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ABSTRACT: In this work, biodegradable macroporous stimuli-responsive polypeptide hydrogels based on L-glutamic acid (Glu)
and its copolymers with equimolar amounts of L-phenylalanine (Phe) or L-lysine (Lys) were prepared by deprotection of the
corresponding organogels under acidic conditions. The organogels were synthesized by ring-opening polymerization of Ncarboxyanhydride (NCA) derivatives of the corresponding α-amino acids in oil-in-oil high-internal phase emulsions (HIPEs) using
the di-NCA derivative of L-cystine as a cross-linker. The organogels exhibit the typical interconnected porous polyHIPE morphology,
which is completely preserved in the hydrogels after removal of the protecting groups of the Glu and Lys repeating units. The pHdependent behavior and mechanical properties of the obtained hydrogels were studied in buﬀer solutions with diﬀerent pH values.
At pH 7.5, P(Glu) and P(Glu-co-Phe) can be compressed to half their original height and both return to their initial state after
unloading. By lowering the pH to 5.5, P(Glu) remains soft, while P(Glu-co-Phe) already becomes much stiﬀer. In contrast, for the
P(Glu-co-Lys) hydrogel, high buﬀer uptake was observed only at high or low pH values, whereas at intermediate pH values, the low
buﬀer uptake and the impaired ability to return to the original height are attributed to the attractive ionic interaction between the
oppositely charged side groups. We have shown that by tuning the chemical composition of the polypeptides, the uptake, in vitro
enzymatic degradation, and compression behavior of the hydrogels can be modulated.

■

INTRODUCTION
Hydrogels are water-swollen three-dimensional viscoelastic
macromolecular networks cross-linked by either covalent
bonds or non-covalent interactions. Hydrogels have attracted
considerable attention in many ﬁelds due to their versatility in
terms of composition, preparation, and resulting tunable
properties such as swelling ability, interfacial aﬃnity for target
substances, response to various stimuli, degradability, viscoelasticity, and network architecture.1 Polymeric hydrogels have
been used as functional materials in a variety of biomedical
applications due to their porosity, high water content, and
elasticity that resembles biological tissues.2,3 Biocompatible
hydrogels are currently used as prosthetic devices,4 soft contact
lenses,5 biosensors,6 surgical dressings,7 tissue engineering
scaﬀolds,8 and carriers for therapeutic agents.9 In addition to
physico−chemical properties, another important design
criterion for hydrogels to be used in biomedical applications
© 2021 The Authors. Published by
American Chemical Society

is the network morphology, which is characterized by mesh
size, porosity, and connectivity, as these parameters aﬀect the
transport properties throughout the hydrogel structure.
Typically, the average mesh size of conventional hydrogels is
in the range of a few nanometers to a few tens of nanometers,
depending on the cross-link density and thus the degree of
swelling.10 This results in a spatial limitation for the transport
of molecules larger than the mesh size of the network, which
limits the use of hydrogels in macromolecule delivery,11
bioseparation,12 and tissue engineering applications.13,14 To
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this work, we report the preparation of polyHIPE hydrogels
composed entirely of natural amino acids by an organogel-tohydrogel route. Biodegradable stimuli-responsive polyHIPE
hydrogels were prepared from Glu cross-linked with L-cystine
and Glu copolymerized with equimolar amounts of L-lysine
(Lys) or L-phenylalanine (Phe) to modulate the physicochemical properties of the hydrogels, such as buﬀer uptake,
compressive properties, and in vitro enzymatic degradation
rates.

