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Abstract 

Chemical modification of native biomacromolecules requires particularly mild reaction 

conditions: close to neutral pH, aqueous solvents, and physiological temperature. 

Moreover, the applied strategy has to be inert towards reactive functional groups 

abundant in peptides and proteins so that their natural functionalities are not affected. 

Additional desired features are high conversions and fast reactivity. These 

requirements significantly narrow down the scope of suitable reactions. Nevertheless, 

there is a high demand for such strategies in areas like chemical biology or medicinal 

chemistry and during the last 20 years, enormous progress has been made. Reactions 

like copper catalysed cycloadditions (CuAAC) or inverse electron-demand Diels–Alder 

reaction (IEDDA) fulfil many of the aforementioned requirements and are frequently 

used to form stable covalent bonds. However, there are many applications, where 

reversibility is a desired feature, such as in drug delivery. In this case, quantitative 

dissociation of the drug–transporter conjugate is a prerequisite. Moreover, drug 

release often has to be controlled locally by additional triggers to reduce or eliminate 

systemic toxicity. Dynamic covalent chemistry comprises reactions, which are both 

reversible and stimuli responsive and fit to the criteria above. Even though, several of 

them have been applied successfully in the biological context, it is a relatively young 

field and there is still room for further investigation of its application for bioconjugation 

chemistry. In my thesis, I have explored the application of dynamic covalent chemistry, 

mainly based on boronic acid–ligand interactions, for the site-selective synthesis of 

bioconjugates. In the first section, dynamic covalent functionalities have been 

introduced into an active enzyme and its further application as a “tag” both for 

purification and further post modification is described. In the following section, a tag 

based on a peptide backbone is developed as a novel scaffold and proving avidity of 

multiple dynamic covalent interactions allowing straightforward influence on the 

dissociation constant, which is one of the crucial parameters in the context of 

bioconjugate assembly. In the last section, both the avidity of multivalent interactions 

for enhancing the dissociation constant and further incorporation of a redox-

responsive, secondary dynamic covalent interaction for improving the dissociation rate 

is devised. In this manner, the resultant multi-stimuli responsive platform for 

bioconjugation and its potential for further development due to its modularity is 

highlighted. 
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1. Introduction 

One of the fundamental characteristics of life, common to all organisms, is prevalence 

of non-equilibrium thermodynamics. Erwin Schrödinger reasoned that being alive 

means to be out of equilibrium.1 Out-of-equilibrium processes can be found in various 

fields, from biology to astrophysics, and therefore, they exist at all possible length 

scales.2 In cells, these processes control phenomena like cytoplasmic diffusion3 or cell 

signalling.4 Out-of-equilibrium processes could have facilitated the emergence of life 

since the abundance of structurally complex molecules is more favourable outside the 

equilibrium.5 The cessation of non-equilibrium processes is also one of many 

propositions about the ultimate fate of the universe, known as the heat death. In the 

classical “heat death of the universe” theory, originating directly from the second law 

of thermodynamics, the universe would ultimately equilibrate when all matter and 

energy would be evenly distributed and no more work could be done.6 Disregarding if 

the universe can reach an equilibrium at all (accordingly to modern cosmology rather 

not),7 out-of-equilibrium processes seem to pervade throughout the nature of existence 

and understanding them may be pivotal to unravel the phenomenon of life. Dynamic 

covalent chemistry (DCvC) consist of reactions having often multitude of possible 

equilibria, which is dependent on the reaction conditions (for instance pH)8 and ability 

to move between them at different rates.9 This dynamic is a fascinating object of 

research reminiscent of life-like processes and in fact, some of the reactions, like 

disulfide formation are fundamental for living organisms.10–12 However, some other 

dynamic covalent chemistries, for instance boronic acid condensations, are not 

adopted by the cellular machinery. Therefore, the adaptation and comprehension of 

different dynamic covalent reactions beyond what is found in Nature can potentially 

lead to a better understanding of the origin of life, as well as significant contribution for 

the development of synthetic biology. Controlling dynamic covalent reactions would 

open new opportunities for creating artificial systems mimicking natural processes 

such as transportation or signalling. Despite the tremendous complexity of cellular life, 

there are many efforts worldwide to build bottom-up artificial protocells, which would 

be able to perform complex tasks like cell growth, replication and metabolism.13,14  
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Beyond the scope of basic research, the advancement of dynamic covalent chemistry 

also holds immense promise for applications, for instance in the field of protein 

modification. Antibody drug conjugates (ADCs) are among the examples. They are in 

development since a few decades and first ADCs were in clinical trials as early as 

1983.15 It took another 17 years to introduce the first ADC (gemtuzumab ozogamicin) 

into the market and up to date there are a total of seven approved drugs.16 According 

to a report prepared by Grand View Research Inc., global ADC market was worth 1.6 

billion USD in 2017 and is expected to reach almost 10 billion USD by 2025. The 

majority of the reversible linkers in use are valine-citrulline (cleavable by proteases), 

disulfides and hydrazones. The development of the linkers focuses on introducing 

steric hindrance in order to improve the stability of existing designs.17 However, the 

search for click-like linker, which undergo reversible reactions under certain 

physiological conditions and yet remain stable in blood circulation, has been 

overlooked. This has changed in the past few years with the emergence of new 

dynamic covalent chemistries that undergoes rapid reversible reactions, particularly 

those based on boronic acid. A fast and modular system for the assembly of 

bioconjugates would be attractive not only in case of antibodies but also other proteins 

and smaller biomacromolecules that are of therapeutic importance. It would allow facile 

construction of conjugate libraries for rapid screening to find the best and most efficient 

solutions.  

Given the immense potential of DCvC for understanding of the origins of life, synthetic 

biology and responsive bioconjugates for biomedical applications, their 

bioorthogonality and biocompatibility are necessary prerequisites. Herein, a selection 

of biocompatible DCvC reactions is described together with examples of their 

applications. Some of the challenges and pitfalls of applying DCvC for bioconjugation 

are also highlighted. 

1.1. Concept of bioorthogonality 

The major challenge of performing reactions in biological milieu is its complex nature. 

It involves multitude of reactive groups participating in processes, which should not be 

impeded by the applied chemistry. The idea of bioorthogonality was introduced by 

Bertozzi in 200318 and is still developed by her group and many others who have a 

significant impact on areas like chemistry or biochemistry as the total scientific 

literature in different fields under the keyword “bioorthogonal” over two decades shows 
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(Figure 1). Bioorthogonal reactions are characterized by a set of strict rules, which can 

be summarized as “reactions that neither interact nor interfere with a biological 

system”.19 To achieve this, reactants have to interact with each other in aqueous 

conditions but need to be inert to reactive groups common in living cells. They should 

be nontoxic, and the interaction has to be characterized by fast kinetics to proceed at 

low concentrations typical for biological systems. All this must take place within 

physiological ranges of pH, ionic strength and temperature.20 Among the most classical 

examples are: Staudinger ligations and various cycloadditions (copper catalysed 

Huisgen 1,3-dipolar cycloaddition and its strain-promoted variant or inverse electron 

demand Diels–Alder). These reactions had enormous influence both on chemistry and 

biology allowing fast and easy introduction of stable, covalent bonds. Conversely, 

DCvC has the potential of contributing with similarly rapid and straightforward 

formation of stimulus responsive bonds, which is discussed in more detail in the next 

section. 

Figure 1 Papers published with the keyword ‘bioorthogonal’. Left: Number of 
publications per year; right: main research areas. Produced from Scopus. 

1.2. Dynamic covalent chemistry (DCvC) in biological environments 

Dynamic covalent chemistry (DCvC) is a subset of covalent chemistry that remains 

under thermodynamic control. That means, the reaction is fully reversible, and the 

reactants and products are always at an equilibrium dependant on parameters like 

concentration, pH or oxidative/reductive properties of reaction environment. It is an 

intriguing field combining features of covalent and supramolecular (or non-covalent) 

interactions such as high stability and dynamic, respectively.21  
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From the broad range of dynamic covalent reactions, several, for instance olefin and 

alkyne metatheses, are very difficult to apply in biological environments since they 

typically require organic solvents and heavy metal-based catalysts. There is a constant 

progress in the development of aqueous variants of these reactions22 but DCvC offers 

many other promising strategies, which have already been applied for various 

applications like sensing,23 purification,24 bioconjugation25 or delivery.26 Examples of 

applications of dynamic covalent interactions in a biological context are discussed 

below with consideration of their potential for site-selective protein modification. The 

main focus is on available kinetic properties and possibilities to influene them. 

Therefore, only the publications containing relevant kinetic data were selected. 

1.2.1. Imines and iminoboronates 

Scheme 1 Condensations of amines with a) aldehydes/ketones b) 2-formyl( or 

acetyl)benzeneboronic acid 

Imines can be formed through condensation of amines with aldehydes or ketones 

(Scheme 1a). This condensation reaction is not favoured in water and the reaction 

kinetic is slow or the products are unstable.27 Because of the low imine stability, the 

imine is usually converted directly to an amine using mild reducing agents like sodium 

cynaoborohydride28,29 or even transition metal-based catalysts.30 The reaction is 

irreversible resulting in a covalent bond. However, Wei and co-workers used reversible 

imine formation to encapsulate gold nanoparticles within a covalent organic 

framework.31 Bonds’ dynamics allowed control over the spatial distribution of the 

nanoparticles and shell porosity, which has further potential for biomedical applications 

not only as a drug carrier but also display responsiveness to light because of the 

photothermal properties of the gold nanoparticles.  

Investigations of the boron–nitrogen interaction by Anslyn and co-workers32 and James 

and co-workers33 in 2006 led to an increased interest in 2-formylbenzeneboronic acid 

(2-FPBA) and its derivatives. B–N stabilization (Scheme 1b) of the ground and 

transition states of the condensation reaction can enhance water elimination, which 

greatly accelerates reaction kinetics.34 Second order kinetics are boosted from as low 

as 10-4–10-3 [M-1s-1] for imines formation27,35 up to over 103 [M-1s-1] for 
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iminoboronates.25 This major improvement opened up an avenue for many exciting 

applications. 

Gao and co-workers applied it for selective labelling of Gram-positive bacteria cell 

membranes.36 2-FPBA based fluorophore was effective under physiological conditions 

even in presence of 10% serum and omitting both mammalian cells and Gram-negative 

bacteria potentially helping to understand the membrane biology.37 The same group 

developed 2-FPBA-containing amino acid, which incorporated into a peptide together 

with lysine allowed its stimuli responsive cyclization.  

 

Figure 2 Cross section of the α-hemolysin structure embedded in a lipid membrane 
with all lysine residues highlighted in blue. 2-APBA reversibly binding with lysines is 
represented as a red dot. The graph on the left-hand side represents the current 
change caused by the binding. 

Adapted with permission from “S. Borsley and S. L. Cockroft, In Situ Synthetic 
Functionalization of a Transmembrane Protein Nanopore ACS Nano 2018, 12, 1, 786-
794.” Copyright (2018) American Chemical Society. 

