
rsc.li/chemcomm

 ChemComm
Chemical Communications

rsc.li/chemcomm

ISSN 1359-7345

COMMUNICATION
S. J. Connon, M. O. Senge et al. 
Conformational control of nonplanar free base porphyrins: 
towards bifunctional catalysts of tunable basicity

Volume 54
Number 1
4 January 2018
Pages 1-112

 ChemComm
Chemical Communications

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  R. Castro, S.

Gammanchiralage, C. Price and A. Kloxin, Chem. Commun., 2026, DOI: 10.1039/D6CC01755J.

http://rsc.li/chemcomm
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6cc01755j
https://pubs.rsc.org/en/journals/journal/CC
http://crossmark.crossref.org/dialog/?doi=10.1039/D6CC01755J&domain=pdf&date_stamp=2026-06-19


ChemComm

COMMUNICATION

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Light-activated thiomaleimide crosslinking stabilizes collagen 
mimetic peptide triple helix
Rafael A. Castroa, Shashika Gammanchiralageb, Christopher Pricec and April M. Kloxin*ab 

Collagen mimetic peptides (CMPs) are useful self-assembling 
building blocks for creating tunable biomaterials with structure and 
function dependent on triple helix stability. We demonstrate rapid, 
UV-activated stabilization of a CMP triple helix via thiomaleimide 
self-crosslinking and controlled by light dose, enabling precise in 
situ control and stabilization of peptide assemblies.

As the most abundant proteins in humans, collagens (notably 
type I) provide structural stability to the ECM through triple 
helical tropocollagen molecules composed of proline-
hydroxyproline-glycine (P-O-G) repeat sequences.1-6 These 
molecules assemble into higher-order fibrils that naturally 
undergo non-enzymatic crosslinking with age and disease.7, 8 
Approaches for mimicking these structures and probing these 
complex, dynamic crosslinking processes remain a need within 
the biomaterials community.9, 10

Collagen mimetic peptides (CMPs) are synthetic self-
assembling molecules that mimic tropocollagen by 
incorporating (POG)n repeats to form polyproline type II (PPII) 
helices that physically assemble into a triple helix.11, 12 CMPs can 
be engineered with reactive handles for labeling or 
incorporation into hydrogels,13-16 integrin-binding motifs for cell 
adhesion,17-19 and charged amino acids for assembly into 
higher-order fibrils.17-19 However, maintaining triple helical 
stability under physiological or environmental stress (e.g., 
temperature, shear flow) remains a challenge.20-23 While 
strategies to enhance stability have been established,24 such as 
chemical modifications for intrahelical covalent crosslinking 
(covalent capture,13, 25-28 intrahelical “cys-knots”29), they often 
are too slow or lack compatibility for use in situ in many 
biological applications. 

Light-triggered chemistries are widely used to crosslink 
macromolecules,30, 31 and a few initiator-free photochemistries 
have been used to stabilize protein and peptide building blocks 

in situ under aqueous conditions.32 For CMPs, UV light has been 
used to control folding and unfolding of CMP triple helices 
through modulation of physical interactions within the triple 
helix via photo-uncaging or photo-isomerization reactions.33, 34 
More broadly, thiomaleimide handles have been used to re-
bridge disulfide bonds to stabilize cyclic peptides35 and antibody 
fragments36 using UV light. We hypothesized that 
thiomaleimides could enable rapid intramolecular covalent 
crosslinking within CMPs. Such an initiator-free, light-triggered 
approach would provide spatiotemporal control and 
operational simplicity for stabilization of the triple helix in 
minutes. The resulting covalently crosslinked architecture 
requires no exogenous reagents or purification after 
crosslinking, offering a streamlined and accessible path for in 
situ stabilization.

In this work, we developed an innovative strategy for fast 
and tunable stabilization of a CMP triple helix in buffered 
conditions with application of cytocompatible wavelength and 
doses of UV light. Specifically, we incorporated thiomaleimide 
reactive handles on cysteine residues in a CMP designed for the 
formation of intra-helical crosslinks after exposure to a low dose 
of long wavelength UV light, resulting in an increase in melting 
temperature from below to above physiological temperature. 
In addition, we demonstrate that by increasing the light dose, 
stability of the triple helix can be tuned until complete 
consumption of the free thiomaleimide, resulting in further 
increase in melting temperature. This strategy serves as a 
template for the design of light-activated CMPs and other 
assembling peptide and protein structures for their in situ 
stabilization and modification in a range of aqueous 
applications.