overcome these shortcomings, several methods have been
developed to prepare macroporous hydrogels, such as porogen
leaching,15 gas foaming,16 cryogelation,17 and high-internal
phase emulsion (HIPE) templating. 18,19 Among these
methods, HIPE templating stands out as it allows the
fabrication of macroporous networks with a controlled pore
size, porosity, pore structure and volume, and degree of pore
interconnectivity.20 During HIPE templating, gelation of the
external phase around the internal-phase droplets takes place.
After removal of the internal phase, a highly interconnected
pore structure remains, consisting of macroporous voids and
interconnecting windows.
Typically, polyHIPE hydrogels are synthesized by polymerizing hydrophilic vinyl or acrylic monomers within the
continuous phase of oil-in-water HIPEs. In this way, hydrogels
based on styrenesulfonate,21 1-vinyl-5-aminotetrazole,22 acrylamide,23 acrylic acid,24 2-hydroxyethyl methacrylate,25 Nisopropylacrylamide,26 and amine-functionalized glycidyl
methacrylate were prepared. 27 However, their use in
biomedical applications is limited due to their non-degradable
structure. Biodegradable polyHIPE hydrogels have been
prepared using natural polymers, such as alginate28 and
dextran,29 functionalized with cross-linkable methacrylate
groups, or gelatin30 and chitosan,31 cross-linked with genipin.
In recent decades, there has been a great deal of interest in
the development of stimuli-responsive hydrogels that can
rapidly change their structure and volume in a controlled
manner depending on environmental temperature, pH, ionic
strength, or redox potential.32,33 A key element in the pH
sensitivity of a polymer is the presence of ionizable pendant
groups. These groups are capable of exchanging protons in
response to changes in the pH of the medium. Hydrogels
based on functional synthetic polypeptides are promising
biomedical materials because of their innate biodegradability,
biocompatibility, and versatile functionality, similar to natural
polymers but with better control over their physico-chemical
properties.34 Tailoring the pH-dependent behavior of a given
polymer can be achieved by preparing copolymers with other
polyelectrolytes or by incorporating hydrophobic moieties into
the polymer backbone.35 Ring-opening polymerization (ROP)
of N-carboxyanhydrides (NCA) of amino acids provides a
suitable approach for the synthesis of polypeptides in scalable
amounts, allowing the incorporation of various stimuliresponsive functionalities through monomer selection and/or
post-polymerization modiﬁcation strategies.36−38 L-Glutamic
acid (Glu)-based hydrogels exhibit a pH-dependent phase
transition at pH values slightly above their pKa value due to the
presence of ionizable carboxylic acid side groups in the
structure39 and have been used in various biomedical
applications.40,41 Recently, multi-responsive hydrogels or
“intelligent” hydrogels have been developed that speciﬁcally
and uniquely respond to various physiological or externally
applied stimuli. By incorporating various stimuli-responsive
functionalities into the hydrogel structure, they can mimic the
dynamic nature of the native extracellular matrix by undergoing structural changes in response to physiologically benign
stimuli. Stimuli-responsive controlled-delivery systems based
on intelligent polypeptide hydrogels are also very promising as
they can target speciﬁc sites and deliver pharmaceutical agents
in a localized and sustained manner.42,43
Recently, we reported a synthetic strategy to combine NCA
chemistry and HIPE templating to prepare hydrophobic
polyHIPE organogels based on synthetic polypeptides.44 In

■

EXPERIMENTAL SECTION

Materials. γ-Benzyl-L-glutamate (BLG), Nε-carbobenzyloxy-Llysine (ZLL), and Phe were obtained from Iris Biotech GmbH. DiN-tert-butyloxycarbonyl-L-cystine, triphosgene, N,N-diisopropylethylamine (DIPEA), sodium hydride, iodomethane, sodium thiosulfate,
triﬂuoroacetic acid (TFA), hydrogen bromide (HBr) solution (33 wt
% in acetic acid), formic acid, acetic acid, 2-(N-morpholino)ethanesulfonic acid, ethanolamine, tris(hydroxymethyl)aminomethane, piperidine, 1,4-dithiothreitol (DTT), and protease
XIV from Streptomyces griseus were obtained from Sigma-Aldrich and
used without further puriﬁcation. Pluronic F127 was purchased from
Sigma-Aldrich and was end-group methylated (F127-OMe) as
previously published.45 Petroleum benzine (boiling range 100−140
°C), anhydrous N,N-dimethylformamide (DMF), dioxane, anhydrous
tetrahydrofuran (THF), anhydrous ethyl acetate, n-hexane, isopropanol, ethanol, and chloroform were purchased from Merck and used as
received.
Synthesis of NCA Monomers. BLG (10 g, 42.2 mmol) was
suspended in anhydrous THF (90 mL). The suspension was heated to
50 °C in an oil bath. A solution of triphosgene (6.76 g, 22.8 mmol) in
anhydrous THF (10 mL) was then added dropwise under argon. The
mixture was stirred at 50 °C under argon for 2 h to give a clear
solution. The mixture was concentrated under a vacuum, and the
product was precipitated from n-hexane and placed in a freezer
overnight. The ﬁltered product was recrystallized three times from
THF/n-hexane. BLG NCA was obtained in the form of a white
powder (9.57 g, 86% yield). The 1H and 13C NMR spectra with signal
assignation are shown in Figure S1.
Di-N-tert-butyloxycarbonyl-L-cystine (1 g, 2.3 mmol) was suspended in anhydrous ethyl acetate (15 mL). Triphosgene (0.91 g, 3.1
mmol) was then added in one portion at room temperature. The
mixture was heated to 60 °C in an oil bath and stirred at this
temperature under argon for 12 h. The mixture was then ﬁltered
through a syringe ﬁlter (0.45 μm, PTFE, Aldrich) in a centrifuge tube
(50 mL) containing 40 mL of n-hexane. After centrifugation at 8000
rpm for 7 min, the supernatant was decanted. The product was dried
in a desiccator and further puriﬁed by repeating the precipitation
twice. L-Cystine NCA was obtained in the form of a white powder
(0.58 g, 83% yield). The 1H and 13C NMR spectra with signal
assignation are shown in Figure S2.
ZLL (10 g, 35.7 mmol) was suspended in anhydrous ethyl acetate
(90 mL). The suspension was heated to 78 °C in an oil bath. A
solution of triphosgene (4.70 g, 15.9 mmol) in anhydrous ethyl
acetate (10 mL) was then added dropwise to the suspension under
argon. The mixture was stirred at 78 °C under argon for 4 h to give a
clear solution. The mixture was concentrated under a vacuum, and the
product was precipitated from n-hexane and placed in a freezer
overnight. The ﬁltered product was recrystallized three times from the
THF/n-hexane. ZLL NCA was obtained in the form of a white
powder (7.65 g, 70% yield). The 1H and 13C NMR spectra with signal
assignation are shown in Figure S3.
Phe (2 g, 12.1 mmol) was suspended in anhydrous THF (20 mL).
The suspension was heated to 50 °C in an oil bath. A solution of
triphosgene (1.38 g, 4.7 mmol) in anhydrous THF (10 mL) was then
added dropwise to the suspension under argon. The mixture was
stirred at 50 °C under argon for 3 h to give a clear solution. The
mixture was concentrated under a vacuum, and the product was
precipitated from n-hexane and placed in a freezer overnight. The
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ﬁltered product was recrystallized three times from the THF/nhexane. Phe NCA was obtained in the form of a white powder (1.39 g,
60% yield). The 1H and 13C NMR spectra with signal assignation are
shown in Figure S4.
HIPE Templating. The experimental conditions for the
preparation of oil-in-oil emulsions are given in Table S1. The external
phase was prepared by successively dissolving the surfactant (F127OMe), the monomer(s), and the cross-linker in anhydrous DMF at
room temperature in a three-necked round-bottom ﬂask equipped
with an overhead stirrer, an addition funnel, and a rubber septum
through which argon gas was introduced. With mechanical stirring of
the external phase at 330 rpm, the internal phase (petroleum benzine)
was added dropwise at a rate of 0.5 mL/min. After completion of
petroleum benzine addition, stirring was continued for another 10
min, and then, the catalyst solution (0.5 M DIPEA in DMF) was
added in one portion. Stirring was continued for an additional 30 s to
ensure uniform dispersion of the catalyst. The emulsion was then
aliquoted into 2 mL polypropylene Eppendorf tubes using an
automatic pipette and sealed with septum caps. A needle was then
inserted into each cap to allow release of CO2 generated in situ during
ROP. The emulsions were polymerized at room temperature for 24 h.
The resulting gels were puriﬁed by Soxhlet extraction with dioxane for
48 h and then freeze-dried. The polymerization yield of polyHIPEs
was determined gravimetrically according to eq 1, where mpolyHIPE is
the total mass of the puriﬁed and dried polyHIPE, mNCA is the total
mass of all NCAs used for HIPE preparation, and mCO2 is the
calculated mass of CO2 released by assuming 100% monomer
conversion.
Yield (%) =