Bosley and Cockroft combined in their work protein modification, sensing and kinetic 

characterization practically in a single experiment (Figure 2).38 Measuring the influence 

of reversible iminoboronate formation within the α-hemolysin transmembrane pore on 

ion current changes allowed to obtain both on- and off-rates of a 2-acetylphenylboronic 

acid (2-APBA) condensation with lysines side chains. kon was determined to be as high 

as 8 × 104 [M-1s-1] reaching the range of the fastest known bioorthogonal reactions, 

i.e., inverse electron demand Diels-Alder (IEDDA) (kon > 103 M-1s-1).39 In contrary to 

IEDDA, 2-APBA condensation is reversible. Unfortunately, with koff = 0.2 [s-1], the half-

life is just 3 seconds. 
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1.2.2. Hydrazones and oximes 

Scheme 2 Condensation of hydrazines (X = N) or oximes (X = O) with a) 
aldehydes/ketones b) 2-formyl(or acetyl)benzeneboronic acid.  

Hydrazones and oximes are imines, where the atom adjacent to a doubly bonded 

nitrogen is either another nitrogen or an oxygen, respectively. In condensation 

reactions leading to their formation, hydrazines and hydroxylamines are used instead 

of amines (Scheme 2a). Their reactivities are influenced by an alpha effect, i.e., an 

increase in nucleophilicity induced by an adjacent atom possessing a lone electron 

pair.40 It enhances the kinetics of the first step of condensation but dehydration still 

remains the rate limiting step and the overall reaction times are long. Among successful 

approaches to solve this issue is the application of a catalyst. One of the first catalysts 

was aniline, used by Jencks and co-workers for catalysis the semicarbazone 

formation,41 which was later revisited by Dawson and co-worker for the synthesis of 

both hydrazones and oximes.42,43 The on-rates of the reactions were significantly 

improved from the typical range of 10-4-10-3 [M-1s-1] to ~10-1 [M-1s-1] at physiological pH. 

Both ligations were applied by Dawson and co-workers for coupling unprotected 

peptides, and this approach has been applied for site-selective protein modification as 

well.44 Despite this increase, the reaction kinetics were still relatively slow. Moreover, 

aniline is toxic to cells, thus reducing its potential for bio-applications. These problems 

were later addressed by Crisalli and Kool.45 Anthranilic acid derivatives which are less 

toxic than aniline, further improved the kon up to 10 [M-1s-1] at physiological pH. The 

same group also investigated the influence of the substrate structure on the reaction 

speed, and they could identify butyraldehyde and 2-carboxyphenylhydrazine as the 

fastest reacting pair, which reached 24 [M-1s-1]. According to the mechanism proposed 

by the authors, adjacent acidic groups can protonate hydroxyl groups which 

accelerates dehydratation.46,47 Kool and co-workers developed an amine buffer 

including 2-(aminomethyl)imidazoles and N,N-dimethylethylenediamine.48 The 

proposed buffer revealed no toxicity in a HeLa cell line at concentrations of up to 20 

mM and accelerated hydrazone and oxime condensations up to 20–30 [M-1s-1] at pH 7 

or higher. Both of those features were demonstrated in an experiment, in which 

aldehyde functionalized coumarin was reacted in a condensation reaction with the 
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oxyamine-quencher in HeLa cells. The reaction in the amine buffer outperformed the 

control sample incubated in PBS and was nearly completed in an hour.  

Similar to imines, oxime and hydrazone reaction kinetics are drastically accelerated 

when condensed with 2-FPBA (over 104 [M-1s-1])49,50 and 2-APBA (up to 104 [M-1s-1])51 

at physiological pH (Scheme 2b). In spite of the exceptional reaction rates, poor 

stability in water51 or lack of reversibility50,52 remain an unsolved issue. Rapid 

reversibility can be beneficial in combinatorial chemistry and stability for labelling 

purposes52 but the combination of rapid reversibility on demand with high stability is 

still elusive. 

1.2.3. Thioethers 

Scheme 3 Michael-type thioether formation 

Thioethers, sulphur analogues of ethers, are relative common in Nature. For example, 

one of the canonical amino acids, methionine, is a thioether. This functional group is a 

crucial structural element of some cofactors like S-adenosyl methionine or vitamins 

(biotin). Thioethers can be synthesized by simple thiol alkylation with alkyl halides53 or 

Pummerer rearrangement54 where an alkyl sulfoxide reacts with the acetic anhydride 

to give an α-acyloxy–thioether. However, there is another reaction which had and still 

has tremendous impact on areas like biochemistry, medicine, pharmacology and many 

others, the thiol-Michael addition.55 Thiols are soft nucleophiles while Michael 

acceptors like maleimides are soft electrophiles that according to HSAB theory 

promotes faster reactivity.56 The derivatives of this single compound, i.e., maleimide 

(1H-pyrrole-2,5-dione), were used in multitude of bio applications (Scheme 3).57 

Scopus search for term 'maleimide' in context of a 'protein' or 'peptide' results in over 

12 000 hits counting from the year 1970. Among the most prominent constructs are 

antibody drug conjugates. Both second (e.g., Trastuzumab emtansine, Brentuximab 

vedotin) and third (e.g., MEDI4276, Vadastuximab talirine) generation ADCs were 

based on maleimide linkers.58 The former two ADCs are FDA approved drugs, while 

the latter two ADCs are still in clinical trials.  

Since in Nature Michael donors are usually limited to thiol, a functional group of 

canonical amino acid – cysteine, most of the effort has focused on acceptor 

development. Maleimides were further improved by mono- and di-halogenations59–61, 



12 
 

other substitutions in 3,4 positions (diphenol59, dithiophenol62) and ring expansion to 

1,2-dihydropyridazine-3,6-diones.63,64 High reaction rates, easy synthesis of the 

reagent, reactivity under physiological conditions and straightforward protocol made 

them very popular for labelling of biomacromolecules. Virtually all commercially 

available dyes are sold also as maleimide derivatives. However, majority of the uses 

need a stable bond, which is not the case. The reaction is reversible and can undergo 

retro-Michael addition or thiol exchange.65 In some applications this is not desired, for 

instance in case of drug delivery, where premature release of the drug leads to 

systemic toxicity or when deconjugation decreases the half-life of the drug.66 The issue 

received a lot of attention and was addressed by introduction of, earlier mentioned, 

mono- and di-substituted maleimides67–69 and 1,2-dihydropyridazine-3,6-diones70 to 

improve hydrolytic stability. Fewer attempts of exploiting the reversibility were made. 

Kiick and co-workers explored maleimide-thiol degradation by glutathione and its rate 

dependence on thiol substrate. Three model compounds 4-mercaptophenylacetic acid, 

N-acetylcysteine, and 3-mercaptopropionic acid were reacted with N-ethylmaleimide 

and incubated in 50 mM phosphate buffers (pH 7.4) containing 10 mM GSH at 37 °C. 

Half-lives of resulting conjugates varied from 20 to 80 h.71 Follow-up studies of different 

substrates allowed the regulation of half-life ranging from 3.6 to 258 h.72 Zhou and co-

workers used 5-methylene pyrrolone derivatives (5MPs) to couple various cargo (dyes, 

drug or biotin) to model proteins (acetolactate synthase, histone H4). For instance, 

acetolactate synthase is an enzyme involved in the synthesis of branched-chain amino 

acids, and histone regulates structure and function of chromatin. Half-lives of MP-5-

protein conjugates at pH 7.5 were around one day and shorter when incubated with 

GSH/DTT or at elevated pH (9.5). The release of a dye from fluoresceine-H4-R45C 

conjugate exposed to 100 mM DTT at pH 7.5 proceeded with t1/2 = 3.5h.73  

Among other common Michael acceptors are derivatives of acrylic acid,74,75 

carboxyarylates76 or simply ethenyl and ethynyl groups.77 The reactivity of the acceptor 

increases with its electrophilicity which is improved when electron withdrawing groups 

(EWGs) are present in vicinity of the reactive site.78 Most often thiol-ene and thiol-yne 

click reactions do not proceed through Michael addition pathway due to low 

electrophilicity of ethenyl and ethynyl groups. Cysteine addition to vinyl derivatives 

reported by Xun‐Cheng Su and co-workers did not exceed 1 [M-1s-1].79 More common 

is catalysis by light80 and/or radical initiators81 to trigger radical mediated pathway. 
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Schürmann and co-workers conducted comprehensive studies on reaction rates for 

the addition of glutathione (containing cysteine in its structure) to various α,β-

unsaturated carbonyl compounds in a buffer at pH = 7.4. The reaction speed increases 

in order: methyl tiglate (10-2 [M-1s-1]) < methyl methacrylate (10-1 [M-1s-1]) < methyl 

acrylate (10 [M-1s-1]) < methyl propiolate (102 [M-1s-1]). The most nucleophilic molecule 

1-pentene-3-one (103 [M-1s-1]), which is a ketone analogue of methyl acrylate, 

outperformed it by two orders of magnitude. Terminal, unsubstituted enones were the 

best acceptors in this comparison.82,83 Cyclic enones like 2-cyclopentene-1-one (25 [M-

1s-1]) react slower due to inherent electron donating alkyl group neighbouring with the 

C=C bond. The situation changes dramatically when electron withdrawing groups are 

located on both sides of the C=C bond, such as in maleimides where the bond is 

surrounded by carbonyl groups. It increases the reaction rate with cysteine at 

physiological pH to over 103 [M-1s-1].84 Brocchini and co-workers used methyl 

methacrylate derivative (bis-sulfone) for disulfide rebridging employing a sequence of 

Michael additions and eliminations to introduce a three carbon bridge in between native 

cysteines.85,86 They applied it to site specific PEGylation of pharmaceutically relevant 

proteins like CD4 receptor-blocking antibody binding fragment of interferon alpha. 

PEGylation increases in vivo lifetime and randomly PEGylated interferon is 

commercially available as a treatment for hepatitis B and hepatitis C (Pegasys® and 

others). The idea was further developed by Weil and co-workers who introduced to the 

original scaffold a variety of reactive groups (for CuAAC, SPAAC, IEDDA) but also 

dyes, drugs and dendrimers allowing simple modification of disulfide bearing 

biomacromolecules.87 Bis-sulfone based reagents turned out to be attractive enough 

to be manufactured and are commercially available from a few vendors (Click 

Chemistry Tools Inc., Combi-Blocks Inc., Kerafast Inc.). The reagent was further 

optimized by direct synthesis of allyl-sulfone derivatives which increased the water 

solubility of the compounds.74 The reaction is also reversible, and thioethers can 

undergo exchange with other available thiols like glutathione (GSH). Such a possibility 

is especially interesting in the context of oncology since many cancer types (breast, 

ovarian, lung and others) are characterized by elevated glutathione concentrations.88 

Therefore, glutathione mediated retro-Michael addition seems to have potential for 

drug delivery applications. Weil and co-workers successfully exploited that feature for 

decoupling of a drug introduced into cancer targeting peptide, i.e., somatostatin, when 

exposed to intracellular concentration of GSH (10 mM).89 Drug release under pseudo 
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first-order conditions (large excess of GSH) proceeded with an off-rate of 3 × 10-5 [s-1] 

what corresponds to t1/2 of about 7 h.  

Another interesting, but less frequently used, subclass of thioethers are thiazolidines, 

sulphur analogues of imidazolidines. It can be formed by reaction of N-terminal 

cysteine with an aldehyde. Varghese and co-workers used this reaction to couple a 

TAT sequence containing N-terminal cysteine with an aldehyde modified siRNA. The 

reaction occurred at physiological conditions, forming stable bond.90 Complete 

conversion was achieved in 30 minutes but required a ten equivalent excess of one of 

the reagents. Additionally reversing thiazolidine formation requires transition metals 

(silver acetate 91 or allylpalladium(II) chloride dimer92) which may be troublesome in 

biological context. Nevertheless, it is still often used for synthesis of peptide 

aldehydes.93  

Thioethers seems to be very attractive moieties providing sufficiently high stability 

which additionally can be tuned, and at the same time, is dynamic to allow the release 

of the cargo via retro Michael addition. 

