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transfer (RAFT) polymerization has been 
most frequently used for various pur-
poses.[2–5] To control regular polymer 
growth, small molecular thiocarbonylthio 
compounds act as chain transfer agents 
which result in heterotelechelic polymers 
carrying thiocarbonylthio groups at the 
propagating chain end.[6,7] For several 
applications, however, including commer-
cialization[8] or biomedical applications[9,10] 
the presence of dithioesters or trithiocar-
bonates is often considered as less ben-
eficial, e.g., due to strong UV-absorbance 
or reactivity toward nucleophiles. Thus, 
multiple attempts have been established to 
remove or modify them after polymeriza-
tion quantitatively.[11,12]

For instance, by treatment with excess 
radical initiator, Perrier et al. could replace 
dithiobenzoates with AIBN-derived 
cyanoisopropyl groups and other ana-
logues,[13] while Chong et  al. introduced 
hydrogens via radical-induced reduction 
by silanes, stannanes, or hypophosphite 
salts.[14] More lately, Alagi et  al. could use 
trialkylboranes in the presence of oxygen 
for that purpose as well.[15] Instead of 
hydrogens also hydroxyl groups could 
be introduced, either by hydrogen per-

oxide[16] or in the presence of oxygen.[17] Similarly, irradiation[18] 
or thermolysis[19] could remove or convert thiocarbonylthio end 
groups, too. Alternatively, the thiocarbonyl double bond was 
utilized as reversible anchoring point for dienes under hetero-
Diels Alder reaction conditions.[20]

Moreover, under nucleophilic attack, the thiocarbonylthio 
end groups can as well release thiol terminated polymers. 
Because of their selective reaction profile, these thiols can 
subsequently be converted in a post-polymerization modifica-
tion process[21] either irreversibly into thioethers or reversibly 
into disulfides.[22] For instance, Lima et  al. or Qui et  al. dem-
onstrated aminolysis of trithiocarbonates and dithiobenzoates 
followed by Michael addition to α,β-unsaturated esters,[23,24] 
while Boyer et al. included maleimides for the introduction of 
biotins for polymer–protein conjugation.[25] In analogy, Grover 
et  al. reacted aminolyzed thiols with excess divinyl sulfones 
and the affording vinyl sulfone group could be utilized for 
further Michael-type bioconjugation to the cysteine of bovine 
serum albumin.[26] This approach was also applied by us and 
colleagues to RAFT block copolymer based nanogels affording 
core/shell protein-reactive nanoparticles. However, due to the 

Reversible modifications of reversible addition–fragmentation chain transfer 
(RAFT)-polymerization derived end groups are usually limited to reductive 
degradable disulfide conjugates. However, self-immolative linkers can pro-
mote ligation and traceless release of primary and secondary amines as well 
as alcohols via carbonates or carbamates in β-position to disulfides. In this 
study, these two strategies are combined and the concept of self-immolative 
RAFT-polymer end group modifications is introduced: As model compounds, 
benzylamine, dibenzylamine, and benzyl alcohol are first attached as car-
bamates or carbonates to a symmetrical disulfide, and in a straightforward 
one-pot reaction these groups are reversibly attached to aminolyzed trithi-
ocarbonate end groups of RAFT-polymerized poly(N,N-dimethylacrylamide). 
Quantitative end group modification is confirmed by 1H NMR spectroscopy, 
size exclusion chromatography, and mass spectrometry, while reversible 
release of attached compounds under physiological reductive conditions is 
successfully monitored by diffusion ordered NMR spectroscopy and thin layer 
chromatography. Additionally, this concept is further expanded to protein-
reactive, self-immolative carbonate species that enable reversible bioconjuga-
tion of lysozyme and α-macrophage mannose receptor (MMR) nanobodies 
as model proteins. Altogether, self-immolative RAFT end group modifications 
can form the new basis for reversible introduction of various functionalities to 
polymer chain ends including protein bioconjugates and, thus, opening novel 
opportunities for stimuli-responsive polymer hybrids.

1. Introduction

For about 25 years, controlled radical polymerization tech-
niques have revolutionized polymer synthesis providing access 
to narrowly dispersed homo- and block copolymers with 
well-defined end groups.[1] Because of its broad applicability 
to various types of functional monomers, solvents and reac-
tion conditions, the reversible addition–fragmentation chain 
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basic reaction conditions favoring gradual thiol oxidation it was 
necessary to first trap the aminolyzed dithiobenzoate and trithi-
ocarbonate end groups as dithiopyridines, followed by reduc-
tion and conversion into vinylsulfones.[27]

In general, converting thiol end groups into reactive dithi-
opyridines is highly beneficial, as it provides immediate access 
to reversible conjugation with other functional thiols as bio-
reducible disulfides.[28] Furthermore, also Ellman’s reagent 
(5,5′-dithiobis(2-nitrobenzoic acid) has already been used for 
that purpose trapping RAFT-derived polymers into thiol reac-
tive dithionitrobenzoic acids.[29,30] Alternatively, introduction of 
functional asymmetric disulfides can be successfully obtained 
in a one pot procedure by aminolysis in the presence of func-
tional methanethiosulfonates, as reported by multiple examples 
from Roth et al.[31–35]

Although reversible end group modification into bioreduc-
ible disulfides seems highly attractive, especially for biomedical 
purposes guaranteeing reductive triggered release of the con-
jugated functional group,[36,37] it is only limited to either single 
thiol-bearing active molecules or requires the introduction of 
thiols onto the desired entity which, however, may affect the 
molecule’s bioactivity.