mpolyHIPE
mNCA − mCO2

Buﬀer Uptake. The pH-dependent behavior of the hydrogels was
studied by measuring the uptake in buﬀers with diﬀerent pH values.
Accordingly, hydrogel pieces were placed in buﬀers, and the pieces
were removed at appropriate time intervals until no change in weight
with time was observed. Before weighing the swollen sample, any
surface water was removed with ﬁlter paper. The buﬀer uptake was
calculated according to eq 3, where Wd and Ws denote the weight of
dry and swollen hydrogel, respectively.
Buffer uptake =

Ws − Wd
Wd

(3)

Characterization. H NMR spectra were recorded at 25 °C in
deuterated dimethyl sulfoxide (DMSO-d6) using a Varian Unity Inova
300 MHz spectrometer (Varian, USA) in the pulse Fourier transform
mode. Chemical shifts are expressed as δ and ppm relative to
tetramethylsilane (δ = 0). The morphology of the monoliths was
studied by scanning electron microscopy (SEM) on a high-resolution
SEM Zeiss Ultra plus instrument (Carl Zeiss, Germany). The samples
were broken with a razor blade after immersion in liquid nitrogen. For
charge dissipation during SEM analysis, the obtained cross-sections
were coated with a 10 nm-thick gold layer using a Gatan PECS 682
(Gatan, USA). Pore size analyses were performed with ImageJ
software, using a correction factor of 2/(30.5) to compensate for
statistical error.47 Fourier-transform infrared spectroscopy (FTIR)
spectra were acquired using a Spectrum One FTIR spectrometer
(PerkinElmer, U.K.). FTIR spectra were recorded in an attenuated
total reﬂectance mode in a spectral range of 650−4000 cm−1.
Mechanical Testing. The compressive mechanical properties of
the hydrogel samples were measured using a DMA Q800 dynamic
mechanical analyzer (TA Instruments) and 40 mm-diameter
compression disks. The polyHIPEs were ﬁrst cut into slices of
uniform size, with a cross-sectional diameter of ∼7 mm and a height
of ∼5 mm. After deprotection and equilibration in buﬀer at pH 7.5 or
5.5 (ionic strength of 0.15 M, unless otherwise speciﬁed), the
diameter of the hydrogel disks varied depending on the buﬀer uptake,
which was taken into account in the calculations and in setting the
compression rate. Excess surface water was removed from the
hydrogels with ﬁlter paper prior to measurements. All uniaxial
compression-strain measurements were performed at 37 °C. Mass loss
of the specimens due to water evaporation during the measurements
was negligible.
A preload force was applied to ensure complete contact between
the plate surface and the specimen. The hydrogels were gradually
compressed to 50% strain within 10 min and then unloaded at the
same rate to the preload force. The compressive Young’s moduli (E)
of the specimens were determined from the slope of the initial linear
region of the loading stress−strain curve. The ﬁnal strain of the
specimen (εf) after unloading was recorded within 3 min. The height
recovery was calculated according to eq 4.
1

