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Injectable self-healing hydrogels are being widely used in drug delivery, tissue engineering, and other fields.
Because of their excellent biocompatibility and biodegradability, polypeptides are an ideal candidate for
preparing injectable self-healing hydrogels. In this study, a polypeptide-based hydrogel with dual
response to hydrogen peroxide and light was obtained by copolymerizing 4-arm PEG-amine, N-(p-
nitrophenoxycarbonyl)-L.-methionine, and  N-(p-nitrophenoxycarbonyl)-y-o-nitrobenzyl-L-glutamate.
The hydrogel exhibits injectable self-healing behavior due to the hydrophobic interactions among
peptide blocks, which also act as the reservoir of hydrophobic drug molecules. In the presence of
hydrogen peroxide or under light irradiation, the thioether bond in methionine was oxidized to sulfoxide,
whereas the o-nitro benzyl ester bond was broken to form glutamic acid. As a result, the corresponding
hydrophobic blocks of polypeptide become hydrophilic, accelerating the release of drug molecules

loaded in the polypeptide hydrophobic blocks. Using this technique, the controlled release of
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Accepted 23rd Novernber 2023 hydrophobic drug molecules was achieved. Our efforts could provide a new strategy for the preparation

of self-healing hydrogels based on polypeptides with a dual response to hydrogen peroxide and light. In
DOI: 10.1039/d3ra05156k this view, the practical application of polypeptides in drug delivery, tissue engineering, and other fields,

rsc.li/rsc-advances could be expanded and advanced.
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Introduction

In recent years, stimulation-responsive and self-healing hydro-
gels have attracted extensive attention because of their great
potential applications in a number of fields, such as drug
delivery and tissue engineering."” Among various types of
hydrogels, the injectable self-healing hydrogels, which can
enter the human body through a syringe injection, thus avoid-
ing the injury caused by surgical incisions in patients, have
attracted special attention in the field of drug delivery.*” Owing
to their interactions, such as hydrogen bonding,® - stacking,’
electrostatic interaction,' and hydrophobic interaction,”**
polypeptides can easily self-assemble into supramolecular
structures. In particular, polypeptides have excellent biocom-
patibility and biodegradability. Therefore polypeptides are the
ideal candidates for preparing injectable self-healing hydrogels
for drug delivery and tissue engineering. The effective
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incorporation of drug molecules into polypeptides and their
effective release at target locations is an area that needs further
investigation.

Stimulation-responsive hydrogels can change their physical
and chemical properties under stimulation to achieve targeted
and controlled drug release.” So far, commonly used stimuli
include temperature,* light,”»" pH," enzymes,"” and ROS,*
which are also one of the commonly used internal stimuli in
targeted anticancer drug delivery.** According to literature reports,
high concentrations of reactive oxygen species have been found in
most types of tumor tissues. Hydrogen peroxide, a reactive oxygen
species having the highest concentration and best stability, is
mainly produced in cell membranes, mitochondria, endoplasmic
reticulum, and phagosomes and can freely diffuse among
cells.”>* The pendent group - thioether bond in r-methionine is
a reactive oxygen species-responsive group. Numerous studies
have reported that t-methionine in proteins can be easily oxidized
by reactive oxygen species to sulfoxides or sulfones.’**” L-Methio-
nine exhibits a transition between hydrophobicity and hydrophi-
licity while responding to the reactive oxygen species.”® In our
previous study,”® we found that if the reactive methionine mono-
mer is polymerized in situ in the presence of water using 4-arm
PEG-amine as an initiator, the hydrogels based on polypeptide can
be conveniently obtained. In the presence of hydrogen peroxide,
the thioether bond in methionine is oxidized to sulfoxide. As
a result, the corresponding hydrophobic blocks of the polypeptide
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become hydrophilic. As a result, the hydrogels undergo the sol-gel
transition owing to the action of hydrogen peroxide. Using doxo-
rubicin as a model molecule for drug release simulation experi-
ments, we have found that the release of doxorubicin loaded in
the hydrogels was significantly accelerated, mainly because the
corresponding hydrophobic blocks of polypeptide became
hydrophilic in the presence of hydrogen peroxide.