To circumvent this problem, reductive responsive self-
immolative linkers have been investigated making use of car-
bonates or carbamates in β-position to the disulfide.[38,39] Upon 
disulfide cleavage these molecules undergo an intramolecular 
5-exo-trig cyclization (or 3-exo-tet cyclization)[40] and during 
1,3-oxathiolan-2-one formation the adjacent alcohol, primary or 
secondary amine is released.[41] This approach has successfully 

been applied by the Zelikin group to various RAFT-polymeriz-
able monomers carrying different types of drugs via this self-
immolative linker strategy.[42–50]

Additionally, self-immolative systems have also been devel-
oped in recent years to enable the reversible attachment of pol-
ymer chains to proteins. Besides reversible PEGylation by thiol-
thioester exchange with self-immolation by cyclization,[51] there 
are also approaches that use 1,6-elimination linkers, exploiting 
esterases,[52] thiol-disulfide exchange,[53] or azoreductases[54] as 
trigger mechanisms.

In this study, we now aim to combine RAFT end group mod-
ification and reductive responsive self-immolative linkers in a 
one pot fashion. By liberating the RAFT end group’s thiol via 
aminolysis, it is subsequently converted into a disulfide with 
a carbamate or carbonate in β-position. Under these circum-
stances, one can access self-immolative RAFT end groups that 
upon disulfide cleavage release the conjugated primary and 
secondary amine or alcohol, respectively. This broadens the 
applicability of reversible RAFT end group conjugations to a 
variety of functional active groups including reversible protein 
bioconjugates.

2. Results and Discussion

To convert the RAFT-polymerization derived thiocarbon-
ylthio end group into a self-immolative disulfide species, we 
established the reaction process summarized in Figure  1: 
A reactive 4-nitrophenyl carbonate is first generated on both 
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Figure 1. Synthetic scheme for reversible end modification of RAFT-polymerized poly(N,N-dimethylacrylamide) (pDMA). A) N,N-Dimethylacrylamide 
(DMA) is polymerized by RAFT-polymerization with azobis(isobutyronitril) (AIBN) and 2-(butylthiocarbonothioylthio)propanoic acid as chain transfer 
agent (CTA) (left). 4-nitrophenyl chloroformate is introduced to 2,2’-disulfanediyldiethanol as symmetric disulfide that allows subsequent conjugation 
of component R with variable functionality X ( = primary/secondary amine, alcohol). This compound can be coupled to the polymer end group in a 
one-pot reaction after in situ aminolysis of the trithiocarbonate by n-butylamine (right). B) Self-immolation mechanism after disulfide reduction fol-
lowed by, e.g., 5-exo-trig cyclization and release of component R-XH.
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sides of a symmetric 2,2′-disulfanediyldiethanol, which can 
easily be substituted by desired functional groups of choice, 
including alcohols as well as primary amines and secondary 
amines. This molecule can subsequently be applied during 
a one-pot RAFT-polymer trithiocarbonate group aminolysis. 
The released thiol reacts in situ with the symmetrical compo-
nent during a disulfide reshuffling process liberating one of 
the attached functional groups under entropically favorable 
intramolecular cyclization conditions (Figure 1A). At the same 
time, the affording polymer is equipped with a self-immolative 
end group that is responsive to disulfide reduction as external 
trigger. Thereby, the cleaved disulfide can undergo again, e.g., 
a 5-exo-trig cyclization releasing the originally attached alcohol 
and primary or secondary amine, respectively, in a fully 
unmodified fashion (Figure  1B). The experimental results of 
this concept are outlined in the following chapters by different 
model compounds.

2.1. Introduction of the Self-Immolative RAFT-Polymer End 
Group

Under RAFT-polymerization conditions using 2-(butylthi-
ocarbonothioylthio)propanoic acid as chain transfer agent 
(CTA) (Figure S1, Supporting Information), narrow distributed 
poly(N,N-dimethylacrylamide) (pDMA) was synthesized from 
N,N-dimethylacrylamide (DMA) and carefully analyzed by 1H 
NMR spectroscopy, size exclusion chromatography (SEC), and 

matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (MALDI-ToF MS) (Figure 2 and Figure S2, Sup-
porting Information). pDMA was chosen as a suitable plat-
form, since it meets all requirements necessary for this study: 
It is both water-soluble and biocompatible making it, therefore, 
appropriate for biological applications including conjugation 
to drugs and proteins.[55–57] In addition, the chosen system 
exhibits excellent properties for MALDI characterization with 
high end-group fidelity[58] (in our hands, dithiobenzoates as 
alternative CTAs usually provided degradation and backbiting 
processes during MALDI measurement, thus, did not allow to 
trace back successful end group modifications quantitatively).

