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Cyclotides are small cyclic polypeptides found in a variety of organisms, ranging from 

bacteria to plants. Their ring structure endows those polypeptides with specific properties, 

such as improved stability against enzymatic degradation. Optimal cyclotide activity is often 

observed only in the presence of intra-ring disulfide bonds. Synthesis of soft nano-objects 

mimicking the conformation of natural cyclotides remains challenging. Here, we establish a 

new class of natural cyclotide mimics synthesized by a stepwise folding-activation-collapse 

process at high dilution starting from simple synthetic precursor polymers. The initial folding 

step is carried out by a photoactivated hetero Diels-Alder (HDA) ring-closing reaction, which 

is accompanied by chain compaction of the individual precursor polymer chains as 

determined by size exclusion chromatography (SEC). The subsequent activation step 

comprises a simple azidation procedure, whereas the final collapse step is driven by CuCAAC 

in the presence of an external cross-linker, providing additional compaction to the final 
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single-ring nanoparticles (SRNPs). The unique structure and compaction degree of the SRNPs 

is established via a detailed comparison with conventional single-chain nanoparticles 

(SCNPs) prepared exclusively by chain collapse from the exact same precursor polymer 

(without the prefolding step). The stepwise folding-activation-collapse approach opens new 

avenues for the preparation of artificial cyclotide mimetics.  
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1. Introduction 

Cyclotides are naturally occurring cyclized peptides stabilized by intra-ring disulfide bonds, 

typically composed of only 30-40 amino acids.[1] Peptides containing a cyclic backbone 

ubiquitous in nature and are found in bacteria, fungi and plants as well as animals.[2] 

Generally, N- to C-terminally cyclized peptides display enhanced stability against enzymatic 

degradation by proteases, as well as a variety of biological activities including cytotoxicity or 

antimicrobial, insecticidal and hemolytic activity.[3] Some cyclotides are able to cross human 

cell membranes[4,5] and are able to target protein-protein interactions efficiently in animal 

models.[6] Due to their small size and pharmaceutical potential, many native and engineered 

cyclotides have recently been synthesized by chemical methods using solid-phase peptide 

synthesis techniques combined with intramolecular native chemical ligation methods.[7,8] 

However, mimicking the compact, hierarchical (multi-ring) structure found in naturally 

occurring cyclotides with simple synthetic polymers remains highly challenging. 

Several strategies have been explored trying to mimic (at a fundamental level) the folding of a 

natural non-cyclized polypeptide to its native, functional conformation as observed e.g. in 

enzymes.[9-12] Among them, the formation of single-chain nanoparticles (SCNPs) via intra-

chain cross-linking at high dilution to promote chain collapse in synthetic precursor polymers 

has shown to be one such promising approach.[13-24] In fact, SCNPs are attracting significant 

interest for nanomedicine[25-29] and biomimetic catalysis applications.[30-38] However, 

conventional SCNPs synthesized from simple linear synthetic precursor polymers often 

display a sparse, non-globular conformation in solution, as revealed by neutron scattering 

experiments and molecular dynamics (MD) simulations.[39] We hypothesized that similar to 

the case of cyclotides, a higher compaction degree will be obtained by starting from cyclic 

synthetic polymers instead of linear ones. In particular, cyclization is expected to enhance 

intra-chain cross-linking between distant functional groups during collapse, hence, leading to 

an improved overall compaction degree. Interestingly, such an expectation is supported by 
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very recent MD simulations by Formanek and Moreno.[40] To the best of our knowledge, no 

experimental realization of these predictions has been established yet. Herein, we introduce a 

stepwise folding-activation-collapse process allowing the preparation of single-ring 

nanoparticles (SRNPs) as a new class of natural cyclotide mimetics based on non-demanding 

synthetic precursor polymers.  

 

2. Results and Discussion  

2.1. Synthetic access to Single-Ring Nanoparticles  

As precursor polymer of SRNPs, we synthesized copolymer 1 (refer to Scheme 1) by means 

of reversible addition fragmentation chain transfer (RAFT) polymerization in bulk at 110 °C 

using ((4-cyano-4-((phenylcarbonothioyl)thio)pentanoyl) oxy)ethyl 4-((2-formyl-3-

methylphenoxy) methyl)benzoate (CEFB) as a difunctional photoreactive chain transfer agent 

(for details, refer to the Supporting Information, SI). RAFT polymerization was used to install 

the two functionalities, i.e. an α-methylbenzaldehyde and a dithioester function, within one 

photoreactive RAFT agent as chain-ends in copolymer 1. We targeted poly(styrene-random-

chloromethylstyrene), P(S-r-CMS), copolymers with variable number weight-average 

molecular weight (Mn = 4.5 – 6.7 kDa), CMS contents (y) and narrow molecular weight 

distributions (Ð = 1.05 – 1.08). In the following, we show the results obtained for a 

representative P(S-r-CMS) copolymer containing ca. 55 monomers per chain (1: Mn=6.7 kDa, 

y=41% and Ð=1.05).  
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Scheme 1. Schematic illustration of the synthetic route towards single-ring nanoparticles 
(SRNPs) as cyclotide mimetics by a stepwise folding-activation-collapse process: i) 
acetonitrile/DCM, 0.02 mg mL-1, r.t., UV light irradiation (λ =350 nm), 2 h. ii) DMF, NaN3, 
r.t., 24 h. iii) 2,2'-oxybis(N-(prop-2-yn-1-yl)acetamide), DMF/toluene, CuBr, L-ascorbic acid, 
PMDETA, 0.5 mg mL-1, 48 h. 
Ring-closing of 1 (“folding” step I in Scheme 1) was carried out via a photo-induced hetero 

