dissolved in 1000 µL degassed phosphate 

buffer (pH 7.1, 200 mM). TCEP (6.492 mg, 22.70 µmol, 50 equiv.) was added and 

stirred for 2 h under argon atmosphere. Then fluorescein-maleimide (4.850 mg, 

11.35 µmol, 25 equiv.) was added as a 10 mg/mL DMF-solution and the mixture was 

stirred at room temperature overnight under argon atmosphere. The resulting crude 

solution was purified by HPLC (Refer to Section 5). 

 

2.4 Synthesis of protein/polymer conjugates 
 

Synthesis of Cytochrome-C-Catechol Peptide-Conjugate (CytC-B3) 

CytC (3.120 mg, 0.20479 µmol, 1.0 equiv.) was dissolved in 700 µL degassed 

phosphate buffer (pH 7.4, 200 mM). TCEP (24.79 µg, 0.099 µmol, 0.4 equiv., 19 µL 

PB-solution) was added and stirred for 2 h under argon atmosphere. Then the 

maleimide-functionalized catechol peptide (0.317 mg, 0.248 µmol, 1.0 equiv., 156 µL 

PB-solution) was added and the mixture was stirred at room temperature overnight 

under argon atmosphere. The resulting crude solution was purified by Vivaspin® 500 

Centrifugal Concentrator (Cut-off of 3000 MW) by six-times washing with water. 

 

Synthesis of PEG5000-Boronic Acid Peptide-Conjugate (PEG5000-A3) 

The boronic acid peptide with the sequence Cys-AEEAc-Bor-Lys-Bor-Lys-Bor-Lys 

(0.250 mg, 0.2044 µmol, 1.0 equiv.) was dissolved in 250 µL degassed phosphate 

buffer (pH 7.1, 200 mM). TCEP (2.713 mg, 9.485 µmol, 50 equiv., 70 µL PB-solution) 

was added and stirred for 2 h under argon atmosphere. PEG5000-maleimide (9.591mg, 
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1.900 µmol, 10 equiv.) was dissolved in 1000 µL degassed phosphate buffer (pH 7.4, 

200 mM) was added and the mixture was stirred at room temperature overnight under 

argon atmosphere. The resulting crude solution was purified by HPLC. 

 

 

2.5 Mass Spectrometry and High-Performance Liquid Chromatography 
 

The catechol containing peptide tags were characterized via LC-MS or MALDI-FTICR 

using HCCA matrix. Typically, a sample solution (c = 1 mg/mL) was mixed (1:1) with a 

saturated HCCA matrix solution (50% ACN/ 50% H2O) and spotted on the steel plate. 

Then an additional aliquot of the HCCA solution was added to dilute the sample and 

spotted again (repeat 3x). Spectra can be obtained in positive and negative mode. 

 

Boronic acid containing peptide tags were characterized via MALDI-FTICR 

measurements. Spectra can be obtained in positive mode. 

Preparation A: A sample solution (c = 1 mg/mL) was mixed (1:1) with a saturated DHB 

matrix solution (50% ACN/ 50% H2O) and spotted on the steel plate. Then an additional 

aliquot of the DHB solution was added to dilute the sample and spotted again (repeat 

3x).  

Preparation B: A saturated DHB matrix solution (50% ACN/ 50% H2O) was spotted 

on the steel plate. After drying, a droplet of the sample solution (c = 1 mg/mL) was 

added on top of the DHB crystals. After drying, another droplet of saturated DHB matrix 

solution was added.  

 

The complexes of boronic acid containing peptides and catechol containing peptides 

were characterized via MALDI-FTICR using SA matrix in the case of the cytochrome 

c-PEG5000 complex and using HCCA matrix in the case of the simple peptide tag-

complexes. Typically, a sample solution (c = 1 mg/mL) was mixed (1:1) with a saturated 

matrix solution (50% ACN/ 50% H2O) and spotted on the steel plate. Then an additional 

aliquot of the HCCA solution was added to dilute the sample and spotted again (repeat 

3x). Spectra can be obtained mainly in negative mode. 
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Alanine-based Peptide Tags 

                                                                                                                                                 

Catechol Tags 

Ala-Cat-Ala 

 

 

 

LC-MS: m/z = 340 [M + H]+, (calcd. mass: 340 [M + H]+, formula: C15H21N3O6).  

 

 

 

 

Ala-Cat-Ala-Cat-Ala  

 

 

 

HR-MS (MALDI-TOF, HCCA): m/z = 590.24565 [M + H]+, (calcd. mass: 590.24567 [M 

+ H]+, formula: C27H35N5O10). 
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Bor-Tags 

 

Only the main signal of the mass spectra are recorded here. Other detected species 

resulted from deborylation and water-addition during the measurement with DHB.   

 

FITC-AEEAc-Bor-Ala  

 

 

 

HR-MS (MALDI-TOF, DHB): m/z = 815.23959 [M + H]+, (calcd. mass: 815.24070 [M + 

H]+, formula: C39H39BN4O13S). 
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FITC-AEEAc-Bor-Ala-Bor-Ala 

 

 

 

HR-MS (MALDI-TOF, DHB): m/z = 1059.34259 [M – H2O + H]+, (calcd. mass: 

1059.34344 [M – H2O + H]+, formula: C51H52B2N6O16S). 
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Lysine-based Peptide Tags 
 

Cat-Tags 

 

Lys-Cat-Lys     

 

 

 

MS (MALDI-TOF, CHCA): m/z = 454.844 [M + H]+, (calcd. mass: 454.2660 [M + H]+, 

formula: C21H35N5O6). 
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Lys-Cat-Lys-Cat-Lys-Cat-Lys 
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MS (MALDI-TOF, CHCA): m/z = 1066.409 [M-H]-, (calcd. mass: 1066.5579 [M-H]-, 

formula: C51H77N11O14). 
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Maleimide-AEEAc-Cat-Lys-Cat-Lys-Cat-Lys 
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MS (MALDI-TOF, CHCA): m/z = 1276.647 [M-H]-, (calcd. mass: 1276.6107 [M-H]-, 

formula: C61H87N11O19). 
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Lys-Cat-Lys-Ala-Lys-Cat-Lys-Cat-Lys 
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MS (MALDI-TOF, CHCA): m/z = 1265.688 [M-H]-, (calcd. mass: 1265.6899 [M-H]-, 

formula: C60H94N14O16). 
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DyLight®650-Cys-AEEAc-Cat-Lys-Cat-Lys-Cat-Lys 

 

DyLight®650

OH OHOH

S
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O NH
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OH OHOH

 

 

MS (MALDI-TOF, DHB): m/z = 2277.131 [M-H]-, (calcd. mass: 2277.546 [M-H]-, 

formula: formula cause of DyLight®650 not calculable. 
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Cys-Lys-Lys-Lys-Cat-Cat-Cat 

 

 

 

 

 

 

 

 

 

MS (MALDI-TOF, DHB): m/z = 1042.541 [M+H]+ (calcd. mass: 1042.503 [M-H]-

formula: C48H71N11O13S) 

 

 

FITC-Cys-Lys-Lys-Lys-Cat-Cat-Cat 

 

 

 

 

 

 

 

 

 

 

 

MS (MALDI-TOF, DHB): m/z = 1469.496 [M+H]+ (calcd. mass: 1469.572 [M+H]+ 

formula: C72H84N12O20S) 
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Bor-Tags 

 

Only the main signal of the mass spectra are recorded here. Other detected species 

resulted from deborylation and water-addition during the measurement with DHB.   

 

Cys-AEEAc-Bor-Lys-Bor-Lys-Bor-Lys 
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MS (MALDI-TOF, DHB): m/z = 1578.996 [M + 3 DHB – 6 H2O + H]+, (calcd. mass: 

1578.6284 [M + 3 DHB – 6 H2O + H]+, formula: C54H84B3N11O17S). 
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AEEAc-Bor-Lys-Bor-Lys-Bor-Lys 
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MS (MALDI-TOF, DHB): m/z = 1475.723 [M + 3 DHB – 6 H2O + H]+, (calcd. mass: 

1475.6192 [M + 3 DHB – 6 H2O + H]+, formula: C51H79B3N10O16). 
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Fluorescein-Cys-AEEAc-Bor-Lys-Ala-Lys-Bor-Lys-Bor-Lys 
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MS (MALDI-TOF, DHB): m/z = 2206.640 [M + 3 DHB – 6 H2O + H]+, (calcd. mass: 

2206.8453 [M + 3 DHB – 6 H2O + H]+, formula: C87H116B3N15O26S). 
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Fluorescein-Cys-AEEAc-Bor-Lys-Bor-Lys-Bor-Lys 
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MS (MALDI-TOF, DHB): m/z = 2007.906 [M + 3 DHB – 6 H2O + H]+, (calcd. mass: 

2007.7132 [M + 3 DHB – 6 H2O + H]+, formula: C78H99B3N12O24S). 

 

 

 

 

 



 

S27 
 

 

Lys-Lys-Lys-Bor-Bor-Bor 

 

 

 

 

 

 

 

MS (MALDI-TOF, DHB): m/z = 975.563 [M + H]+, (calcd. mass: 975.545 [M + H]+, 

formula: C45H69B3N10O12). 

 

 

Lys-Bor-Lys-Cat-Lys-Bor-Lys 

 

 

 

MS (MALDI-TOF, DHB): m/z = 1328.61826 [M + 3 DHB – 6 H2O + H]+, (calcd. mass: 

1328.62 [M + 3 DHB – 6 H2O + H]+, formula: C51H79B2N11O14). 
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Cys-AEEAc-Cat-Lys-Bor-Lys-Cat-Lys 
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MS (MALDI-TOF, DHB): m/z = 1318.58346 [M + 1 DHB – 2 H2O + H]+, (calcd. mass: 

1318.58 [M + 1 DHB – 2 H2O + H]+, formula: C54H82BN11O17S). 
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Fluorescein-Cys-AEEAc-Cat-Lys-Bor-Lys-Cat-Lys 
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MS (MALDI-TOF, DHB): m/z = 1747.65660 [M + 1 DHB – 2 H2O + H]+, (calcd. mass: 

1747.67 [M + 1 DHB – 2 H2O + H]+, formula: C78H97BN12O24S). 
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2.6 Binding Affinity Analysis (Fluorescence Quenching Assay) 

General procedure: 

Fluorescence spectra were recorded on an Infinite® M1000 PRO microplate reader 

(Tecan®) and on a microscale thermophoresis device (Monolith NT.115 of 

NanoTemper Technologies GmbH). 20 µL of different concentrations of the non-

labeled compound were served (dilutions series with factor of 2 for each step, 

phosphate buffer 300 mM, pH 7.4). To this a constant amount of the fluorescein-

labeled compound (vol. 20 µL, phosphate buffer 300 mM, pH 7.4) below the lowest 

amount in the dilution series of the non-labeled one was added. After mixing for 2 h at 

450 rpm, 35 µL of every mixture was placed in black UV Star® 384 microliter well-

plates (Greiner bio-one®) or 10 µL was sucked in a capillary for the microscale 

thermophoresis device (Monolith NT.115 Capillaries). After 15 min of equilibration 

time, the fluorescence emission was recorded at 520 nm upon excitation at 488 nm 

with multiple reads per well (3x3) or with the green/red laser device with a laser power 

of 20% on the settings of the microscale thermophoresis device. 
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Exemplary described procedure (of the measurement with Fluorescein-(AX)3 and 

(BX)3): 

At the beginning, the serial dilution of the catechol peptide tag was produced. For that, 

8 solutions with a volume of 20 µL each (phosphate buffer 300 mM, pH 7.4) were 

prepared. Furthermore, one solution with the starting concentration of 0.5 mM of the 

catechol peptide tag in 40 µL (phosphate buffer 300 mM, pH 7.4) was mixed. 20 µL of 

the solution was diluted with 20 µL and is iterated for the 8 prepared solutions. At the 

end the catechol peptide serial dilution has 9 solutions with 20 µL volume each and 

the following concentrations: 

 

To each of these solutions, 20 µL of a prepared 0.00048 mM fluorescein-boronic acid 

peptide solution (phosphate buffer 300 mM, pH 7.4) was introduced. 

The resulting catechol-boronic acid mixtures (after mixing every solution contained half 

of the prepared concentrations) were then shaken for 2 h at 450 rpm. In the next step, 

35 µL of the solutions were pipetted in the wells/capillaries for fluorescence 

spectroscopy (general procedure describes settings of the device). 

 

Used peptide sequences:  

 

Fluorescein-Cys-AEEAc-Bor-Lys-Bor-Lys-Bor-Lys       + Lys-Cat-Lys-Cat-Lys-Cat-Lys 

Fluorescein-Cys-AEEAc-Bor-Lys-Bor-Lys-Bor-Lys       + Lys-Cat-Lys-Ala-Lys-Cat-Lys-Cat-

Lys 

Fluorescein-Cys-AEEAc-Bor-Lys-Ala-Lys-Bor-Lys-Bor-Lys    + Lys-Cat-Lys-Ala-Lys-Cat-Lys-Cat-

Lys 

Fluorescein-Cys-AEEAc-Cat-Lys-Bor-Lys-Cat-Lys       +     Lys-Bor-Lys-Bor-Lys-Bor-Lys 

FITC-AEEAc-Bor-Ala-Bor-Ala          +     Ala-Cat-Ala-Cat-Ala  

FITC-AEEAc-Bor-Ala            +     Ala-Cat-Ala 

Lys-Lys-Lys-Bor-Bor-Bor          +     FITC-Cys-Lys-Lys-Lys-Cat-Cat-Cat 

 

Dilution of catechol peptide Concentration [mM]

1 0.50000

2 0.25000

3 0.12500

4 0.06250

5 0.03125

6 0.01562

7 0.00781

8 0.00390

9 0.00195
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Figure S4. Fluorescence decay as a result of thermophoresis of (AX)3-(BX)3 binding 

demonstrating the absence of aggregates and higher ordered structures. 

 

Statistics and reproducibility 

The concentration dependent fluorescence data points were plotted in OriginPro 

2017G. To compare the binding concentrations (or Ka), the points of inflection were 

calculated by the OriginPro 2017G software by using sigmoidal fitting according to the 

Boltzmann function. Each individual experiment was conducted in triplicates with a 

different batch of synthesized peptides. Three sets of experiments were conducted to 

obtain the data in Figure 2a of the main manuscript. The point of inflection values of 

the different experiments were used to determine the arithmetic average binding 

concentrations (or Ka) and standard deviations. The standard deviation points for (AX)-

(BX) (blue in Figure 2a) is smaller than the represented square itself and thus not 

graphically observable. 

 

 

2.7 Dynamic light scattering 
Dynamic light scattering on the (AX)3-(BX)3 binding complex in 300 mM PB buffer, pH 

7.4, was performed using Nano-ZetaSizer (Malvern Instruments). The 173° 

backscatter was measured using a 633 nm laser at 25 °C. No aggregates were 

detected. 
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2.8 FRET experiment 
Fluorescence spectra were recorded on an Infinite® M1000 PRO microplate reader 

(Tecan). 30 µL of the boronic acid peptide tag (Fluorescein-Cys-AEEAc-Bor-Lys-Bor-

Lys-Bor-Lys), 30 µL of the catechol peptide tag (Dyelight650®-AEEAc-Cat-Lys-Cat-

Lys-Cat-Lys) and 30 µL of the mixture of both (every solution has a concentration of 

1 mM of the peptide and was produced with phosphate buffer (300 mM, pH 7.4)) were 

placed in a black UV Star® 384 microliter well-plate (Greiner bio-one), each. The 

mixtures were stirred for 2 h at 450 rpm and measured with an excitation wavelength 

of 488 nm and the emission was recorded 550 nm – 850 nm. 

 

Figure S5. FRET of (AX)3-(BX)3 binding in phosphate buffer pH 7.4 

 

 

 2.9  1H NMR Spectroscopy: TOCSY, NOESY, DOSY 
The 1H NMR data of (AX)3, (BX)3 and (AX)3-(BX)3 as well as BAB and BAB-(BX)3 

were acquired on a Bruker Avance 850 MHz spectrometer equipped with a 5 mm TXI 

with a Z gradient. The measurements were performed at 298 K with a sample 

concentration of 2 mM in 300 mM phosphate buffer, pH 7.4, 9:1 (H2O:D2O). Chemical 

shifts were recorded in parts per million (ppm), using 1H NMR resonance of H2O to 

reference the 1H NMR spectrum with the methyl resonance of TMS at 0.0 ppm, 

according to IUPAC recommended method.5 Two-dimensional NMR spectra were 

analyzed using NMRFAM-SPARKY.6 The proton resonances were assigned manually 
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with the standard method of using TOCSY (Total Correlations Spectroscopy)7 

fingerprints of the amino acids. Unfortunately, the backbone amide protons were not 

detectable, thus a sequential assignment was not possible. Additionally, the side chain 

amine protons of the Lysine groups were also not detectable. The numbering of the 

assigned groups is to differentiate between the individual amino acids, but shall not 

indicate the position of this amino acid in the peptide. Additionally, the assigned 

aromatic protons do not necessarily need to belong to the same numbered group of 

the Hα and side chain protons, due to the lack of scalar couplings between those two 

regions in the respective amino acids. 

 

Figure S6. 1H NMR of (AX)3-(BX)3 and its separate constituents in phosphate buffer 

pH 7.4 H2O/D2O 9/1 with water suppression. 
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Figure S7. 1H TOCSY NMR of (AX)3 (left) and (BX)3 (right) in phosphate buffer pH 7.4 

H2O/D2O 9/1 with water suppression. 
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Figure S8. 1H TOCSY NMR of (AX)3-(BX)3 and its separate constituents in phosphate 

buffer pH 7.4 H2O/D2O 9/1 with water suppression. 
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Figure S9. 1H NOESY NMR of (AX)3 (left) and (BX)3 (right) in phosphate buffer pH 7.4 

H2O/D2O 9/1 with water suppression. 