In order to successfully convert the RAFT-derived trithiocar-
bonate group on each polymer into a self-immolative conjugate, 
a reagent was required which would always lead to the forma-
tion of a well-defined product under usually random disulfide-
exchange reactions by the end group released thiol. For that 
purpose, our strategy was restricted to symmetric disulfide 
carbonates or carbamates. Starting from 2,2′-disulfanediyldieth-
anol, we first introduced reactive nitrophenyl carbonate units 
which allows to conjugate afterwards various functionalities of 
choice as carbonates and carbamates. Altogether, by this simple 
two-step synthesis, benzylamine (H2NBz), dibenzylamine 
(HNDiBz) and benzyl alcohol (HOBz) were attached as model 
compounds for primary and secondary amines as well as alco-
hols, respectively, demonstrating the versatility of this plat-
form (for more experimental details compare Figures S3–S18, 
Supporting Information).

Macromol. Rapid Commun. 2021, 2000752

Figure 2. Characterization of end group modified RAFT-polymers (pDMA, black; pDMA-NHBz, blue; pDMA-NDiBz, green; pDMA-OBz, orange). A) 1H 
NMR spectra of pDMA and end group modified pDMAs. The butyl trithiocarbonate signals as well as the introduced respective aromatic and benzylic 
proton signals are highlighted. B) SEC traces of pDMA and end group modified pDMAs. C) MALDI-ToF MS data of pDMA and end group modified 
pDMAs: full polymer mass range (left); zoomed mass range of DP with highest relative intensity (middle); overlay of DP with highest relative intensity 
and its corresponding simulated isotope pattern in red (right).
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In a straightforward postpolymerization reaction, these sym-
metrical disulfide compounds could be attached during a one 
pot reaction to the polymer. The free thiol end group was ini-
tially generated in situ by aminolysis with five equivalents of 
n-butylamine. At the same time, five equivalents of the sym-
metric disulfide compound were added. Due to their sym-
metrical structure, regardless of the reaction site of the thiol 
toward the disulfide, only the formation of one specific product 
was possible during the disulfide reshuffling reaction (under 
sacrifice of the other half of the symmetric disulfide, compare 
Figure 1A).

The obtained pDMA-NHBz, pDMA-NDiBz, and pDMA-
OBz polymers were isolated by three precipitation cycles into 
diethyl ether and subsequently characterized by various tech-
niques to verify the polymers’ new end group carefully. While 
SEC revealed a preservation of the narrow molecular weight 
distribution during the modification reaction (Figure  2B), the 
introduced end groups could all be found by 1H NMR spec-
troscopy (Figure  2A—a detailed characterization is summa-
rized in the Supporting Information in Figures S19, S21, and 
S23, Supporting Information). More precisely, a comprehensive 
investigation of which species was actually generated could 
be performed by MALDI-ToF MS: For all end group modifica-
tions, successful and quasi-quantitative conversion of the whole 
polymer distribution was found, as provided by Figure  2C. 
Within the distributions, each mass peak could be annotated 
to the corresponding degree of polymerization together with 
the appropriate self-immolative disulfide end group. Having 
a closer look, detailed end group modification could also be 
confirmed by the recorded isotope pattern which is in perfect 
agreement with its simulated isotope pattern (Figure 2C—note 
that that there was a slight shift of the molecular weight dis-
tribution to higher molecular weights as a result of additional 
polymer precipitation cycles for reaction work-up). At this point 
one should further highlight that neither SEC nor MALDI-ToF 
MS revealed any traces of disulfide-based polymer dimeriza-
tion that would theoretically be conceivable through a second 
disulfide exchange from a polymer end to an already modified 
one.

Altogether, the applied reaction conditions (five equivalents 
of symmetric disulfide compound and five equivalents of n-but-
ylamine) were all fully sufficient to convert all trithiocarbonate 
end groups of the RAFT-derived pDMA into self-immolative 
disulfide units for reductive responsive release of alcohols, pri-
mary and secondary amines, respectively.

2.2. Self-Immolative End Group Release Upon Reductive Trigger

In order to demonstrate the reversibility of this modification, 
a controllable release of the attached components should only 
occur under reductive conditions. For disulfides, this is com-
monly achieved by an excess of free thiols in form of, e.g., intra-
cellular glutathione in a biological surrounding.[59,60] In order 
to mimic those physiological conditions and simultaneously 
ensure a reasonable traceability, release experiments were car-
ried out in a deuterated, aqueous environment in the presence 
of 10 × 10-3 m DTT as a source of free thiols. Thereby, the re-
establishment of the originally introduced compounds could 

be observed instantaneously by signals shifting from benzyl 
carbonates/ carbamates to benzyl alcohols/amines appearing 
by 1H NMR spectroscopy (Figures S20, S22, and S24, Sup-
porting Information). In order to get a better insight into those 
processes, diffusion ordered spectroscopy (DOSY) experiments 
were additionally recorded of these samples before and after 
addition of DTT (Figure 3A): While the reversibly attached aro-
matic end group protons provided similar diffusion character-
istics like the macromolecular pDMA protons, these signals 
disappeared after disulfide reduction and instead low molecular 
weight aromatic components were recorded. This behavior 
could be found for all three end group modified polymers 
(pDMA-NHBz, pDMA-NDiBz, and pDMA-OBz) underlining 
full release and separation of benzylamine (H2NBz), diben-
zylamine (HNDiBz), and benzyl alcohol (HOBz) from the mac-
romolecular species (Figure 3A).