× 100
(1)

The total porosity was measured gravimetrically according to eq 2,
where the monolith density (dmonolith) was determined from the
weight and volume of the polyHIPE. For polymer densities (dpolymer),
the literature value of PBLG (1.28 g/cm3) was used.46
ij
yz
d
Porosity (%) = jjjj1 − monolith zzzz × 100
j
d polymer z
k
{

Article

(2)

Hydrogel Preparation. 4 mL of TFA and 0.3 mL of HBr solution
were added in a glass vial and stirred. 40 mg of polyHIPE piece was
immersed in this solution for 2 h at 4 °C. Then, the polyHIPE was
transferred to 10 mL of THF for 10 min, which was replaced three
times, each time leaving the sample in fresh 10 mL of solvent for 1 h.
The sample was then placed in 10 mL of buﬀer with pH 7.5 for 24 h,
which was exchanged three times. Finally, the P(Glu) and P(Glu-coPhe) hydrogels were placed in a buﬀer of pH 4.0, while the P(Glu-coLys) hydrogels were placed in a buﬀer of pH 6.5 for 24 h. Afterward,
the hydrogels were immersed in distilled water to remove buﬀer salts,
freeze-dried, and stored in a desiccator. For morphological characterization of the deprotected hydrogels, the gels were instead immersed
in dioxane and freeze-dried after three dioxane exchanges.
Preparation of Buﬀer Solutions. Formic acid (3.0, 3.5, and 4.0),
acetic acid (4.5 and 5.0), 2-(N-morpholino) ethanesulfonic acid (5.5
and 6.5), tris(hydroxymethyl) aminomethane (Tris) (7.5 and 8.5),
ethanolamine (9.0, 9.5, and 10.0), and piperidine (10.5 and 11.0)
were used to prepare buﬀer solutions with pH values indicated in
parentheses. To prepare 1 L of buﬀer solution, an appropriate buﬀer
was ﬁrst dissolved in 800 mL of distilled water at room temperature to
obtain a ﬁnal 0.125 M buﬀer solution. The solution was then titrated
with 1.0 M HCl or NaOH to obtain the desired pH. The ionic
strength of the buﬀer solution was calculated and the required amount
of NaCl was added to the buﬀer solution to obtain a ﬁnal ionic
strength of 0.15 M. The volume was then increased to 1 L in a
volumetric ﬂask by adding distilled water. Buﬀer with pH 7.5 and 0.05
M ionic strength was prepared by diluting the original pH 7.5 buﬀer
three times. Buﬀer with pH 7.5 and 0.45 M ionic strength was
prepared by dissolving a suﬃcient amount of NaCl in the original 7.5
pH buﬀer.

Height recovery (%) = (1 − εf ) × 100

(4)

The hysteresis energy of the cycle was estimated by calculating the
area between the loading and unloading curves. At least two
specimens of each sample were measured.
Reductive Degradation of Hydrogels. 10 mg pieces of the
dried hydrogels were soaked in 1 mL of D2O containing 0.025 M
DTT and 0.025 M sodium carbonate (pH 11.3). The soaked samples
were kept at 37 °C, and the decomposition of the hydrogels was
observed by visual evaluation. After complete dissolution of the
hydrogels, 1H NMR spectra of the solutions were recorded to
determine their chemical composition.
Enzymatic Degradation of Hydrogels. Enzymatic degradation
assays were performed using protease XIV from S. griseus (speciﬁc
activity: 3.5 U/mg protein) according to previously reported
procedures.48 First, puriﬁed and freeze-dried hydrogel samples (10
mg dry weight) were soaked in pH 7.5 buﬀer (0.125 M Tris and 0.15
M ionic strength) to obtain swollen hydrogels. After reaching uptake
equilibrium, the hydrogel samples were transferred to protease type
XIV solution (2 mL and 0.01 U/mL) and incubated at 37 °C. The
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Figure 1. Schematic representation of the preparation of macroporous polypeptide hydrogels by (a) ROP of NCA in the continuous phase of
HIPE, catalyzed with DIPEA and (b) followed by deprotection of the organogels in HBr/TFA. The photographs on the right show dry P(BLG-coPhe, top) and swollen P(Glu-co-Phe, bottom) at pH 7.5 (scale interval 1 mm).
One day before the experiment, the mouse ﬁbrosarcoma cell line
L929 was seeded in a white 96-well microtiter plate (Costar 3610) at
a density of 10,000 cells per well in 100 μL of test medium and
incubated overnight in a cell culture incubator. The next day, 100 μL
of the medium incubated in the presence and absence of the
hydrogels was transferred to the cells in the microtiter plate as a
treatment and control, respectively. The cells were incubated in the
cell culture incubator for another day. Then, 20 μL of Presto Blue cell
viability reagent (Invitrogen) was added to the wells, and the plates
were incubated for another 3 h to allow the live cells to form a
ﬂuorescent product. The signal was measured with a plate reader
using an excitation ﬁlter at 570 nm and an emission ﬁlter at 590 nm.
The viability signal of the cells in the polymer-conditioned medium
was expressed as a percentage of the control. The experiment was
repeated three times.