 

Figure S10. 1H NOESY NMR of (AX)3-(BX)3 and its separate constituents in 

phosphate buffer pH 7.4 H2O/D2O 9/1 with water suppression. 
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Proton resonance assignment of (AX)3: 
 

Group Atom Nuc Shift 
    

BA1 HA 1H 4.532 
BA1 HB1 1H 3.106 
BA1 HB2 1H 2.871 
BA1 HD# 1H 7.117 
BA1 HE# 1H 7.597 
K1 HA 1H 4.092 
K1 HB# 1H 1.477 
K1 HE# 1H 2.808 
K1 HG# 1H 1.085 
BA2 HA 1H 4.476 
BA2 HB# 1H 2.829 
BA2 HD# 1H 7.188 
BA2 HE# 1H 7.602 
K2 HA 1H 4.067 
K2 HB# 1H 1.479 
K2 HE# 1H 2.789 
K2 HG# 1H 1.056 
BA3 HA 1H 4.444 
BA3 HB# 1H 2.765 
BA3 HD# 1H 7.079 
BA3 HE# 1H 7.572 
K3 HA 1H 3.594 
K3 HB# 1H 1.555 
K3 HE# 1H 2.836 
K3 HG# 1H 1.181 
 
 
 
 
   

 
 

 
 

Proton resonance assignment of (BX)3: 
Group Atom Nuc Shift   
      

Cat1 HA 1H 4.428   
Cat1 HB1 1H 2.812   
Cat1 HB2 1H 2.773   
Cat1 HD# 1H 6.557   
Cat1 HE 1H 6.746   
K1 HA 1H 4.056   
K1 HB# 1H 1.493   
K1 HD# 1H 1.116   
K1 HE# 1H 2.817   
K1 HG# 1H 1.053   
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Cat2 HA 1H 4.408   
Cat2 HB1 1H 2.981   
Cat2 HB2 1H 2.665   
Cat2 HD# 1H 6.52   
Cat2 HE 1H 6.72   
K2 HA 1H 3.978   
K2 HB# 1H 1.436   
K2 HD# 1H 0.966   
K2 HE# 1H 2.777   
K2 HG# 1H 0.938   
Cat3 HD# 1H 6.502   
Cat3 HE 1H 6.709   
K3 HA 1H 3.649   
K3 HB1 1H 1.594   
K3 HB2 1H 1.532   
K3 HD# 1H 1.187   
K3 HE# 1H 2.842   

 

 

Diffusion Ordered NMR (DOSY) 

The DOSY experiments with water suppression (stebpgp1s19) were executed with a 

5 mm TXI 1H/13C/15N z-gradient probe and a gradient strength of 5.516 [G/mm] on the 

850 MHz spectrometer. The gradient strength was calibrated the diffusion coefficient 

of a sample of 2H2O/1H2O at a defined temperature of 298K and compared with the 

literature. 

The temperature was defined with a standard 1H methanol NMR sample. The control 

of the temperature was realized with a VTU (variable temperature unit) and an 

accuracy of +/- 0,1K, which was checked with the standard Bruker Topspin 3.6 

software. 

 

In this work, the gradient strength was varied in 32 steps from 2% to 100% and for 

each gradient 64 number of scans was used. The diffusion time d20 was optimised to 

50 ms and the gradient length p30 was kept at 1.4 ms. 

 

The 2D NMR sequences for measuring diffusion coefficient using echoes for 

convection compensation and longitudinal eddy current delays to store the 

magnetization in the z-axis, and only be dependent on T1-relaxation. The calculation 

of the diffusion value was automatically done with the mono exponential function: 
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ln
( )

( )
= −𝛾 𝛿 𝐺 ∆ − 𝐷, 

 

where I(G) and I(0) are the intensities of the signals with and without gradient,  the 

gyromagnetic ratio of the nucleus (1H in this measurements), G is the gradient strength, 

 the duration of the pulse field gradient (PFG), D the diffusion value in m2/s and  the 

“diffusion time” between the beginning of the two gradient pulses. The relaxation delay 

between the scans was 3s. 

 

 

Figure S11. 1H DOSY NMR of (BX)3 (top) and (AX)3-(BX)3 (bottom) in phosphate 

buffer pH 7.4 H2O/D2O 9/1 with water suppression. 
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Figure S12. 1H NMR of BAB, (BX)3 and the mismatched BAB-(BX)3 sequence in 

phosphate buffer pH 7.4 H2O/D2O 9/1 with water suppression. 

 

 

2.10 11B NMR Spectroscopy 
11B NMR Spectroscopy was conducted using a Bruker 700 MHz NMR Spectrometer 

at 298K. Samples were prepared at a concentration 25 mM in 300 mM phosphate 

buffer at pH 2.0, 5.0, 7.4, 10.0 or in DMSO-d6. Background subtraction of the boro-

silicate NMR tube was made using solvents without samples. 

 

 

Figure S13. 11B NMR of the pH-responsiveness of the boronic acid/catechol 

interaction. 
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Figure S14. 11B NMR of a water-soluble reference boronic acid (4-

aminomethylphenylboronic acid) in different pH and solvents. 
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2.11 Variable Temperature 1H NMR 

 

Figure S15. Variable temperature 1H NMR of (AX)1-(BX)1. 

 

Figure S16. 1H NMR of (AX)1-(BX)1 at 283 K, 10 °C. 
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Figure S17. 1H NMR of (AX)1-(BX)1 at 300 K, 27 °C. 

 

Figure S18. 1H NMR of (AX)1-(BX)1 at 323 K, 50 °C. 
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Figure S19. 1H NMR of (AX)1-(BX)1 at 343 K, 70 °C. 

 

2.12 ATR FT-IR 
 

For analysis of the binding by IR spectroscopy, a mixture of the trivalent peptides Lys-

Cat-Lys-Cat-Lys-Cat-Lys and AEEAc-Bor-Lys-Bor-Lys-Bor-Lys (concentration of 

0.462 mmol/L for each tag, equiv. 1:1) and a mixture of boronic acid 8 and catechol 9 

(concentration of 3.57 mmol/L for each tag, equiv. 1:1) was stirred for 1 h phosphate 

buffer solution (100 mM, pH 7.4). The same process was done before the 

measurement of the separate (not mixed) peptides Lys-Cat-Lys-Cat-Lys-Cat-Lys and 

AEEAc-Bor-Lys-Bor-Lys-Bor-Lys. After the mixing the samples were frozen in liquid 

nitrogen and lyophilized. The ATR FT-IR spectra of the solid samples were recorded 

using a Bruker Tensor 27 spectrometer equipped with a diamond crystal as ATR 

element (PIKE Miracle™) with a spectral resolution of 1 cm−1, each spectrum was an 

average of 20 scans. 
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Figure S20. FTIR spectra of (AX)3-(BX)3 and its separate constituents in phosphate 

buffer pH 7.4 H2O/D2O 9/1 with water suppression. 

 

 

2.13 Circular Dichroism Spectroscopy 

Solutions of A3X3, B3X3, A3X3-B3X3 as well as (AX)3, (BX)3, (AX)3-(BX)3 were each 

prepared at a concentration of 200 µM in 10 mM phosphate buffer, separately at pH 

5.0 and 7.4. The solutions for the binding mixture A3X3-B3X3 and (AX)3-(BX)3 were 

incubated for at least 1 h at room temperature before measurement to ensure binding 

is complete. Measurements was conducted using the following parameters on a 

JASCO-1500 Circular Dichroism Spectrometer. 

Path length: 0.1 mm 

Scan rate: 5 nm/min 

Scan range: 260 nm – 180 nm 

Data pitch: 0.2 nm 

Data Integration Time: 2 sec 
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Figure S21. CD spectra of (AX)3, (BX)3 and (AX)3-(BX)3 at pH 5.0 (left) and pH 7.4 

(right). 

 

 

Figure S22. CD Spectra of A3X3, B3X3 and A3X3-B3X3 at pH 5.0 (left) and pH 7.4 (right) 

 

2.14 DFT Calculations 

DFT calculations were performed using the Gaussian 09 software package8 and 

structural representations were generated with CYLview9. All the geometry 

optimizations were carried out at the B3LYP/6-31G(d) level of theory. All of the 

optimized geometries were verified by frequency computations as minima (zero 

imaginary frequencies) or transition states (a single imaginary frequency 

corresponding to the desired reaction coordinate). Single-point energy calculations on 
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the optimized geometries were then evaluated using the functional ωB97X-D10 and 

def2-TZVPP basis set, with solvent effects (water) calculated by means of the 

Polarizable Continuum Model (PCM) initially devised by Tomasi and coworkers,11 with 

radii and non-electrostatic terms of the SMD solvation model, developed by Truhler 

and co-workers.12 

(AX)3-(BX)3 Structure 

 ΔE (H) B3LYP/6-31G(d) 
ΔE (H) ωB97X-D /def2-

TZVPP/SMD(water) 

(AX)3-(BX)3-i -7136.40814413 -7137.69450679 (0.0) 

(AX)3-(BX)3-ii -7136.39862443 -7137.68553871 (5.6) 

ABA-BAB-i -7136.41072008 -7137.68930710 (3.3) 

 

 
 

Figure S23. DFT optimized structure of (AX)3-(BX)3-i (B3LYP/6-31G(d), side and 

bottom views included. 
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Figure S24. DFT optimized structure of (AX)3-(BX)3-ii (B3LYP/6-31G(d), side and 

bottom views included. 
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Figure S25. DFT optimized structure of ABA-BAB-i (B3LYP/6-31G(d), side and 

bottom views included. 

Study of the dissociation mechanism (model structure) 
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III  
Level of Theory  I TSI-II II III 
      

B3LYP/6-31G(d) 

ΔE (H) -867.3838826 -867.3642104 -867.3827210 -867.3797646 

ΔG (H) -867.169240 -867.153706 -867.170955 -867.170602 

ΔG rel (kcal mol-1) 0.0 9.7 -1.1 -0.9 
      

ωB97X-D/ 
def2-TZVPP/ 
SMD(water) 

sp E (H) -867.502185137 -867.482401348 -867.505424349 -867.498778601 

ΔGsolv, corr (H) -867.287542565 -867.271896904 -867.293658391 -867.289615986 

ΔGsolv rel (kcal mol-1) 0.0 9.8 -3.8 -1.3 

 
Figure S26. Free energy profile for the dissociation of I. DFT calculations were 
performed at the ωB97X-D /def2-TZVPP/SMD(water)//B3LYP/6-31G(d) level of 
theory. The distances shown are in Å, and energies are in kcal mol-1. 
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Optimized Cartesian Coordinates 
 