In addition, the restoration of the unmodified, original func-
tionalities was further confirmed by thin layer chromatography 
(TLC) with reference substances and corresponding staining 
agents (Figure  3B). A ninhydrin solution served as a suitable 
proof of tracelessly released amines (benzylamine and diben-
zylamine), whereas a vanillin staining was used for detecting 
the released, unmodified benzyl alcohol.[61] In each of those 
cases, while exhibiting identical retardation factors, moreover 
the same characteristic coloration could be observed compared 
to the reference substances, indicating successful and residue-
free release (Figure 3B).

Altogether, these observations confirm that via our approach 
a reversible conjugation and reductive-triggered release of 
alcohols, primary and secondary amines to RAFT-derived end 
groups is possible. Interestingly, instead of introducing alco-
hols, primary and secondary amines first via the reactive nitro-
phenyl carbonate species to the symmetrical disulfide, it would 
also be feasible to directly attach the reactive nitrophenyl car-
bonates to the polymer end group and then perform a ligation 
via another post-polymerization modification reaction. This 
approach would especially be highly beneficial for bioconjuga-
tions, e.g., of proteins where one does not want to sacrifice half 
of the amount of the molecule of interest.

2.3. Self-Immolative RAFT–Polymer Protein Conjugation

By applying excess symmetrical nitrophenyl carbonate 
disulfides to the RAFT end groups, protein-reactive end groups 
can be made accessible for reversible polymer bioconjugations 
to lysine residues. However, since the in situ release of thiol 
is achieved by aminolysis with 5 equivalents of n-butylamine, 
some of them would also react with the introduced reactive 
carbonate end group. A prior isolation of the free thiol after 
aminolysis is, indeed, not possible without triggering partial 
dimerization of two chain ends by oxidation. To circumvent 
these possibilities, we decided to use a large excess of symmet-
rical nitrophenyl carbonate (50 equivalents) that can react with 
remaining amine units but still leaves a fair amount of end 
group reactive symmetrical nitrophenyl carbonate disulfides 
available for successful modification (Figure  4A). As a result, 
the whole procedure could still be carried out as a one-pot reac-
tion affording only minor polymer dimerization (Figure S25, 

Macromol. Rapid Commun. 2021, 2000752
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Supporting Information). After purification the reactive nitro-
phenyl species ligated to the polymer end group could be 
detected by 1H NMR spectroscopy successfully (Figure S26, 
Supporting Information).

In a next step, lysozyme was reversibly modified with the 
reactive end group polymer as a model protein (Figure 4—left). 
Here, a straightforward approach was again chosen in which 
the protein dissolved in PBS was simply incubated with a 75 
equivalent excess of reactive polymer in PBS. After reversible 
polymer protein conjugation, the release of native protein was 
carried out under physiological concentrations of free thiols by 
addition of mercaptoethanol at a millimolar range. The indi-
vidual steps of covalent conjugation and release were followed 
by sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) (Figure 4B). For the conjugate the sharp lysozyme 
band (lane 2) blurred due to the binding of multiple polymer 
chains (lane 3). Fortunately, it can reversibly be released under 
controlled reduction conditions (lane 4) emphasizing successful 
conjugation and release of the unmodified protein under the 
proposed self-immolative reaction conditions.

In addition to this model protein, we selected a more rel-
evant protein in the same molecular weight regime: a single 
chain antigen-binding antibody fragment called nanobody.[62,63] 
In general, such types of proteins are considered as promising 
replacement for cumbersomely produced antibodies used for 
diagnostic or therapeutic purposes.[64,65] Some nanobodies 
have even been tested to prevent infection by the SARS-COV2 
virus.[66–68] In nanomedicine, they furthermore function as tar-
geting moiety for precise delivery of, e.g., pH-responsive nano-
gels.[69,70] One disadvantage compared to antibodies, however, 
is their weaker pharmacokinetic profile with a relatively short 
circulation time in the blood stream.[71]

Conceptually, this might be enhanced by reversible polymer 
conjugation, e.g., of pDMA as polymer of significantly lower 
antibody-mediated accelerated blood clearance compared to the 
widespread PEGylation.[72] Representatively, here, a nanobody 
against the macrophage mannose receptor (α-MMR Nb)[73] was 
modified in analogy to lysozyme (Figure  4—right). Again, by 
SDS-PAGE (Figure  4B) an almost complete conversion of the 
native protein (which partially occurred as dimer—lane 2) could 
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Figure 3. Residue-free release of benzylamine (blue, top), dibenzylamine (green, middle) and benzyl alcohol (orange, bottom) by self-immolation of 
the introduced RAFT-derived end group. A) DOSY experiments showing the attachment of aromatic compounds (H2NBz, HNDiBz, and HOBz) to 
the polymer (left) and the successful release of aromatic components as lower molecular weight species (right) after treatment with 10 × 10-3 m DTT 
in D2O. B) TLC of the polymers before and after reduction with 10 × 10-3 m DTT next to respective references. Ninhydrin staining (top, middle) and 
vanillin staining (bottom) indicating the re-establishment of initial functionalities (H2NBz, HNDiBz, and HOBz).
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initially be observed (lane 3). It was again successfully restored 
by reduction (lane 4) providing the reduced nanobody protein 
as single band (lane 5).

