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Abstract 

The attachment of synthetic polymers to biomolecules has resulted in a novel class of 

biomolecule-polymer hybrid materials, where the exceptional features of both molecules 

were combined in a synergistic fashion. Among these, DNA-polymer conjugates have 

emerged prominently due to the unprecedented degree of programmability and molecular 

recognition that DNA provides. Such DNA-polymer conjugates were in the past mainly 

accomplished by grafting-to strategies, where a synthetic polymer was bound to DNA 

through suitable coupling chemistries either in solution or on a solid support. However, 

the grafting-from approach, where a polymer is grown directly from the biomolecule, has 

recently accumulated attention, as it offers improved grafting-densities, simple chain 

length control, better yields and easier product purification. Recent progress in transferring 

polymerizations to ultralow volumes has allowed the first DNA polymerization in solution 

via atom transfer radical polymerization. While this approach is developing readily, 

reversible addition-fragmentation chain-transfer (RAFT) polymerization has not yet been 

introduced for DNA polymerization in solution. Crucially, RAFT polymerization bears the 

intrinsic advantage that it does not rely on metal catalysts and, moreover, has recently 

emerged as the method of choice for polymerization-induced self-assembly. These features 

rendered RAFT polymerization particularly attractive for achieving DNA polymerization, 

where it offered vast opportunities for the design of novel DNA-polymer conjugates. 

This thesis explored the first RAFT polymerizations from single-stranded DNA sequences 

in solution and the supramolecular assembly of DNA-polymer nanostructures synthesized 

by polymerization-induced self-assembly. The challenges involved in DNA polymerization 

regarding small volumes and low DNA concentrations were addressed by leveraging novel 

concepts of polymer chemistry such as enzyme degassing. Two major strategies (i.e., 

photoinduced and thermal RAFT polymerization) were individually developed and for the 

first time applied for RAFT polymerization from single-stranded DNA sequences in 

solution. Using these approaches, a variety of DNA-polymer conjugates and advanced 

DNA block copolymer architectures containing different functionalities were achieved 

from a range of monomers (i.e., acrylamides, (meth)acrylates). Notably, DNA RAFT 

polymerization was also established as a pathway towards stimuli-responsive and 

fluorescent DNA-polymer conjugates.  

Aqueous RAFT polymerization from DNA sequences was further expanded to 

polymerization-induced self-assembly, granting access towards sophisticated DNA-
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polymer architectures such as micelles and worms. These nanostructures could be further 

functionalized with complementary DNA sequences, thus introducing polymerization-

induced self-assembly as a versatile platform technology towards functional DNA-polymer 

nanostructures. In addition to DNA polymerization, the dynamic covalent chemistry of 

boronic acids and catechols was herein established to mimic the behaviour of nucleobases 

in DNA. The system exhibited a dynamic behaviour of binding and displacement very 

similar to DNA and thus represented another key success in the design of synthetic codes 

that resemble the sequence programmability of DNA.  

In perspective, this thesis has contributed to the further development of interdisciplinary 

research at the interface between polymer science and DNA nanotechnology. DNA RAFT 

polymerization, in particular, has shown great potential for the synthesis of DNA-polymer 

conjugates and higher-ordered DNA-polymer nanostructures. Following this strategy and 

considering further progress in DNA nanotechnology and related fields, the herein 

developed techniques have provided the fundamental understanding for the design of 

novel polymer-based hybrid materials. 
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1 The Development of Reversible Deactivation Radical Polymerizations 

1 Introduction 

1.1 Reversible Deactivation Radical Polymerizations 

1.1.1 The Development of Reversible Deactivation Radical 
Polymerizations 

The production of synthetic polymers (so-called “plastics”) initially started before World 

War II. In the following decades, the chemical nature of synthetic polymers was for the first 

time elucidated by Herrmann Staudinger (Noble Prize 1953), which has allowed the spread 

of plastics to every aspect of life, growing from a worldwide production of 1.5 million tons 

in 1950 to 230 million tons in 2009.[1] Today, the most abundant polymerization process for 

the commercial production of industrially relevant polymers is radical polymerization (RP). 

Its industrial importance is illustrated by the fact that it accounts for the production of ~ 45-

50% of all commercial polymers such as low-density polyethylene or polystyrene.[1] 

Mechanistically, RP relies on the radical chain reaction of monomers (i.e., molecules with 

C=C double bonds) initiated by an initiator (i.e., a molecule that fragments into radicals 

upon an external stimulus). The mechanism of RP is well understood and involves the key 

mechanistic steps of initiation, propagation, transfer and termination (Scheme 1).[2] 

RP is characterized by short average lifetimes of the active radical species (~ 1 s).[3] As a 

consequence, the reactions in RP proceed fast and in an uncontrolled fashion, which leads 

to undesired termination and transfer reactions. During the course of a RP, termination 

results in polymer chains losing their active radical centre (so-called “dead chains”) due to 

disproportionation or combination of two growing chains. Transfer reactions instead alter 

the topology and reduce the average molecular weight of the final polymer, as the radical 

centre of a propagating species is transferred to other species present in solution. Both 

termination and transfer have the consequence that polymers synthesized by RP exhibit 

broad molecular weight distributions (MWDs) with polymer chains of different lengths and 

topologies. While such broad MWDs can be interesting for industrial applications, its 

uncontrolled nature renders RP unsuitable for the synthesis of well-defined polymers or 

more complex polymer architectures.[2,3] 

The pioneering development of anionic polymerization in 1956[4] had a significant impact 

on polymer chemistry. The outstanding characteristic of anionic polymerization is that 

transfer and termination reactions are absent due to the negative charges of the growing 

species. Thus, anionic polymerization is typically considered a living polymerization 
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technique, where the growing ionic species remain persistent, if they are not externally 

quenched. This feature enabled the synthesis of homopolymers with an unprecedented 

degree of homogeneity on the molecular level and an extremely low compositional 

dispersity. Due to its high control, moreover, anionic polymerization provided first-time 

access to well-defined (multi)block copolymers and to more intricate architectures such as 

star, comb, cyclic and hyperbranched polymers.[5–7]  

 

Scheme 1. Mechanism of radical polymerization with the key mechanistic steps of initiation, 
propagation, termination and transfer. I2 represents the initiator, Pn and Pm are polymer chains of 
length n and m and M is the monomer.  

While the control of anionic polymerization is exceptional, it suffers from being susceptible 

to contaminants reactive towards anions. The removal of such contaminants is extremely 

tedious, because anionic species are reactive towards oxygen and carbon dioxide as well as 

to trace amounts of water. This makes the utilization of dried chemicals, degassing 

techniques and specialized equipment imperative to accomplish anionic polymerizations 

under inert conditions.[8] While these limitations were partially overcome, anionic 

polymerization is still associated with high costs, and hence its use is typically 

circumvented. It should be noted that a variety of other living polymerizations have been 

developed, which encompass cationic polymerization,[9] group transfer polymerization,[10] 

alkene polymerization,[11] ring-opening polymerization[12–14] and ring-opening metathesis 
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polymerization.[15] However, they also require high standards regarding purity and 

reaction conditions and are additionally limited in monomer scope.  

Even though RP is inferior to living polymerizations regarding molecular control, it exhibits 

several outstanding features. For instance, RPs tolerate protic organic solvents as well as 

water as the reaction medium. This enables polymer synthesis under environmentally 

benign conditions and avoids arduous purification steps for water removal. Another 

prominent feature of RP is that the monomer scope is much wider than for other 

polymerization techniques, as RP is compatible with a range of functional entities. This 

becomes evident when looking at the variety of monomers polymerizable by RP, ranging 

from styrenes over (meth)acrylates to vinyl monomers equipped with various 

functionalities.  

It was long considered impossible to develop RPs that can control molecular architectures 

as well as living systems, since the termination of two radicals unavoidably occurs at 

extremely fast rates. However, the inherent advantages of RP over other techniques 

prompted polymer chemists to seek opportunities that can circumvent or at least drastically 

minimize the influence of termination and transfer during RP. This goal was finally 

accomplished by introducing the concept of dynamic equilibrium to RP, paving the way 

for a novel class of reversible deactivation radical polymerizations (RDRPs). The 

development of RDRPs revolutionized polymer chemistry, as these techniques retained the 

versatility of RP while exhibiting typical features of living polymerizations. They routinely 

achieved unprecedented control over RPs and enabled the synthesis of controlled polymer 

architectures regarding topology (e.g., stars, cycles or combs) and composition (e.g., block, 

alternating or gradient), all of which was elusive using traditional RP. As a result of their 

synthetic ease, RDRPs have rapidly replaced living polymerizations as the methods of 

choice for the routine synthesis of well-defined polymers. 

The underlying principle of RDRP is to establish a dynamic equilibrium between the 

propagating radicals and a corresponding dormant species. The formation of such dynamic 

equilibria can be accomplished in two ways based on either reversible 

activation/deactivation or reversible degenerative chain transfer (Scheme 2). These 

approaches are fundamentally different in terms of mechanism and kinetics. In reversible 

deactivation/activation processes, the dynamic equilibrium is greatly in favour of a 

dormant species, thus reducing the radical concentration in solution. This decreases the 

probability of termination, as the rate of termination is bimolecular, whereas the rate of 

propagation is monomolecular regarding the radical concentration. In contrast, methods 

involving a reversible degenerative chain transfer rely on an extremely rapid equilibrium 

between the active radical species and the dormant species to provide an equal probability 
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for all chains to grow. The radical concentration is thereby not reduced compared to the 

respective RP, and thus such polymerizations exhibit quasi-identical rates of 

polymerization. 

 

Scheme 2. Control mechanisms in RDRP. Illustration of the dynamic equilibrium in a reversible 
deactivation/activation process (top) and in a reversible degenerative chain transfer process (bottom).  
Pn and Pm are polymer chains of length n and m, M is the monomer, X is a molecule that reversibly 
binds to propagating radicals and kx are the corresponding rate constants of propagation (x = p), 
termination (x = t), deactivation (x = deact.), activation (x = act.) and exchange (x = exchange).  

Based on these two approaches, a multitude of RDRPs have been developed. These include 

atom transfer radical polymerization (ATRP), nitroxide-mediated RP (NMP),[16,17] reversible 

addition-fragmentation chain-transfer (RAFT) polymerization, iodine-mediated RDRP[18] 

and organometallic RDRP[19] using different metals such as cobalt,[20,21] tellurium[22] or 

bismuth.[23] Among these, ATRP and NMP belong to the class of deactivation/activation 

processes, whereas RAFT polymerization and iodine-mediated RDRP belong to the class of 

degenerative chain transfer polymerizations (organometallic RDRPs constitute a 

mechanistic exception). The development of these techniques has greatly expanded the 

toolbox of the polymer chemist, providing unprecedented opportunities for polymer 

synthesis. As a consequence, RDRPs have quickly soared to become an essential field of 

modern polymer science, paving the way for a range of novel polymer products.  
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1.1.2 Atom Transfer Radical Polymerization  

ATRP was independently developed by the Matyjaszewski[24] and the Sawamoto[25] group 

in 1995, and has since then emerged most prominently among the existing RDRP processes. 

This becomes particularly evident when looking at the literature involving ATRP. From 

1995 to 2012, around 18000 paper were published on RDRP processes, with more than 11000 

of them being on ATRP, which impressively illustrates its importance.[26] 

An ATRP system typically comprises an alkyl halide as the initiator, a redox-active 

transition metal catalyst in combination with a stabilizing ligand, a monomer and a suitable 

solvent. Several transition metals such as ruthenium,[27,28] iron[29] or molybdenum[30] showed 

to be capable of mediating a deactivation/activation process, however, the 

copper(I)/copper(II) (CuI/CuII) redox pair has emerged most prominently for ATRP due to 

its inexpensive availability.[31] ATRP relies on the homolytic cleavage of the carbon-halogen 

bond of the alkyl halide mediated by the transition metal/ligand complex in its lower 

oxidation state (so-called “activator”). The resulting radicals then add to the monomer and 

initiate a radical polymerization process. The peculiar feature of ATRP is that the radicals 

can react back to a dormant state by halogen addition mediated by the transition 

metal/ligand complex in the higher oxidation state (so-called “deactivator”). These 

reactions result in a complex equilibrium between active and dormant species as depicted 

in Scheme 3, which is defined by the ratio of the activation rate (kact.) to the deactivation rate 

(kdeact.). These values determine the quality of the ATRP equilibrium and can be influenced 

by the chemical nature of the metal/ligand complex or the conditions. Since ATRP 

establishes polymerization control by reducing the radical concentration, a well-designed 

ATRP experiment must exhibit greater deactivation than activation rates, and therefore, all 

components have to be selected carefully. 

A major drawback of conventional ATRP is that the catalytically active transition metal is 

often sensitive to oxygen. For instance, copper(I) bromide, which is a common reagent for 

ATRP, typically requires handling under strictly inert conditions, as otherwise it will 

partially degrade into inactive CuII. To circumvent this, polymer chemists have improved 

the initial ATRP procedure by generating the active transition metal in situ rather than 

adding it to the polymerization in its native form. These polymerizations start with the 

transition metal in the higher oxidation state (e.g., CuII), which is then converted to the 

activating species by a radical (so-called “simultaneous reverse and normal initiation 

(SR&NI) ATRP”)[32] or a suitable reducing agent such as ascorbic acid (so-called “activators 

generated by electron transfer (AGET) ATRP”).[33] 
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Scheme 3. Schematic illustration of different ATRP techniques. AGET and SR&NI ATRP generate 
the active CuI species from a stoichiometric amount of CuII, whereas the other techniques 
continuously regenerate the CuII that arises from termination during ATRP. Pn and Pm are polymer 
chains of length n and m, M is the monomer, X is a halogen atom, L is a suitable ligand and kx are 
the corresponding rate constants of propagation (x = p), termination (x = t), deactivation (x = deact.) 
and activation (x = act.). 

These systems have in common that they employ stoichiometric amounts of the transition 

metal/ligand complex, which is disadvantageous as the residual metals are toxic and 

challenging to remove. As a consequence, they were developed further towards “greener” 

techniques that proceeded with exceptionally low amounts of copper in the ppm range. 

These methods do not generate the active metal species from an excess of the stable CuII, 

but instead continuously regenerate the CuII that arises from termination during the 

polymerization (Scheme 3). This process can again be mediated by either a reducing agent 

(so-called “activators regenerated by electron transfer (ARGET) ATRP”)[34,35] or by a radical 

(so-called “initiators for continuous activator regeneration (ICAR) ATRP”).[36,37]  

While ICAR and ARGET ATRP enabled ATRP at ultralow metal concentrations, they still 

suffered from side-products due to the partial oxidation of the reducing agent or the 

generation of new chains originating from the radical starter. The need for these chemicals 

(i.e., reducing agent or radical starter) has recently been alleviated by using external stimuli. 

This has led to the development of electrochemically mediated (eATRP)[38] as well as photo-

induced ATRP (photoATRP),[39] where the deactivator/activator concentrations were 

regulated by either electrochemistry or light. PhotoATRP has even enabled the first metal-
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free ATRP,[40,41] where the transition metals were replaced by organic molecules capable of 

exhibiting photoredox behaviour. Furthermore, ATRP has also been successfully 

transferred from organic to aqueous solvents, which allowed polymer synthesis under 

biocompatible conditions.[42] The extensive method development has provided the polymer 

chemist with a broad toolbox, which has been utilized for the synthesis of various hybrid 

materials, including biomolecules[43] and metal surfaces.[44–46] 

The research on ATRP of the past two decades has resulted in a vast amount of literature, 

where metal/ligand combinations and reaction conditions have been optimized for 

different monomer families in protic and aprotic solvents. These findings have been 

summarized in several reviews and provide guidelines for the ATRP of virtually any 

monomer via different techniques.[26,47,48] This fundamental work has made it possible, even 

for the non-polymer chemist, to conveniently execute ATRP, thus widening its scope to 

scientific areas other than only polymer science, where ATRP is broadly applied. 
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1.1.3 Reversible Addition-Fragmentation Chain-Transfer 
Polymerization  

Shortly after the first report on ATRP, RAFT polymerization was initially described by the 

Commonwealth Scientific and Industrial Research Organization (CSIRO) in 1998.[49] Since 

then, it has quickly soared to become the second most important RDRP following ATRP. 

RAFT polymerization is a topic of several extensive review articles and books, including 

the works by Moad, Rizziardo and Thang[50–52] and the Handbook of RAFT Polymerization 

edited by Barner-Kowollik.[53]  

The generally accepted mechanism of RAFT polymerization is depicted in Scheme 4. 

Initiation (with a radical starter), propagation and termination proceed as in conventional 

RP. However, the addition of a compound of the general structure 1 (so-called “chain 

transfer agent (CTA)” or “RAFT agent”) results in a rapid equilibrium between different 

growing chains, thus providing an equal probability for all chains to grow. The reactivity 

of the CTA originates from the C=S double bond and is determined by its Z and R group. 

While the Z group governs the reactivity of the C=S double bond and affects the lifetime of 

the intermediate radical, the R group functions as the leaving group that reinitiates 

polymerization in the pre-equilibrium. Each monomer family requires a different class of 

CTA due to the different reactivity of the intermediate radicals to establish a functioning 

RAFT equilibrium. For instance, stable radicals derived from styrenes require reactive 

CTAs such as dithiobenzoates to form sufficiently stable intermediates. The matching of 

monomer and CTA is crucial for a successful RAFT polymerization, and hence several 

reviews have provided a broad overview on the ideal Z and R group selection for different 

monomers.[54–57] 

The control mechanism of RAFT polymerization relies on a reversible degenerative chain 

transfer process, which stands in contrast to the activation/deactivation process in ATRP 

or NMP. Such a mechanism has the consequence that the radical concentration in RAFT 

polymerization is in theory equal to the respective RP. Consequently, RAFT polymerization 

resembles RP more closely than ATRP or NMP, and hence its advantages are associated 

with the versatility of conventional RP. These encompass the tolerance to a wide spectrum 

of polymerization conditions and the ability to polymerize a vast range of monomers with 

high control. For instance, RAFT polymerization can be conducted from - 15 °C[58] to 180 

°C,[59] and also under biologically relevant conditions.[60] The RAFT mechanism even allows 

the polymerization of demanding monomers, which are otherwise hard to polymerize as 

illustrated for unprotected isocyanates[61] or acid chlorides.[62]  
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Scheme 4. Schematic representation of the mechanism of RAFT polymerization. Compared to 
conventional RP, RAFT polymerization exhibits two additional mechanistic steps (i.e., the pre- and 
the main-equilibrium), which result in better polymerization control. In addition to termination, 
transfer occurs in RAFT polymerization as in RP (refer to Scheme 1), but is not shown for reasons 
of clarity. I2 represents the initiator, Pn and Pm are polymer chains of length n and m, M is the 
monomer and 1 is the CTA containing a Z and a R group. 

Besides the wide monomer scope, the popularity of RAFT polymerization stems from its 

end-group chemistry and biocompatibility. In contrast to ATRP, RAFT polymerization does 

not intrinsically rely on a transition metal, which makes it less toxic in a biological context. 

The RAFT groups can be considered as protected thiols, as these moieties can be easily 

removed to liberate the thiols by, e.g., aminolysis.[63] The end-group chemistry of RAFT-

derived polymers has been covered in several reviews,[64,65] providing strategies to attach 

small molecules or larger entities. As a result, RAFT polymerization has been used for the 

synthesis of polymers for biomedical applications as reviewed for gene delivery[66] and 

other bioapplications.[60,67]  
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In addition to the traditional approaches, the research of RAFT polymerization has recently 

seen novel developments by the introduction of photo-induced electron transfer (PET)-

RAFT polymerization.[68] This type of RAFT polymerization does not rely on an external 

initiator, but instead uses the RAFT agent itself as the initiator, which is cleaved by electron 

transfer from a suitable photocatalyst upon irradiation with light. Several photocatalysts 

have been shown to mediate PET-RAFT polymerization, encompassing biocompatible dyes 

such as Eosin Y,[69] metal complexes[70] or porphyrin complexes such as zinc 

tetraphenylporphyrin.[71] The peculiar feature of PET-RAFT polymerization is that the 

mentioned catalysts work in the visible light region, where the exact wavelengths can be 

adjusted by the selection of the catalyst. In this way, PET-RAFT polymerization was 

successfully conducted using different colours of light (i.e., violet,[72] blue,[69,71] green,[71,73] 

yellow[71] and red[71,74]). The ability to govern polymerizations by different 

catalyst/wavelength systems has opened a new pathway towards advanced material 

design under biocompatible conditions as recently reviewed.[75] 

Similarly to ATRP, the research of the last two decades has provided fundamental 

understanding of RAFT polymerization, and conditions have been broadly optimized for 

the polymerization of various monomer families in different solvents. These studies have 

finally enabled the spread of RAFT polymerization to fields beyond polymer science, where 

RAFT polymerization is applied in an interdisciplinary fashion.  
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1.1.4 Polymer Assemblies and Polymerization-Induced Self-Assembly  

Especially in recent years, RAFT polymerization has emerged as a prominent tool to direct 

self-assembly processes in situ. Synthetic polymers are extremely prone to self-assembly 

where a disordered system transitions into a highly organized structure due to favourable 

local interactions. In particular, it is well understood that amphiphilic block copolymers 

containing a hydrophilic and a hydrophobic component tend to self-assemble into higher-

ordered structures when transferred into an aqueous solvent to minimize the interfacial 

energy. Throughout the past decades, the assembly behaviour of amphiphilic diblock 

copolymers has been largely understood and is dependent on different parameters such as 

the block lengths, the block length ratio and the degree of incompatibility between the 

blocks. This knowledge has been exploited to design a vast range of polymer 

nanostructures, encompassing micelles,[76] worms[77] and vesicles[78] as well as more intricate 

assemblies such as discs,[79] rods[80] and multidimensional hierarchical structures (Figure 

1b).[81,82] The properties of these nanostructures are significantly distinct from their 

precursor molecules due to their much larger sizes, and have attracted interest in optics[83] 

and biomedicine.[84] Moreover, it has been demonstrated that such assemblies can be 

equipped with stimuli-responsiveness by careful monomer selection or post-

functionalization, resulting in assemblies that can change their shape on demand.[85,86] 

While diblock copolymers have now been exhaustively researched, the rational design 

principles for polymer assemblies have recently been extended to amphiphilic triblock 

terpolymers, giving rise to an even greater variety of nanostructures upon variation of the 

polymer block lengths (Figure 1a).[87]  

Notwithstanding the progress described above, a major disadvantage of the classical 

approach towards polymer assemblies is that it typically relies on post-polymerization 

processing in dilute aqueous conditions, often with the help of a water-miscible co-solvent. 

Here, it is essential as to how the solvent switch is performed, as different methods can 

potentially result in different morphologies due to the sensitivity of the assembly process. 

Furthermore, the efficient synthesis of the bespoke polymer assemblies in concentrated 

solutions is technically challenging. It would thus be highly advantageous, if the assembly 

and the polymerization process occurred in one single step and if this process was feasible 

at high concentrations. This has finally been realized by the development of 

polymerization-induced self-assembly (PISA).[88] This technique relies on chain-extending 

a miscible polymer with a monomer that forms an immiscible second block upon 

polymerization, resulting in the in situ formation of block copolymer assemblies (Figure 

2a). With increasing length of the second block, the structures reassemble into the 

thermodynamically most favoured state, enabling precise structural control by targeting 
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different chain lengths. PISA can be achieved by dispersion polymerization,[89] where the 

monomer of the second block is miscible, but turns immiscible upon polymerization, 

 

Figure 1. Nanostructures from amphiphilic multiblock copolymers. a) Experimental library of 
multicompartment nanostructures derived from the model polymer polystyrene-b-polybutadiene-b-
poly(tert-butyl methacrylate) in different solvent systems. Transmission Electron Microscopy 
(TEM) images revealed a variety of nanostructures dependent on the employed solvent mixtures.  
Reprinted from ref. 87, distributed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. 
b) Hierarchical self-assemblies of amphiphilic triblock comicelles prepared by crystallization-driven 
self-assembly as imaged by TEM. From ref. 81. Reprinted with permission from the American 
Association for the Advancement of Science (AAAS). 

or by emulsion polymerization,[90] where the monomer of the second block is immiscible 

and solubilized by an emulsifier. Owing to their good polymerization control under non-

demanding conditions, RDRPs are particularly suitable for PISA and, in principle, any 

RDRP technique can be applied for PISA syntheses.[91] In practice, however, the majority of 

the literature relies on RAFT polymerization.[89,92,93]  

Since its development, PISA has accumulated substantial interest for the synthesis of 

polymer assemblies at high solid contents (up to 50 wt%).[94] PISA was successfully 

conducted in aqueous (Figure 2b)[89] as well as non-aqueous (Figure 2d)[92] solvent systems 

and has recently been transferred to room temperature by relying on photoinitiation[95,96] 

and to charged systems (so-called “polymerization-induced electrostatic self-assembly”, 

Figure 2c).[97] Depending on the employed polymerization technique (i.e., dispersion or 

emulsion) and the type of solvent (i.e., aqueous or non-aqueous), only specific monomers 

https://creativecommons.org/licenses/by/4.0/
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are amenable to PISA. However, a range of different monomer systems has successfully 

been applied.[98] Their assembly behaviour was found to be dependent on parameters such 

as polymer hydrophobicity or topology,[99] which has resulted in a multitude of 

nanostructures, encompassing worms, vesicles, jellyfishes and many others (Figure 2b, c, 

d).[100,101] Furthermore, biomolecules can now act as the hydrophilic block in PISA, where 

the inclusion of biomolecules brings an additional dimension into PISA, as they can be 

intrinsically functional with highly specific bioactivity. In this regard, proteins such as 

interferon α have been demonstrated to form PISA structures, which could also be useful 

for therapeutic applications.[102] 

 

Figure 2. Polymerization-induced self-assembly for the preparation of polymer nanostructures. a) 
Schematic representation of polymerization-induced self-assembly. Reprinted with permission from 
ref. 106. Copyright (2016) American Chemical Society. b) TEM images of poly(glycerol 
monomethacrylate)-b-poly(2-hydroxypropyl methacrylate) (G-b-H) with varying block lengths 
synthesized by aqueous RAFT dispersion polymerization at different solid contents. Reprinted with 
permission from ref. 100. Copyright (2012) American Chemical Society. c) Synthesis of polyion 
complexes by polymerization-induced electrostatic self-assembly in water at different solid contents 
as visualized by TEM. Reprinted with permission from ref. 97. Copyright (2018) John Wiley and 
Sons. d) TEM image of a jellyfish morphology observed during the preparation of poly(N-(2-
hydroxypropyl)methacrylamide)-b-poly(benzyl methacrylate) via RAFT dispersion polymerization 
in ethanol. Reprinted with permission from ref. 101. Copyright (2012) American Chemical Society. 

Considering the vast opportunities for tailoring the shape of the final assembly and its 

synthetic ease, PISA has become an important platform technology for the design of 

nanostructures with controllable sizes and shapes, offering decisive advantages over the 
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classical approaches. For instance, nanostructures synthesized by PISA showed to be 

interesting for the investigation of shape-dependent effects in delivery[103] and, in addition, 

could successfully be loaded with cargo[104] or be equipped with targeting groups such as 

galactose.[105] Hence, many more applications of polymer assemblies prepared by PISA can 

be envisaged, and the PISA technology has now already become an essential component in 

the polymer chemist’s toolbox.[106] 
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1.1.5 Current Research Objectives 

RDRPs have become well-established tools in polymer science and surrounding fields, 

improving the routine synthesis of well-defined polymers, polymer assemblies and 

polymer hybrid materials. However, polymer chemistry is actively pushing its boundaries 

further towards improved sustainability, and therefore uses Nature as the main inspiration. 

In this regard, this chapter intends to give a short overview on some of the current hot 

topics in polymer science that will probably have major impact on its future.  

1.1.5.1 Polymerization in Air 

RPs traditionally rely on an oxygen-free environment, as oxygen is reactive towards 

radicals due to its unpaired electrons. This typically requires degassing strategies such as 

inert gas bubbling or freeze-pump-thaw to remove residual oxygen. While these strategies 

are well-established, they are particularly problematic, when polymerization proceeds 

from molecules whose availability is limited. These polymerizations have to proceed in low 

microliter volumes, where conventional techniques are prone to incomplete degassing. As 

a result, the development of alternative deoxygenation strategies has accelerated 

throughout the past years. Here, the first crucial achievements were the “polymerization 

through oxygen” and the oxygen removal by the continuous regeneration of a redox-active 

catalyst, which consume oxygen through a large excess of radicals or catalyst. These 

approaches have recently been complemented by enzyme degassing,[107,108] where oxygen 

is consumed by an enzymatically catalysed reaction, as well as by PET-RAFT 

polymerization (refer to Section 1.1.3), which exhibits an unusually high oxygen 

tolerance.[109] All of these discoveries have been covered by two excellent reviews,[110,111] 

providing the basis for further exploration and eventually resulting in a future where 

conventional degassing becomes obsolete.  

1.1.5.2 Sequence-Defined Polymers 

Another traditional drawback of RPs is the dispersity of the resulting polymers. While 

RDRPs have improved the dispersities that can be routinely achieved, the polymers are still 

far from being monodisperse. This stands in contrast to natural polymers (e.g., deoxyribose 

nucleic acid (DNA), ribonucleic acid (RNA) or proteins), whose synthesis has been 

perfected by Nature to yield defined and monodisperse macromolecules with highly 

specific functions. Thus, a topic of tremendous interest has been as to how non-natural 

polymers with exactly defined lengths (so-called “sequence-defined polymers”) can be 

prepared.[112] Since the initial works by Merrifield,[113] solid-phase synthesis has become a 
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convenient tool for the artificial synthesis of short, monodisperse sequences of natural 

polymers. This approach has been transferred to the synthesis of non-natural, sequence-

defined polymers by intelligently exchanging the building blocks for solid-phase 

synthesis.[114] In addition, several new pathways towards sequence-definition have recently 

been established, encompassing DNA-templated synthesis,[115,116] organic protecting group 

chemistry[117,118] and specialized polymerization techniques such as single monomer 

insertion[119] or emulsion polymerization.[120] These accomplishments have significantly 

improved access to sequence-defined polymers, rendering them highly interesting for 

several applications as recently reviewed.[121]  

1.1.5.3 Information-Containing Polymers 

One such potential application is the reading of information from synthetic polymers.[122,123] 

By dictating the exact location of each nucleobase along a DNA sequence, Nature has 

installed a powerful mechanism, where information can be stored and read out on demand. 

The successful synthesis of sequence-defined polymers[114,124] allows to artificially emulate 

this control mechanism by synthetic polymer sequences (i.e., the “code”) containing 

different monomers at defined positions (i.e., the “bits”). Several proof-of-principle studies 

have provided evidence that data storage can be accomplished using synthetic, sequence-

defined polymers, where the stored information could be read out by the fragmentation 

patterns using tandem mass spectrometry.[125–127] Based on the large set of synthetic 

monomers to choose from, synthetic polymers have the potential to reshape the principle 

of data storage. 

1.1.5.4 Single Polymer Chain Folding 

One class of essential biomolecules are proteins, which are involved in virtually every 

biological process. Proteins are well understood to fold reversibly into perfectly defined, 

tertiary structures through a folding pattern that is directly coded in their linear amino acid 

sequences. This folding determines the position and the reactivity of every functionality in 

the resulting 3D framework so that each protein serves a highly specialized function. In this 

regard, another objective in polymer science is to mimic this process by folding single 

synthetic polymer chains towards defined nanostructures through the intramolecular 

reaction of pendant groups distributed along the polymer backbone. Presently, both 

irreversible and reversible chemistries have been applied for folding, while the linear 

polymer precursors were mostly synthesized using RDRP.[128] In recent years, these systems 

have been further improved by the incorporation of multiple triggers, resulting in more 

intricate folding behaviours,[129,130] and by exemplifying their enhanced function in the 
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folded state.[131–133] These accomplishments constituted another step towards the goal of 

engineering protein-like, synthetic polymers, however, most of the examples utilized 

polydisperse polymers as the precursors. In order to resemble Nature more closely, 

sequence-defined polymers would be more ideal as the initial polymers, and thus progress 

in manufacturing sequence-defined polymers will be key for further advances in the field.   
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1.2 DNA-Polymer Hybrid Materials 

1.2.1 Biomolecule-Polymer Hybrid Materials  

Hybrid materials containing a synthetic polymer as well as another functional unit are 

unique constructs that combine the chemical properties of both entities in one molecule. 

Such a combination is often highly beneficial, as these conjugates exhibit enhanced 

properties compared to the initial molecules alone. As a consequence, the synthesis of such 

hybrid materials has been intensively investigated, resulting in the development of a 

multitude of polymer hybrid materials. 

Throughout the process of evolution, Nature has optimized biomolecules to perfection, 

equipping each class of biomolecules (i.e., DNA, peptides and proteins) with sophisticated 

functions. As a result, biomolecules exhibit a wide functional diversity, which makes them 

particularly attractive for achieving polymer hybrid materials, where their properties can 

be further improved beyond the capabilities of biology. For instance, it has been 

demonstrated that the combination of biomolecules with synthetic polymers often results 

in improved stabilities, solubilities and biodistribution properties of the biomolecule, 

greatly expanding their range of applications. 