Diels-Alder (HDA) reaction[41] at r.t. and high dilution (0.02 mg mL-1) in a mixture of 

acetonitrile and dichloromethane (v/v=2/1). UV irradiation at λmax = 350 nm for 2 h induced 

the rearrangement of the α-methylbenzaldehyde end-groups of 1 to active ortho-

quinodimethanes that react under high dilution with the corresponding dithioester end-groups 

via an intramolecular HDA cycloaddition. The success of the photoinduced ligation was 

assessed by 1H-NMR, UV/Vis spectroscopy and SEC. Upon ring-closure, complete 

disappearance of the 1H-NMR resonances associated with the α-methylbenzaldehyde end-

group of 1 (a, b and c in Figure 1A) and the appearance of a new resonance centered at ca. 

5.2 ppm, attributed to proton a´ in the HDA cycloadduct (Figure 1B), were observed. In 

addition, the UV-vis spectrum of 2 was found to lack the intense peak associated with the 

characteristic π-π* transition of the thiocarbonyl moiety, indicating the successful formation 

of the HDA cycloadduct[41] (Figure 1C). Quantification of the intramolecular ring-closing 
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reaction was carried out by size exclusion chromatography (SEC), which is highly sensitive to 

the presence of impurities of high molecular weight arising from intermolecular coupling 

reactions.[42] As expected, folding of the linear synthetic precursor polymer via ring-closure 

was accompanied by significant chain compaction as observed by an increase in SEC elution 

volume decreasing the apparent peak molecular weight (MP
app) 7.1 kDa to 5.8 kDa (refer to 

Figure 1D). 

 
Figure 1. A) 1H NMR resonances (a, b, c; δ = 10.7, 2.5 and 5.1 ppm) associated with the α-
methylbenzaldehyde end-group of the linear precursor polymer 1. B) Upon ring-closing 
(“folding” step I), the 1H NMR spectrum of 2 indicates the disappearance of the α-
methylbenzaldehyde signals and the appearance of a new resonance (a´, δ = 5.2 ppm) 
associated to the hetero Diels-Alder (HDA) cycloadduct. C) As observed by UV/Vis 
spectroscopy, the characteristic π-π* transition of the thiocarbonyl moiety of 1 disappears 
completely upon HDA cycloadduct formation. D) Folding of 1 via ring-closing HDA reaction 
is accompanied by chain compaction as observed by a significant increase in SEC elution 
volume (number distribution shown). Note the presence of a very small amount of impurities 
at high molecular weight in the raw sample arising from secondary intermolecular coupling 
reactions.  
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Functionalization of 2 (i.e. “activation” step II in Scheme 1) was carried out by nucleophilic 

substitution of the chloride groups in the CMS moieties with sodium azide, rendering 3 active 

towards copper (I)-catalyzed azide-alkyne cycloaddition (CuCAAC) reactions.[43,44] The 

success of this reaction carried out in DMF at r.t. for 24 h was examined by 1H-NMR and 

infrared (IR) spectroscopy (refer to Figure 2). Upon azidation of 2, the 1H-NMR signal 

associated to the methylene protons d shifted from 4.4 ppm to 4.1 ppm (see Figure 2 A,B), 

whereas a new intense vibration band centered at υ = 2095 cm-1 was observed in the IR 

spectrum of 3 (Figure 2C) corresponding to stretching vibrations of the azide moiety. In this 

case, a precise quantification of the reaction yield by 1H-NMR spectroscopy was not possible 

due to a significant resonance overlap with methylene protons of –O–CH2– moieties, although 

a visual comparison of Figure 2A and B suggests a high degree of azidation. 

 

 
Figure 2. A) 1H NMR signal d associated to methylene protons in the chloromethyl moieties 
of 2. B) Upon azidation of 2 (“activation” step II), a shift of resonance d centered at 4.4 ppm 
to 4.1 ppm occurs. Note that signal overlap with methylene proton resonances of –O–CH2– 
moieties (indicated by an asterisk) prevents quantification of reaction yield. C) IR spectrum of 
3 showing the characteristic band associated to stretching vibrations of the azide moiety. 
 

The final compaction step III to afford SRNPs from 3 was driven by copper (I)-catalyzed 

azide-alkyne cycloaddition (CuCAAC)[43,44] in the presence of 2,2'-oxybis(N-(prop-2-yn-1-

yl)acetamide) (BPAM) as external difunctional cross-linker. The intrachain cross-linking 

reaction of 3 was performed in a deoxygenated DMF/toluene mixture (v/v=1/1) in the 

presence of CuBr, L-ascorbic acid and PMDETA, at 0.5 mg mL-1 for 48 h (refer to the SI 3.6 
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for details). The success of the collapse reaction was assessed by 1H-NMR spectroscopy and 

IR spectroscopy (Figure 3).  