1.2.4. Disulfides 

Scheme 4 Disulfide formation. 

Disulfide bridges are abundant in peptide and proteins.94 They play a crucial role in 

folding and stabilizing the tertiary structures of many extracellular proteins. Such 

proteins often have to function in unfavourable conditions, for instance, at low pH, as 

is the case with many enzymes (pepsin, amylase and others), and resist proteolytic 

degradation.95 Another important function of disulfide forming compounds is the 

regulation of the cellular redox environment and mitigating oxidative stress. A common 

antioxidant used by both plants and animals is glutathione (GSH), a tripeptide 

containing cysteine.96 GSH can be reversibly oxidized and reduced thus ensuring the 

homeostasis of organisms. 

The difference between intra- (1–10 mM) and extracellular (20–40 μM)97 

concentrations of GSH is often used as a trigger for drug release in ADCs, for instance 

in two Pfizer products: Mylotarg® and Besponsa®. Disulfide containing linkers usually 

require asymmetric synthesis.98 Typical synthetic approaches involve pre-activation of 

one of the coupled thiols with electron withdrawing groups like 4‐nitrophenyl (S-Nps) 

or 4-pyridyl (S-Pyr).99 Subsequently, the synthesized building block can be used for 
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the preparation of the protein drug conjugate (Scheme 5).100 Many are also readily, 

commercially available, for instance azidoethyl-SS-propionic acid or azide-SS-biotin 

suitable for click chemistry, Fmoc-NH-ethyl-SS-propionic acid or NHS-SS-biotin, which 

can be used for conjugation to amines.  

 

Scheme 5 Coupling of the drug (maytansine) with a monoclonal antibody (mAb). 

Adapted under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence 
(https://creativecommons.org/licenses/by-nc/3.0) from J. A. Flygare et al Decoupling 
stability and release in disulfide bonds with antibody-small molecule conjugates Chem. 
Sci., 2017, 8, 366. 

The kinetics of disulfide cleavage in vivo is complex since the reaction can proceed 

through different pathways, for instance enzymatic or radical. One prominent example 

is a direct thiol exchange following SN2 type reaction, where the thiolate attacks the 

disulfide bond along the S–S axis displacing one of the thiols in single reaction 

step.101,102 Rabenstein and co-workers explored the kinetics of the exchange of 

oxidized glutathione (GSSG) with biologically relevant molecules like coenzyme A 

(CoASH) or cysteine (CySH) in D2O.103 At pD 7.1, the second order rate of CoASSG 

formation was about ~ 10-1 [M-1s-1]. The exchange of GSH by cysteine leading to 

CySSG at pD = 7.5 was 1 [M-1s-1]. Non-catalysed reactions are relatively slow but there 

are several oxidoreductases, which can accelerate the exchange by a few orders of 

magnitude, among them are thioredoxins, glutaredoxins or protein disulfide 

isomerase.104 Some disulfide exchange reactions, like the one observed in E. coli 

periplasm between proteins DsbA and DsbB, are proceeding with second-order rate 

constants of 106 [M-1s-1] at pH 7.0. Release in vivo can be rapid. A popular approach 

to slow down the exchange speed of this reaction is the introduction of methyl groups 

in vicinity of disulfide bonds to sterically hinder potential decoupling. Two pairs of 

methyl groups (-CH)2S-S(CH)2-) decrease the disulfide-linked antibody−drug 

(maytansinoid) conjugate exchange reaction with DTT by over four orders of 

magnitude in comparison to an accessible bond.105 In a similar way, just using 

Maytansine (R = H or Me) 
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methylene groups only on the ‘drug-side’ of the linker, both stability and efficacy of the 

antibody drug conjugates were improved.106  

Disulfides combine the potential of high stability with redox responsiveness, a stimulus, 

which has been less frequently explored than the pH sensitivity.  

1.2.5. Acetals 

Scheme 6 Acetal (ketal) formation. 

Acetals are condensation products of aldehydes/ketones with alcohols (Scheme 6). 

Dehydration of the intermediate, a hemiacetal, is a limiting step and requires an acid 

as a catalyst. This step is reversible, and the formed acetal remains sensitive to acidic 

pH. It exhibits a rapid increase in the hydrolysis rate with decreasing pH (1 order of 

magnitude per pH unit) with the possibility to further tune the pH stability by selection 

of the substituents,107 which is promising for release in acidic microenvironment of 

cancer cells. Nevertheless, this reaction was rarely used for protein modification108 as 

the resultant bonds are too labile limiting site-selective approaches. Instead, it has 

been mainly exploited in polymer synthesis109,110 and micelles.111 The incorporation of 

multiple interacting groups in proximity increases local concentration resulting in a 

similar effect as using excess of one of the reagents to shift equilibrium towards product 

formation. This mechanism is often used for the formulation of materials releasing a 

drug with selected stimuli, for instance pH.112 

1.2.6. Boronate esters and derivatives 

Scheme 7 Boronic acid condensations with a) catechol, b) salicylhydroxamate. 

Sections 1.2.1 and 1.2.2 describe reactions where boronic acid groups were 

responsible for accelerating hydrazone and acylhydrazone formation.32,113 However, 

boronic acids can also undergo condensations themselves. They reversibly interact 

with various binding partners, for instance aromatic and nonaromatic cis-1,2-diols114 or 

salicylhydroxamate derivatives (Scheme 7).8 Their complexation is strongly pH 

dependent and exhibits approximately linear increment in the association constants 

with increasing basicity within the physiological and relevant pH range from 5 to 8. 
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Another feature of boronic acids is their relevance in medicinal chemistry115 with 

Bortezomib as a prime example, a tripeptide, approved by the FDA for treatment of 

multiple myeloma.116 The moiety is interesting also because its phenyl derivative can 

undergo oxidative deborylation which has been exploited in design of self-immolative 

linkers117 or prodrugs.118 

Cis-1,2-Diols, like sugars and polysaccharides, typically form the weakest bonds with 

boronic acids. Their dissociation constants at pH 7.4 are in the millimolar range, for 

instance 220 mM for glucose or 6 mM for fructose.114 Such a high dissociation 

constants do not allow the formation of stable protein conjugates at relevant 

concentrations which usually are in the micromolar range. Nevertheless, boronic acid–

diol condensations can be used for sensing and purification. Since many 

pharmaceutically relevant proteins are glycosylated, their interactions with boronic 

acids were explored by multiple groups. Peng and co-workers applied phenylboronic 

acid to decorate a sensor used in a surface plasmon resonance (SPR) experiment, 

which gave a good selectivity between glycosylated and non-glycosylated proteins with 

a limit of detection (LOD) of 16 nM.119 Further developments by the same and other 

groups allowed transferrin detection with a LOD of 4.4 nM120 and concanavalin A with 

a LOD as low as 0.29 nM.121 Wang and co-workers exploited fluorescence quenching 

of graphitic carbon nitride nanosheets by attached phenylboronic acid functionalities. 

Subsequent interaction with an IgG restores the fluorescence, allowing quantification 

of the bound glycoprotein with a detection limit of 0.05 nM at physiological pH.122 

Glycosylation can also be used for purification possibly replacing affinity 

chromatography123 based on standard protein A since phenylboronic acid (PBA)-based 

columns have longer shelf-life, its resin is more than ten times cheaper than the protein 

A-based resin, and it still has over 70% of its dynamic binding capacity. The 

incorporation of PBA also improved the recovery of model horseradish peroxidase and 

ovalbumin proteins in a polymer monolith microextraction.124 Despite unfavourable 

kinetics, there were attempts of direct application of boronic acid–sugar interaction for 

protein modification. Sun and co-workers successfully used bovine serum albumin 

statistically labelled with PBA as a simple lectin mimetic allowing it to interact with 

sugars through the incorporated boronic acid groups.125 Klebe and co-workers made 

a very interesting attempt by forming a bisubstrate-like inhibitor within a pocket of a 

protein kinase by condensing a ribopyranose-modified peptide with a PBA-

functionalized inhibitor.126 Nevertheless, it turned out that the boronic acid rather 
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interacted with the carboxylate of a glutamic acid residue and condensation did not 

occur. Despite this issue, both components were accepted simultaneously by the 

binding pocket.  

However, there is an exception among aliphatic diols. Pinanediol derivatives, highly 

sterically hindered cis-1,2-diols, form much more stable complexes. Boronates 

investigated by Akgun and Hall were characterized with submicromolar dissociation 

constants and relatively high kon of up to 340 [M-1s-1]. They applied the system by 

incorporating an optimized phenylboronic acid derivative into BSA protein and 

subsequent labelling of the conjugate with pinanediol functionalized fluorescein. The 

reaction is still reversible but its sensitivity to pH changes has not been discussed,127 

presumably because their aim was to obtain an irreversible ligation. The on-rate is in 

agreement with other studies where its range is roughly 10-103 [M-1s-1] depending on 

the condensation substrates.128,129  

Aromatic cis-1,2-diols, like catechol and its derivatives, are complexed stronger by 

PBA. At physiological pH, the dissociation constant for the interaction with catechol is 

about 1.2 mM, and in case of Alizarin Red dye even submillimolar (0.8 mM).114 Bayley 

and Ramsay engineered a protein nanopore that introduced a single boronic 

modification into its channel.9 By monitoring fluctuations in ionic current, they were able 

to detect the single molecule interaction and deliver full kinetic characterization of 

boronic acid–cis-1,2-diol interactions. For catechol, a Kd of 0.4 [mM], Kon = 1460 [M-1s-

1] and Koff = 0.61 [s-1] were measured (Figure 3).  

Figure 3 a) Ribbon representation of the Pc pore in a lipid bilayer. Pc contains a single 
Cys residue (blue) at position 117 in one of the seven subunits (green). b) Reaction of 
the thiol in Pc (Cys‐117) with 1 to irreversibly form a thioether adduct by a Michael 
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addition. The modified pore (PB) reversibly forms boronate esters with catechol. c) 
Single‐channel recordings at −50 mV with 2 M KCl, 10 mM MOPS (pH 7.0) in both 
compartments, and 0 to 0.6 mm catechol in the trans compartment. The two current 
levels correspond to the unoccupied pore (1) and to the state with catechol attached 
to the boronic acid (2). d) Plots of the reciprocals of the mean inter‐event intervals (τon) 
and the dwell times of catechol (τoff) versus the catechol concentration. 

Reprinted with permission from “Bayley et al. Single‐Molecule Determination of the 

Isomers of d‐Glucose and d‐Fructose that Bind to Boronic Acids. Angew. Chemie Int. 

Ed. 2018, 57 (11), 2841–2845. doi:/10.1002/anie.201712740” Copyright (2018) Wiley‐
VCH Verlag GmbH & Co. KGaA, Weinheim. 

Yang and co-workers used the PBA complex with Alizarin dye as a core of PEGylated 

micelles decorated with a biotin, a ligand specific for detection of streptavidin. In 

contrast to the Wang approach discussed above,122 an indirect complexation was 

adopted in this work. The recognition of streptavidin induced micelle degradation and 

release of the dye, resulting in a decrease of fluorescence when unbound. Here, the 

limit of detection for the protein was determined to be 0.09 nM. Additionally, simple 

visual detection was possible since the colour changes from orange-yellow to pink-

purple during the reaction.130 Tirelli and co-workers used tyrosinase to enzymatically 

oxidise tyrosine residues of model biomacromolecules to catechols.131 Selectively 

oxidised ovoalbumin was subsequently conjugated with hyaluronic acid modified with 

PBA residues. Successful conjugation was proven by the ARS displacement assay. 