The first protein-polymer conjugate where monomethoxy-polyethylene glycol (PEG) was 

successfully conjugated to bovine serum albumin (BSA), a process known as PEGylation, 

was reported in 1977.[134] This conjugate displayed a better circulation time combined with 

a lower immunogenic response compared to the native protein, resulting in a rise in interest 

for the therapeutic use of protein-polymer conjugates. Since then, the conjugation of 

synthetic polymers – particularly PEG – to different proteins has been examined in great 

detail, and has subsequently led to several protein-polymer conjugates receiving approval 

by the U. S. Food and Drug Administration (FDA) as therapeutics.[135,136] PEGylation relies 

on the coupling of the protein to the polymer chain through a highly efficient chemistry 

and is thus an example for the grafting-to synthesis of protein-polymer conjugates. These 

conjugation strategies have seen significant improvement throughout the last 40 years and 

now enable site-specific protein modification,[137] while retaining the native protein function 

(Figure 3). However, the grafting-to approach is typically limited to only a few chemistries 

such as the maleimide-thiol or the amine-activated ester reaction and sometimes suffers 

from the drawback of low yields due to steric hindrance.[138,139] 

Just as improved conjugation techniques greatly facilitated access to protein-polymer 

conjugates, the development of RDRPs substantially widened the scope of polymer  
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Figure 3. Conceptual strategy for the site-specific modification of proteins. Functionalization of 
proteins is typically achieved either on a natural amino acid with unique reactivity such as cysteine 
or on a non-canonical amino acid featuring a side-chain with unique, non-natural reactivity, which 
was introduced using genome editing techniques. These functionalities are modified with suitable 
molecules, whose reaction proceeds efficiently under physiological conditions. Reprinted by 
permission from Springer Nature Customer Service GmbH: Nature, ref. 137, Copyright (2016).   

chemistry regarding monomers and biocompatible conditions, thus leading to a new kind 

of protein conjugation via the so-called grafting-from approach. This approach is based on 

the covalent attachment of a polymer to a protein through the polymerization from a 

reactive initiator directly appended to the protein. This technique drastically facilitated the 

purification and the coupling efficiency compared to the grafting-to approach , as the small 

molecule monomers are well accessible and easy to remove from the conjugate.[140] Several 

reports have established protocols for the coupling of ATRP initiators or RAFT agents to 

proteins and the subsequent in situ polymerization from the resulting protein 

macroinitiators.[141–144] As a consequence, the grafting-from approach has quickly risen to 

become the major synthetic alternative to the grafting-to approach. 

Due to these improvements, a vast range of polymer-protein conjugates other than PEG-

protein conjugates have been reported. These encompass both biodegradable and non-

biodegradable polymers, branched polymers as well as stimuli-responsive polymers.[116,145–

147] In addition to proteins, these concepts have been transferred to peptides, DNA and other 

biological units such as cells.[148,149] Peptide-polymer conjugates, for instance, are 

interesting, since peptides exhibit a wide synthetic diversity due to the ease of solid-phase 

peptide synthesis. They have been used to manufacture advanced peptide-polymer 

conjugates, including brushes,[150,151] block copolymers[152,153] and nanotubes derived from 

cyclic peptides.[154–156] Moreover, the combination of stimuli-responsive polymers with 

peptides capable of fibre formation has resulted in highly complex covalent-

supramolecular peptide-polymer hybrids,[147] which have been utilized as muscle-inspired 

actuators.[157] 



DNA in a Material World 20 

1.2.2 DNA in a Material World 

While each class of biomolecules has its distinct advantages, DNA and RNA surpass any 

other biomolecule regarding programmability and self-recognition, which is a consequence 

of the highly specific Watson-Crick base pairing between complementary nucleobases. 

Therefore, DNA serves in Nature as the storage medium for genetic information where it 

encodes all of the relevant biological information through the sequence of the nucleobases 

along the backbone. Their biological importance is further evidenced by the fact that DNA 

and RNA are of key interest in several branches of biology, including molecular biology, 

genetics and biochemistry, where their molecular interactions are broadly investigated. 

Furthermore, several highly specialized techniques such as genome editing[158] (e.g., 

CRISPR-Cas[159]), DNA sequencing[160] (e.g., nanopore sequencing[161]) or the systematic 

evolution of ligands by exponential enrichment (SELEX)[162] technique for aptamer 

detection have been developed in DNA research.  

In addition to its importance in biology, DNA has also come into the focus of the material 

chemists due to the possibility to design artificial DNA nanoobjects by relying on the 

chemical properties of DNA (i.e., its complementarity), which has spawned the field of 

DNA nanotechnology (Figure 4a).[163,164] Several studies have initially illustrated that DNA 

can be used to manufacture higher-ordered motifs such as Y-shaped DNAs[165] or holliday 

junctions[166] by intelligently choosing the amount and sequences of the employed 

oligonucleotides. This fundamental understanding of DNA assembly into more intricate 

architectures has ultimately led to the development of the DNA origami technology. 

Initially presented by Rothemund in 2006,[167] DNA origami relies on folding a long DNA 

strand (so-called “scaffold DNA”) into defined DNA nanostructures assisted by multiple 

short oligonucleotides (so-called “staple DNAs”). This folding process is intrinsically 

complex and enables, depending on the DNA selection, the design of a multitude of DNA 

nanostructures, encompassing 2D and 3D structures  such as tiles,[167] tubes,[168] honeycomb-

like structures[169] and many others (Figure 4b, c).[170,171] Intriguingly, even wire-like DNA 

structures have been realized (Figure 4d),[172–174] and thus DNA origami has revolutionized 

directed structure formation on the nanoscale. 

The functionalization of DNA origami nanostructures relies either on pre-functionalized 

staple strands or on the hybridization of functional single-stranded DNAs (ssDNAs) to 

complementary ssDNAs protruding from the DNA origami surfaces (Figure 5a).[175] Such 

attachment points are typically incorporated into DNA nanostructures by using extended 

staple DNAs, which contain an additional sequence that is not involved in the folding and 
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thus protrudes from the surface thereafter. This mechanism allows the attachment of a wide 

range of functionalities (e.g., thiols,  

 

Figure 4. Structural design by DNA origami. a) Exemplary DNA origami design of the red shape. 
The scaffold DNA (black) is folded by the assistance of multiple staple DNAs (coloured), connecting 
different parts of the scaffold DNA to form the desired shape. Adapted by permission from Springer 
Nature Customer Service Centre GmbH: Nature, ref. 167, Copyright (2006). b) 2D DNA origami 
designs and corresponding atomic force microscopy (AFM) images as initially presented by 
Rothemund. Reprinted by permission from Springer Nature Customer Service Centre GmbH: 
Nature, ref. 167, Copyright (2006). c) 3D DNA origamis with different designs derived from 
honeycomb-like subunits as visualized by TEM. Reprinted by permission from Springer Nature 
Customer Service Centre GmbH: Nature, ref. 169, Copyright (2009). d) Wire-like DNA origamis as 
visualized by AFM. Reprinted by permission from Springer Nature Customer Service Centre 
GmbH: Nature, ref. 173, Copyright (2015). 

amines), which can be further utilized to bind materials such as metal nanoparticles (Figure 

5b, c, d).[176–178] Here, the extraordinary feature of DNA origami is that the amount and the 

position of these attachment points are perfectly defined, as each DNA has a unique 

position within the overall DNA nanostructure. This enables unprecedented control over 

the functionalization density and their locations and makes DNA origami the current gold 

standard for the organization of materials with low nanometer resolution.[179,180]  

One powerful example for the unique addressability of the DNA origami scaffold is the 

design of DNA robots. Inspired by the macromolecular machines found in Nature, 
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researchers have successfully miniaturized machines to the molecular level using organic 

small molecules,[181–183] a development that has been awarded with the Noble Prize in 2016.  

 

Figure 5. Tailored functionalization of DNA origami. a) Functionalization strategy of DNA origami. 
Extended staple strands (“capture strands”) are included in the annealing process, and thus protrude 
from the surface after the folding. These can then serve as attachment point for other functionalities 
as shown for silver nanoparticles functionalized with complementary sequences. Reprinted with 
permission from ref. 177. Copyright (2010) John Wiley and Sons. b) TEM images of silver 
nanoparticles organized on DNA origami. Reprinted with permission from ref. 177. Copyright 
(2010) John Wiley and Sons. c) Immobilization strategy of gold nanoparticles on DNA origami. 
DNA-modified gold nanoparticles were bound to the centre of a single DNA origami structure 
comprising 32 radially arranged petals by the hybridization to staple DNA extensions as visualized 
by TEM. Reprinted with permission from ref. 178. Copyright (2016) American Chemical Society. d) 
Using the strategy depicted in c), gold nanoparticles were ordered into different lattices by attaching 
additional linker units to the DNA origamis. Reprinted with permission from ref. 178. Copyright 
(2016) American Chemical Society. 

Similarly, molecular machines have been designed out of DNA by leveraging its 

complementarity.[184,185] Here, crucial examples included molecular DNA tweezers[186,187] 

and DNA walkers.[188] These have rapidly developed from being non-autonomous to being 

capable of brief motion along a designated one-dimensional track.[189,190] In this regard, 

DNA origami has been shown to constitute an ideal platform to achieve directional 

movement of DNA walkers through precisely modifying the tracks on the origami 

template,[191] thus significantly improving the previous examples. This strategy has been 



23 DNA in a Material World 

expanded towards more complex systems, where DNA robots have been designed to 

deliver cargo to designated positions atop a programmed DNA origami platform[192] or 

where DNA-based rotors have been made from tightly fitting DNA origami pieces.[193] 

Conclusively, DNA nanotechnology has flourished throughout the past decade, bringing 

forth a range of novel DNA systems, whose further development will be thrilling to follow.  
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1.2.3 DNA-Polymer Conjugates and Their Synthesis 

Compared to its peptide and protein counterparts, the development of DNA-polymer 

conjugates has been slightly delayed, as the handling of DNA is inherently more difficult 

due to its limited availability. In the past decades, however, automated solid-phase 

synthesis of DNA with or without attached functionalities has seen significant 

improvements, facilitating the routine synthesis of larger amounts of functional DNA. 

These developments have provided access to a variety of DNA-polymer hybrid materials, 

where both the DNA and the polymer part have been broadly varied.  

DNA-polymer hybrid materials are often categorized in either purely hydrophilic or 

amphiphilic, and both types have been of significant scientific interest. In particular, it has 

recently been found that short oligonucleotides can bind to biomolecules with affinities 

comparable to antibodies (so-called “aptamers”) due to their specific folding into a 3D 

structure, a process that is reminiscent of protein folding.[194] Depending on the target 

molecule, aptamer sequences can be universally selected through the SELEX process,[162,195] 

with aptamers exhibiting several advantages compared to protein-based antibodies. 

However, aptamers typically undergo comparatively fast biological clearance due to their 

small sizes. As a consequence, they are typically conjugated to synthetic polymers such as 

PEG to enhance their biodistribution, which has already resulted in an aptamer-PEG 

conjugate receiving market approval by the FDA for glaucoma treatment.[196] Hydrophilic 

DNA-polymer conjugates have thus become of crucial importance for drug development, 

where several other aptamer-polymer conjugates are in clinical trials. Other hydrophilic 

DNA-polymer conjugates have been applied to design sensor devices[197,198] or drug 

delivery systems based on DNA-containing hydrogels.[199–201]  

Amphiphilic DNA-polymer conjugates, where a hydrophobic polymer is directly attached 

to DNA, constitute the other class of DNA-polymer conjugates. Due to the hydrophilicity 

of the DNA block, these structures tend to self-assemble in aqueous solution, where the 

DNA forms the assembly shell and is thus available for further functionalization. The 

conjugation of hydrophobic polymers to DNA, however, is intrinsically more difficult, as 

water/buffer cannot be used as the solvents for conjugation due to solubility. This requires 

specialized chemistries or DNA protection strategies[202] to achieve amphiphilic DNA-

polymer conjugates in organic solution. Thus, these conjugates have been investigated by a 

much smaller amount of research groups compared to their hydrophilic counterparts. A 

considerable number of work in this area was conducted by Herrmann and co-workers, 

who established a solid-phase approach for the attachment of hydrophobic poly(propylene 

oxide) to DNA. The resulting DNA-polymer micelles served as templates for organic 
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reactions,[203] virus-like particles[204] or delivery systems.[205,206] Furthermore, they 

exemplified that the outer ssDNA shell can be exploited for further shape modification as 

demonstrated for a transition from spherical to rod-like micelles by hybridization of a long 

complementary DNA sequence (Figure 6b).[207] Based on these studies, several other 

amphiphilic DNA-polymer conjugates have been developed, which enabled the reversible 

attachment to surfaces and nanoparticles such as silica or gold covered with 

complementary sequences.[208] An appealing approach for the modification of DNA-

polymer conjugates is the use of biological tools, which are not amenable to purely synthetic 

systems. In this way, the DNA strand of several DNA-polymer conjugates could be 

extended from just a few to thousands of nucleotides through polymerase chain reaction 

(PCR).[209] In addition, enzymes capable of DNA cleavage at designated positions (so-called 

“DNAzymes”) were successfully utilized for micelle-to-worm shape modifications through 

the alteration of the hydrophilic DNA segment (Figure 6a).[210] The complexity of 

amphiphilic DNA-polymer conjugates has recently been extended towards DNA diblock 

copolymers,[211] which exhibited even more sophisticated assembly behaviours as shown 

for the formation of DNA islands.[212]   

 

Figure 6. Nanostructures from amphiphilic DNA-polymer conjugates. a) Synthetic strategy for the 
manipulation of DNA-polymer architectures. The initially spherical micelles changed shape upon 
addition of a DNAzyme, which cleaved parts of the hydrophilic DNA block. The resulting DNA-
polymer worms were modified with the complementary DNA sequence, leading to another 
morphological change back to the spherical micelles. Reprinted with permission from ref. 210. 
Copyright (2010) John Wiley and Sons. b) Schematic representation of how DNA-polymer micelles 
derived from DNA-b-poly(propylene oxide) assemble with complementary DNA molecules of 
different lengths. Reprinted with permission from ref. 207. Copyright (2007) John Wiley and Sons.  

DNA-polymer conjugates were in the past mainly achieved by grafting-to strategies either 

in solution or on a solid support. The main advantage of this approach is that the synthetic 

polymer can be thoroughly characterized prior to DNA coupling. This stands in contrast to 
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the grafting-from approach, where the characterization of the grown polymer is more 

difficult due to the influence of the DNA during routine measurements. However, both 

grafting-to approaches either in solution or on the solid support suffer from major 

drawbacks. These encompass varying yields, particularly when hydrophobic polymers are 

involved, and limited monomer scopes due to the fact that the monomers have to be 

compatible with purification and/or the employed coupling chemistry. Solid-phase 

synthesis, for instance, involves cleavage from the solid support under strongly basic 

conditions (i.e., treatment with ammonia) and any polymer that is appended to DNA 

directly on the solid support has to withstand these conditions. Despite these drawbacks, 

the grafting-to approach has become the favoured approach for DNA-polymer coupling, 

and thus has seen great progress in the last decade.[213] The coupling chemistries have been 

largely expanded, encompassing chemistries such as the amide,[214,215] azide-alkyne,[216] 

thiol-ene[217] or norbornene-tetrazine conjugation.[218] Moreover, DNA protection strategies 

and optimized chemistries enabled the more efficient coupling of hydrophobic moieties to 

DNA directly in organic solvents, where DNA does not typically exhibit good 

solubility.[202,219] 

Despite these advances, the grafting-from approach would still be a desirable synthetic 

alternative, as it typically offers improved grafting-densities, simple chain length control, 

better yields and easier product purification (Scheme 5). However, in contrast to proteins 

or peptides, the grafting-from approach has long not received much attention for DNA 

modification. This is mainly due to the fact that radical polymerizations must operate above 

a certain volume and concentration threshold, as otherwise the amount of radicals is too 

low for the polymerizations to proceed. This, in turn, is hardly compatible with DNA 

modification, as the upscale synthesis of initiator-modified DNA in the milligram scale is 

associated with high efforts and costs. First grafting-from polymerizations were thus only 

accomplished from DNAs immobilized on different surfaces, where the concentrations 

could be adjusted by the addition of sacrificial initiators.[220–223] In the past years, however, 

the community has made significant progress in transferring polymerizations to lower 

radical concentrations and volumes (< 50 µL) by leveraging techniques that proceed in 

air.[110] These advances combined with the progress in DNA synthesis and up-scaling made 

it possible to synthesize the required amounts of functionalized DNA with reasonable 

synthetic effort. As a result, first grafting-from polymerizations from DNA in solution were 

accomplished by using different ATRP methods,[224–227] demonstrating some of the intrinsic 

advantages of the grafting-from approach such as the fast alteration of monomer. However, 

the grafting-from approach on DNA is still at its beginning, where further developments  
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Scheme 5. Schematic illustration of the difference between the grafting-to and the grafting-from 
approach. The grafting-to approach can either proceed in solution or on a solid support, to which the 
oligonucleotide is bound.  

such as the introduction of other polymerization techniques (e.g., RAFT polymerization) 

are highly warranted to consolidate the approach further in the literature.  
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1.2.4 DNA Origami-Polymer Hybrid Materials 

Beyond the synthesis of novel hybrid conjugates, the precise organization of functional 

entities on the low nanometer scale is often considered extremely interesting, as it would 

allow to study distance-dependent molecular interactions such as electron transfer 

processes or cascade reactions. However, the exact positioning of functional moieties on the 

nanoscale has been elusive, until the development of the DNA origami technology 

reformed nanostructuring by enabling the accurate organization of virtually any functional 

moiety with low nanometer resolution.[179] This has, for instance, been demonstrated for the 

assembly of enzymes, which have been positioned by DNA origami to design advanced 

cascade nanoreactors.[228,229]  

Another material class that has emerged prominently for the organization on DNA origami 

are synthetic polymers, as their synthetic variety regarding, e.g., stimuli-responsiveness or 

side chain functionalities is manifold. Here, two different approaches to attach the polymer 

to DNA origami based either on the grafting-to or the grafting-from approach have been 

established. In the grafting-to approach, ssDNAs were either first appended to the side 

chains of a pre-synthesized polymer, resulting in a DNA-polymer brush, or attached in 

terminal position, leading to a DNA block copolymer. These hybrid materials were 

subsequently assembled on DNA origami by hybridization of the DNA-polymer conjugates 

to the complementary sequences, which protruded from the DNA origami surface. In the 

case of the DNA-polymer brush, this enabled the organization of a single polymer chain on 

DNA origami in designated patterns (Figure 7a),[230,231] whose orientation could be tuned 

by strand displacement experiments (Figure 7b).[232] This system has been extended to the 

organization of more than one polymer on the same scaffold, pushing its boundaries to 

higher complexity.[233] In the case of the DNA block copolymer, in contrast, this leads to 

polymers protruding from the DNA origami surface, which have been used to create 

responsive DNA origami-polymer micelles[219] and directed assemblies by relying on DNA 

prisms and cages.[234–236]  

However, the disadvantage of the grafting-to approach is that the polymer ensembles are 

difficult to organize on DNA origami due to the steric hindrance of the polymer chains 

during the attachment. Hence, the grafting-from approach, where small molecule initiators 

are immobilized on DNA origami and subsequently used as macroinitiators, has been 

pioneered for polymer ensemble growth at defined positons. In a first proof of concept 

study, ATRP initiators were successfully attached onto DNA origami and used for 

conventional AGET ATRP in the presence of a sufficient amount of sacrificial initiators.[237] 

Importantly, the polymerization from DNA origami is aggravated by the low amounts of 
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DNA origami available, which warrants the use of significant amounts of sacrificial 

initiators. Nevertheless, ATRP on DNA origami was successfully demonstrated, and  

 

Figure 7. Organization of polymers on DNA origami a) AFM images of curved (top) and U-shaped 
(bottom) single polymer chains immobilized on DNA origami. The DNA origami designs are shown 
as inlets and served as the template for the organization of the single polymer chains. Reprinted by 
permission from Springer Nature Customer Service Centre GmbH: Nature, ref. 230, Copyright 
(2015). b) Design strategy for switching the conformation of a single polymer chain on DNA origami 
(top) and corresponding AFM images (bottom). Reprinted with permission from ref. 232. Copyright 
(2016) American Chemical Society. c) Synthetic strategy for fabricating confined DNAzyme 
domains on DNA origami by embedding hemin into G4 quadruplex sequences at defined locations. 
Reprinted from ref. 239, distributed under CC BY-NC 4.0, https://creativecommons.org/licenses/by-
nc/4.0/. d) AFM images of polydopamine on DNA origami in designated patterns (top). Strategy to 
liberate polydopamine nanostructures from DNA origami (bottom). Reprinted from ref. 239, 
distributed under CC BY-NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/. 

subsequently successfully transferred to 3D DNA origamis.[238] In addition, the concept has 

been extended to spatially controlled aniline and dopamine polymerization from DNA 

origami (Figure 7c). Here, suitable co-factors (e.g., hemin) were embedded into G-

quadruplex sequences protruding from the origami surface, which then served as confined 

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
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initiating spaces for polymerization. By leveraging this system, polydopamine was grown 

in precise patterns on a low nanometer scale using either hydrogen peroxide[239] or visible 

light[240] as the trigger. Due to its highly cross-linked and rigid nature, these polydopamine 

structures could even be liberated from the DNA origami template (Figure 7d), enabling 

the targeted synthesis of polymer architectures such as polydopamine crosses with 

nanometer resolution.  

While these achievements have provided the foundation for the generation of defined 

polymer nanoobjects, polymerizations from DNA origami are still in their infancies and 

require better fundamental understanding. Therefore, establishing other polymerization 

techniques from ssDNA and DNA origami is of crucial importance, as they would 

substantially widen the synthetic flexibility in terms of polymer design. With such 

achievements in hand, precisely tailored DNA origami-polymer hybrid materials with 

designated molecular recognition could be envisaged. 
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2 Motivation 

The development of ATRP and RAFT polymerization has transformed polymer chemistry 

as they enabled the synthesis of well-defined polymers under non-demanding reaction 

conditions and with high control over molecular weights, molecular weight distributions 

and functionalities. They have further enabled the combination of synthetic polymers with 

the biomolecules abundant in Nature (i.e., peptides, proteins and DNA/RNA), resulting in 

a novel class of biomolecule-polymer hybrid materials. Among these, DNA-polymer 

conjugates have emerged prominently, as the degree of programmability and molecular 

recognition that DNA provides is unrivalled by any other biomolecule. In this respect, the 

properties of DNA (e.g., hydrophilicity, complementarity) have allowed to organize DNA-

polymer conjugates into higher-ordered DNA-polymer nanostructures. 

DNA-polymer conjugates were in the past mainly achieved by grafting-to strategies, where 

the pre-synthesized polymer was appended to DNA through suitable coupling chemistries. 

However, the grafting-from approach has recently come into the focus of the polymer 

chemist for DNA polymerization, as it offers improved grafting-densities, simple chain 

length control, better yields and easier product purification. In contrast to proteins and 

peptides, however, the development of DNA polymerization lacks behind, since it is 

aggravated by the low DNA quantities available.  

The polymer community has recently made great progress in transferring polymerization 

to low volumes and low radical concentrations by leveraging techniques that proceed in 

air. These key advances resulted in the first polymerizations from DNA via different ATRP 

methods directly in solution. Surprisingly, RAFT polymerization has, in contrast to ATRP, 

not yet been applied for DNA polymerization in solution. Crucially, RAFT polymerization 

bears the inherent advantages that it provides a wide monomer scope and does not have to 

rely on transition metal catalysts. In addition, it has emerged as the method of choice for 

PISA, granting access towards the formation of intricate polymer assemblies. The 

combination of DNA with RAFT polymerization would thus deliver a novel and intriguing 

avenue towards functional DNA-polymer nanostructures of various shapes and equipped 

with various functionalities.  

In the current thesis, the first examples for RAFT polymerization from ssDNA sequences 

are presented. The first system introduced photoinduced RAFT (photoRAFT) 

polymerization from DNA by utilizing the combination of Eosin Y and ascorbic acid as the 

photoinitiation system. An optimized protocol, which utilized ultralow volumes of 20 µL 



Motivation 32 

and low radical concentrations, enabled aqueous photoRAFT polymerization of several 

monomer families from ssDNA sequences equipped with CTA moieties. The chain length 

of the polymer backbone could be easily controlled, while the hybridization properties of 

the ssDNA strand were not compromised during polymerization. This enabled 

programmed post-functionalization with complementary ssDNA strands as exemplified 

with a rhodamine-containing ssDNA sequence.  

The second presented system extends and improves the initially reported DNA photoRAFT 

polymerization. Here, thermal initiation was for the first time introduced for DNA RAFT 

polymerization in solution by relying on a low-temperature thermal initiator. Enzyme 

degassing with glucose, glucose oxidase and sodium pyruvate enabled DNA 

polymerization under ambient conditions and circumvented the need for freeze-pump-

thaw. Using this advanced degassing strategy, thermal DNA RAFT polymerization was 

applied for the synthesis of well-defined and functional DNA-homopolymer and diblock 

copolymer conjugates. Furthermore, the developed technique was utilized for PISA directly 

from ssDNA sequences, resulting in sophisticated DNA-polymer architectures, which 

could be further functionalized with complementary ssDNA sequences. These results 

established DNA RAFT polymerization as a versatile tool to access DNA-polymer 

nanostructures.  

In addition to DNA polymerization, a key goal towards intelligent macromolecular systems 

is the design of synthetic codes that resemble the sequence programmability of DNA. 

Therefore, in collaboration with M. Sc. Marco Hebel and others, the dynamic covalent 

chemistry of boronic acids and catechols was established to mimic the behaviour of 

nucleobases in DNA. By dictating the positions and the amount of the boronic 

acid/catechol moieties within defined peptide scaffolds, sequence programming on a 

molecular level was accomplished, with the dynamic behaviour of binding and 

displacement being similar to what is observed in DNA. The pH responsiveness of the 

boronic acid/catechol interaction installed a trigger to control the hybridization as a 

function of the pH. Thus, the presented system exemplified how DNA-like hybridization 

properties can be achieved using purely synthetic macromolecules, providing a versatile 

platform for the design of macromolecular systems with complex dynamic behaviours. 
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3 Results and Discussion 

3.1 DNA-Polymer Conjugates by Photoinduced RAFT 
Polymerization  

 

Scheme 6. Synthetic strategy towards DNA-polymer conjugates by leveraging blue light-mediated 
RAFT polymerization from ssDNA sequences. Adapted with permission from ref. 241. Copyright 
(2019) American Chemical Society. 

The grafting-from approach has emerged as a powerful synthetic pathway towards 

biomolecule-polymer conjugates, offering improved grafting-densities, simple chain length 

control, good yields and easy product purification.[140] However, in contrast to proteins and 

peptides, the grafting-from approach has not received much attention for the 

polymerization from DNA sequences due to the low DNA quantities available. This makes 

the utilization of low microliter volumes and low radical concentrations imperative to 

accomplish DNA polymerization under highly dilute aqueous conditions.  

The difficulty of polymerizations in low microliter volumes stems from the oxygen 

sensitivity of radical polymerizations. Conventional degassing techniques such as inert gas 

purging or freeze-pump-thaw are extremely challenging at these low volumes and can 

result in significant batch-to-batch deviations. First grafting-from polymerizations were 
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thus only accomplished from surface-immobilized DNA sequences, where the radical 

concentrations could be increased by the addition of sacrificial initiators.[198,220,222,223] 

However, the polymer community has recently made significant progress in transferring 

polymerizations to the low microliter regime by leveraging techniques that proceed entirely 

in air.[110] These key advances have resulted in the first polymerizations from DNA via 

different ATRP methods freely in solution,[224–227] establishing DNA polymerization as a 

versatile tool towards DNA-polymer conjugates. Nonetheless, just a few examples have 

been given, which have yet only utilized ATRP as the polymerization technique. Thus, 

RAFT polymerization was herein for the first time applied for the polymerization from 

ssDNA sequences in solution (Scheme 6).[241] 

A major limitation of DNA polymerization is that high ionic strength buffers and ambient 

conditions are typically required to retain the stability of DNA: Therefore, photoRAFT 

polymerization was selected, as it offers biocompatible conditions by relying on visible 

light-induced initiation. In particular, a recent study has introduced the combination of 

Eosin Y (EY) and ascorbic acid (AscA) for blue or green light-mediated, aqueous RAFT 

polymerization under ambient conditions and in ultralow volumes of 20 µL (Scheme 7).[73] 

Owing to the excellent biocompatibility of the employed reagents and its oxygen tolerance, 

this study served as the starting point for establishing the first photoRAFT polymerization 

from ssDNA sequences.  

 

Scheme 7. Initiation mechanism of green light-mediated RAFT polymerization in air using the 
combination of Eosin Y and ascorbic acid as proposed by Boyer and co-workers. Reprinted with 
permission from ref. 73. Copyright (2017) Royal Society of Chemistry. 

CTA-terminated ssDNA sequences were achieved by conjugation of an amine-terminated 

ssDNA sequence (NH2-DNA) to the activated N-hydroxysuccinimide (NHS) esters of the 

CTAs 2-(butylthiocarbonothioyl)propionic acid (BTPA) and 4-cyano-4-

(phenylcarbonothioylthio)pentanoic acid (CPADB) in the presence of an auxiliary base. 

BTPA and CPADB were chosen as the CTAs, as they provide good control over the 

polymerizations of acrylamides, acrylates and methacrylates. DNA conjugation in solution 
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was preferred over automated solid phase synthesis, as CTAs would not withstand the 

treatment with aqueous ammonia required for cleavage from the solid support.[64] The 

successful synthesis of the CTA-containing ssDNA sequences was confirmed by high 

performance liquid chromatography (HPLC), matrix-assisted laser desorption/ionization 

(MALDI) mass spectrometry and ultraviolet/visible (UV/VIS) spectroscopy, revealing the 

successful coupling of the CTAs to the ssDNA sequences. 

While the initial report by Boyer and co-workers facilitated photoRAFT polymerization in 

air and at ultralow volumes, it relied on high radical concentrations at a [CTA]:[EY]:[AscA] 

ratio of 1:0.02:1 with [CTA] = 25 mM. Due to the limited availability of DNA, however, 

these concentrations could not be transferred to DNA polymerization, which is typically 

restricted to concentrations below [CTA] = 5 mM. Thus, a set of parameters was first 

optimized for photoRAFT polymerization at low concentrations using conventional BTPA. 

It was found that while polymerizations proceeded under ambient conditions, 

polymerization control was lost when decreasing the concentration from [CTA] = 25 mM 

to [CTA] = 5 mM. To improve this, different ratios of the photocatalyst were attempted, 

however, the system was still insufficient to ensure good polymerization control. These 

results implied that while ascorbic acid facilitated polymerization under ambient 

conditions, control was not maintained when scaling to low radical concentrations. 

As a consequence, the freeze-pump-thaw technique had to be additionally employed to 

eliminate oxygen. The polymerizations now proceeded with good control, enabling 

photoRAFT polymerization at low radical concentrations and at ultralow volumes. These 

optimized conditions were transferred to polymerization directly from the ssDNA 

sequences. Gel permeation chromatography (GPC) and polyacrylamide gel electrophoresis 

(PAGE) revealed successful polymer growth from BTPA-terminated ssDNA (BTPA-DNA) 

using acrylamides and acrylates and from CPADB-terminated ssDNA (CPADB-DNA) 

using methacrylates. Noteworthy, also stimuli-responsive monomers such as 

N-isopropylacrylamide were successfully polymerized from DNA. Compared to the model 

polymers without the presence of DNA, however, the DNA-polymer conjugates exhibited 

significantly broader MWDs. This might be due to undesired side-reactions during the 

polymerization or the interaction of the photocatalyst with the charged DNA backbone. In 

addition, the ssDNA sequence was shown to maintain its hybridization properties after the 

polymerization as evidenced by Fluorescence Correlation Spectroscopy (FCS). 

In conclusion, photoRAFT polymerization was successfully established as a convenient 

route towards DNA-polymer conjugates. Eosin Y and ascorbic acid served as the initiating 

system to promote RAFT polymerization under the irradiation of blue light. DNA-polymer 

conjugates were achieved with different polymer lengths and employing different 
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monomer families (i.e., acrylamides, acrylates and methacrylates). The polymerizations 

proceeded with DNA maintaining its self-recognition properties, thus enabling 

programmed post-functionalization with a complementary ssDNA sequence carrying a 

rhodamine dye. The established technique complements other synthetic methods such as 

ATRP, enabling access to DNA-polymer conjugates by using light as the stimulus. 

 

The results are presented comprehensively in the manuscript 5.1.
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3.2 DNA-Polymer Nanostructures by RAFT Polymerization 
and Polymerization-Induced Self-Assembly 

The first manuscript of this thesis introduced blue light-mediated photoRAFT 

polymerization from ssDNA sequences. However, while this system provided access 

towards a range of DNA-polymer conjugates, it still had to rely on the freeze-pump-thaw 

technique due to the low concentrations required for DNA polymerization. Since 

conventional degassing techniques are prone to incomplete degassing at such low volumes, 

the need for freeze-pump-thaw limited the robustness of the established method. Thus, an 

improved polymerization protocol proceeding entirely under ambient conditions would be 

desirable. 

Enzyme degassing has recently emerged as an alternate degassing strategy, proceeding 

efficiently in aqueous medium (Scheme 8).[107] It relies on the enzymatic reaction of glucose 

with molecular oxygen in the presence of glucose oxidase to remove residual oxygen. This 

process showed to consume dissolved oxygen nearly instantaneously and has enabled 

aqueous RAFT polymerization and ATRP under ambient conditions and at low 

volumes.[108,242] Furthermore, enzyme degassing has recently been explored for DNA 

polymerization via ATRP.[227] Thus, I envisioned that this approach would also facilitate 

RAFT polymerization from DNA under ambient conditions.  

 

Scheme 8. Schematic representation of enzyme degassing using the reaction of glucose with 
molecular oxygen in the presence of glucose oxidase. The resulting hydrogen peroxide can be trapped 
by sodium pyruvate, converting it into carbon dioxide, water and sodium acetate.  

Another novel concept that has recently received tremendous interest in polymer chemistry 

is the PISA technique. PISA has enabled the construction of complex polymer architectures 

at high solid contents by relying on the chain-extension of a miscible polymer block with a 

monomer that forms an immiscible second block upon polymerization. The polymerization 

techniques most utilized for PISA are dispersion and emulsion RAFT polymerization. Thus, 

I envisioned that RAFT polymerization from DNA could be directly applied to prepare 
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DNA-polymer architectures by PISA, where DNA would form the hydrophilic polymer 

block. 

In this second presented study,[243] BTPA-DNA was synthesized as described above, 

serving as the CTA for DNA polymerization. Thermal initiation was now employed instead 

of photoinitiation, as thermal initiation would also offer the incorporation of fluorescent 

monomers. The initiator 2,2'-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride 

(VA-044) was selected for thermal initiation due to its low decomposition temperature and 

good compatibility with the employed biomolecules. DNA polymerization was conducted 

at volumes of 40 µL directly in polymerase chain reaction tubes, which were placed in a 

thermocycler for constant heating.  