In conclusion, this approach might inaugurate a new 
method for reversibly modifying various types of proteins and 
other functional biomolecules with water-soluble, RAFT-polym-
erization derived functional polymers following the reductive 
cleavable self-immolative linker concept.

3. Conclusion

In this work, the combination of postpolymerization modifica-
tion of RAFT-polymer derived end groups and self-immolation 
strategies could be accomplished. For this purpose, model 
compounds of primary and secondary amines and alcohols 
were reversibly attached to a symmetrical disulfide equipped 
with reactive carbonates in β-position to the disulfide. In a 
straightforward one-pot reaction, it was possible to attach these 
conjugates to the aminolyzed trithiocarbonate end group of 

RAFT-polymerized pDMA and confirm successful end group 
modification by 1H NMR spectroscopy, size exclusion chroma-
tography, and MALDI-ToF mass spectrometry. The reversibility 
of this modification by reduction with physiological concentra-
tions of free thiols could be demonstrated in the presence of 
10 × 10-3 m DTT by means of DOSY experiments showing full 
release of the primary and secondary amine and the alcohol as 
low molecular compound. In addition, the re-establishment of 
their original functionalities could be confirmed by thin layer 
chromatography (TLC) and comparison with corresponding ref-
erence substances and respective staining solutions underlined 
successful release in a self-immolative manner.

In addition, a protein-reactive, self-immolative carbonate spe-
cies could further be introduced onto the pDMA end group and 
utilized for the bioconjugation of lysine residues of lysozyme 
and the α-MMR nanobody. When treated with free thiols, these 
conjugates were able to release the native protein again, as 
monitored by SDS-PAGE.

To conclude, this approach forms the basis for a new 
opportunity of reversible end-group modifications of different 

Macromol. Rapid Commun. 2021, 2000752

Figure 4. Reversible bioconjugation of lysozyme and α-MMR Nb via self-immolative end group modified RAFT-polymer. A) Synthetic scheme for 
reversible polymer modification of lysozyme (green, left) and α-MMR nanobody (blue, right). The RAFT-derived trithiocarbonate end group of pDMA 
is cleaved by aminolysis and the resulting thiol group undergoes a disulfide exchange reaction with a symmetrical disulfide bearing reactive carbonate. 
It results in the presence of an amine sensitive polymer end group which is used for the coupling to lysine residues onto proteins. Reductive treatment 
with mercaptoethanol will cause disulfide reduction followed by subsequent self-immolation and release of native protein. B) Corresponding SDS-PAGE 
results for the reversible polymer conjugation of lysozyme (left) and α-MMR nanobody (right). In each gel, a protein standard is used in the first lane. 
The native proteins are shown by lanes 2 and 7. After polymer conjugation a broad blur without distinct molecular weight is observed (lanes 3), but 
after treatment with mercaptoethanol the distinct protein band reoccurs (lanes 4). For comparison, mercaptoethanol-treated native protein (lanes 5) 
and blank polymer (lanes 6) were loaded onto the gel, too. Note that the second band for native α-MMR Nb at doubled molecular weight (lanes 2 and 
7, right) is due to dimerization of monomeric protein during storage.
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RAFT-derived polymers with various types of primary, sec-
ondary amines or alcohols. By further introducing protein 
reactive groups, this versatile concept can also be applied to 
polymer–protein bioconjugates and, thus, opens to opportuni-
ties for various reductive-responsive polymer–protein hybrids.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
The authors thank Judith Stickdorn, Jutta Schnee, Stefan Spang, 
and Stephan Türk for technical assistance during the analytical 
measurements, as well as Jo Van Ginderachter and his group (Vrije 
Universiteit Brussel, Belgium) for providing the α-MMR nanobody. 
Moreover, the authors want to gratefully acknowledge financial support 
by the DFG through the Emmy-Noether program and the SFB 1066 
Project B04, as well as the Fonds der Chemischen Industrie for their 
support by their Liebig program.

Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
Data available in article supplementary material or on request from the 
authors.

Keywords
biodegradable polymers, disulfide, end group modification, RAFT 
polymerization, self-immolative linkers

Received: December 21, 2020
Revised: January 28, 2021

Published online: 

[1] N.  Corrigan, K.  Jung, G.  Moad, C. J.  Hawker, K.  Matyjaszewski, 
C. Boyer, Prog. Polym. Sci. 2020, 111, 101311.

[2] G. Moad, E. Rizzardo, S. H. Thang, Aust. J. Chem. 2005, 58, 379.
[3] G. Moad, E. Rizzardo, S. H. Thang, Aust. J. Chem. 2006, 59, 669.
[4] G. Moad, E. Rizzardo, S. H. Thang, Aust. J. Chem. 2009, 62, 1402.
[5] G. Moad, E. Rizzardo, S. H. Thang, Aust. J. Chem. 2012, 65, 985.
[6] J. Chiefari, Y. K. Chong, F. Ercole, J. Krstina, J.  Jeffery, T. P. T. Le, R. 