The authors observed that oxidised ovoalbumin causes murine dendritic cells 

activation in the same way as the hyaluronic acid-ovoalbumine conjugate does and 

they speculated intracellular, pH stimulated release of the cargo. However, dissociation 

can also be caused simply due to the dilution. Interestingly the authors prepared also 

a peptide sequence containing three catechol residues but assumed the same 

dissociation constant as for a single group (286 µM). It is true on average, but a 

multivalent effect could also lead to a significant improvement. This is particularly the 

case if a protein is modified densely with PBA groups. In fact, such a possibility was 

exploited by Schepartz and co-workers. They designed a tetraserine peptide sequence 

that binds exceptionally well to diboronic acid rhodamine with a dissociation constant 

of about 0.5 µM.132 The binding was dependant on the sequence, for example, where 

changing the number or type of amino acids between the serine pairs could completely 

prevent complexation. Moreover, the replacement of the serine with other amino acids 

bearing a hydroxyl group like threonine or tyrosine significantly diminished the 

dissociation constant.  
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Pan and co-workers prepared peptide-based nanoparticles for the delivery of the 

boronic acid containing drug Bortezomib. The peptide sequence contained fluorescein 

attached to the N-terminus, four L-DOPA amino acids for binding to the boronic acid 

drug, 5 glycine long spacer and RGD sequence for targeting. Boronic acid–catechol 

condensation was performed in DMSO and stabilized by formation of nanoparticles 

containing hydrophobic drug cargo in its core.133 The construct remained sensitive to 

pH and its dissociation was accelerated at pH 5 (80% release after 10h compared to 

20% at pH 7.4). The carrier improved drug efficiency both in vitro and in vivo.  

Chesnut and co-workers identified another binding partner for boronic acids, i.e., 

salicylhydroxamates (SHA).134 Wiley, Stolowitz et al. applied this interaction for affinity 

chromatography.135,136 They modified sepharose with SHA groups and used it for 

purification of alkaline phosphatase and horseradish peroxidise conjugates with PBA. 

The interaction turned out to be so strong, that elution required a decrease of the pH 

to 2.5. The same principle was used by Lund and co-workers for capturing proteins on 

SHA functionalized affinity membranes.137 Cristiano and co-workers used SHA-

modified polyethylenimine-DNA non-viral vectors as a cargo for phenyl(di)boronic acid 

containing peptide138 or antibody139 for gene transfection. All conjugates were prepared 

by reacting NHS-activated carboxylic acids to amines and the characterization was 

limited to UV spectroscopy, which makes the assessment of their purity and stability 

difficult. Nevertheless, they were successfully used both in vitro and in vivo.  

The dissociation constant of salicylhydroxamic acid – boronic acid complex at pH 7.4 

was assessed to be in range of 10–60 µM.8,140,141 Our group used this interaction to 

introduce additional functionalities to proteins. Ng et al. functionalized model enzymes 

(trypsin, papain, DNase I) with PBA and protected them using SHA modified 

dendrimers. It allowed to control their activity by changing the pH. At pH 7.4, enzymes 

were blocked by dendritic shell and remained inactive but lowering the pH caused the 

dissociation of PBA–SHA interaction, disassembly of the shell and activity recovery.142 

Seidler at al. reversibly PEGylated (i.e. to introduce poly(ethylene glycol) the proteins 

human serum albumin and cytochrome C via PBA–SHA interactions.143 The native 

functions of both proteins were preserved after modification with PBA. Moreover, it 

allowed pH mediated control over activity of cytochrome C by assembly and 

disassembly of a SHA-modified PEG shell. Interestingly the dissociation constant for 

PBA–SHA at pH 7.4 was determined as 3 µM. Boronic acid modified cytochrome C 

was also used in further studies with bissalicylhydroxamic acid PEG cross-linkers for 
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preparation of pH responsive hydrogels.144 Due to the properties of the selected 

protein, the hydrogel was responsive to redox environment as well. 

Despite relatively widespread application of applying boronic acid interactions for 

various applications including bioconjugation, there is not much information regarding 

their kinetic properties in the literature. The most abundant kinetic information is the 

dissociation constant, which in many cases is too high to be suitable for efficient site-

selective protein modification. Moreover, detailed descriptions of on- and off-rates 

would be important for the design of responsive delivery systems. The available data 

from literature suggests relatively fast binding (kon ~ 10-103 [M-1s-1]) but also rather fast 

dissociation (koff ~ 0.01-0.38 [s-1], t1/2 ~ 2-70 [s]),129 which could be a problem to achieve 

stable linkages. A complete kinetic data would allow for the evaluation of parameters 

(reagent concentrations, reaction times) that can be obtained with the system and will 

be important towards bioconjugate design, particularly for in vitro and in vivo 

applications.  

1.3. Theoretical considerations 

An ideal delivery system should be characterized by fast association, so that it 

assembles quickly, and strong binding, which would allow efficient conjugation at 

equimolar or possibly low concentrations of the reagents. Moreover, slow dissociation 

under dilution is essential, which is accelerated when the desired stimulus is applied. 

A simplified, model dynamic delivery system should consist of two binding partners: a 

targeting unit (A) and a cargo (B). Their association and dissociation can be described 

by second-order reaction kinetics. The association rate is given by kon ([M-1s-1]), the 

binding strength by Kd or Ka ([M] or [M-1]) and dissociation rate by koff ([s-1]). The half-

life of the complex can be calculated using equation: t1/2 = ln(2)/koff [s]. Therefore, the 

general equations are similar to those describing small drug molecules binding to their 

target proteins.145–147  

For practical applications, the system should be functional at concentrations typical for 

handling biomacromolecules. Commercially available stock solutions of antibodies are 

typically in the range of 0.1–1.0 mg/mL with working concentrations for applications 

like ELISA or flow cytometry in range of 0.1–100 µg/mL.148 A value of 0.5 mg/mL 

corresponds to a working concentration of 3 µM for standard antibodies (~150 kDa). 

For antibody binding fragments (~50 kDa), working concentrations of 10 µM are 

feasible, while for single domain antibodies (~15 kDa) working concentrations of 100 
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µM are already achievable. The molarities for smaller molecules like peptides are even 

higher. For pharmaceutically relevant peptides, such as the peptide hormone 

somatostatin, concentration of 0.5 mg/mL correspond to a molarity of about 300 µM 

and stock solutions of 1 mM of higher can be prepared as well. Therefore, for all further 

considerations, 100 µM concentration of the binding partners has been arbitrary 

chosen. Over 90% bound fraction is assumed to characterize an efficient reaction. With 

these values selected, the required constants could be calculated. 

𝐾𝑑 =
[𝐴][𝐵]

[𝐴𝐵]
=  

[𝐴]2

[𝐴𝐵]
 𝑖𝑓 [𝐴] = [𝐵] 

Equation 1 Dissociation constant of a bimolecular reaction with equimolar 
concentrations of the reagents. 

𝑖𝑓 [𝐴]0 = [𝐴] + [𝐴𝐵] 𝑡ℎ𝑒𝑛 𝐾𝑑 =  
([𝐴0] − [𝐴𝐵])2

[𝐴𝐵]
 

𝑖𝑓 [𝐴]0 = [𝐵]0 = 100 𝜇𝑀 𝑎𝑛𝑑 [𝐴𝐵] = 90 𝜇𝑀 (90% 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑏𝑜𝑢𝑛𝑑) 𝑡ℎ𝑒𝑛 𝐾𝑑

=
(100 − 90)2

90
 ≈  1.1 [𝜇𝑀]  

The dependence between percent of fraction bound and concentration of reagents for 

different dissociation constants is presented in Figure 4. Initially selected parameters 

are marked in the figure: vertical dashed line indicates concentrations of 100 µM, 

horizontal dashed line shows 90% fraction bound. The intersection of both lines points 

to the dissociation constant fulfilling selected parameters, which points to 

approximately 1 µM. It agrees with the result from Equation 1. The figure shows also 

that lower Kd (corresponding to moving left along the horizontal dashed line) allows to 

reach 90% of fraction bound even for lower initial concentrations of the reagents. 

Consequently, higher Kd requires higher initial concentrations. The area marked in red 

(Kd ≥ 10 [µM]) requires initial concentrations of 1 mM and higher, which is difficult and 

sometimes impossible to obtain with protein stock solutions. Darker colours represent 
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areas corresponding to selected reactions which were described in the section 1.2.6.

 

Figure 4 Graphs plotted for dissociation constants of 0.1 to 1000 [µM] for different 

reactions. 

To calculate a favourable on-rate, desired reaction time has to be assumed. Reaction 

times below 5 minutes would be satisfactory for various applications.  

−𝑑[𝐴]

𝑑𝑡
= 𝑘𝑜𝑛[𝐴]2 

Equation 2 Second order rate law. 

1

[𝐴]
=  

1

[𝐴]0
+ 𝑘𝑜𝑛𝑡 

Equation 3 Integrated Equation 2. 

𝑘𝑜𝑛 =  
[𝐴]0 − [𝐴]

𝑡[𝐴][𝐴]0
=  

10−4 − 10−5

5 ∗ 60 ∗ 10−5 ∗ 10−4
= 300 [𝑀−1𝑠−1] 
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To put the calculated value into perspective, the association rates are plotted (Figure 

5). The graphs are simulated for 100 µM concentrations of reagents. The vertical 

dashed line shows the selected criterion of 5-minute reaction time. The dashed 

horizontal line represents what was earlier assumed as the reaction completion, i.e., 

90% fraction bound. The intersection of both lines shows the on-rate necessary to 

obtain 90% conversion within 5 minutes using 100 µM concentrations of reagents. The 

on-rate needs to be 300 [M-1s-1] for the reaction to proceed with the required speed. 

The area marked in red (kon ≤ 100 [M-1s-1]) corresponds to reactions which need at 

least 15 minutes to reach 90% conversion. The boronic acid condensations (Figure 

5a) are characterized by high kon allowing to reach this conversion in about 1 minute. 

On the other end are aldehyde/ketones condensations. Their fastest variants still 

require over an hour to accomplish the required conversion (Figure 5c).  

Figure 5 Graphs plotted for association rates of 1 to 1000 [M-1s-1] for 100 µM initial 
concentrations of reagents for different reactions. 

To reach reaction time of 5 minutes or shorter, the reaction rate would need to be 300 

[M-1s-1] or higher. With Kd and kon known, the off-rate could be calculated. 

𝐾𝑑 =  
𝑘𝑜𝑓𝑓

𝑘𝑜𝑛
 

Equation 4 On- and off-rates relationship. 

𝑘𝑜𝑓𝑓 =  𝐾𝑑𝑘𝑜𝑛 = 1.1 ∗ 10−6 ∗ 300 = 3.3 ∗ 10−4 [𝑠−1] 

To set koff into perspective, the half-life of the conjugate could be calculated based on 

this rate constant. 
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𝑡1/2 =  
ln (2)

𝑘𝑜𝑓𝑓
=  

ln (2)

3.3∗ 10−4 = 2100 [𝑠] ≈ 35 [𝑚𝑖𝑛]  

Equation 5 Half-life for first order reaction. 