To design a thiomaleimide CMP, we first looked to 
previously established sequences that had been stabilized with 
intrahelical crosslinks to inform thiomaleimide placement.13, 25-

27 We employed the same reactive handle placement strategy 
to design (POG)4PCmalGCmalOG(POG)4, where Cmal is a cysteine 
modified with a thiomaleimide side chain. Specifically, the a.Department of Chemical and Biomolecular Engineering, University of Delaware, 
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middle two (X-Y-G)n blocks have cysteines functionalized with 
thiomaleimides for light-activated covalent stabilization of the 
CMP triple helix (Figure 1). AlphaFold 337 and Chimera X38 were 
used to generate visual representations of the triple helix and 
verify that the side changes associated with the cysteine were 
presented intrahelically. The thiomaleimide reactive handle 
was chosen because of its ability to self-crosslink upon 
irradiation (365 nm) by [2+2] cycloaddition in a buffered 
aqueous environment in minutes.39 Compared to classical 
maleimides, thiomaleimides are superior for this application 
because they undergo self-crosslinking after UV irradiation at a 
faster rate, have shorter wavelength absorption peaks, and 
have higher absorption coefficients.36

The base peptide sequence (POG)4PCGCOG(POG)4 was 
synthesized using microwave-assisted solid phase peptide 
synthesis, with an N-terminal amine and C-terminal amide,40 
and purified by reverse-phase high-performance liquid 
chromatography. Peptide identity was verified by ultra-
performance liquid chromatography mass spectrometry (UPLC-
MS) (Figures S1-2). Thiomaleimides were then added in solution 

to the thiolated cysteine side chains on the peptide using 
previously published methods.35, 36, 39, 41, 42 Specifically, 
thiomaleimides were installed on the CMP using a 
bromomaleimide-thiol exchange reaction in buffered 
water/acetonitrile after ensuring any disulfide bonds were 
broken using tris(2-carboxyethyl)phosphine hydrochloride 
(TCEP). The thiomaleimide-CMP was then purified by dialyzing 
against deionized water overnight, followed by lyophilization. 
Peptide identity was again confirmed by UPLC-MS (Figures S1-
2). Note, we also explored using other light-triggered reactive 
handles, diazirines and dithiolanes, in similar peptide designs 
for CMP stabilization; however, these approaches were not 
pursued further owing to quenching side reactions in solution 
or ring-opening during peptide cleavage, respectively.

With the thiomaleimide-peptide synthesized, we performed 
UV-irradiation experiments to form intrahelical covalent 
crosslinks between thiomaleimide handles and stabilize the 
triple helix. First, lyophilized peptide was dissolved in a 
biologically relevant buffer (Dulbecco’s phosphate buffered 
saline) and allowed to self-assemble into triple helices (4 ˚C for 
48 hours). Before this assembly step, samples were not heated 
to avoid hydrolysis of thiomaleimides.43 After triple helix 
formation, the peptide was transferred to a glass cuvette (1 mm 
path length) for irradiation experiments. Three different 
irradiation conditions were tested using 365 nm light: i) low 
dose (10 mW cm-2, 5 min), ii) medium dose (10 mW cm-2, 10 

Fig. 1. Thiomaleimide-functionalized CMP triple helix stabilized upon the 
application of light. A) A CMP integrating cysteines is modified by a 
bromomaleimide-thiol exchange reaction in buffer to produce a thiomaleimide-
functionalized CMP. Note, bond lengths / angles are not to scale and were selected 
for ease of visual representation. B) Thiomaleimide-functionalized CMPs have a 
polyproline type II helix secondary structure that allows for self-assembly into a 
triple helix tertiary structure. C) Chemical structure of the thiomaleimide reactive 
handles before and after photocrosslinking. D) Visualization of the thiomaleimide-
functionalized CMP triple helix being covalently stabilized after UV (365 nm) 
irradiation.