T. A. Mayadunne, G. F. Meijs, C. L. Moad, G. Moad, E. Rizzardo, S. 
H. Thang, Macromolecules 1998, 31, 5559.

[7] G.  Moad, J.  Chiefari, Y. K.  Chong, J.  Krstina, R. T. A.  Mayadunne, 
A. Postma, E. Rizzardo, S. H. Thang, Polym. Int. 2000, 49, 993.

[8] M. Destarac, Polym. Chem. 2018, 9, 4947.
[9] B. D.  Fairbanks, P. A.  Gunatillake, L.  Meagher, Adv. Drug Delivery 

Rev. 2015, 91, 141.
[10] D. Pissuwan, C. Boyer, K. Gunasekaran, T. P. Davis, V. Bulmus, Bio-

macromolecules 2010, 11, 412.

[11] G. Moad, E. Rizzardo, S. H. Thang, Polym. Int. 2011, 60, 9.
[12] H. Willcock, R. K. O’Reilly, Polym. Chem. 2010, 1, 149.
[13] S.  Perrier, P.  Takolpuckdee, C. A.  Mars, Macromolecules 2005, 38, 

2033.
[14] Y. K.  Chong, G.  Moad, E.  Rizzardo, S. H.  Thang, Macromolecules 

2007, 40, 4446.
[15] P.  Alagi, N.  Hadjichristidis, Y.  Gnanou, X.  Feng, ACS Macro Lett. 

2019, 8, 664.
[16] C. P. Jesson, C. M. Pearce, H. Simon, A. Werner, V. J. Cunningham, 

J. R. Lovett, M. J. Smallridge, N. J. Warren, S. P. Armes, Macromol-
ecules 2017, 50, 182.

[17] T. Gruendling, M. Dietrich, C. Barner-Kowollik, Aust. J. Chem. 2009, 
62, 806.

[18] R. N. Carmean, C. A. Figg, G. M. Scheutz, T. Kubo, B. S. Sumerlin, 
ACS Macro Lett. 2017, 6, 185.

[19] A.  Postma, T. P.  Davis, G.  Moad, M. S.  O’Shea, Macromolecules 
2005, 38, 5371.

[20] S.  Sinnwell, A. J.  Inglis, T. P.  Davis, M. H.  Stenzel, C.  Barner-
Kowollik, Chem. Commun. 2008, 2052.

[21] K. A.  Günay, P.  Theato, H.-A.  Klok, J. Polym. Sci., Part A: Polym. 
Chem. 2013, 51, 1.

[22] P. J.  Roth, C.  Boyer, A. B.  Lowe, T. P.  Davis, Macromol. Rapid 
Commun. 2011, 32, 1123.

[23] V.  Lima, X.  Jiang, J.  Brokken-Zijp, P. J.  Schoenmakers, 
B.  Klumperman, R.  Van Der Linde, J. Polym. Sci., Part A: Polym. 
Chem. 2005, 43, 959.

[24] X.-P. Qiu, F. M. Winnik, Macromol. Rapid Commun. 2006, 27, 1648.
[25] C. Boyer, A. Granville, T. P. Davis, V. Bulmus, J. Polym. Sci., Part A: 

Polym. Chem. 2009, 47, 3773.
[26] G. N. Grover, S. N. S. Alconcel, N. M. Matsumoto, H. D. Maynard, 

Macromolecules 2009, 42, 7657.
[27] N.  Vanparijs, L.  Nuhn, S. J.  Paluck, M.  Kokkinopoulou, 

I. Lieberwirth, H. D. Maynard, B. G. De Geest, Nanomedicine 2016, 
11, 2631.

[28] C.  Boyer, J.  Liu, V.  Bulmus, T. P.  Davis, Aust. J. Chem. 2009, 62, 
830.

[29] A. N. Zelikin, G. K. Such, A. Postma, F. Caruso, Biomacromolecules 
2007, 8, 2950.

[30] A.  Hess, B. V. K. J.  Schmidt, H.  Schlaad, Polym. Chem. 2020, 11, 
7677.

[31] P. J. Roth, D. Kessler, R. Zentel, P. Theato, Macromolecules 2008, 41, 
8316.

[32] P. J.  Roth, D.  Kessler, R.  Zentel, P.  Theato, J. Polym. Sci., Part A: 
Polym. Chem. 2009, 47, 3118.

[33] P. J.  Roth, M.  Haase, T.  Basché, P.  Theato, R.  Zentel, Macromol-
ecules 2010, 43, 895.

[34] P. J. Roth, F. D. Jochum, F. R. Forst, R. Zentel, P. Theato, Macromol-
ecules 2010, 43, 4638.

[35] P. J.  Roth, F. D.  Jochum, R.  Zentel, P.  Theato, Biomacromolecules 
2010, 11, 238.

