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Photoinduced Ring-Opening Polymerization of N-Carboxyanhydrides
for the Preparation of Cross-Linked Polypeptide Gels

Ana Kočman, David Pahovnik, Ema Žagar, and Petra Utroša*

Abstract: Using light to activate chemical reactions is
a powerful approach that allows spatiotemporal control
over physicochemical transformations, commonly used
in the polymerization and solidification of reactive liq-
uids. Here, we employ a photochemical approach for
ring-opening polymerization (ROP) of α-amino acid
N-carboxyanhydride (NCA) monomers to prepare cova-
lently cross-linked synthetic polypeptide gels using light.
We apply 2-nitrobenzyl carbamate as a photocaged amine
(base), where the switch in its activity after illumination
is a key factor in controlling ROP. The released dibuty-
lamine, as a basic species, can deprotonate the NCA
and thereby initiate polymerization. We investigate the
effects of 2-nitrobenzyl dibutyl carbamate on γ -benzyl-l-
glutamate NCA polymerization and apply this approach
to prepare covalently cross-linked polypeptide gels. We
demonstrate excellent 2D spatiotemporal control over
gelation, further enhanced by the use of an acid inhibitor
that prevents overcuring caused by diffusion of active
species from the illuminated region. The development of
photoinduced polymerization and cross-linking of NCAs
offers significant advantages in polypeptide synthesis and
holds great potential for further applications in additive
manufacturing.

Introduction

In recent years, photopolymerization has gained significant
attention in the field of advanced materials.[1] The ability of
light to provide both spatial and temporal control makes it
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an attractive energy source for initiating polymerizations.[2]

A growing interest in photopolymerizations is attributed to
their economic and environmental benefits, including rapid
production of materials and lower energy costs, as well as the
potential for implementation in additive manufacturing.[3] In
the latter case, radical polymerizations are typically used to
prepare polymer materials with C–C bonds in the backbone,
resulting in limited (bio)degradability.[4] In contrast, polymers
with improved degradability can be prepared by ring-opening
polymerization (ROP) of heterocyclic monomers, as the
resulting polymer backbones contain ester, carbonate, or
amide bonds that are susceptible to hydrolytic and / or enzy-
matic degradation.[5] ROP of N-carboxyanhydrides (NCAs)
provides a simple and convenient route for the preparation
of high molar mass polypeptides derived from natural and
non-natural α-amino acids.[6–8] This polymerization approach
allows the incorporation of functional groups into the polymer
structure and makes polypeptides ideal for various biomedical
applications due to their biocompatibility, biodegradability,
and customizable properties.[9–11] Synthetic polypeptides can
be cross-linked to enhance their mechanical properties and
stability.[12,13] Moreover, the use of light in the polypeptide
preparation enables the production of cross-linked polypep-
tides, which is of great value for use in tissue engineering,
where structural accuracy is important.[14]

The photoinduced ROP of NCAs has not yet been
widely explored. Commonly used photoactive molecules
for uncaging reactions are carbamate-based compounds
that are decarboxylated under irradiation to release pri-
mary or secondary amine.[15,16] So far, only primary
amines have been released as nucleophilic initiators from
2-nitrobenzyl carbamate-based molecules, triggering the
ROP of NCAs by the normal amine mechanism (NAM).
Heise et al.[17] prepared photocaged amines based on
2-nitrobenzyl carbamates (2,6-dinitrobenzyl cyclohexyl car-
bamate and 4,5-dimetoxy-2-nitrobenzyl cyclohexyl carba-
mate), which released cyclohexylamine upon exposure to
light. This approach was further applied to synthesize
polypeptides on silicon wafers grafted with carbamate-
photocaged amine,[18] as well as hyperbranched polypeptides
using Nε-(o-nitrobenzyl-oxycarbonyl)-l-lysine NCA inimer
molecules,[19,20] where released amine successfully initiated
the ROP of NCA monomers in all cases, but with limited
control over the molar mass and molar mass distribution
due to incomplete release of the free amine. Additionally,
side reactions occurred as nitrosobenzaldehyde formed imine-
terminated chain ends through reactions with the amine
chain-ends during irradiation period. Sumerlin et al.[21]
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addressed these issues by using 2-(2-nitrophenyl) propyloxy-
carbonyl as a photocage, which improved the release rate of
hexylamine, resulting in a more controlled ROP of NCA and
elimination of side reactions involving nitrosobenzaldehyde.
In these cases, ROP of NCA monomers was successfully
initiated by free amines released upon light, however,
monomer conversion was below 40% after 2 h. The NAM
mechanism generally leads to well-defined polypeptides, but
high molar masses are achieved in a relatively long reaction
time and only if no impurities are present in the reaction
mixture that could cause uncontrolled chain initiation or
termination.[8] Fast ROP of NCAs can be achieved with
basic catalysts such as tertiary amines, guanidines, sterically
hindered secondary amines, etc., which trigger the activated
monomer mechanism (AMM) of NCA polymerization.[22,23]