The set of parameters defined here (Kd ~ 1 [µM], kon ~ [M-1s-1], koff ~3.3 × 10-4 [s-1]) is 

purely hypothetical and does not fit to any reaction described in section 1.2. Even in 

such a favourable, hypothetical case, a half-life of half an hour will be insufficient for 

most drug delivery purposes. Fast cargo release could lead to systemic toxicity. 

Pharmaceutically relevant drug conjugates have half-lives of hours or days.149 The 

dissociation rate is in direct relation with dissociation constant and association rate. 

However, enhancing the dissociation rate by decreasing the association rate is 

unfavourable since the reaction time will be prolonged. Reducing the dissociation 

constant could render the conjugate very stable and thus limit reversibility. Therefore, 

a different approach would be necessary to combine fast association at low 

concentration of reagents with slow, stimuli responsive dissociation.  

1.4. Combinations of dynamic covalent interactions 

Relevant DCvC interactions discussed in Section 1.1 are in most of the cases slow 

with second order rate constants below 10–102 [M-1s-1], which are not favourable for 

drug delivery systems as described in Section 1.2. Boronic acids are prominent 

exceptions, accelerating condensations of other groups such as oximes and 

hydrazines (Sections 1.2.1 Scheme 1b and 1.2.2, Scheme 2b) and they undergo 

condensation reactions with rates up to 103 [M-1s-1]. Boronic acids can form conjugates 

with Kd as low as 3 µM, i.e., when binding to SHA, which would ensure sufficient 

complex stability. Since out of three basic parameters (Kd, kon and koff), the two first 

parameters are favourable, but the fast koff rates could be changed without affecting Kd 

and kon. Therefore, a strategy to alter koff would be to introduce a secondary interacting 

group (Scheme 8).  

Scheme 8 Combination of two different interactions. 

As koff is concentration independent ([s-1]), the dissociation of the formed conjugate 

would be limited by the dissociation rate of the secondary interaction. kon depends on 



26 
 

the concentration ([M-1s-1]) but it could be altered by pre-coordination of the binding 

partners by a fast, primary interaction. Therefore, the dissociation rate can be 

significantly improved without excessively lowering the association rate. 

Selected, bioorthogonal, dynamic covalent interactions have been introduced in the 

previous sections together with their kinetic properties. To combine two different 

binding pairs, an additional parameter has to be considered, i.e., the compatibility of 

the selected reactions. Due to the widespread application of dynamic covalent 

chemistry for building combinatorial libraries, multiple combinations of these reactions 

have been investigated. For instance, Lehn and co-workers combined two types of 

dynamic covalent interactions: terpyridine–metal complexation and imine formation to 

create a dynamic combinatorial library (Scheme 9).150,151 However, such dynamic 

metal complexes suffer from potential cytotoxicity and lack bioorthogonality. 

Scheme 9 Combination of two dynamic covalent interactions: metal complexation 
and imine formation. 

Adapted under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence 
(https://creativecommons.org/licenses/by-nc/3.0) from Ayme, J. F.; Lehn, J. M. Self-
Sorting of Two Imine-Based Metal Complexes: Balancing Kinetics and 
Thermodynamics in Constitutional Dynamic Networks. Chem. Sci. 2020, 11 (4), 1114–
1121. 

The same group explored also combinations of terpyridine–metal complexation and 

hemiacetal formation.152 Other groups also used pairs like: disulfides and 

imines/hydrazones/hydrazides.153–156 Additionally, even more complicated systems 

were introduced, involving three different interactions like disulfides, imines and metal 

coordination157 or disulfides, hydrazones and boronates158. Anslyn and co-workers 

even demonstrated the combination of four interactions: Boronates, thioethers, 

hydrazones and terpyridine zinc complexes.159  

Based on these seminal studies, certain dynamic covalent interactions could proceed 

simultaneously and without interfering with biological processes. However, not all the 

aforementioned combinations result in the formation of reversible conjugates. For 

example, the Petasis reaction is a multicomponent reaction, in which secondary amine, 

aldehyde/ketone and boronic acid bind irreversibly (Scheme 10).  
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Scheme 10 Petasis (Petasis borono-Mannich) reaction. A three-component, 
irreversible reaction involving boronic acids. 

Boronic acids can also assemble with Schiff-base ligands, which was exploited by 

Pischel, Gois and co-workers for the preparation of fluorescent dyes (boronic acid 

salicylidenehydrazone-BASHY dyes).160,161 Their spectral properties could not only be 

fine tuned162–164 but also used for the direct assembly of the bioconjugate containing a 

drug (Bortezomib), an azide handle for SPAAC reaction and a few ethylene glycol units 

for improving the solubility. Moreover, these conjugates were still sensitive to 

glutathione allowing their degradation inside cells.165 However, the assembly of the 

bioconjugate proceeds in an organic solvents (acetonitrile) at elevated temperature (75 

⁰C), which limits direct application of this strategy for bioconjugation reactions involving 

proteins. Additionally, the obtained yield was relatively low (8%). Anslyn and co-

workers used a similar three component reaction for labelling L-DOPA containing 

biomacromolecules. The assembly of 2-formylphenylboronic acid, catechol, and N-

hydroxylamines proceeds in water resulting in the formation of a stable conjugate that 

was not responsive to stimuli.166 

Hall and co-workers used a different strategy based on a phenylboronic acid–

pinanediol condensate by introducing a secondary thiosemicarbazone interaction. It 

resulted in an irreversible binding event with an acceptable association rate of 9 [M-1s-

1].167 The system is robust and it allowed in vitro cell labelling.  

Based on the results published in the literature, several combinations of two or more 

dynamic covalent groups could be prepared preserving their reversibility and 

potentially harvesting synergistic effect to enhance their kinetics and stability. Despite 

the benefits through combination of dynamic covalent groups, the translation of such 

concepts to bioconjugation has been relatively unexplored and could address some of 

the pitfalls described in this chapter. 

2. Motivation 

Dynamic covalent chemistry is not only interesting from understanding in vivo 

processes but also because of its kinetics as outlined in Chapter 1. In fact, the unique 

properties of dynamic covalent chemistry are frequently used for the synthesis of 

smaller entities like macrocycles,168,169 molecular capsules,170,171 cages172 and 



28 
 

polymers.173–175 The aforementioned syntheses often require organic solvents but 

within the scope of DCvC reactions, many feature reactivity in water, bioorthogonality 

and stimuli-responsive reversibility, which makes them a promising tool in the 

biological context. The major challenge is the necessity of operating at the equilibrium, 

which requires fine-tuning of the stability, reactivity, responsiveness, and 

concentrations of reagents. Nevertheless, a comprehensive understanding of the 

kinetics turns this challenge into an advantage allowing to customize the dynamic 

covalent system to the selected application.105  

One of the most investigated fields involving DCvC in context of protein modification is 

antibody drug conjugation which was mentioned in the introduction. In case of antibody 

drug conjugates (ADCs), the balance between stability and reversibility is a pivotal 

aspect. Premature release of the drug before the antibody reaches its target leads to 

high systemic toxicity, while lack of cleavage diminishes drugs’ efficacy.17 Common 

cleavable linkers include hydrazones and disulfides.58 Both were used in the first ADC, 

i.e., gemtuzumab ozogamicin, approved by the FDA in 2000. The drug was withdrawn 

in 2010 because of no improvement in survival time and high toxicity, one of the 

potential reasons discussed being the susceptibility of the linker to hydrolysis.58,176 

Despite of challenges and possible pitfalls, DCvC leaves plenty of room for further 

optimization to become a useful tool for drug delivery and, in broader context, 

bioorthogonal modification of biomacromolecules.26 

Figure 6 Overview of Design of DCvC Tags based on boronic acid-ligand interactions 
investigated in this thesis in peptide/protein conjugates. 
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Development of dynamic covalent chemistry can be useful in many areas, from 

facilitating the understanding of fundamental processes to the design of advanced 

protein therapeutics, rendering it worth of utmost attention. Therefore, in this thesis, I 

seek to design and install DCvC tags to peptide and proteins in a site-selective manner. 

A systematic evaluation of boronic acid interaction with the binding ligands, namely 

SHA and catechols was carried out which are further applied for bioconjugation. Direct 

conjugation of a monovalent tag was investigated, followed by investigation using 

multivalent tags on a peptide scaffold (Figure 6). The effects of multivalency and 

combination with a secondary DCvC interaction were also investigated with the 

consideration of programming the DCvC sequences for future applications in 

biomedicine. 

3. Summary of the major results of the thesis 

3.1. "Tag and Modify” Protein Conjugation with Dynamic Covalent Chemistry 

Scheme 11 The concept of “tag-and-modify” boronic acid interacting group. 

One of the most promising dynamic covalent reactions are boronic acid (BA) 

condensations. Out of known binding partners, the lowest dissociation constant for a 

single interaction was reported for salicylhydoxamates (SHA) with a Kd as low as 10 

µM.140 The BA-SHA condensation offers potential to be used as a tool for effective, 

stimuli-responsive bioconjugation. Moreover, thanks to binding partners like 1,2-cis-

diols, which interact with lower binding strengths with the boronic acid, there is a 

possibility of using boronic acids also as a purification tag. Such a dual functionality 

would be especially valuable since separation of modified biomacromolecules is often 

challenging.177,178 The small size of the boronic acid tag would make it advantageous 

over bulky affinity protein tags like LacZ or Galactose-binding protein. Other solutions, 

for instance biotin-strept(avidin) tags179,180, are based on very strong interactions, 

which may require harsh elution conditions. A similar difficulty was encountered by 
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Wiley et al. A high ratio of BA groups per protein (2-19 for alkaline phosphatase and 2-

10 for horseradish peroxidase) caused a very high affinity of conjugates to the SHA 

modified sepharose. This strong, most likely multivalent binding made it necessary to 

elute the product with a pH of about 2.5, which could lead to misfolding.135,136 On the 

other hand, other tags, like hydrophobic peptides are interacting too weakly to be used 

for post-modification.181 Among different affinity chromatography techniques, the most 

common method for protein purification is the reversible immobilization by metal ion 

affinity chromatography. It is based on the interaction of polyhistidine-tags with ions 

like copper, nickel, zinc or cobalt.182,183 Boronic acid can be an alternative, which does 

not require usage of transition metals. The avoidance of metal ions may be beneficial 

when isolating metal-binding proteins.184 BA is especially attractive in context of 

purification since there are commercially available columns based on cross-linked 

polysaccharides (for instance GE Healthcare Superdex products). These columns are 

used for size exclusion chromatography but since their stationary phase is rich in cis-

1,2-diols, it can readily interact with boronic acids. The interaction strength can be 

additionally controlled by the pH of the eluent. At pH 7.4, the Kd for this interaction is 

in the mM range. At the same pH, boronic acids form much more stable bonds with 

SHA (Kd in low µM range). Therefore, boronic acid tags are promising candidates to 

serve both as purification tag and modification sites (Scheme 11).  

