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Unique morphology of scaffolds prepared by high internal phase emulsion (HIPE) templating is extremely
attractive for tissue engineering purposes. However, the synthetic approaches in HIPE are mainly limited
to the preparation of either nondegradable polymers or polyesters lacking the pendant functionality. In
order to prepare functional scaffolds capable of providing a suitable micro-environment for cell growth,
we have developed a method for the preparation of emulsion-templated polypeptide scaffolds, where
ring-opening polymerization (ROP) of N-carboxyanhydrides (NCA) of amino acids is performed directly in
the oil-in-oil HIPE. Such previously unreported combination of HIPE templating and ROP of NCA requires
controlled experimental conditions to ensure gelation of the system before the emulsion phase separates.
At the same time, foaming of the scaffold due to CO, evolution during polymerization has been success-
fully prevented. The disclosed method was applied for the preparation of y-benzyl-L-glutamate (BLG)
and/or N°f-carbobenzyloxy-L-lysine-based polyHIPE scaffolds crosslinked with L-cystine. Cell culture
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studies reveal good viability, migration, and proliferation of cells on PBLG polyHIPE. The disclosed method
thus represents an attractive approach for the preparation of polyHIPE scaffolds composed entirely of
synthetic polypeptides, indicating the applicability of the synthetic method to various NCA monomers for
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Introduction

The ultimate goal of scaffolding for tissue engineering is to
create functional and implantable scaffolds capable of provid-
ing suitable micro-environments for optimal cell growth,
differentiation and function." In this respect, the scaffolds
should possess an interconnected macroporous structure for
cell penetration and transfer of metabolites and nutrients.>
Average pore size, pore-size distribution, porosity, pore inter-
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tuning the chemical composition of the scaffolds.

connectivity, and permeability throughout the scaffold are
therefore among the structural features that need to be
adjusted to meet the tissue-specific demands.® Such specific
morphological features can be conveniently tuned by high
internal phase emulsion (HIPE) templating."® The scaffold
material itself should also be biocompatible and bio-
degradable, and it should possess suitable functionality to
promote cell adhesion. Until recently, HIPE-templating has
been mainly limited to various polymers prepared by free-
radical polymerization within the water-in-oil emulsions,
resulting in the nondegradable scaffolds. Because polymerized
HIPE (polyHIPE) morphology is extremely attractive for tissue
engineering purposes,” other approaches in HIPE have also
been developed with a key goal to prepare the biodegradable
and biocompatible scaffolds distinguished by the intercon-
nected porous morphology, e.g. crosslinking of natural poly-
mers such as gelatin in HIPE.*'® Although natural polymers
allow for good cell adhesion, their poorly defined structure,
inter-batch variability, and risks of carrying the pathogens
hamper their use in tissue engineering applications.'
Development of synthetic biodegradable and biocompatible
polyHIPE scaffolds is currently spearheaded by the synthesis
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of polyester-based polyHIPEs in water-in-oil HIPEs, usually
applying a thiol-ene click chemistry on the appropriately end-
functionalized (macro)monomers bearing ester group in the
structure already. Such polyHIPEs were found to be capable of
supporting the growth of different cell types.'>'® Nevertheless,
the main limitations of polyester-based polyHIPEs are their
inherently high hydrophobicity and lack of pendant function-
ality, which can be alleviated by attaching the peptides and
proteins on their surface.'””'® Synthetic polypeptides prepared
by ring-opening polymerization (ROP) of N-carboxyanhydrides
(NCAs) have been identified as one of the most promising can-
didates for the scaffold design, since they are distinguished by
biodegradability, = biocompatibility and cell adhesive
properties.’*! Moreover, their composition and thus the
chemical and mechanical properties can be modulated by the
monomer selection.’”?** So far, macroporous polypeptide-
based materials have been produced by cryogelation,**?* or
porogen leaching®®*® which, unlike the HIPE templating, offer
only a limited control over the pore structure and connectivity.
Until now, ROP of NCA in combination with HIPE templating
has been utilized only to tailor the surface properties of non-
degradable amine-functionalized polystyrene-based polyHIPE
monoliths. In this particular work, primary amine functional
groups served as the initiating sites for ROP of y-benzyl-L-gluta-
mate (BLG) and N°-carbobenzyloxy-1-lysine (ZLL) NCAs to form
the polypeptide brushes on the polyHIPE surface. Subsequent
deprotection of the grafted chains resulted in highly-dense
and pH responsive functional coating on the polystyrene-based
polyHIPE.>”