Thermal RAFT polymerization from BTPA-DNA sequences proceeded under ambient 

conditions using enzyme degassing, producing DNA-polymer conjugates of acrylamides 

and acrylates with narrow to moderate molecular weight distributions (Đ = 1.14–1.41) and 

varying polymer lengths (Mn, app = 12.0–36.8 kDa). Compared to the photo-mediated 

process, the control over DNA polymerization was greatly improved, while enzyme 

degassing facilitated the handling and the robustness. Successful polymer growth from 

DNA was again confirmed by GPC and PAGE, while FCS revealed that the self-assembly 

properties of the DNA remained intact during the course of polymerization.  

Since the polymerizations proceeded in air, DNA-diblock copolymers could easily be 

synthesized by adding fresh monomer after the entire consumption of the first monomer, 

which was followed by GPC and PAGE. Furthermore, the developed approach showed to 

be compatible with fluorescent monomers such as a rhodamine B-containing acrylate. Its 

successful incorporation into the polymer was evidenced by FCS, while polymerization 

control was maintained. Labelling of the ssDNA strand with a complementary DNA strand 

carrying a suitable dye resulted in a DNA-polymer conjugate containing different 

functional units as shown by Förster resonance energy transfer (FRET) studies. These 

results paved the way for the synthesis of DNA-polymer-conjugates containing various 

functionalities. 

Finally, the optimized conditions for thermal RAFT polymerization were applied for 

aqueous PISA directly from DNA (Figure 8). Therefore, diacetone acrylamide (DAAm) and 

N,N-dimethylacrylamide (DMA) served as the monomer system for PISA.[244] By targeting 

different chain lengths, DNA-polymer nanostructures of different shapes and sizes could 

be synthesized. Here, a morphological transition characteristic of PISA was observed, as 

the DNA-polymer nanostructures changed shape from spherical micelles over worm-like 

structures to disc-like objects with increasing length of the hydrophobic polymer as 

visualized via AFM. The particle formation was further assessed by cryo-TEM 
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measurements, which allowed to visualize the structures directly in solution as opposed to 

AFM, where the structures had to be deposited on a surface prior to the measurement. 

Interestingly, larger substructured particles were observed in cryo-TEM, which were 

different from the structures observed in AFM and highly reminiscent of so-called inverse 

morphologies.[245] The observation of such different morphologies was reasonable 

considering that the working concentrations of cryo-TEM were much higher than in AFM, 

indicating that the structures were dynamic depending on the concentration. 

Figure 8. Polymerization-induced self-assembly from ssDNA sequences. a) Schematic illustration of 
polymerization-induced self-assembly from single-stranded DNA in Dulbecco’s Phosphate Buffered 
Saline (DPBS). b) The resulting nanostructures could be further functionalized by hybridization 
with a fluorescent, complementary DNA strand in Mg-containing 1 × Tris-Acetate-EDTA (TAE) 
buffer as shown by fluorescence correlation spectroscopy. c-f) Various DNA-polymer nanostructures 
(i.e., micelles, worms and discs) were obtained by targeting different polymer chain lengths as shown 
by AFM. g-j) Cryo-TEM images and grayscale analysis of selected DNA-polymer nanostructures at 
higher DNA concentrations. Reprinted from ref. 243, distributed under CC BY 4.0, 
https://creativecommons.org/licenses/by/4.0/. 

https://creativecommons.org/licenses/by/4.0/
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Furthermore, inverse morphologies typically occur in the presence of relatively short 

hydrophilic blocks and high ionic strength, explaining why these morphologies were 

observed at high DNA concentrations. To further illustrate its uniqueness, the DNA block 

was successfully functionalized with a complementary ssDNA sequence carrying a 

rhodamine dye, illustrating that post-modification of these DNA-polymer nanostructures 

was possible. 

In conclusion, these results have significantly expanded the scope of RAFT polymerization 

from ssDNA sequences, granting access into various important avenues (e.g., 

copolymerization, PISA), where the technique can be broadly applied. Thermal initiation 

was successfully introduced for DNA RAFT polymerization, thus complementing the 

photoinitiation system of the first study. Moreover, enzyme degassing enabled DNA RAFT 

polymerization in air, thus extremely facilitating the handling and the robustness of the 

method. While grafting-to and solid-phase approaches were in the past the preferred 

techniques for achieving DNA-polymer nanostructures, the herein presented grafting-from 

approach via RAFT polymerization improves various important aspects of polymerization 

from DNA such as purification and convenience. Together with the accomplishments in 

ATRP from ssDNA sequences, the results of the presented studies further consolidate and 

popularize the grafting-from approach for the synthesis of DNA-polymer nanostructures.  

 

The results are presented comprehensively in the manuscript 5.2. 
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3.3 Sequence Programming with Dynamic Boronic 
Acid/Catechol Binary Codes 

Compared to other biomolecules, DNA exhibits an unprecedented degree of molecular 

recognition and programmability. These unique features originate from the highly specific 

binding between complementary nucleobases, through which molecular information is 

encoded. In this respect, synthetic chemistry has enabled to expand the properties of DNA 

by appending artificial units such as synthetic polymers. However, the unique 

characteristics of DNA have inspired synthetic chemists not only to chemically modify 

DNA, but also to create entirely artificial DNA prototypes that are able to emulate its 

programmability and recognition.[246] There have recently been first successes in designing 

DNA prototypes by relying on supramolecular[247,248] or on dynamic covalent 

interactions.[249] Nonetheless, the examples in this field based purely on synthetic chemistry 

are scarce and primitive compared to the examples relying on biochemistry. 

In collaboration with MSc. Marco Hebel and others, the third presented study introduced 

the dynamic covalent chemistry of boronic acids (BAs) and catechols (CAs) as a synthetic 

motif for emulating the binding between complementary nucleobases.[250] The dynamic 

chemistry of BAs and CAs is well-established in biochemistry, where its prominence stems 

from their binding complex, which exhibits fast binding kinetics, a low sterical demand and 

pH-responsiveness under physiological conditions. These features are very similar to the 

binding characteristics in DNA, and thus the dynamic covalent binding between BAs and 

CAs was investigated to emulate the binding of nucleobases in synthetic DNA prototypes.  

The nucleobases in DNA are precisely arranged along a defined backbone. To emulate this, 

peptides were selected as the synthetic scaffolds, as modern solid-phase techniques 

facilitate the synthesis of long, monodisperse sequences of varying composition and with 

diverse end-groups. Importantly, the peptide sequences were designed in a way that they 

contained amino acid spacers X (i.e., lysines), which positioned the BA/CA moieties in an 

alternating fashion within a given peptide sequence (Figure 9a). The unnatural BA and CA 

motifs were incorporated into these peptide sequences by using the unnatural amino acid 

analogs directly for solid-phase synthesis. In this way, a library of different hexa- and octa-

peptide sequences was synthesized to investigate the effect of sequence, length and defects 

on the binding event (Figure 9c).  

In the first series of experiments, oligopeptides containing one, two or three BAs [(AX)1, 

(AX)2, (AX)3] as well as their complementary sequences with CAs [(BX)1, (BX)2, (BX)3] were 

synthesized. These sequences showed an multiplicative increase in binding affinity when 
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increasing the binding event from monovalent to trivalent, suggesting a complementary 

binding behaviour as observed in DNA. The binding event between the peptide sequences 

was confirmed by fluorescence thermophoresis, FRET studies, multidimensional nuclear 

magnetic resonance, MALDI mass spectrometry, circular dichroism and density functional 

theory calculations. Importantly, it was also found that the spacer placement was critical 

for the successful binding, as the spacers facilitated both solubility and steric constraints. 

For example, when placing the BA/CA moieties in a consecutive manner without the 

presence of an alternating spacer (A3X3, B3X3), binding was not observed, demonstrating 

the importance of the molecular sequence design. 

 

 

Figure 9. Sequence programming by leveraging the dynamic covalent chemistry of boronic acids and 
catechols. a) Representation of a general synthetic code containing different non-natural and natural 
amino acids. b) Schematic representation of the thermodynamic binding process dictated by the 
multivalency of the binding event. c) Schematic representation of the synthesized peptide library 
with different boronic acid/catechol codes. The images were reprinted from ref. 250, distributed under 
CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. 

To further elucidate the binding properties, mixed sequences (ABA, BAB) and sequences 

containing nonbinding events (AAYA, BYBB), where Y was a non-interacting amino acid 

(i.e., alanine), were additionally prepared. Compared to the homogenous sequences, the 

hybridization of the mixed sequences proceeded with similar affinity, however, the binding 

https://creativecommons.org/licenses/by/4.0/
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event took significantly longer to occur (~ 8 hours). When nonbinding amino acids or 

mismatched pairs were involved in the hybridization process, the resulting binding 

affinities were greatly reduced, with more nonbinding amino acids/mismatches resulting 

in an even greater loss of binding affinity. If the amount of mismatches was further 

increased and outweighed the amount of matching pairs, no binding was observed at all, 

overall displaying binding dynamics similar to DNA. The DNA-like behaviour of the 

system was further illustrated by strand displacement experiments, which is a prominent 

tool for DNA functionalization.[251] In this respect, it was shown that a (BX)1 sequence could 

be easily displaced from a (AX)3 template by the trivalent binding of a (BX)3 sequence due 

to the higher binding affinity (Figure 9b). Furthermore, the specific binding between the 

BA- and CA-containing peptide sequences could be exploited for the conjugation of PEG5000 

to a protein (i.e., cytochrome C), which were both functionalized with one of the 

complementary peptide sequences. The successful formation of the construct was 

confirmed by a titration assay and MALDI MS. In addition, I performed an in depth-study 

on the topological differences between the initial components and the construct after their 

conjugation by liquid AFM (Figure 10), clearly showing larger structures with increased 

heights and lateral sizes after the conjugation. Due to the pH-responsive nature of the 

BA/CA interaction, this binding even showed to be reversible upon a pH change, thus 

incorporating stimuli-responsiveness into the system.  

 

Figure 10. AFM images of PEG5000-(AX)3 (left) and PEG5000-(AX)3(BX)3-CytC (right). Reprinted 
from ref. 250, distributed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/. 

In conclusion, the dynamic covalent chemistry between BAs and CAs was successfully 

established as a synthetic motif for mimicking the specific binding of complementary 

nucleobases. By dictating the exact positions and the amount of the BA/CA moieties along 

defined peptide scaffolds, the binding dynamics of the system were investigated, revealing 

a binding and displacement behaviour similar to DNA. While in Nature the hybridization 

https://creativecommons.org/licenses/by/4.0/
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process of DNA is regulated by temperature, the pH responsiveness of the BA/CA 

interaction installed a trigger to control the hybridization as a function of the pH. The 

system presented one of the first examples as to how DNA-like hybridization properties 

can be achieved using purely synthetic macromolecules, thus providing a versatile platform 

for the design of macromolecular systems with complex dynamic behaviours. Moreover, 

the presented study further contributed towards the key goal of creating DNA prototypes 

that can potentially take over the role of DNA in artificially made cells. 

 

The results are presented comprehensively in the manuscript 5.3.
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4 Conclusion and Outlook 

During the course of this thesis, I have investigated and established the first RAFT 

polymerizations from single-stranded DNA sequences in solution. The grafting-from 

approach is a prominent synthetic strategy for the synthesis of biomolecule-polymer 

conjugates, where polymeric materials add a range of new properties to the biomolecules. 

However, while the polymerizations from proteins and peptides have evolved readily, 

DNA polymerization has received much less attention due to the extremely low amounts 

of functional DNA available. As a consequence, DNA polymerizations are typically 

restricted to volumes in the microliter regime and low radical concentrations. However, 

substantial progress in transferring polymer synthesis to small volumes has recently been 

accomplished by relying on polymerizations that proceed entirely in air. While these 

improvements resulted in the first polymerizations from DNA via ATRP, RAFT 

polymerization has yet not been investigated for DNA polymerization in solution. 

Crucially, RAFT polymerization does not rely on potentially toxic transition metal catalysts, 

while allowing a wide range of monomers to be polymerized with good control. Moreover, 

it has recently emerged as the method of choice for the preparation of complex polymer 

assembles via polymerization-induced self-assembly. These features rendered RAFT 

polymerization particularly attractive for DNA polymerization. 

The first investigated system of this thesis introduced the first photoRAFT polymerization 

from DNA in solution. Initiation processes using different wavelengths of visible light have 

emerged prominently in polymer synthesis, as they offer spatiotemporal control and good 

biocompatibility. Here, an advanced polymerization protocol proceeding at ultralow 

volumes of 20 µL and low radical concentrations was developed for aqueous, blue light-

mediated RAFT polymerization from ssDNA sequences. By leveraging the combination of 

Eosin Y and ascorbic acid, DNA-polymer conjugates of varying lengths were successfully 

prepared from different monomer families (i.e., acrylamides, acrylates and methacrylates). 

During the course of polymerization, the hybridization properties of the ssDNA strand 

were not compromised, enabling programmed post-functionalization with complementary 

ssDNA sequences. The developed system thus grants convenient access to various DNA-

polymer conjugates under biocompatible conditions.  

The established methodology was further extended and improved in the second presented 

report. Here, the enzyme degassing approach was utilized for deoxygenation, enabling 

DNA polymerization under ambient conditions and without the need for a conventional 

degassing technique. Furthermore, thermal initiation was introduced for DNA RAFT 
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polymerization instead of photoinitiation. Using these improvements, thermal DNA RAFT 

polymerization was pioneered for the synthesis of well-defined, functional DNA-

multiblock copolymers. Thermal initiation additionally allowed the synthesis of fluorescent 

DNA-polymer conjugates by the incorporation of a rhodamine B-containing acrylate. The 

system could be successfully expanded to amphiphilic DNA-polymer conjugates by 

applying polymerization-induced self-assembly for DNA RAFT polymerization. In this 

way, a variety of DNA-polymer architectures were generated, which could be further 

functionalized with a fluorescent complementary ssDNA sequence. These results 

established RAFT polymerization from DNA as a broadly applicable tool towards different 

DNA-polymer nanostructures. 

Besides DNA polymerization, a key goal towards smart macromolecules is the design of 

artificial systems that can emulate the programmable nature of DNA. In collaboration with 

M. Sc. Marco Hebel and others, directed programming on a molecular level was for the first 

time accomplished by using the dynamic covalent chemistry of boronic acids and catechols. 

A library of highly defined peptide scaffolds containing boronic acid and catechol moieties 

at predefined positions was synthesized, while their dynamic binding and displacement 

was dictated by the exact positions and the amount of boronic acid/catechol moieties along 

the peptide backbone. Also, the pH responsiveness of the boronic acid/catechol interaction 

allowed the control of binding modes through changes of the pH, exhibiting a dynamic 

behaviour very similar to DNA. With these results, the dynamic hybridization properties 

of DNA were successfully translated to a purely synthetic system, thus demonstrating how 

complex dynamic behaviours can be imparted into synthetic macromolecules.  

In summary and future outlook, a novel approach towards functional DNA-polymer 

nanostructures by grafting polymers from ssDNA sequences via RAFT polymerization was 

investigated and herein newly established. The fields of polymer science and biology have 

become extremely interdisciplinary, which has resulted in a multitude of hybrid materials, 

where the exceptional features of both worlds were combined in a synergistic manner. 

However, the synthetic opportunities that have evolved from the combination of biology 

and polymer science are still in their infancies and require better fundamental 

understanding. The results of the current thesis aim to further contribute to this process by 

stimulating innovative ideas on how DNA and synthetic polymers can intertwine to create 

functional nanostructures. In particular, the utilization of PISA from DNA opened a new 

avenue towards anisotropic DNA-polymer nanostructures, where the shapes could be 

easily varied and their composition would theoretically allow functionalization from the 

inside and the outside. Studying the behaviour of such structures in a cellular context for, 

e.g., cargo delivery or cell uptake would be extremely interesting, as anisotropic structures 
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are generally underexplored for potential delivery applications. Furthermore, transferring 

the herein established technologies to more complex 2D and 3D DNA architectures 

synthesized by the DNA origami or the DNA minimal “clip-by-clip” approach[235,252] would 

allow the precise organization of RAFT-derived polymers on the nanoscale. Following this 

and considering further progress in DNA nanotechnology and surrounding fields, the 

herein developed approach for DNA polymerization intends to serve as a fundament for 

the design of novel polymer-based hybrid materials. 
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Abstract 

Conventional grafting-to approaches to DNA-polymer conjugates are often limited by low 

reaction yields due to the sterically hindered coupling of a pre-synthesized polymer to 

DNA. The grafting-from strategy, in contrast, allows to directly graft polymers from an 

initiator that is covalently attached to DNA. Herein, we report blue light-mediated 

reversible addition-fragmentation chain-transfer (Photo-RAFT) polymerization from two 

different RAFT agent-terminated DNA sequences using Eosin Y as the photocatalyst in 

combination with ascorbic acid. Three monomer families (methacrylates, acrylates and 

acrylamides) were successfully polymerized from DNA employing Photo-RAFT 

polymerization. We demonstrate that the length of the grown polymer chain can be varied 

by altering the monomer to DNA-initiator ratio, while the self-assembly features of the 

DNA strands were maintained. In summary, we describe a convenient, light-mediated 

approach towards DNA-polymer conjugates via the grafting-from approach. 
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ABSTRACT: Conventional grafting-to approaches to DNA−polymer conjugates are often limited by low reaction yields due
to the sterically hindered coupling of a presynthesized polymer to DNA. The grafting-from strategy, in contrast, allows one to
directly graft polymers from an initiator that is covalently attached to DNA. Herein, we report blue-light-mediated reversible
addition−fragmentation chain-transfer (Photo-RAFT) polymerization from two different RAFT agent-terminated DNA
sequences using Eosin Y as the photocatalyst in combination with ascorbic acid. Three monomer families (methacrylates,
acrylates and acrylamides) were successfully polymerized from DNA employing Photo-RAFT polymerization. We demonstrate
that the length of the grown polymer chain can be varied by altering the monomer to DNA-initiator ratio, while the self-
assembly features of the DNA strands were maintained. In summary, we describe a convenient, light-mediated approach toward
DNA−polymer conjugates via the grafting-from approach.

■ INTRODUCTION

The combination of synthetic polymers with the unique
specificity and recognition properties of DNA gave rise to an
all-new class of DNA−polymer hybrid materials.1−5 In recent
years, DNA−polymer conjugates have emerged as versatile
building blocks that provided enhanced stability to complex
DNA nanostructures6,7 or facilitated, e.g., the precise
organization of polymeric structures by DNA.8−12 In
particular, the combination of DNA with a hydrophobic
polymer chain resulted in amphiphilic species that formed
supramolecular architectures such as micelles or vesicles.13−15

These assemblies were intensively investigated in the context
of drug delivery,16−19 as scaffolds for directing organic
reactions20 or as virus-like particles.21 Inspired by recent
advances in designing more sophisticated 2D and 3D DNA
architectures equipped with various functionalities,22,23 poly-
mer chains were organized within complex DNA scaffolds or
grown from DNA origami templates as distinct nanostruc-
tures.24,25

Until recently, grafting-to strategies of presynthesized
polymers to DNA sequences were mainly accomplished
following solid phase synthesis13,20,26,27 or bioconjugation
strategies, such as copper-mediated azide−alkyne,28,29 thiol−
ene,30−32 amide33−35 or recently also tetrazine−norbornene
coupling.36 Though the major advantage related to both
approaches is that the polymer can be thoroughly characterized
prior to the coupling reaction, the nature of the polymer has to
be carefully selected, e.g., it must remain stable under the
strongly basic conditions of DNA-cleavage from the solid
support. Critically, variation of polymer lengths to, i.e.,
improve stability and bioactivity is more tedious via the
grafting-to strategy and low reaction yields were reported.32,37

Most likely, steric hindrance of the preformed polymer chain
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or the necessity to use organic solvents during the conjugation
step caused problems, particularly when hydrophobic, high
molecular weight polymers were employed.36

Therefore, grafting-from polymerization from the DNA
sequence containing the covalently attached initiator would be
highly desirable for achieving DNA−polymer conjugates.
Compared to the grafting-to strategy, grafting-from polymer-
ization offers more convenient purification and higher coupling
yields. Here, reversible-deactivation radical polymerizations38

such as atom transfer radical polymerization (ATRP)39,40 or
RAFT polymerization41,42 are often favored due to their
exceptional characteristics in terms of nondemanding reaction
conditions, high control over molecular weight, molecular
weight distribution (MWD) and end-group functionality.
First grafting-from approaches from DNA sequences

immobilized on different surfaces following either ATRP or
RAFT polymerization have been reported.43−47 However, no
particular insights in understanding the polymerization process
from DNA were given and only limited characterization of the
resulting DNA−polymer conjugates was provided as they
mostly remained at the surface. Matyjaszewski and co-workers
significantly contributed by providing full analytics on the
composition of DNA−polymer conjugates synthesized via
conventional ATRP as well as photoATRP directly in
solution.48,49

ATRP methods that rely on toxic transition metal catalysts
have several limitations as catalysts are challenging to remove
from the polyanionic DNA−polymer conjugates. However,
important progress in metal-free ATRP has been made
recently,50−52 which offers key future potential for achieving
DNA−polymer conjugates. RAFT polymerization does
typically not require metal catalysts and, in addition, offers
similar flexibility in terms of monomer scope and end-group
functionalization.53 In particular, recent developments in
photoinduced RAFT polymerizationsparticularly the intro-
duction of photoinduced electron transfer (PET)-RAFT
polymerization by Boyer and co-workers54−56allow initiating
the RAFT process solely by irradiating a biocompatible dye
with visible light.57 Therefore, the RAFT approach provides an
elegant polymerization platform particularly for biological
systems such as cells or proteins.58,59

We postulate that photoinduced RAFT (Photo-RAFT)
polymerizations will substantially enlarge the polymer chem-
ist’s toolset for the synthesis of DNA−polymer conjugates, yet
it has, to the best of our knowledge, not been exploited for the
grafting-from preparation of DNA−polymer conjugates freely
in solution. Herein, we report the solution-based Photo-RAFT
polymerization from two RAFT agent-terminated single-
stranded DNA (RAFT-ssDNA) sequences, which were derived
f rom the es tab l i shed RAFT agent s 4 -cyano-4 -
(phenylcarbonothioylthio)pentanoic acid (CPADB) and 2-
(butylthiocarbonothioyl)propionic acid (BTPA). Methacry-
lates, acrylates and acrylamides were applied as monomers for
blue-light-mediated RAFT polymerization. A series of new
ssDNA−polymer conjugates of varying monomers and chain
lengths were achieved while the DNA terminus remained
functionally intact throughout the course of polymerization. In
summary, we provide a powerful and robust grafting-from
method in solution by light activation that offers many
opportunities for achieving tailored DNA−polymer conjugates.

■ EXPERIMENTAL SECTION

Materials. 2-Bromopropionic acid (Alfa Aesar, 98%), 1-
butanethiol (Fluka, >97%), carbon disulfide (Acros Organics,
99,9%), 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid
(CPADB, 99,9%), N,N′-diisopropylcarbodiimide (DIC, Sigma,
99%), N,N-diisopropylethylamine (DIPEA, Roth, >99,5%), N-(3-
(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride
(EDC*HCl, Sigma, 98%), 4-dimethylaminopyridine (DMAP, Sigma,
>99%), 3-hydroxypicolinic acid (Sigma, >99%), N-hydroxysuccini-
mide (NHS, Sigma, 98%), pentafluorophenol (PFP, Merck, >99%),
organic solvents (VWR), dry solvents (Sigma, 99,8%), deuterated
solvents (Sigma or Deutero GmbH, 99,9%) and silica gel 60
(Macherey-Nagel GmbH) were all used as received. The nucleotides
for DNA synthesis were purchased from Link Technologies Ltd.
Amine-terminated ssDNA was either self-synthesized by using a
commerically available C6 amino modifier from Glen Research or
purchased from Sigma or biomers.net. All other functional DNAs
used within this study were purchased from biomers.net. Poly-
(ethylene glycol) methyl ether methacrylate (Sigma, Mn = 300 g/mol,
stabilized with 100 ppm MeHQ and 300 ppm BHT), poly(ethylene
glycol) methyl ether acrylate (Sigma, Mn = 480 g/mol, stabilized with
100 ppm MeHQ and 100 ppm BHT) and N,N-dimethylacrylamide
(Acros Organics, stabilized with 500 ppm MeHQ) were passed
through a short column of alumina prior to use. N-Isopropylacryla-
mide (NIPAM, Sigma, 97%) was recrystallized twice from a 1 to 1
mixture of toluene and pentane. The blue LED array lamp (item
number: LIU470a) was purchased from Thorlabs, Inc.

Synthesis of 2-(((Butylthio)carbonothioyl)thio)propanoic
Acid (BTPA). BTPA was synthesized according to a literature
procedure with slight changes.1 Briefly, 1-butanethiole (1.67 mL, 1.40
g, 15.5 mmol, 1.00 equiv) and carbon disulfide (1.02 mL, 1.30 g, 17.1
mmol, 1.10 equiv) were stirred in 1 M NaOH (17 mL) for 1 h. The
reaction mixture was cooled to 0 °C and a solution of 1-
bromopropionic acid (2.61 g, 17.1 mmol, 1.10 equiv) in 1 M
NaOH (17 mL) was slowly added. After stirring overnight, the
aqueous phase was overlaid with cyclohexane and acidified to pH = 1
with concentrated hydrochloric acid solution. The organic phase was
collected, dried over magnesium sulfate and concentrated in vacuo.
Recrystallization from cyclohexane gave the clean product as a yellow
solid after storage in the fridge (1.80 g, 7.55 mmol, 49%). 1H NMR
(300 MHz, DMSO-d6): δ (ppm) = 13.17 (brs, 1H), 4.68 (q, J = 7.3
Hz, 1H), 3.45−3.28 (m, 2H), 1.70−1.56 (m, 2H), 1.51 (d, J = 7.3 Hz,
3H), 1.44−1.27 (m, 2H), 0.89 (t, J = 7.3 Hz, 3H). 13C NMR (125
MHz, DMSO-d6): δ (ppm) = 222.9, 172.0, 48.6, 36.7, 30.1, 21.9, 17.2,
13.9. ESI-MS: calcd., [M + H]+ = 239.38; found, [M + H]+ = 239.

Synthesis of BTPA-NHS. BTPA-NHS was synthesized according
to a literature procedure with slight changes.2 BTPA (250 mg, 1.05
mmol, 1.00 equiv), NHS (117 mg, 1.15 mmol, 1.10 equiv) and
DMAP (12.8 mg, 105 μmol, 0.10 equiv) were added to dry DMF (10
mL). The mixture was cooled to 0 °C and EDC*HCl (261 mg, 1.36
mmol, 1.30 equiv) was slowly added as a solid. After stirring
overnight, the reaction mixture was diluted with DCM (30 mL),
washed with brine (3×) and dried over sodium sulfate. Concentration
in vacuo gave a yellow liquid as the crude product, which had to be
further purified using column chromatography (CH/EA = 2:1). The
final product was obtained as a yellow viscous oil (156 mg, 0.46
mmol, 46%). 1H NMR (300 MHz, DMSO-d6): δ (ppm) = 5.13 (q, J
= 7.4 Hz, 1H), 3.41 (t, J = 7.3 Hz, 2H), 2.80 (s, 4H), 1.72−1.57 (m,
5H), 1.45−1.30 (m, 2H), 0.89 (t, J = 7.3 Hz, 3H). 13C NMR (125
MHz, DMSO-d6): δ (ppm) = 221.0, 170.3, 167.7, 45.4, 37.0, 30.0,
26.0, 21.9, 16.6, 13.9. ESI-MS: calcd., [M + Na]+ = 358.44; found, [M
+ Na]+ = 358.

Synthesis of BTPA-PhF5. BTPA-PhF5 was synthesized according
to a literature procedure with slight changes.2 Briefly, BTPA (200 mg,
0.84 mmol, 1.00 equiv), PFP (263 mg, 1.43 mmol, 1.70 equiv) and
DMAP (10.3 mg, 84.0 μmol, 0.10 equiv) were added to dry DCM (10
mL). The mixture was cooled to 0 °C and a solution of DIC (260 μL,
212 mg, 1.68 mmol, 2.00 equiv) in dry DCM (10 mL) was added
dropwise. After stirring overnight, the precipitate was filtered off and
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the reaction mixture was concentrated in vacuo. Column chromatog-
raphy (CH/EA = 9:1) gave the final product as a yellow liquid (227
mg, 0.56 mmol, 67%). 1H NMR (300 MHz, CD2Cl2): δ (ppm) = 5.02
(q, J = 7.4 Hz, 1H), 3.32 (t, J = 7.3 Hz, 2H), 1.72−1.56 (m, 5H),
1.43−1.28 (m, 2H), 0.89 (t, J = 7.3 Hz, 3H). 19F NMR (470 MHz,
DMSO-d6): δ (ppm) = −152.2 (d, J = 20.8 Hz, 2F), −157.4 (t, J =
21.6 Hz, 1F), −162.0 (t, J = 21.1 Hz, 2F). ESI-MS: calcd., [M + H]+

= 405.43; found, [M + H]+ = 405.
Synthesis of CPADB-NHS. CPADB (300 mg, 1.07 mmol, 1.00

equiv), NHS (136 mg, 1.18 mmol, 1.10 equiv) and DMAP (13.1 mg,
107 μmol, 0.10 equiv) were dissolved in dry DCM (10 mL). The
mixture was cooled to 0 °C and EDC*HCl (309 mg, 1.61 mmol, 1.50
equiv) was slowly added as a solid. After stirring overnight, the
reaction mixture was diluted with DCM (30 mL) and washed with
brine (1×), 1 M NaOH (2×) and 1 M HCl (2×). The organic phase
was dried over magnesium sulfate and was concentrated in vacuo to
afford a pink solid as the crude product. Further purification via
column chromatography (CH/EA = 2:1) gave the final product as a
pink powder (145 mg, 0.39 mmol, 36%). 1H NMR (300 MHz,
DMSO-d6): δ (ppm) = 7.98−7.92 (m, 2H), 7.74−7.66 (m, 1H),
7.56−7.48 (m, 2H), 3.14−2.90 (m, 2H), 2.83 (s, 4H), 2.75−2.56 (m,
2H), 1.96 (s, 3H). 13C NMR (125 MHz, DMSO-d6): δ (ppm) =
224.1, 170.6, 168.2, 144.4, 134.2, 129.5, 127.0, 118.9, 46.2, 31.8, 26.7,
25.9, 23.4. ESI-MS: calcd., [M + H]+ = 377.45; found, [M + H]+ =
377.
Synthesis of CPADB-PhF5. CPADB (250 mg, 0.89 mmol, 1.00

equiv), PFP (181 mg, 0.98 mmol, 1.10 equiv) and DMAP (10.9 mg,
89.2 μmol, 0.10 equiv) were added to dry DCM (10 mL). The
mixture was cooled to 0 °C and a solution of DIC (152 μL, 124 mg,
0.98 mmol, 1.10 equiv) in dry DCM (10 mL) was added dropwise.
After stirring overnight, the precipitate was filtered off and the
reaction mixture was concentrated in vacuo. Column chromatography
(CH/EA = 10:1) gave the final product as a pink oil (119 mg, 0.27
mmol, 30%). 1H NMR (300 MHz, CD2Cl2): δ (ppm) = 7.89−7.82
(m, 2H), 7.57−7.48 (m, 1H), 7.39−7.32 (m, 2H), 3.02−2.95 (m,
2H), 2.74−2.44 (m, 2H), 1.90 (s, 3H). 19F NMR (470 MHz, DMSO-
d6): δ (ppm) = −153.1 (d, J = 20.3 Hz, 2F), −158.5 (t, J = 21.8 Hz,
1F), −162.9 (t, J = 21.1 Hz, 2F). ESI-MS: calcd., [M + H]+ = 446.42;
found, [M + H]+ = 446.
Synthesis of NH2-DNA. After DNA synthesis, the oligonucleo-

tides were cleaved from the solid support by incubation with
concentrated ammonia at ambient temperature for 16 h. The MMT
group was manually removed by following a standard protocol for
MMT-deprotection of oligonucleotides.3

Synthesis of CPADB-DNA via NHS or PFP Coupling. NH2-
DNA (1.00 mg, 172 nmol, 1.00 equiv) at a concentration of 250 μM
relative to the total amount of solvent, CPADB-NHS (3.23 mg, 8.58
μmol, 50.0 equiv) or CPADB-PhF5 (3.82 mg, 8.58 nmol, 50.0 equiv),
respectively, and DIPEA (0.60 μL, 0.44 mg, 3.43 μmol, 20.0 equiv)
were shaken in a 1 to 1 mixture of DMF and nuclease-free water for
30 min. Residual CPADB-NHS was removed via centrifugation (5
min, 12500 rpm, 20 °C). The supernatant was evaporated and the
residue was picked up in a 1 to 1 mixture of acetonitrile and water.
The sample was then subjected to HPLC purification and the desired
peak was collected between 11.74 and 12.77 min. The fractions were
combined, the solvent was removed and the residue was picked up in
nuclease-free water to determine the concentration (682 μg, 112
nmol, 65%). For MALDI ToF mass spectra, the DNA was once
precipitated from isopropanol to desalt the sample from the buffer
salts of HPLC purification.
Synthesis of BTPA-DNA via NHS or PFP Coupling. NH2-DNA

(1.00 mg, 172 nmol, 1.00 equiv) at a concentration of 250 μM relative
to the total amount of solvent, BTPA-NHS (2.88 mg, 8.58 μmol, 50.0
equiv) or BTPA-PhF5 (3.47 mg, 8.58 μmol, 50.0 equiv), respectively,
and DIPEA (0.60 μL, 0.44 mg, 3.43 μmol, 20.0 equiv) were shaken in
a 1 to 1 mixture of DMF and nuclease-free water for 2 h. The
supernatant was evaporated and the residue was picked up in a 1 to 1
mixture of acetonitrile and water. The solution was then subjected to
HPLC purification and the desired peak was collected between 12.30
and 13.21 min. The fractions were combined, the solvent was

removed and the residue was picked up in nuclease-free water to
determine the concentration (835 μg, 138 nmol, 80%). For MALDI
ToF mass spectra, the DNA was once precipitated from isopropanol
to desalt the sample from the buffer salts of HPLC purification.