(AX)3-(BX)3-i 
 
C        9.405461000    -17.658200000     -6.827205000 
N        8.152797000    -17.159843000     -6.912273000 
C       10.364134000    -16.885510000     -5.892238000 
O        9.812786000    -18.632661000     -7.462554000 
C        7.091819000    -17.667105000     -7.787678000 
C        6.308213000    -16.406434000     -8.193230000 
N        6.073347000    -16.234504000     -9.510534000 
C        5.344537000    -15.098432000    -10.059129000 
C        6.220404000    -18.704430000     -7.037363000 
O        6.011871000    -15.575278000     -7.327038000 
C        6.263781000    -13.901369000    -10.407615000 
C        5.126719000    -19.370975000     -7.849778000 
C        5.418894000    -20.048324000     -9.038060000 
C        4.419621000    -20.723626000     -9.766763000 
C        3.123972000    -20.722814000     -9.271597000 
C        2.817356000    -20.055191000     -8.061694000 
C        3.799350000    -19.372142000     -7.358615000 
O        2.029289000    -21.290885000     -9.801303000 
C        4.674627000    -15.596944000    -11.358826000 
O        5.183168000    -16.517916000    -12.000595000 
N       11.366039000    -17.779365000     -5.296889000 
C       11.063616000    -15.773159000     -6.700690000 
C        6.970257000    -13.246219000     -9.214649000 
C        7.798001000    -12.019885000     -9.622448000 
C        8.454711000    -11.325920000     -8.428423000 
O        1.512517000    -20.180963000     -7.762057000 
C       11.918235000    -14.835459000     -5.841219000 
C       12.683856000    -13.797034000     -6.670559000 
C       13.446598000    -12.785039000     -5.814721000 
N        3.579797000    -14.909513000    -11.736764000 
C        2.729468000    -15.263114000    -12.872964000 
C        1.850492000    -14.026418000    -13.123102000 
N        1.428624000    -13.838904000    -14.395415000 
C        0.473332000    -12.797315000    -14.758102000 
C        1.896414000    -16.531694000    -12.541295000 
O        1.590212000    -13.250573000    -12.195901000 
C        1.153121000    -11.462889000    -15.157448000 
C        0.880758000    -16.958929000    -13.577289000 
C        1.242177000    -17.264866000    -14.894318000 
C        0.295530000    -17.752055000    -15.821508000 
C       -1.011991000    -17.951189000    -15.397636000 
C       -1.383954000    -17.630854000    -14.067202000 
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C       -0.460514000    -17.125637000    -13.167379000 
O       -2.051017000    -18.448978000    -16.080357000 
C       -0.313759000    -13.291397000    -15.987825000 
O        0.229026000    -13.987620000    -16.843050000 
C        1.947314000    -10.764381000    -14.048011000 
C        2.497405000     -9.403634000    -14.496361000 
C        3.274237000     -8.682261000    -13.394608000 
N        3.774785000     -7.380006000    -13.868747000 
O       -2.674368000    -17.906785000    -13.850339000 
N        9.269940000    -10.179576000     -8.864763000 
N       14.219842000    -11.862811000     -6.660360000 
C      -18.516147000    -19.626717000    -20.287216000 
C      -18.135018000    -20.006625000    -18.853773000 
N      -18.354702000    -21.440770000    -18.604623000 
N       -1.582279000    -12.829653000    -16.077285000 
C       -2.420797000    -12.994442000    -17.254572000 
C       -3.359781000    -11.772372000    -17.282757000 
N       -4.080900000    -11.610540000    -18.427751000 
C       -4.989057000    -10.493656000    -18.616319000 
C       -3.166925000    -14.363630000    -17.250464000 
O       -3.430904000    -10.983874000    -16.338824000 
C       -5.140010000    -10.155226000    -20.112124000 
C       -4.124335000    -14.579633000    -18.407772000 
C       -3.687559000    -14.576483000    -19.737506000 
C       -4.581591000    -14.805163000    -20.812112000 
C       -5.915958000    -15.060236000    -20.531413000 
C       -6.372390000    -15.046210000    -19.184795000 
C       -5.500581000    -14.783043000    -18.132454000 
O       -6.910498000    -15.366528000    -21.375622000 
C       -6.391638000    -10.666539000    -17.989761000 
O       -7.098879000     -9.695225000    -17.821238000 
C       -3.842851000     -9.646265000    -20.753360000 
C       -4.023242000     -9.222975000    -22.216452000 
C       -2.736090000     -8.682082000    -22.841238000 
N       -2.960689000     -8.273236000    -24.236524000 
O       -7.672189000    -15.332108000    -19.122987000 
O       -6.809694000    -11.895086000    -17.672786000 
C      -16.671836000    -16.188703000    -22.536838000 
N      -15.996276000    -15.778217000    -21.435112000 
C      -18.209079000    -16.286235000    -22.399744000 
O      -16.128648000    -16.493841000    -23.600275000 
C      -14.553007000    -15.931172000    -21.271828000 
C      -14.363947000    -16.527592000    -19.858037000 
N      -13.223908000    -17.201122000    -19.618901000 
C      -12.970617000    -17.844023000    -18.333251000 
C      -13.799542000    -14.588004000    -21.494570000 
O      -15.269542000    -16.417765000    -19.016890000 
C      -13.762840000    -19.173480000    -18.248342000 
C      -12.299228000    -14.728089000    -21.363505000 
C      -11.608432000    -14.149597000    -20.293178000 
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C      -10.252337000    -14.417895000    -20.085539000 
C       -9.533252000    -15.294417000    -20.913176000 
C      -10.227861000    -15.820388000    -22.019166000 
C      -11.573807000    -15.537820000    -22.253819000 
B       -8.062963000    -15.869544000    -20.522267000 
C      -11.451789000    -18.075828000    -18.232635000 
O      -10.784076000    -18.232519000    -19.258347000 
N      -18.874289000    -15.912327000    -23.656823000 
C      -18.609209000    -17.732489000    -22.024040000 
C      -13.882273000    -19.790347000    -16.849185000 
C      -14.719921000    -21.075564000    -16.870910000 
C      -14.930742000    -21.697435000    -15.491037000 
C      -18.273985000    -18.139885000    -20.581688000 
N      -15.761669000    -22.910730000    -15.599227000 
N      -10.958951000    -18.125065000    -16.981399000 
C       -9.570159000    -18.416043000    -16.645651000 
C       -9.607398000    -19.173606000    -15.303798000 
N       -8.510530000    -19.896105000    -14.995086000 
C       -8.315677000    -20.500927000    -13.679300000 
C       -8.732205000    -17.104790000    -16.557882000 
O      -10.602019000    -19.097186000    -14.567614000 
C       -9.045513000    -21.862138000    -13.573006000 
C       -7.277211000    -17.359103000    -16.247314000 
C       -6.725794000    -16.990466000    -15.015565000 
C       -5.409961000    -17.329215000    -14.692733000 
C       -4.600416000    -18.076229000    -15.563708000 
C       -5.152527000    -18.386239000    -16.820566000 
C       -6.456732000    -18.030703000    -17.169372000 
B       -3.179060000    -18.677883000    -15.074800000 
C       -6.794688000    -20.685430000    -13.493208000 
O       -6.107074000    -21.032098000    -14.453833000 
C       -9.103878000    -22.424664000    -12.146666000 
C       -9.741620000    -23.817885000    -12.074155000 
C       -9.776012000    -24.373807000    -10.649969000 
N      -10.366851000    -25.724906000    -10.625739000 
N       -6.329093000    -20.460922000    -12.242836000 
C       -4.976755000    -20.757533000    -11.773593000 
C       -5.109321000    -21.806411000    -10.649212000 
N       -4.005744000    -22.545501000    -10.376574000 
C       -3.926669000    -23.393987000     -9.185701000 
C       -4.278626000    -19.451035000    -11.279356000 
O       -6.173402000    -21.936799000    -10.029908000 
C       -4.222654000    -24.870809000     -9.529596000 
C       -2.908748000    -19.687366000    -10.683205000 
C       -1.849968000    -20.135929000    -11.489722000 
C       -0.627232000    -20.485419000    -10.911516000 
C       -0.399754000    -20.400744000     -9.527230000 
C       -1.445833000    -19.874746000     -8.750314000 
C       -2.677830000    -19.532074000     -9.310425000 
B        0.905649000    -21.053772000     -8.841721000 
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C       -2.551592000    -23.249692000     -8.515843000 
O       -2.427018000    -23.100769000     -7.309777000 
C       -4.259608000    -25.789188000     -8.301104000 
C       -4.569190000    -27.249301000     -8.654639000 
C       -4.566075000    -28.173776000     -7.436771000 
N       -4.887140000    -29.558534000     -7.824748000 
O       -1.557480000    -23.349279000     -9.383684000 
H        7.869590000    -16.367063000     -6.347171000 
H        9.791528000    -16.420267000     -5.077801000 
H        7.572623000    -18.133828000     -8.650162000 
H        6.211860000    -16.995390000    -10.171033000 
H        4.593554000    -14.782305000     -9.326704000 
H        6.925574000    -19.449788000     -6.641821000 
H        5.780891000    -18.193684000     -6.171737000 
H        7.004815000    -14.247802000    -11.140644000 
H        5.646367000    -13.150430000    -10.920218000 
H        6.443870000    -20.080845000     -9.405128000 
H        4.650519000    -21.237245000    -10.695736000 
H        3.547668000    -18.852185000     -6.437075000 
H       10.893330000    -18.379776000     -4.619676000 
H       11.633404000    -18.419885000     -6.049652000 
H       11.686671000    -16.253838000     -7.467879000 
H       10.302516000    -15.193082000     -7.240378000 
H        7.621224000    -13.977886000     -8.722352000 
H        6.224093000    -12.959756000     -8.462335000 
H        7.150030000    -11.296507000    -10.142591000 
H        8.579707000    -12.304078000    -10.339250000 
H        9.123083000    -12.033769000     -7.919570000 
H        7.669865000    -11.057246000     -7.697314000 
H       12.618079000    -15.439505000     -5.251644000 
H       11.267370000    -14.318347000     -5.119066000 
H       11.979695000    -13.252794000     -7.319578000 
H       13.395551000    -14.296812000     -7.340499000 
H       14.156075000    -13.317257000     -5.166511000 
H       12.730060000    -12.276096000     -5.142161000 
H        3.158836000    -14.214309000    -11.127625000 
H        3.366976000    -15.456398000    -13.740673000 
H        1.503584000    -14.607769000    -15.059659000 
H       -0.192202000    -12.624238000    -13.904606000 
H        2.628040000    -17.326649000    -12.350632000 
H        1.385935000    -16.340243000    -11.590531000 
H        1.804868000    -11.665202000    -16.017742000 
H        0.362778000    -10.786401000    -15.514268000 
H        2.283530000    -17.178354000    -15.205451000 
H        0.585199000    -17.998979000    -16.839403000 
H       -0.758961000    -16.917583000    -12.143476000 
H        2.773332000    -11.407380000    -13.723644000 
H        1.307715000    -10.635555000    -13.165689000 
H        1.662633000     -8.762373000    -14.822438000 
H        3.152706000     -9.521346000    -15.369761000 
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H        4.144008000     -9.287412000    -13.107326000 
H        2.634628000     -8.607549000    -12.495853000 
H        4.249125000     -6.902306000    -13.102514000 
H        2.975658000     -6.790644000    -14.104777000 
H        9.624034000     -9.686148000     -8.045334000 
H        8.665008000     -9.512014000     -9.344274000 
H       14.653352000    -11.147066000     -6.077930000 
H       13.578644000    -11.365482000     -7.278877000 
H      -17.919792000    -20.231281000    -20.988078000 
H      -19.566270000    -19.897961000    -20.462572000 
H      -18.764595000    -19.445446000    -18.150269000 
H      -17.097047000    -19.681118000    -18.667916000 
H      -18.079558000    -21.664756000    -17.647517000 
H      -17.712076000    -21.975054000    -19.190560000 
H       -1.956645000    -12.193958000    -15.381496000 
H       -1.771166000    -12.962292000    -18.136946000 
H       -4.049277000    -12.362025000    -19.115610000 
H       -4.562837000     -9.634895000    -18.089389000 
H       -2.388299000    -15.134910000    -17.237117000 
H       -3.706893000    -14.455476000    -16.302221000 
H       -5.504795000    -11.041861000    -20.650296000 
H       -5.922161000     -9.392067000    -20.192525000 
H       -2.627276000    -14.454116000    -19.954577000 
H       -4.222262000    -14.836975000    -21.837636000 
H       -5.851874000    -14.862978000    -17.106825000 
H       -3.068928000    -10.422233000    -20.689386000 
H       -3.468998000     -8.792082000    -20.169077000 
H       -4.804045000     -8.448126000    -22.275994000 
H       -4.380188000    -10.067558000    -22.818925000 
H       -1.975583000     -9.473563000    -22.845674000 
H       -2.339753000     -7.870910000    -22.201026000 
H       -2.096357000     -7.896219000    -24.624051000 
H       -3.630615000     -7.503893000    -24.251907000 
H       -6.163878000    -12.599994000    -17.906716000 
H      -16.481461000    -15.715580000    -20.544071000 
H      -18.561218000    -15.604507000    -21.613737000 
H      -14.208443000    -16.648053000    -22.022361000 
H      -12.448119000    -17.196754000    -20.277889000 
H      -13.315506000    -17.174476000    -17.536967000 
H      -14.091572000    -14.241569000    -22.494836000 
H      -14.180421000    -13.853276000    -20.774220000 
H      -14.770699000    -18.952049000    -18.616040000 
H      -13.309618000    -19.888894000    -18.947544000 
H      -12.148326000    -13.511381000    -19.593476000 
H       -9.745135000    -13.981035000    -19.229075000 
H       -9.706457000    -16.507992000    -22.681927000 
H      -12.079734000    -15.977068000    -23.114680000 
H      -18.693886000    -14.920687000    -23.824687000 
H      -18.343896000    -16.383514000    -24.394524000 
H      -19.688174000    -17.822855000    -22.201008000 
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H      -18.114884000    -18.413812000    -22.731424000 
H      -14.359624000    -19.061386000    -16.177066000 
H      -12.893737000    -19.999328000    -16.421980000 
H      -14.231906000    -21.813720000    -17.526546000 
H      -15.704866000    -20.875798000    -17.312290000 
H      -15.469287000    -20.986473000    -14.850854000 
H      -13.950608000    -21.868620000    -15.012763000 
H      -18.874172000    -17.530196000    -19.889013000 
H      -17.227667000    -17.905670000    -20.353873000 
H      -15.894894000    -23.308911000    -14.669624000 
H      -15.239374000    -23.616710000    -16.119505000 
H      -11.566646000    -18.049137000    -16.172180000 
H       -9.152548000    -19.049682000    -17.432825000 
H       -7.685286000    -19.850133000    -15.588052000 
H       -8.724333000    -19.817218000    -12.925861000 
H       -8.830498000    -16.588469000    -17.517730000 
H       -9.183901000    -16.467678000    -15.786523000 
H      -10.062583000    -21.712932000    -13.953174000 
H       -8.541952000    -22.568065000    -14.246361000 
H       -7.340790000    -16.447227000    -14.297293000 
H       -5.001578000    -17.031034000    -13.729920000 
H       -4.542549000    -18.923085000    -17.544629000 
H       -6.835984000    -18.242349000    -18.168529000 
H       -9.678562000    -21.731906000    -11.512904000 
H       -8.099286000    -22.471705000    -11.709290000 
H       -9.168238000    -24.508203000    -12.712659000 
H      -10.763482000    -23.801286000    -12.476947000 
H      -10.404303000    -23.726954000    -10.023043000 
H       -8.758275000    -24.327578000    -10.224761000 
H      -10.337423000    -26.081860000     -9.670415000 
H       -9.762380000    -26.349315000    -11.161497000 
H       -7.004127000    -20.355007000    -11.495053000 
H       -4.406858000    -21.147052000    -12.620125000 
H       -3.124756000    -22.294075000    -10.815490000 
H       -4.673674000    -23.034186000     -8.474880000 
H       -4.199744000    -18.794733000    -12.150861000 
H       -4.935758000    -18.972030000    -10.541003000 
H       -5.189784000    -24.899276000    -10.047412000 
H       -3.463586000    -25.221244000    -10.240633000 
H       -1.998530000    -20.214657000    -12.564695000 
H        0.172254000    -20.852667000    -11.550598000 
H       -1.306933000    -19.760247000     -7.675640000 
H       -3.481057000    -19.162541000     -8.672562000 
H       -5.012951000    -25.416343000     -7.591807000 
H       -3.298634000    -25.736090000     -7.772966000 
H       -3.822853000    -27.611524000     -9.379095000 
H       -5.544614000    -27.325340000     -9.153389000 
H       -3.595415000    -28.075192000     -6.916970000 
H       -5.334820000    -27.842060000     -6.725920000 
H       -4.175040000    -29.885868000     -8.478537000 
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H       -4.806449000    -30.164685000     -7.008377000 
H       -0.667256000    -23.042753000     -8.940977000 
O        0.542028000    -22.391271000     -8.234888000 
H        0.098571000    -22.216322000     -7.388631000 
O       -3.276526000    -20.087262000    -14.746400000 
H       -4.182170000    -20.410069000    -14.865657000 
O       -8.045619000    -17.310539000    -20.554990000 
H       -8.868298000    -17.653379000    -20.171073000 
 
 
(AX)3-(BX)3-ii 
 
C        7.795771000    -16.889302000     -4.876879000 
N        6.608976000    -16.326574000     -5.211009000 
C        8.906726000    -15.886712000     -4.491300000 
O        8.035750000    -18.095645000     -4.928093000 
C        5.548400000    -16.995296000     -5.971765000 
C        5.155933000    -15.955727000     -7.042417000 
N        5.047256000    -16.373823000     -8.321939000 
C        4.648384000    -15.485231000     -9.408623000 
C        4.351136000    -17.400705000     -5.065223000 
O        5.034049000    -14.771130000     -6.702808000 
C        5.868772000    -14.837067000    -10.114163000 
C        3.377075000    -18.324275000     -5.759751000 
C        3.440383000    -19.704095000     -5.555005000 
C        2.647089000    -20.599070000     -6.303519000 
C        1.809068000    -20.085944000     -7.284112000 
C        1.723310000    -18.681307000     -7.482838000 
C        2.476007000    -17.804083000     -6.719897000 
O        1.025955000    -20.738644000     -8.153838000 
C        3.837665000    -16.321421000    -10.429988000 
O        3.944346000    -17.549827000    -10.461385000 
N        9.886579000    -16.470621000     -3.568999000 
C        9.599338000    -15.444268000     -5.797943000 
C        6.559288000    -13.732792000     -9.302302000 
C        7.797930000    -13.152112000     -9.999826000 
C        8.309965000    -11.887650000     -9.307769000 
O        0.883538000    -18.385596000     -8.482573000 
C       10.551477000    -14.252554000     -5.656410000 
C       11.184053000    -13.871252000     -7.001658000 
C       11.950852000    -12.547733000     -6.987318000 
N        3.100943000    -15.570941000    -11.269153000 
C        2.295999000    -16.033306000    -12.397253000 
C        2.068291000    -14.770128000    -13.259027000 
N        1.649043000    -14.954038000    -14.532551000 
C        1.189041000    -13.830326000    -15.352811000 
C        0.957937000    -16.681033000    -11.928065000 
O        2.270242000    -13.646861000    -12.774317000 
C        2.268116000    -13.317777000    -16.334787000 
C        0.128721000    -17.241418000    -13.059926000 



 

S58 
 

C        0.467061000    -18.464756000    -13.647524000 
C       -0.283845000    -18.999637000    -14.715706000 
C       -1.368724000    -18.276499000    -15.195016000 
C       -1.698631000    -17.021273000    -14.621646000 
C       -0.976937000    -16.511207000    -13.556338000 
O       -2.197051000    -18.580795000    -16.200696000 
C       -0.020923000    -14.258677000    -16.207129000 
O        0.024543000    -15.291186000    -16.871369000 
C        3.505834000    -12.713528000    -15.662626000 
C        4.515995000    -12.168305000    -16.681297000 
C        5.735860000    -11.520138000    -16.026149000 
N        6.676485000    -11.018253000    -17.043045000 
O       -2.734083000    -16.459867000    -15.257150000 
N        9.598797000    -11.440858000     -9.874066000 
N       12.456862000    -12.244707000     -8.331718000 
C      -18.589724000    -18.535732000    -21.099046000 
C      -18.203584000    -19.808362000    -20.339008000 
N      -18.196084000    -20.979364000    -21.228726000 
N       -1.056036000    -13.375970000    -16.200796000 
C       -2.076156000    -13.312156000    -17.244329000 
C       -1.663030000    -12.168487000    -18.205270000 
N       -2.620558000    -11.690458000    -19.036739000 
C       -2.322134000    -10.635763000    -19.980019000 
C       -3.499787000    -13.217201000    -16.622671000 
O       -0.513320000    -11.718246000    -18.230460000 
C       -3.595107000    -10.225888000    -20.750280000 
C       -4.668919000    -13.283117000    -17.602719000 
C       -4.749169000    -14.312537000    -18.549842000 
C       -5.819380000    -14.387386000    -19.461031000 
C       -6.829794000    -13.437560000    -19.391990000 
C       -6.784290000    -12.418146000    -18.414681000 
C       -5.707550000    -12.314413000    -17.542440000 
O       -7.927562000    -13.332104000    -20.158873000 
C       -1.770038000     -9.400202000    -19.267567000 
O       -2.129864000     -8.957314000    -18.201642000 
C       -4.194267000    -11.331219000    -21.632159000 
C       -5.510814000    -10.886747000    -22.281208000 
C       -6.235158000    -11.997955000    -23.045136000 
N       -7.537003000    -11.503076000    -23.523613000 
O       -7.882977000    -11.630142000    -18.493572000 
O       -0.855292000     -8.753520000    -20.045369000 
C      -17.046025000    -14.395325000    -20.183714000 
N      -16.373092000    -14.828939000    -19.087634000 
C      -18.566428000    -14.676987000    -20.205891000 
O      -16.515073000    -13.814013000    -21.130854000 
C      -14.916443000    -14.925679000    -19.028926000 
C      -14.630236000    -16.331332000    -18.465147000 
N      -13.398154000    -16.848504000    -18.639105000 
C      -13.111005000    -18.218495000    -18.213620000 
C      -14.282778000    -13.789909000    -18.164984000 



 

S59 
 

O      -15.526934000    -16.955199000    -17.876533000 
C      -13.701654000    -19.228261000    -19.225022000 
C      -12.862834000    -13.418295000    -18.542281000 
C      -11.756793000    -13.783944000    -17.762478000 
C      -10.466533000    -13.378651000    -18.118187000 
C      -10.216362000    -12.587500000    -19.252036000 
C      -11.337940000    -12.235891000    -20.023406000 
C      -12.629471000    -12.642301000    -19.688032000 
B       -8.713080000    -12.119775000    -19.671705000 
C      -11.586022000    -18.363840000    -18.116851000 
O      -10.868075000    -17.905844000    -19.005103000 
N      -19.297399000    -13.569210000    -20.840034000 
C      -18.846017000    -15.982800000    -20.985323000 
C      -13.847224000    -20.657725000    -18.689004000 
C      -14.601790000    -21.554986000    -19.680296000 
C      -15.044845000    -22.897088000    -19.098869000 
C      -18.484910000    -17.272503000    -20.233253000 
N      -15.953773000    -23.584506000    -20.036009000 
N      -11.135851000    -19.034130000    -17.035497000 
C       -9.725975000    -19.250062000    -16.737675000 
C       -9.702875000    -20.288471000    -15.599522000 
N       -8.494327000    -20.785423000    -15.266846000 
C       -8.318024000    -21.684041000    -14.129975000 
C       -9.022054000    -17.915030000    -16.352056000 
O      -10.748173000    -20.626305000    -15.026681000 
C       -8.604643000    -23.152956000    -14.523733000 
C       -7.508393000    -17.936505000    -16.367622000 
C       -6.770064000    -17.736527000    -15.194318000 
C       -5.382398000    -17.600218000    -15.239373000 
C       -4.663331000    -17.661126000    -16.444415000 
C       -5.413441000    -17.915876000    -17.604876000 
C       -6.803038000    -18.046617000    -17.576894000 
B       -3.073202000    -17.347202000    -16.468742000 
C       -6.862951000    -21.509902000    -13.666730000 
O       -5.974962000    -21.311037000    -14.489239000 
C       -8.644949000    -24.124964000    -13.336619000 
C       -8.893890000    -25.577489000    -13.762286000 
C       -8.926910000    -26.544363000    -12.577478000 
N       -9.153051000    -27.926881000    -13.035008000 
N       -6.641617000    -21.586869000    -12.326632000 
C       -5.302625000    -21.509616000    -11.769952000 
C       -5.116201000    -22.673885000    -10.779150000 
N       -3.821252000    -22.933713000    -10.456621000 
C       -3.388369000    -23.892199000     -9.443636000 
C       -5.047725000    -20.113146000    -11.117129000 
O       -6.070703000    -23.295496000    -10.311950000 
C       -1.846673000    -23.783077000     -9.356987000 
C       -3.629938000    -19.938077000    -10.617252000 
C       -2.553291000    -20.043473000    -11.509477000 
C       -1.238350000    -20.002541000    -11.043425000 
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C       -0.921773000    -19.830827000     -9.684399000 
C       -2.010043000    -19.692527000     -8.806385000 
C       -3.338054000    -19.748783000     -9.256674000 
B        0.630564000    -19.690988000     -9.238066000 
C       -4.031785000    -23.652714000     -8.065840000 
O       -4.385074000    -24.564197000     -7.353277000 
C       -1.164774000    -24.534601000     -8.208490000 
C        0.356403000    -24.326262000     -8.258245000 
C        1.080032000    -24.785648000     -6.992734000 
N        2.532873000    -24.612474000     -7.153539000 
O       -4.102828000    -22.374821000     -7.647491000 
H        6.509796000    -15.316707000     -5.196370000 
H        8.461364000    -15.004626000     -4.010237000 
H        5.975723000    -17.897253000     -6.417118000 
H        4.948637000    -17.363368000     -8.538588000 
H        4.014644000    -14.696233000     -8.988620000 
H        4.784715000    -17.894295000     -4.187605000 
H        3.867869000    -16.477335000     -4.717517000 
H        6.580327000    -15.636850000    -10.359680000 
H        5.529578000    -14.415587000    -11.069584000 
H        4.136493000    -20.101105000     -4.817540000 
H        2.710050000    -21.672736000     -6.139505000 
H        2.392267000    -16.733135000     -6.889246000 
H        9.436386000    -16.592140000     -2.660575000 
H       10.033803000    -17.427326000     -3.902380000 
H       10.139053000    -16.311998000     -6.202571000 
H        8.825743000    -15.194880000     -6.536817000 
H        6.840995000    -14.110589000     -8.314326000 
H        5.832177000    -12.930106000     -9.114339000 
H        7.559201000    -12.913362000    -11.048095000 
H        8.604219000    -13.897468000    -10.026151000 
H        8.471094000    -12.092381000     -8.241706000 
H        7.525891000    -11.112738000     -9.364869000 
H       11.324337000    -14.487239000     -4.914240000 
H        9.989338000    -13.392161000     -5.260847000 
H       10.392387000    -13.795502000     -7.761526000 
H       11.858490000    -14.666300000     -7.345604000 
H       12.807301000    -12.622550000     -6.301849000 
H       11.288695000    -11.762409000     -6.571004000 
H        3.067608000    -14.559550000    -11.165711000 
H        2.863185000    -16.780341000    -12.962751000 
H        1.334279000    -15.878178000    -14.816428000 
H        0.919613000    -13.024536000    -14.662670000 
H        1.223245000    -17.472659000    -11.221710000 
H        0.394829000    -15.920844000    -11.372887000 
H        2.555640000    -14.156632000    -16.981107000 
H        1.789759000    -12.571563000    -16.983677000 
H        1.294911000    -19.036856000    -13.234349000 
H       -0.022413000    -19.955655000    -15.162562000 
H       -1.252234000    -15.552627000    -13.121600000 