In this study, we disclose a previously unreported method
for the preparation of emulsion-templated scaffolds composed
entirely of synthetic polypeptides. Such scaffolds merge the
morphological features of polyHIPEs with advantageous
chemical and physical properties of synthetic polypeptides.
For this purpose, ROP of BLG NCA or ZLL NCA, as well as their
combination, was performed in the oil-in-oil HIPEs. For suc-
cessful preparation of emulsion-templated synthetic polypep-
tide scaffolds, polymerization rate plays a very important role
since the gelation of the system has to be ensured before the
emulsion becomes phase separated. However, too fast
polymerization rate of NCA leads to foaming of the scaffold
due to the insufficient release of formed CO, from the HIPE.
Therefore, carefully controlled experimental conditions, dis-
closed in this study, are necessary to prepare well-defined syn-
thetic polypeptide polyHIPEs. The synthesized polyHIPEs were
evaluated by cell culture studies, the results of which are very
promising for further investigations of emulsion-templated
synthetic polypeptide scaffolds for tissue engineering
purposes.

Experimental

Chemicals

BLG and ZLL were obtained from Iris Biotech GmbH. Di-N-
tert-butyloxycarbonyl-i-cystine, triphosgene, N,N-diisopropyl-

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

ethylamine (DIPEA), Pluronic F-127, sodium hydride, iodo-
methane, sodium thiosulfate were purchased from Sigma
Aldrich, and were used without further purification. Petroleum
benzine (boiling range 100-140 °C), anhydrous N,N-dimethyl-
formamide (DMF), 1,4-dioxane, anhydrous tetrahydrofuran
(THF), anhydrous ethyl acetate, n-hexane, isopropanol,
ethanol, chloroform, and glacial acetic acid were purchased
from Merck, and were 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 hours to obtain clear
solution. The mixture was concentrated by vacuo, the product
was precipitated from n-hexane and placed in the freezer over-
night. The filtered product was purified by recrystallization
from the THF/n-hexane three more times. BLG NCA in the
form of a white powder was obtained (9.57 g, 86% yield). 'H
and >C NMR spectra with signal assignation are presented in
Fig. S1.f C;3H;3NOs: caled C 59.3, H 5.0, N 5.3; found C 59.5,
H5.2,N5.4.

Di-N-tert-butyloxycarbonyl-i-cystine (1 g, 2.3 mmol) was
suspended in anhydrous ethyl acetate (15 mL). Then, triphos-
gene (0.91 g, 3.1 mmol) was added to the suspension 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 hours. Afterwards, the mixture was filtered through the
syringe filter (0.45 pm, PTFE, Aldrich) into the centrifuge tube
(50 mL) containing 40 mL of n-hexane. After centrifugation at
8000 rpm for 7 minutes, the supernatant was decanted. The
product was dried in a desiccator and purified further by rep-
etition of the precipitation two more times. 1-Cystine NCA in
the form of a white powder was obtained (0.58 g, 83% yield).
'H and *C NMR with signal assignation are presented in
Fig. $2.1 Cy5H;gN,05: caled C 58.8, H 5.9, N 9.2; found C 58.9,
H5.7,N9.4.

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 an-
hydrous ethyl acetate (10 mL) was then added to the suspen-
sion dropwise under argon. The mixture was stirred at 78 °C
under argon for 4 hours to obtain clear solution. The mixture
was concentrated by vacuo, the product was precipitated from
n-hexane and placed in the freezer overnight. The filtered
product was purified by recrystallization from the THF/
n-hexane three more times. ZLL NCA in the form of a white
powder was obtained (7.65 g, 70% yield). "H NMR and **C
NMR spectra with signal assignation are presented in Fig. S3.f
CgHgN,04S,: caled C 32.9, H 2.8, N 9.6, S 21.9; found C 32.9, H
2.7,N 9.6, S 21.4.