[36] G. Saito, J. A. Swanson, K.-D. Lee, Adv. Drug Delivery Rev. 2003, 55, 
199.

[37] M. H.  Lee, Z.  Yang, C. W.  Lim, Y. H.  Lee, S.  Dongbang, C.  Kang, 
J. S. Kim, Chem. Rev. 2013, 113, 5071.

[38] S.  Bhuniya, M. H.  Lee, H. M.  Jeon, J. H.  Han, J. H.  Lee, N.  Park, 
S. Maiti, C. Kang, J. S. Kim, Chem. Commun. 2013, 49, 7141.

[39] S.  Bhuniya, S.  Maiti, E.-J.  Kim, H.  Lee, J. L.  Sessler, K. S.  Hong, 
J. S. Kim, Angew. Chem., Int. Ed. 2014, 53, 4469.

[40] A. K. Jain, M. G. Gund, D. C. Desai, N. Borhade, S. P. Senthilkumar, 
M.  Dhiman, N. K.  Mangu, S. V.  Mali, N. P.  Dubash, S.  Halder, 
A. Satyam, Bioorg. Chem. 2013, 49, 40.

[41] C. F.  Riber, A. A. A.  Smith, A. N.  Zelikin, Adv. Healthcare Mater. 
2015, 4, 1887.

[42] A.  Kock, K.  Zuwala, A. A. A.  Smith, P.  Ruiz-Sanchis, B. M.  Wohl, 
M. Tolstrup, A. N. Zelikin, Chem. Commun. 2014, 50, 14498.



www.advancedsciencenews.com www.mrc-journal.de

2000752 (8 of 8) © 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbHMacromol. Rapid Commun. 2021, 2000752

[43] P.  Ruiz-Sanchis, B. M.  Wohl, A. A. A.  Smith, K.  Zuwala, 
J.  Melchjorsen, M.  Tolstrup, A. N.  Zelikin, Adv. Healthcare Mater. 
2015, 4, 65.

[44] K.  Zuwala, A. A. A.  Smith, M.  Tolstrup, A. N.  Zelikin, Chem. Sci. 
2016, 7, 2353.

[45] M. Danial, A. H. F. Andersen, K. Zuwala, S. Cosson, C. F. Riber, A. 
A. A. Smith, M. Tolstrup, G. Moad, A. N. Zelikin, A. Postma, Mol. 
Pharmaceutics 2016, 13, 2397.

[46] A. A. A. Smith, K. Zuwala, O. Pilgram, K. S. Johansen, M. Tolstrup, 
F. Dagnæs-Hansen, A. N. Zelikin, ACS Macro Lett. 2016, 5, 1089.

[47] A. H. F. Andersen, C. F. Riber, K. Zuwala, M. Tolstrup, F. Dagnæs-
Hansen, P. W. Denton, A. N. Zelikin, ACS Macro Lett. 2018, 7, 587.

[48] C. F.  Riber, T. M.  Hinton, P.  Gajda, K.  Zuwala, M.  Tolstrup, 
C. Stewart, A. N. Zelikin, Mol. Pharmaceutics 2017, 14, 234.

[49] K.  Zuwala, C. F.  Riber, K. B.  Løvschall, A. H. F.  Andersen, 
L.  Sørensen, P.  Gajda, M.  Tolstrup, A. N.  Zelikin, J. Controlled 
Release 2018, 275, 53.

[50] C. K.  Frich, F.  Krüger, R.  Walther, C.  Domar, A. H. F.  Andersen, 
A.  Tvilum, F.  Dagnæs-Hansen, P. W.  Denton, M.  Tolstrup, S. 
R. Paludan, J. Münch, A. N. Zelikin, J. Controlled Release 2019, 294, 298.

[51] J.  Chen, M.  Zhao, F.  Feng, A.  Sizovs, J.  Wang, J. Am. Chem. Soc. 
2013, 135, 10938.

[52] S.  Lee, R. B.  Greenwald, J.  McGuire, K.  Yang, C.  Shi, Bioconjugate 
Chem. 2001, 12, 163.

[53] S. Zalipsky, N. Mullah, C. Engbers, M. U. Hutchins, R. Kiwan, Bio-
conjugate Chem. 2007, 18, 1869.

[54] S. H. Lee, E. Moroz, B. Castagner, J. C. Leroux, J. Am. Chem. Soc. 
2014, 136, 12868.

[55] A.  Van Driessche, A.  Kocere, H.  Everaert, L.  Nuhn, S.  Van Herck, 
G.  Griffiths, F.  Fenaroli, B. G.  De Geest, Chem. Mater. 2018, 30, 
8587.

[56] B.  Louage, M. J.  Van Steenbergen, L.  Nuhn, M. D. P.  Risseeuw, 
I.  Karalic, J.  Winne, S.  Van Calenbergh, W. E.  Hennink, B. G.  De 
Geest, ACS Macro Lett. 2017, 6, 272.

[57] B. Louage, L. Nuhn, M. D. P. Risseeuw, N. Vanparijs, R. De Coen, 
I. Karalic, S. Van Calenbergh, B. G. De Geest, Angew. Chem., – Int. 
Ed. 2016, 55, 11791.