Fig. 2 Characterization of the thiomaleimide CMP after irradiation by UV light. 
A) UV-vis spectroscopy of peptide samples with increasing doses of UV light 
(low = 10 mW cm-2 for 5 minutes, medium = 10 mW cm-2 for 10 minutes, high 
= 20 mW cm-2 for 30 minutes) showing the disappearance of the characteristic 
354 nm thiomaleimide peak. B) 1HNMR spectra showing the disappearance 
of the thiomaleimide alkene proton signals after UV irradiation
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min), and iii) high dose (20 mW cm-2, 30 min) in comparison to 
the control (no dose of light). The low dose was chosen as one 
known to be cytocompatible in several biological contexts;44-46 
the high dose was chosen for complete functional group 
consumption based on spectroscopic measurements; and the 
medium dose was chosen as an intermediate between these 
two that has been reported for use with live cells.47, 48 To 
monitor functional group consumption, UV-visible light 
spectroscopy and 1HNMR spectroscopy were used (Figure 2). 
When comparing the UV-visible light absorbance spectra 
between the control (no light) and irradiated samples, a 
disappearance of the characteristic 354 nm thiomaleimide peak 
can be seen (Figure 2A). In addition, 1HNMR spectra showed the 
disappearance of the C=CH proton peaks (~6.5 ppm) after 
irradiation (Figure 2B).

To confirm the stabilization of the CMP triple helix, circular 
dichroism (CD) spectroscopy was used, with wavelength (Figure 
3) and temperature scans (Figure 4). As temperature was 

ramped from 4 to 80 ˚C (1 ˚C min-1), wavelength scan 
measurements were performed at 4 ˚C, 25 ˚C, 37 ˚C, 40 ˚C, and 
60 ˚C. The characteristic collagen-like PPII helix peak (225 nm)1 
was seen in the control (no dose of light) and irradiated samples 
(Figure 3), supporting that photocrosslinking did not disrupt the 
triple helical structure. This characteristic peak decreased in 
magnitude as the temperature increased, indicating 
dissociation or ‘melting’ of the triple helix. Notably, the low, 
medium, and high dose conditions show relatively higher 
magnitudes of the 225 nm peak at 40 ˚C and 60 ˚C compared to 
the no light condition, indicating a higher triple helical stability 
after irradiation at these temperatures. 

To further probe intrahelical crosslinking, MALDI-TOF 
measurements were conducted on peptides from the control 
(no dose of light) and irradiated (high dose of light; 365 nm, 20 
mW cm-2, 30 minutes) conditions (Figure S3). A peak associated 
with the molecular weight of a single peptide was observed in 
the control sample and irradiated sample. Importantly, higher 
molecular weight peaks were also present in the irradiated 
sample, corresponding to dimers and triple helices associated 
with intrahelical covalent crosslinking in addition to higher 
order multimers. We hypothesize that the multimer peaks are 
present due to interhelical crosslink formation. While the 
magnitude of the single peptide peak is the highest, the 
observed relative intensity may be due to higher molecular 
weight species having lower ionizability and thereby less 
detection by MALDI. The presence of single peptide peaks in the 
irradiated sample, which exhibited complete consumption of 
the thiomaleimide, suggest incomplete formation of intrahelical 
crosslinks under the conditions probed, as well as the potential 
for fragmentation during MALDI.49 Overall, these data confirm 
peptide connectivity via covalently bonding after irradiation.  

To probe how the light-triggered intrahelical covalent 
crosslinking influenced triple helical stability, temperature scan 
measurements were made at 225 nm (Figure 4A). These plots 
show the characteristic sigmoidal shape associated with the 
collagen-like triple helical assembly disassociating or ‘melting’ 
for all conditions. Plotting the derivatives of these curves and 
identifying their minima (Figure 4B) reveals melting 
temperatures (Tm), the temperature at which half of the CMPs 
in solution are assembled in a triple helix. In this context, 

Fig. 4 CD melting temperature analysis of thiomaleimide-CMP with increasing light dose (low (10 mW cm-2, 5 minutes), medium (10 mW cm-2, 10 minutes), high (20 mW 
cm-2, 30 minutes), and no dose of 365 nm light). A) Representative temperature scan melting curves normalized to their initial mean residue ellipticity values at 4 ˚C. B) 
Derivatives of representative temperature scan melting curves. Minima of the derivative curves were used to identify the C) melting temperature for each peptide. Means 
± standard error for each condition are shown for (n = 3) independent sample measurements. All replicates are shown in Figure S5. Statistical significance was determined 
by one-way ANOVA with Tukey’s multiple comparisons test. Statistical significance is shown (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).