End-group methylation of pluronic F-127

Pluronic F-127 was methylated as reported previously.”® To
summarize, Pluronic F-127 (10 g, 0.8 mmol) and sodium
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hydride (0.63 g of 60% oil dispersion, 15.9 mmol) were sus-
pended in 30 mL of THF. After cooling in an ice bath,
0.74 mL (15.9 mmol) of iodomethane was added. The
mixture was left to warm up and stirred at room temperature
for 48 hours. Afterwards, the mixture was cooled in an ice
bath and quenched sequentially by dropwise addition of iso-
propanol (30 mL) and ethanol (2 mL). Then the mixture was
neutralized by the addition of glacial acetic acid, whereupon
the color changed from the transparent to orange. The
solvent was evaporated and the residue was dissolved in
chloroform. Subsequently, extraction with aqueous sodium
thiosulfate solution (5 wt%) was performed repeatedly until
discoloration to ensure the complete reduction and removal
of iodine. The organic phase was then washed with water
and dried over anhydrous magnesium sulfate. The organic
phase was concentrated in vacuo and the product (F127-
OMe) was isolated by precipitation from n-hexane to afford a
white powder after drying (8.9 g, 89% yield). '"H NMR spec-
trum with signal assignation of the product is shown in
Fig. S4.F

General procedure for HIPE-templating of NCAs

Monoliths were prepared by HIPE-templating. The experi-
mental conditions for the oil-in-oil emulsions are listed in
Table S1.f The external phase was prepared by dissolving
sequentially the surfactant (F127-OMe), the monomer (BLG
NCA, ZLL NCA or their mixture), and the crosslinker (r-cystine
NCA) 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 the
argon gas was introduced. Under 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
the completion of the addition, the stirring was continued for
another 10 minutes and then the catalyst solution (0.5 M
DIPEA in DMF) was added in one portion. To ensure even dis-
persion of the catalyst, the stirring was maintained for further
30 seconds. The emulsion was thereafter aliquoted via an auto-
matic pipette into the 2 mL polypropylene Eppendorf tubes
and sealed with septum caps. A needle was then inserted into
each cap to enable the release of the CO, generated in situ
during ROP. Emulsions were allowed to polymerize at room
temperature for 24 hours. The resulting gels were purified by
Soxhlet extraction with dioxane for 48 hours and then they
were freeze-dried. Gel content of polyHIPE was determined
gravimetrically according to eqn (1), where mpqpr presents
the total mass of purified and dried polyHIPE, myca presents
the total mass of all NCAs used for HIPE, and mco, is the cal-
culated mass of released CO, assuming 100% monomer
conversion.

MpolyHIPE

% gel content = x 100 (1)

nnca — Mco,

Total porosity was measured gravimetrically according to
eqn (2),>° where the polyHIPE density (dpoirps) wWas deter-
mined from the weight and volume of the dry polyHIPE. For
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polymer densities (dpolymer), the literature values of the PBLG
(1.28 g cm™®) and PZLL (1.21 g cm™?) were used.*°

d
% porosity = (1 - W) x 100 (2)
polymer

Characterization

"H NMR spectra were recorded at 25 °C in DMSO-dg or CDCl;
on a Varian Unity Inova 300 MHz spectrometer (Varian, USA),
operating in the pulse Fourier transform mode. Chemical
shifts are expressed as §, ppm relative to tetramethylsilane
(TMS, 6 = 0). The morphology of the monoliths was investi-
gated by scanning electron microscopy (SEM) on a HR-SEM
Zeiss Ultra plus instrument (Carl Zeiss, Germany). The
samples were fractured with a razor after a liquid nitrogen dip.
For charge dissipation during SEM analysis, the as-obtained
cross-sections were coated with a 10 nm of gold layer using a
Gatan PECS 682 (Gatan, USA). The pore size analyses were per-
formed by using the Image J software, using a correction factor
of 2/(3%%) to compensate for the statistical error.”’ Infrared
spectra were recorded by Bruker Vertex 80 spectrometer and
collected in the attenuated total reflectance (ATR) absorbance
mode with the nominal resolution of 2 em™" at temperature of
25 °C. Typically, 128 interferograms were averaged and apo-
dized with the Gapp-Henzel function. MCT detector was used
throughout. ATR spectra were collected by applying a tempera-
ture-controlled Specac Golden Gate ATR cell equipped with the
diamond-bearing crystal. ATR spectra were analyzed as
recorded. Raman spectra were recorded on a Bruker RAM II
FT-Raman module coupled to the Vertex 80 infrared spectro-
meter using a NIR laser operating at 1064 nm as an excitation
source. The Raman spectra were collected at room temperature
with a nominal resolution of 4 cm™*. Raman scattered light
was detected by the Ge-diode detector cooled by liquid nitro-
gen. Typically, laser power during the sample examination was
200 mW. 64 interferograms were averaged and apodized with
the Blackman-Harris-4-term function. Mechanical tests were
performed on a DMA Q800 (TA Instruments, USA) dynamic
thermal analyzer using the compression discs with 15 mm in
diameter. Uniaxial compressive stress—strain measurements
were conducted at the temperature of 37 °C on the dry cylindri-
cal specimens (~8.0 mm diameter and ~7.0 mm height) with a
force rate of 1 N min™" up to 18 N. For the “wet state” measure-
ment, a solvent exchange from ethanol gradually to phos-
phate-buffered saline (PBS) was performed. PBS-swollen
samples were compressed at 37 °C with a force rate of 1 N
min~" up to 6 N. The compressive Young’s moduli (E) of the
samples were determined from the slope of the initial linear
region of the stress-strain curve. The average of three samples
and their standard error are presented.