 

S61 
 

H        3.991336000    -13.469074000    -15.032236000 
H        3.196716000    -11.909005000    -14.981562000 
H        4.017693000    -11.425233000    -17.323624000 
H        4.858531000    -12.970153000    -17.348474000 
H        6.266980000    -12.268910000    -15.423605000 
H        5.390719000    -10.739673000    -15.322179000 
H        7.444226000    -10.529415000    -16.582692000 
H        6.200506000    -10.312993000    -17.606552000 
H        9.807262000    -10.502233000     -9.533953000 
H        9.502062000    -11.350715000    -10.886151000 
H       12.928111000    -11.340329000     -8.320689000 
H       11.655648000    -12.140874000     -8.962733000 
H      -17.920092000    -18.425417000    -21.966381000 
H      -19.603598000    -18.649302000    -21.506609000 
H      -18.937698000    -19.995032000    -19.543081000 
H      -17.238777000    -19.630002000    -19.830996000 
H      -17.819376000    -21.790168000    -20.731882000 
H      -17.528487000    -20.805723000    -21.981381000 
H       -0.888308000    -12.504175000    -15.715991000 
H       -2.013713000    -14.258967000    -17.788136000 
H       -3.576195000    -12.019781000    -18.925398000 
H       -1.550395000    -10.971994000    -20.682850000 
H       -3.548807000    -14.054573000    -15.916522000 
H       -3.569158000    -12.290595000    -16.035287000 
H       -4.340837000     -9.896614000    -20.014733000 
H       -3.351699000     -9.352008000    -21.369234000 
H       -3.993628000    -15.093768000    -18.555171000 
H       -5.874394000    -15.193932000    -20.187085000 
H       -5.677235000    -11.513381000    -16.806623000 
H       -4.382285000    -12.229982000    -21.032449000 
H       -3.464439000    -11.618508000    -22.404221000 
H       -5.345203000    -10.031787000    -22.952794000 
H       -6.188034000    -10.536543000    -21.491173000 
H       -6.324440000    -12.874718000    -22.384584000 
H       -5.631443000    -12.301871000    -23.914402000 
H       -8.106795000    -11.337142000    -22.684474000 
H       -8.007669000    -12.272358000    -24.002751000 
H       -0.603243000     -7.966006000    -19.528588000 
H      -16.834708000    -15.462039000    -18.440626000 
H      -18.943898000    -14.787655000    -19.180239000 
H      -14.536437000    -14.832526000    -20.050385000 
H      -12.655187000    -16.337373000    -19.106792000 
H      -13.589703000    -18.368748000    -17.240704000 
H      -14.934233000    -12.919065000    -18.303889000 
H      -14.347968000    -14.066223000    -17.104680000 
H      -14.697474000    -18.861629000    -19.495854000 
H      -13.084635000    -19.208307000    -20.132325000 
H      -11.909383000    -14.376467000    -16.860292000 
H       -9.631047000    -13.675881000    -17.487746000 
H      -11.183910000    -11.609846000    -20.898858000 



 

S62 
 

H      -13.475774000    -12.343499000    -20.307878000 
H      -19.186922000    -12.741916000    -20.250579000 
H      -18.764121000    -13.337883000    -21.682494000 
H      -19.913264000    -15.980901000    -21.239771000 
H      -18.294576000    -15.935937000    -21.935261000 
H      -14.408208000    -20.621384000    -17.743320000 
H      -12.865809000    -21.088546000    -18.451053000 
H      -13.979103000    -21.726984000    -20.571667000 
H      -15.501696000    -21.034643000    -20.030190000 
H      -15.606206000    -22.720253000    -18.172674000 
H      -14.159888000    -23.497128000    -18.822276000 
H      -19.143791000    -17.374099000    -19.357382000 
H      -17.465504000    -17.206695000    -19.834477000 
H      -16.235128000    -24.482373000    -19.643137000 
H      -15.444179000    -23.805684000    -20.891975000 
H      -11.765839000    -19.401632000    -16.328825000 
H       -9.229914000    -19.658611000    -17.625374000 
H       -7.642714000    -20.415057000    -15.684402000 
H       -9.021466000    -21.383140000    -13.345094000 
H       -9.375503000    -17.175065000    -17.077695000 
H       -9.390500000    -17.603970000    -15.366290000 
H       -9.571922000    -23.163515000    -15.039342000 
H       -7.841762000    -23.464427000    -15.249066000 
H       -7.296214000    -17.638591000    -14.244196000 
H       -4.840357000    -17.389025000    -14.321130000 
H       -4.896385000    -17.957091000    -18.560749000 
H       -7.356182000    -18.170594000    -18.507884000 
H       -9.439645000    -23.811795000    -12.642359000 
H       -7.707012000    -24.075307000    -12.768857000 
H       -8.098602000    -25.889407000    -14.457172000 
H       -9.838492000    -25.661244000    -14.315919000 
H       -9.758832000    -26.275631000    -11.913202000 
H       -8.002488000    -26.419810000    -11.986525000 
H       -9.144153000    -28.549776000    -12.227308000 
H       -8.356297000    -28.213855000    -13.604902000 
H       -7.363781000    -21.922862000    -11.701574000 
H       -4.610437000    -21.621725000    -12.608389000 
H       -3.112241000    -22.320082000    -10.846392000 
H       -3.691894000    -24.904646000     -9.727483000 
H       -5.279426000    -19.375552000    -11.895034000 
H       -5.768467000    -19.967173000    -10.302473000 
H       -1.439749000    -24.124405000    -10.318406000 
H       -1.580163000    -22.720967000     -9.272584000 
H       -2.736473000    -20.132253000    -12.579403000 
H       -0.425199000    -20.069119000    -11.755322000 
H       -1.820138000    -19.522946000     -7.747922000 
H       -4.158446000    -19.608010000     -8.551130000 
H       -1.413053000    -25.605075000     -8.244608000 
H       -1.551695000    -24.162528000     -7.250933000 
H        0.567393000    -23.257110000     -8.399552000 



 

S63 
 

H        0.784253000    -24.852445000     -9.122507000 
H        0.662236000    -24.232707000     -6.132040000 
H        0.883581000    -25.852317000     -6.806776000 
H        2.713980000    -23.649252000     -7.439312000 
H        2.994149000    -24.723640000     -6.251015000 
H       -3.741230000    -21.756711000     -8.318569000 
O        1.482300000    -19.782319000    -10.393795000 
H        2.316884000    -19.314354000    -10.236846000 
O       -2.682201000    -16.721858000    -17.711758000 
H       -1.734192000    -16.517081000    -17.642706000 
O       -8.774715000    -11.062416000    -20.688365000 
H       -8.137522000    -10.391646000    -20.405214000 
 
 
 
 
ABA-BAB-i 
 
C        9.184864000    -17.520274000     -6.604097000 
N        7.915777000    -17.049607000     -6.542458000 
C       10.260156000    -16.591526000     -5.997803000 
O        9.511920000    -18.573525000     -7.151549000 
C        6.792721000    -17.555505000     -7.340533000 
C        6.164067000    -16.284091000     -7.939979000 
N        5.965738000    -16.269563000     -9.275565000 
C        5.381125000    -15.138940000     -9.986657000 
C        5.799639000    -18.362651000     -6.472550000 
O        5.956451000    -15.308619000     -7.208438000 
C        6.446256000    -14.133268000    -10.494339000 
C        4.707054000    -19.087018000     -7.238546000 
C        5.023728000    -19.959310000     -8.284798000 
C        4.027681000    -20.692231000     -8.960050000 
C        2.709679000    -20.547282000     -8.554455000 
C        2.374469000    -19.677702000     -7.488398000 
C        3.356546000    -18.941163000     -6.839764000 
O        1.616345000    -21.142744000     -9.053862000 
C        4.621604000    -15.723116000    -11.196389000 
O        4.996265000    -16.772232000    -11.719229000 
N       11.408159000    -17.341232000     -5.475468000 
C       10.715058000    -15.627534000     -7.113947000 
C        7.100179000    -13.281610000     -9.398240000 
C        8.179696000    -12.332345000     -9.938958000 
C        8.657945000    -11.335732000     -8.881686000 
O        1.050796000    -19.691252000     -7.257575000 
C       11.594322000    -14.463493000     -6.646101000 
C       12.001254000    -13.557452000     -7.815751000 
C       12.656335000    -12.239829000     -7.398565000 
N        3.596655000    -14.963754000    -11.640536000 
C        2.625336000    -15.398189000    -12.647645000 
C        1.851092000    -14.124585000    -13.017598000 



 

S64 
 

N        1.481392000    -13.972158000    -14.309690000 
C        0.613140000    -12.882281000    -14.743317000 
C        1.694350000    -16.483630000    -12.036035000 
O        1.612024000    -13.283109000    -12.143569000 
C        1.398573000    -11.629709000    -15.208111000 
C       -6.212845000    -18.261544000    -17.958473000 
C       -6.899022000    -17.898021000    -16.794179000 
C       -6.221701000    -17.902613000    -15.550696000 
C       -4.896353000    -18.300764000    -15.509641000 
C       -4.209116000    -18.678847000    -16.689805000 
C       -4.860100000    -18.651480000    -17.916019000 
O       -4.107670000    -18.424211000    -14.432338000 
C       -0.208730000    -13.380672000    -15.947496000 
O        0.292014000    -14.145227000    -16.771168000 
C        2.245424000    -10.943958000    -14.129868000 
C        2.898974000     -9.651227000    -14.636276000 
C        3.720833000     -8.939317000    -13.561282000 
N        4.328657000     -7.707020000    -14.092409000 
O       -2.951221000    -19.051238000    -16.418545000 
N        9.797827000    -10.532788000     -9.367804000 
N       12.935809000    -11.419165000     -8.583595000 
C      -18.578574000    -19.258675000    -20.075291000 
C      -18.190241000    -19.795263000    -18.694033000 
N      -18.346806000    -21.255483000    -18.623560000 
N       -1.442641000    -12.840786000    -16.049396000 
C       -2.308316000    -12.959590000    -17.214483000 
C       -3.276536000    -11.758864000    -17.128092000 
N       -4.060167000    -11.549947000    -18.220069000 
C       -5.007019000    -10.451601000    -18.296024000 
C       -3.017347000    -14.345817000    -17.290511000 
O       -3.306787000    -11.024873000    -16.138028000 
C       -5.218561000    -10.011218000    -19.757973000 
C       -3.986947000    -14.496348000    -18.448932000 
C       -3.580281000    -14.318019000    -19.776360000 
C       -4.495477000    -14.423443000    -20.853343000 
C       -5.818276000    -14.740711000    -20.580323000 
C       -6.238322000    -14.932788000    -19.234324000 
C       -5.348443000    -14.782058000    -18.174503000 
O       -6.830527000    -14.936237000    -21.434776000 
C       -6.380129000    -10.722822000    -17.639451000 
O       -7.111529000     -9.793591000    -17.369787000 
C       -3.959630000     -9.415757000    -20.400728000 
C       -4.199444000     -8.905920000    -21.827121000 
C       -2.954797000     -8.270827000    -22.449300000 
N       -3.235668000     -7.788259000    -23.810233000 
O       -7.525334000    -15.262871000    -19.183399000 
O       -6.748042000    -11.987224000    -17.413325000 
C      -16.683802000    -15.689401000    -22.109579000 
N      -15.917517000    -15.409521000    -21.027077000 
C      -18.210350000    -15.745772000    -21.868426000 



 

S65 
 

O      -16.231063000    -15.895060000    -23.237615000 
C      -14.467697000    -15.580463000    -20.990722000 
C      -14.177653000    -16.342507000    -19.675945000 
N      -13.023802000    -17.029780000    -19.592432000 
C      -12.715932000    -17.850684000    -18.426180000 
C      -13.733192000    -14.213695000    -21.110927000 
O      -15.025993000    -16.346058000    -18.769949000 
C      -13.524542000    -19.174422000    -18.474349000 
C      -12.227646000    -14.349426000    -21.090257000 
C      -11.475796000    -13.906769000    -19.996564000 
C      -10.110823000    -14.191891000    -19.902222000 
C       -9.442651000    -14.951785000    -20.875283000 
C      -10.199479000    -15.334809000    -21.998696000 
C      -11.556378000    -15.033488000    -22.117448000 
B       -7.957999000    -15.573034000    -20.636899000 
C      -11.199274000    -18.122426000    -18.433864000 
O      -10.570630000    -18.102337000    -19.495515000 
N      -18.943775000    -15.210206000    -23.026051000 
C      -18.651766000    -17.205702000    -21.617060000 
C      -13.731638000    -19.866378000    -17.120373000 
C      -14.662417000    -21.080577000    -17.250954000 
C      -15.166565000    -21.625673000    -15.915217000 
C      -18.292289000    -17.758682000    -20.230055000 
N      -16.222087000    -22.633914000    -16.140295000 
N      -10.677921000    -18.424583000    -17.231518000 
C       -9.293216000    -18.812569000    -16.983712000 
C       -9.335825000    -19.680530000    -15.706588000 
N       -8.212399000    -20.358181000    -15.387520000 
C       -8.090647000    -21.079267000    -14.120003000 
C       -8.370075000    -17.561041000    -16.852016000 
O      -10.367101000    -19.732865000    -15.017389000 
C       -8.652204000    -22.514687000    -14.239106000 
C        0.617127000    -17.049048000    -12.930732000 
C        0.818147000    -18.240875000    -13.641239000 
C       -0.238790000    -18.854246000    -14.315640000 
C       -1.534708000    -18.311713000    -14.316252000 
C       -1.697764000    -17.078588000    -13.663534000 
C       -0.652811000    -16.460426000    -12.978552000 
B       -2.812347000    -19.118737000    -14.894747000 
C       -6.596776000    -21.126526000    -13.731389000 
O       -5.753601000    -21.432362000    -14.573510000 
C       -8.798102000    -23.232365000    -12.889961000 
C       -9.239621000    -24.694155000    -13.032077000 
C       -9.364817000    -25.406993000    -11.684742000 
N       -9.770957000    -26.812850000    -11.867311000 
N       -6.338988000    -20.845874000    -12.431027000 
C       -5.048203000    -21.000618000    -11.767342000 
C       -5.258684000    -21.990918000    -10.601191000 
N       -4.145864000    -22.594724000    -10.113698000 
C       -4.171193000    -23.375844000     -8.875432000 



 