Conventional Photo-RAFT Polymerization of Acrylamides
and Acrylates. A typical experiment was conducted by charging a
custom-built Schlenk tube with DMA (2.06 μL, 1.98 mg, 20.0 μmol,
200 equiv), BTPA (23.9 μg, 0.10 μmol, 1.00 equiv), Eosin Y (6.48 μg,
0.01 μmol, 0.10 equiv), ascorbic acid (18.0 μg, 0.10 μmol, 1.00 equiv)
and water (17.9 μL) as the solvent. The Schlenk flask was properly
sealed and degassed by freeze−pump−thaw (3×). The tube was then
placed in the photoreactor as shown above and irradiated by a blue
LED (λmax. = 470 nm, 4 mW/cm2) at room temperature. The samples
were analyzed by GPC with DMF as the eluent in order to determine
apparent molecular weights and dispersities.

Conventional Photo-RAFT Polymerization of Methacry-
lates. A typical experiment was conducted by charging a custom-
built Schlenk tube with OEGMA (5.71 μL, 6.00 mg, 20.0 μmol, 200
equiv), CPADB (27.9 μg, 0.10 μmol, 1.00 equiv), Eosin Y (6.48 μg,
0.01 μmol, 0.10 equiv), ascorbic acid (18.0 μg, 0.10 μmol, 1.00 equiv)
and water (14.3 μL) as the solvent. The Schlenk flask was properly
sealed and degassed by freeze−pump−thaw (3×). The tube was then
placed in the photoreactor as shown above and irradiated by a blue
LED (λmax. = 470 nm, 4 mW/cm2) at room temperature. The samples
were analyzed by GPC with DMF as the eluent in order to determine
apparent molecular weights and dispersities.

Photo-RAFT Polymerization of Acrylamides and Acrylates
from DNA. A typical experiment was conducted by charging a
custom-built Schlenk tube with DMA (2.06 μL, 1.98 mg, 20.0 μmol,
200 equiv), BTPA-DNA (605 μg, 0.10 μmol, 1.00 equiv), Eosin Y
(6.48 μg, 0.01 μmol, 0.10 equiv), ascorbic acid (18.0 μg, 0.10 μmol,
1.00 equiv) and water (17.9 μL) as the solvent. The Schlenk flask was
properly sealed and degassed by freeze−pump−thaw (3×). The tube
was then placed in the photoreactor as shown above and irradiated by
a blue LED (λmax. = 470 nm, 4 mW/cm2) at room temperature. After
a predetermined time interval, the polymerization was stopped by
removing the light source and exposing to oxygen. The DNA−
polymer conjugate was purified by membrane filtration (3×, MWCO
= 10 kDaA) and was subsequently analyzed by GPC, native PAGE
and FCS.

Photo-RAFT Polymerization of Methacrylates from DNA. A
typical experiment was conducted by charging a custom-built Schlenk
tube with OEGMA (5.71 μL, 6.00 mg, 20.0 μmol, 200 equiv),
CPADB-DNA (609 μg, 0.10 μmol, 1.00 equiv), Eosin Y (6.48 μg,
0.01 μmol, 0.10 equiv), ascorbic acid (18.0 μg, 0.10 μmol, 1.00 equiv)
and water (14.3 μL) as the solvent. The Schlenk flask was properly
sealed and degassed by freeze−pump−thaw (3×). The tube was then
placed in the photoreactor as shown above and irradiated by a blue
LED (λmax. = 470 nm, 4 mW/cm2) at room temperature. After a
predetermined time interval, the polymerization was stopped by
removing the light source and exposing to oxygen. The DNA-polymer
conjugate was purified by membrane filtration (3×, MWCO = 10
kDaA) and was subsequently analyzed by GPC, native PAGE and
FCS.

■ RESULTS AND DISCUSSION

In automated DNA synthesis, the terminal functionality is
generally introduced to ssDNA sequences by using phoshor-
amidite coupling chemistry.60 This process requires incubation
with concentrated ammonia for several hours, e.g., for DNA
cleavage from the solid support, and the newly incorporated
functionality has to remain stable under these harsh conditions.
In contrast to ATRP initiators that have been attached to
ssDNA sequences directly on the solid support,48,49 RAFT
agents are typically not stable in very basic media or in the
presence of primary amines and they would thus decompose
during cleavage from the solid support.61−63 Therefore, two
RAFT-ssDNA sequences (BTPA-DNA and CPADB-DNA)
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were achieved by conjugating the RAFT agent to the amine-
terminated ssDNA sequence (NH2-ssDNA) in solution and
not via the phosphoramidite approach as depicted in Figure 1.
Synthesis of the DNA-Photo-RAFT Initiators. The

conjugation of the RAFT agent to DNA was accomplished
by amide conjugation as reported for RAFT polymerization
from surface-anchored DNA before.46,47 CPADB and BTPA
were selected for controlling RAFT polymerizations of either
methacrylic or acrylic monomers. The ligation was conducted
by reacting 19-mer NH2-ssDNA (3′-ATCATCCACCAT-
CTCTTTT-5′-AminoC6) with the activated N-hydroxysucci-
nimide (NHS) or pentafluorophenyl (PFP) esters of the two
chosen RAFT agents in a mixture of water and DMF, which
was necessary to ensure sufficient solubility of all reagents.
Because of the competitive hydrolysis reaction in partly
aqueous medium, the activated esters were added in large
excess (≥50 equiv) and in conjunction with N,N-diisopropy-
lethylamine (DIPEA) as an auxiliary base to increase the
reactivity of the amine moiety. Reaction control by HPLC
indicated that less equivalents of the PFP ester were required
to achieve higher conversions, presumably due to its higher
hydrolytic stability when compared to the respective NHS
ester.64 Full conversion of the NH2-DNA was achieved after 30
min for activated CPADB and after 2 h for activated BTPA,
respectively. In both reactions, a clear shift in the

corresponding HPLC spectra (Figure 2) was observed during
product formation. Slightly higher yields were obtained for
activated BTPA (∼80%) than for activated CPADB (∼65%),
suggesting a higher hydrolytic stability of the trithiocarbonate
group compared to the dithiobenzoic acid moiety of CPADB.
In contrast to the often low coupling yields of sterically
demanding polymers to DNA, high yields and clean products
were achieved for conjugation of the RAFT agent as depicted
in Figure 2.
The BTPA-DNA and CPADB-DNA conjugates were further

analyzed by UV−Vis, revealing pronounced shoulders at the
maximum UV absorbance of the RAFT agents compared to
the precursor DNA (Figure S4), and by MALDI ToF-MS
(Figure 2c). As reported in the literature,65,66 RAFT agents can
undergo fragmentation via a six-membered transition state
during the MALDI ToF-MS measurement process. As
depicted in Figure 2, CPADB revealed a significantly higher
tendency to fragment due to its less stable dithiobenzoic acid
moiety. Monofunctionalization of the ssDNA sequences with
each RAFT agent was clearly confirmed and after HPLC,
purified products were isolated (Figure S5).

Photo-RAFT Model Polymerizations. Oligonucleotides
are still relatively expensive and challenging to access in large
milligram scales. For DNA conjugation, high ionic strength
buffers are typically required and tolerance of organic solvents

Figure 1. Schematic overview on the synthesis toward DNA−polymer conjugates by Photo-RAFT polymerization.
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is limited. Therefore, in view of later applications, it is
important to assess the limits of the Photo-RAFT polymer-
ization process from ssDNA sequences in terms of reaction
volume and DNA concentration in aqueous media, while
maintaining a functioning RAFT equilibrium. Based on
previous reports on RAFT polymerization in biological
environments,58,59 the RAFT agent concentration was set to
5 mM, which is typically considered as dilute, and polymer-
izations were conducted in ultralow volumes of 20 μL with
water as the solvent.
One major limitation when scaling to such small volumes is

the increased sensitivity of the reaction mixture to oxygen due
to the higher surface area exposed to air. Conventional
deoxygenation techniques such as freeze−pump−thaw or inert
gas purging are extremely challenging at these volumes. Boyer
and co-workers have recently introduced an aqueous Photo-
RAFT polymerization process for ultralow volumes that
employs Eosin Y (EY) in combination with ascorbic acid
(AscA) as the reducing agent without the need for
deoxygenation.67 In such EY/AscA photopolymerizations,
oxygen is converted into hydrogen peroxide, which sub-
sequently reacts with ascorbic acid to form radical species

capable of initiating polymerization. However, high monomer
concentrations were typically employed (50 wt % monomer),67

whereas very low concentrations are necessary for polymer-
ization from DNA. Therefore, optimal reaction conditions for
DNA−Photo-RAFT polymerization had to be identified.
We initially assessed whether the EY/AscA system can

initiate the aqueous RAFT polymerization of DMA under blue
light irradiation (λmax. = 470 nm, 4 mW/cm2, Figure S3)
without prior deoxygenation using BTPA as the RAFT agent
and a RAFT agent concentration of 5 mM. Employing a
[DMA]:[BTPA]:[EY]:[AscA] ratio of 200:1:0.1:1 and cus-
tom-made Schlenk flasks (Figure S2), the model polymer
(Table S1-P2) was obtained after 2 h irradiation time.
However, the observed MWD was relatively broad (D̵ =
1.92) and exhibited tailing in the low molecular weight region
while five times more concentrated conditions ([BTPA] = 25
mM) resulted in a unimodal and narrow MWD (Table S1-P1,
D̵ = 1.21). These results suggested that at sufficiently high EY/
AscA concentrations, the influence of molecular oxygen can be
minimized. Interestingly, at low EY/AscA concentrations, the
polymerization did not fail completely but rather proceeded
with a significant loss in control. As such, we attempted to

Figure 2. (a) HPLC chromatograms of N-hydroxysuccinimide (NHSOH, line 1) and NH2-ssDNA before (line 2) and after the reaction with
BTPA-NHS (line 3) or CPADB-NHS (line 4), respectively. (b) Schematic overview on the fragmentation reactions of BTPA-DNA (left) and
CPADB-DNA (right) occurring during MALDI ToF measurements in accordance with the literature.65,66 (c) MALDI ToF mass spectra of BTPA-
DNA (left) and CPADB-DNA (right). M = 3-hydroxypicolinic acid.
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explore the limits by conducting the polymerization in air with
substantially increased EY or AscA ratios. Nonetheless, with a
RAFT agent concentration of 5 mM, we found no notable
improvement and that the MWDs still remained rather broad
(Table S2-P4−P7). These observations imply that while the
presence of AscA facilitated the polymerization to take place
under ambient conditions, it is still insufficient to ensure good
polymerization control.
Therefore, in order to improve the MWDs at low

concentrations, polymerizations were additionally degassed
via the freeze−pump−thaw technique while maintaining AscA
as a reducing agent, thereby eliminating oxygen interfering
with the polymerization process. Under these conditions, the
Photo-RAFT polymerization of DMA afforded a polymer with
narrow MWD and low dispersity (P1). The length of the
polymer chain varied in a convenient fashion by altering the
monomer to RAFT agent ratio (P2, P3). These polymerization
conditions were successfully transferred to other monomers,
including NIPAM (P4), OEGA (P5) and OEGMA (P6, SI
Table 1-P3), and sufficient polymerization control was
maintained. Noteworthy, in case the polymerization reaction
was degassed via freeze-pump-thaw and EY was used without
AscA, the polymerization results were not well reproducible.
Most likely, varying amounts of oxygen still remained in
solution after deoxygenation, which then interfered with the
Photo-RAFT process. In addition, it has been reported
previously that an optimal [AscA]:[RAFT agent] ratio exists
for peroxide/AscA redox pairs.68,69 For the EY/AscA system,
an optimal polymerization rate was found at [AscA]:[RAFT
agent] = 0.5−1 and above this ratio, the polymerization rates
were significantly compromised due to undesired side
reactions.67 Therefore, in all further experiments, the [AscA]:
[RAFT agent] ratio was kept constant at 1 to minimize side
reactions.
DNA-Photo-RAFT Polymerization. With the optimized

conditions in hand, Photo-RAFT polymerization was per-
formed from either BTPA- or CPADB-DNA. The resulting

DNA-polymer conjugates were purified by membrane filtration
(MWCO = 10 kDa) in order to remove potentially unreacted
precursor ssDNA sequences. GPC analysis indicated successful
polymer growth from both RAFT-ssDNA sequences for every
monomer (DP1−DP6). According to the GPC data, the
polymer lengths were successfully varied by adjusting the
monomer to RAFT-ssDNA ratio (DP1, DP2). However,
compared to the model polymerizations with dispersities
between 1.14 and 1.40 (Table 1), increased values between 1.6
and 2.96 were obtained when polymerizing directly from the
respective RAFT-ssDNA sequence (Table 2). The observed
tailing in the low molecular weight region could be due to
chain transfer reactions to the ssDNA sequence, which could
result in the occurrence of minor low molecular weight DNA−
polymer conjugates. In addition, small shoulders of high
molecular weight were observed in the case of PEGylated
monomers presumably due to undesired side reactions, such as
bimolecular termination events, in situ transesterification or
chain transfer reactions to the polymers, which has been
observed previously in aqueous media.70

Native PAGE revealed successful polymer growth from both
RAFT−ssDNA sequences as new bands emerged after
conducting the polymerization, indicating the formation of
higher molecular weight compounds (Figure S8). These bands
were relatively broad and exhibited significantly reduced
mobility compared to the sharp bands of the precursor
ssDNA sequence. Such diffuse bands in PAGE are relatively
common, e.g., for polymer−protein conjugates71 and reflect
the polydisperse nature of the grown polymers. Hybridization
of a complementary 19-mer ssDNA sequence (3′-GAGA-
TGGTGGATGATTTTT-5′) to the DNA−polymer conju-
gates before gel electrophoresis provided improved staining
efficiency of the employed staining agent SYBR gold. The
DNA−polymer conjugates of higher molecular weight
exhibited slower gel movement than the lower molecular
weight conjugates and these results correspond well with the
obtained GPC data in Figure 3.

Table 1. Summary of Polymers Prepared by Photo-RAFT Polymerization

No. P1 P2 P3 P4 P5 P6

Monomer ratio xa 200 100 400 100 80 200

RAFT agent BTPA BTPA BTPA BTPA BTPA CPADB

Monomer DMA DMA DMA NIPAM OEGA OEGMA

Irr. time [h] 1.5 2 2 1.5 1 2.5

Mn,app. [kDa] 12.4 6.3 18.1 11.6 11.2 13.5

D̵ 1.15 1.21 1.14 1.22 1.36 1.40
aPolymerizations were conducted at [Monomer]:[RAFT agent]:[EY]:[AscA] ratios of x:1:0.1:1 in water under blue light irradiation (λmax. = 470
nm, 4 mW/cm2) at room temperature using [RAFT agent] = 5 mM. bApparent molecular weights and dispersities were determined by GPC with
DMF as the eluent using PMMA calibration standards.

Table 2. Summary of DNA−Polymer Conjugates Prepared by Photo-RAFT Polymerization

No. DP1 DP2 DP3 DP4 DP5 DP6

Monomer ratio xa 200 500 200 80 80 200

RAFT agent BTPA-DNA BTPA-DNA BTPA-DNA BTPA-DNA BTPA-DNA CPADB-DNA

Monomer DMA DMA NIPAM OEGA OEGA OEGMA

Irr. time [h] 2 2.5 2 1 2.33 1.5

Mn,app. [kDa] 13.8 31.2 14.6 10.1 22.9 12.7

D̵ 1.60 1.68 1.80 1.77 2.19 2.96
aPolymerizations were conducted at [Monomer]:[RAFT-ssDNA]:[EY]:[AscA] ratios of x:1:0.1:1 in water under blue light irradiation (λmax. = 470
nm, 4 mW/cm2) at room temperature using [RAFT-ssDNA] = 5 mM. bApparent molecular weights and dispersities were determined by GPC with
DMF as the eluent using PMMA calibration standards.
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Figure 3. GPC traces of the polymers measured in DMF with PMMA calibration standards. (a) Variation of the polymer lengths by varying
monomer to RAFT agent ratio: P1, P2, P3 according to Table 1. (b) Photo-RAFT polymerization of different monomers (NIPAM, OEGA,
OEGMA): P4, P5, P6 according to Table 1. (c, d) DNA−polymer conjugates of different monomers (DMA, NIPAM, OEGA, OEGMA): DP1−
DP6 according to Table 2.

Figure 4. (a) Normalized FCS autocorrelation curves (symbols) measured in aqueous solutions of Rhodamine 6G-terminated ssDNA and DNA−
polymer conjugates hybridized with it. The solid lines represent the corresponding fits with eq S1 that yielded the hydrodynamic radii of the
studied fluorescent species. (b) Schematic representation of the labeling of ssDNA−polymer conjugates with the complementary rhodamine 6G-
terminated ssDNA sequence.
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It is a special feature of ssDNA sequences that they can be
equipped with various functionalities by simple hybridization
with the complementary ssDNA strand carrying the desired
functionality. Rhodamine 6G-terminated complementary
ssDNA was applied to the polymer solution, resulting in
immediate labeling of the DNA−polymer conjugates. Fluo-
rescence correlation spectroscopy71 (FCS) was then used to
measure the diffusion coefficients and hydrodynamic radii of
free Rhodamine 6G-terminated ssDNA and the DNA−
polymer conjugates hybridized with the Rhodamine 6G-
terminated ssDNA sequence. Typical FCS autocorrelation
curves recorded in aqueous solution (c ≈ 40 nM) are shown in
Figure 4a. The curves could be well represented by
monomodal component fits (eq S1, Supporting Information)
that yielded the diffusion coefficients and consecutively the
hydrodynamic radii of the studied fluorescent species. The
hydrodynamic radii substantially increased upon hybridization,
evidencing the successful growth of polymer chains from
RAFT-ssDNA. DP1 and DP4 revealed similar hydrodynamic
radii as expected for polymers of similar molecular weight as
determined by GPC. Importantly, DP2 showed a significant
increase in the hydrodynamic radius compared to DP1 due to
the higher molecular weight of the attached polymer, again
standing in agreement with the corresponding GPC data
(Figure 3).

■ CONCLUSIONS

We introduce the first Photo-RAFT polymerization from
ssDNA based on an optimized polymerization protocol. The
DNA−Photo-RAFT polymerization was accomplished with
four monomers yielding new DNA−polymer conjugates with
varying molecular weights and acceptable dispersities. Note-
worthy, also high molecular weight conjugates above 30 000 g
mol−1 were achieved. Photo-RAFT polymerization does not
require organic solvents or metal catalysts and is particularly
suitable for achieving DNA-polymer conjugates in biological
environments, thus complementing other synthetic and
biopolymerization techniques such as ATRP and PCR.
Emerging applications of this technology, e.g., for constructing
more sophisticated DNA−polymer architectures controlled by
light, will yield unique DNA origami−polymer nanostructures.
With the current achievements in DNA upscaling, we envision
many promising opportunities based on the unique character-
istics of ssDNA and polymers to achieve precisely defined
polymeric objects, e.g., by single chain folding where polymer
shapes and functions could be controlled precisely.
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1 Instrumentation 

1.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 

NMR spectra were recorded either on a BRUKER AVANCE or on a BRUKER AVANCE 

III NMR spectrometer using the solvent signal as reference. Deuterated chloroform (δ = 

7.26), dimethylsulfoxide (δ = 2.50) or dicholoromethane (δ = 5.32) were used as the 

solvents. The data was processed with MestReNova and Origin 8.0.

1.2 Ultraviolet-Visible (UV-VIS) Spectroscopy

UV-VIS spectra were recorded on a Spark ® 20M from Tecan Group Ltd. using either a 

NanoQuant PlateTM or a 384 well UV-Star microplate. The data was processed with Origin 

8.0.

1.3 Gel Permeation Chromatography (GPC)

GPC experiments were performed on a PSS SECcurity instrument comprising an 

autosampler, a column oven with 3 GRAM columns (103, 103 and 102 Å, 300 x 8 mm, 10 

μm particle size) and a RI as well as an UV detector (Agilent Technologies 1260 Infinity). 

DMF containing 1g/L lithium bromide was used as the eluent at a flowrate of 1 mL/min. 

Poly(methyl methacrylate) (1600 kDa – 800 DA) served as the calibration standard for 

molecular weight measurements. The samples were prepared at concentrations between 1 

and 2 mg/mL and were filtered (0.4 µm) prior to injection. The data was processed with 

the software PSS WINGPC UniChrom and with Origin 8.0.

1.4 Matrix-Assisted Laser Desorption/Ionization-Time of Flight (MALDI-ToF) 
mass spectrometry

MALDI-ToF mass spectra were acquired on a rapiflexTM MALDI-ToF/ToF mass 

spectrometer from Bruker equipped with a 10 kHz scanning smartbeam 3D laser 

(Nd:YAG at 355 nm) and a 10 bit 5 GHz digitizer. Measurements were performed in the 

positive reflector mode using 3-hydroxypicolinic acid as the matrix. The samples were 

prepared by incubating a solution of 1 µL of sample and 2 µL of matrix solution (95 µL of 

3-hydroxypicolinic acid in acetonitrile/water (1:1, 50 g/L) + 10 µL of ammonium citrate 



dibasic in water (100 g/L)) with an ion exchange resin for at least 2 hours. After applying 

onto the target plate, the sample was left for crystallization for at least a further 2 hours. 

Prior to every measurement, the instrument was calibrated using 3 commercially 

purchased DNAs (3648 Da, 6120 Da, 9195 Da). The data was processed with mMass and 

Origin 8.0.

1.5 Polyacrylamide Gel Electrophoresis (PAGE)

Native PAGE was performed on 20 % NovexTM Tris-Borate-EDTA (TBE) gels (12 wells, 

Thermo Fisher). The gels were run on a XCell SureLockTM mini-cell electrophoresis system 

from Thermo Fisher using 0.5 x TBE buffer as the running buffer (diluted from 10 x TBE 

buffer concentrate from Sigma-Aldrich; final concentrations of 44,5 mM Tris-Borate and 1 

mM EDTA). Electrophoresis was conducted at 175 V for 90 minutes. Gels were 

subsequently stained with SYBR Gold in 50 mL 0.5 x TBE buffer for 30 minutes at room 

temperature. 

The samples were prepared by incubating 0.2 µL of DNA-polymer conjugate solution 

with 0.4 µL aqueous solution of the complementary ssDNA (100 µM; 40 pmol) in 4.4 µL 

0.5 x TBE buffer at 37 °C for at least 2 hours followed by the addition of 1 µL of DNA gel 

loading dye (6 x, Thermo Fisher). GeneRuler low Range DNA ladder (Thermo Fisher) was 

used as received.

1.6 High-Pressure Liquid Chromatography (HPLC)

Measurements were performed on a HPLC instrument from Shimadzu comprising an 

auto sampler, a column oven and a fraction collector. The samples were purified either by 

semi-prep HPLC using a ZORBAX Eclipse XDB-C18 HPLC column (9,4 x 250 mm, 5 µm) 

from Agilent at a flowrate of 4 mL/min or by analytical HPLC using the same column 

type (4,6 x 250 mm, 5 µm) and the identical elution protocol at a flowrate of 1 mL/min. 

The elution protocol started with the mobile phase from 5 % solvent B (HPLC grade 

acetonitrile) and 95 % solvent C (0.1 M triethylammonium acetate buffer), raising linearly 

first to 60 % B in 20 min, then to 100 % B in 3 min, then decreasing to 5 % B in 4 min and 

finally holding 5 % B for 3 min. The absorbance was monitored at 310 nm and 254 nm. 

The spectra were processed with Origin 8.0.
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1.7 DNA Synthesis

Oligonucleotides were synthesized on a 12-column DNA synthesizer from Polygen 

GmbH using standard phosphoramidite protocols and were purified by reversed-phase 

HPLC (see above).

1.8 Fluorescence Correlation Spectroscopy (FCS)

FCS experiments were performed on a commercial setup (Carl Zeiss, Germany) consisting 

of the module Confocor 2 and an inverted microscope Axiovert 200 using a C-

Apochromat 40×/1.2W water immersion objective.  The excitation was done by the 543 

nm line of a HeNe laser and the collected fluorescence signal was filtered through a LP560 

long pass emission filter before reaching the detector, an avalanche photodiode that 

enables single-photon counting. An eight-well, polystyrene chambered cover-glass (Lab-

Tek, Nalge Nunc International) was used as a sample cell. For each solution, a series of 

five measurements with a total duration of five minutes were performed. The confocal 

observation volume was calibrated using a reference dye with known diffusion 

coefficients i.e. Rhodamine 6G. The experimentally measured autocorrelation curves were 

fitted with the following model function:
2/1
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where N is the average number of fluorescent species in the observation volume Vobs, τD is 

the lateral diffusion time and S=z0/0 is the ratio of axial to radial dimension of Vobs. From 
the fit, the diffusion time τD and consecutively the diffusion coefficient 

D
D  4/20  of the 

fluorescent species were determined. Finally, the hydrodynamic radius RH of the 

fluorescent species was calculated through the Stokes-Einstein relation DTkR
BH

6/  

where T is the temperature, kB the Boltzmann constant and η the viscosity of water.

The samples were prepared by incubating 0.2 μL Rhodamine 6G-terminated ssDNA (100 

μM, 20 pmol) with 0.5 μL ssDNA-polymer conjugate solution (1 mM, 500 pmol) in 4.3 μL 1 

x TAE buffer at 35 °C for at least 2 hours. Subsequently, 1 μL of this solution (4  μM, 4 

pmol) was diluted with 99 μL 1 x TAE buffer to a final concentration of 40 nM.



2 DNA Synthesis and DNA Coupling Reactions

Figure S1: BTPA-DNA (left) and CPADB-DNA (right) before usage for photopolymerization. 
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3 Polymerizations 

3.1 Set-up

Figure S2: Representation of the custom-made set-up used for photopolymerizations (left, middle) and of a 
custom-made schlenk tube designed for handling ultralow volumes (right).

3.2 Procedures for Photo-RAFT Polymerizations of Various Monomers

All polymerizations were conducted by irradiation with a blue LED (λmax. = 470 nm, 4 

mW/cm2) at a distance of 2 cm.

Figure S3: Normalized emission spectrum of the blue LED employed within this study (left). Intensity 
distribution of the blue LED in the plane located 100 mm from the LED along the emission axis (right). 
Adapted from Manufacturer’s specifications Thorlabs, Inc. (LIU470a).

For ease of preparation, stock solutions of the compounds were used as follows: 1.192 mg 

BTPA in a mixture of 30 µL tert-butanol and 70 µL water, 1.1 mg CPADB in a mixture of 



30 µL DMF and 70 µL water, 259 µg EY in a mixture of 95 µL water and 5 µL DMF and 

1.106 mg ascorbic acid in 100 µL water. 

4 Tables and Figures

 
Figure S4: The standardized, superimposed UV VIS spectra of NH2-DNA with either CPADB-DNA (top 
right) or BTPA-DNA (bottom right) are depicted. Both RAFT agent-terminated ssDNA sequences exhibit 
shoulders at around 310 nm compared to the precursor DNA. The UV VIS spectra of the pure RAFT agents 
(top left, bottom left) are given for comparison.
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Figure S5: HPLC spectra of purified BTPA-DNA (left) and purified CPADB-DNA (right).

Table S1: a) Polymerizations were conducted at [Monomer]:[RAFT agent]:[EY]:[AscA] ratios of x:1:0.1:1 in 
water under blue light irradiation (λmax. = 470 nm, 4 mW/cm2) at room temperature. b) Apparent molecular 
weights and dispersities were determined by GPC with DMF as the eluent using PMMA calibration 
standards.

No. SI-P1 SI-P2 SI-P3

Monomer 
ratio xa 200 200 400

RAFT agent BTPA BTPA CPADB

Monomer DMA DMA OEGMA

[RAFT agent] 
[mM]

25 5 5

Degassed No No Yes

Irr. Time [h] 2 2 1

Mn,app. [kDa]b 16.1 13.3 21.4

Đb 1.21 1.92 1.51



Figure S6: GPC traces of SI-P1, SI-P2 and SI-P3 as determined by DMF GPC using PMMA calibration 
standards.

Table S2: a) Polymerizations were conducted at [DMA]:[BTPA]:[EY]:[AscA] ratios of 200:1:x:y in water 
under blue light irradiation (λmax. = 470 nm, 4 mW/cm2) at room temperature using [BTPA] = 5 mM. b) 
Apparent molecular weights and dispersities were determined by GPC with DMF as the eluent using 
PMMA calibration standards.

No. SI-P4 SI-P5 SI-P6 SI-P7

EY ratio xa 0.02 0.5 1 0.1

Ascorbic acid 
ratio ya 1 1 1 10

Degassed No No No No

Irr. Time [h] 2 2 2 2

Mn,app. [kDa]b 6.0 11.7 10.4 19.2

Đb 2.02 2.51 1.89 1.49



10

 
Figure S7: GPC traces of SI-P4-P7 as determined by DMF GPC using PMMA calibration standards.

         

700 bp

25bp

DNA-polymer conjugate bands

Dimer formation

Remaining RAFT-ssDNA

Complementary ssDNA

DP3 DP2 DP1 Ladder

DNA-polymer conjugate bands

Dimer formation

Remaining RAFT-ssDNA

Complementary ssDNA

DP4 DP6 Ladder

700 bp

25bp

Figure S8: Poly(acrylamide) gel electrophoresis of DP1-DP3 (left) and DP4, DP6 (right). In all cases 
“smeary” bands of the DNA-polymer conjugates were observed. The DNA ladder is given for comparison. 



5 NMR spectra

5.1 BTPA
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5.2 BTPA-NHS



5.3 BTPA-PhF5
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5.4 CPADB-NHS



5.5 CPADB-PhF5
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Abstract 

Nanostructures derived from amphiphilic DNA-polymer conjugates have emerged 

prominently due to their rich self-assembly behavior, however, their synthesis is 

traditionally challenging. Here, we report a novel platform technology towards DNA-

polymer nanostructures of various shapes by leveraging polymerization-induced self-

assembly (PISA) for the polymerization from single stranded DNA (ssDNA). A “grafting-

from” protocol for thermal RAFT polymerization from ssDNA under ambient conditions 

was developed and utilized for the synthesis of functional DNA-polymer conjugates and 

DNA-diblock conjugates derived from acrylates and acrylamides. Using this method, PISA 

was applied to manufacture isotropic and anisotropic DNA-polymer nanostructrures by 

varying the chain length of the polymer block. The resulting nanostructures were further 

functionalized by hybridization with a dye-labelled complementary ssDNA, thus 

establishing PISA as a powerful route towards intrinsically functional DNA-polymer 

nanostructures. 
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Hybrid Materials

DNA–Polymer Nanostructures by RAFT Polymerization and
Polymerization-Induced Self-Assembly

Thorsten L�ckerath, Kaloian Koynov, Sebastian Loescher, Colette J. Whitfield, Lutz Nuhn,

Andreas Walther, Christopher Barner-Kowollik, David Y. W. Ng,* and Tanja Weil*

Abstract: Nanostructures derived from amphiphilic DNA–

polymer conjugates have emerged prominently due to their rich

self-assembly behavior; however, their synthesis is traditionally

challenging. Here, we report a novel platform technology

towards DNA–polymer nanostructures of various shapes by

leveraging polymerization-induced self-assembly (PISA) for

polymerization from single-stranded DNA (ssDNA). A

“grafting from” protocol for thermal RAFT polymerization

from ssDNA under ambient conditions was developed and

utilized for the synthesis of functional DNA–polymer con-

jugates and DNA–diblock conjugates derived from acrylates

and acrylamides. Using this method, PISA was applied to

manufacture isotropic and anisotropic DNA–polymer nano-

structures by varying the chain length of the polymer block.

The resulting nanostructures were further functionalized by

hybridization with a dye-labelled complementary ssDNA, thus

establishing PISA as a powerful route towards intrinsically

functional DNA–polymer nanostructures.

Polymerization reactions conducted directly on biomole-
cules have offered a unique access to complex bioconjugates
with customizable polymer chain lengths and constituents.[1]

Although this notion implies that the polymerization would
have to be accomplished under aqueous and mild conditions,
it is assuring that modern radical polymerization techniques
have progressed far to accommodate these requirements.[2] As
such, polymerization from biomolecules such as peptides,[3]

proteins,[4] DNA/RNA,[5] and even cel9ls[6] has resulted in the
generation of various functional biomolecule–polymer hybrid
materials spanning multiple disciplines.[7]

Specifically, the combination of oligonucleotides with
synthetic polymers has led to a series of hybrid materials with
attractive applications as sensor devices[8] or hydrogel drug
delivery systems.[9] Here, amphiphilic DNA–block copoly-
mers, where a hydrophobic polymer is directly attached to
DNA, have attracted significant attention due to their self-
assembly behaviors.[10] Such assemblies were investigated as
scaffolds for directing chemical reactions[11] and for drug
delivery applications.[12] In addition, highly intricate 2D and
3D DNA nanoobjects were engineered via the DNA origami
technology[13] and served as templates to organize single
polymer chains[14] and to grow polymers in prescribed
patterns with nanometer resolution.[15] However, in many
cases, the poor conjugation of DNA to the synthetic polymers
is the major bottleneck, limiting their full potential.[16]

Hence, we envision that a “grafting from” approach will
not only improve DNA–polymer coupling, but also provide
access to nanostructures by leveraging polymerization-
induced self-assembly (PISA).[17–19] PISA on DNA has not
been achieved previously due to compatibility issues between
the DNA and the required polymerization conditions (i.e.,
ultralow reaction volume, high ionic strength, etc.). However,
it is crucial to recognize that DNA brings forth a unique
capability into PISA as DNA is intrinsically functional and
can be post-modified by the DNA hybridization technology.
In this respect, while the first solution-based RAFT polymer-
ization from DNA was successful, it had to still rely on
conventional degassing, which limited its robustness.[20] Thus,
we applied enzyme degassing as a significant progress for
transferring polymerization processes to ultralow volumes
and low radical concentrations.[21, 22]
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In this way, the access to DNA–diblock copolymers of the
type DNA-A-B (A and B denote different synthetic polymer
units), as well as randomDNA copolymers was made possible
(Figure 1). Importantly, intrinsically functional DNA–poly-
mer nanostructures were achieved for the first time via the
PISA technique. Nanostructures such as micelles, worms, and
vesicle-like structures were formed based on RAFT poly-
merization from ssDNA and the growing polymer chains. We
demonstrate post-functionalization by DNA hybridization of
the worm-like structures, a unique property conferred by the
oligonucleotide sequence. As such, the preparation of DNA–
polymer nanostructures via the “grafting from” approach
provides access to functional polymeric nanomaterials with
complex shapes.