However, if the polypeptide-based hydrogels were obtained by
copolymerizing 4-arm PEG-amine with N-(p-nitro-
phenoxycarbonyl)-.-methionine alone, the encapsulated drugs
should be easy to leak into humans under physicochemical
conditions because the hydrophobic interactions among peptide
blocks, which also act as reservoirs of hydrophobic drug mole-
cules, are not strong enough. It is already known that light stim-
ulus is a remote external stimulus source that can easily and
conveniently modulate the mechanical properties of hydrogels in
time and space.>*” Deming et al. reported that hydrogels based
on polylysine modified with photoresponsive groups were used for
controlled load release. When the hydrogels were exposed to UV
light, they degraded to release the dye molecules loaded therein.*®
Yin et al. reported that photoresponsive polyglutamic acid can
also be used for DNA delivery.*

In order to control the physicochemical properties of the
hydrogels more effectively*>** and modulate the release of the
loaded drug more precisely, the new hydrogels based on
a polypeptide, with dual response to hydrogen peroxide and
light, by copolymerizing 4-arm PEG-amine, methionine N-
carboxylic anhydride, and o-nitro benzyl glutamate N-carboxylic
anhydride, is reported here. The hydrophobic interaction
among the polypeptide blocks not only endows the hydrogels
with self-healing properties but also provides hydrophobic
micro-regions for loading hydrophobic drugs. In the presence
of hydrogen peroxide or under light irradiation, the thioether
bond in methionine was oxidized to sulfoxide whereas the o-
nitro benzyl ester bond was broken to form glutamic acid. As
a result, the corresponding hydrophobic blocks of the poly-
peptide became hydrophilic, accelerating the release of the drug
molecules loaded among the polypeptide hydrophobic blocks.
According to this technique, the controlled release of the
hydrophobic drug molecules at specific sites such as tumor
tissues in a physiological environment was realized.

Experimental
Materials and methods

p-Nitrophenyl chloroformate was purchased from Meyer
Chemical Co. Ltd. without further purity. r-Glutamate acid
(Aladdin) was used as received. 1,1,3,3-Tetramethylguanidine
(TMG, 98%, Aldrich) was distilled under reduced pressure.
Tetra-PEG-NH, was purchased from Sigma-Aldrich. DOX-HCI
was obtained from J and K Chemicals. N,N-Dimethylacetamide
(extra dry, with molecular sieves, water = 50 ppm), and o-
nitrobenzyl alcohol were purchased from Energy Chemicals. All
other reagents were purchased from Sinopharm Chemical
Reagent Co Ltd. and used as received. Water was deionized
using a Milli-Q SPreagent water system (Millipore) to a specific
resistivity of 18.4 mQ cm.
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'H NMR (300 MHz) spectra were acquired using a 300 MHz
Bruker instrument. Molecular weight and molecular weight
distributions, PDI, were determined by gel permeation chro-
matography (GPC) equipped with a Waters 1515 pump and
a Waters 2414 differential refractive index detector (set at 30 °C).
It used a series of three linear Styragel columns at an oven
temperature of 45 °C. The eluent was DMF at a flow rate of 1.0
mL min~". A series of low polydispersity polystyrene standards
were employed for calibration. The degrees of polymerization,
DPs, were determined by "H NMR analysis. The rheological
properties of the prepared hydrogels were studied using
a rheometer (TA instruments, AR-G2) with a platform of 40 mm
diameter.

Synthetic procedure

Synthesis of N-(p-nitrophenoxycarbonyl)-y-o-nitrobenzyl-i-
glutamate. The brief synthesis process is as follows: first, o-
nitrobenzene methane was brominated with phosphorus tri-
bromide to produce o-nitrobenzyl bromide, which was directly
used for the next reaction without purification. Subsequently,
under the catalysis of N,N,N',N"-tetramethyl guanidine, o-nitro
benzyl bromide was added to a copper-protected glutamic acid
solution and reacted for 38 hours to obtain copper-protected o-
nitro benzyl glutamate, and then, copper ions were removed
under the action of ethylene diamine tetraacetic acid to obtain
white o-nitro benzyl glutamate, which was further purified
through recrystallization (Scheme 1).

p-Nitrophenyl chloroformate was added dropwise to the
solution of o-nitro benzyl glutamate, and the temperature was
raised to 40 °C while stirring overnight. After the reaction was
completed, the obtained product was separated by column
chromatography to obtain a white solid.