 
Figure 3. A) Characteristic 1H NMR resonances (d´´, e) from single-ring nanoparticles, 
SRNPs 4, prepared from 3. B) IR spectrum of SRNPs 4 showing characteristic vibration 
bands corresponding to the carbonyl and amine groups (-C=O, =N-H) of the cross-linker 
moieties and C-H groups of the triazole rings formed upon intrachain CuAAC reaction 
(~3139 cm-1). 
 
Upon CuCAAC reaction, a shift of the 1H-NMR signal associated with the methylene protons 

d´ was observed from 4.1 ppm to ca. 3.9 ppm. In addition, a new resonance centered at 3.2 

ppm appeared in the 1H-NMR spectrum that we attribute to the methylene protons e protons 

within the cross-linker moiety. Complementary, the IR spectrum of SCNPs 4 (Figure 3B) 

shows characteristic vibrational bands from carbonyl and amine groups of the cross-linker 

moieties, the total absence of the characteristic azide band (~2095 cm-1) and a new IR 

vibration band (~3139 cm-1) arising from -C-H groups of the triazole rings formed upon 

intrachain CuAAC reaction.[45]  

 

2.2. Impact of the cyclic precursor structure on the single-chain collapse 

SEC was employed to determine the subsequent compaction degree of the final SRNPs 4 as 

well as to quantify the selectivity of the intramolecular ring formation and single-chain 

collapse.[46,47] As a measure of the compaction degree, we exploit the shrinking factor defined 



    

 - 9 - 

as ⟨G⟩ = MP
app/MP, where MP

app is the SEC peak molecular weight after compaction and MP is 

the SEC peak molecular weight before compaction. The photochemical cyclization of 1 to 2 

led to a shrinking factor of ⟨G⟩1-2 = 5.8 kDa / 7.1 kDa = 0.82 (Figure 1 D) and a high 

selectivity for the intramolecular reaction, which is in excellent agreement with previously 

reported data.[48] After the substitution of the chloride moieties with sodium azide, no 

significant change in the SEC chromatogram was observed between 2 and 3. Conversely, 

collapse to SRNPs 4 gave ⟨G⟩2-4 = 4.3 kDa / 5.8 kDa = 0.74. The overall shrinking factor from 

1 to SRNPs 4 was found to be ⟨G⟩1-4 = 0.61 (Figure 4 B). For comparison, synthesis of 

conventional SCNPs 5 from 1 without involving the folding step (Scheme 1) provided with an 

overall shrinking factor ⟨G⟩1-5 = 6.2 kDa / 7.1 kDa = 0.87 (Figure 4 C). The rather different 

overall shrinking factor of SRNPs compared to SCNPs is thus an indication of the unique 

structure and compaction degree of SRNPs as cyclotide mimetics. As evident in Figure 4B 

and C, the final collapse leads to some limited intermolecular crosslinking for both SRNPs 4 

and SCNPs 5 (approximately 15% of chains). Whether the intermolecular impurities present 

were due to the use of the CuAAC reaction during the collapse step or due to the chain 

stiffness of the synthetic precursor polymer employed remains, however, to be elucidated with 

other combinations of precursor polymer and collapse chemistry. 
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Figure 4. A) SEC chromatograms showing the number distribution corresponding to the 
formation of SRNPs 4 from 1 via the stepwise folding-activation-collapse process. B) SEC 
chromatograms of the synthesis of conventional SCNPs 5 from 1 without involving the 
folding step I in Scheme 1.  
 

3. Conclusions 

We introduce a class of natural cyclotide mimics based on a stepwise folding-activation-

collapse process at high dilution, starting from functional synthetic precursor polymers, 

prepared by RAFT polymerization in the presence of a difunctional photoreactive chain trans-

fer agent. The initial folding step was carried out by means of a photoactivated hetero Diels-

Alder (HDA) ring-closing reaction with excellent selectivity towards the intramolecular 

pathway. As subsequent activation step, a simple but highly efficient azidation procedure was 

employed to render the precursor polymer active towards click chemistry procedures. The 
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final collapse step leading to SRNP formation was driven by the CuCAAC reaction in the 

presence of an external dialkyne cross-linker compound. The unique structure and compaction 

degree of the SRNPs as cyclotide mimetics was revealed by their significantly higher 

shrinking factor, ⟨G⟩ = 0.61, when compared to that of conventional SCNPs, ⟨G⟩=0.87, 

synthesized from exactly the same precursor polymer but without involving the first folding 

step. The stepwise folding-activation-collapse approach introduced in the current study opens 

new avenues for the preparation of a variety of artificial cyclotide mimetics exploiting the 

versatility of synthetic polymers and the availability of orthogonal collapse chemistries. 

 

Supporting Information 

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