In order to synthesize the DNA–polymer conjugates,
enzyme degassing was kept independent from the polymer-
ization in line with other reports,[21, 23] and the final concen-
trations were set to [glucose]= 100 mm and [GOx]= 1 mm.
The polymerizations were conducted at 40 mL directly in
a thermocycler (Figure S1) using the thermal initiator 2,2’-
azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-
044). A critical drawback of enzyme degassing is that it
converts oxygen into H2O2, which is reacts with dithioben-
zoate- and trithiocarbonate-based CTAs.[24] Similar to the
ATRP reported by Matyjaszewski and co-workers,[25] we
added sodium pyruvate (SP) to minimize the effects of H2O2

during our RAFT polymerization.
These conditions were then transferred to the polymeri-

zation from 19-mer ssDNA (3’-ATCATCCAC
CATCTCTTTT-5’) equipped with a BTPA functionality
(BTPA= 2-(n-butyltrithiocarbonate) propionic acid) at its 5’

terminus (BTPA-DNA), which was synthesized as published
(Figure S2).[20] The polymerizations from BTPA-DNA using
different monomers (N,N-dimethylacrylamide (DMA), 4-
acryloylmorpholine (NAM), 2-hydroxyethyl acrylate
(HEA), oligo(ethylene glycol) methyl ether acrylate
(OEGA)) and targeting different polymer lengths revealed
narrow to moderate molecular weight distributions (�=
1.14–1.41, Table S1) as determined by gel permeation chro-
matography (GPC) (Figure 2a, Figure S3a,b). The polymer
lengths (Mn,app= 12.0–36.8 kDa) could be adjusted conven-
iently by altering the monomer to BTPA-DNA ratio. The
polymerizations were characterized by native polyacrylamide
gel electrophoresis (PAGE) to demonstrate their efficiencies
(Figure 2b, Figure S3c). Notably, minor leftover bands cor-
responding to BTPA-DNA suggested that some end-groups,
� 3–20% depending on the monomer family, failed to initiate
(Table S2). An in-depth study on the BTPA stability by HPLC
demonstrated that at least 50 mm of sodium pyruvate was
necessary to achieve > 90% end-group stability during the
course of the polymerization (Figure S4a,b). However, if
a longer polymerization time is required, the amount of
sodium pyruvate should be increased to maintain sufficient
end-group stability (Figure S4c). In addition, independent
HPLC and PAGE characterization proved that the DNA
block remained intact during polymerization (Figures S5 and
S6).

The DNA functionality for hybridization was probed by
fluorescence correlation spectroscopy (FCS)[26] using a rhod-

Figure 1. The concept for thermal RAFT polymerization from ssDNA

under ambient conditions by using enzyme degassing is depicted.

BTPA-functionalized ssDNA served as the CTA in RAFT polymerization

for the generation of functional DNA–homo and –diblock copolymer

conjugates. Moreover, DNA–polymer nanostructures of various shapes

were obtained by leveraging polymerization-induced self-assembly

from ssDNA, establishing a new platform technology towards func-

tional DNA–polymer nanostructures.

Figure 2. a) GPC traces of BTPA-DNA (black line) and the DNA–

polymer conjugates P1–P6 (colored lines) as measured by DMF GPC

using polymethylmethacrylate (PMMA) calibration standards. b) BTPA-

DNA and the DNA–polymer conjugates P1–P6 analyzed by 20% native

PAGE. L: DNA ladder; lane 1: BTPA-DNA; lanes 2–7: P1–P6 (from left

to right).
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amine 6G complementary DNA strand (3’-GAGATGGTG
GATGATTTTT-5’) (Figure S3d). A series of additional
control studies to exclude nonspecific adsorption or entan-
glement of the DNA to the polymer was accomplished using
PAGE (Figure S7). Further characterization was attempted
by copolymerizing HEA with a rhodamine B containing
acrylate, affording the rhodamine B containing DNA–poly-
mer conjugate FP1. The successful incorporation of rhoda-
mine B into the polymer block was confirmed by FCS
(Figure 3b) and the copolymerization proceeded with good
control (�= 1.27, Table S4, Figure S8). Complementarity and
specificity was accomplished using FRET. Therefore, FP1was
hybridized with a complementary 19mer sequence (3’-
GAGATGGTGGATGATTTTT-5’) carrying Cy5 at its 3’
terminus (Figure 3a). As a control, a mismatched sequence
was used. Acceptor emission of Cy5 showed a clear FRETand
a significantly greater intensity compared to the mismatched
sequence (Figure 3c, Figure S9). The above method was
expanded to conduct the first block copolymerization on
DNAvia the “grafting from” approach. Polymerizations from
BTPA-DNA with first DMA followed by NAM were
performed. Therefore, the added solution of NAM had to
be supplemented with the enzyme degassing system, other-
wise, the polymerization of the second block would stop at
low conversions (Table S5, Figure S5a,b). The GPC traces
revealed clear shifts towards higher molecular weights, while
narrow molecular weight distributions were maintained with
high end-group fidelity (Figure 3e, Figure S10). The growth of
each polymer block was additionally monitored by PAGE

(Figure 3d), confirming the successful synthesis of ssDNA–
diblock copolymers of the type ssDNA-b-A-b-B, with A and
B denoting different synthetic polymer units, by the grafting-
from approach.

PISA by using RAFT polymerization has emerged
prominently for the preparation of intricate block copolymer
assemblies.[18, 19] With increasing degrees of polymerization,
the structures reassemble into the thermodynamically most
favored state, enabling structural control by targeting differ-
ent chain lengths (Figure 4a). Diacetone acrylamide
(DAAm) and dimethylacrylamide (DMA) were selected for
conducting PISA from DNA according to PISA based purely
on synthetic polymers.[27] Here, a constant [DAAm]/[DMA]
ratio of 80:20 was applied and different polymer chain lengths
(DPn= 50, 100, 200, and 250) were envisaged. The polymer-
izations were conducted in Dulbecco�s Phosphate Buffered
Saline (DPBS) at> 90% conversion (Table S6). GPC analysis
in a non-selective solvent (i.e., DMF) revealed that well-
controlled polymerizations were maintained during the PISA
process (Figure S11).

The resulting nanostructures were visualized at 4 mm by
liquid atomic force microscopy (AFM) from a Mg2+-contain-
ing 1 �TRIS-acetate-EDTA (TAE) buffer.[28] When low
degrees of polymerization (i.e., DPn= 50) were targeted,
spherical micelle-like structures with a mean height of 12 nm
were formed (Figure 4c, Figures S12 and S16a). A morphol-
ogy transition from micelles to worm-like structures was
observed upon increasing the polymer length from DPn= 50
to DPn= 100 (Figure 4d, Figure S13). These worm-like struc-

Figure 3. a) Schematic representation of the synthesis of a rhodamine B containing DNA–polymer conjugate (FP1) and its subsequent labelling

with a complementary DNA sequence containing Cy5 at its 3’-terminus. b) Normalized FCS autocorrelation curves measured in aqueous solutions

of rhodamine B acrylate (red symbols) and FP1 (black symbols). The solid lines represent the corresponding fit with Equation S1, which yielded

the hydrodynamic radii of rhodamine B acrylate (RH=0.55 nm) and FP1 (RH=3.4 nm). c) Emission spectra of FP1 alone (black line), Cy5-DNA

(blue line) and FP1 hybridized with Cy5-DNA (red line) upon excitation at 485/20 nm. d) Monitoring of the block copolymerization from DNA by

20% native PAGE. L: DNA ladder; lane 1: BTPA-DNA; lane 2: DNA-b-PDMA; lane 3: DNA-b-PDMA-b-PNAM. e) GPC traces of BTPA-DNA (black

line), DNA-b-PDMA (red line), and DNA-b-PDMA-b-PNAM (blue line) as measured by DMF GPC using PMMA calibration standards.
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tures exhibited similar mean heights as the micellar structures
(14 nm, Figure S16b) and their lengths varied from 100 nm to
1 mm. With higher degrees of polymerization (DPn= 200 and
250), the increased polymer length caused the worms to
reorganize into larger nanostructures with variable lateral
sizes up to several hundred nanometers (Figure 4e,f, Figur-
es S14 and S15). Interestingly, these structures instead dis-
played characteristically homogenous mean heights of about

18 nm (Figure S16c,d). Further characterization was accom-
plished via dynamic light scattering (DLS) at 10 mm, where
size distributions corresponding to the micelles (16.5�
1.5 nm), worms (27.3� 0.6 nm), and disc-like aggregates
(53.7� 0.9) were observed (Figure S17).

Cryo-TEM measurements of vitrified DNA–polymer
dispersions were conducted to assess the particle structures
in solution at higher concentrations. At such concentrations,

Figure 4. a) Schematic representation of PISA from DNA using DMA and DAAm as the monomers for chain-extension from DNA. The resulting

DNA–polymer nanostructures can be further functionalized by hybridization of a functional complementary DNA sequence to the available DNA

ends of the nanostructures. b) Normalized FCS autocorrelation curves measured in aqueous solutions of rhodamine 6G-DNA (red symbols) and

the DNA–polymer worms hybridized with rhodamine 6G-DNA (blue symbols). The solid lines represent the corresponding fit with Equation S1,

which yielded the hydrodynamic radii of the rhodamine 6G-DNA (RH=1.6 nm) and the functionalized DNA–polymer worms (RH=115 nm). c–

f) AFM images recorded by liquid AFM after aqueous RAFT dispersion polymerization from BTPA-DNA using a [DAAm]/[DMA] ratio of 80:20.

Different degrees of polymerization were targeted: DPn=50 (c), 100 (d), 200 (e), 250 (f). The magnified images in (b) and (c) are 2.5 times

magnified with respect to the original picture. g) Cryo-TEM images of DNA–polymer worms (DPn=100) at a concentration of 80 mm. h) Cryo-TEM

images of DNA–polymer disc assemblies (DPn=200) at a concentration of 400 mm. (i,j) Gray-scale analysis of DNA–polymer worms (DPn=100).

The inset shows the fast Fourier transformation of the highly ordered structure. The gray-scale plot along the longer axis (indicated by the arrow)

shows the periodicity of the structural features and their distances from each other.
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larger substructured particles of the DNA-polymer nano-
structures were observed, being highly reminiscent of so-
called inverse morphologies.[29] For instance, the DNA–
polymer worm assemblies (DPn= 100, c= 80 mm) showed
a large abundance of striped multicompartment particles that
were up to 300 nm in length (Figure 4g,i). These particles
were most likely composed of layers of cylinders packed in
alternating layers rotated by 908. Layers in plane with the
imaging plane appeared as solid lines and were spaced by
roughly 20 nm (Figure 4 j). The interstitial space was sub-
structured with cylinders perpendicular to the imaging plane.
The sample that was identified as disc-like aggregates (DPn=

200) in AFM formed multicompartment aggregates at higher
concentrations (c= 400 mm), which were composed of patches
of worm-like nanostructures (Figure 4h).

The observation of these different morphologies is
reasonable considering that such inverse morphologies typ-
ically occur at lower solubility, i.e., in the presence of short
DNA blocks and higher ionic strength. The different mor-
phologies observed in AFM and cryo-TEM demonstrate the
unique influence of the DNA block towards the assemblies at
different concentrations.

We selected the worm-like nanostructure to demonstrate
that such sensitive structures could be functionalized using
the DNA hybridization technology. Rhodamine 6G labelled
complementary ssDNA’ was hybridized onto the PISAworms
and characterized via DLS, AFM, and FCS. On DLS, the size
of the PISA worms did not change upon hybridization
compared to the control (Figure S18). FCS monitoring of
the rhodamine 6G DNA clearly indicated that DNA was
indeed hybridized due to an increase of the hydrodynamic
radius from 1.6 nm to 115 nm (Figure 4b), implying successful
attachment of the complementary DNA. A two-component
fit of the autocorrelation curve indicated that � 20% hybrid-
ization was achieved using a 1:10 mol ratio of Rho6G-ssDNA’

to the ssDNA–polymer chains. AFM visualization of the
hybridized PISAworms showed moderate deformation of the
worms while still maintaining elongated morphologies (Fig-
ure S19).

In conclusion, we have introduced the first solution-based
thermal RAFT polymerization from DNA under ambient
conditions by relying on enzyme degassing with glucose,
glucose oxidase, and sodium pyruvate. A series of DNA–
polymer conjugates derived from acrylamide (DMA, NAM)
and acrylate (HEA, OEGA) monomers as well as DNA–
diblock copolymers were synthesized with narrow molecular
weight distributions and varying lengths. Crucially, we per-
formed for the first time PISA with RAFT polymerization
from DNA, thus providing a convenient route for the
construction of complex DNA–polymer architectures such
as micelles or worms. With the current achievements in PISA
of block copolymers consisting purely of synthetic polymers,
we envisage that the combination of PISA with DNA will
have a major impact on DNA nanotechnology and polymer
nanostructuring.
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Experimental Procedures 

Chemicals 

D-Glucose (Sigma), sodium pyruvate (SP, > 99%, Carl Roth) and acryloxyethyl thiocarbamaoyl rhodamine B (RA, Polysciences, 
Inc.) were used as received. Glucose oxidase from Aspergillus niger (GOx, Sigma, 100 000–250 000 U/g) was dissolved in 
Dulbecco’s Phosphate Buffered Saline (DPBS, Sigma, pH = 6) and stored in aliquots at 20 °C. All functional single-stranded DNAs 
used within this study were purchased from biomers.net. BTPA-terminated DNA was synthesized from amine-terminated DNA as was 
previously reported.[1] The TAE/Mg buffers used within this study were diluted from a 20 × stock solution containing 20 mM Na2EDTA, 
100 mM NaCl, 100 mM TRIS and 240 mM MgCl2 * 6 H2O. Dulbecco’s Phosphate Buffered Saline was purchased from Sigma Aldrich.  

Poly(ethylene glycol) methyl ether acrylate (OEGA, Sigma, Mn = 480 g/mol, stabilized with 100 ppm MeHQ and 100 ppm BHT), 2-
hydroxyethyl acrylate (HEA, Sigma, 96%, stabilized with 200–650 ppm MEHQ), N,N-dimethylacrylamide (DMA, Acros Organics, 
stabilized with 500 ppm MeHQ) and 4-acryloylmorpholine (NAM, Sigma, 97%, stabilized with 1000 ppm MEHQ) were passed through 
a short column of alumina prior to use and were stored at 4 °C. Diacetone acrylamide (DAAm, Sigma, 99%) was recrystallized from 
cyclohexane once prior to use. 2,2’-Azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-044, FluoroChem Ltd.) was 
recrystallized from methanol once prior to use.  

Methods   

Ultraviolet-Visible (UV-VIS) Spectroscopy) 

UV-VIS spectra were recorded on a Spark ® 20M from Tecan Group Ltd. using either a NanoQuant PlateTM or a 384 well UV-
Star microplate.  

The sample preparation for FRET measurements was conducted by hybridizing Cy5-DNA (c = 10 μM) to the rhodamine B-
containing DNA-polymer conjugate FP1 (c = 10 μM) by incubation in 2 × TAE/Mg buffer at 37 °C for 2 h. Cy5-DNA as well as the 
rhodamine B-containing DNA-polymer conjugate FP1 were incubated alone at identical conditions to account for possible 
photobleaching and served as reference samples. For UV-VIS measurements, each sample was diluted to 200 nM and was excited 
using an excitation filter at 485/20 nm. 

Gel Permeation Chromatography (GPC) 

GPC experiments were performed on a PSS SECcurity instrument comprising an autosampler, a column oven with 3 GRAM 
columns (103, 103 and 102 Å, 300 × 8 mm, 10 μm particle size) and a RI as well as an UV detector (Agilent Technologies 1260 
Infinity). DMF containing 1g/L lithium bromide was used as the eluent at a flowrate of 1 mL/min. Poly(methyl methacrylate) (1600 
kDa–800 Da) served as the calibration standard for molecular weight measurements. The samples were filtered (0.4 µm) prior to 
injection. The data was processed with the software PSS WINGPC UniChrom. 

Matrix-Assisted Laser Desorption/ionization-Time of Flight (MALDI-ToF) Mass Spectrometry 

MALDI-ToF mass spectra were acquired on a rapiflexTM MALDI-ToF/ToF mass spectrometer from Bruker equipped with a 10 
kHz scanning smartbeam 3D laser (Nd:YAG at 355 nm) and a 10 bit 5 GHz digitizer. Measurements were performed in the positive 
reflector mode using 3-hydroxypicolinic acid as the matrix. The samples were prepared by incubating a solution of 1 µL of DNA 
sample (100 μM in DNA) and 2 µL of matrix solution (95 µL of 3-hydroxypicolinic acid in acetonitrile/water (1:1, 50 g/L) + 10 µL of 
ammonium citrate dibasic in water (100 g/L)) with an ion exchange resin. The samples were then applied to the target plate and were 
left for crystallization. Prior to every measurement, the instrument was calibrated using 3 commercially purchased DNAs (3648 Da, 
6120 Da, 9195 Da). The data was processed with mMass. 

Polyacrylamide Gel Electrophoresis (PAGE) 

Native PAGE was performed on 10 % or 20 % NovexTM Tris-Borate-EDTA (TBE) gels (12 wells, Thermo Fisher). The gels were 
run on a Cell SureLockTM mini-cell electrophoresis system from Thermo Fisher using 0.5 × TBE buffer as the running buffer (44.5 
mM Tris-Borate, 1 mM EDTA).  
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Electrophoresis was conducted at 175 V for 90 min (20 % gels) or at 135 V for 50 min (10 % gels). Each sample was prepared by 
first hybridizing 1 μL DNA sample (100 μM, 100 pmol) with the complementary Rh6G-DNA sequence (100 μM, 50 pmol) in 3.5 μL 
0.5 × TBE buffer at 35 °C for 30 min in order to increase gel resolution as reported previously.[2] 1 μL DNA gel loading dye (6 × 
Thermo Fisher) was then added prior to running the gel. GeneRuler low Range DNA ladder (Thermo Fisher) was used as received. 
Gels were subsequently stained with SYBR Gold in 50 mL 0.5 × TBE buffer for 30 min at room temperature.  

Purification of the polymers was accomplished by PAGE extraction as previously published. [3] 

High-Performance Liquid Chromatography (HPLC) 

Measurements were performed on a HPLC instrument from Shimadzu comprising an auto sampler, a column oven and a fraction 
collector. The samples were purified either by semi-prep HPLC using a ZORBAX Eclipse XDB-C18 HPLC column (9.4 × 250 mm, 5 
µm) from Agilent at a flowrate of 4 mL/min or by analytical HPLC using the same column type (4.6 × 250 mm, 5 µm) and the identical 
elution protocol at a flowrate of 1 mL/min. The elution protocol started with the mobile phase from 5% solvent B (HPLC grade 
acetonitrile) and 95% solvent C (0.1 M triethylammonium acetate buffer), raising linearly first to 60 % B in 20 min, then to 100% B in 3 
min, then decreasing to 5% B in 4 min and finally holding 5% B for 3 min. The absorbance was monitored at 310 nm and 254 nm.  

Fluorescence Correlation Spectroscopy (FCS) 

FCS experiments were performed on a commercial setup (Carl Zeiss, Germany) consisting of the module Confocor 2 and an 
inverted microscope Axiovert 200 using a C-Apochromat 40×/1.2W water immersion objective. The excitation was done by the 543 
nm line of a HeNe laser and the collected fluorescence signal was filtered through a LP560 long pass emission filter before r eaching 
the detector, an avalanche photodiode that enables single-photon counting. An eight-well, polystyrene chambered cover-glass (Lab-
Tek, Nalge Nunc International) was used as a sample cell. For each solution, a series of five measurements with a total durat ion of 
five min were performed. The confocal observation volume was calibrated using a reference dye with known diffusion coefficients, i.e. 
Alexa 546. The experimentally measured autocorrelation curves were fitted with the model function for an ensemble of m different 
types of freely diffusing fluorescent species: 

  𝐺(𝜏) = 1 + 1𝑁 ∑ 𝑓𝑖(1+ 𝜏𝜏𝐷,𝑖)∙√1+ 𝜏𝑆2∙𝜏𝐷,𝑖
𝑚𝑖=1        (S1) 

 

Here, N is the average number of diffusing fluorescent species in the observation volume, 𝜏𝐷,𝑖 is the diffusion time of the i-th species, 𝑓𝑖  is the fraction of component i and S is the so-called structure parameter 𝑆 = 𝑧0𝑟0, where 𝑧0 and 𝑟0 represent the axial and radial 

dimension of the confocal volume, respectively. Furthermore, the diffusion time 𝜏𝐷,𝑖 is related to the respective diffusion coefficient 𝐷𝑖 , 
through 𝐷𝑖 = 𝑟024∙𝜏𝐷,𝑖. From the fits, the diffusion times and consecutively the diffusion coefficients of the fluorescent species were 

determined. Finally, the hydrodynamic radii RH of the fluorescent species were calculated through the Stokes-Einstein relation 
 where T is the temperature, kB the Boltzmann constant and η the viscosity of water.  

Samples of nonfunctional DNA-polymer conjugates were prepared by first hybridizing the complementary rhodamine 6G-
containing DNA strand in 2 × TAE/Mg buffer at 37 °C for 1 hour ([DNA-polymer] = 20 μM , [Rho6G-DNA] = 10 μM) and then diluting to 
a final rhodamine concentration of ~ 50 nM.  

Samples of rhodamine B-containing DNA-polymer conjugates were prepared by just diluting to a final dye concentration of ~ 50 
nM.  

PISA samples were prepared by hybridizing the complementary Rh6G-containing DNA sequence to the DNA-polymer aggregates 
in 1 × TAE/Mg buffer at room temperature for 15 min (Final concentration: [DNA-polymer] = 25 μM, [Rho6G-DNA] = 2.5 μM). The 
measurements were conducted at higher fluorophore concentrations ([Rh6G] > 1 µM) to ensure stability of the DNA-polymer 
nanostructures. 

In all cases, the experimental autocorrelation curves were fitted with two component models (m=2 in eq. S1) to account for the 
small amounts of freely diffusing Rho6G remaining from the ssDNA labelling or rhodamine B-containing monomer remaining after 
purification. 

Atomic Force Microscopy (AFM) 

AFM measurements were conducted on a Dimension FastScan BioTM atomic force microscope from Bruker, which was operated 
in the PeakForce mode. AFM probes with a nominal spring constant of 0.25 Nm1 were employed (FastScan-D, Bruker) for 
measurement in liquid. A circular mica disc (15 mm) was used as the substrate. Measurements were performed at scan rates 

DTkR
BH

6/
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between 0.8 and 2 Hz. Different areas of the mica substrate were scanned in order to ensure the integrity of the shown images. The 
images were finally processed by the software NanoScope Analysis 1.8. 

For sample preparation, 50 μL 1 × TAE/Mg buffer (12 mM Mg2+) containing the DNA-polymer nanostructure at [DNA] = 4 μM was 
applied onto a freshly cleaved mica substrate. The solution was left to incubate for 10 min in order to deposit the desired species on 
the mica surface. After successful adsorption, the supernatant was removed and fresh 1 × TAE/Mg buffer (200 μL) was added for the 
measurement.  

Dynamic Light Scattering (DLS) 

Dynamic light scattering (DLS) were recorded at 25 °C on a Zetasizer Nano S (Malvern Instruments Ltd, Malvern, U.K.) equipped 
with a HeNe laser (λ = 633 nm) and detected at a scattering angle of 173°. All measurements were performed in triplicate. The 
obtained data was processed by cumulant fitting for z-average and PDI, or by CONTIN fitting for intensity/ volume/ number weighted 
particle size distribution.  

Samples were prepared at ~ [DNA] = 10 µM in 1 × TAE/Mg buffer and dust could be removed from the sample prior to each 
measurement by filtration through a GHP syringe filter (0.22 μm pore size, Acrodisc). 

Cryogenic Transmission Electron Microscopy (Cryo-TEM) 

Cryo-TEM measurements were performed on a FEI Talos 120C electron microscope at 120 kV operating voltage. Cryo-TEM 
samples were prepared on holey carbon films with various hole sizes using a FEI Vitrobot Mk IV. The samples were freshly prepared 
in Mg2+-containing (12 mM) 1 × TAE buffer prior to the measurements. Image analysis was performed with the Fiji plug-in version of 
Imagej. 

Experimental Procedures 

DPBS was adjusted to pH = 6 with diluted HCl prior to the experiments. Stock solutions were prepared of BTPA (20 mM), VA-044 
(2 mM) and rhodamine acrylate (25 mM) in t-butanol/DPBS (30/70, v/v) as well as BTPA-DNA (10 mM), glucose (0.8 M), glucose 
oxidase (8 μM), sodium pyruvate (2 M), DAAm (2 M) and DMA (500 mM) in pure DPBS.  

For a typical polymerization, monomer, BTPA stock, VA-044 stock, sodium pyruvate stock (1.25 μL) and DMF (1.25 μL) were 
diluted with DPBS and t-butanol/DPBS (30/70, v/v) to a total volume of 37.5 μL and to a solvent composition of t-butanol/DPBS 
(20/80, v/v). The amounts of monomer, BTPA stock and VA-044 stock were varied according to the employed concentrations. To this 
mixture glucose stock (6.25 μL) and glucose oxidase stock (6.25 μL) were added, resulting in a total volume of 50 μL in t-
butanol/DPBS (15/85, v/v). 40 μL of this solution was pipetted into a PCR tube, which was closed and placed in a thermocycler at the 
appropriate temperature. The remaining solution served as t0 sample for the determination of the conversion. At the completion of the 
polymerization, 15 μL were diluted in DMF for GPC and another 15 μL were diluted in D2O for measuring the conversion via 1H NMR 
spectroscopy. 

For the synthesis of DNA-b-polymer conjugates, the identical protocol was pursued with the exception that BTPA-DNA stock was 
used instead of BTPA stock. 

DNA-diblock copolymer conjugates were achieved by removing 20 μL of the reaction mixture after polymerization of the first block 
and adding 20 μL of freshly prepared solution containing the monomer of the second block at the appropriate concentration as well as 
glucose at 100 mM, glucose oxidase at 1 μM and sodium pyruvate at 50 mM.  

For the synthesis of rhodamine B-containing DNA-polymer conjugates, the general polymerization protocol was followed with the 
exception that RA stock was additionally added at the appropriate concentration.   

For the PISA experiments, the general polymerization protocol was followed with the exception that DAAm and DMA stocks were 
added at the appropriate concentrations. Also, the solvent was changed to pure DPBS by preparing VA-044 stock (2 mM) in DPBS 
instead of t-butanol/DPBS (30/70, v/v). 
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Results and Discussion 

 

 

 

 
Figure S1. Pictures of the employed thermocycler (BioRad MyCycler Thermal Cycler, left), PCR tubes filled with 40 μL reaction volume (middle) and PCR tubes 
placed in the thermocycler for conducting the polymerizations (right). 

 

 

 

 

 
Figure S2. Mass spectra of NH2-DNA (left, mass calculated: 5828.89 Da) and BTPA-DNA after HPLC purification (right, mass calculated: 6049.48 Da) 
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Table S1. Homopolymerization from BTPA-DNA via thermal RAFT polymerization under ambient conditions.  

Entry Monomer 
[M]:[BTPA-
DNA]:[I] a 

Time (h) [BTPA] (mM) Conversion b (%) Mn, theo. c (kDa) Mn, app. d (kDa) Đ d 

P1 DMA 500:1:0.1 6 1 90 50.7 36.8 1.24 

P2 DMA 375:1:0.1 4 1 64 29.8 23.2 1.14 

P3 DMA 250:1:0.1 4 1 91 28.6 20.0 1.19 

P4 NAM 500:1:0.1 4 1 72 56.9 35.2 1.33 

P5 NAM 375:1:0.1 4 1 60 37.8 20.1 1.28 

P6 NAM 250:1:0.1 4 1 65 29.0 20.6 1.32 

P7 HEA 250:1:0.1 4 2 79 29.0 29.9 1.23 

P8 HEA 125:1:0.1 4 2 61 14.9 12.6 1.27 

P9 OEGA 80:1:0.1 4 1 51 25.6 14.2 1.41 

P10 OEGA 60:1:0.1 4 1 51 20.7 12.0 1.34 

[a] Polymerizations were conducted at 45 °C in DPBS/tBuOH (85/15, v/v) using enzyme degassing at [glucose] = 100 mM, [GOx] = 1 μM and [SP] = 50 mM. 
[b] Conversions were determined by 1H NMR in D2O using DMF (2.5 %) as internal standard. [c] Theoretical molecular weights were calculated based on the 
following equation: Mn, theo. = [M]0/[DNA]0 × MWM × conv.(NMR) + MWDNA. [d] Apparent molecular weights and dispersity values were determined by GPC with 
DMF as the eluent using PMMA calibration standards without correction. 

 

 
Figure S3. (a) GPC traces of BTPA-DNA (black line) and the DNA-polymer conjugates P7-P10 (colored lines) as measured by DMF GPC with PMMA calibration 
standards. (b) Overlay of the RI trace (black line) and the UV trace at λ = 270 nm (red line) after polymerization from DNA as measured by DMF GPC using 
PMMA calibration standards. (c) BTPA-DNA and the DNA-polymer conjugates P7-P10 analyzed by 20% native PAGE. L, DNA ladder; lane 1, BTPA-DNA; lane 2-
5, P7-P10 (from left to right). (d) Normalized FCS autocorrelation curves (symbols) measured in aqueous solutions of rhodamine 6G-terminated DNA and DNA-
polymer conjugates P1–P3 hybridized with it. The solid lines represent the corresponding fits with eq. S1, which yielded the hydrodynamic radii of rhodamine 6G-
terminated DNA (RH = 1.6 nm), P1 (RH = 3.3 nm), P2 (RH = 3.7 nm) and P3 (RH = 5.0 nm). 

Table S2. Overview on the percentage of left-over DNA after DNA polymerization as calculated by Image J4 from the PAGE gels. 
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Figure S4. Degradation profiles of BTPA-DNA as measured by aqueous HPLC. BTPA-DNA was treated under the polymerization conditions without (a) and with 
sodium pyruvate at 50 mM (b) and 200 mM (c) in the absence of monomer and initiator. Significant decomposition of the BTPA-DNA occurred, when no pyruvate 
was present (a). In contrast, when pyruvate was added, the decomposition could be largely suppressed (b) or even entirely alleviated (c). 

 

Entry Monomer [M]:[BTPA-DNA]:[I] 
Remaining DNA 
[%] 

DNA-Polymer Conjugate 
[%] 

P1 DMA 500:1:0.1 3.0 97.0 

P2 DMA 375:1:0.1 4.0 96.0 

P3 DMA 250:1:0.1 5.7 94.3 

P4 NAM 500:1:0.1 6.4 93.6 

P5 NAM 375:1:0.1 6.5 93.5 

P6 NAM 250:1:0.1 7.5 92.5 

P7 HEA 250:1:0.1 8.2 91.8 

P8 HEA 125:1:0.1 13.1 86.9 

P9 OEGA 80:1:0.1 23.4 76.6 

P10 OEGA 60:1:0.1 19.6 80.4 



SUPPORTING INFORMATION          

9 

 

 
Figure S5. Stability test of DNA during RAFT polymerization of DMA ([DMA]:[BTPA] = 375:1, [BTPA] = 2 mM) under the employed enzyme degassing conditions 
as monitored by 10 % native PAGE. The polymerization was conducted in the presence of a Rho6G-DNA sequence (Rh6G – 5’ – T TTT CTC TAC CAC CTA 
CTA — 3’) at 25 µM. a) GPC trace of the polymer obtained after polymerization. b) Monitoring of the DNA stability during RAFT polymerization by 10 % native 
PAGE. L, DNA ladder; lane 1, Rho6G-DNA; lane 2, Rho6G-DNA after RAFT polymerization for 2 hours; lane 3, Rho6G-DNA after RAFT polymerization for 4 h. 

 
 

 
Figure S6. Stability test of DNA during RAFT polymerization of DMA ([DMA]:[BTPA] = 200:1, [BTPA] = 2 mM) under the employed enzyme degassing conditions 
as monitored by HPLC. The polymerization was conducted in the presence of an unfunctional DNA sequence (5’ – T TTT CTC TAC CAC CTA CTA – 3’) at 500 
µM a) GPC traces of the polymers obtained in the presence and in the absence of the single-stranded DNA sequence, demonstrating that the presence of DNA 
does not adversely affect the polymerizations. b) Monitoring of the DNA stability during RAFT polymerization by aqueous HPLC, where no additional peaks were 
detected after polymerization, indicating that the DNA sequence remains intact and unaffected by the polymerization.   
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Table S3. Homopolymerizations from BTPA via thermal RAFT polymerization under ambient conditions for DNA-polymer mixing experiments.  

Entry Monomer 
[M]:[BTPA-
DNA]:[I] a 

Time (h) Conversion b (%) Mn, theo. c (kDa) Mn, app. d (kDa) Đ d 

RP1 DMA 400:1:0.1 4 82 32.8 32.0 1.28 

RP2 DMA 200:1:0.1 4 89 17.9 14.4 1.31 

RP3 NAM 400:1:0.1 4 96 54.4 34.5 1.36 

RP4 NAM 200:1:0.1 4 91 25.9 20.6 1.23 

RP5 HEA 200:1:0.1 4 89 20.9 25.4 1.32 

RP6 OEGA 40:1:0.1 4 90 17.5 12.4 1.28 

[a] Polymerizations were conducted at 45 °C in DPBS/tBuOH (85/15, v/v) using [BTPA] = 5 mM and enzyme degassing at [glucose] = 100 mM, [GOx] = 1 μM and 
[SP] = 50 mM. [b] Conversions were determined by 1H NMR in D2O using DMF (2.5%) as internal standard. [c] Theoretical molecular weights were calculated 
based on the following equation: Mn, theo. = [M]0/[DNA]0 × MWM × conv.(NMR) + MWDNA. [d] Apparent molecular weights and dispersity values were determined by 
GPC with DMF as the eluent using PMMA calibration standards without correction. 