When secondary amines are used, the NAM and AMM
mechanisms often coexist. Nevertheless, AMM usually pre-
vails due to the faster propagation.[8] While this results in
a loss of control over molar mass and its distribution, it
enables the production of high molar mass polypeptides in
a much shorter time.[23] High molar mass is crucial for the
preparation of cross-linked polypeptides because it ensures
sufficient chain length for effective network formation and
improved mechanical properties.[24,25] To our knowledge, the
use of photoinduced ROP of NCAs for the preparation of
cross-linked polypeptides has not been reported previously.
We see a great potential in photoinduced polypeptide cross-
linking during polymerization for advancing the field of 3D
printing, as only post-polymerization photocross-linking has
so far been utilized in additive manufacturing of polypeptide
materials using light.[26–29]

In this work, we demonstrate the preparation of cross-
linked polypeptide gels by photoinduced ROP of NCAs
using monofunctional γ -benzyl-l-glutamate (BLG) NCA as
monomer and di-functional l-homocystine (HCys) NCA as
a cross-linker. We investigated the use of photocaged 2-
nitrobenzyl carbamate bases, which release a free base upon
exposure to light that triggers NCA polymerization.

Results and Discussion

To prepare cross-linked polypeptide gels, we performed
photoinduced ring-opening copolymerization of monofunc-
tional BLG NCA and difunctional cross-linker HCys NCA
(Figure 1). A photoactive catalyst or initiator is required to
trigger photoinduced ROP (photo-ROP). We investigated 2-
nitrobenzyl carbamate-based photobases which are known to
release a caged base (amine) upon irradiation at 365 nm,[30]

where the investigated NCAs do not absorb light (Figure
S10). We investigated two 2-nitrobenzyl carbamate-based
photobases that release either the stronger base 1,1,3,3-
tetramethylguanidine (TMG) – PB-TMG, or the weaker
base dibutylamine (DBA) – PB-DBA) (Figure 1), both of
which are able to deprotonate NCA monomers at the 3-N
position to initiate polymerization. One of the key advantages
of using light to trigger ROP is the ability to control the
reaction spatially and temporally i.e., ROP of NCA only
starts upon illumination and proceeds exclusively in the areas

Figure 1. Reaction scheme of the photoinduced ring-opening
copolymerization of BLG NCA and HCys NCA, triggered by the base
(DBA or TMG) released from the photobase (PB-DBA or PB-TMG) upon
irradiation, as depicted in the dashed frame.

exposed to light, while no polymerization takes place in the
non-irradiated areas. However, temporal precision can be
compromised if premature polymerization takes place due to
the high reactivity of NCAs, as they are highly susceptible
to nucleophilic attack, usually by impurities or water[8] and
can also undergo solvent-induced polymerization in certain
solvents, particularly at high monomer concentrations.[7] On
the other hand, diffusion of active species (base or NCA
anion) can deteriorate spatial control. To inhibit unwanted
reactions in N,N-dimethylformamide (DMF) solutions at
high NCA concentrations (1.0 M), we included a small
amount of trifluoroacetic acid (TFA, 0.5 mol % relative
to NCA), as strong acids such as methanesulfonic acid,[31]

hydrochloric acid,[32] and TFA[33] are known to successfully
inhibit NCA polymerization. Our polymerization system thus
consists of BLG NCA as the monomer, HCys NCA as
the difunctional cross-linker, PB-TMG or PB-DBA as the
photoactive catalyst, and TFA as the inhibitor, using DMF as
the solvent.

Before using the proposed polymerization system for
preparation of covalently cross-linked gels, we first investi-
gated the effects of the selected photobases on the ROP of
BLG NCA and characterized the resulting linear polypep-
tides. It is crucial for the photobase to be inert towards
NCA prior to illumination, which PB-TMG failed to achieve,
as polypeptide formed over time even in the absence of
light (Figure S11) and was therefore considered unsuitable
for further use. Notably, PB-TMG had been extensively
purified and contains no free TMG, as indicated by its 1H
and 13C NMR spectra (Figures S8 and S9), demonstrating
that the photocaged base PB-TMG itself is sufficiently basic
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Figure 2. a) 1H NMR spectra before and after 10 min of irradiation show the disappearance of BLG NCA and the formation of PBLG. PB-DBA and
DBA signals are marked with dashed yellow rectangles. b) 1H NMR spectra of PB-DBA before and after 10 min of irradiation show the disappearance
of PB-DBA (marked with green rectangles) and the release of DBA (marked with pink rectangles). The dashed yellow rectangles in Figure A indicate
the regions of the spectra that are magnified in Figure B. c) Typical FTIR spectra of BLG NCA reaction mixture in DMF at different times (before and
after 10 min of irradiation) depicting the disappearance of the BLG NCA carbonyl band at 1787 cm−1 and the increase of the polypeptide amide II
band at 154 cm−1 over time.