Synthesis of monomer N-(p-nitrophenoxycarbonyl)-L-methi-
onine. The brief synthesis process is as follows: p-nitrophenyl
chloroformate was added dropwise to a L-methionine solution
at room temperature; then, the thus obtained mixture was
warmed to 40 °C and stirred overnight. After the reaction was
completed, the obtained product was separated with column
chromatography to obtain a white solid.

Hydrogel preparation. The hydrogel was prepared by
dispersing star polypeptide-PEG conjugates in water. The ob-
tained solutions were gently heated and vigorously stirred for
a few minutes to ensure complete dissolution. The solutions
were then cooled to room temperature to allow gelation.

Rheological measurements of the hydrogels. The rheological
properties of all the prepared hydrogels were studied using
arheometer (TA AR-G2) with a platform of 40 mm diameter. The
frequency-sweep measurement was conducted in a constant-
strain (0.5%) mode over the frequency range of 0.1-100 rad
s~ " at 37 °C. Before studying the self-healing property, a strain-
sweep measurement was conducted at a constant frequency of
6.283 rad s~ over the strain range of 0.1% to 100% at 37 °C.
Finally, a strain step cycled between 1% and 70% was per-
formed at 37 °C and 6.283 rad s~ .

Preparation of DOX-loaded hydrogel and controlled release
of the DOX payload. Typically, 30 mg DOX-HCl was dissolved in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 A schematic illustration of the design of the hydrogels with dual response to light and hydrogen peroxide. (a) Th structure of
polypeptides. (b) Polypeptides dissolve in water and assemble to form the hydrogel owing to the hydrophobic interactions. (c) The degradation
mechanism of hydrogels stimulated by light, ROS (reactive oxygen species), and both light and ROS.

1 mL DMSO and 2 mL of triethylamine was added and stirred at
room temperature, overnight. After that, 300 mg of the polymer
was added and stirred at ambient temperature for 2 h. The
mixtures were then subjected to dialysis against PBS buffer (pH
7.4, 10 mM) for 24 h to remove unloaded DOX and the DMSO
solvent. The dialysate was adjusted to predetermined volumes
(pH 7.4, 10 mM) by adding PBS buffer. According to a standard
calibration curve, the DOX loading efficiencies (LE) and the
DOX loading contents (LC) were estimated. For the triggered
release of DOX, in a typical release experiment, DOX-loaded
hydrogels (500 pL) were transferred to a dialysis cell with
a molecular weight membrane (MWCO: 3.5 kDa) and then
dialyzed against 9.5 mL of PBS buffer (pH 7.4, 10 mM) at 37 °C.
The released DOX concentrations in the dialysate were quanti-
fied by measuring the absorption intensities at 480 nm for DOX
against the corresponding standard calibration curves.

In vitro cytotoxicity measurement. Cell viability was exam-
ined by the MTT assay. HeLa cells were seeded in a 96-well plate
at a density of 10* cells per well in 100 pL of the DMEM medium
with 10% FBS at 37 °C under a 5% CO, humidified atmosphere.
Drug-loaded micelles with or without 30 min of UV irradiation
(1 mW em~?) were then added to target a final concentration of
3.0 g L', After incubating for 24 h, the MTT reagent (in 20 uL of
the PBS buffer, 5 mg mL™") was added to each well, and the cells
were further incubated with 5% CO, for 4 h at 37 °C. The culture
medium in each well was removed and replaced by 150 pL of
DMSO. The solution from each well was transferred to another
96-well plate, and the absorbance values were recorded at
a wavelength of 490 nm using a microplate reader (Thermo
Fisher). Cell viability was calculated using the equation,
A490,treated/A490,control X 1000/0: where A490,treated and A490,c0ntrol
are the absorbance values in the presence and absence of the
polymeric micelles, respectively. Each experiment was per-
formed in quadruple, and the data are shown as the mean value.