Fig. 3 Representative CD wavelength scans of thiomaleimide-CMP with 
increasing UV (365 nm) dose, showing the characteristic 225 nm polyproline 
type II helix peak decreasing in magnitude as temperature is increased 
(magnified region of interest shown in dashed box). A) No dose, B) low dose 
(10 mW cm-2, 5 minutes), C) medium dose (10 mW cm-2, 10 minutes), and D) 
high dose (20 mW cm-2, 30 minutes). All replicates are shown in Figure S4. 
Note, below 210 nm, high tension voltages were above the highest 
acceptable value of 600 V; we attribute shifts below this wavelength to noise 
produced at these high voltages.50
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melting temperature is a measurement of triple helix stability, 
with higher melting temperatures indicating higher triple helical 
stability.21-23 Indeed, as the dose of light was increased, we 
observed higher Tms for the thiomaleimide-CMP. The control 
CMP (no dose of light) exhibited a Tm of 33.0 ± 0.335 ˚C 
compared to the low-dose CMP with a Tm of 44.3 ± 0.878 ˚C. As 
the light dose was increased to medium and high, Tms of 52.3 ± 
0.876 ̊ C and 58.0 ± 0.990 ̊ C were observed, respectively (Figure 
4C).

As some degree of interhelical crosslinking was observed for 
samples irradiated at 0.15 mM (Figure S3), samples at 0.015 
mM also were irradiated and measured by CD (Figure S6). A 
similar melting temperature of 55.9 ˚C was observed, 
suggesting that any interhelical crosslinking present has a 
minimal effect on the cooperative melting associated with the 
triple helix. Thiomaleimide-CMP refolding behavior was also 
probed using CD (Figure S7). Significant hysteresis was observed 
for the control thoimaleimide-CMP (no dose of light) after 1 and 
2 temperature cycles (4→80→4→80→4˚C), suggesting slow 
refolding kinetics as expected for physical interactions.51 
Importantly, for the irradiated thoimaleimide-CMP (high dose 
of light), minimal hysteresis was observed, suggesting a 
preorganized, covalently stabilized triple helix.26  

These observations demonstrate that Tm can be tuned with 
the thiomaleimide crosslinking based on the dose of light. The 
thiomaleimide-CMP stabilized with a high dose has a Tm 
comparable to (POG)10, which has been reported to have a Tm 
of 58.8 ˚C in PBS.52 Since the stabilized thiomaleimide-CMP and 
(POG)10 are both 30 amino acids in length, this result 
demonstrates that any disruptions to the triple helix introduced 
by the PCmalGCmalOG block are compensated by the 
thiomaleimide intrahelical crosslinks formed after UV 
irradiation. Further, the increase in thermal stability of 
approximately 25 ˚C after irradiating with the high dose is 
comparable to previous studies where CMPs of 30 amino acids 
long are covalently stabilized (e.g., Tm increase of 32.5 ˚C13 or 44 
˚C26 with covalent capture of K-E side chains). Overall, our 
photocrosslinking approach uniquely allows triggered increases 
in Tm in situ under biocompatible conditions using only the 
thiomaleimide reactive functional handle.

In summary, we have demonstrated an innovative strategy 
for tunable, light-activated covalent stabilization of a CMP triple 
helix under biologically relevant conditions. Using a new CMP 
design (POG)4PCGCOG(POG)4, we attached thiomaleimides 
onto cysteine side chains using bromomaleimide-thiol exchange 
and observed triple helix formation. The triple helical 
conformation was further stabilized upon irradiation with 
cytocompatible doses of long wavelength UV light via 
intrahelical thiomaleimide crosslinks. By increasing the dose of 
light, the triple helical melting temperature was tuned over a 
range of approximately two-fold. This initiator-free, 
operationally simple framework may prove broadly useful for 
rapid, light-triggered intrahelical crosslinking of a range of 
assembling peptides for their in situ stabilization and 
modification in biological contexts. 
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