enzyme solution contained 5 mM CaCl2 to prevent autolysis. During
analysis, the enzyme solution was changed daily to maintain enzyme
activity. At speciﬁc time points, samples were removed and immersed
in 10 mL of pH 7.5 buﬀer at 4 °C to remove the enzyme solution. To
ensure complete removal, 10 mL of buﬀer was replaced three times at
4 °C within 24 h. Then, the buﬀer solution of the partially degraded
P(Glu), P(Glu-co-Phe), and P(Glu-co-Lys) hydrogel samples was
exchanged with pH 4.0, 4.0, and 5.5 buﬀers, respectively. After the
hydrogels reached uptake equilibrium, they were immersed in distilled
water, which was replaced three times to remove the buﬀer salts.
Then, the samples were freeze-dried and weighed. The weight
percentage of the degraded hydrogels was calculated according to eq
5, where Wi is the initial weight of the dried hydrogel piece and Wf is
the ﬁnal weight of the dried hydrogel piece after enzymatic
degradation. Each assay was performed in triplicate. For P(Glu-coLys) samples, enzymatic degradation was also assayed in 0.25 U/mL
protease solutions using the same procedure. In addition, control
experiments were performed using an identical procedure by
incubating hydrogels with pH 7.5 buﬀer and 5 mM CaCl2, without
enzyme.
Weight fraction (%) =

Wf
× 100
Wi

■

RESULTS AND DISCUSSION

Due to the sensitivity of the ROP of NCA to the presence of
water, we chose an organogel-to-hydrogel route to prepare
polypeptide−polyHIPE hydrogels (Figure 1). In our recent
study, we developed a method for preparation of polypeptide−
polyHIPE organogels via ROP of NCA monomers in oil-in-oil
emulsions.44 Using this approach, we have here prepared
redox-responsive PBLG as well as P(BLG-co-Phe) and P(BLGco-ZLL) copolypeptide polyHIPEs using equimolar amounts of
L-phenylalanine(Phe)- or L-lysine(Lys)-based monomers to
study the eﬀect of incorporating hydrophobic or amine groups
into the hydrogel structure on their stimuli-responsive
behavior. A di-NCA derivative of L-cystine containing a
disulﬁde bond in the structure was used as a cross-linker.

(5)

Toxicity Assay. Hydrogel samples (20 mg) were soaked overnight
in absolute ethanol to sterilize them. The next day, the ethanol was
replaced with sterile Milli-Q water. One day before the cell toxicity
experiment, the hydrogel samples were washed for 15 min in colorless
test medium [DMEM D5921 supplemented with 10% v/v FBS, 1% v/
v Na-Pyruvate S8636 (both from Sigma-Aldrich), and with 1% v/v
Glutamax 35 050 061 (from Gibco)]. The hydrogel samples were
then transferred to separate wells of a 12-well cell culture plate in 1
mL of test medium and incubated overnight in a cell culture incubator
under normal conditions (5% CO2, 37 °C, and near 100% humidity).
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Figure 2. SEM cross-section images of polyHIPEs, which were freeze-dried from dioxane before and after removal of protecting groups. (a) PBLG,
(b) P(Glu), (c) P(BLG-co-Phe), (d) P(Glu-co-Phe), (e) P(BLG-co-ZLL), and (f) P(Glu-co-Lys).

D2O, taking advantage of the redox sensitivity of the networks.
This allowed us to analyze the resulting water-soluble
polypeptide chains by 1H NMR. It was found that deprotection
of the organogels with HBr for 2 h was suﬃcient to completely
remove the benzyl protecting groups, as indicated by tracking
the disappearance of the benzyl proton signals with
deprotection time. The successful deprotection of the
polypeptide networks was also conﬁrmed by FTIR spectroscopy by the disappearance of the carbonyl band of the benzyl
protecting groups at ∼1725 cm−1 (Figures S5−S7). In
addition, from the 1H NMR spectra of the reduced samples,
the chemical composition of the hydrogels was determined by
integrating the characteristic amino acid signals (Figures S8−
S10). Glu/Phe and Glu/Lys ratios of 1.06 and 1.08,
respectively, were determined, which are in good agreement
with the targeted chemical compositions of the corresponding
polypeptide networks.
Cross-sectional images of the freeze-dried organogels show a
highly interconnected porous structure for all samples,
consisting of voids and interconnected windows, which are
typical of the polyHIPE morphology (Figure 2). The average
pore size, porosity, and yields of the polyHIPEs are listed in
Table 1, and the pore size distribution can be seen in Figure
S11. Importantly, the shape of the samples and the typical
polyHIPE morphology, as shown by SEM in Figure 2, are fully
preserved after removal of the protecting groups of the
polypeptide networks. The resulting deprotected hydrogels
were then soaked in aqueous buﬀer solutions to obtain
hydrogels with diﬀerent degrees of buﬀer uptake, depending on