Results and discussion
Preparation process of the organogel/hydrogel hybrids

Synthesis and characterization of star polypeptide-PEG
conjugates. A typical polymerization process is shown in

© 2023 The Author(s). Published by the Royal Society of Chemistry

Scheme 2. Monomers N-(p-nitrophenoxycarbonyl)-L.-methionine
and  N-(p-nitrophenoxycarbonyl)-y-o-nitrobenzyl-i-glutamate
were dissolved in toluene, and the initiator tetra-PEO5c-NH, was
added; the trace water contained in the solvent was removed
through azeotropy, and dry N,N-dimethyl acetamide solvent was
injected using a syringe under vacuum conditions, and the
obtained mixture was sealed in a reaction tube and heated to
60 °C for polymerization for 48 hours. After the polymerization,
the obtained solution was poured into an excess ether solvent
and precipitated three times to obtain a white powder, which
was then dried at room temperature in a vacuum-drying oven.

The monomer conversion and mean degree of polymeriza-
tion (DP) were determined using "H NMR from the ratio of the
characteristic peak of the benzyl group on o-nitrobenzyl-i-
glutamate at 5.5 ppm and the characteristic peak of the meth-
ylene group on the side chain of t-methionine at 2.55 ppm, and
the characteristics of the PEG moiety at 3.5 ppm. The number-
average molecular weight (M,) was determined by 'H NMR
analysis, and polydispersity index (PDI, M,,/M,,) was quantified
using gel permeation chromatography (Fig. 1).

Rheological characterization of hydrogels. To quantify the
mechanical properties of the star polypeptide-PEG conjugates,
a series of hydrogels with different compositions and concen-
trations were prepared. The frequency sweep measurements of
different compositions and concentrations of hydrogels were
performed (Fig. 2).

The mechanical properties of the hydrogel also appeared to
be relevant to the normal development, differentiation, and
motility of cell. We finally chose t-PEG;¢-b-P (NBLGs-co-Meth;)
hydrogel with 40 wt% solid content for the next experiments,

Scheme 2 The synthetic route of star polypeptide-PEG conjugates.
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Fig. 1 (a) The GPC analysis of star polypeptide-PEG conjugates using
DMEF as the eluent. (b) The summary table of the conjugate structure
parameters.

because it has the mechanical strength matching to that of the
normal human soft tissue (Fig. 3).

Self-healing and injectability of the hydrogel. Hydrogels with
self-healing ability would enable them to self-repair when
damaged by external pressure, thus extending the serviceable
range and lifespan. Before the self-repair test, a shear thinning
test was carried out on the hydrogels to determine the linear
viscoelastic zone and the strain point for the gel-sol transition
of the hydrogels.

Fig. 4a shows the changes in the storage modulus and loss
modulus of ¢-PEG;¢-b-P (NBLG5-co-Meth;) hydrogels with 40 wt%
solid content under strain scanning. Under small strain, the
storage modulus and loss modulus of the hydrogels remained
unchanged and the storage modulus was greater than the loss
modulus (strain y< 10%). Under the increased strain, the storage
modulus and loss modulus of the hydrogels began to decline, and
the storage modulus decreased faster than the loss modulus,
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Fig. 2 The frequency-sweep measurements of hydrogel storage
modulus, G'/Pa, and loss modulus, G"/Pa), for hydrogels of different
compositions (a) t-PEGsg-b-P (NBLG,-co-Methsz), (b) t-PEGse-b-P
(NBLG,-co-Meths), (c) t-PEGsg-b-P (NBLG3-co-Meths), (d) t-PEGse-
b-P (NBLGs-co-Meths), (e) t-PEGsg-b-P (NBLGs-co-Meth;) and
concentrations (20 wt%, 40 wt%).
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Fig. 3 The storage modulus and loss modulus of conjugates with
different polymerization degree at a 40% solid content (a) t-PEGsg-b-P
(NBLG,-co-Meths), t-PEGsg-b-P (NBLG3-co-Meths), and t-PEGsg-b-P
(NBLGs-co-Meths). (b) t-PEGsg-b-P (NBLG,-co-Meths), t-PEGsg-b-P
(NBLG,-co-Meths), t-PEGsg-b-P (NBLG5-co-Methz) and t-PEGsg-b-P
(NBLGs-co-Meth,).