To evaluate this concept, lysozyme was selected as a model protein. It is a common 

O-glycosyl hydrolase catalysing hydrolysis of 1,4-β-linkages in peptidoglycans building 

gram-positive bacterial cell walls. The enzyme is stabilized by four disulfide bonds 

which can be selectively modified due to their different solvent accessibility.74 Targeting 

disulfide bonds can be also used for many pharmaceutically relevant proteins, for 

instance antibodies185,186 and hormones187. Boronic acid tag was successfully 

incorporated into the most accessible disulfide bond of lysozyme using allyl sulfone 

rebridging reagent (BA-IC). The reaction is based on a sequence of Michael additions 

and elimination leading to inserting a three-carbon bridge in between thiols changing 

a disulfide bond into a pair of thioethers. The reagent was synthesized in five steps 

with overall yield of 33%. The final product was characterized by 1H and 13C NMR. It 

was subsequently used for incorporation of boronic acid functional group into C6–C127 

disulfide bond which is known to be the closest to the protein surface.188 Rebridging 

reaction was performed at water at pH = 7.8. One introduced tag allowed separation 

of modified and unmodified protein. The molecular weight increased from 14.3 kDa 
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only to 14.7 kDa and such a separation would not be possible by size exclusion. The 

modified protein was interacting with agarose-based stationary phase changing 

separation mechanism to affinity chromatography. The additional interaction is also 

indicated by broadening of the peak corresponding to BA-Lysozyme. After purification 

and desalting, the product was obtained with 32% yield. Moreover 23% of unreacted 

protein was recovered from the reaction mixture which would be especially important 

in case of particularly difficult to access biomacromolecules. The product was 

characterized by MALDI-TOF-MS. The mass increment corresponded to the molecular 

weight of incorporated rebridging reagent. To ensure that expected disulfide bond was 

targeted, protein fingerprinting was performed. Modified protein was digested using 

trypsin and analysed by HR-MALDI-TOF-MS and subsequent MALDI-TOF/TOF. 

Peaks were assigned using Bruker’s Biotools software and modified fragment was 

found. It contained amino acids 6-13 connected via the rebridging reagent with amino 

acids 126-128 what confirmed targeting C6–C127 disulfide bond. Fragments containing 

all three other disulfide bonds were found unmodified. The modified bond is distant 

from the active site and an enzymatic assay was performed to confirm that its activity 

was not affected. The assay is based on the observation of clearance of the bacterial 

cell suspension turbidity over time. The catalytic performance of the modified lysozyme 

was compared with the native protein showing only minor impairment of the activity. 

BA-lysozyme preserved 80% of the activity. To evaluate the feasibility for post-

modification salicylhydroxamate fluorescent dye, a binding partner for boronic acid 

modified protein, was synthesized in two steps. Commercially available BDP-FL azide 

dye was ‘clicked’ with 2-hydroxy-4-(pent-4-ynamido)-N-(trityloxy)benzamide and the 

SHA group was subsequently deprotected. The overall yield was 71% and the product 

was characterized by the HPLC-MS and 1H NMR. The assembly and stimuli-

responsive disassembly of the dye-protein conjugate was observed using microscale 

thermophoresis. At pH = 8, Kd for reaction of BA-lysozyme with SHA-BDP was 8.0 ± 

2.0 μM. Acidification of the reaction mixture to pH 6 resulted in no binding detectable 

in observed concentration range proving release of the dye. Native lysozyme used as 

a control proved lack of unspecific binding.  

Boronic acid tag proves to be a useful moiety both for purification and stimuli-

responsive, ‘click-like’ modification of proteins. It combines these features despite of 

its small size (0.4 kDa), comparable with biotin (~0.2 kDa) or hexahistidine (~1.0 kDa). 

Small tag size minimizes the risk of hindering natural protein activity or distorting the 
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structure possibly allowing following its trafficking within the cell when labelled with a 

dye or observe conformational changes when Förster resonance energy transfer 

(FRET) pair would be used. Stimuli-responsiveness within physiological range can be 

an attractive tool for drug delivery applications where drug would be bound at neutral 

or slightly basic pH but released when in lysosomes where the pH is lowered. The 

conjugate would be also potentially responsive to tumour micro-environment which 

also is known to be acidic.189 Such a dynamic pair can be also useful for pH dependant 

control of proteins interaction when both would be chemically equipped with the tags. 

3.2. Sequence Programming with Dynamic Boronic Acid/Catechol Binary Codes 

Scheme 12 a) Sequence representation b) Proposed representation of multivalent 

effect, complementarity, and non-complementarity. 

The lowest, monovalent dissociation constants for boronic acid condensations can be 

achieved when salicylhydroxamates are used as a binding partner. However, using 

SHA is associated with two challenges. First, its derivatives are not commercially 

available, and it requires multi-step synthesis. Secondly, and the most important 

consideration being that the dissociation constant in the low micromolar range is still 

too high for applications involving typical cancer drugs with half maximal inhibitory 

concentrations in low nanomolar ranges. For instance, the IC50 of Bortezomib’s in 

human breast cancer cells can be as low as 1 nM for BT-474 cell line. The second 

problem can be potentially solved by changing electronic properties of the binding 

partners8 but that additionally complicates the synthesis. On the other hand, weaker 

binding catechol derivatives are available directly in their Fmoc- and acetonide 

protected form, suitable to use for solid-phase peptide synthesis (SPPS). Moreover, 

also 4-borono-L-phenylalanine is available and can be protected just in two steps with 

a single column chromatography purification. SPPS allows straightforward and quick 
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generation of peptide-based tags containing varying amount of interacting boronic 

acid–catechol pairs (BA–CA,  

Scheme 12a). Incorporated groups are small, not significantly bigger than 

phenylalanine – a natural amino acid. Additionally they reversibly interact in water, 

under physiological conditions with fast kinetics (Kon = 1460 [M-1s-1], Koff = 0.61 [s-1]).9 

Generation of sequences containing ordered iterations of interacting groups opens an 

intriguing avenue. The pair can be represented by 0 and 1 digits and used as a binary 

code. This DNA inspired system can be seen as its simplified version, reducing 

quaternary code to a binary one. Moreover, such a system exhibits some advantages 

over DNA in that they are stimuli-responsive, thus allowing hybridization/ 

dehybridization control by changing the pH, and the peptide backbone offers higher 

hydrolytic stability. These new features are gained without losing sequence recognition 

and error correction capabilities characteristic for DNA ( 

Scheme 12b).  

The core sequences were designed as di-, tetra- and hexapeptides with lysine (X) as 

a spacer providing additional water solubility. Therefore, boronic acid containing 

peptides were denominated as (AX)1 (di-), (AX)2 (tetra-) and (AX)3 (hexa-). Catechol 

counterparts are: (BX)1, (BX)2 and (BX)3. Boronic acid sequences were labelled with 

fluorescein and used for fluorescence quenching assay to assess binding affinities. 

Interestingly, multivalent effect was observed, divalent interaction ((AX)2-(BX)2) 

improved the binding 10-fold and trivalent 70-fold ((AX)3-(BX)3). The lack of formation 

of higher structures or aggregates was confirmed by dynamic light scattering. The triple 

interaction resulted in affinity like about eight base pairs on the DNA level. The 

structure of formed (AX)3-(BX)3 macrocycle was extensively studied with 

multidimensional NMR (TOCSY, NOESY and DOSY), Fourier-transform infrared 

spectroscopy (FTIR) and circular dichroism spectroscopy (CD). The binding properties 

were further investigated by preparation of mixed (ABA/BAB) and spaced 

(AAYA/BBYB) sequences. Also, the influence of the lysine (X) spacer was evaluated 

by preparation of A3X3/B3X3 sequences. Trivalent interaction resulted in similar 

affinities of around 80 000 [M-1], regardless of if they were mixed (ABA-BAB) or not 

(AAA-BBB). Introduction of alanine (Y) spacing distorted the binding lowering affinity 

for AAYA-BYBB to around 20 000 [M-1]. Alanine mismatch in (AX)3-BYBB was reducing 
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the affinity to divalent binding level (~10 000 [M-1]). Even more severe mismatch like in 

case of (BX)3-BAB lead to almost no detectable binding. The lysine spacer turned out 

to be crucial since A3X3-B3X3 pair interacted with affinity lower than 2000 [M-1]. 

Subsequently, the possibility of displacement of weaker binding sequence by a higher 

binding one was investigated. Fluorescein labelled (AX)3 sequence was titrated with 

(BX)1 until maximum quenching was reached. Then Dylight650-(BX)3 sequence was 

titrated and increasing FRET between fluorescein and Dylight650 was observed. 

Finally, the (AX)3 and (BX)3 sequences were used for PEGylation of a protein–

cytochrome C (CytC). PEG5000 was labelled with (AX)3 and CytC with (BX)3. Formation 

of PEG5000-(AX)3(BX)3-CytC bioconjugate was quantified by titration assay using 

Alizatin Red S. Additional characterization was performed using MALDI-TOF-MS and 

AFM.  

Overall, the system proved to be capable of carrying a binary information and mimic 

DNA in terms of multivalent binding and self-organisation. Additional feature allowing 

more control over the system is pH responsiveness. The technology can be further 

developed for building both complex and dynamic platforms. 

3.3. Dual stimuli-responsive dynamic covalent tags 

Scheme 13 The concept of boronic acid condensation coordinated disulfide bridging. 

Solid phase peptide synthesis is a powerful tool allowing fast and relatively 

straightforward generation of complex molecules. In Section 3.2, it was shown for a set 

of boronic acid/catechol containing sequences. They were not only accessible but also 

BSCSB 

OSCSO 
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incorporation of multiple binding pairs improved the binding constant, proving such a 

system with avidity. Building upon this knowledge, the peptide backbone can be 

utilized as a scaffold of the tag and exploiting avidity can allow replacement of 

synthetically challenging SHA group with commercially available, catechol containing, 

3,4-dihydroxy-L-phenylalanine non-canonical amino acid. Furthermore, additional 

functional groups can be easily introduced to increase the control over the binding. The 

set of natural amino acids already provides another dynamic covalent reaction, i.e., 

disulfide bond formation. Moreover, this reaction is not only characterized by different 

kinetics and sensitivity to stimulus other than boronic acid condensations but can also 

be potentially work complimentary. As depicted in Scheme 13, the idea is to use the 

fast binding (high on-rate) of the boronic acid condensation to pre-organize the thiols 

of the cysteines, which can be subsequently selectively oxidized forming primarily 

heterodimers and locking the boronates in place. The conjugate is stabilized by the 

disulfide bond, and its dissociation is no longer dependant on the off-rate of the 

boronate moiety but is limited by the redox environment. The spacer between binding 

residues was changed from previously used lysine to neutral serine. Charged residues 

can potentially hamper binding due to electrostatic repulsion.  

To evaluate avidity influence, two pairs of sequences were synthesized, first with single 

BA-CA interaction: BPA(/CAT)-Ser-Cys (abbreviated as BSC and OSC) and second 

with two BA-CA interactions: BPA(/CAT)-Ser-Cys-Ser-BPA(/CAT) (abbreviated as 

BSCSB and OSCSO). Reactions of BSC with OSC and BSCSB and OSCSO were 

performed in phosphate buffer at pH = 7.4 at varying concentrations (20, 200 and 2000 

µM) and oxidised using potassium peroxymonosulfate (Oxone®) to obtain 1ox and 2ox 

conjugates, respectively. Chromatograms of separated reaction mixtures indicated not 

only pre-coordination influence, but also avidity since less by-products were formed 

with increasing concentration and with higher number of interacting BA-CA groups. To 

estimate dissociation constant (Kd) for this divalent interaction of BSCSB and OSCSO 

sequences, both fluorescence quenching assay (FQA) and isothermal calorimetry 

(ITC) were performed. For FQA, N-terminus of BSCSB sequence was labelled with 

commercially available fluorescent dye (DyLight488, abbreviated to DL488). Both FQA 

and ITC resulted in Kd value of 1.8 ± 0.4 µM. The dissociation constant of the previously 

reported divalent interacting pair Lys-CAT-Lys-CAT-Lys/Lys-BPA-Lys-BPA-Lys was 

44-fold higher (Kd = 80.0 ± 7.0 µM). The improvement can be attributed to higher 

flexibility of the new sequences and lack of charge (lysine was replaced by serine) 
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preventing potential electrostatic repulsion. Moreover, repeating the measurements at 

pH = 6.0, proved pH responsiveness of the interaction. 