The formulations used to prepare the corresponding
polyHIPEs are shown in Table S1.
ROP of NCA was carried out by an activated monomer
mechanism using an appropriate amount of DIPEA as the
catalyst to ensure rapid gelation of the external phase while
avoiding foaming of HIPE. For PBLG and P(BLG-co-Phe)
polyHIPEs, 0.5 mol % catalyst was used, while for P(BLG-coZLL), 1.0 mol % was used due to the slower polymerization
rate of ZLL NCA. For all samples, 80 vol % HIPE internal
phase (petroleum benzine) and 5 mol % cross-linker were
used. The obtained polyHIPE organogels were puriﬁed by
Soxhlet extraction with dioxane to remove the solvents,
surfactant, and any soluble polymer chains that were not part
of the polyHIPE network.
The organogels were converted to hydrogels by removing
the benzyl protecting groups from PBLG and PZLL with dry
HBr in acetic acid.49 To optimize the time required for
complete removal of the benzyl protecting groups while
avoiding signiﬁcant degradation of the peptide bonds and thus
disintegration of the network,50 a series of polyHIPEs were
simultaneously immersed in HBr solution in TFA. After every
30 min, one of the specimens was removed and immersed in
THF to remove most of the deprotection agents from the
polyHIPE. This step was crucial because when we attempted
to remove the deprotection agents directly with aqueous
solutions, extensive hydrolysis of the peptide bonds in the
polyHIPE network was observed. After we removed the excess
HBr from the gels, the S−S bonds of the cross-linker in the
structure of the gels were cleaved by reduction with DTT in
8325
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strain of 50% within 10 min, which is suﬃcient to observe the
elastic and plastic deformations of the specimens. The loading
was followed by an unloading phase at the same rate, during
which the ability of the hydrogels to return to their initial
height was studied. All hydrogels exhibited a typical foam
compression behavior with an initial linear elastic region
followed by a stress plateau region and ﬁnally a densiﬁcation
region associated with a more rapid increase in stress at higher
strains (Figures 4 and S12).53

Table 1. Properties of the polyHIPEs
yield (%)
average void size (μm)
density (g/cm3)
porosity (%)
catalyst amount
(mol %)

PBLG

P(BLG-co-Phe)

P(BLG-co-ZLL)

85.5
59 ± 31
0.12 ± 0.01
90.6 ± 1.1
0.5

88.3
61 ± 32
0.13 ± 0.01
89.8 ± 0.8
0.5

74.8
56 ± 30
0.13 ± 0.01
89.5 ± 0.9
1.0

Article

their chemical composition and the pH/ionic strength of the
solutions.
To investigate the eﬀect of pH on buﬀer uptake, the
hydrogels were soaked in buﬀer solutions with diﬀerent pH
values, while the ionic strength was adjusted to 0.15 M by
adding NaCl. In the case of P(Glu), it was observed that the
buﬀer uptake of the hydrogel increased with pH, which is
attributed to the increasing degree of ionization of the carboxyl
groups and the associated electrostatic repulsions between the
negatively charged carboxylate groups (Figure 3a).35 A
signiﬁcant increase in uptake was observed between pH 4
and 5.5, after which it began to level oﬀ. This is expected
because the carboxyl groups of P(Glu) have a pKa of 4.36,51 so
by pH 5.5, most of them are already in their deprotonated
state. The P(Glu)-hydrogel shows a reversible swelling
behavior with fully preserved shape upon pH change. The
uptake of the P(Glu-co-Phe) hydrogel also increases with
increasing pH of the medium. However, due to the
incorporation of Phe amino acids into the network structure,
the hydrophobic interactions in aqueous solution lead to lower
uptake values of P(Glu-co-Phe) compared to P(Glu) hydrogel.
Moreover, the transition pH shifts to a slightly higher value
due to the stronger electrostatic repulsion required to swell the
P(Glu-co-Phe) network (Figure 3b).52 In contrast, copolymerization of Glu with Lys results in a hydrogel that exhibits
low buﬀer uptake when the pH is between the pKa values of
the pendant carboxyl groups of P(Glu) (4.36) and the amino
groups of P(Lys) (9.29),51 which is due to the attractive
Coulomb interactions of the oppositely charged pendant
groups. Higher uptakes of P(Glu-co-Lys) were observed only in
buﬀer solutions with very low or very high pH values, where
the gel network began to accumulate either net positive or net
negative charge (Figure 3c).
The diﬀerences between the polyHIPE hydrogels of
diﬀerent chemical compositions were further studied with
mechanical compression tests at pH values of 7.5 and 5.5.
During loading, the hydrogels were gradually compressed to a

Figure 4. Photographs of polyHIPE hydrogel P(Glu-co-Phe) (a)
before compression, (b) compressed to 50% of initial height, and (c)
after compression and (d) stress−strain curves of compressive loading
and unloading of polyHIPE hydrogels at 37 °C and pH 7.5. Arrows
indicate the direction of the process.