S66 
 

C       -4.518711000    -19.614552000    -11.277822000 
O       -6.389444000    -22.199479000    -10.143547000 
C       -4.274143000    -24.887914000     -9.171240000 
C       -3.203163000    -19.701311000    -10.531254000 
C       -2.046559000    -20.167744000    -11.177398000 
C       -0.877134000    -20.396604000    -10.449022000 
C       -0.794830000    -20.171469000     -9.064015000 
C       -1.936709000    -19.623067000     -8.454590000 
C       -3.118465000    -19.399987000     -9.165868000 
B        0.457576000    -20.718381000     -8.204094000 
C       -2.927429000    -23.056072000     -8.033392000 
O       -2.994187000    -22.743672000     -6.854469000 
C       -4.350176000    -25.755559000     -7.908397000 
C       -4.462156000    -27.254066000     -8.216713000 
C       -4.472692000    -28.124920000     -6.960089000 
N       -4.598133000    -29.551494000     -7.307408000 
O       -1.809178000    -23.199752000     -8.728264000 
O        0.037515000    -21.933745000     -7.412918000 
O       -2.770316000    -20.491192000    -14.437314000 
O       -7.942846000    -16.988583000    -20.907645000 
H        7.734643000    -16.144307000     -6.122603000 
H        9.827338000    -16.004283000     -5.175924000 
H        7.214970000    -18.196774000     -8.116817000 
H        6.005594000    -17.129364000     -9.817185000 
H        4.691597000    -14.626515000     -9.306743000 
H        6.413796000    -19.073154000     -5.900280000 
H        5.355692000    -17.672909000     -5.744278000 
H        7.206398000    -14.701031000    -11.047115000 
H        5.961786000    -13.467572000    -11.222234000 
H        6.063637000    -20.104065000     -8.574494000 
H        4.278783000    -21.362128000     -9.777701000 
H        3.087363000    -18.271281000     -6.026124000 
H       11.109818000    -17.835563000     -4.633293000 
H       11.574179000    -18.087675000     -6.156136000 
H       11.245601000    -16.219655000     -7.872605000 
H        9.823180000    -15.223249000     -7.612076000 
H        7.534232000    -13.927205000     -8.627947000 
H        6.318901000    -12.700359000     -8.888547000 
H        7.786638000    -11.774540000    -10.803652000 
H        9.041179000    -12.906256000    -10.305921000 
H        8.993694000    -11.880976000     -7.990479000 
H        7.800327000    -10.715608000     -8.567073000 
H       12.477725000    -14.859185000     -6.130524000 
H       11.037393000    -13.871927000     -5.902655000 
H       11.106851000    -13.316277000     -8.408757000 
H       12.679793000    -14.090607000     -8.494254000 
H       13.606794000    -12.443060000     -6.884541000 
H       12.002176000    -11.742444000     -6.654813000 
H        3.255241000    -14.188549000    -11.080344000 
H        3.161954000    -15.806668000    -13.508919000 
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H        1.569892000    -14.740990000    -14.967550000 
H       -0.035318000    -12.612581000    -13.902907000 
H        2.353489000    -17.287797000    -11.693933000 
H        1.238284000    -16.037649000    -11.143676000 
H        2.032012000    -11.926379000    -16.054713000 
H        0.665218000    -10.911196000    -15.601829000 
H       -6.717314000    -18.195156000    -18.919995000 
H       -6.737349000    -17.627939000    -14.632404000 
H       -4.330131000    -18.925334000    -18.824245000 
H        3.020599000    -11.633751000    -13.776317000 
H        1.618922000    -10.727910000    -13.255551000 
H        2.116510000     -8.965341000    -14.999062000 
H        3.548844000     -9.858167000    -15.497029000 
H        4.536651000     -9.596672000    -13.232867000 
H        3.080980000     -8.769495000    -12.675802000 
H        4.831232000     -7.229593000    -13.344275000 
H        3.582328000     -7.068717000    -14.370216000 
H        9.970260000     -9.766303000     -8.717598000 
H        9.540022000    -10.091801000    -10.251384000 
H       13.333218000    -10.526419000     -8.291771000 
H       12.044879000    -11.199730000     -9.040188000 
H      -18.007430000    -19.807546000    -20.840594000 
H      -19.637910000    -19.478133000    -20.267194000 
H      -18.844442000    -19.349110000    -17.932135000 
H      -17.167958000    -19.446574000    -18.462485000 
H      -17.961355000    -21.600580000    -17.740231000 
H      -17.753600000    -21.674556000    -19.341303000 
H       -1.781649000    -12.179765000    -15.357050000 
H       -1.692257000    -12.844816000    -18.114932000 
H       -4.034172000    -12.249530000    -18.961563000 
H       -4.590029000     -9.620526000    -17.720145000 
H       -2.216693000    -15.092003000    -17.341242000 
H       -3.541122000    -14.514144000    -16.343642000 
H       -5.572921000    -10.869073000    -20.347089000 
H       -6.026181000     -9.270697000    -19.758200000 
H       -2.530038000    -14.133147000    -19.998211000 
H       -4.161531000    -14.306574000    -21.881289000 
H       -5.673248000    -15.005105000    -17.161369000 
H       -3.159638000    -10.167614000    -20.410243000 
H       -3.595813000     -8.588777000    -19.772512000 
H       -5.012250000     -8.162484000    -21.814142000 
H       -4.539839000     -9.723915000    -22.474072000 
H       -2.160525000     -9.025020000    -22.522398000 
H       -2.576513000     -7.482928000    -21.770012000 
H       -2.400394000     -7.347964000    -24.194700000 
H       -3.940541000     -7.052290000    -23.761655000 
H       -6.091666000    -12.649278000    -17.729543000 
H      -16.332540000    -15.429074000    -20.099252000 
H      -18.474181000    -15.139660000    -20.991268000 
H      -14.183002000    -16.200709000    -21.845225000 
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H      -12.286732000    -16.943247000    -20.288990000 
H      -13.002685000    -17.292445000    -17.527854000 
H      -14.088569000    -13.765461000    -22.048279000 
H      -14.071577000    -13.565714000    -20.292737000 
H      -14.511511000    -18.923236000    -18.877177000 
H      -13.046012000    -19.853594000    -19.192644000 
H      -11.974583000    -13.368955000    -19.190185000 
H       -9.556456000    -13.868526000    -19.024839000 
H       -9.718130000    -15.930902000    -22.771358000 
H      -12.113061000    -15.365887000    -22.994893000 
H      -18.716162000    -14.217429000    -23.108719000 
H      -18.497678000    -15.628570000    -23.846790000 
H      -19.738306000    -17.240659000    -21.765737000 
H      -18.205658000    -17.835789000    -22.399960000 
H      -14.186738000    -19.141705000    -16.428774000 
H      -12.776957000    -20.168997000    -16.672587000 
H      -14.148799000    -21.882154000    -17.803893000 
H      -15.540719000    -20.808303000    -17.849294000 
H      -15.616643000    -20.807403000    -15.338927000 
H      -14.317969000    -22.003328000    -15.319617000 
H      -18.851893000    -17.199292000    -19.464736000 
H      -17.231846000    -17.582016000    -20.013384000 
H      -16.536600000    -23.001811000    -15.242601000 
H      -15.817394000    -23.430105000    -16.634371000 
H      -11.266144000    -18.486226000    -16.406371000 
H       -8.938551000    -19.408290000    -17.830862000 
H       -7.353353000    -20.180510000    -15.901563000 
H       -8.674634000    -20.532135000    -13.371577000 
H       -8.574561000    -16.925788000    -17.718637000 
H       -8.680147000    -17.003496000    -15.958279000 
H       -9.631148000    -22.443687000    -14.727599000 
H       -7.989612000    -23.079612000    -14.907308000 
H        1.795696000    -18.722007000    -13.607794000 
H       -0.070690000    -19.812883000    -14.802037000 
H       -2.689201000    -16.634385000    -13.639609000 
H       -0.837954000    -15.544474000    -12.416540000 
H       -9.532011000    -22.690966000    -12.274010000 
H       -7.854690000    -23.194639000    -12.331211000 
H       -8.506356000    -25.231586000    -13.653693000 
H      -10.199950000    -24.760098000    -13.561321000 
H      -10.139985000    -24.913960000    -11.083074000 
H       -8.417615000    -25.289414000    -11.129628000 
H       -9.796442000    -27.270912000    -10.956022000 
H       -9.036144000    -27.294420000    -12.387318000 
H       -7.121361000    -20.788721000    -11.790290000 
H       -4.341425000    -21.393050000    -12.501685000 
H       -3.236001000    -22.284510000    -10.442762000 
H       -5.045250000    -23.059062000     -8.302588000 
H       -4.428892000    -19.000076000    -12.180413000 
H       -5.286753000    -19.164702000    -10.633791000 
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H       -5.169995000    -25.040505000     -9.786491000 
H       -3.408751000    -25.181720000     -9.778486000 
H       -2.076939000    -20.370132000    -12.246310000 
H       -0.004476000    -20.788079000    -10.965761000 
H       -1.921680000    -19.401880000     -7.387029000 
H       -3.997598000    -19.015961000     -8.648119000 
H       -5.211860000    -25.441555000     -7.301210000 
H       -3.462462000    -25.577615000     -7.286852000 
H       -3.614605000    -27.555640000     -8.852032000 
H       -5.371214000    -27.460242000     -8.797164000 
H       -3.573224000    -27.895008000     -6.359886000 
H       -5.338031000    -27.858002000     -6.338533000 
H       -3.792078000    -29.819598000     -7.873183000 
H       -4.532186000    -30.111793000     -6.457612000 
H       -1.013137000    -22.776732000     -8.213947000 
H       -0.573809000    -21.643986000     -6.715721000 
H       -3.601787000    -20.918732000    -14.705266000 
H       -8.718779000    -17.400136000    -20.493840000 
 

I 
C       -5.164567000     -0.515704000      2.323579000 
C       -4.771580000     -0.518597000      0.974626000 
B       -5.850767000     -0.392310000     -0.185637000 
C       -8.056163000      0.211340000     -0.344417000 
C       -7.287619000      1.183227000     -0.999985000 
O       -5.952979000      0.891020000     -0.910102000 
O       -7.239246000     -0.732990000      0.217945000 
O       -5.428308000     -1.472081000     -1.333653000 
C       -7.882177000      2.255544000     -1.646889000 
C       -9.286758000      2.334440000     -1.618671000 
C      -10.048817000      1.365950000     -0.965806000 
C       -9.438005000      0.280061000     -0.312862000 
C       -3.394493000     -0.599681000      0.701670000 
C       -2.450796000     -0.668765000      1.726745000 
C       -2.866690000     -0.665238000      3.060427000 
C       -4.228180000     -0.589723000      3.357387000 
H       -6.222982000     -0.452772000      2.564871000 
H       -5.721736000     -1.170649000     -2.246007000 
H       -7.279981000      3.013767000     -2.139355000 
H       -9.780573000      3.167023000     -2.111511000 
H      -11.131806000      1.448657000     -0.956195000 
H      -10.023362000     -0.477155000      0.199904000 
H       -3.055693000     -0.615144000     -0.331712000 
H       -1.391620000     -0.728371000      1.487488000 
H       -2.133869000     -0.721562000      3.861745000 
H       -4.560371000     -0.586794000      4.392979000 
O       -6.828115000     -3.417457000     -0.239008000 
H       -7.311057000     -2.646203000      0.131601000 
H       -6.315560000     -3.764698000      0.508893000 
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H       -5.848418000     -2.354244000     -1.091774000 
O       -5.969031000     -0.140848000     -3.556808000 
H       -5.682580000      0.600649000     -2.988082000 
H       -6.916112000      0.032196000     -3.685440000 
 
TSI-II 
C       -5.001298000      0.141950000      2.119884000 
C       -4.705766000     -0.525035000      0.917436000 
B       -5.721541000     -0.493825000     -0.308121000 
C       -8.078739000     -0.000013000     -0.286811000 
C       -7.373504000      1.049635000     -0.886298000 
O       -6.027407000      0.851528000     -0.869335000 
O       -7.195579000     -0.949080000      0.197202000 
O       -5.350634000     -1.449389000     -1.384736000 
C       -8.051331000      2.137179000     -1.421433000 
C       -9.453661000      2.142613000     -1.342205000 
C      -10.147859000      1.090173000     -0.745667000 
C       -9.458407000     -0.006355000     -0.199719000 
C       -3.475781000     -1.197223000      0.837369000 
C       -2.577398000     -1.207820000      1.907618000 
C       -2.894802000     -0.539292000      3.090261000 
C       -4.112717000      0.138536000      3.194468000 
H       -5.945952000      0.673325000      2.216901000 
H       -5.396549000     -1.021117000     -2.277256000 
H       -7.505190000      2.959042000     -1.875018000 
H      -10.003180000      2.985270000     -1.752223000 
H      -11.232218000      1.116117000     -0.693979000 
H       -9.985039000     -0.828155000      0.276158000 
H       -3.220176000     -1.715283000     -0.083417000 
H       -1.630162000     -1.734836000      1.817407000 
H       -2.198779000     -0.544022000      3.925796000 
H       -4.366175000      0.663320000      4.112727000 
O       -7.017615000     -3.109255000     -0.799501000 
H       -7.314858000     -2.150240000     -0.206010000 
H       -6.653604000     -3.761799000     -0.175659000 
H       -6.172529000     -2.554178000     -1.231617000 
O       -5.454233000      0.232011000     -3.539269000 
H       -5.452110000      0.852268000     -2.782196000 
H       -6.350998000      0.313873000     -3.900280000 
 
II 
C       -4.483857000      0.321601000      2.370606000 
C       -4.365638000     -0.304516000      1.116924000 
B       -5.423483000     -0.070961000     -0.005612000 
C       -8.421717000     -0.133709000     -0.274264000 
C       -7.560318000      0.971373000     -0.443891000 
O       -6.329244000      0.969811000      0.157086000 
O       -8.021562000     -1.152174000      0.540976000 
O       -5.378773000     -0.844779000     -1.139963000 
C       -7.963792000      2.072224000     -1.201783000 
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C       -9.216696000      2.072162000     -1.825544000 
C      -10.063867000      0.969797000     -1.684761000 
C       -9.669378000     -0.119879000     -0.904556000 
C       -3.262749000     -1.151603000      0.904201000 
C       -2.314654000     -1.368374000      1.903607000 
C       -2.453467000     -0.736894000      3.142113000 
C       -3.540154000      0.109664000      3.375040000 
H       -5.330247000      0.977842000      2.553396000 
H       -5.917625000     -0.526703000     -1.908756000 
H       -7.284492000      2.914862000     -1.295506000 
H       -9.526812000      2.932095000     -2.412729000 
H      -11.036533000      0.962772000     -2.168269000 
H      -10.324732000     -0.975235000     -0.767547000 
H       -3.149091000     -1.638490000     -0.061167000 
H       -1.467562000     -2.024658000      1.719496000 
H       -1.715973000     -0.903635000      3.923569000 
H       -3.650007000      0.601008000      4.338565000 
O       -6.857563000     -3.201538000     -0.754161000 
H       -7.816408000     -1.976830000      0.025256000 
H       -6.477043000     -3.724150000     -0.030916000 
H       -6.153554000     -2.555098000     -0.981997000 
O       -6.735207000     -0.008509000     -3.377284000 
H       -6.164422000      0.604541000     -3.865683000 
H       -7.482639000      0.538651000     -3.076134000 
 
III 
C       -3.908621000     -0.366476000      1.240394000 
C       -4.947371000     -1.294574000      1.446565000 
B       -6.283948000     -1.191494000      0.684303000 
C       -8.296834000     -1.662139000     -0.100004000 
C       -7.899645000     -0.449641000     -0.658538000 
O       -6.632966000     -0.134660000     -0.168304000 
O       -7.302172000     -2.131690000      0.738048000 
O       -7.427170000      3.094225000     -2.559934000 
C       -8.681108000      0.264916000     -1.548025000 
C       -9.923342000     -0.311191000     -1.857151000 
C      -10.333302000     -1.528121000     -1.298971000 
C       -9.520107000     -2.235323000     -0.401189000 
C       -4.734406000     -2.339098000      2.365996000 
C       -3.530148000     -2.450320000      3.058346000 
C       -2.512421000     -1.518300000      2.840575000 
C       -2.702219000     -0.476250000      1.929505000 
H       -4.044984000      0.444999000      0.529608000 
H       -7.080239000      3.318236000     -1.680935000 
H       -8.348701000      1.210826000     -1.978415000 
H      -10.580676000      0.205740000     -2.549947000 
H      -11.302930000     -1.938065000     -1.566333000 
H       -9.825577000     -3.179936000      0.035942000 
H       -5.523232000     -3.067197000      2.535298000 
H       -3.382526000     -3.262096000      3.765511000 
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H       -1.571874000     -1.604922000      3.378379000 
H       -1.908913000      0.245960000      1.755800000 
O       -4.731365000      2.405258000     -3.180861000 
H       -4.759695000      1.458449000     -3.385849000 
H       -4.704876000      2.436468000     -2.202458000 
H       -6.597915000      2.922261000     -3.053712000 
O       -5.441272000      2.442772000     -0.453541000 
H       -5.913309000      1.597421000     -0.310346000 
H       -5.121184000      2.713860000      0.419685000 
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2.15 Fluorescence Binding of A3X3 and B3X3 

 

Figure S27. Fluorescence titration of A3X3 against fluorescein labelled B3X3 in 300 

mM phosphate buffer, pH 7.4, using the same protocol detailed in Section 7. 

 

2.16 Displacement experiment (Fluorescence Quenching Assay + FRET 
Assay) 

Fluorescence spectra were recorded on an Infinite® M1000 PRO microplate reader 

(Tecan®). 15 µL of different concentrations of the Lys-Cat-Lys peptide was served 

(dilutions series with half-to-half concentrations beginning with 5.0 mM, phosphate 

buffer 300 mM, pH 7.4). To this a constant amount of the Fluorescein-Cys-AEEAc-Bor-

Lys-Bor-Lys-Bor-Lys peptide (conc. 110 nM, vol. 15 µL) was added. After mixing for 1 

h at 450 rpm, 26 µL of every mixture was placed in black UV Star® 384 microliter well-

plates (Greiner bio-one). After 15 min of equilibration time, the fluorescence emission 

was recorded at 520 nm upon excitation at 488 nm with multiple reads per well (3x3). 

After that a dilution series of a trivalent Catechol-tag (Dyelight650®-AEEAc-Cat-Lys-

Cat-Lys-Cat-Lys) with 1/3 of the molar amount of the Lys-Cat-Lys peptide was made 

(26 µL each, phosphate buffer 300 mM, pH 7.4) and dropped into the mixtures. After 

that the mixtures were stirred for 2 h at 450 rpm and measured with an excitation 

wavelength of 488 nm and the emission was recorded from 280 nm to 850 nm.  
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2.17 Alizarin Red S Assay 
Fluorescence spectra were recorded on an Infinite® M1000 PRO microplate reader 

(Tecan®). PEG5000-(AX)3 (0.104 mM, 1 eq.) and Alizarin Red S (0.313 mM, 1 eq.) was 

mixed for 90 minutes in a phosphate buffer solution (pH 7.4, 300mM). After that CytC-

(BX)3 was added resulting in a PEG5000-(AX)3 concentration of 0.09 mM and an Alizarin 

Red S concentration of 0.27 mM.  

The resulting concentrations of CytC-(BX)3 in the dilution serial is showed in the 

following table: 

Dilution c [mM] 

1 0.09 

2 0.045 

3 0.0225 

4 0.00562 

5 0.00281 

6 0.00141 

7 7.03E-04 

The resulting solutions were mixed for 12 h at room temperature. The excitation 

wavelength was 495 nm and the fluorescence intensity was measured at 556 nm.  

 

2.18 Atomic Force Microscopy 
AFM measurements were conducted on a Dimension FastScan BioTM atomic force 

microscope from Bruker, which was operated in the PeakForce mode. AFM probes 

with a nominal spring constant of 0.25 Nm-1 were employed (FastScan-D, Bruker) for 

measurement in liquid. A circular mica disc (15 mm) was used as the substrate. 

Measurements were performed at scan rates between 0.8 and 2 Hz. Different areas of 

the mica substrate were scanned in order to ensure the integrity of the shown images. 

The images were finally processed by the software NanoScope Analysis 1.8. 