Stimuli responsiveness was further investigated by 1H nuclear magnetic resonance 

spectroscopy (NMR). In a series of experiments, 1H NMR spectra were recorded at 

varying pH for 2 conjugate, both before and after oxidation. Disulfide formation in 2ox 

conjugate locked boronic acid–catechol pair in bound state and all spectra were 

essentially the same, regardless the pH. Non-stabilized conjugate was dissociating 

with decreasing pH. In the next experiment redox reversibility was demonstrated. 

Mixture of BSCSB and OSCSO was first oxidised to obtain 2ox and injected into the 

HPLC to monitor the reaction result. The same reaction mixture was reduced back 

using TCEP and injected again into the HPLC showing dissociation of the conjugate 

back to peptide monomers. Nevertheless, 2ox remained stable when incubated in 1X 

PBS with 10% fetal calf serum at 37⁰ C for up to two days. Thereafter, stability was 

tested under conditions mimicking the tumour microenvironment. Conjugate 2ox was 

incubated in liver cytosol with physiologically relevant glutathione (GSH) 

concentrations. Lower concentration of GSH (1 mM) was representing conditions 

typical for healthy cells. At such, equilibrium with 1 mM of 2ox was reached within 10 

minutes and 80% of the conjugate remained intact for at least 60 minutes. When 

1 mM of 2ox was incubated with 10 mM of GSH, the conjugate was almost entirely 

reduced within 60 minutes resulting in liberation of peptide monomers: BSCSB and 

OSCSO. Therefore, the oxidised conjugate is stable in serum, but GSH release could 

be triggered in cytosolic conditions typical for cancer cells. Stability to oxidative stress 

was assessed as well. Incubation of 2ox with 0.1% hydrogen peroxide resulted in full 

degradation of the conjugate within 10 minutes. Boronic acids were oxidised to phenols 

and catechols to o-quinones. Notably, the disulfide bond remained intact. Therefore, 

the conjugate did not dissociate under tumour-mimicking oxidative conditions. 

The binding structure of 2 conjugate, both before and after oxidation, was investigated 

by multidimensional NMR and density functional theory calculations. 

Finally, the tag pair was utilized for preparing the peptide–dye bioconjugate. C5 

sequence was elongated by TAT sequence. The TAT peptide (YGRKRRQRRR), 

originating from the human immunodeficiency virus is one of the cell penetrating 

peptides and is often used for cargo delivery. TAT-OSCSO was coupled with 

fluorescence dye labelled BSCSB sequence, DL488-BSCSB. Equimolar stock 

solutions of both compounds in a 100 mM phosphate buffer pH = 7.4 were mixed in 
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equal volumes and oxidised with Oxone®. Obtained (DL488-BSCSB)-(OSCSO-TAT) 

conjugate solution was directly used for cell uptake studies. The selected cell line was 

A549, a model of alveolar Type II pulmonary epithelium. Two controls were used. First 

did not contain cell targeting group (DL488-BSGSB)-(OSCSO) and second could not 

form disulfide bond: (DL488-BSGSB)-(TAT-OSCSO) since cysteine in the first 

sequence was replaced by glycine. After 24 h incubation, only cell penetrating 

conjugate was taken up, in contrary to control conjugates. 

The system described in the Section 3.2 was further developed to improve both the 

dissociation constant and the dissociation rate. Moreover, responsiveness to additional 

stimuli was introduced. Overall, it offers more control over the system. Such a control, 

together with the possibility of expression of all used amino acids in a protein, may 

allow dynamic, stimuli-responsive and ‘life-like’ protein assembly or construction of 

peptide/protein-cargo bioconjugates which would be a valuable tool in chemical 

biology. 

4. Conclusion and outlook 

Dynamic covalent chemistry proved to be a very interesting and useful tool for 

bioconjugation. In this thesis, relevant reactions, available kinetic data and current bio 

applications were described. Moreover, reported studies of various combinations of 

these reactions were summarised. The current literature mostly focused on turning 

naturally labile dynamic covalent reactions into relatively stable systems. The main 

goal of this work was to understand fundamental properties of the promising reactions 

and later, by combining them, to integrate their best features into peptide/protein 

conjugates in the simplest possible way.  

First, a single binding partner for boronic acid was investigated, i.e., 

salicylhydroxamate. It was characterized by an attractive, low dissociation constant 

and the possibility of incorporation into an active enzyme was demonstrated (see 

Section 3.1). Assembly and disassembly of a model dye–protein conjugate was 

successful, but the system was relatively demanding and required very fine control of 

the reagent because of its rapid equilibration. Such a control is achievable in vitro but 

may be impossible in vivo which is the challenge to overcome if the application of the 

system was in drug delivery.  

The introduction of a peptide backbone as a scaffold, hosting multiple groups 

interacting in a dynamic manner, which additionally demonstrated the avidity of 
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dynamic covalent reactions of boronic acid and catechol, paved a new way for the 

development of dynamic covalent tags (see Section 3.2). Solid-phase peptide 

synthesis (SPPS) allowed rapid generation of interacting sequences using 

commercially available building blocks. The results allow control over the dissociation 

constant by simply incrementing interacting groups without the need for a complicated 

and less predictable synthetic modification of the electronic properties of the binding 

partners. 

Moreover, SPPS renders modularity of the system. It can be simply developed by 

introduction of additional amino acids, for instance cysteine. (see Section 3.3) This 

canonical amino acid is also readily commercially available. Its incorporation into the 

system brings about a second dynamic interaction. Next to pH dependant 

condensation of boronic acid with catechol, the thiol residues of cysteine can reversibly 

form disulfide bonds depending on the redox environment of the reaction. Remarkable, 

combination of these two, fully reversible reactions, not only provides dual stimuli 

responsiveness of the system but, more importantly, manifests synergy. Fast 

condensation seems to pre-coordinate slower reacting thiols with each other so they 

can be selectively oxidised, resulting mainly in heterodimers. Formed disulfide bridges 

subsequently locked boronates and controlled the dissociation of the system. 

Therefore, on top of dissociation constant control, also dissociation rate can be 

adjusted.  

The findings described herein build a solid foundation for the construction of complex, 

sophisticated and multi-stimuli responsive systems whose behaviour can be better 

understood and controlled. The implementation of such a system in a biological context 

can be utilized for trafficking and release of various cargo which can serve for either 

drug delivery or mimicking natural processes of protein transportation which may be 

relevant for synthetic biology. 

By manipulating the scaffold, interacting sequences can be easily synthesized in a 

multi-milligram and higher scale, which enables more material-demanding 

experiments like nuclear magnetic resonance to be employed. Multidimensional NMR 

coupled in a feedback loop with computational methods like density functional theory 

calculations can be a powerful tool that allows deep understanding and good 

description of synthesized systems. The obtained knowledge can be further used for 

rationale design of binding pairs with desired features. 
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To sum up, the described research area offers numerous attractive feature that would 

contribute to its further development: relatively easy and scalable synthesis of the 

compounds of interest, multiple tools allowing their in-depth investigation and 

understanding and possible demand of synthesized systems by medicinal and 

biological chemists. 
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8. Publications 

In the following are the reprints of manuscripts. The reprints were reproduced with 

permission of the relative journal. Furthermore, the copyrights are given on the 

respective cover and information of the contribution of the respective authors is listed. 

8.1. “Tag and Modify” Protein Conjugation with Dynamic Covalent Chemistry 

Maksymilian M. Zegota,+ Tao Wang,+ Christiane Seidler, David Y. W. Ng, Seah Ling 

Kuan,* Tanja Weil* 

+ shared first authorship, * corresponding author 

Published in Bioconjugate Chem. 2018, 29, 8, 2665-2670 

Copyright: Reproduced by permission of the publisher American Chemical Society. 

Abstract: 

The development of small protein tags that exhibit bioorthogonality, bond stability, and 

reversibility, as well as biocompatibility, holds great promise for applications in cellular 

environments enabling controlled drug delivery or for the construction of dynamic 

protein complexes in biological environments. Herein, we report the first application of 

dynamic covalent chemistry both for purification and for reversible assembly of protein 

conjugates using interactions of boronic acid with diols and salicylhydroxamates. 

Incorporation of the boronic acid (BA) tag was performed in a site-selective fashion by 

applying disulfide rebridging strategy. As an example, a model protein enzyme 

(lysozyme) was modified with the BA tag and purified using carbohydrate-based 

column chromatography. Subsequent dynamic covalent “click-like” bioconjugation with 

a salicylhydroxamate modified fluorescent dye (BODIPY FL) was accomplished while 

retaining its original enzymatic activity. 

Contribution of the respective authors: 

Maksymilian M. Zegota: conduction of synthetic and experimental work, data analysis 

and processing, drafting the manuscript. 

Tao Wang: Conduction of synthetic and experimental work. 

Christiane Seidler: synthesis of 2-hydroxy-4-(pent-4-ynamido)-N-(trityloxy)-benz-

amide. 

David Y. W. Ng: discussion on the concept and results. 
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Seah Ling Kuan: design and discussion of the concept and results, correcting the 

manuscript. 

Tanja Weil: acquiring funding for the project, design and discussion of the concept and 

results, correcting the manuscript. 
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8.2. Sequence Programming with Dynamic Boronic Acid/Catechol Binary Codes 

Marco Hebel, Andreas Riegger, Maksymilian M. Zegota, Gönül Kizilsavas, Jasmina 

Gačanin, Michaela Pieszka, Thorsten Lückerath, Jaime A. S. Coelho, Manfred 

Wagner, Pedro M. P. Gois, David Y. W. Ng,* Tanja Weil* 

* corresponding author 

Published in J. Am. Chem. Soc. 2019, 141, 36, 14026-14031 

Copyright: Licenced under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

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. 

Contribution of the respective authors: 

Marco Hebel: First author. Synthesis and physicochemical characterization of 

materials. Designing, planning, performing, and analysing of the majority of 

experiments. (In case materials or results were provided together with or by others, 

this is indicated next to the author’s names.) 

Andreas Riegger: Helped in synthesizing the non-natural amino acid and peptides. 

Helped with MALDI, 1H NMR, binding assays and bioconjugation studies. 

Maksymilian M. Zegota: Synthesized several of the mixed sequences in larger scale 

for NMR.  

Gönül Kizilsavas: Performed the 2D NMR experiments. Helped write the manuscript. 
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Jasmina Gačanin: Performed synthetic and experimental work, processed and 

analysed the data, drafted the manuscript. 

Michaela Pieszka: Characterized the conjugates by CD spectroscopy. 

Thorsten Lückerath: Analyzed the bioconjugates using AFM. 

Jaime A. S. Coelho: Performed the computational studies. 

Manfred Wagner: Performed the 2D NMR experiments. Helped write the manuscript. 

Pedro M. P. Gois: Performed the computational studies. 

David Y. W. Ng: Initiation of the project. Designing and supervising the experiments, 

was involved in scientific discussions, writing of the manuscript. 