To evaluate the stiﬀness of the hydrogels, Young’s moduli
were determined from the stress−strain curves (Table 2). The
values of the moduli correlate with the solid content of the
hydrogels, which is a direct consequence of the uptake and
degree of swelling of the material, as previously documented in
the literature.54 The P(Glu) hydrogel has the highest water
content and is therefore the softest with a low modulus of 0.78
kPa. However, the covalent cross-links maintain its mechanical
integrity, and the hydrogel withstands compression without
breaking. Compared to P(Glu), the P(Glu-co-Phe) uptakes
buﬀer to a lesser extent, its ability to resist deformation is
improved, and ﬁnally a higher value of modulus (3.50 kPa) was
observed. In the P(Glu-co-Lys) hydrogel, the attractive
electrostatic Coulomb interactions between the negatively
and positively charged groups act as additional physical cross-

Figure 3. Buﬀer uptake of (a) P(Glu), (b) P(Glu-co-Phe), and (c) P(Glu-co-Lys) hydrogels as a function of medium pH. For each sample, average
values of three specimens with standard errors are shown.
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remains soft, whereas the P(Glu-co-Phe) becomes much stiﬀer
at pH 5.5, as shown by a ∼35-fold increase in modulus (Table
2). P(Glu-co-Phe) at pH 5.5 recovers only part of its original
height after compression, even after a longer recovery time (15
min), indicating permanent deformation.61
To analyze the enzymatic degradation of hydrogels, we used
protease type XIV, which is a mixture of diﬀerent
endopeptidases, exopeptidases, and caseinolytic enzymes
produced by S. griseus.62 Because of its similarity to mammalian
proteases,63,64 it has often been used as a model enzyme
mixture to study the complete enzymatic degradation behavior
of polypeptide-based hydrogel systems in vitro.65,66 The
degradation proﬁle of hydrogels in protease solutions at pH
7.5 and 37 °C is shown in Figure 5. In 0.01 U/mL protease

Table 2. Mechanical Properties [Compressive Modulus (E),
Height Recovery (R) and Hysteresis Energy] of HydrogelpolyHIPEs at Diﬀerent pH Values Determined from
Compressive Loading−Unloading Tests at 37 °C
polyHIPE
P(Glu)
P(Glu-co-Phe)
P(Glu-co-Lys)

pH
7.5
5.5
7.5
5.5
7.5
5.5

E (kPa)
0.78
0.74
3.50
122
8.72
9.1

±
±
±
±
±
±

0.18
0.05
0.56
19
0.43
2.1

R (%)
97.3
97.7
97.5
65.8
83.8
88.1

±
±
±
±
±
±

0.1
0.6
0.6
6.5
1.4
5.1

hysteresis energy
(kJ/m3)
1.7
1.8
4.9
750
26.8
21.9

±
±
±
±
±
±

Article

0.4
0.4
0.4
310
7.9
7.4

links, resulting in the least swollen hydrogel with the highest
modulus of 8.72 kPa.
During compression, water is squeezed out of the hydrogels.
When the hydrogels are gradually released by continuously
decreasing the applied force until only the initial preload force
is reached, the squeezed-out water is reabsorbed and the
hydrogels recover their original shape (Figures 4 and S13).
The recovered shapes were achieved within 3 min after
unloading. Both P(Glu) and P(Glu-co-Phe) show an excellent
height recovery of more than 97.0% and a small hysteresis area
between the loading and unloading curves, corresponding to
the dissipated energy.55 The compression could be repeated
several times without showing any damage to the samples.
P(Glu-co-Lys), on the other hand, recovered only to 83.8% of
its original height and shows a pronounced hysteresis probably
due to a reversible disassembly and reassembly of the physical
cross-links.56,57 This eﬀect is more pronounced at slower
loading and unloading rates as this gave the physical network
more time to rearrange. On the other hand, P(Glu-co-Lys)
shows a similar unloading behavior as P(Glu) and P(Glu-coPhe) when a higher compression rate is used. Namely, after
slow (20 min) loading and unloading, the height recovery is
72.5%, while after fast (5 min) loading and unloading, the
recovery reaches 94.9%, compared to 83.8% when each step
takes 10 min. Changing the compression rate has no signiﬁcant
eﬀect on the unloading behavior of P(Glu) and P(Glu-co-Phe).
Moreover, the height recovery of P(Glu-co-Lys) improves to
90.1% and the hysteresis area decreases when the hydrogel is
soaked in buﬀer with higher ionic strength (0.45 M) and
compressed, whereby higher buﬀer uptake was observed
(Figure S14). The additional ions may help to partially shield
the attractive forces between the positively and negatively
charged side groups, leading to the disruption of the physical
cross-links and ﬁnally to a higher degree of network swelling,58
which is known as the anti-polyelectrolyte eﬀect.59 A similar
anti-polyelectrolyte behavior was observed in polyHIPEs
prepared from a zwitterionic acrylate-based monomer.60 On
the other hand, P(Glu) and P(Glu-co-Phe) show the typical
polyelectrolyte eﬀect. Namely, as the salt concentration
increases, the repulsive forces between the negatively charged
ions decrease due to the shielding of the ionic groups, which
typically leads to lower degrees of swelling and buﬀer uptake
(Figure S14).59
Lowering the pH from 7.5 to 5.5 only slightly aﬀects the
buﬀer uptake of the P(Glu) and P(Glu-co-Lys) hydrogels, so
their mechanical properties do not change signiﬁcantly (Table
2 and Figure S15). Compared to pH 7.5, P(Glu-co-Phe)
uptakes signiﬁcantly less buﬀer at pH 5.5, where the uptake is
comparable to that of P(Glu-co-Lys). However, P(Glu-co-Lys)