[58] Z.  Zhang, N.  Vanparijs, S.  Vandewalle, F. E.  Du Prez, L.  Nuhn, B. 
G. De Geest, Polym. Chem. 2016, 7, 7242.

[59] S.  Soboll, S.  Gründel, J.  Harris, V.  Kolb-Bachofen, B.  Ketterer, 
H. Sies, Biochem. J. 1995, 311, 889.

[60] G. Wu, Y. Fang, S. Yang, J. R. Lupton, N. D. Turner, J. Nutrition 2004, 
132, 489.

[61] E. Fanghänel, K. Gewald, H. Schmidt, P. Metz, Organikum, WILEY-
VCH Verlag GmbH, Weinheim 2001, 21, 68.

[62] C. Hamers-Casterman, T. Atarhouch, S. Muyldermans, G. Robinson, 
C. Hamers, E. Bajyana Songa, N. Bendahman, R. Hamers, Nature 
1993, 363, 446.

[63] A.  Desmyter, T. R.  Transue, M. A.  Ghahroudi, M. H. D.  Thi, 
F.  Poortmans, R.  Hamers, S.  Muyldermans, L.  Wyns, Nat. Struct. 
Biol. 1996, 3, 803.

[64] Y. Hu, C. Liu, S. Muyldermans, Front. Immunol. 2017, 8, 1442.
[65] Q. Lecocq, Y. De Vlaeminck, H. Hanssens, M. D’Huyvetter, G. Raes, 

C.  Goyvaerts, M.  Keyaerts, N.  Devoogdt, K.  Breckpot, Theranostics 
2019, 9, 7772.

[66] M.  Schoof, B.  Faust, R. A.  Saunders, S.  Sangwan, V.  Rezelj, 
N. Hoppe, M. Boone, C. B. Billesbølle, C. Puchades, C. M. Azumaya, 
H. T. Kratochvil, M. Zimanyi, I. Deshpande, J. Liang, S. Dickinson, 
H. C. Nguyen, C. M. Chio, G. E. Merz, M. C. Thompson, D. Diwanji, 
K. Schaefer, A. A. Anand, N. Dobzinski, B. S. Zha, C. R. Simoneau, 
K.  Leon, K. M.  White, U. S.  Chio, M.  Gupta, M.  Jin, F.  Li, Y.  Liu, 
K. Zhang, D. Bulkley, M. Sun, A. M. Smith, A. N. Rizo, F. Moss, A. 
F.  Brilot, S.  Pourmal, R.  Trenker, T.  Pospiech, S.  Gupta, B.  Barsi-
Rhyne, V.  Belyy, A. W.  Barile-Hill, S.  Nock, Y.  Liu, N. J.  Krogan, C. 
Y.  Ralston, D. L.  Swaney, A.  García-Sastre, M.  Ott, M.  Vignuzzi, 
P. Walter, A. Manglik, Science 2020, 370, 1473.

[67] L.  Hanke, L.  Vidakovics Perez, D. J.  Sheward, H.  Das, T.  Schulte, 
A.  Moliner-Morro, M.  Corcoran, A.  Achour, G. B.  Karlsson 
Hedestam, B. M.  Hällberg, B.  Murrell, G. M.  McInerney, Nat. 
Commun. 2020, 11, 4420.

[68] D.  Wrapp, D.  De Vlieger, K. S.  Corbett, G. M.  Torres, N.  Wang, 
W.  Van Breedam, K.  Roose, L.  van  Schie, M.  Hoffmann, 
S. Pöhlmann, B. S. Graham, N. Callewaert, B. Schepens, X. Saelens, 
J. S. McLellan, Cell 2020, 181, 1004.

[69] L.  Nuhn, E.  Bolli, S.  Massa, I.  Vandenberghe, K.  Movahedi, 
B.  Devreese, J. A.  Van Ginderachter, B. G.  De Geest, Bioconjugate 
Chem. 2018, 29, 2394.

[70] M.  Scherger, E.  Bolli, A. R. P.  Antunes, S.  Arnouk, J.  Stickdorn, 
A.  Van Driessche, H.  Schild, S.  Grabbe, B. G.  De Geest, J. A.  Van 
Ginderachter, L. Nuhn, Cells 2020, 9, 2222.

[71] P.  Debie, C.  Lafont, M.  Defrise, I.  Hansen, D. M.  van  Willigen, 
F. W. B.  van  Leeuwen, R.  Gijsbers, M.  D’Huyvetter, N.  Devoogdt, 
T.  Lahoutte, P.  Mollard, S.  Hernot, J. Controlled Release 2020, 317, 
34.

[72] P. H. Kierstead, H. Okochi, V. J. Venditto, T. C. Chuong, S. Kivimae, 
J. M. J. Fréchet, F. C. Szoka, J. Controlled Release 2015, 213, 1.

[73] K.  Movahedi, S.  Schoonooghe, D.  Laoui, I.  Houbracken, 
W. Waelput, K. Breckpot, L. Bouwens, T. Lahoutte, P. De Baetselier, 
G. Raes, N. Devoogdt, J. A. Van Ginderachter, Cancer Res. 2012, 72, 
4165.