Tanja Weil: Initiation of the project. Acquiring funding for this project, designing and 

supervising experiments, was involved in scientific discussions and writing the 

manuscript. 
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8.3. Dual stimuli-responsive dynamic covalent peptide tags: Towards sequence-

controlled release in tumor-like microenvironments 

Maksymilian M. Zegota,+ Michael A. Müller,+ Bellinda Lantzberg, Gönül Kizilsavas, 

Jaime A. S. Coelho, Pierpaolo Moscariello, María Martínez-Negro, Svenja Morsbach, 

Pedro M. P. Gois, Manfred Wagner, David Y. W. Ng, Seah Ling Kuan,* Tanja Weil*  

+ shared first authorship, * corresponding author 

Preprinted in ChemRxiv (doi: 10.26434/chemrxiv-2021-8gznz), preprint used herin. 

Copyright: Licenced under CC BY NC ND 4.0 (https://creativecommons.org/licenses/ 

by-nc-nd/4.0/). 

Published in J. Am. Chem. Soc. 2021, 143, 41, 17047-17058 

Copyright: Licenced under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

Abstract: 

Dynamic covalent chemistry (DCvC) has emerged as a versatile synthetic tool for 

devising stable, stimuli-responsive bioconjugates. The interplay of binding affinity, 

association and dissociation constants exhibits a strong influence on the selectivity of 

the reaction, the conversion rate, as well as the stability in aqueous solutions. 

Nevertheless, dynamic covalent interactions often exhibit fast binding in combination 

with fast dissociation events and vice versa. To overcome the intrinsic limitation, we 

have designed dynamic covalent peptide tags combining two different pairs of dynamic 

covalent interactions with different reaction kinetics: (1) the fast association of boronic 

acid and catechol that forms pH-sensitive and rapidly dissociating boronate esters, and 

(2) the slower formation of a redox-active disulfide bond with slow dissociation rate. 

Pre-coordination of the thiols of the cysteine residues by the fast boronic acid–catechol 

interaction primarily yields the heterodimers proving selectivity and self-sorting 

capability of the reaction, with improved complex stability in aqueous solution and even 

in the acidic tumor-like extracellular microenvironment. The resulting bis-peptide 

conjugate responds to pH changes within the physiological range as well as to a redox 
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environment that is similar to certain conditions found inside cancer cells. We believe 

that such tags hold great promise, through cooperative effects, for controlling the 

stability of bioconjugates under dilution in aqueous media, as well as designing 

intelligent pharmaceutics that react to distinct biological stimuli in cellular 

environments. 

Contribution of the respective authors: 

Maksymilian M. Zegota: experimental design, conduction of synthetic and 

experimental work, data analysis and processing, manuscript writing. 

Michael A. Müller: synthesis and hybridisation of tags, kinetics and stability studies, bio 

experiments together with Pierpaolo Moscariello, data analysis, manuscript writing. 

Bellinda Lantzberg: optimisation of hybridisation conditions and preparation of figures. 

Gönül Kizilsavas: conduction of NMR measurements, NMR data analysis and 

discussion. 

Jaime A. S. Coelho: performing DFT calculations and discussion. 

Pierpaolo Moscariello: performing in-vitro experiments. 

Maria Martinez Negro: performing ITC measurement.  

Svenja Morsbach: discussion on ITC measurements. 

Pedro M. P. Gois: discussion on the DFT calculations. 

Manfred Wagner: discussion on the NMR experiments. 

David Y. W. Ng: discussion on the concept and results, manuscript corrections. 

Seah Ling Kuan: design and discussion of the concept and results, correcting the 

manuscript. 

Tanja Weil: acquiring funding for the project, design and discussion of the concept and 

results, correcting the manuscript. 
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9. Other publications 

In the following are the reprints of manuscripts. The reprints were made with 

permission of the relative journal. Furthermore, the copyrights are given on the 

respective cover and information of the contribution of the respective authors is listed. 

9.1. Dynamic Core–Shell Bioconjugates for Targeted Protein Delivery and Release 

Christiane Seidler, Maksymilian M. Zegota, Marco Raabe, Seah Ling Kuan, David Y. 

W. Ng,* Tanja Weil* 

* corresponding author 

Published in Chem. Asian J. 2018, 13, 3474 – 3479 

Copyright: Licenced under CC BY-NC-ND 4.0 

(https://creativecommons.org/licenses/by-nc-nd/4.0/). 

Abstract: 

Dynamic covalent chemistry is a versatile and powerful tool that integrates both stable 

chemical bonds and stimulus responsiveness into the construction of smart 

biotherapeutics. With minimalistic molecular design, a dynamic covalent protein 

assembly that incorporates selective targeting and intracellular release upon pH 

stimulus is presented. The construct comprises an active enzymatic protein core 

(cytochrome c) self-assembled with cancer cell targeting motifs (somatostatin) through 

boronic acid/salicylhydroxamate chemistry. The bioorthogonal assembly takes place 

rapidly under neutral aqueous conditions while the release of the protein is initiated 

under acidic conditions found within cellular vesicles during uptake. By demonstrating 

that these modular components act in synergy, we show the broad applicability of such 

chemical strategies to advance the frontier of modern nanomedicine. 

Contribution of the respective authors: 

Christiane Seidler: Accomplished all experiments that are not explicitly stated as done 

with or by other authors (details are listed next to authors´ names), design and 

discussion of the concept and experimental results, processing of all experimental 

data, figure creation, literature research, writing and discussion as well as revision of 

the manuscript. 
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Maksymilian M. Zegota: Synthesis and analyses of salicylhydroxamate functionalized 

somatostatin (SST-SHA) and all precursors (Cy3-labelled SSTSHA was synthesized, 

purified and analysed by Christiane Seidler), discussion of the concept, revision of the 

manuscript. 

Marco Raabe: Confocal laser scanning microscopy performance and valuation 

together with Christiane Seidler (except for FRET study within cells), discussion of the 

concept, revision of the manuscript. 

Seah Ling Kuan: Discussion of the concept of protein functionalization, discussion as 

well as revision of the manuscript. 

David Y. W. Ng: Conducted confocal laser scanning microscopy experiments and 

evaluated the FRET studies in cells together with Christiane Seidler, design and 

discussion of the concept and experimental results (management of the project), 

writing and discussion as well as revision of the manuscript. 

Tanja Weil: Acquiring funding for the project, management of the project, discussion 

and evaluation of the results, writing and discussion as well as revision of the 

manuscript. 
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9.2. Somatostatin receptor mediated targeting of acute myeloid leukemia by 

photodynamic metal complexes for light induced apoptosis 

Naidu M. Vegi, Sabyasachi Chakrabortty, Maksymilian M. Zegota, Seah Ling Kuan, 

Anne Stumper, Vijay P. S. Rawat, Stefanie Sieste, Christian Buske, Sven Rau, Tanja 

Weil, Michaela Feuring‐Buske* 

* corresponding author 

Published in Sci. Rep. 2020, 10, Article number: 371 

Copyright: Licenced under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

Abstract: 

Acute myeloid leukemia (AML) is characterized by relapse and treatment resistance in 

a major fraction of patients, underlining the need of innovative AML targeting therapies. 

Here we analysed the therapeutic potential of an innovative biohybrid consisting of the 

tumor-associated peptide somatostatin and the photosensitizer ruthenium in AML cell 

lines and primary AML patient samples. Selective toxicity was analysed by using CD34 

enriched cord blood cells as control. Treatment of OCI AML3, HL60 and THP1 resulted 

in a 92, and 99 and 97% decrease in clonogenic growth compared to the controls. 

Primary AML cells demonstrated a major response with a 74 to 99% reduction in 

clonogenicity in 5 of 6 patient samples. In contrast, treatment of CD34+ CB cells 

resulted in substantially less reduction in colony numbers. Subcellular localization 

assays of RU-SST in OCI-AML3 cells confirmed strong co-localization of RU-SST in 

the lysosomes compared to the other cellular organelles. Our data demonstrate that 

conjugation of a Ruthenium complex with somatostatin is efficiently eradicating LSC 

candidates of patients with AML. This indicates that receptor mediated lysosomal 

accumulation of photodynamic metal complexes is a highly attractive approach for 

targeting AML cells. 

Contribution of the respective authors: 

Naidu M. Vegi: performed the measurements, processed the experimental data, 

performed the analysis, drafted the manuscript and designed the figures. 

Sabyasachi Chakrabortty: performed the measurements and was involved in 

performing the confocal microscopy. 

Maksymilian M. Zegota: was involved in constructing and producing the biohybrid. 
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Seah Ling Kuan: was involved in constructing and producing the biohybrid. 

Anne Stumper: was involved in constructing and producing the biohybrid. 

Vijay P. S. Rawat: performed data analysis, 

Stefanie Sieste: was involved in performing the confocal microscopy. 

Christian Buske: aided in interpreting the results and worked on the manuscript 

Sven Rau: performed data analysis, aided in interpreting the results and worked on the 

manuscript, designed and supervised the construction of the RU-SST and RU-Alkyne 

biohybrids. 

Tanja Weil: designed and supervised the construction of the RU-SST and RU-Alkyne 

biohybrids, aided in interpreting the results and worked on the manuscript. 

Michaela Feuring‐Buske: processed the experimental data, performed the analysis, 

drafted the manuscript and designed the figures. 
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9.3. Site-selective protein modification via disulfide rebridging for fast 

tetrazine/trans-cyclooctene bioconjugation 

Lujuan Xu, Marco Raabe, Maksymilian M. Zegota, João C. F. Nogueira, Vijay 

Chudasama, Seah Ling Kuan,* Tanja Weil* 

* corresponding author 

Published in Org. Biomol. Chem. 2020, 18, 1140-1147 

Copyright: Licenced under CC BY 3.0 (https://creativecommons.org/licenses/by/3.0/). 

Abstract: 

An inverse electron demand Diels–Alder reaction between tetrazine and trans-

cyclooctene (TCO) holds great promise for protein modification and manipulation. 

Herein, we report the design and synthesis of a tetrazine-based disulfide rebridging 

reagent, which allows the site-selective installation of a tetrazine group into disulfide-

containing peptides and proteins such as the hormone somatostatin (SST) and the 

antigen binding fragment (Fab) of human immunoglobulin G (IgG). The fast and 

efficient conjugation of the tetrazine modified proteins with three different TCO-

containing substrates to form a set of bioconjugates in a site-selective manner was 

successfully demonstrated for the first time. Homogeneous, well-defined 

bioconjugates were obtained underlining the great potential of our method for fast 

bioconjugation in emerging protein therapeutics. The formed bioconjugates were 

stable against glutathione and in serum, and they maintained their secondary structure. 

With this work, we broaden the scope of tetrazine chemistry for site-selective protein 

modification to prepare well-defined SST and Fab conjugates with preserved 

structures and good stability under biologically relevant conditions.  

Contribution of the respective authors: 

Lujuan Xu: design of the experiments and design of the chemical compounds. 

Preparation of all the organic molecules and protein bioconjugates with full 

characterization. Writing and correcting the manuscript. 

Marco Raabe: preparation of some protein conjugates. Giving scientific advice. 

Correcting the manuscript. 
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Maksymilian M. Zegota: interpreting mass spectrometry data and correcting of the 

manuscript. 

João C. F. Nogueira: transferring the technology of Fab fragment. 

Vijay Chudasama: giving scientific advice. Correcting the manuscript. 

Seah Ling Kuan: designing of the project, discussing results, and supervising the 

project. Writing and correcting the manuscript. 

Tanja Weil: designing and discussing the concept and results. Acquiring funding for 

the project. Writing and correcting the manuscript. 
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