 

 

 
Figure S7. DNA-polymer mixing experiments to exclude unspecific binding of the DNA and the synthetic polymer due to physical entanglement. The 
polymerizations were conducted as depicted in Table S3. Each polymer was subsequently incubated with an amine-terminated single-stranded DNA sequence 
(NH2 – 5’ – T TTT CTC TAC CAC CTA CTA – 3’) under the polymerization conditions prior to PAGE analysis. a) GPC traces of the polymers synthesized for the 
DNA-polymer mixing experiments. b) Gel electrophoresis after physical mixing of the polymers with an amine-terminated DNA sequence. Lane 1. Poly(DMA) 
(DPn = 400), Lane 2. Poly(DMA) (DPn = 200), Lane 3. Poly(NAM) (DPn = 400), Lane 4. Poly(NAM) (DPn = 200), Lane 5. Poly(HEA) (DPn = 200), Lane 6. 
Poly(OEGA) (DPn = 40), Lane 7: Polyethyleneimine.  
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Table S4. Synthesis of a rhodamine B-containing DNA-polymer conjugate.  

Entry Monomer 
[M]:[BTPA]:[I] 
a 

Time (h) [BTPA] (mM) Conversion b (%) Mn, theo. c (kDa) Mn, app. d (kDa) Đ d 

FP1 HEA-co-RA 249:1:1:0.1 4 2 64 25.0 25.2 1.27 

[a] Polymerization was conducted at 50 °C in DPBS/tBuOH (85/15, v/v) using enzyme degassing at [glucose] = 100 mM, [GOx] = 1 μM and [SP] = 50 mM. 
[b] Conversions were determined by 1H NMR in D2O using DMF (2.5%) as internal standard. [c] Theoretical molecular weights were calculated based on the 
following equation: Mn, theo. = [HEA]0/[DNA]0 × MWHEA × conv.(NMR) + [RA]0/[DNA]0 × MWRA × conv.(NMR) + MWDNA. [d] Apparent molecular weights and dispersity 
values were determined by GPC with DMF as the eluent using PMMA calibration standards without correction. 

 

 
Figure S8. GPC traces of BTPA-DNA (black line) and FP1 (red line) as measured by DMF GPC using PMMA calibration standards. 

 

 

 
Figure S9. Emission spectra of FP1 after hybridization with matching Cy5-DNA (red line) and mismatching Cy5-DNA (black line), respectively, upon excitation 
with an excitation filter at 485/20 nm. The spectra were obtained by subtracting the obtained emission spectrum after hybridization by the initial spectra of FP1 
and Cy5-DNA alone, resulting in the Cy5 emission caused by FRET.  

 

 
Table S5. Synthesis of DNA-diblock copolymer conjugates.  

Entry Monomer 
[M]:[BTPA]:[I] 
a 

Time (h) [BTPA] (mM) Conversion b (%) Mn, theo. c (kDa) Mn, app. d (kDa) Đ d 

DP1.1 DMA 125:1:0.2 2 2 93 17.6 12.4 1.26 

DP1.2 NAM 125:1:0.2 2 1 <10 - 15.5 1.47 

DP2.1 DMA 125:1:0.2 2 2 90 17.2 12.5 1.26 

DP2.2 NAM 125:1:0.2 2 1 >95 36.1 33.0 1.34 

[a] Polymerizations were conducted at 50 °C in DPBS/tBuOH (85/15, v/v) using enzyme degassing at [glucose] = 100 mM, [GOx] = 1 μM and [SP] = 50 mM. 
[b] Conversions were determined by 1H NMR in D2O using DMF (2.5%) as internal standard. [c] cTheoretical molecular weights were calculated based on the 
following equation: Mn, theo. = [M]0/[DNA]0 × MWM × conv.(NMR) + MWDNA.  [d] Apparent molecular weights and dispersity values were determined by GPC with 
DMF as the eluent using PMMA calibration standards without correction. 
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Figure S10. (a) BTPA-DNA and the DNA-polymer conjugates DP1.1 and DP1.2 analyzed by 20 % native PAGE. L, DNA ladder; lane 1, BTPA-DNA; lane 2. 
DP1.1; lane 3. DP1.2. (b) GPC traces of BTPA-DNA (black line), DP1.1 (red line) and DP1.2 (blue line) as measured by DMF GPC with PMMA calibration 
standards. (c) Overlay of the RI trace (black line) and the UV trace at λ = 310 nm (red line) after polymerization of the first polymer block from DNA as measured 
by DMF GPC using PMMA calibration standards. 

 

 

Table S6. Polymerization-induced self-assembly from single stranded DNA.  

Entry Monomer 
[M]:[BTPA]:[I] 
a 

Time (h) [BTPA] (mM) Conversion b (%) Mn, theo. c (kDa) Mn, app. d (kDa) Đ d 

PISA1 
DAAm-co-
DMA 

40:10:1:0.2 4 2 >95 13.8 9.1 1.26 

PISA2 
DAAm-co-
DMA 

80:20:1:0.2 4 2 >95 21.6 14.7 1.29 

PISA3 
DAAm-co-
DMA 

160:40:1:0.2 4 1.5 >95 37.1 27.4 2.42 

PISA4 
DAAm-co-
DMA 

200:50:1:0.2 4 1.2 >95 44.8 20.5 1.47 

[a] Polymerizations were conducted at 50 °C in DPBS using enzyme degassing at [glucose] = 100 mM, [GOx] = 1 μM and [SP] = 50 mM. [b] Conversions were 
determined by 1H NMR in D2O using DMF (2.5 %) as internal standard. [c] Theoretical molecular weights were calculated based on the following equation: Mn, theo. 
= [DAAm]0/[DNA]0 × MWDAAm × conv.(NMR) + [DMA]0/[DNA]0 × MWDMA × conv.(NMR) + MWDNA. [d] Apparent molecular weights and dispersity values were 
determined by GPC with DMF as the eluent using PMMA calibration standards without correction. 

 

 

 
Figure S11. GPC traces of BTPA-DNA (black line) and the DNA-polymer conjugates PISA1-PISA4 (coloured lines) as measured by DMF GPC with PMMA 
calibration standards.
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Figure S12. AFM images of DNA-polymer micelles as synthesized by RAFT polymerization from BTPA-DNA using a [DAAM]:[DMA] ratio of 80:20 and a 
[M]:[BTPA-DNA] ratio of 50:1. 

 
 

Figure S13. AFM images of DNA-polymer worms as synthesized by RAFT polymerization from BTPA-DNA using a [DAAM]:[DMA] ratio of 80:20 and a 
[M]:[BTPA-DNA] ratio of 100:1. 
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Figure S14. AFM images of DNA-polymer discs as synthesized by RAFT polymerization from BTPA-DNA using a [DAAM]:[DMA] ratio of 80:20 and a [M]:[BTPA-
DNA] ratio of 200:1.  

 
 

Figure S15. AFM images of DNA-polymer discs as synthesized by RAFT polymerization from BTPA-DNA using a [DAAM]:[DMA] ratio of 80:20 and a [M]:[BTPA-
DNA] ratio of 250:1.  
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Figure S16. Height histograms of the DNA-polymer nanostructures synthesized by polymerization-induced self-assembly (PISA) from DNA using N,N-
dimethylacrylamide (DMA) and diacetone acrylamide (DAAm) as the monomers. Different nanostructures were synthesized by targeting different degrees of 
polymerization (DPn) and a height distribution histogram was made for each targeted DPn: (a) DPn = 50. (b) DPn = 100. (c) DPn = 200. (d) DPn = 250. The heights 
of the nanostructures were determined from AFM by height profile analysis and the height distribution histograms were then created by counting the heights of at 
least 200 individual nanostructures. 

 

 

 
Figure S17. DLS data of the synthesized DNA-polymer nanostructures. Each of the three morphologies demonstrates a characteristic signal in DLS, where the 
mean diameter of the micelles, worms and disc aggregates were measured to be 16.5 ± 1.5 nm, 27.3 ± 0.6 nm and 53.7 ± 0.9 nm, respectively. 
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Figure S18. DLS of the DNA-polymer worms before (black line) and after functionalization (red line) with a complementary Rh6G-DNA sequence. The DLS 
spectra remain unchanged after hybridizing a small fraction of a complementary Rh6G-DNA sequence to the DNA-polymer nanostructure.  

 

 

 
 

Figure S19. AFM images of the DNA-polymer worms before (left) and after functionalization (right) with the complementary Rh6G-terminated DNA sequence. A 
moderate change in uniformity of the structures could be seen by AFM after hybridization, however, their elongated morphologies were maintained. 
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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 
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ABSTRACT: The development of a synthetic code that
enables a sequence programmable feature like DNA
represents a key aspect toward intelligent molecular
systems. We developed herein the well-known dynamic
covalent interaction between boronic acids (BAs) and
catechols (CAs) into synthetic nucleobase analogs. Along
a defined peptide backbone, BA or CA residues are
arranged to enable sequence recognition to their
complementary strand. Dynamic strand displacement
and errors were elucidated thermodynamically to show
that sequences are able to specifically select their partners.
Unlike DNA, the pH dependency of BA/CA binding
enables the dehybridization of complementary strands at
pH 5.0. In addition, we demonstrate the sequence
recognition at the macromolecular level by conjugating
the cytochrome c protein to a complementary poly-
ethylene glycol chain in a site-directed fashion.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

be used to enable recognition of macromolecules, i.e., proteins
and polymers. As PEGylation of proteins remain an important
aspect in protein therapeutics,41,42 we functionalized PEG5000

and yeast cytochrome c (CytC) with (AX)3 and (BX)3,
respectively. The conversion to PEG5000-(AX)3(BX)3-CytC
was quantified by a fluorogenic sensor, Alizarin Red S in a
titration assay (Figure 3d). The construct was characterized
additionally with MALDI-TOF MS albeit with partial
dissociation of the construct due to the acidic matrix (Figure
3e). Additionally, topological height increases due to complex-
ation was visualized by atomic force microscopy (Figure
S19).43

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

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

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

Binding Partner Ka (M
−1) Type Binary Code

(AX)1-(BX)1 1300 ± 300 Monovalent 1

(AX)2-(BX)2 12 500 ± 1100 Divalent 11

(AX)3-(BX)3 81 400 ± 7300 Trivalent 111

A3X3-B3X3 <2000 No Spacer 111

ABA-BAB 79 400 ± 5200 Mixed Trivalent 111

(BX)3-BAB − − Mismatch

AAYA-BYBB 21 100 ± 6100 Divalent (Spaced) 1101

(AX)3-BYBB 9400 ± 800 Divalent Mismatch
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scaffold, synthetic binary codes were created, in which binding
and dynamic displacement was directed in a predictable and
logical manner. In addition, the pH responsiveness of the
chemistry adds an extra trigger to control the hybridization
process. Assisted by the burgeoning field of site-selective
protein chemistry,44 the application of complementary
sequences to the protein cytochrome c and PEG5000 further
underlines the potential to create defined and dynamic
macromolecular assemblies. We envision that the technology
provides a synthetic platform for programming macro-
molecular architectures to possess complex dynamic features.
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1. Index of Abbreviations 
 
FITC       fluorescein isothiocyanate 

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

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

Mal-   (in peptide sequence)   6-maleimidohexanoic acid 

PEG5000-maleimide methoxypolyethylene glycol 

maleimide 

TCEP tris(2-carboxyethyl)phosphine 

hydrochloride 

AEEAc 8-amino-3,6-dioxaoctanoic acid 

Fmoc-       Fluorenylmethyloxycarbonyl- 

Boc       tert-Butyloxycarbonyl- 
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2. Experimental Procedures 
2.1 Synthesis of protected borono-phenylalanine 

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

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

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

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

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

commercial suppliers and were used without further purification unless otherwise 

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

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

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

 
4-Iodo-L-phenylalanine (1)  
Phenylalanine (1 equiv.), was dissolved in a mixture of acetic and sulfuric acid (5:1). 

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

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

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

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

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

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

under vacuum (Yield: 86%). The NMR data was accordance with the literature.[1]  1H-
NMR (400 MHz, CD3OD): δ (ppm) = 3.05 (dd, 1H), 3.28 (dd, 1H), 3.91 (dd, 1H), 7.13 

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

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

 

4-Iodo-L-phenylalaninemethylester (2)  
4-Iodopenylalanine (1 equiv.) was dissolved in dry MeOH. The solution was cooled to 

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

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

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

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

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

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

CD3OD): δ (ppm) = 36.81, 53.63, 54.87, 94.12, 132.55, 135.16, 139.34, 170.26. HR-
ESI-MS: m/z = 307.00581 [M + H]+, (calcd. mass: 307.00693 [M + H]+, formula: 

C10H12INO2). 

 

N-(tert-butyloxycarbonyl)-4-Iodo-L-phenylalaninemethylester (3) 
4-Iodophenylalaninemethylester (1 equiv.) was dissolved in DCM. Then di-tert-

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

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

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

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

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

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

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

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

 

N-(tert-butyloxycarbonyl)-4-(pinacolylborono)-L-phenylalaninemethylester (4) 
Potassium acetate (3 equiv.) was placed in a round bottom flask and was dried under 

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

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

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

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

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

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

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

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

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

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

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

formula: C21H32BNO6). 

 

4-Borono-L-phenylalanine (5)  
N-(tert-butyloxycarbonyl)-4-(pinacolylborono)-phenylalaninemethylester (1 equiv.) 

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

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

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

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

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

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

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

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

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

 

N-(9H-Fluorenylmethoxycarbonylamino)-4-borono-L-phenylalanine (6)  
4-Boronophenylalanine (1 equiv.) was suspended in water. Then the pH was adjusted 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

1:2 + 2% FA) was used to isolate the products as white solids. 
 
N-(9H-Fluorenylmethoxycarbonylamino)-4-(pinacolatoborono)-L-phenylalanine 
(7a)  
Synthesis was conducted according to the general protocol above. Yield: 83%. The 

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

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

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

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

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

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

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

 
N-(9H-Fluorenylmethoxycarbonylamino)-4-(pinandiolborono)-L-phenylalanine 
(7b)  
Synthesis was conducted according to the general protocol above. Yield: 80% 1H-NMR 

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

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

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

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

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

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

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

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

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

[M+ Na]+, formula: C34H36BNO6). 
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Figure S1. 1H-NMR of N-(9H-Fluorenylmethoxycarbonylamino)-4-(pinandiolborono)-L-phenylalanine (7b).  
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Figure S2. 13C-NMR of N-(9H-Fluorenylmethoxycarbonylamino)-4-(pinandiolborono)-L-phenylalanine (7b).  
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Figure S3. HSQC (left) and H,H COSY (right) of N-(9H-Fluorenylmethoxycarbonylamino)-4-(pinandiolborono)-L-phenylalanine 
(7b).  
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2.2 Solid-phase-peptide-synthesis 
 

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

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

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

3 washes with fresh DMF (peptide grade): 

 

 
 

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

below. 

 

Deprotection: 

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

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

• Wash (4x DMF) 

 

Coupling: 

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

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

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

 

Final cleavage from the solid phase: 

 

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

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

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

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

with mass spectrometry. 

 

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

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

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

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

 

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

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

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

 

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

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

with mass spectrometry. 

 

 

2.3 Labeling of peptides with fluorescent dyes 
 
DyLight®650-Cys-AEEAc-Cat-Lys-Cat-Lys-Cat-Lys 
The catechol peptide with the sequence Cys-AEEAc-Cat-Lys-Cat-Lys-Cat-Lys 

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

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

stirred for 2 h under argon atmosphere. Then DyLight®650-maleimide (0.1621 mg, 
0.1485 µmol, 1.0 equiv.) was added as a 10 mg/mL DMF-solution and the mixture was 

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

solution was purified by HPLC (chapter 5). 
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Fluorescein-Cys-AEEAc-Bor-Lys-Bor-Lys-Bor-Lys 
The boronic acid peptide with the sequence Cys-AEEAc-Bor-Lys-Bor-Lys-Bor-Lys 

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

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

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

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

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

was purified by HPLC (Refer to Section 5). 

 

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

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

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

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

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

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

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

 

2.4 Synthesis of protein/polymer conjugates 
 
Synthesis of Cytochrome-C-Catechol Peptide-Conjugate (CytC-B3) 
CytC (3.120 mg, 0.20479 µmol, 1.0 equiv.) was dissolved in 700 µL degassed 

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

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

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

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

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

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

 

Synthesis of PEG5000-Boronic Acid Peptide-Conjugate (PEG5000-A3) 
The boronic acid peptide with the sequence Cys-AEEAc-Bor-Lys-Bor-Lys-Bor-Lys 

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

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

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

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

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

 

 

2.5 Mass Spectrometry and High-Performance Liquid Chromatography 
 

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

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

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

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

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

 

Boronic acid containing peptide tags were characterized via MALDI-FTICR 

measurements. Spectra can be obtained in positive mode. 

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

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

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

3x).  

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

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

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

solution was added.  

 

The complexes of boronic acid containing peptides and catechol containing peptides 

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

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

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

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

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

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

Ala-Cat-Ala 
 

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

 

 
 
 
Ala-Cat-Ala-Cat-Ala  
 

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

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

 

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

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

 
FITC-AEEAc-Bor-Ala  
 

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

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

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

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

 
Lys-Cat-Lys     
 

 
 

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

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

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

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

formula: C60H94N14O16). 
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DyLight®650-Cys-AEEAc-Cat-Lys-Cat-Lys-Cat-Lys 
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OH OHOH
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MS (MALDI-TOF, DHB): m/z = 2277.131 [M-H]-, (calcd. mass: 2277.546 [M-H]-, 

formula: formula cause of DyLight®650 not calculable. 

 

 

 

 
 
 
 
 
 



 

S22 
 

Cys-Lys-Lys-Lys-Cat-Cat-Cat 
 

 

 

 

 

 

 

 
 
MS (MALDI-TOF, DHB): m/z = 1042.541 [M+H]+ (calcd. mass: 1042.503 [M-H]-

formula: C48H71N11O13S) 

 

 

FITC-Cys-Lys-Lys-Lys-Cat-Cat-Cat 
 

 

 

 

 

 

 

 

 

 

 
MS (MALDI-TOF, DHB): m/z = 1469.496 [M+H]+ (calcd. mass: 1469.572 [M+H]+ 

formula: C72H84N12O20S) 
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Bor-Tags 

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

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

 
Cys-AEEAc-Bor-Lys-Bor-Lys-Bor-Lys 
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MS (MALDI-TOF, DHB): m/z = 1578.996 [M + 3 DHB – 6 H2O + H]+, (calcd. mass: 

1578.6284 [M + 3 DHB – 6 H2O + H]+, formula: C54H84B3N11O17S). 
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AEEAc-Bor-Lys-Bor-Lys-Bor-Lys 
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MS (MALDI-TOF, DHB): m/z = 1475.723 [M + 3 DHB – 6 H2O + H]+, (calcd. mass: 

1475.6192 [M + 3 DHB – 6 H2O + H]+, formula: C51H79B3N10O16). 
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Fluorescein-Cys-AEEAc-Bor-Lys-Ala-Lys-Bor-Lys-Bor-Lys 
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MS (MALDI-TOF, DHB): m/z = 2206.640 [M + 3 DHB – 6 H2O + H]+, (calcd. mass: 

2206.8453 [M + 3 DHB – 6 H2O + H]+, formula: C87H116B3N15O26S). 
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Fluorescein-Cys-AEEAc-Bor-Lys-Bor-Lys-Bor-Lys 
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MS (MALDI-TOF, DHB): m/z = 2007.906 [M + 3 DHB – 6 H2O + H]+, (calcd. mass: 

2007.7132 [M + 3 DHB – 6 H2O + H]+, formula: C78H99B3N12O24S). 
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Lys-Lys-Lys-Bor-Bor-Bor 
 
 
 
 
 
 

 
MS (MALDI-TOF, DHB): m/z = 975.563 [M + H]+, (calcd. mass: 975.545 [M + H]+, 

formula: C45H69B3N10O12). 

 

 

Lys-Bor-Lys-Cat-Lys-Bor-Lys 
 

 
 
MS (MALDI-TOF, DHB): m/z = 1328.61826 [M + 3 DHB – 6 H2O + H]+, (calcd. mass: 

1328.62 [M + 3 DHB – 6 H2O + H]+, formula: C51H79B2N11O14). 
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Cys-AEEAc-Cat-Lys-Bor-Lys-Cat-Lys 
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MS (MALDI-TOF, DHB): m/z = 1318.58346 [M + 1 DHB – 2 H2O + H]+, (calcd. mass: 

1318.58 [M + 1 DHB – 2 H2O + H]+, formula: C54H82BN11O17S). 
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Fluorescein-Cys-AEEAc-Cat-Lys-Bor-Lys-Cat-Lys 
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MS (MALDI-TOF, DHB): m/z = 1747.65660 [M + 1 DHB – 2 H2O + H]+, (calcd. mass: 

1747.67 [M + 1 DHB – 2 H2O + H]+, formula: C78H97BN12O24S). 
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2.6 Binding Affinity Analysis (Fluorescence Quenching Assay) 

General procedure: 

Fluorescence spectra were recorded on an Infinite® M1000 PRO microplate reader 

(Tecan®) and on a microscale thermophoresis device (Monolith NT.115 of 

NanoTemper Technologies GmbH). 20 µL of different concentrations of the non-

labeled compound were served (dilutions series with factor of 2 for each step, 

phosphate buffer 300 mM, pH 7.4). To this a constant amount of the fluorescein-

labeled compound (vol. 20 µL, phosphate buffer 300 mM, pH 7.4) below the lowest 

amount in the dilution series of the non-labeled one was added. After mixing for 2 h at 

450 rpm, 35 µL of every mixture was placed in black UV Star® 384 microliter well-

plates (Greiner bio-one®) or 10 µL was sucked in a capillary for the microscale 

thermophoresis device (Monolith NT.115 Capillaries). After 15 min of equilibration 

time, the fluorescence emission was recorded at 520 nm upon excitation at 488 nm 

with multiple reads per well (3x3) or with the green/red laser device with a laser power 

of 20% on the settings of the microscale thermophoresis device. 
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Exemplary described procedure (of the measurement with Fluorescein-(AX)3 and 

(BX)3): 

At the beginning, the serial dilution of the catechol peptide tag was produced. For that, 

8 solutions with a volume of 20 µL each (phosphate buffer 300 mM, pH 7.4) were 

prepared. Furthermore, one solution with the starting concentration of 0.5 mM of the 

catechol peptide tag in 40 µL (phosphate buffer 300 mM, pH 7.4) was mixed. 20 µL of 

the solution was diluted with 20 µL and is iterated for the 8 prepared solutions. At the 

end the catechol peptide serial dilution has 9 solutions with 20 µL volume each and 

the following concentrations: 

 
To each of these solutions, 20 µL of a prepared 0.00048 mM fluorescein-boronic acid 

peptide solution (phosphate buffer 300 mM, pH 7.4) was introduced. 

The resulting catechol-boronic acid mixtures (after mixing every solution contained half 

of the prepared concentrations) were then shaken for 2 h at 450 rpm. In the next step, 

35 µL of the solutions were pipetted in the wells/capillaries for fluorescence 

spectroscopy (general procedure describes settings of the device). 

 

Used peptide sequences:  
 

Fluorescein-Cys-AEEAc-Bor-Lys-Bor-Lys-Bor-Lys       + Lys-Cat-Lys-Cat-Lys-Cat-Lys 

Fluorescein-Cys-AEEAc-Bor-Lys-Bor-Lys-Bor-Lys       + Lys-Cat-Lys-Ala-Lys-Cat-Lys-Cat-

Lys 

Fluorescein-Cys-AEEAc-Bor-Lys-Ala-Lys-Bor-Lys-Bor-Lys    + Lys-Cat-Lys-Ala-Lys-Cat-Lys-Cat-

Lys 

Fluorescein-Cys-AEEAc-Cat-Lys-Bor-Lys-Cat-Lys       +     Lys-Bor-Lys-Bor-Lys-Bor-Lys 

FITC-AEEAc-Bor-Ala-Bor-Ala          +     Ala-Cat-Ala-Cat-Ala  

FITC-AEEAc-Bor-Ala            +     Ala-Cat-Ala 

Lys-Lys-Lys-Bor-Bor-Bor          +     FITC-Cys-Lys-Lys-Lys-Cat-Cat-Cat 

 

Dilution of catechol peptide Concentration [mM]
1 0.50000
2 0.25000
3 0.12500
4 0.06250
5 0.03125
6 0.01562
7 0.00781
8 0.00390
9 0.00195
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Figure S4. Fluorescence decay as a result of thermophoresis of (AX)3-(BX)3 binding 

demonstrating the absence of aggregates and higher ordered structures. 

 

Statistics and reproducibility 

The concentration dependent fluorescence data points were plotted in OriginPro 

2017G. To compare the binding concentrations (or Ka), the points of inflection were 

calculated by the OriginPro 2017G software by using sigmoidal fitting according to the 

Boltzmann function. Each individual experiment was conducted in triplicates with a 

different batch of synthesized peptides. Three sets of experiments were conducted to 

obtain the data in Figure 2a of the main manuscript. The point of inflection values of 

the different experiments were used to determine the arithmetic average binding 

concentrations (or Ka) and standard deviations. The standard deviation points for (AX)-
(BX) (blue in Figure 2a) is smaller than the represented square itself and thus not 

graphically observable. 

 

 

2.7 Dynamic light scattering 
Dynamic light scattering on the (AX)3-(BX)3 binding complex in 300 mM PB buffer, pH 

7.4, was performed using Nano-ZetaSizer (Malvern Instruments). The 173° 

backscatter was measured using a 633 nm laser at 25 °C. No aggregates were 

detected. 
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2.8 FRET experiment 
Fluorescence spectra were recorded on an Infinite® M1000 PRO microplate reader 

(Tecan). 30 µL of the boronic acid peptide tag (Fluorescein-Cys-AEEAc-Bor-Lys-Bor-

Lys-Bor-Lys), 30 µL of the catechol peptide tag (Dyelight650®-AEEAc-Cat-Lys-Cat-

Lys-Cat-Lys) and 30 µL of the mixture of both (every solution has a concentration of 

1 mM of the peptide and was produced with phosphate buffer (300 mM, pH 7.4)) were 

placed in a black UV Star® 384 microliter well-plate (Greiner bio-one), each. The 

mixtures were stirred for 2 h at 450 rpm and measured with an excitation wavelength 

of 488 nm and the emission was recorded 550 nm – 850 nm. 

 

Figure S5. FRET of (AX)3-(BX)3 binding in phosphate buffer pH 7.4 

 

 

 2.9  1H NMR Spectroscopy: TOCSY, NOESY, DOSY 
The 1H NMR data of (AX)3, (BX)3 and (AX)3-(BX)3 as well as BAB and BAB-(BX)3 

were acquired on a Bruker Avance 850 MHz spectrometer equipped with a 5 mm TXI 

with a Z gradient. The measurements were performed at 298 K with a sample 

concentration of 2 mM in 300 mM phosphate buffer, pH 7.4, 9:1 (H2O:D2O). Chemical 

shifts were recorded in parts per million (ppm), using 1H NMR resonance of H2O to 

reference the 1H NMR spectrum with the methyl resonance of TMS at 0.0 ppm, 

according to IUPAC recommended method.5 Two-dimensional NMR spectra were 

analyzed using NMRFAM-SPARKY.6 The proton resonances were assigned manually 
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with the standard method of using TOCSY (Total Correlations Spectroscopy)7 

fingerprints of the amino acids. Unfortunately, the backbone amide protons were not 

detectable, thus a sequential assignment was not possible. Additionally, the side chain 

amine protons of the Lysine groups were also not detectable. The numbering of the 

assigned groups is to differentiate between the individual amino acids, but shall not 

indicate the position of this amino acid in the peptide. Additionally, the assigned 

aromatic protons do not necessarily need to belong to the same numbered group of 

the Hα and side chain protons, due to the lack of scalar couplings between those two 

regions in the respective amino acids. 

 
Figure S6. 1H NMR of (AX)3-(BX)3 and its separate constituents in phosphate buffer 

pH 7.4 H2O/D2O 9/1 with water suppression. 
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Figure S7. 1H TOCSY NMR of (AX)3 (left) and (BX)3 (right) in phosphate buffer pH 7.4 

H2O/D2O 9/1 with water suppression. 
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Figure S8. 1H TOCSY NMR of (AX)3-(BX)3 and its separate constituents in phosphate 

buffer pH 7.4 H2O/D2O 9/1 with water suppression. 
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Figure S9. 1H NOESY NMR of (AX)3 (left) and (BX)3 (right) in phosphate buffer pH 7.4 

H2O/D2O 9/1 with water suppression. 

 
Figure S10. 1H NOESY NMR of (AX)3-(BX)3 and its separate constituents in 

phosphate buffer pH 7.4 H2O/D2O 9/1 with water suppression. 
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Proton resonance assignment of (AX)3: 
 

Group Atom Nuc Shift 
    
BA1 HA 1H 4.532 
BA1 HB1 1H 3.106 
BA1 HB2 1H 2.871 
BA1 HD# 1H 7.117 
BA1 HE# 1H 7.597 
K1 HA 1H 4.092 
K1 HB# 1H 1.477 
K1 HE# 1H 2.808 
K1 HG# 1H 1.085 
BA2 HA 1H 4.476 
BA2 HB# 1H 2.829 
BA2 HD# 1H 7.188 
BA2 HE# 1H 7.602 
K2 HA 1H 4.067 
K2 HB# 1H 1.479 
K2 HE# 1H 2.789 
K2 HG# 1H 1.056 
BA3 HA 1H 4.444 
BA3 HB# 1H 2.765 
BA3 HD# 1H 7.079 
BA3 HE# 1H 7.572 
K3 HA 1H 3.594 
K3 HB# 1H 1.555 
K3 HE# 1H 2.836 
K3 HG# 1H 1.181 
 
 
 
 
   

 
 

 
 

Proton resonance assignment of (BX)3: 
Group Atom Nuc Shift   
      
Cat1 HA 1H 4.428   
Cat1 HB1 1H 2.812   
Cat1 HB2 1H 2.773   
Cat1 HD# 1H 6.557   
Cat1 HE 1H 6.746   
K1 HA 1H 4.056   
K1 HB# 1H 1.493   
K1 HD# 1H 1.116   
K1 HE# 1H 2.817   
K1 HG# 1H 1.053   
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Cat2 HA 1H 4.408   
Cat2 HB1 1H 2.981   
Cat2 HB2 1H 2.665   
Cat2 HD# 1H 6.52   
Cat2 HE 1H 6.72   
K2 HA 1H 3.978   
K2 HB# 1H 1.436   
K2 HD# 1H 0.966   
K2 HE# 1H 2.777   
K2 HG# 1H 0.938   
Cat3 HD# 1H 6.502   
Cat3 HE 1H 6.709   
K3 HA 1H 3.649   
K3 HB1 1H 1.594   
K3 HB2 1H 1.532   
K3 HD# 1H 1.187   
K3 HE# 1H 2.842   

 

 

Diffusion Ordered NMR (DOSY) 
The DOSY experiments with water suppression (stebpgp1s19) were executed with a 

5 mm TXI 1H/13C/15N z-gradient probe and a gradient strength of 5.516 [G/mm] on the 

850 MHz spectrometer. The gradient strength was calibrated the diffusion coefficient 

of a sample of 2H2O/1H2O at a defined temperature of 298K and compared with the 

literature. 

The temperature was defined with a standard 1H methanol NMR sample. The control 

of the temperature was realized with a VTU (variable temperature unit) and an 

accuracy of +/- 0,1K, which was checked with the standard Bruker Topspin 3.6 

software. 

 

In this work, the gradient strength was varied in 32 steps from 2% to 100% and for 

each gradient 64 number of scans was used. The diffusion time d20 was optimised to 

50 ms and the gradient length p30 was kept at 1.4 ms. 

 

The 2D NMR sequences for measuring diffusion coefficient using echoes for 

convection compensation and longitudinal eddy current delays to store the 

magnetization in the z-axis, and only be dependent on T1-relaxation. The calculation 

of the diffusion value was automatically done with the mono exponential function: 
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 ln ( )( ) = −𝛾 𝛿 𝐺 ∆ − 𝐷, 

 

where I(G) and I(0) are the intensities of the signals with and without gradient,  the 

gyromagnetic ratio of the nucleus (1H in this measurements), G is the gradient strength, 

 the duration of the pulse field gradient (PFG), D the diffusion value in m2/s and  the 

“diffusion time” between the beginning of the two gradient pulses. The relaxation delay 

between the scans was 3s. 

 

 
Figure S11. 1H DOSY NMR of (BX)3 (top) and (AX)3-(BX)3 (bottom) in phosphate 

buffer pH 7.4 H2O/D2O 9/1 with water suppression. 
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Figure S12. 1H NMR of BAB, (BX)3 and the mismatched BAB-(BX)3 sequence in 

phosphate buffer pH 7.4 H2O/D2O 9/1 with water suppression. 

 

 

2.10 11B NMR Spectroscopy 
11B NMR Spectroscopy was conducted using a Bruker 700 MHz NMR Spectrometer 

at 298K. Samples were prepared at a concentration 25 mM in 300 mM phosphate 

buffer at pH 2.0, 5.0, 7.4, 10.0 or in DMSO-d6. Background subtraction of the boro-

silicate NMR tube was made using solvents without samples. 

 

 

Figure S13. 11B NMR of the pH-responsiveness of the boronic acid/catechol 

interaction. 
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Figure S14. 11B NMR of a water-soluble reference boronic acid (4-

aminomethylphenylboronic acid) in different pH and solvents. 
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2.11 Variable Temperature 1H NMR 

 

Figure S15. Variable temperature 1H NMR of (AX)1-(BX)1. 

 

Figure S16. 1H NMR of (AX)1-(BX)1 at 283 K, 10 °C. 
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Figure S17. 1H NMR of (AX)1-(BX)1 at 300 K, 27 °C. 