For sample preparation, the initial sample (conc. PEG5000-(AX)3/CytC-(BX)3 mixture 

was 1 mM, solvent: phosphate buffer (150 mM, pH 7.4)) was diluted to 25 µM with 40 

µL phosphate buffer (75 mM) and subsequently applied onto the freshly cleaved mica 

substrate. The solution was left to incubate for 15 minutes in order to deposit the 

desired species on the mica substrate. After successful adsorption, the supernatant 

was removed and fresh phosphate buffer (250 µL) was added for the measurement.  
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Figure S28. AFM micrograph of PEG5000-(AX)3 (left) and PEG5000-(AX)3(BX)3-CytC 

(right). 
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Chapter 7  –   Conclusion and future perspectives 
 
In this thesis, I have developed a set of novel hybrid hydrogels and I have explored their 
general suitability as versatile platform for applications in medicine. In the development of new 
synthetic materials, the greatest challenge lies in understanding biology, then reducing 
biological complexity to essential elements and, based on that, producing structurally simple 
but functionally complex biomaterials.[1] Inspired by this concept, this thesis described the 
design and synthesis of multifunctional hybrid hydrogels for use primarily in regenerative 
medicine, in particular for drug release and tissue engineering, while evaluating different 
supramolecular cross-linkers and the chemical, physical and biological properties of the 
hydrogels. With the ultimate goal to provide patients with treatment options to restore damaged 
tissue (due to age, disease, trauma), the field of regenerative medicine continues to evolve 
with enormous potential for medical breakthroughs in the near future. As the population ages, 
it is expected to have a significant influence on the development of new treatment 
methods.[337,338] In this context, pioneering steps have been reported to mimic or simulate some 
of the complex biological processes in native tissues and interdisciplinary research has 
contributed to the understanding of processes in the vast field of tissue regeneration to enable 
the development of new biomaterials.[6,18,49,337,339–343] However, the synthesis of widely 
applicable systems still remains a challenge and further research is needed to establish viable 
solutions. The systems presented in this thesis are aimed at contributing to the development 
and synthesis of artificial matrices to enable their use in a broad spectrum of clinical practice. 
This work addresses related disciplines such as chemistry, biology, materials science, and 
medicine, and provides new strategies in the development of next generation biomaterials for 
regenerative medicine of the future.  
The physiological function of tissues is based on the coordinated action of their components, 
namely the matrix, the various cells and bioactive molecules, and its understanding is decisive 
for the successful engineering of artificial tissue matrices.[338] It is the result of millions of years 
of evolution and natural selection, in which the most relevant structures and functions 
culminated in different complex tissues that can comprise billions of cells and a variety of cell 
types.[344] It follows that the development of biomaterials in medicine able to restore or 
compensate tissues is crucially dependent on the scaffolding biomaterial which must support 
cells and their functions in vitro and in vivo. Artificial 3D cell scaffolds must therefore be 
precisely tailored in terms of their chemical, physical and biological properties in order to 
enable cellular attachment and proliferation, provide space for growth of new tissue, be 
biocompatible and suitable for implantation in patients. Ideally, these materials also enable 
delivering biological signals.  
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In this thesis, well-defined supramolecular hybrid hydrogels were created using synthetic and 
natural materials, and were investigated regarding their biochemical composition, gelation 
kinetics, viscoelastic properties, and biocompatibility as potential material platforms for 
regenerative medicine. To achieve this, different biomacromolecules such as proteins, DNA 
and self-assembling peptides were explored for the development of hybrid hydrogels, which 
represent an innovation that offers mechanical reinforcement and/or improved biological 
activity while combining the most advantageous properties of each class of material. With 
regard to the promotion of tissue regeneration and the possible recovery of diseased or injured 
tissue, general requirements included the production of biodegradable materials that can 
ultimately be replaced by autologous tissue, which is a central topic of current research. Further 
challenges in the field are the development of healable materials, which also enable injection 
for minimally invasive procedures, and were successfully achieved in the described hybrid 
hydrogels via different supramolecular cross-linking strategies. Another aspect of current 
material design is the ability to manipulate physical and biological properties via external 
stimuli, such as enzymes or pH changes and was also implemented in the materials described 
in this thesis, ultimately affording hydrogels capable of interacting with their environment as a 
mechanical scaffold on the one hand and/or as pharmacological agent incorporating bioactive 
signals on the other hand.  
Highly defined materials are considered desirable in medicine because they enable an easier 
and better statement about structure-activity relationships, contain less risk of side effects and 
material parameters become more predictable and adaptable as the material composition is 
increasingly defined. In this context, DNA offers unsurpassed programmability and perfect 
sequence control for generation of highly defined materials with inherent biocompatibility. 
However, from the comprehensive review on the currently available examples of DNA-based 
hydrogels (Chapter 1), it is conceivable that only a very limited number of all-DNA hydrogels 
is suitable for actual biomedical applications. Reasons for this include the oftentimes 
comparably short-lived stability of supramolecular cross-linked hydrogels, high costs in 
production and, therefore, limited scalability of the gels as a bulk material. In order to 
compensate for these limitations, the combination of DNA with other classes of materials is a 
commonly used strategy. However, to achieve a highly defined material, all hydrogel 
components must be produced with high precision and the necessary analytical controls, which 
has been challenging to achieve. To offer a viable solution to this challenge, based on existing 
work of our group that addresses this gap, the production of highly defined DNA-protein hybrid 
hydrogels was presented in this thesis with emphasis on the targeted introduction and release 
of C3 toxins as guest molecules (Chapter 3). The well-defined hydrogels were prepared from 
brush-like albumin-derived precision copolymers as a backbone with a pre-defined sequence 
and chain length that were grafted with single strand DNA to enable cross-linking via small 
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dendritic DNA linkers. Furthermore, the hydrogel stability was increased by electrostatic 
stabilization via interactions between the positively charged biocompatible polymer chitosan 
with the negatively charged DNA. Importantly, desirable attributes like rapid gelation at 
physiological conditions without the need for chemical cross-linkers or metal complexes, which 
are often toxic, controllable degradation in the local environment of the body, and thixotropy, 
which suggests injectability, were preserved after stabilization. Furthermore, by using dendritic 
DNA with an exposed anchoring sequence as cross-linkers, the gels could be loaded with 
cargo molecules that carry the complementary DNA sequence. Facile release of the cargo was 
effected through applying DNase. The loading and release mechanisms are mild, thus 
preserving the integrity of fragile cargo such as whole proteins. In this context, the targeted 
application of the hydrogel with temporally controlled release of C3 toxins as pharmacological 
cargo was enabled and inhibited the growth and resorption of bone-degrading cells, 
osteoclasts, in vitro. Simultaneously, the vitality and function of bone-building cells, 
osteoblasts, was not affected. In view of all these points, the presented hydrogel could be of 
great importance for local treatment of bone diseases with strongly increased osteoclast 
activity and low bone mass. One example is osteoporosis where the current treatment options 
focus on the targeted pharmacological modulation of osteogenesis and reduction of osteoclast 
activity to reduce bone resorption. The low tolerability and limitations regarding the long-term 
efficiency drive the demand for the development of alternative treatment routes. The presented 
hydrogels with local, spatio-temporally controlled C3 toxin release for cell population control 
might open novel possibilities in this field. Similar to the incorporation of C3 toxin into hydrogels 
for the targeted treatment of osteoclasts, the introduction of other bioactive molecules such as 
growth factors to improve osteoblast formation or peptides with osteoblast activating properties 
for simultaneous release is conceivable. Moreover, the incorporation of various other 
therapeutically relevant molecules for the treatment of various diseases requiring a high local 
concentration of the therapeutic agent is also conceivable. Implant coatings and depot 
formulations that can be injected for sustained or DNase-triggered release are conceivable 
applications of these hydrogels. In addition, as outlined in the DNA-based hydrogel review 
paper (Chapter 1), DNA also provides an attractive diagnostic function, where applications in 
the field of personalized medicine and clinical diagnosis are anticipated. Furthermore, 3D DNA 
structures that react to local ligands, secreted hormones, and more, could be used to modulate 
the mechanical properties of the gels. This shows how the hydrogels developed in this work 
could be further individually customized to meet a specific application in the future. 
While the performance parameters of the hydrogel must match the desired application, 
scalability is also an important aspect in the manufacturing of biomaterials. Clinical applications 
require sufficient quantities of the material with reproducible quality and ideally at low cost. 
Advances in chemistry and technology may reduce costs in the future so that the DNA-protein 
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hybrid hydrogels could be more widely applicable. In this context, we envision that DNA 
synthesis will improve similar to peptide solid phase synthesis, facilitating cost-effective 
upscaling. Interestingly, first studies on the biotechnological mass production of DNA origami 
have been reported recently, demonstrating the ability for upscaling.[308] However, the 
synthesis of DNA materials at scale remains the most expensive step at the moment, 
preventing translation of DNA materials to the clinic. 
To significantly increase the scalability of the hydrogel while meeting the desired performance 
requirements, a new, alternative supramolecular cross-linking system was implemented in the 
further course of this work. In this context, new hybrid hydrogels were developed using SAPs 
as functional cross-linkers of the protein-brush as they offer i) more cost-effective synthesis on 
a larger scale, ii) formation of nanofiber structures based on their programmable amino acid 
sequence, and iii) improved biological performance since they resemble the fibrous 
morphology of natural ECM (Chapter 4). For the generation of smart biomaterials, stimuli-
responsive in situ material transformations are highly interesting. To implement such behavior 
into the hydrogels, a pH-responsive depsi peptide was selected as the cross-linker instead of 
the previously used dendritic DNA. The chosen depsi peptide featured an ester bond in the 
amino acid main chain of a PNF forming amphiphilic SAP impeding self-assembly under acidic 
conditions. Upon raising the pH, the ester was converted into a peptide bond via an 
intramolecular O–N–acyl migration reaction causing instantaneous and efficient formation of 
β-sheet PNF structures. The grafting of sufficient numbers of depsi peptides onto the HSA-
derived polypeptide backbone transferred the pH-responsive behavior that provides control of 
structure formation onto the hybrid and induced its instantaneous gelation at physiological 
conditions. Highly porous hydrogels with adjustable stiffness, thixotropic behavior, and 
injectability were formed. The PNF cross-linking resulted in superior mechanical properties 
compared to other thixotropic hydrogels, highlighted by the autonomous, ultrafast and near-
quantitative recovery after multiple shear cycles. In addition, the material showed excellent 
self-healing behavior, as evidenced by its immediate recovery from cutting on a macroscopic 
level. Furthermore, the gels were stable against dissolution over the course of weeks when 
incubated in buffer, but could immediately be degraded when proteases were added. This 
shows great potential as an artificial cell matrix for in vivo use, where the hydrogel matrix 
should have an adjustable degradation rate while being accessible for active remodeling by 
cells.  
This potential as artificial cell support was further highlighted by the excellent cytocompatibility 
of the gel. It supported the survival and growth of different cell types including endothelial and 
neuronal cells in vitro while no activation of macrophages was observed. In the context of 
regenerative medicine, the development of new tissue and promotion of endogenous 
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regeneration is particularly dependent on the successful combination of biomaterials with cells. 
When using artificial scaffolds for tissue regeneration, two approaches exist. First, cells can be 
cultivated with the material ex vivo before transplantation into the patient, where the materials 
must be successfully integrated into the native tissue. Second, cell-free hydrogels can be 
implanted that need to have the ability to recruit autologous cells from the surrounding tissue. 
The presented PNF cross-linked hydrogel is suitable for both of these processing approaches. 
On the one hand, the gelation process is fast and occurs under physiological conditions without 
toxic reactive groups so that the cells can be easily introduced during gelation. On the other 
hand, active migration of primary human endothelial cells into the material after topological 
seeding distinguished the gel from many other types of hydrogel and offers infiltration of the 
material post gelation. In light of all these findings, the pH-responsive PNF cross-linked 
hydrogel offers excellent potential as a regenerative scaffold for biomedicine to support 2D and 
3D cell growth.  
The next step is to address large scale defects and long-term survival of grafted tissue. Due 
to limits in diffusion of nutrients, a vascularization and potentially innervation of the material 
will be necessary. The preliminary results of successful infiltration of the gel with HUVECs are 
promising. However, no differentiation into pre-vascular structures has been achieved yet. It is 
believed that the presentation of the correct bioactive signals could ultimately lead to blood 
vessel formation within these gels. The first step into this direction has been undertaken as 
bioactive molecules can be introduced similar to how the hydrogel was functionalized in situ 
homogenously with dye via convenient copolymerization of additional, free and functionalized 
depsi peptides during the gelation process. As the PNF cross-linked hydrogels offer variable 
biofunctionality, an optimization of the presented hydrogels towards stimulating the integration 
of the gel while potentially also affording efficient blood vessel formation or innervation of the 
hydrogel based on the presence of the respective biosignals is conceivable. Notably, this could 
possibly be demonstrated in the formation of organotypic cultures in the future. Moreover, 
SAPs that promote nerve fiber growth of PNS-derived neurons have recently been identified 
by our group and their potential to enhance PNS regeneration was analyzed in vivo.[345] The 
formed fibrils were found to persist at the injury site for 3 weeks and were well tolerated. Such 
sequences are promising and could, for example, be introduced into the 3D gels, possibly also 
via copolymerization. Furthermore, by implementing the strategy of using DNA tags as 
demonstrated with the protein hybrid hydrogel (Chapter 3), hydrogels with highly defined cargo 
incorporation and DNase triggered release profiles could be afforded. In addition to the 
convenient introduction of new functionalities, the use of free depsi peptides to adapt the 
mechanical properties is also conceivable. In this way, gel stiffness, elasticity, and self-healing 
behavior could potentially be adjusted by providing additional supramolecular interaction 
partners.  
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Even though the hydrogels described in Chapter 4 profited from pH-responsive depsi peptides 
as more scalable gelators, they cannot match the programmability that is provided by linkers 
constructed from DNA (Chapter 3). To address this dilemma, in a collaborative work we 
explored the use of peptide-based motifs as selective and programmable binding partners, 
similar to DNA hybridization (Chapter 6). We envision that the resulting materials could 
potentially address both the issue of scalability and programmability, combining the best of 
peptide and DNA chemistry. Therefore, well-known dynamic covalent interactions between 
boronic acids (BA) and catechols (CA) were developed into programmable yet more scalable 
synthetic nucleobase analogs. The fundamental concept was to mimic DNA nucleobases and 
DNA strands by creating and arranging BA or CA residues along a defined peptide backbone, 
yielding “strands” with sequence recognition of their respective complementary strand. 
Preparing the BA/CA motifs in a binary sequence enabled the encoding of molecular 
recognition in a stimuli-responsive way, yielding dynamic and interchangeable systems that 
facilitated sequence specific binding events as well as strand displacement. Notably, the 
current BA/CA system consist of only a single distinct “base” pair compared to the two found 
for DNA. This limits the amount of information that can be stored, but represents an important 
proof-of-principle that an artificial chemical programming system can be developed. While such 
a synthetic code is of great interest in many research areas, we envision that this technology 
may also provide a synthetic strategy for programming dynamic-covalent interactions during 
cross-linking, e.g., within the protein-based hybrid hydrogels presented in this thesis. 
 

Discussion of potential risks by applying amyloid-like structures and PEG 
The potential of such fibril-forming supramolecular peptide assemblies is evident from the 
broad range of applications that have been demonstrated up to now, including their use as 
bio(nano)materials such as various hydrogels or as functional templates, e.g., for fabricating 
conducting nanowires.[346] Interestingly, it was found that such assemblies also fulfil important 
functions within the human body. For example, they serve as scaffolds for biochemical 
processes such as melanin biosynthesis where fibrous structures accelerate melanin synthesis 
by serving as templates on which the reactive melanin precursors are polymerized.[346–348] 
Other beneficial physiological functions in humans include the storage of peptide hormones.[349] 
However, the formation of nanoscale fibrillar protein or peptide arrays can also be observed in 
more than 30 human diseases, including Alzheimer’s disease, type II diabetes and prion 
disorders.[346,350,351] These assemblies are commonly referred to as amyloids and are 
characterized by having a high β-sheet content, binding of amyloid-specific dyes, e.g., ThT, 
and having a specific mechanism of pathogenesis.[350,351] Thereby, cell death in various 
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infected organs and tissues is consistent with the accumulation of these insoluble protein 
deposits resulting in loss of function.[346,350] In recent years, intensive research on the 
connection between amyloid-type assemblies and disease progression was conducted, which 
remains the subject of competing hypotheses. However, based on preliminary evidence it is 
speculated that the prefibrillar soluble oligomer species may actually represent the pathogenic 
structure, rather than the mature amyloid fibrils.[346,351] Furthermore, several metabolites (uracil, 
tyrosine, cysteine, orotic acid, and adenine) were shown to also form typical amyloid-like 
assemblies, extending the generic amyloid hypothesis to metabolite assemblies.[350,352] 
However, the paradigm that amyloid-type structures resulting from a self-organization process 
are generally harmful to health is not correct as evidenced by their important endogenous 
functions within the human body. Nevertheless, the specific conformation, oligomeric state and 
the precise mechanism of cytotoxicity are still the subject of debate and need to be thoroughly 
investigated in order to understand the underlying processes and the origin of their sometimes 
toxic properties.  
It is important to point out that for the hydrogels discovered herein, no cytotoxic effects of the 
peptide nanofibers have been observed until now, as shown by their low cellular toxicity and 
inability to activate macrophages. However, to overcome potential dangers related to the high 
stability of amyloids, controlled disassembly could be achieved by rational design and 
implementation of orthogonal chemical triggers. This includes, for example, the introduction of 
"predetermined breaking points". As shown in Chapter 5, the oxidation of methionine can be 
used as an orthogonal chemical trigger for controlled disassembly of PNFs. We envision that 
this strategy may be used to selectively degrade PNF cross-linked hydrogels, which may be 
useful in certain biomedical strategies, e.g., for enabling cellular infiltration into the material, 
and may complement the potential of these hydrogels for in vivo usage. Nevertheless, the 
application of amyloid-like structures in vivo must be closely monitored to exclude potential 
toxicity. 
The introduction of PEG grafts into human serum albumin improved solubility of the denatured 
brush and was part of the hydrogel backbone preparation in all presented systems. PEGs were 
considered biocompatible and non-immunogenic materials in the past, and several PEGylated 
drugs have been approved by the Food and Drug Administration (FDA).[353–358] However, 
recent studies have shown the presence of anti-PEG antibodies in a significant fraction of 
patients treated with PEGylated pharmaceuticals which has sparked extensive discussions of 
its immunogenicity and use.[355–357,359] While most of the PEGylated therapeutics that have 
reached the market have not yet been linked to serious immunogenicity issues, patients with 
pre-existing anti-PEG antibodies could develop serious allergic reactions upon 
exposure.[356,360] It is noteworthy that the FDA updated their guidelines concerning screening 
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for anti-PEG antibodies during clinical trials with PEGylated therapeutics.[360] The research for 
alternative polymers with similar anti-fouling properties to PEG are still at an early stage and 
the novel options need to be studied to the same extent as PEG in terms of the in vivo 
distribution, the mechanism of degradation, and the route of elimination.[355] After many years 
of intensive research and development, PEG still appears to be the best polymer available. 
However, despite its long clinical track record, potential risks and benefits need to be carefully 
weighed. Therefore, possible substitutes such as polypeptoids (e.g., polysarcosines) for 
hydrogel backbone synthesis should be explored in the future.  
 