to trigger NCA polymerization. Although TMG-carbamate
photobases have shown to be inactive before irradiation in
reactions such as thiol-Michael addition catalysis or olefin
metathesis deactivation by base[34,35] we hereby highlight the
high reactivity of NCA monomers which requires careful
selection of the photoactive compound for ROP. On the other
hand, PB-DBA did not trigger the polymerization of BLG
NCA in the absence of light within one hour (Figure S11),
providing better compatibility with NCA which is essential
for the spatial control over the photochemical system. We
investigated photochemical reactivity of PB-DBA under the
conditions used for ROP in more detail. Upon irradiation
with UV light, hydrogen abstraction and intramolecular
rearrangement occur at the excited 2-nitrobenzyl chro-
mophore, leading to cleavage of the carbamate group and
release of free amine/base, CO2 and nitrosobenzaldehyde
(Figure 1).[30] We monitored the ongoing reaction qualita-
tively by observing a change in solution color from colorless
to yellow due to increased absorbance around 385 nm by
the nitrosobenzaldehyde formed (Figure S12).[36] The degree
of photobase decomposition was calculated from 1H NMR
spectra (Figure 2b) using the integral ratio of the methylene

(–CH2–) signals of PB-DBA at δ 5.38 ppm at time t and at
time t0, relative to the solvent (DMF) peak at δ 7.95 ppm.
The conversion of PB-DBA to DBA was 42% after irradiation
with light of 365 nm wavelength for 10 min (corresponding to
54.0 J·cm−2). When the light was switched off and the solution
was left in the dark, no further photobase decomposition was
observed.

We further focused on the photo-ROP of BLG NCA using
PB-DBA as a photocatalyst under irradiation with 365 nm
LED light for 10 min. We monitored the polymerization
kinetics with FTIR spectroscopy during and after irradiation.
As free DBA is released from PB-DBA during irradiation, we
observed a decrease in the height of the BLG NCA carbonyl
band at a wavenumber of 1787 cm−1 and an increase in the
height of the polymer amide band at 1550 cm−1 (Figure 2c),
which allowed us to calculate the monomer conversion from
the linear dependence of the height ratio of monomer to
polymer bands. The resulting values for monomer conversion
agree well with those obtained by 1H NMR (Figure 2a)
from the integral ratio of the polymer signal (PBLG at δ

5.11 ppm) and the monomer signals (BLG NCA at δ 5.11 ppm
and 4.47 ppm). The results show that PB-DBA successfully
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Figure 3. a) Monomer conversion as a function of time (filled circle symbols) for photo-ROP of BLG NCA with PB-DBA (3.0%) under 10 min
irradiation (365 nm at 90 mW·cm−2) and for ROP of BLG NCA with DBA (1.2%) without irradiation. The concentration profile of (released) DBA is
shown with empty star symbols. b) Monomer (BLG NCA) conversion as a function of time at different initial PB-DBA concentrations under 10 min
irradiation (365 nm at 90 mW·cm−2). c) Monomer (BLG NCA) conversion as a function of time with 3.0% PB-DBA under 10 min irradiation at
365 nm at different light intensities. The illumination period for all samples is depicted with yellow rectangle.

triggered the ROP of NCA during 10 min of irradiation,
resulting in 80% monomer conversion after 120 min. No
polymerization was observed when the BLG NCA solution
was irradiated under the same conditions in the absence
of PB-DBA (Figure S13), confirming the stability of BLG
NCA at 365 nm and the necessity of the released DBA as a
catalyst. As a control, we performed a “conventional” ROP
of BLG NCA, i. e., without irradiation, using 1.2% DBA as
a catalyst. The amount of DBA in the conventional ROP
matched the amount of DBA released during the photo-
ROP experiment, in which the PB-DBA conversion after
irradiation was 42 %, corresponding to 1.2% released DBA
relative to NCA. The reaction kinetics of photo-ROP proved
to be comparable to that triggered by free DBA (Figure 3a).
Furthermore, the polypeptides prepared with PB-DBA and
DBA have comparable molar mass averages and molar
mass distributions after reaching 100% monomer conversion
(Mw = 45.5 kg·mol−1, Ð = 1.19 and Mw = 40.9 kg·mol−1, Ð
= 1.24, respectively), as shown by the SEC/MALS-RI results
(Figure S14), indicating that polymerization with PB-DBA
proceeds without any specific photoinduced side reactions.