Figure 5. Enzymatic degradation proﬁles of P(Glu), P(Glu-co-Phe),
and P(Glu-co-Lys) hydrogels in 0.01 U/mL protease type XIV
solutions at pH 7.5 and 37 °C. P(Glu-co-Lys) hydrogels were also
degraded in 0.25 U/mL protease type XIV solution under the same
conditions. For each sample, average values of three specimens with
standard errors are shown.

solutions, P(Glu) and P(Glu-co-Phe) hydrogels were completely degraded within 3 and 4 days, respectively. After
complete degradation, clear solutions without any residue were
obtained. However, the degradation of P(Glu-co-Lys) hydrogel
was slower in 0.01 U/mL protease solution, and degradation of
about 30% was observed after 6 days. At pH 7.5, the P(Glu)
and P(Glu-co-Phe) hydrogels are in a highly swollen state,
allowing the protease molecules to easily reach the peptide
bonds and the soluble degradation products to diﬀuse out of
the network, leading to a gradual decrease in the weight of the
hydrogels and ﬁnally to the complete disintegration of the
network. The P(Glu-co-Phe) hydrogel degrades slightly slower
than the P(Glu) hydrogel most likely due to the presence of
hydrophobic Phe residues, which reduce the solubility of the
degradation products after random cleavage and require a
higher degree of degradation to fully dissolve. Much slower
degradation was observed for the P(Glu-co-Lys) hydrogel,
which can be attributed to the presence of physical cross-links
in addition to the covalent cross-links. Due to this additional
cross-linking, degradation must reach a higher degree to result
in degradation products that are soluble in the buﬀer at pH 7.5.
When the P(Glu-co-Lys) hydrogel was exposed to a higher
protease concentration (0.25 U/mL), the degradation rate was
signiﬁcantly increased and the hydrogel was completely
dissolved within 4 days. After degradation, clear solutions
without residues were obtained. In control buﬀer solutions
with a pH of 7.5 and containing 5 mM CaCl2 in the absence of
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the enzyme mixture, no degradation of the samples was
observed after 2 weeks.
Because these macroporous stimuli-responsive hydrogels are
potential candidates for various biomedical applications, the
biocompatibility of the hydrogels was evaluated by cytotoxicity
analysis. After deprotection of the hydrogels, the obtained
samples were puriﬁed by multiple solvent exchanges. The
absence of by-products was already conﬁrmed by 1H NMR of
the reductively degraded hydrogels. The absence of toxic
residues in the material was also conﬁrmed by cell viability
experiments, where the hydrogel samples were soaked in a
medium for 24 h. This medium was then transferred to the
L929 mouse ﬁbrosarcoma cell culture. The hydrogels were
found to be non-cytotoxic as no reduction in cell viability was
observed as shown by the comparable viability signals of the
treated cultures and the control in Figure 6.
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CONCLUSIONS

Notes

Polypeptide−polyHIPE hydrogels were prepared via an
organogel-to-hydrogel route. PBLG, P(BLG-co-Phe), and
P(BLG-co-ZLL) polyHIPEs were synthesized in oil-in-oil
emulsions with 5 mol % L-cystine as the cross-linker. After
deprotection under acidic conditions, P(Glu), P(Glu-co-Phe),
and P(Glu-co-Lys) hydrogels were obtained, which show fully
preserved shape and polyHIPE morphology. The hydrogels
can be degraded by reduction of disulﬁde bonds or
enzymatically. Because the hydrogels contain ionizable
pendant groups, they exhibit buﬀer uptake and a compression
behavior depending on the pH and ionic strength of the
medium and can be modulated by tuning the chemical
composition of the polypeptides. The buﬀer uptake of both
P(Glu) and P(Glu-co-Phe) hydrogels increases with increasing
medium pH. Compared to P(Glu) hydrogel, the transition of
P(Glu-co-Phe) shifts to higher pH due to the hydrophobic
interactions present in P(Glu-co-Phe). At pH 7.5, both
hydrogels can be compressed to half their original height and
they return to their initial state after unloading, whereas P(Gluco-Phe) becomes much stiﬀer at pH 5.5. In contrast, the
P(Glu-co-Lys) hydrogel has a high uptake only in buﬀers with
pH values below 4 and above 9. At intermediate pH values, the
low buﬀer uptake and impaired ability to return to the original
height are attributed to the attractive ionic interactions
between the oppositely charged side groups in the P(Glu-coLys), which cause additional physical cross-linking.
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