finally, the storage modulus and loss modulus of the hydrogel
intersected under the ground strain v = 70%, and then the loss
modulus became greater than the storage modulus, which indi-
cated that the hydrogels were converted by the sol transition, and
the cross-linking network inside the hydrogels was destroyed. This
excellent shear-thinning property of the prepared hydrogel makes
it possible for injection with a syringe.

The self-healing properties of the hydrogels can be verified
by dynamic strain scanning under a strain of 0.1% or 70%
(Fig. 4b). At the initial stage, 0.1% strain was applied to the
hydrogels. The storage modulus of the hydrogels was approxi-
mately 0.37 kPa and the loss modulus was 0.28 kPa. Under this
strain, the storage modulus was greater than the loss modulus
and substantially remained unchanged. When the strain
applied to the hydrogels was changed to 70%, the storage
modulus of the hydrogels immediately dropped from about 0.37
kPa to about 0.18 kPa, but the loss modulus only dropped from
0.28 kPa to 0.22 kPa. Under this strain, the storage modulus was
less than the loss modulus and remained substantially
unchanged. Then, the strain applied to the hydrogels was
recovered from 70% to 0.1%, and the storage modulus and loss
modulus can be immediately restored to their initial state under
small strain. The cyclic strain test results showed that the
hydrogels have excellent self-healing properties, and their
mechanical properties can be restored to the initial state after
several different strain scans.

Photograph and rheological studies of the gel-to-sol transi-
tion upon application of stimuli. The responsiveness of the
newly prepared hydrogel was investigated by tilting the vials.
Before the stimulus was applied, the hydrogels in the tilted vial
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Fig. 4 (a) The strain-sweep measurements of a 40 wt% t-PEGsg-b-P
(NBLGs-co-Methy) hydrogel at 37 °C (the inset shows the state of the
hydrogel at room temperature). (b) Repeated dynamic strain step tests
(y = 0.1% or 70%).
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Fig. 5 (a—d) The photographs of the reversed vial test of the dual
response process of hydrogels at 37 °C.

could not flow (Fig. 5a), which indicated that the hydrogels were
in the gel state. When 10 pL of hydrogen peroxide was added to
the vial, the color of the hydrogels gradually faded (Fig. 5b), but
the hydrogels still could not flow in a tilted state. On the other
hand, light irradiation was applied to the hydrogel for 30
minutes, and the color of the hydrogels gradually changed from
light color to purple-red under the effect of the UV light (Fig. 5¢),
but the hydrogel still could not flow after tilting the vial. This
showed that the gel sol transition of the hydrogels cannot occur
with only one stimulus.

Finally, 10 pL of hydrogen peroxide was added to the vial and
then the vial was irradiated with UV light for 30 minutes. In the
process of radiation, the hydrogels gradually turned red, at the
same time the tilted hydrogels in the vial gradually recovered to
an equilibrium state (Fig. 5d). The sample was found to flow by
shaking the vial, indicating that the hydrogels had undergone
a complete gel-sol transition and degraded to a solution.

Furthermore, frequency-sweep measurements of hydrogels
in different states were performed. As shown in Fig. 6a-d, the
storage moduli (G) was larger than the loss moduli (G”), indi-
cating the sample was in the gel state. After double stimuli, the
storage moduli (G') was smaller than the loss moduli (G”),
indicating the gel degraded to a fluidic solution (Fig. 6d). The
hydrogels without any stimulation showed a significant shear
thinning behavior, which indicated that the hydrogels were
injectable. The gel weakened significantly after stimulation by
UV radiation or hydrogen peroxide, and the viscosity of the gel
decreased significantly when stimulated by both UV radiation
and hydrogen peroxide (Fig. S37).
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Fig.6 The frequency-sweep measurement of the hydrogel (t-PEG56-
b-P (NBLG5-co-Meth,) was performed at different stimuli at 37 °C: (a)
without stimuli, (b) with hydrogen peroxide, (c) with UV irradiation, and
(d) with UV irradiation and hydrogen peroxide.
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Fig. 7 A cumulative DOX release profile from the drug-loaded
hydrogel (pH 7.4 buffer, 37 °C) with different stimuli.