 

 
Figure 22: Schematic representation of the hydrogel systems and topics presented within the scope of this 
thesis. This thesis described the design and synthesis of multifunctional hybrid hydrogels for use primarily in 
regenerative medicine, in particular for tissue engineering and drug delivery, while evaluating different 
supramolecular cross-linkers such as DNA and self-assembling peptides, as well as the chemical, physical and 
biological properties of the hydrogels. In parts adapted from the original source “Spatiotemporally Controlled 

Release of Rho‐Inhibiting C3 Toxin from a Protein–DNA Hybrid Hydrogel for Targeted Inhibition of Osteoclast 
Formation and Activity”, Adv. Healthcare Mater., 2017, 6, 1700392,[285] which was created by Gačanin, J., Kovtun, 

A., Fischer, S., Schwager, V., Quambusch, J., Kuan, S. L., Liu, W., Boldt, F., Li, C., Yang, Z., Liu, D., Wu, Y., Weil, 
T., Barth, H., Ignatius, A., and is given as open access article under doi.org/10.1002/adhm.201700392, with 
permission under the terms of the Creative Commons Attribution NonCommercial 4.0 International license CC BY-
NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/) – Copyright 2017 The Authors. Published by WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim. In parts adapted from the original source “Autonomous Ultrafast Self-Healing 
Hydrogels by pH-Responsive Functional Nanofiber Gelators as Cell Matrices”, Adv. Mater., 2019, 31, 1805044,[309] 
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which was created by Gačanin, J., Hedrich, J., Sieste, S., Glaßer, G., Lieberwirth, I., Schilling, C., Fischer, S., Barth, 

H., Knöll, B., Synatschke, C. V., Weil, T., and is given as open access article under 
doi.org/10.1002/adma.201805044, with permission under the terms of the Creative Commons Attribution 
NonCommercial 4.0 International license CC BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/) – 
Copyright 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
 
Concluding, in the course of this work, hydrogels were developed and profiled for their usage 
in medicine (Figure 22). If the presented systems are regarded with distance, they are 
characterized on the one hand by the realization of many advantageous and important 
properties, all of which are important as individual features. High definition of the material 
components, scalability, thixotropy, injectability, stability and biodegradability, spatiotemporally 
controlled release as well as biocompatibility with various cell types were taken into account 
to name just a few properties. On the other hand, however, they impress above all by the 
combination of most of these many important properties, advancing the field and making them 
outstanding candidates for application in regenerative medicine. Both hydrogel systems can 
be used as tissue scaffolds: On the one hand, as high precision scaffolds with drug delivery 
capabilities for cell population control, on the other hand as switchable material offering 
improved processing and stimuli-responsiveness as well as compatibility with several cell 
types for use in tissue engineering. While many interesting and innovative properties were 
achieved with the researched and presented hydrogel systems, there are still exciting topics 
that could be applied to these hydrogels in the future, and these fields are addressed in the 
following. 
 
 

Future perspectives 
 
Currently, therapeutic hydrogels are mostly produced as uniform mixtures of matrix, cells and 
biofactors, rather than as hierarchically organized structures. However, as native tissue is 
composed of different gradients and layers that differ in their architecture, composition, and 
function, much effort is put into producing patterned gels. This could be realized by photo-
switchable systems. Similar to the introduction of the protection group to the depsi amine, 
which supplemented the presented pH-responsiveness (Chapter 4) with responsiveness to 
kosmotropic agents such as phosphate salts (Chapter 5), the extension of the depsi system 
by introduction of other advanced responsive protection groups at this position, e.g., light-
responsive ones, may enable the development of new, patterned and/or even multi-switchable 
materials. In addition, new biofabrication techniques like 3D printing that use hydrogels as 
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bioink will earn much greater importance. These methods are capable of producing 
heterogeneous matrices with desired compositions in a highly controlled fashion and with 
highest definition in terms of porosity and composition. In such a way, the PNF cross-linked 
hydrogel may represent a good basis for developing materials that can be printed into tissue 
from multiple layers of different cell types.  
In regard of medicinal applications, currently, many replacement hydrogel constructs have 
encountered difficulties in complying to the clinical requirements. For example, significant 
limitations in the size of the grafts that can be produced exist. As a result, many hydrogels in 
the past have therefore been analyzed only in vitro or in preliminary small scale proof-of-
principle in vivo experiments. While these assays can be used to test and comprehensively 
understand the chemistry and the physico-chemical behavior of the material, the various 
interactions of the material components, i.e., with their environment such as the surrounding 
tissue and the whole body, influence each other and determine the material performance, but 
are largely not well understood. For example, the co-cultivation of several cell types within the 
hydrogel scaffold needs to be evaluated with appropriate in vitro model systems, and 
subsequently with comprehensive in vivo studies, as the presence of multiple cell types or 
endogenous tissue provides a more realistic picture of actual biocompatibility and functionality. 
The small scale proof-of-principle studies have not sufficiently demonstrated the overall 
potential of many hydrogels to efficiently restore native tissue in situ to substantiate the time 
and cost associated with the development of high-quality clinical products for therapeutic 
purposes. Consequently, for actual clinical applications, the hydrogel synthesis needs to be 
scalable without affecting material properties to allow the comprehensive testing in a more 
realistic setting within long-term preclinical studies. An additional requirement for clinical 
application is the sterile production of the respective material. Only a limited set of sterilization 
procedures that do not alter the material propeties are available for hydrogels and need careful 
evaluation. In case of the presented depsi-brush hydrogels, sterilizing filtration under acidic 
conditions to prevent gelation may provide the most attractive method for achieving sterility 
without adversely affecting the final hydrogel product.  
 
To further increase the applicability of the presented hydrogels on the basis of the PNF cross-
linked hydrogel, alternative backbones could be considered, since the grafting technique for 
cross-linking via the depsi peptides can be preserved. Transferring the depsi strategy to new 
backbones like degradable, synthetic polymers or other natural polymers could enable the 
production of large quantities or entirely new properties, which could broaden the potential 
clinical application.  



Chapter 8   –   List of abbreviations 

323 

Chapter 8  –   List of abbreviations  
 
2D Two dimensional 
3D Three dimensional 
AFM Atomic force microscopy 
ATR  Attenuated total reflection 
BA Boronic acid 
BMPs Bone morphogenetic proteins 
C Celsius 
CA Catechol 
Ca2+ Calcium Ion 
CD Circular dichroism 
CaM Calmodulin 
cHSA Cationized human serum albumin 
CNT carbon nanotubes 
co Control 
DFT Density functional theory 
DNA Deoxyribonucleic acid 
DNS Desoxyribonukleinsäure 
DRG Dorsal root ganglion 
ECM Extracellular matrix 
e.g. For example (from Latin “exempli gratia”) 
EZM Extrazelluläre Matrix 
FDA Food and Drug Administration 
FRET Förster resonance energy transfer 
FT-IR Fourier-transform infrared spectroscopy 
GFP Green fluorescent protein 
GODT Global Observatory on Donation and Transplantation 
h Hour 
HPLC High pressure liquid chromatography 
HSA Human serum albumin 
HUVECs Human umbilical vein endothelial cells 
i.e. That is (from Latin “id est”) 
kPa Kilopascal 
LCST Lower critical solution temperature 
min Minute(s) 
MMPs Matrix metalloproteases 
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MS Mass spectroscopy 
MST Microscale thermophoresis 
MTT Tetrazolium dye, 3-[4,5-dimethylthiazole-2-yl]-2,5-

diphenyltetrazolium bromide 
NGF Neuronal growth factor 
NHS N-Hydroxysuccinimide 
nm Nanometre 
NMR Nuclear magnetic resonance spectroscopy 
ODM Osteogenic differentiation medium 
PAA Poly(acrylic acid) 
PBS Phosphate-buffered saline 
PcP Polypeptide copolymer 
PEG Poly(ethylene glycol) 
PEGDA Poly(ethylene glycol) diacrylate 
PHEMA Poly(2-hydroxyethyl methacrylate) 
PI Propidium iodid 
PNIPAAm Poly(N-isopropylacrylamide) 
PNFs Peptide nanofibrils 
PNS Peripheral nervous system 
PVA Poly(vinyl alcohol) 
SAPs Self-assembling peptides 
ssDNA Single strand DNA 
SDS Sodium dodecyl sulfate 
stauro Staurosporine 
TEM Transmission electron microscopy 
ThT Thioflavin T 
TNF Tumor necrosis factor 
TRAP Tartrate resistant acid phosphatase 
VEGF Vascular endothelial growth factor 
wt% Weight percentage 
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Figure 1: Advanced biomedical materials development for applications and technology. The improved understanding of biochemical compositions and organization of biological structures has contributed to elucidating how molecular structure and chemistry mediate properties in biological systems. Advances in the natural sciences have provided scientists with a sophisticated toolbox of synthesis and processing techniques to develop new materials with unprecedented properties. Fusing the two worlds of biology and chemistry gives rise to novel engineering strategies yielding advanced materials for a broad range of biomedical applications. .......................................................................................................................... 1 
Figure 2: Material design in biomedicine. Current challenges are summarized in the depicted work flow from understanding the biological complexity, reducing it to the essential elements and finally creating structurally simple but functionally complex biomaterials that can perform a desired task. ....................................................................................................................... 3 
Figure 3: Schematic representation of multi-step hydrogel formation. A polymer backbone is decorated with polar groups and cross-linked either via physical interactions such as ionic or hydrophobic interactions, hydrogen bonds or via chemical reactions employing different cross-linkers. Physical cross-linking based on ionic interactions is depicted exemplarily where a polyanionic polymer can be cross-linked via either multivalent cations or polycations to form a physical hydrogel. Bifunctional or polyfunctional polymers can be cross-linked chemically with bi-, tri- or multifunctional cross-linkers to form a hydrogel network. Based on [6]. ................... 6 
Figure 4: Macromolecular design allows for rational creation of hydrogel constructs, thereby directing the biomedical application. ...................................................................................... 8 
Figure 5: Tissue engineering via bio-scaffolds such as hydrogels in regenerative medicine. The development of biomaterials in medicine that can restore or compensate tissues is crucially dependent on the scaffolding biomaterial, which must support cells and their functions in vitro and in vivo. As the physiological function of tissues is essentially determined by the coordinated interplay of their components, namely the matrix, the different cells and bioactive molecules, artificial 3D cell scaffolds must be precisely tailored in terms of their chemical, physical and biological properties. In order to develop next generation biomaterials in medicine, the scaffolds need to enable cellular attachment and proliferation, provide space for growth of new tissue, and be biocompatible as well as suitable for implantation in patients. Ideally, these materials favor vascularization for the nutrient supply of the tissue and also enable the delivery biological signals. Furthermore, attractive processing parameters such as injectability replace extensive surgery with minimally invasive techniques, lowering the burden to the patient. .......................................................................................................................12 
Figure 6: Drug delivery via hydrogels. The design parameters for hydrogels as drug delivery systems define the drug release, including diffusion release linked to mesh size as well as controlled release via degradation, mechanical deformation or drug-polymer interactions. To achieve desirable therapeutic outcomes, the drug release from the hydrogel system needs to be programmed precisely with regards to the required duration of drug availability which can be either short-term or long-term, and the release profile, which can be continuous or pulsatile. Furthermore, different routes of administration can be explored depending on the macroscopic hydrogel design. Based on [9]. ...............................................................................................17 
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Figure 7: Molecular structure of typical natural macromer repeating units used for preparation of natural hydrogels. A. Hydrogels from proteins with i) collagen and ii) fibrin as biopolymer hydrogel components. i) adapted in parts from “Collagen in tissue-engineered cartilage: Types, 
structure, and crosslinks”, Riesle, J., Hollander, A. P., Langer, R., Freed, L. E. & Vunjak-Novakovic, J. Cell. Biochem., 71, 313–327 (1998),[109] doi: 10.1002/(SICI)1097-4644(19981201)71:3<313::AID-JCB1>3.0.CO;2-C (figure removed for copyright reasons). i) modified with permission from the Annual Review of Biochemistry, Volume 78 © 2009 by 
Annual Reviews, http://www.annualreviews.org, from “Collagen Structure and Stability”, Shoulders, M. D. & Raines, R. T., Annu. Rev. Biochem., 78, 929–958 (2009),[110] Copyright (2009); doi: 10.1146/annurev.biochem.77.032207.120833. ii) adapted from “Fibrin Clot 

Structure and Function”, Undas, A. & Ariëns, R. A. S, Arterioscler. Thromb. Vasc. Biol., 31, 88–99 (2011),[111] with permission of the publisher Wolters Kluwer Health, Inc.. Copyright (2011), Wolters Kluwer Health. doi: 10.1161/ATVBAHA.111.230631. B. Hydrogels from polysaccharides with the respective chemical structural formula of i) hyaluronic acid, ii) chitosan, iii) alginate, and iv) agarose units. i) Hyaluronic acid consists of disaccharide units of 
D-glucuronic acid and D-N-acetylglucosamine, connected via alternating β-(1,4) and β-(1,3) glycosidic bonds. ii) As chitosan is a product of partial deacetylation of chitin, a N-acetyl-D-glucosamine, chitosan is composed of randomly distributed N-acetyl-D-glucosamine and β-(1,4)-linked D-glucosamine. iii) Alginate is composed of varying number of α-L-guluronic acid 
and β-D-mannuronic acid residues linked via (1,4)-linkages.  iv) Agarose is composed of alternating (1,4)-linked 3,6-anhydro-α-L-galactopyranose and (1,3)-linked β-D-galactopyranose. C. Hydrogels from biopolymers made from natural monomers like i) DNA or ii) self-assembling peptides including ionic, self-complementary peptides such as RADA16-I, 
amphiphilic β-hairpin peptides such as MAX1 as well as peptide amphiphiles. i) adapted from Journal of Photochemistry and Photobiology B: Biology, 124, Sirajuddin, M., Ali, S. & Badshah, 
A., ”Drug–DNA interactions and their study by UV–Visible, fluorescence spectroscopies and 
cyclic voltammetry”, 1–19, Copyright (2013), with permission from Elsevier B.V.. doi: 10.1016/j.jphotobiol.2013.03.013. [112] ii) chemical structure of the amphiphilic peptide MAX1 is reprinted from Biomaterials, 26, Kretsinger, J. K., Haines, L. A., Ozbas, B., Pochan, D. J. & 
Schneider, J. P., “Cytocompatibility of self-assembled β-hairpin peptide hydrogel surfaces”, 5177–5186, Copyright (2005), with permission from Elsevier Ltd.. doi: 10.1016/j.biomaterials.2005.01.029. [113] Chemical structure of peptide amphiphile according to [212]. ...................................................................................................................................19 
Figure 7Aii: Enzymatic formation of fibrin from fibrinogen. Hydrogels from proteins with fibrin 
as biopolymer hydrogel component. Adapted from “Fibrin Clot Structure and Function”, Undas, A. & Ariëns, R. A. S, Arterioscler. Thromb. Vasc. Biol., 31, 88–99 (2011),[111] with permission of the publisher Wolters Kluwer Health, Inc.. Copyright (2011), Wolters Kluwer Health. doi: 10.1161/ATVBAHA.111.230631. …………………………………………………………………. 22 
Figure 8: Hydrogels from self-assembling peptides (SAPs) – β-sheet or β-hairpin structures. SAPs are a diverse class of biomolecules favoring the assembly of stable secondary interactions like β-sheet or β-hairpin structures affording for example nanofibers depending on salt, pH, and time, with hydrogel formation based on self-assembly of certain peptides. A. 
Hydrogels from β-sheet forming peptides. i) Self-complementary peptides with short amino acid sequences of alternating positive and negative charges such as EAK16 (AcN-AEAEAKAKAEAEAKAK-CNH2), which rapidly form β-sheet fibers or aggregates and subsequently hydrogels at physiological pH. The ionic bonds between oppositely charged residues are indicated. Based on [186]. ii) Self-repulsive peptides with mutual attraction for 
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modular assembly, e.g., KVW10 (AcN-WKVKVKVKVK-CNH2) and EVW10 (AcN-EWEVEVEVEV-CNH2). (+ and - refer to the positively (red) and negatively (blue) charged residues.) Cartoon representation of the molecular relationship between β-sheet peptides in the fibrils is shown (inset) as well as chemical structural formula of the respective peptides. B. 
Hydrogels from β-hairpin forming peptides. The intramolecular folding of suitable peptides, e.g., MAX1 (VKVKVKVKVDPPTKVKVKVKV-NH2), into a β-hairpin conformation is triggered via 
changes in the pH or temperature and affords hydrogels rich in β-sheets. Here, alternating hydrophobic and hydrophilic residues flank an intermittent tetrapeptide β-turn. Cartoon 
representation of the molecular relationship between β-hairpins in the fibrils is shown (inset) as well as the chemical structural formula of MAX1. The figure in the box is adapted from 
“Molecular structure of monomorphic peptide fibrils within a kinetically trapped hydrogel 
network”, Nagy-Smith, K., Moore, E., Schneider, J. & Tycko, R., Proc. Natl. Acad. Sci., 112, 9816–9821 (2015),[201] with permission. doi: 10.1073/pnas.1509313112. The remaining figure 
is adapted from “Cytocompatibility of self-assembled β-hairpin peptide hydrogel surfaces”, Kretsinger, J. K., Haines, L. A., Ozbas, B., Pochan, D. J. & Schneider, J. P., Biomaterials, 26, 5177–5186 (2005),[113] with permission from Elsevier. Copyright (2005), Elsevier Ltd. doi: 10.1016/j.biomaterials.2005.01.029; and adapted with permission from “Tuning the pH 