Next, we investigated the influence of the initial amount
of PB-DBA on the BLG NCA polymerization kinetics. A
higher initial amount of PB-DBA resulted in faster reaction
kinetics (Figure 3b) due to the increased concentration
of DBA, which is gradually released during irradiation
(Figure S15a). However, the conversion of PB-DBA to
DBA after 10 min irradiation was inversely proportional to
the initial PB-DBA concentration (Figure S15b), possibly
due to limited light penetration caused by partial light
absorption by the photoproduct or self-quenching at higher
PB-DBA concentrations.[37] While increasing the initial PB-
DBA concentration from 0.5% to 1.5% resulted in a large
increase in the absolute amount of DBA released, further
increases to 6.0% PB-DBA had little effect on the release of
free DBA. In addition, the final amount of DBA released also
depended on the irradiation dose (Figures S16a and S16b),
which allowed us to adjust the polymerization kinetics with

light intensity. Figure 3c shows that polymerization was fastest
at the highest light intensity, as a 10 min irradiation at 90
mW·cm−2 (54.0 J·cm−2) led to 1.35% DBA released relative
to BLG NCA, while at 15 mW·cm−2 (9.0 J·cm−2) only 0.69%
DBA relative to BLG NCA was available to catalyse ROP.

The fast polymerization of NCA by the described photo-
chemical approach is important for the formation of polypep-
tide gels with uniform network and suitable properties,[25]

which is essential for advanced manufacturing processes of
these materials. Photogels were prepared by photo-ROP
using PB-DBA as a photocatalyst and monofunctional BLG
NCA and difunctional HCys NCA, which is a highly effective
cross-linker due to its stability and lack of decomposition
side reactions during ROP with amines.[25] Poly(γ -benzyl-
l-glutamate-co-l-homocystine) (P(BLG-co-HCys)) formed a
photogel after 14 min of reaction time, as shown by UV-
mediated time-dependent dynamic oscillatory rheological
tests, which revealed the onset of crossover of storage
modulus (G′) over loss modulus (G′′) (Figure 4a). Temporal
control over the gelation of P(BLG-co-HCys) using PB-
DBA is evident from the gel point occurring 14 min after
the start of irradiation, even when the time at which the
light source is turned on is delayed by 15 min (Figure S17).
The onset of gel formation in photo-ROP was slower than
in conventional ROP, which uses free DBA and formed
a P(BLG-co-HCys) gel within 4 min (Figure 4a), possibly
due to the slower reaction kinetics (Figure S18) of pho-
toinduced ROP. However, HCys NCA proved stable under
the irradiation conditions used in this work, as 1H NMR
spectroscopy confirmed that no changes occurred in either
irradiated (10 min at 365 nm) or non-irradiated solutions
of HCys NCA after 60 min (Figure S19). Nevertheless, gels
prepared with free DBA and PB-DBA exhibited comparable
mechanical properties under compression (Figure 4b). The
photogel prepared with PB-DBA exhibited a compressive
modulus of 150 ± 20 kPa, compared to 200 ± 30 kPa for
the DBA gel. Since the polymerization kinetics depends on
the amount of DBA released, which is directly related to the
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Figure 4. a) Time-dependent oscillatory rheological test results for the
ring-opening copolymerization of BLG NCA and HCys NCA: Photo-ROP
with PB-DBA under 10 min irradiation and ROP with DBA without
irradiation. b) Compressive stress-strain curves of P(BLG-co-HCys) gels
triggered by PB-DBA (photo-ROP) or DBA (ROP). The curves represent
the average of three measurements, with standard deviations indicated.
The purple rectangle shows an image of a photogel.

initial PB-DBA concentration and the light energy dose used,
as with linear polypeptides, these parameters also influenced
the gelation point of the cross-linked polypeptides. Thus, the
gel point is reached faster at higher light intensity (25 min at
45 mW·cm−2 vs. 50 min at 15 mW·cm−2) (Figure S20a) and
at higher PB-DBA loading (11 min at 60 mM PB-DBA vs.
25 min at 15 mM PB-DBA) (Figure S20b). The gels exhibited
relatively high gel contents (≥ 75%) after removal of the
soluble fraction consisting of polypeptide chains that were
not covalently incorporated into the network. Together with
similar degrees of swelling (4–5 g/g) (Figures S21a and S21b),
these results indicate effective network formation in all cases.