 

Figure S18. 1H NMR of (AX)1-(BX)1 at 323 K, 50 °C. 
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Figure S19. 1H NMR of (AX)1-(BX)1 at 343 K, 70 °C. 

 

2.12 ATR FT-IR 
 

For analysis of the binding by IR spectroscopy, a mixture of the trivalent peptides Lys-

Cat-Lys-Cat-Lys-Cat-Lys and AEEAc-Bor-Lys-Bor-Lys-Bor-Lys (concentration of 

0.462 mmol/L for each tag, equiv. 1:1) and a mixture of boronic acid 8 and catechol 9 

(concentration of 3.57 mmol/L for each tag, equiv. 1:1) was stirred for 1 h phosphate 

buffer solution (100 mM, pH 7.4). The same process was done before the 

measurement of the separate (not mixed) peptides Lys-Cat-Lys-Cat-Lys-Cat-Lys and 

AEEAc-Bor-Lys-Bor-Lys-Bor-Lys. After the mixing the samples were frozen in liquid 

nitrogen and lyophilized. The ATR FT-IR spectra of the solid samples were recorded 

using a Bruker Tensor 27 spectrometer equipped with a diamond crystal as ATR 

element (PIKE Miracle™) with a spectral resolution of 1 cm−1, each spectrum was an 

average of 20 scans. 
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Figure S20. FTIR spectra of (AX)3-(BX)3 and its separate constituents in phosphate 

buffer pH 7.4 H2O/D2O 9/1 with water suppression. 

 
 

2.13 Circular Dichroism Spectroscopy 

Solutions of A3X3, B3X3, A3X3-B3X3 as well as (AX)3, (BX)3, (AX)3-(BX)3 were each 

prepared at a concentration of 200 µM in 10 mM phosphate buffer, separately at pH 

5.0 and 7.4. The solutions for the binding mixture A3X3-B3X3 and (AX)3-(BX)3 were 

incubated for at least 1 h at room temperature before measurement to ensure binding 

is complete. Measurements was conducted using the following parameters on a 

JASCO-1500 Circular Dichroism Spectrometer. 

Path length: 0.1 mm 
Scan rate: 5 nm/min 
Scan range: 260 nm – 180 nm 
Data pitch: 0.2 nm 
Data Integration Time: 2 sec 
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Figure S21. CD spectra of (AX)3, (BX)3 and (AX)3-(BX)3 at pH 5.0 (left) and pH 7.4 

(right). 

 

 

Figure S22. CD Spectra of A3X3, B3X3 and A3X3-B3X3 at pH 5.0 (left) and pH 7.4 (right) 

 

2.14 DFT Calculations 

DFT calculations were performed using the Gaussian 09 software package8 and 

structural representations were generated with CYLview9. All the geometry 

optimizations were carried out at the B3LYP/6-31G(d) level of theory. All of the 

optimized geometries were verified by frequency computations as minima (zero 

imaginary frequencies) or transition states (a single imaginary frequency 

corresponding to the desired reaction coordinate). Single-point energy calculations on 
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the optimized geometries were then evaluated using the functional ωB97X-D10 and 

def2-TZVPP basis set, with solvent effects (water) calculated by means of the 

Polarizable Continuum Model (PCM) initially devised by Tomasi and coworkers,11 with 

radii and non-electrostatic terms of the SMD solvation model, developed by Truhler 

and co-workers.12 

(AX)3-(BX)3 Structure 

 ΔE (H) B3LYP/6-31G(d) 
ΔE (H) ωB97X-D /def2-
TZVPP/SMD(water) 

(AX)3-(BX)3-i -7136.40814413 -7137.69450679 (0.0) 

(AX)3-(BX)3-ii -7136.39862443 -7137.68553871 (5.6) 

ABA-BAB-i -7136.41072008 -7137.68930710 (3.3) 

 

 
 

Figure S23. DFT optimized structure of (AX)3-(BX)3-i (B3LYP/6-31G(d), side and 

bottom views included. 
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Figure S24. DFT optimized structure of (AX)3-(BX)3-ii (B3LYP/6-31G(d), side and 

bottom views included. 
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Figure S25. DFT optimized structure of ABA-BAB-i (B3LYP/6-31G(d), side and 

bottom views included. 

Study of the dissociation mechanism (model structure) 
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O
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O
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H

O
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H

III  
Level of Theory  I TSI-II II III 
      

B3LYP/6-31G(d) 
ΔE (H) -867.3838826 -867.3642104 -867.3827210 -867.3797646 
ΔG (H) -867.169240 -867.153706 -867.170955 -867.170602 
ΔG rel (kcal mol-1) 0.0 9.7 -1.1 -0.9 

      

ωB97X-D/ 
def2-TZVPP/ 
SMD(water) 

sp E (H) -867.502185137 -867.482401348 -867.505424349 -867.498778601 
ΔGsolv, corr (H) -867.287542565 -867.271896904 -867.293658391 -867.289615986 
ΔGsolv rel (kcal mol-1) 0.0 9.8 -3.8 -1.3 

 
Figure S26. Free energy profile for the dissociation of I. DFT calculations were 
performed at the ωB97X-D /def2-TZVPP/SMD(water)//B3LYP/6-31G(d) level of 
theory. The distances shown are in Å, and energies are in kcal mol-1. 
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Optimized Cartesian Coordinates 
 
(AX)3-(BX)3-i 
 
C        9.405461000    -17.658200000     -6.827205000 
N        8.152797000    -17.159843000     -6.912273000 
C       10.364134000    -16.885510000     -5.892238000 
O        9.812786000    -18.632661000     -7.462554000 
C        7.091819000    -17.667105000     -7.787678000 
C        6.308213000    -16.406434000     -8.193230000 
N        6.073347000    -16.234504000     -9.510534000 
C        5.344537000    -15.098432000    -10.059129000 
C        6.220404000    -18.704430000     -7.037363000 
O        6.011871000    -15.575278000     -7.327038000 
C        6.263781000    -13.901369000    -10.407615000 
C        5.126719000    -19.370975000     -7.849778000 
C        5.418894000    -20.048324000     -9.038060000 
C        4.419621000    -20.723626000     -9.766763000 
C        3.123972000    -20.722814000     -9.271597000 
C        2.817356000    -20.055191000     -8.061694000 
C        3.799350000    -19.372142000     -7.358615000 
O        2.029289000    -21.290885000     -9.801303000 
C        4.674627000    -15.596944000    -11.358826000 
O        5.183168000    -16.517916000    -12.000595000 
N       11.366039000    -17.779365000     -5.296889000 
C       11.063616000    -15.773159000     -6.700690000 
C        6.970257000    -13.246219000     -9.214649000 
C        7.798001000    -12.019885000     -9.622448000 
C        8.454711000    -11.325920000     -8.428423000 
O        1.512517000    -20.180963000     -7.762057000 
C       11.918235000    -14.835459000     -5.841219000 
C       12.683856000    -13.797034000     -6.670559000 
C       13.446598000    -12.785039000     -5.814721000 
N        3.579797000    -14.909513000    -11.736764000 
C        2.729468000    -15.263114000    -12.872964000 
C        1.850492000    -14.026418000    -13.123102000 
N        1.428624000    -13.838904000    -14.395415000 
C        0.473332000    -12.797315000    -14.758102000 
C        1.896414000    -16.531694000    -12.541295000 
O        1.590212000    -13.250573000    -12.195901000 
C        1.153121000    -11.462889000    -15.157448000 
C        0.880758000    -16.958929000    -13.577289000 
C        1.242177000    -17.264866000    -14.894318000 
C        0.295530000    -17.752055000    -15.821508000 
C       -1.011991000    -17.951189000    -15.397636000 
C       -1.383954000    -17.630854000    -14.067202000 
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C       -0.460514000    -17.125637000    -13.167379000 
O       -2.051017000    -18.448978000    -16.080357000 
C       -0.313759000    -13.291397000    -15.987825000 
O        0.229026000    -13.987620000    -16.843050000 
C        1.947314000    -10.764381000    -14.048011000 
C        2.497405000     -9.403634000    -14.496361000 
C        3.274237000     -8.682261000    -13.394608000 
N        3.774785000     -7.380006000    -13.868747000 
O       -2.674368000    -17.906785000    -13.850339000 
N        9.269940000    -10.179576000     -8.864763000 
N       14.219842000    -11.862811000     -6.660360000 
C      -18.516147000    -19.626717000    -20.287216000 
C      -18.135018000    -20.006625000    -18.853773000 
N      -18.354702000    -21.440770000    -18.604623000 
N       -1.582279000    -12.829653000    -16.077285000 
C       -2.420797000    -12.994442000    -17.254572000 
C       -3.359781000    -11.772372000    -17.282757000 
N       -4.080900000    -11.610540000    -18.427751000 
C       -4.989057000    -10.493656000    -18.616319000 
C       -3.166925000    -14.363630000    -17.250464000 
O       -3.430904000    -10.983874000    -16.338824000 
C       -5.140010000    -10.155226000    -20.112124000 
C       -4.124335000    -14.579633000    -18.407772000 
C       -3.687559000    -14.576483000    -19.737506000 
C       -4.581591000    -14.805163000    -20.812112000 
C       -5.915958000    -15.060236000    -20.531413000 
C       -6.372390000    -15.046210000    -19.184795000 
C       -5.500581000    -14.783043000    -18.132454000 
O       -6.910498000    -15.366528000    -21.375622000 
C       -6.391638000    -10.666539000    -17.989761000 
O       -7.098879000     -9.695225000    -17.821238000 
C       -3.842851000     -9.646265000    -20.753360000 
C       -4.023242000     -9.222975000    -22.216452000 
C       -2.736090000     -8.682082000    -22.841238000 
N       -2.960689000     -8.273236000    -24.236524000 
O       -7.672189000    -15.332108000    -19.122987000 
O       -6.809694000    -11.895086000    -17.672786000 
C      -16.671836000    -16.188703000    -22.536838000 
N      -15.996276000    -15.778217000    -21.435112000 
C      -18.209079000    -16.286235000    -22.399744000 
O      -16.128648000    -16.493841000    -23.600275000 
C      -14.553007000    -15.931172000    -21.271828000 
C      -14.363947000    -16.527592000    -19.858037000 
N      -13.223908000    -17.201122000    -19.618901000 
C      -12.970617000    -17.844023000    -18.333251000 
C      -13.799542000    -14.588004000    -21.494570000 
O      -15.269542000    -16.417765000    -19.016890000 
C      -13.762840000    -19.173480000    -18.248342000 
C      -12.299228000    -14.728089000    -21.363505000 
C      -11.608432000    -14.149597000    -20.293178000 
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C      -10.252337000    -14.417895000    -20.085539000 
C       -9.533252000    -15.294417000    -20.913176000 
C      -10.227861000    -15.820388000    -22.019166000 
C      -11.573807000    -15.537820000    -22.253819000 
B       -8.062963000    -15.869544000    -20.522267000 
C      -11.451789000    -18.075828000    -18.232635000 
O      -10.784076000    -18.232519000    -19.258347000 
N      -18.874289000    -15.912327000    -23.656823000 
C      -18.609209000    -17.732489000    -22.024040000 
C      -13.882273000    -19.790347000    -16.849185000 
C      -14.719921000    -21.075564000    -16.870910000 
C      -14.930742000    -21.697435000    -15.491037000 
C      -18.273985000    -18.139885000    -20.581688000 
N      -15.761669000    -22.910730000    -15.599227000 
N      -10.958951000    -18.125065000    -16.981399000 
C       -9.570159000    -18.416043000    -16.645651000 
C       -9.607398000    -19.173606000    -15.303798000 
N       -8.510530000    -19.896105000    -14.995086000 
C       -8.315677000    -20.500927000    -13.679300000 
C       -8.732205000    -17.104790000    -16.557882000 
O      -10.602019000    -19.097186000    -14.567614000 
C       -9.045513000    -21.862138000    -13.573006000 
C       -7.277211000    -17.359103000    -16.247314000 
C       -6.725794000    -16.990466000    -15.015565000 
C       -5.409961000    -17.329215000    -14.692733000 
C       -4.600416000    -18.076229000    -15.563708000 
C       -5.152527000    -18.386239000    -16.820566000 
C       -6.456732000    -18.030703000    -17.169372000 
B       -3.179060000    -18.677883000    -15.074800000 
C       -6.794688000    -20.685430000    -13.493208000 
O       -6.107074000    -21.032098000    -14.453833000 
C       -9.103878000    -22.424664000    -12.146666000 
C       -9.741620000    -23.817885000    -12.074155000 
C       -9.776012000    -24.373807000    -10.649969000 
N      -10.366851000    -25.724906000    -10.625739000 
N       -6.329093000    -20.460922000    -12.242836000 
C       -4.976755000    -20.757533000    -11.773593000 
C       -5.109321000    -21.806411000    -10.649212000 
N       -4.005744000    -22.545501000    -10.376574000 
C       -3.926669000    -23.393987000     -9.185701000 
C       -4.278626000    -19.451035000    -11.279356000 
O       -6.173402000    -21.936799000    -10.029908000 
C       -4.222654000    -24.870809000     -9.529596000 
C       -2.908748000    -19.687366000    -10.683205000 
C       -1.849968000    -20.135929000    -11.489722000 
C       -0.627232000    -20.485419000    -10.911516000 
C       -0.399754000    -20.400744000     -9.527230000 
C       -1.445833000    -19.874746000     -8.750314000 
C       -2.677830000    -19.532074000     -9.310425000 
B        0.905649000    -21.053772000     -8.841721000 
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C       -2.551592000    -23.249692000     -8.515843000 
O       -2.427018000    -23.100769000     -7.309777000 
C       -4.259608000    -25.789188000     -8.301104000 
C       -4.569190000    -27.249301000     -8.654639000 
C       -4.566075000    -28.173776000     -7.436771000 
N       -4.887140000    -29.558534000     -7.824748000 
O       -1.557480000    -23.349279000     -9.383684000 
H        7.869590000    -16.367063000     -6.347171000 
H        9.791528000    -16.420267000     -5.077801000 
H        7.572623000    -18.133828000     -8.650162000 
H        6.211860000    -16.995390000    -10.171033000 
H        4.593554000    -14.782305000     -9.326704000 
H        6.925574000    -19.449788000     -6.641821000 
H        5.780891000    -18.193684000     -6.171737000 
H        7.004815000    -14.247802000    -11.140644000 
H        5.646367000    -13.150430000    -10.920218000 
H        6.443870000    -20.080845000     -9.405128000 
H        4.650519000    -21.237245000    -10.695736000 
H        3.547668000    -18.852185000     -6.437075000 
H       10.893330000    -18.379776000     -4.619676000 
H       11.633404000    -18.419885000     -6.049652000 
H       11.686671000    -16.253838000     -7.467879000 
H       10.302516000    -15.193082000     -7.240378000 
H        7.621224000    -13.977886000     -8.722352000 
H        6.224093000    -12.959756000     -8.462335000 
H        7.150030000    -11.296507000    -10.142591000 
H        8.579707000    -12.304078000    -10.339250000 
H        9.123083000    -12.033769000     -7.919570000 
H        7.669865000    -11.057246000     -7.697314000 
H       12.618079000    -15.439505000     -5.251644000 
H       11.267370000    -14.318347000     -5.119066000 
H       11.979695000    -13.252794000     -7.319578000 
H       13.395551000    -14.296812000     -7.340499000 
H       14.156075000    -13.317257000     -5.166511000 
H       12.730060000    -12.276096000     -5.142161000 
H        3.158836000    -14.214309000    -11.127625000 
H        3.366976000    -15.456398000    -13.740673000 
H        1.503584000    -14.607769000    -15.059659000 
H       -0.192202000    -12.624238000    -13.904606000 
H        2.628040000    -17.326649000    -12.350632000 
H        1.385935000    -16.340243000    -11.590531000 
H        1.804868000    -11.665202000    -16.017742000 
H        0.362778000    -10.786401000    -15.514268000 
H        2.283530000    -17.178354000    -15.205451000 
H        0.585199000    -17.998979000    -16.839403000 
H       -0.758961000    -16.917583000    -12.143476000 
H        2.773332000    -11.407380000    -13.723644000 
H        1.307715000    -10.635555000    -13.165689000 
H        1.662633000     -8.762373000    -14.822438000 
H        3.152706000     -9.521346000    -15.369761000 
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H        4.144008000     -9.287412000    -13.107326000 
H        2.634628000     -8.607549000    -12.495853000 
H        4.249125000     -6.902306000    -13.102514000 
H        2.975658000     -6.790644000    -14.104777000 
H        9.624034000     -9.686148000     -8.045334000 
H        8.665008000     -9.512014000     -9.344274000 
H       14.653352000    -11.147066000     -6.077930000 
H       13.578644000    -11.365482000     -7.278877000 
H      -17.919792000    -20.231281000    -20.988078000 
H      -19.566270000    -19.897961000    -20.462572000 
H      -18.764595000    -19.445446000    -18.150269000 
H      -17.097047000    -19.681118000    -18.667916000 
H      -18.079558000    -21.664756000    -17.647517000 
H      -17.712076000    -21.975054000    -19.190560000 
H       -1.956645000    -12.193958000    -15.381496000 
H       -1.771166000    -12.962292000    -18.136946000 
H       -4.049277000    -12.362025000    -19.115610000 
H       -4.562837000     -9.634895000    -18.089389000 
H       -2.388299000    -15.134910000    -17.237117000 
H       -3.706893000    -14.455476000    -16.302221000 
H       -5.504795000    -11.041861000    -20.650296000 
H       -5.922161000     -9.392067000    -20.192525000 
H       -2.627276000    -14.454116000    -19.954577000 
H       -4.222262000    -14.836975000    -21.837636000 
H       -5.851874000    -14.862978000    -17.106825000 
H       -3.068928000    -10.422233000    -20.689386000 
H       -3.468998000     -8.792082000    -20.169077000 
H       -4.804045000     -8.448126000    -22.275994000 
H       -4.380188000    -10.067558000    -22.818925000 
H       -1.975583000     -9.473563000    -22.845674000 
H       -2.339753000     -7.870910000    -22.201026000 
H       -2.096357000     -7.896219000    -24.624051000 
H       -3.630615000     -7.503893000    -24.251907000 
H       -6.163878000    -12.599994000    -17.906716000 
H      -16.481461000    -15.715580000    -20.544071000 
H      -18.561218000    -15.604507000    -21.613737000 
H      -14.208443000    -16.648053000    -22.022361000 
H      -12.448119000    -17.196754000    -20.277889000 
H      -13.315506000    -17.174476000    -17.536967000 
H      -14.091572000    -14.241569000    -22.494836000 
H      -14.180421000    -13.853276000    -20.774220000 
H      -14.770699000    -18.952049000    -18.616040000 
H      -13.309618000    -19.888894000    -18.947544000 
H      -12.148326000    -13.511381000    -19.593476000 
H       -9.745135000    -13.981035000    -19.229075000 
H       -9.706457000    -16.507992000    -22.681927000 
H      -12.079734000    -15.977068000    -23.114680000 
H      -18.693886000    -14.920687000    -23.824687000 
H      -18.343896000    -16.383514000    -24.394524000 
H      -19.688174000    -17.822855000    -22.201008000 
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H      -18.114884000    -18.413812000    -22.731424000 
H      -14.359624000    -19.061386000    -16.177066000 
H      -12.893737000    -19.999328000    -16.421980000 
H      -14.231906000    -21.813720000    -17.526546000 
H      -15.704866000    -20.875798000    -17.312290000 
H      -15.469287000    -20.986473000    -14.850854000 
H      -13.950608000    -21.868620000    -15.012763000 
H      -18.874172000    -17.530196000    -19.889013000 
H      -17.227667000    -17.905670000    -20.353873000 
H      -15.894894000    -23.308911000    -14.669624000 
H      -15.239374000    -23.616710000    -16.119505000 
H      -11.566646000    -18.049137000    -16.172180000 
H       -9.152548000    -19.049682000    -17.432825000 
H       -7.685286000    -19.850133000    -15.588052000 
H       -8.724333000    -19.817218000    -12.925861000 
H       -8.830498000    -16.588469000    -17.517730000 
H       -9.183901000    -16.467678000    -15.786523000 
H      -10.062583000    -21.712932000    -13.953174000 
H       -8.541952000    -22.568065000    -14.246361000 
H       -7.340790000    -16.447227000    -14.297293000 
H       -5.001578000    -17.031034000    -13.729920000 
H       -4.542549000    -18.923085000    -17.544629000 
H       -6.835984000    -18.242349000    -18.168529000 
H       -9.678562000    -21.731906000    -11.512904000 
H       -8.099286000    -22.471705000    -11.709290000 
H       -9.168238000    -24.508203000    -12.712659000 
H      -10.763482000    -23.801286000    -12.476947000 
H      -10.404303000    -23.726954000    -10.023043000 
H       -8.758275000    -24.327578000    -10.224761000 
H      -10.337423000    -26.081860000     -9.670415000 
H       -9.762380000    -26.349315000    -11.161497000 
H       -7.004127000    -20.355007000    -11.495053000 
H       -4.406858000    -21.147052000    -12.620125000 
H       -3.124756000    -22.294075000    -10.815490000 
H       -4.673674000    -23.034186000     -8.474880000 
H       -4.199744000    -18.794733000    -12.150861000 
H       -4.935758000    -18.972030000    -10.541003000 
H       -5.189784000    -24.899276000    -10.047412000 
H       -3.463586000    -25.221244000    -10.240633000 
H       -1.998530000    -20.214657000    -12.564695000 
H        0.172254000    -20.852667000    -11.550598000 
H       -1.306933000    -19.760247000     -7.675640000 
H       -3.481057000    -19.162541000     -8.672562000 
H       -5.012951000    -25.416343000     -7.591807000 
H       -3.298634000    -25.736090000     -7.772966000 
H       -3.822853000    -27.611524000     -9.379095000 
H       -5.544614000    -27.325340000     -9.153389000 
H       -3.595415000    -28.075192000     -6.916970000 
H       -5.334820000    -27.842060000     -6.725920000 
H       -4.175040000    -29.885868000     -8.478537000 
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H       -4.806449000    -30.164685000     -7.008377000 
H       -0.667256000    -23.042753000     -8.940977000 
O        0.542028000    -22.391271000     -8.234888000 
H        0.098571000    -22.216322000     -7.388631000 
O       -3.276526000    -20.087262000    -14.746400000 
H       -4.182170000    -20.410069000    -14.865657000 
O       -8.045619000    -17.310539000    -20.554990000 
H       -8.868298000    -17.653379000    -20.171073000 
 
 
(AX)3-(BX)3-ii 
 
C        7.795771000    -16.889302000     -4.876879000 
N        6.608976000    -16.326574000     -5.211009000 
C        8.906726000    -15.886712000     -4.491300000 
O        8.035750000    -18.095645000     -4.928093000 
C        5.548400000    -16.995296000     -5.971765000 
C        5.155933000    -15.955727000     -7.042417000 
N        5.047256000    -16.373823000     -8.321939000 
C        4.648384000    -15.485231000     -9.408623000 
C        4.351136000    -17.400705000     -5.065223000 
O        5.034049000    -14.771130000     -6.702808000 
C        5.868772000    -14.837067000    -10.114163000 
C        3.377075000    -18.324275000     -5.759751000 
C        3.440383000    -19.704095000     -5.555005000 
C        2.647089000    -20.599070000     -6.303519000 
C        1.809068000    -20.085944000     -7.284112000 
C        1.723310000    -18.681307000     -7.482838000 
C        2.476007000    -17.804083000     -6.719897000 
O        1.025955000    -20.738644000     -8.153838000 
C        3.837665000    -16.321421000    -10.429988000 
O        3.944346000    -17.549827000    -10.461385000 
N        9.886579000    -16.470621000     -3.568999000 
C        9.599338000    -15.444268000     -5.797943000 
C        6.559288000    -13.732792000     -9.302302000 
C        7.797930000    -13.152112000     -9.999826000 
C        8.309965000    -11.887650000     -9.307769000 
O        0.883538000    -18.385596000     -8.482573000 
C       10.551477000    -14.252554000     -5.656410000 
C       11.184053000    -13.871252000     -7.001658000 
C       11.950852000    -12.547733000     -6.987318000 
N        3.100943000    -15.570941000    -11.269153000 
C        2.295999000    -16.033306000    -12.397253000 
C        2.068291000    -14.770128000    -13.259027000 
N        1.649043000    -14.954038000    -14.532551000 
C        1.189041000    -13.830326000    -15.352811000 
C        0.957937000    -16.681033000    -11.928065000 
O        2.270242000    -13.646861000    -12.774317000 
C        2.268116000    -13.317777000    -16.334787000 
C        0.128721000    -17.241418000    -13.059926000 
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C        0.467061000    -18.464756000    -13.647524000 
C       -0.283845000    -18.999637000    -14.715706000 
C       -1.368724000    -18.276499000    -15.195016000 
C       -1.698631000    -17.021273000    -14.621646000 
C       -0.976937000    -16.511207000    -13.556338000 
O       -2.197051000    -18.580795000    -16.200696000 
C       -0.020923000    -14.258677000    -16.207129000 
O        0.024543000    -15.291186000    -16.871369000 
C        3.505834000    -12.713528000    -15.662626000 
C        4.515995000    -12.168305000    -16.681297000 
C        5.735860000    -11.520138000    -16.026149000 
N        6.676485000    -11.018253000    -17.043045000 
O       -2.734083000    -16.459867000    -15.257150000 
N        9.598797000    -11.440858000     -9.874066000 
N       12.456862000    -12.244707000     -8.331718000 
C      -18.589724000    -18.535732000    -21.099046000 
C      -18.203584000    -19.808362000    -20.339008000 
N      -18.196084000    -20.979364000    -21.228726000 
N       -1.056036000    -13.375970000    -16.200796000 
C       -2.076156000    -13.312156000    -17.244329000 
C       -1.663030000    -12.168487000    -18.205270000 
N       -2.620558000    -11.690458000    -19.036739000 
C       -2.322134000    -10.635763000    -19.980019000 
C       -3.499787000    -13.217201000    -16.622671000 
O       -0.513320000    -11.718246000    -18.230460000 
C       -3.595107000    -10.225888000    -20.750280000 
C       -4.668919000    -13.283117000    -17.602719000 
C       -4.749169000    -14.312537000    -18.549842000 
C       -5.819380000    -14.387386000    -19.461031000 
C       -6.829794000    -13.437560000    -19.391990000 
C       -6.784290000    -12.418146000    -18.414681000 
C       -5.707550000    -12.314413000    -17.542440000 
O       -7.927562000    -13.332104000    -20.158873000 
C       -1.770038000     -9.400202000    -19.267567000 
O       -2.129864000     -8.957314000    -18.201642000 
C       -4.194267000    -11.331219000    -21.632159000 
C       -5.510814000    -10.886747000    -22.281208000 
C       -6.235158000    -11.997955000    -23.045136000 
N       -7.537003000    -11.503076000    -23.523613000 
O       -7.882977000    -11.630142000    -18.493572000 
O       -0.855292000     -8.753520000    -20.045369000 
C      -17.046025000    -14.395325000    -20.183714000 
N      -16.373092000    -14.828939000    -19.087634000 
C      -18.566428000    -14.676987000    -20.205891000 
O      -16.515073000    -13.814013000    -21.130854000 
C      -14.916443000    -14.925679000    -19.028926000 
C      -14.630236000    -16.331332000    -18.465147000 
N      -13.398154000    -16.848504000    -18.639105000 
C      -13.111005000    -18.218495000    -18.213620000 
C      -14.282778000    -13.789909000    -18.164984000 



 

S59 
 

O      -15.526934000    -16.955199000    -17.876533000 
C      -13.701654000    -19.228261000    -19.225022000 
C      -12.862834000    -13.418295000    -18.542281000 
C      -11.756793000    -13.783944000    -17.762478000 
C      -10.466533000    -13.378651000    -18.118187000 
C      -10.216362000    -12.587500000    -19.252036000 
C      -11.337940000    -12.235891000    -20.023406000 
C      -12.629471000    -12.642301000    -19.688032000 
B       -8.713080000    -12.119775000    -19.671705000 
C      -11.586022000    -18.363840000    -18.116851000 
O      -10.868075000    -17.905844000    -19.005103000 
N      -19.297399000    -13.569210000    -20.840034000 
C      -18.846017000    -15.982800000    -20.985323000 
C      -13.847224000    -20.657725000    -18.689004000 
C      -14.601790000    -21.554986000    -19.680296000 
C      -15.044845000    -22.897088000    -19.098869000 
C      -18.484910000    -17.272503000    -20.233253000 
N      -15.953773000    -23.584506000    -20.036009000 
N      -11.135851000    -19.034130000    -17.035497000 
C       -9.725975000    -19.250062000    -16.737675000 
C       -9.702875000    -20.288471000    -15.599522000 
N       -8.494327000    -20.785423000    -15.266846000 
C       -8.318024000    -21.684041000    -14.129975000 
C       -9.022054000    -17.915030000    -16.352056000 
O      -10.748173000    -20.626305000    -15.026681000 
C       -8.604643000    -23.152956000    -14.523733000 
C       -7.508393000    -17.936505000    -16.367622000 
C       -6.770064000    -17.736527000    -15.194318000 
C       -5.382398000    -17.600218000    -15.239373000 
C       -4.663331000    -17.661126000    -16.444415000 
C       -5.413441000    -17.915876000    -17.604876000 
C       -6.803038000    -18.046617000    -17.576894000 
B       -3.073202000    -17.347202000    -16.468742000 
C       -6.862951000    -21.509902000    -13.666730000 
O       -5.974962000    -21.311037000    -14.489239000 
C       -8.644949000    -24.124964000    -13.336619000 
C       -8.893890000    -25.577489000    -13.762286000 
C       -8.926910000    -26.544363000    -12.577478000 
N       -9.153051000    -27.926881000    -13.035008000 
N       -6.641617000    -21.586869000    -12.326632000 
C       -5.302625000    -21.509616000    -11.769952000 
C       -5.116201000    -22.673885000    -10.779150000 
N       -3.821252000    -22.933713000    -10.456621000 
C       -3.388369000    -23.892199000     -9.443636000 
C       -5.047725000    -20.113146000    -11.117129000 
O       -6.070703000    -23.295496000    -10.311950000 
C       -1.846673000    -23.783077000     -9.356987000 
C       -3.629938000    -19.938077000    -10.617252000 
C       -2.553291000    -20.043473000    -11.509477000 
C       -1.238350000    -20.002541000    -11.043425000 



 

S60 
 

C       -0.921773000    -19.830827000     -9.684399000 
C       -2.010043000    -19.692527000     -8.806385000 
C       -3.338054000    -19.748783000     -9.256674000 
B        0.630564000    -19.690988000     -9.238066000 
C       -4.031785000    -23.652714000     -8.065840000 
O       -4.385074000    -24.564197000     -7.353277000 
C       -1.164774000    -24.534601000     -8.208490000 
C        0.356403000    -24.326262000     -8.258245000 
C        1.080032000    -24.785648000     -6.992734000 
N        2.532873000    -24.612474000     -7.153539000 
O       -4.102828000    -22.374821000     -7.647491000 
H        6.509796000    -15.316707000     -5.196370000 
H        8.461364000    -15.004626000     -4.010237000 
H        5.975723000    -17.897253000     -6.417118000 
H        4.948637000    -17.363368000     -8.538588000 
H        4.014644000    -14.696233000     -8.988620000 
H        4.784715000    -17.894295000     -4.187605000 
H        3.867869000    -16.477335000     -4.717517000 
H        6.580327000    -15.636850000    -10.359680000 
H        5.529578000    -14.415587000    -11.069584000 
H        4.136493000    -20.101105000     -4.817540000 
H        2.710050000    -21.672736000     -6.139505000 
H        2.392267000    -16.733135000     -6.889246000 
H        9.436386000    -16.592140000     -2.660575000 
H       10.033803000    -17.427326000     -3.902380000 
H       10.139053000    -16.311998000     -6.202571000 
H        8.825743000    -15.194880000     -6.536817000 
H        6.840995000    -14.110589000     -8.314326000 
H        5.832177000    -12.930106000     -9.114339000 
H        7.559201000    -12.913362000    -11.048095000 
H        8.604219000    -13.897468000    -10.026151000 
H        8.471094000    -12.092381000     -8.241706000 
H        7.525891000    -11.112738000     -9.364869000 
H       11.324337000    -14.487239000     -4.914240000 
H        9.989338000    -13.392161000     -5.260847000 
H       10.392387000    -13.795502000     -7.761526000 
H       11.858490000    -14.666300000     -7.345604000 
H       12.807301000    -12.622550000     -6.301849000 
H       11.288695000    -11.762409000     -6.571004000 
H        3.067608000    -14.559550000    -11.165711000 
H        2.863185000    -16.780341000    -12.962751000 
H        1.334279000    -15.878178000    -14.816428000 
H        0.919613000    -13.024536000    -14.662670000 
H        1.223245000    -17.472659000    -11.221710000 
H        0.394829000    -15.920844000    -11.372887000 
H        2.555640000    -14.156632000    -16.981107000 
H        1.789759000    -12.571563000    -16.983677000 
H        1.294911000    -19.036856000    -13.234349000 
H       -0.022413000    -19.955655000    -15.162562000 
H       -1.252234000    -15.552627000    -13.121600000 



 