Responsiveness of β-Hairpin Peptide Folding, Self-Assembly, and Hydrogel Material 
Formation”, Rajagopal, K., Lamm, M. S., Haines-Butterick, L. A., Pochan, D. J. and Schneider, J. P., Biomacromolecules, 10, (9), 2619–2625 (2009).[361] Copyright (2009) American Chemical Society. doi: 10.1021/bm900544e. .......................................................................................27 
Figure 9: Hydrogels from self-assembling peptides (SAPs) – coiled-coil or cylindrical micelle structures. SAPs are a diverse class of biomolecules favoring the assembly of stable secondary interactions like coiled-coil or cylindrical micelle structures affording for example nanofibers depending on salt, pH, and time, with hydrogel formation based on self-assembly of certain peptides. A. Hydrogels from coiled-coil forming peptides. The coiled coil motif is 
characterized by two or more α-helices which wind together to form a superhelix and a primary structure of 7-residue repeats (abcdefg)n. Positions a and d are hydrophobic while positions e and g are charged amino acid residues. A parallel dimeric coiled coil is exemplarily shown in a schematic representation and as a ribbon plot (inset). Selected side chains are shown as balls and sticks. Polypeptides with an ABA triblock copolymer sequence composed of a random coil block and two flanking coiled-coil blocks (helix) afford reversible stimuli-responsive hydrogel assembly in response to an external trigger like temperature, pH or denaturing agent. 
The figure in the box is adapted from “Coiled Coil Domains: Stability, Specificity, and Biological 

Implications”, Mason, J. M. & Arndt, K. M., ChemBioChem, 5, 170–176 (2004),[203] with permission from John Wiley and Sons. Copyright (2004), WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. doi: 10.1002/cbic.200300781. The remaining figures are adapted from 
“Reversible Hydrogels from Self-Assembling Artificial Proteins”, Petka, W. A., Harden, J. L., McGrath, K. P., Wirtz, D., Tirrell, D. A., Science, 281, 389–392 (1998).[202] Adapted with permission from AAAS and the author. Copyright (1998), The American Association for the Advancement of Science. doi: 10.1126/science.281.5375.389. B. Chemical structure of a 
canonical peptide amphiphile. Peptide amphiphiles of conical shape arise from a β-sheet forming amino acid sequence adjacent to a hydrophobic tail as the key motif for assembly. Figures are based on [212] (left) and reproduced (right) from “Self-Assembly and Mineralization of Peptide-Amphiphile Nanofibers”, Hartgerink, J. D., Beniash, E., Stupp, S. I., Science, 294, 1684–1688 (2001).[212] Reprinted with permission from AAAS. Copyright (2001), The American Association for the Advancement of Science. doi: 10.1126/science.1063187. ......................29 
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Figure 10: Timeline giving an overview over notable discoveries and developments in DNA technology and their relevance for DNA-based hydrogels, highlighting the manifold applications of DNA-based hydrogels in the biomedical field. Highlighted examples include biosensing, drug delivery, immuno-modulation, and tissue engineering. Reproduced from the 
original source “Biomedical Applications of DNA‐Based Hydrogels”, Adv. Funct. Mater., 2019, 1906253,[219] created by Gačanin, J., Synatschke, C. V., Weil, T., and given as open access article under doi.org/10.1002/adfm.201906253, under the terms of the Creative Commons Attribution 4.0 International License CC BY 4.0. (https://creativecommons.org/licenses/by/4.0/) 
– Copyright 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. ............................................................................................................................30 
Figure 11: Hydrogels from synthetic polymers. Chemical structures of poly(ethylene glycol) (PEG), poly(vinyl alcohol) (PVA) and poly(acrylic acid) (PAA) derivatives poly(2-hydroxyethyl methacrylate) (PHEMA) and poly(N-isopropylacrylamide) (PNIPAAm). ................................60 
Figure 12: Hydrogels – Design from components to performance to application. The hydrogel components dictate the material performance and are designed regarding the backbone as well as the cross-linker yielding materials with unique physical (e.g., gelation, mechanical properties, pore sizes, degradation and others) and biological features (e.g., compatibility with different cell types, immunological response), ideally providing for modularity and multi-functionality. The interplay of these design criteria defines the hydrogel application with a focus on the medical field including artificial cell matrices, tissue engineering, and drug delivery applications. .........................................................................................................................68 
Figure 13: Protein-DNA hybrid hydrogel preparation using a protein backbone derived from sequential modification of human serum albumin (HSA) and cross-linker derived from step-wise assembly of DNA single strands (ssDNA). A. The HSA‐derived polypeptide backbone 
(PcP) is decorated with polyethylene glycol (PEG) and ssDNA (SE1′). B. The DNA cross-linker (DL1 and DL2) are prepared from DNA hybridization, the hybridizing sequences of the ssDNA as well as the respective sticky ends are indicated. C. C3-derived toxin-loaded hydrogel is prepared by mixing PcP and the loaded DL2 with DL1 in water while subsequent DNase‐initiated degradation enhances cargo release. Adapted from the original source 
“Spatiotemporally Controlled Release of Rho‐Inhibiting C3 Toxin from a Protein–DNA Hybrid 
Hydrogel for Targeted Inhibition of Osteoclast Formation and Activity”, Adv. Healthcare Mater., 2017, 6, 1700392,[285] which was created by Gačanin, J., Kovtun, A., Fischer, S., Schwager, V., Quambusch, J., Kuan, S. L., Liu, W., Boldt, F., Li, C., Yang, Z., Liu, D., Wu, Y., Weil, T., Barth, H., Ignatius, A., and is given as open access article under doi.org/10.1002/adhm.201700392, with permission under the terms of the Creative Commons Attribution NonCommercial 4.0 International license CC BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/) – Copyright 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. ............................................................74 
Figure 14: Thixotropic behavior of chitosan-stabilized protein-DNA hybrid hydrogel. Rheological characterization of a 3.4 wt% hydrogel was conducted at 25 °C via consecutive oscillatory strain sweep measurements with increasing strain and time sweep measurements at very low strain. The left panel highlights the hydrogel self-healing behavior after the liquefying high strain condition was removed (~160 s) while the diagram of the oscillatory strain measurement shows the cross-over point to the quasi-liquid state and is depicted in the 
enlarged, right diagram. Adapted from the original source “Spatiotemporally Controlled 
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Release of Rho‐Inhibiting C3 Toxin from a Protein–DNA Hybrid Hydrogel for Targeted 
Inhibition of Osteoclast Formation and Activity”, Adv. Healthcare Mater., 2017, 6, 1700392,[285] 
which was created by Gačanin, J., Kovtun, A., Fischer, S., Schwager, V., Quambusch, J., Kuan, S. L., Liu, W., Boldt, F., Li, C., Yang, Z., Liu, D., Wu, Y., Weil, T., Barth, H., Ignatius, A., and is given as open access article under doi.org/10.1002/adhm.201700392, with permission under the terms of the Creative Commons Attribution NonCommercial 4.0 International license CC BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/) – Copyright 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. .........................75 
Figure 15: Effect of C3 fusion toxin (C2IN-C3lim-G205C) delivered via protein-DNA hybrid hydrogels on the formation of mature osteoclast-like cells and their activity (B., C.) as well as on osteoblast viability and differentiation (D.). Hydrogel without or with immobilized C2IN-C3lim-G205C was added to pre-osteoclast RAW 264.7 cells treated with differentiation factor RANKL/M-CSF to induce osteoclast formation starting from day 1, as well as MC3T3-E1 cells cultivated with or without osteogenic differentiation medium (ODM). Toxin release was enhanced by DNase I addition to the hydrogel. A. Schematic illustration of resorbed or normal bone structure. The resorbed state is characterized by enhanced porosity and lower bone mass. B. The number of TRAP-positive multinucleated cells (MNC). Representative images of TRAP staining. Scale bar is 100 μm. Arrowheads indicate TRAP-positive MNC. C. Quantification of resorbed area per well. Representative images of von Kossa staining with visualization of resorbed areas in white. D. Cell viability (MTT assay). Representative alkaline phosphatase staining; osteoblast-like MC3T3-E1 cells without ODM. Scale bar is 500 μm. *=P < 0.05; **=P < 0.01; ***=P < 0.001. Adapted from the original source “Spatiotemporally 

Controlled Release of Rho‐Inhibiting C3 Toxin from a Protein–DNA Hybrid Hydrogel for 
Targeted Inhibition of Osteoclast Formation and Activity”, Adv. Healthcare Mater., 2017, 6, 1700392,[285] which was created by Gačanin, J., Kovtun, A., Fischer, S., Schwager, V., Quambusch, J., Kuan, S. L., Liu, W., Boldt, F., Li, C., Yang, Z., Liu, D., Wu, Y., Weil, T., Barth, H., Ignatius, A., and is given as open access article under doi.org/10.1002/adhm.201700392, with permission under the terms of the Creative Commons Attribution NonCommercial 4.0 International license CC BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/) – Copyright 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. .............................................................................................................................................78 
Figure 16: Synthesis of PNF cross-linked polypeptide hybrid hydrogels with pH-responsive structure formation. Preparation of hydrogel backbone by sequential modification of human serum albumin (HSA). The HSA‐derived polypeptide-depsi copolymer (BD1) is decorated with polyethylene glycol (PEG) and 20 depsi (D1) grafts. Box: pH‐induced intramolecular O–N–acyl migration of the depsi peptides (D1, D1‐Mal) yielding linear peptides (P1, P1‐Mal). Adapted 
from the original source “Autonomous Ultrafast Self-Healing Hydrogels by pH-Responsive 
Functional Nanofiber Gelators as Cell Matrices”, Adv. Mater., 2019, 31, 1805044,[309] which 
was created by Gačanin, J., Hedrich, J., Sieste, S., Glaßer, G., Lieberwirth, I., Schilling, C., Fischer, S., Barth, H., Knöll, B., Synatschke, C. V., Weil, T., and is given as open access article under doi.org/10.1002/adma.201805044, with permission under the terms of the Creative Commons Attribution NonCommercial 4.0 International license CC BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/) – Copyright 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. .......................................................... 117 
Figure 17: pH-responsive structure formation. A. pH-responsive structure formation of the depsi peptide. TEM images of D1 incubated at acidic (pH 2) or physiological pH (pH 7.4). Scale 
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bars are 5 µm and 200 nm (inset). Conversion rates of D1 and P1-Ctrl (the linearly synthesized control peptide without ester bond) at acidic or physiological pH (right). B. pH-responsive structure formation of the hybrid brush with grafted depsi peptide. TEM images of BD1 incubated at acidic or physiological pH. Scale bars are 2 µm and 200 nm (inset). ATR FT-IR spectra of BD1 incubated at acidic or physiological pH. Adapted from the original source 
“Autonomous Ultrafast Self-Healing Hydrogels by pH-Responsive Functional Nanofiber 
Gelators as Cell Matrices”, Adv. Mater., 2019, 31, 1805044,[309] which was created by Gačanin, J., Hedrich, J., Sieste, S., Glaßer, G., Lieberwirth, I., Schilling, C., Fischer, S., Barth, H., Knöll, B., Synatschke, C. V., Weil, T., and is given as open access article under doi.org/10.1002/adma.201805044, with permission under the terms of the Creative Commons Attribution NonCommercial 4.0 International license CC BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/) – Copyright 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. .......................................................... 118 
Figure 18: Characterization of the 4 wt% PNF cross-linked hydrogel. A. Schematic illustration of hydrogel functionalization via supramolecular copolymerization with free and dye-labelled depsi peptide. B. Confocal laser scanning microscopy images of hydrogel after functionalization via fluorescent peptides which were added to BD1 during gelation. Scale bars are 20 μm C. Rheological characterization was conducted at 25 °C via consecutive oscillatory strain sweep measurements with increasing strain and time sweep measurements at very low strain demonstrating the thixotropic nature of the hydrogel, highlighting the self-healing behavior after the liquefying high strain condition was removed. D. Healing efficiency of H1 after consecutive oscillatory strain sweeps (0.01-1000%) calculated from the storage modulus shown in C. yielding the immediate hydrogel recovery (open box, first acquired data point, 13 s) and the mean hydrogel recovery during the following oscillatory time sweep (grey box, 0.1% strain, 800s) for each strain sweep (No 2–4). E. Images of the self-healing process at macroscopic level. The hydrogel (intact) was cut in half (cut) and joined together (t = 0 min, t = 5 min). Scale bars are 500 μm. Within 5 minutes after joining the gel together, the incision site cannot be observed any more. F. 3D pattern written with rhodamine B colored hydrogel 
using a syringe and demonstrating injectability. Adapted from the original source “Autonomous Ultrafast Self-Healing Hydrogels by pH-Responsive Functional Nanofiber Gelators as Cell 
Matrices”, Adv. Mater., 2019, 31, 1805044,[309] which was created by Gačanin, J., Hedrich, J., Sieste, S., Glaßer, G., Lieberwirth, I., Schilling, C., Fischer, S., Barth, H., Knöll, B., Synatschke, C. V., Weil, T., and is given as open access article under doi.org/10.1002/adma.201805044, with permission under the terms of the Creative Commons Attribution NonCommercial 4.0 International license CC BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/) – Copyright 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. ........................................................................................................................................... 120 
Figure 19: Cell compatibility of PNF cross-linked hydrogel with different cell lines. A. Cell vitality of HUVECs with medium as negative control (co), staurosporine (stauro, positive control), H1, denatured cHSA-PEG (4), or D1. *** =P < 0.001. B. Neuronal survival within hydrogel. Dorsal root ganglion (DRG) neurons were incorporated into hydrogel (H1) without neuronal growth factor NGF. Fluorescence microscopy images after one or four days of culture show DRG neurons pre-stained with DiAsp within the surrounding hydrogel. As positive control, Matrigel, a gold standard 3D matrix for cell cultivation was applied. Neurons show 
similar survival rates in Matrigel as well as in hydrogel (−NGF) for one and four days in culture. C. Active cell migration into the hydrogel. HUVECs vital and dead were seeded topologically on the gel and stained with calcein (green, for living cells) or propidium iodid (PI, red, for dead 
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cells), respectively. Orthogonal slices from z‐stack confocal images in orthogonal view i and ii indicate the location of cells in H1 24 h post seeding. Vital cells migrated into the hydrogel, while dead cells localized on top of the gel with no passive sinking into the gel. Scale bars are 
100 µm. Adapted from the original source “Autonomous Ultrafast Self-Healing Hydrogels by pH-Responsive Functional Nanofiber Gelators as Cell Matrices”, Adv. Mater., 2019, 31, 1805044,[309] which was created by Gačanin, J., Hedrich, J., Sieste, S., Glaßer, G., Lieberwirth, I., Schilling, C., Fischer, S., Barth, H., Knöll, B., Synatschke, C. V., Weil, T., and is given as open access article under doi.org/10.1002/adma.201805044, with permission under the terms of the Creative Commons Attribution NonCommercial 4.0 International license CC BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/) – Copyright 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. .......................................................... 122 
Figure 20: Chemical design and structure of boronic acid carbamate bond and methionine controlled depsi oligopeptide. The carbamate and methionine provide the two orthogonal stimuli. A. Mechanism of stimulus-responsive O–N–acyl rearrangement of the depsi peptide and subsequent oxidation of methionine. B. Proteostat assay of depsi peptide, hydrolysis into linear peptide and oxidized peptide. C. Triggered structure formation via self-assembly as well as triggered disassembly of formed PNF structures. TEM images of formed PNFs upon O–N–acyl shift and subsequent disassembly of nanofibers upon oxidation (H2O2 treatment). Scale bars are 500 µm. D. Kinetic profiling, HPLC spectra. Boronic-acid-carbamate hydrolysis and O–N–acyl can be observed. In addition to the educt KIKI(COO-PBA)-SQINM (5), the peak of the non-protected KIKI(COOH)-SQINM (6) becomes visible after 30 min, which is then transforming into the linear peptide KIKISQINM (7). E. Kinetic profiling, HPLC spectra. Oxidation of 7 into KIKISQIN(M=O) by H2O2 treatment. Adapted from the original source 
“Orthogonally Stimulated Assembly/Disassembly of Depsipeptides by Rational Chemical 
Design”, ChemBioChem, 2019, 20, 1376,[328] which was created by M. Pieszka, A. M. Sobota, 
J. Gačanin, T. Weil, D. Y. W. Ng, and is given as open access article under doi.org/10.1002/cbic.201800781, with permission under the terms of the Creative Commons Attribution NonCommercial 4.0 International license CC BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0) – Copyright 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA. ............................................................................ 192 
Figure 21: Formation of a synthetic code. A. Chemical design of the peptide scaffold and the encoding of binary BA/CA pairing with a schematic representation of the thermodynamic processes involved in multivalent effects, and sequence recognition with complementary as well as mismatched sequences. Chemical structures of BA/CA peptide codes are shown, only a selected small library is depicted. B. MALDI-ToF MS of (AX)3-(BX)3 at pH 7.4 (top) and pH 5.0 (bottom). C. FT-IR spectra of (AX)3-(BX)3 and its separate constituents in phosphate buffer 
at pH 7.4. Adapted from the original source “Sequence Programming with Dynamic Boronic 

Acid/Catechol Binary Codes”, Journal of the American Chemical Society, 2019, 141 (36), 14026-14031,[329] which was created by M. Hebel, A. Riegger, M. M. Zegota, G. Kizilsavas, J. 
Gačanin, M. Pieszka, T. Lückerath, J. A. S. Coelho, M. Wagner, P. M. P. Gois, D. Y. W. Ng, and T. Weil, and is given as open access article under doi: 10.1021/jacs.9b03107, with permission under the terms of the Creative Commons Attribution 4.0 International license CC-BY 4.0. (https://creativecommons.org/licenses/by/4.0, ACS AuthorChoice/Editors’ Choice via Creative Commons CC-BY agreement, https://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html, further permissions related to the material excerpted should be directed to the ACS). – Copyright 2019 American 
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Chemical Society. Published by American Chemical Society. https://pubs.acs.org/doi/10.1021/jacs.9b03107 ................................................................... 225 
Figure 22: Schematic representation of the hydrogel systems and topics presented within the scope of this thesis. This thesis described the design and synthesis of multifunctional hybrid hydrogels for use primarily in regenerative medicine, in particular for tissue engineering and drug delivery, while evaluating different supramolecular cross-linkers such as DNA and self-assembling peptides, as well as the chemical, physical and biological properties of the 
hydrogels. In parts adapted from the original source “Spatiotemporally Controlled Release of Rho‐Inhibiting C3 Toxin from a Protein–DNA Hybrid Hydrogel for Targeted Inhibition of 
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