In the following, we demonstrated the spatial control of
photo-ROP of NCAs using a photomask experiment. An
approximately 0.8 mm thick layer of the reaction mixture

(BLG NCA and HCys NCA with 3.0 mol % PB-DBA and
0.5% TFA) was covered with a photomask that blocks UV
light in a predefined pattern, allowing only a certain area
of the sample to be illuminated (Figures 5a and S22). The
reaction solution was irradiated for 12 min with a light
intensity of 60 mW·cm−2, corresponding to energy dose of 43.2
J·cm−2. After irradiation, only the illuminated part exhibited
a yellow color indicative of the 2-nitrobenzyl photoproducts
and, importantly, gel formation was observed only on the
illuminated side, while the non-irradiated side remained
liquid (Figure 5b). FTIR measurements performed along
the sample from the non-irradiated to the irradiated side
(Figure S23a) confirmed that no polymerization occurred
in the non-illuminated region, with a distinct increase in
monomer conversion to 62% at the transition to the illumi-
nated part of the sample (Figures 5b, S23b, and S23c). It is
important to note that the ROP of NCA continues until all of
the monomer is consumed. Active species formed during and
after irradiation such as DBA, NCA anions and –NH2 end
group bearing species can diffuse from the illuminated region
to the non-illuminated region and trigger polymerization
there as well, which would deteriorate spatial control and
consequently make it difficult to produce materials with more
complex shapes.[38] Therefore, it is important to efficiently
inhibit the ROP in the non-illuminated region to maintain
spatiotemporal control. The addition of TFA to our reaction
mixture proved to be crucial for the inhibition of ROP
outside the illuminated region. When no TFA was used, a
gel formed in both the irradiated and non-irradiated regions
(Figure 5c). While the NCA in the illuminated region reached
86% conversion without the addition of TFA, polymerization
continued gradually in the non-illuminated region, reaching
20% NCA conversion at the farthest point from the light
(Figures 5c, S23b, and S23d). By adding TFA, it was possible
to control polymerization in more complex shape as well,
as demonstrated with a star-shaped photomask. In this
case, after irradiation, the unreacted liquid surrounding the
irradiated pattern was removed, leaving only a star-shaped
gel with well-resolved features (Figures 5d and S24). These
results demonstrate that cross-linked polypeptide gels can
be formed using light and a suitable photobase (PB-DBA).
Temporal and spatial control of the photochemical reaction
is possible by optimizing experimental parameters, including
the irradiation dose, the initial concentration of PB-DBA, and
the addition of a small amount of a strong acid.

Conclusion

We expand the photocross-linking possibilities of synthetic
polypeptides via photo-ROP of NCAs. We have investigated
the use of photobases based on 2-nitrobenzyl carbamates that
release the active base (amine) upon irradiation at 365 nm,
which triggers ROP of NCAs. An appropriate choice of
photobase proved crucial for achieving good control over
photo-ROP. Specifically, PB-TMG is too basic itself and
triggers polymerization of NCAs even in the absence of light,
while PB-DBA serves as an efficient photocaged catalyst that
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Figure 5. a) Schematic illustration of the photomask experiment to demonstrate spatial control. b) Image of the photomask experiment with TFA
(showing gel formation on the irradiated region and liquid on the non-irradiated region of the reaction mixture), and c) image of the photomask
experiment without TFA (showing gel formation in both the irradiated and non-irradiated regions of the reaction mixture), both after 12 min
irradiation (365 nm, 60 mW·cm−2). The purple points represent the calculated monomer conversions along the sample. d) Photographs of the gel
after the star-shaped photomask experiment.

remains inactive in the dark and releases the active catalyst
DBA only when the reaction mixture is exposed to light to
trigger ROP. Importantly, there was no significant influence
of photoproducts on the polypeptides prepared by photo-
ROP compared to those from conventional ROP, as evident
from similar polymerization kinetics profiles, polypeptide
molar mass characteristics, and mechanical properties of gels.
Moreover, the polymerization kinetics and cross-linking rates
can be tuned by the initial photobase concentration as well
as light intensity, while the final polypeptide gels exhibit
comparable mechanical properties irrespective of these initial
parameters. We have achieved good temporal and spatial
control over the photo-ROP, resulting in the preparation
of well-resolved 2D polypeptide gels. This photochemical
approach offers significant advantages in the synthesis of
polypeptides and holds great potential for applications
requiring spatial and temporal control, such as additive
manufacturing.
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