S61 
 

H        3.991336000    -13.469074000    -15.032236000 
H        3.196716000    -11.909005000    -14.981562000 
H        4.017693000    -11.425233000    -17.323624000 
H        4.858531000    -12.970153000    -17.348474000 
H        6.266980000    -12.268910000    -15.423605000 
H        5.390719000    -10.739673000    -15.322179000 
H        7.444226000    -10.529415000    -16.582692000 
H        6.200506000    -10.312993000    -17.606552000 
H        9.807262000    -10.502233000     -9.533953000 
H        9.502062000    -11.350715000    -10.886151000 
H       12.928111000    -11.340329000     -8.320689000 
H       11.655648000    -12.140874000     -8.962733000 
H      -17.920092000    -18.425417000    -21.966381000 
H      -19.603598000    -18.649302000    -21.506609000 
H      -18.937698000    -19.995032000    -19.543081000 
H      -17.238777000    -19.630002000    -19.830996000 
H      -17.819376000    -21.790168000    -20.731882000 
H      -17.528487000    -20.805723000    -21.981381000 
H       -0.888308000    -12.504175000    -15.715991000 
H       -2.013713000    -14.258967000    -17.788136000 
H       -3.576195000    -12.019781000    -18.925398000 
H       -1.550395000    -10.971994000    -20.682850000 
H       -3.548807000    -14.054573000    -15.916522000 
H       -3.569158000    -12.290595000    -16.035287000 
H       -4.340837000     -9.896614000    -20.014733000 
H       -3.351699000     -9.352008000    -21.369234000 
H       -3.993628000    -15.093768000    -18.555171000 
H       -5.874394000    -15.193932000    -20.187085000 
H       -5.677235000    -11.513381000    -16.806623000 
H       -4.382285000    -12.229982000    -21.032449000 
H       -3.464439000    -11.618508000    -22.404221000 
H       -5.345203000    -10.031787000    -22.952794000 
H       -6.188034000    -10.536543000    -21.491173000 
H       -6.324440000    -12.874718000    -22.384584000 
H       -5.631443000    -12.301871000    -23.914402000 
H       -8.106795000    -11.337142000    -22.684474000 
H       -8.007669000    -12.272358000    -24.002751000 
H       -0.603243000     -7.966006000    -19.528588000 
H      -16.834708000    -15.462039000    -18.440626000 
H      -18.943898000    -14.787655000    -19.180239000 
H      -14.536437000    -14.832526000    -20.050385000 
H      -12.655187000    -16.337373000    -19.106792000 
H      -13.589703000    -18.368748000    -17.240704000 
H      -14.934233000    -12.919065000    -18.303889000 
H      -14.347968000    -14.066223000    -17.104680000 
H      -14.697474000    -18.861629000    -19.495854000 
H      -13.084635000    -19.208307000    -20.132325000 
H      -11.909383000    -14.376467000    -16.860292000 
H       -9.631047000    -13.675881000    -17.487746000 
H      -11.183910000    -11.609846000    -20.898858000 



 

S62 
 

H      -13.475774000    -12.343499000    -20.307878000 
H      -19.186922000    -12.741916000    -20.250579000 
H      -18.764121000    -13.337883000    -21.682494000 
H      -19.913264000    -15.980901000    -21.239771000 
H      -18.294576000    -15.935937000    -21.935261000 
H      -14.408208000    -20.621384000    -17.743320000 
H      -12.865809000    -21.088546000    -18.451053000 
H      -13.979103000    -21.726984000    -20.571667000 
H      -15.501696000    -21.034643000    -20.030190000 
H      -15.606206000    -22.720253000    -18.172674000 
H      -14.159888000    -23.497128000    -18.822276000 
H      -19.143791000    -17.374099000    -19.357382000 
H      -17.465504000    -17.206695000    -19.834477000 
H      -16.235128000    -24.482373000    -19.643137000 
H      -15.444179000    -23.805684000    -20.891975000 
H      -11.765839000    -19.401632000    -16.328825000 
H       -9.229914000    -19.658611000    -17.625374000 
H       -7.642714000    -20.415057000    -15.684402000 
H       -9.021466000    -21.383140000    -13.345094000 
H       -9.375503000    -17.175065000    -17.077695000 
H       -9.390500000    -17.603970000    -15.366290000 
H       -9.571922000    -23.163515000    -15.039342000 
H       -7.841762000    -23.464427000    -15.249066000 
H       -7.296214000    -17.638591000    -14.244196000 
H       -4.840357000    -17.389025000    -14.321130000 
H       -4.896385000    -17.957091000    -18.560749000 
H       -7.356182000    -18.170594000    -18.507884000 
H       -9.439645000    -23.811795000    -12.642359000 
H       -7.707012000    -24.075307000    -12.768857000 
H       -8.098602000    -25.889407000    -14.457172000 
H       -9.838492000    -25.661244000    -14.315919000 
H       -9.758832000    -26.275631000    -11.913202000 
H       -8.002488000    -26.419810000    -11.986525000 
H       -9.144153000    -28.549776000    -12.227308000 
H       -8.356297000    -28.213855000    -13.604902000 
H       -7.363781000    -21.922862000    -11.701574000 
H       -4.610437000    -21.621725000    -12.608389000 
H       -3.112241000    -22.320082000    -10.846392000 
H       -3.691894000    -24.904646000     -9.727483000 
H       -5.279426000    -19.375552000    -11.895034000 
H       -5.768467000    -19.967173000    -10.302473000 
H       -1.439749000    -24.124405000    -10.318406000 
H       -1.580163000    -22.720967000     -9.272584000 
H       -2.736473000    -20.132253000    -12.579403000 
H       -0.425199000    -20.069119000    -11.755322000 
H       -1.820138000    -19.522946000     -7.747922000 
H       -4.158446000    -19.608010000     -8.551130000 
H       -1.413053000    -25.605075000     -8.244608000 
H       -1.551695000    -24.162528000     -7.250933000 
H        0.567393000    -23.257110000     -8.399552000 



 

S63 
 

H        0.784253000    -24.852445000     -9.122507000 
H        0.662236000    -24.232707000     -6.132040000 
H        0.883581000    -25.852317000     -6.806776000 
H        2.713980000    -23.649252000     -7.439312000 
H        2.994149000    -24.723640000     -6.251015000 
H       -3.741230000    -21.756711000     -8.318569000 
O        1.482300000    -19.782319000    -10.393795000 
H        2.316884000    -19.314354000    -10.236846000 
O       -2.682201000    -16.721858000    -17.711758000 
H       -1.734192000    -16.517081000    -17.642706000 
O       -8.774715000    -11.062416000    -20.688365000 
H       -8.137522000    -10.391646000    -20.405214000 
 
 
 
 
ABA-BAB-i 
 
C        9.184864000    -17.520274000     -6.604097000 
N        7.915777000    -17.049607000     -6.542458000 
C       10.260156000    -16.591526000     -5.997803000 
O        9.511920000    -18.573525000     -7.151549000 
C        6.792721000    -17.555505000     -7.340533000 
C        6.164067000    -16.284091000     -7.939979000 
N        5.965738000    -16.269563000     -9.275565000 
C        5.381125000    -15.138940000     -9.986657000 
C        5.799639000    -18.362651000     -6.472550000 
O        5.956451000    -15.308619000     -7.208438000 
C        6.446256000    -14.133268000    -10.494339000 
C        4.707054000    -19.087018000     -7.238546000 
C        5.023728000    -19.959310000     -8.284798000 
C        4.027681000    -20.692231000     -8.960050000 
C        2.709679000    -20.547282000     -8.554455000 
C        2.374469000    -19.677702000     -7.488398000 
C        3.356546000    -18.941163000     -6.839764000 
O        1.616345000    -21.142744000     -9.053862000 
C        4.621604000    -15.723116000    -11.196389000 
O        4.996265000    -16.772232000    -11.719229000 
N       11.408159000    -17.341232000     -5.475468000 
C       10.715058000    -15.627534000     -7.113947000 
C        7.100179000    -13.281610000     -9.398240000 
C        8.179696000    -12.332345000     -9.938958000 
C        8.657945000    -11.335732000     -8.881686000 
O        1.050796000    -19.691252000     -7.257575000 
C       11.594322000    -14.463493000     -6.646101000 
C       12.001254000    -13.557452000     -7.815751000 
C       12.656335000    -12.239829000     -7.398565000 
N        3.596655000    -14.963754000    -11.640536000 
C        2.625336000    -15.398189000    -12.647645000 
C        1.851092000    -14.124585000    -13.017598000 



 

S64 
 

N        1.481392000    -13.972158000    -14.309690000 
C        0.613140000    -12.882281000    -14.743317000 
C        1.694350000    -16.483630000    -12.036035000 
O        1.612024000    -13.283109000    -12.143569000 
C        1.398573000    -11.629709000    -15.208111000 
C       -6.212845000    -18.261544000    -17.958473000 
C       -6.899022000    -17.898021000    -16.794179000 
C       -6.221701000    -17.902613000    -15.550696000 
C       -4.896353000    -18.300764000    -15.509641000 
C       -4.209116000    -18.678847000    -16.689805000 
C       -4.860100000    -18.651480000    -17.916019000 
O       -4.107670000    -18.424211000    -14.432338000 
C       -0.208730000    -13.380672000    -15.947496000 
O        0.292014000    -14.145227000    -16.771168000 
C        2.245424000    -10.943958000    -14.129868000 
C        2.898974000     -9.651227000    -14.636276000 
C        3.720833000     -8.939317000    -13.561282000 
N        4.328657000     -7.707020000    -14.092409000 
O       -2.951221000    -19.051238000    -16.418545000 
N        9.797827000    -10.532788000     -9.367804000 
N       12.935809000    -11.419165000     -8.583595000 
C      -18.578574000    -19.258675000    -20.075291000 
C      -18.190241000    -19.795263000    -18.694033000 
N      -18.346806000    -21.255483000    -18.623560000 
N       -1.442641000    -12.840786000    -16.049396000 
C       -2.308316000    -12.959590000    -17.214483000 
C       -3.276536000    -11.758864000    -17.128092000 
N       -4.060167000    -11.549947000    -18.220069000 
C       -5.007019000    -10.451601000    -18.296024000 
C       -3.017347000    -14.345817000    -17.290511000 
O       -3.306787000    -11.024873000    -16.138028000 
C       -5.218561000    -10.011218000    -19.757973000 
C       -3.986947000    -14.496348000    -18.448932000 
C       -3.580281000    -14.318019000    -19.776360000 
C       -4.495477000    -14.423443000    -20.853343000 
C       -5.818276000    -14.740711000    -20.580323000 
C       -6.238322000    -14.932788000    -19.234324000 
C       -5.348443000    -14.782058000    -18.174503000 
O       -6.830527000    -14.936237000    -21.434776000 
C       -6.380129000    -10.722822000    -17.639451000 
O       -7.111529000     -9.793591000    -17.369787000 
C       -3.959630000     -9.415757000    -20.400728000 
C       -4.199444000     -8.905920000    -21.827121000 
C       -2.954797000     -8.270827000    -22.449300000 
N       -3.235668000     -7.788259000    -23.810233000 
O       -7.525334000    -15.262871000    -19.183399000 
O       -6.748042000    -11.987224000    -17.413325000 
C      -16.683802000    -15.689401000    -22.109579000 
N      -15.917517000    -15.409521000    -21.027077000 
C      -18.210350000    -15.745772000    -21.868426000 
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O      -16.231063000    -15.895060000    -23.237615000 
C      -14.467697000    -15.580463000    -20.990722000 
C      -14.177653000    -16.342507000    -19.675945000 
N      -13.023802000    -17.029780000    -19.592432000 
C      -12.715932000    -17.850684000    -18.426180000 
C      -13.733192000    -14.213695000    -21.110927000 
O      -15.025993000    -16.346058000    -18.769949000 
C      -13.524542000    -19.174422000    -18.474349000 
C      -12.227646000    -14.349426000    -21.090257000 
C      -11.475796000    -13.906769000    -19.996564000 
C      -10.110823000    -14.191891000    -19.902222000 
C       -9.442651000    -14.951785000    -20.875283000 
C      -10.199479000    -15.334809000    -21.998696000 
C      -11.556378000    -15.033488000    -22.117448000 
B       -7.957999000    -15.573034000    -20.636899000 
C      -11.199274000    -18.122426000    -18.433864000 
O      -10.570630000    -18.102337000    -19.495515000 
N      -18.943775000    -15.210206000    -23.026051000 
C      -18.651766000    -17.205702000    -21.617060000 
C      -13.731638000    -19.866378000    -17.120373000 
C      -14.662417000    -21.080577000    -17.250954000 
C      -15.166565000    -21.625673000    -15.915217000 
C      -18.292289000    -17.758682000    -20.230055000 
N      -16.222087000    -22.633914000    -16.140295000 
N      -10.677921000    -18.424583000    -17.231518000 
C       -9.293216000    -18.812569000    -16.983712000 
C       -9.335825000    -19.680530000    -15.706588000 
N       -8.212399000    -20.358181000    -15.387520000 
C       -8.090647000    -21.079267000    -14.120003000 
C       -8.370075000    -17.561041000    -16.852016000 
O      -10.367101000    -19.732865000    -15.017389000 
C       -8.652204000    -22.514687000    -14.239106000 
C        0.617127000    -17.049048000    -12.930732000 
C        0.818147000    -18.240875000    -13.641239000 
C       -0.238790000    -18.854246000    -14.315640000 
C       -1.534708000    -18.311713000    -14.316252000 
C       -1.697764000    -17.078588000    -13.663534000 
C       -0.652811000    -16.460426000    -12.978552000 
B       -2.812347000    -19.118737000    -14.894747000 
C       -6.596776000    -21.126526000    -13.731389000 
O       -5.753601000    -21.432362000    -14.573510000 
C       -8.798102000    -23.232365000    -12.889961000 
C       -9.239621000    -24.694155000    -13.032077000 
C       -9.364817000    -25.406993000    -11.684742000 
N       -9.770957000    -26.812850000    -11.867311000 
N       -6.338988000    -20.845874000    -12.431027000 
C       -5.048203000    -21.000618000    -11.767342000 
C       -5.258684000    -21.990918000    -10.601191000 
N       -4.145864000    -22.594724000    -10.113698000 
C       -4.171193000    -23.375844000     -8.875432000 
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C       -4.518711000    -19.614552000    -11.277822000 
O       -6.389444000    -22.199479000    -10.143547000 
C       -4.274143000    -24.887914000     -9.171240000 
C       -3.203163000    -19.701311000    -10.531254000 
C       -2.046559000    -20.167744000    -11.177398000 
C       -0.877134000    -20.396604000    -10.449022000 
C       -0.794830000    -20.171469000     -9.064015000 
C       -1.936709000    -19.623067000     -8.454590000 
C       -3.118465000    -19.399987000     -9.165868000 
B        0.457576000    -20.718381000     -8.204094000 
C       -2.927429000    -23.056072000     -8.033392000 
O       -2.994187000    -22.743672000     -6.854469000 
C       -4.350176000    -25.755559000     -7.908397000 
C       -4.462156000    -27.254066000     -8.216713000 
C       -4.472692000    -28.124920000     -6.960089000 
N       -4.598133000    -29.551494000     -7.307408000 
O       -1.809178000    -23.199752000     -8.728264000 
O        0.037515000    -21.933745000     -7.412918000 
O       -2.770316000    -20.491192000    -14.437314000 
O       -7.942846000    -16.988583000    -20.907645000 
H        7.734643000    -16.144307000     -6.122603000 
H        9.827338000    -16.004283000     -5.175924000 
H        7.214970000    -18.196774000     -8.116817000 
H        6.005594000    -17.129364000     -9.817185000 
H        4.691597000    -14.626515000     -9.306743000 
H        6.413796000    -19.073154000     -5.900280000 
H        5.355692000    -17.672909000     -5.744278000 
H        7.206398000    -14.701031000    -11.047115000 
H        5.961786000    -13.467572000    -11.222234000 
H        6.063637000    -20.104065000     -8.574494000 
H        4.278783000    -21.362128000     -9.777701000 
H        3.087363000    -18.271281000     -6.026124000 
H       11.109818000    -17.835563000     -4.633293000 
H       11.574179000    -18.087675000     -6.156136000 
H       11.245601000    -16.219655000     -7.872605000 
H        9.823180000    -15.223249000     -7.612076000 
H        7.534232000    -13.927205000     -8.627947000 
H        6.318901000    -12.700359000     -8.888547000 
H        7.786638000    -11.774540000    -10.803652000 
H        9.041179000    -12.906256000    -10.305921000 
H        8.993694000    -11.880976000     -7.990479000 
H        7.800327000    -10.715608000     -8.567073000 
H       12.477725000    -14.859185000     -6.130524000 
H       11.037393000    -13.871927000     -5.902655000 
H       11.106851000    -13.316277000     -8.408757000 
H       12.679793000    -14.090607000     -8.494254000 
H       13.606794000    -12.443060000     -6.884541000 
H       12.002176000    -11.742444000     -6.654813000 
H        3.255241000    -14.188549000    -11.080344000 
H        3.161954000    -15.806668000    -13.508919000 
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H        1.569892000    -14.740990000    -14.967550000 
H       -0.035318000    -12.612581000    -13.902907000 
H        2.353489000    -17.287797000    -11.693933000 
H        1.238284000    -16.037649000    -11.143676000 
H        2.032012000    -11.926379000    -16.054713000 
H        0.665218000    -10.911196000    -15.601829000 
H       -6.717314000    -18.195156000    -18.919995000 
H       -6.737349000    -17.627939000    -14.632404000 
H       -4.330131000    -18.925334000    -18.824245000 
H        3.020599000    -11.633751000    -13.776317000 
H        1.618922000    -10.727910000    -13.255551000 
H        2.116510000     -8.965341000    -14.999062000 
H        3.548844000     -9.858167000    -15.497029000 
H        4.536651000     -9.596672000    -13.232867000 
H        3.080980000     -8.769495000    -12.675802000 
H        4.831232000     -7.229593000    -13.344275000 
H        3.582328000     -7.068717000    -14.370216000 
H        9.970260000     -9.766303000     -8.717598000 
H        9.540022000    -10.091801000    -10.251384000 
H       13.333218000    -10.526419000     -8.291771000 
H       12.044879000    -11.199730000     -9.040188000 
H      -18.007430000    -19.807546000    -20.840594000 
H      -19.637910000    -19.478133000    -20.267194000 
H      -18.844442000    -19.349110000    -17.932135000 
H      -17.167958000    -19.446574000    -18.462485000 
H      -17.961355000    -21.600580000    -17.740231000 
H      -17.753600000    -21.674556000    -19.341303000 
H       -1.781649000    -12.179765000    -15.357050000 
H       -1.692257000    -12.844816000    -18.114932000 
H       -4.034172000    -12.249530000    -18.961563000 
H       -4.590029000     -9.620526000    -17.720145000 
H       -2.216693000    -15.092003000    -17.341242000 
H       -3.541122000    -14.514144000    -16.343642000 
H       -5.572921000    -10.869073000    -20.347089000 
H       -6.026181000     -9.270697000    -19.758200000 
H       -2.530038000    -14.133147000    -19.998211000 
H       -4.161531000    -14.306574000    -21.881289000 
H       -5.673248000    -15.005105000    -17.161369000 
H       -3.159638000    -10.167614000    -20.410243000 
H       -3.595813000     -8.588777000    -19.772512000 
H       -5.012250000     -8.162484000    -21.814142000 
H       -4.539839000     -9.723915000    -22.474072000 
H       -2.160525000     -9.025020000    -22.522398000 
H       -2.576513000     -7.482928000    -21.770012000 
H       -2.400394000     -7.347964000    -24.194700000 
H       -3.940541000     -7.052290000    -23.761655000 
H       -6.091666000    -12.649278000    -17.729543000 
H      -16.332540000    -15.429074000    -20.099252000 
H      -18.474181000    -15.139660000    -20.991268000 
H      -14.183002000    -16.200709000    -21.845225000 
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H      -12.286732000    -16.943247000    -20.288990000 
H      -13.002685000    -17.292445000    -17.527854000 
H      -14.088569000    -13.765461000    -22.048279000 
H      -14.071577000    -13.565714000    -20.292737000 
H      -14.511511000    -18.923236000    -18.877177000 
H      -13.046012000    -19.853594000    -19.192644000 
H      -11.974583000    -13.368955000    -19.190185000 
H       -9.556456000    -13.868526000    -19.024839000 
H       -9.718130000    -15.930902000    -22.771358000 
H      -12.113061000    -15.365887000    -22.994893000 
H      -18.716162000    -14.217429000    -23.108719000 
H      -18.497678000    -15.628570000    -23.846790000 
H      -19.738306000    -17.240659000    -21.765737000 
H      -18.205658000    -17.835789000    -22.399960000 
H      -14.186738000    -19.141705000    -16.428774000 
H      -12.776957000    -20.168997000    -16.672587000 
H      -14.148799000    -21.882154000    -17.803893000 
H      -15.540719000    -20.808303000    -17.849294000 
H      -15.616643000    -20.807403000    -15.338927000 
H      -14.317969000    -22.003328000    -15.319617000 
H      -18.851893000    -17.199292000    -19.464736000 
H      -17.231846000    -17.582016000    -20.013384000 
H      -16.536600000    -23.001811000    -15.242601000 
H      -15.817394000    -23.430105000    -16.634371000 
H      -11.266144000    -18.486226000    -16.406371000 
H       -8.938551000    -19.408290000    -17.830862000 
H       -7.353353000    -20.180510000    -15.901563000 
H       -8.674634000    -20.532135000    -13.371577000 
H       -8.574561000    -16.925788000    -17.718637000 
H       -8.680147000    -17.003496000    -15.958279000 
H       -9.631148000    -22.443687000    -14.727599000 
H       -7.989612000    -23.079612000    -14.907308000 
H        1.795696000    -18.722007000    -13.607794000 
H       -0.070690000    -19.812883000    -14.802037000 
H       -2.689201000    -16.634385000    -13.639609000 
H       -0.837954000    -15.544474000    -12.416540000 
H       -9.532011000    -22.690966000    -12.274010000 
H       -7.854690000    -23.194639000    -12.331211000 
H       -8.506356000    -25.231586000    -13.653693000 
H      -10.199950000    -24.760098000    -13.561321000 
H      -10.139985000    -24.913960000    -11.083074000 
H       -8.417615000    -25.289414000    -11.129628000 
H       -9.796442000    -27.270912000    -10.956022000 
H       -9.036144000    -27.294420000    -12.387318000 
H       -7.121361000    -20.788721000    -11.790290000 
H       -4.341425000    -21.393050000    -12.501685000 
H       -3.236001000    -22.284510000    -10.442762000 
H       -5.045250000    -23.059062000     -8.302588000 
H       -4.428892000    -19.000076000    -12.180413000 
H       -5.286753000    -19.164702000    -10.633791000 
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H       -5.169995000    -25.040505000     -9.786491000 
H       -3.408751000    -25.181720000     -9.778486000 
H       -2.076939000    -20.370132000    -12.246310000 
H       -0.004476000    -20.788079000    -10.965761000 
H       -1.921680000    -19.401880000     -7.387029000 
H       -3.997598000    -19.015961000     -8.648119000 
H       -5.211860000    -25.441555000     -7.301210000 
H       -3.462462000    -25.577615000     -7.286852000 
H       -3.614605000    -27.555640000     -8.852032000 
H       -5.371214000    -27.460242000     -8.797164000 
H       -3.573224000    -27.895008000     -6.359886000 
H       -5.338031000    -27.858002000     -6.338533000 
H       -3.792078000    -29.819598000     -7.873183000 
H       -4.532186000    -30.111793000     -6.457612000 
H       -1.013137000    -22.776732000     -8.213947000 
H       -0.573809000    -21.643986000     -6.715721000 
H       -3.601787000    -20.918732000    -14.705266000 
H       -8.718779000    -17.400136000    -20.493840000 
 

I 
C       -5.164567000     -0.515704000      2.323579000 
C       -4.771580000     -0.518597000      0.974626000 
B       -5.850767000     -0.392310000     -0.185637000 
C       -8.056163000      0.211340000     -0.344417000 
C       -7.287619000      1.183227000     -0.999985000 
O       -5.952979000      0.891020000     -0.910102000 
O       -7.239246000     -0.732990000      0.217945000 
O       -5.428308000     -1.472081000     -1.333653000 
C       -7.882177000      2.255544000     -1.646889000 
C       -9.286758000      2.334440000     -1.618671000 
C      -10.048817000      1.365950000     -0.965806000 
C       -9.438005000      0.280061000     -0.312862000 
C       -3.394493000     -0.599681000      0.701670000 
C       -2.450796000     -0.668765000      1.726745000 
C       -2.866690000     -0.665238000      3.060427000 
C       -4.228180000     -0.589723000      3.357387000 
H       -6.222982000     -0.452772000      2.564871000 
H       -5.721736000     -1.170649000     -2.246007000 
H       -7.279981000      3.013767000     -2.139355000 
H       -9.780573000      3.167023000     -2.111511000 
H      -11.131806000      1.448657000     -0.956195000 
H      -10.023362000     -0.477155000      0.199904000 
H       -3.055693000     -0.615144000     -0.331712000 
H       -1.391620000     -0.728371000      1.487488000 
H       -2.133869000     -0.721562000      3.861745000 
H       -4.560371000     -0.586794000      4.392979000 
O       -6.828115000     -3.417457000     -0.239008000 
H       -7.311057000     -2.646203000      0.131601000 
H       -6.315560000     -3.764698000      0.508893000 
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H       -5.848418000     -2.354244000     -1.091774000 
O       -5.969031000     -0.140848000     -3.556808000 
H       -5.682580000      0.600649000     -2.988082000 
H       -6.916112000      0.032196000     -3.685440000 
 
TSI-II 
C       -5.001298000      0.141950000      2.119884000 
C       -4.705766000     -0.525035000      0.917436000 
B       -5.721541000     -0.493825000     -0.308121000 
C       -8.078739000     -0.000013000     -0.286811000 
C       -7.373504000      1.049635000     -0.886298000 
O       -6.027407000      0.851528000     -0.869335000 
O       -7.195579000     -0.949080000      0.197202000 
O       -5.350634000     -1.449389000     -1.384736000 
C       -8.051331000      2.137179000     -1.421433000 
C       -9.453661000      2.142613000     -1.342205000 
C      -10.147859000      1.090173000     -0.745667000 
C       -9.458407000     -0.006355000     -0.199719000 
C       -3.475781000     -1.197223000      0.837369000 
C       -2.577398000     -1.207820000      1.907618000 
C       -2.894802000     -0.539292000      3.090261000 
C       -4.112717000      0.138536000      3.194468000 
H       -5.945952000      0.673325000      2.216901000 
H       -5.396549000     -1.021117000     -2.277256000 
H       -7.505190000      2.959042000     -1.875018000 
H      -10.003180000      2.985270000     -1.752223000 
H      -11.232218000      1.116117000     -0.693979000 
H       -9.985039000     -0.828155000      0.276158000 
H       -3.220176000     -1.715283000     -0.083417000 
H       -1.630162000     -1.734836000      1.817407000 
H       -2.198779000     -0.544022000      3.925796000 
H       -4.366175000      0.663320000      4.112727000 
O       -7.017615000     -3.109255000     -0.799501000 
H       -7.314858000     -2.150240000     -0.206010000 
H       -6.653604000     -3.761799000     -0.175659000 
H       -6.172529000     -2.554178000     -1.231617000 
O       -5.454233000      0.232011000     -3.539269000 
H       -5.452110000      0.852268000     -2.782196000 
H       -6.350998000      0.313873000     -3.900280000 
 
II 
C       -4.483857000      0.321601000      2.370606000 
C       -4.365638000     -0.304516000      1.116924000 
B       -5.423483000     -0.070961000     -0.005612000 
C       -8.421717000     -0.133709000     -0.274264000 
C       -7.560318000      0.971373000     -0.443891000 
O       -6.329244000      0.969811000      0.157086000 
O       -8.021562000     -1.152174000      0.540976000 
O       -5.378773000     -0.844779000     -1.139963000 
C       -7.963792000      2.072224000     -1.201783000 
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C       -9.216696000      2.072162000     -1.825544000 
C      -10.063867000      0.969797000     -1.684761000 
C       -9.669378000     -0.119879000     -0.904556000 
C       -3.262749000     -1.151603000      0.904201000 
C       -2.314654000     -1.368374000      1.903607000 
C       -2.453467000     -0.736894000      3.142113000 
C       -3.540154000      0.109664000      3.375040000 
H       -5.330247000      0.977842000      2.553396000 
H       -5.917625000     -0.526703000     -1.908756000 
H       -7.284492000      2.914862000     -1.295506000 
H       -9.526812000      2.932095000     -2.412729000 
H      -11.036533000      0.962772000     -2.168269000 
H      -10.324732000     -0.975235000     -0.767547000 
H       -3.149091000     -1.638490000     -0.061167000 
H       -1.467562000     -2.024658000      1.719496000 
H       -1.715973000     -0.903635000      3.923569000 
H       -3.650007000      0.601008000      4.338565000 
O       -6.857563000     -3.201538000     -0.754161000 
H       -7.816408000     -1.976830000      0.025256000 
H       -6.477043000     -3.724150000     -0.030916000 
H       -6.153554000     -2.555098000     -0.981997000 
O       -6.735207000     -0.008509000     -3.377284000 
H       -6.164422000      0.604541000     -3.865683000 
H       -7.482639000      0.538651000     -3.076134000 
 
III 
C       -3.908621000     -0.366476000      1.240394000 
C       -4.947371000     -1.294574000      1.446565000 
B       -6.283948000     -1.191494000      0.684303000 
C       -8.296834000     -1.662139000     -0.100004000 
C       -7.899645000     -0.449641000     -0.658538000 
O       -6.632966000     -0.134660000     -0.168304000 
O       -7.302172000     -2.131690000      0.738048000 
O       -7.427170000      3.094225000     -2.559934000 
C       -8.681108000      0.264916000     -1.548025000 
C       -9.923342000     -0.311191000     -1.857151000 
C      -10.333302000     -1.528121000     -1.298971000 
C       -9.520107000     -2.235323000     -0.401189000 
C       -4.734406000     -2.339098000      2.365996000 
C       -3.530148000     -2.450320000      3.058346000 
C       -2.512421000     -1.518300000      2.840575000 
C       -2.702219000     -0.476250000      1.929505000 
H       -4.044984000      0.444999000      0.529608000 
H       -7.080239000      3.318236000     -1.680935000 
H       -8.348701000      1.210826000     -1.978415000 
H      -10.580676000      0.205740000     -2.549947000 
H      -11.302930000     -1.938065000     -1.566333000 
H       -9.825577000     -3.179936000      0.035942000 
H       -5.523232000     -3.067197000      2.535298000 
H       -3.382526000     -3.262096000      3.765511000 
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H       -1.571874000     -1.604922000      3.378379000 
H       -1.908913000      0.245960000      1.755800000 
O       -4.731365000      2.405258000     -3.180861000 
H       -4.759695000      1.458449000     -3.385849000 
H       -4.704876000      2.436468000     -2.202458000 
H       -6.597915000      2.922261000     -3.053712000 
O       -5.441272000      2.442772000     -0.453541000 
H       -5.913309000      1.597421000     -0.310346000 
H       -5.121184000      2.713860000      0.419685000 
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2.15 Fluorescence Binding of A3X3 and B3X3 

 

Figure S27. Fluorescence titration of A3X3 against fluorescein labelled B3X3 in 300 

mM phosphate buffer, pH 7.4, using the same protocol detailed in Section 7. 

 

2.16 Displacement experiment (Fluorescence Quenching Assay + FRET 
Assay) 

Fluorescence spectra were recorded on an Infinite® M1000 PRO microplate reader 

(Tecan®). 15 µL of different concentrations of the Lys-Cat-Lys peptide was served 

(dilutions series with half-to-half concentrations beginning with 5.0 mM, phosphate 

buffer 300 mM, pH 7.4). To this a constant amount of the Fluorescein-Cys-AEEAc-Bor-

Lys-Bor-Lys-Bor-Lys peptide (conc. 110 nM, vol. 15 µL) was added. After mixing for 1 

h at 450 rpm, 26 µL of every mixture was placed in black UV Star® 384 microliter well-

plates (Greiner bio-one). After 15 min of equilibration time, the fluorescence emission 

was recorded at 520 nm upon excitation at 488 nm with multiple reads per well (3x3). 

After that a dilution series of a trivalent Catechol-tag (Dyelight650®-AEEAc-Cat-Lys-

Cat-Lys-Cat-Lys) with 1/3 of the molar amount of the Lys-Cat-Lys peptide was made 

(26 µL each, phosphate buffer 300 mM, pH 7.4) and dropped into the mixtures. After 

that the mixtures were stirred for 2 h at 450 rpm and measured with an excitation 

wavelength of 488 nm and the emission was recorded from 280 nm to 850 nm.  
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2.17 Alizarin Red S Assay 
Fluorescence spectra were recorded on an Infinite® M1000 PRO microplate reader 

(Tecan®). PEG5000-(AX)3 (0.104 mM, 1 eq.) and Alizarin Red S (0.313 mM, 1 eq.) was 

mixed for 90 minutes in a phosphate buffer solution (pH 7.4, 300mM). After that CytC-

(BX)3 was added resulting in a PEG5000-(AX)3 concentration of 0.09 mM and an Alizarin 

Red S concentration of 0.27 mM.  

The resulting concentrations of CytC-(BX)3 in the dilution serial is showed in the 

following table: 
Dilution c [mM] 

1 0.09 

2 0.045 

3 0.0225 

4 0.00562 

5 0.00281 

6 0.00141 

7 7.03E-04 

The resulting solutions were mixed for 12 h at room temperature. The excitation 

wavelength was 495 nm and the fluorescence intensity was measured at 556 nm.  

 

2.18 Atomic Force Microscopy 
AFM measurements were conducted on a Dimension FastScan BioTM atomic force 

microscope from Bruker, which was operated in the PeakForce mode. AFM probes 

with a nominal spring constant of 0.25 Nm-1 were employed (FastScan-D, Bruker) for 

measurement in liquid. A circular mica disc (15 mm) was used as the substrate. 

Measurements were performed at scan rates between 0.8 and 2 Hz. Different areas of 

the mica substrate were scanned in order to ensure the integrity of the shown images. 

The images were finally processed by the software NanoScope Analysis 1.8. 

For sample preparation, the initial sample (conc. PEG5000-(AX)3/CytC-(BX)3 mixture 

was 1 mM, solvent: phosphate buffer (150 mM, pH 7.4)) was diluted to 25 µM with 40 

µL phosphate buffer (75 mM) and subsequently applied onto the freshly cleaved mica 

substrate. The solution was left to incubate for 15 minutes in order to deposit the 

desired species on the mica substrate. After successful adsorption, the supernatant 

was removed and fresh phosphate buffer (250 µL) was added for the measurement.  
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Figure S28. AFM micrograph of PEG5000-(AX)3 (left) and PEG5000-(AX)3(BX)3-CytC 
(right). 
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