Stimuli-regulated release profile of doxorubicin. Doxorubicin
was used as a model drug for the cumulative release of the drug-
loaded hydrogels. According to the cumulative release of doxoru-
bicin, we calculated that the effective load of doxorubicin in the
hydrogels was 4%, and the load efficiency was 40%. Release
kinetics of the loaded drug were obtained by placing the hydrogels
loaded with doxorubicin in a dialysis bag and measuring the UV
absorbable value at 480 nm in dialysate compared with the
absorption curve of the standard concentration (Fig. S47).

The results are shown in Fig. 7. The cumulative release curve
of the hydrogels without any external stimulus was first inves-
tigated. Under the condition of 37 °C and pH 7.4, the cumula-
tive release of doxorubicin loaded in the hydrogels was only
26% within 24 hours. In the presence of hydrogen peroxide, the
release rate of the loaded doxorubicin increased and ultimately
reached 52% after 24 hours.

In contrast, light irradiation stimulus has a stronger accel-
erating effect on the release of doxorubicin, ultimately accu-
mulating 68% of doxorubicin after 24 hours. This may be due to
the generation of the carboxyl negative ions after the bond
breakage caused by light, which accelerates the release of
doxorubicin by the reduction of hydrophobic interactions and
repulsiveness among negative charges. Finally, under the
combined action of hydrogen peroxide and ultraviolet light, the
release rate of doxorubicin was significantly increased, and 90%
of doxorubicin was ultimately released within 24 hours.
Hydrogen peroxide combined with light accelerated the release
of doxorubicin loaded in the hydrogels in the target site.

Cytotoxicity of the drug-loaded conjugates. We examined the
cytotoxicity of ¢-PEGse-b-P (NBLGs-co-Meth,) micelles in vitro
cells using the MTT assay against HeLa cells (Fig. 8). The cell
viability of the drug-free blank micelles without stimuli
remained to be ~94% at 3.0 g L™' polymer concentration,
suggesting that the conjugate micelles were almost non-
cytotoxic. When HeLa cells were incubated with DOX-loaded
micelles without stimuli, ~72% of cells survived at 3.0 g L™*
polymer concentration. The cell viability decreased further
when the DOX-loaded micelles with 10 pL hydrogen peroxide
were added to the cell culture medium and only 58% of the cells
survived. When DOX-loaded micelles, after 30 min of UV irra-
diation, were added to the cell culture medium, the cell viability

RSC Adv, 2023, 13, 35985-35991 | 35989
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Fig.8 A comparison of MTT cytotoxicity assay results of t-PEG56-b-P
(NBLG5-co-Meth,) micelles under different stimuli.

decreased further and only 49% of the cells survived. When the
DOX-loaded micelles after dual stimuli were added to the cell
culture medium, the final cell viability decreased only to 34%.
The statistically significant difference was confirmed by the
Student's test with p < 0.05. This result is also in agreement with
the discrepancy in drug release profiles for different stimuli.

Conclusions

Herein, an injectable self-healing hydrogel, based on poly-
peptides and responsive to hydrogen peroxide and light, was
prepared. Due to the hydrophobic interactions among peptide
blocks, which also act as the reservoir of hydrophobic drug
molecules, the hydrogel exhibits injectable self-healing
behavior. In the presence of hydrogen peroxide or under light
irradiation, the thioether bond in methionine was oxidized to
sulfoxide, whereas the o-nitro benzyl ester bond was broken to
form glutamic acid. As a result, the corresponding hydrophobic
blocks of the polypeptide became hydrophilic, accelerating the
release of the drug molecules loaded among the polypeptide
hydrophobic blocks. The controlled release of the hydrophobic
drug molecules at specific sites such as tumor tissues was
realized accordingly.
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