Toxicity assay

PBLG 80-3 polyHIPE discs were prepared manually by cutting-
off the polymer blocks of cylindrical shape with 8 mm in dia-
meter from the frozen samples in liquid nitrogen. PolyHIPE

This journal is © The Royal Society of Chemistry 2020
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discs of about 15 mg were put in absolute ethanol overnight to
soak and sterilize. The next day, ethanol was replaced by
sterile Milli-Q water. A day before the cell toxicity experiment,
polyHIPE discs were washed for 15 minutes in colorless test
medium (DMEM D5921, supplemented with 10% v/v FBS and
1% v/v Na-Pyruvate S8636 all from Sigma and with 1% v/v
Glutamax 35050 061 from Gibco). Then, polyHIPE discs were
transferred to separate wells of 12-well cell culture plate in
1 mL of test medium and incubated overnight in cell culture
incubator at normal conditions (5% CO,, 37 °C, close to 100%
air humidity). A day before the experiment, the mice fibrosar-
coma cell line L929 was seeded on a white 96-well microtiter
plate (Costar 3610) at a density of 10000 cells per well in
100 pL of the test medium and incubated overnight in the cell
culture incubator. The next day, 100 pL of the media incubated
in the presence and absence of the polyHIPE sample were
transferred to the cells on a microtiter plate as the treatment
and control, respectively. Cells were incubated in the cell
culture incubator for an additional day. Afterwards, 20 pL of a
Presto blue cell viability reagent (Invitrogen) was added and
incubated for an additional three hours to allow the living
cells to form the fluorescent product. The signal was measured
by a plate reader using the 570 nm excitation filter and 590 nm
emission filter. Viability signal from the cells in a polymer-con-
ditioned medium was expressed as a percentage of the control.
The average of tests of three samples and their standard error
are presented.

Confocal microscopy

Cells of mice fibrosarcoma cell line L929 were seeded on the
sterilized and culture medium-soaked PBLG 80-3 polyHIPE
discs of 8 mm in diameter, sterilized in the same way as for
the toxicity assay. 12 pL of the medium containing 30 000 cells
were seeded on the top of the polyHIPE disc partially dipped
into the medium and cultured for one to seven days. During
this period, polyHIPE discs were imaged by a Leica TCS SP5
inverted laser scanning microscope mounted on a Leica DMI
6000 CS module (Leica Microsystems, Germany) using the dry
objective HCX PL Fluotar L (20x; NA, 0.4) at different digital
zoom. Cell nuclei were labelled by a Hoechst 33342 nuclear
stain at the final 4 uM concentration and nuclei of dead cells
only were labeled with a SYTOX® Green Nucleic Acid stain
(Molecular probes) at a final 1 uM concentration in the culture
medium. Sequential excitation was performed using 405 nm
diode and 476 nm line of the argon laser. The Hoechst fluo-
rescence emission was detected at 440-480 nm and the emis-
sion of SYTOX Green at 520-550 nm.

Cell proliferation assay

Cells of mice fibrosarcoma cell line L929 were seeded on the
sterilized and culture medium-soaked PBLG 80-3 polyHIPE
discs of 8 mm in diameter in the same way as for the confocal
and optical microscopy (~30 000 cells per scaffold). After 2, 4,
and 6 days of culturing, the discs with seeded cells and
unseeded controls were transferred to 900 pL of the fresh
medium in 24 well microplate and after 30 minutes 100 pL of
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Presto blue cell viability reagent was added and incubated for
3 hours in cell culture incubator. Immediately after addition of
the substrate and after 3 hours, 100 pL of medium was col-
lected for the fluorescence measurements as described in the
toxicity section to estimate the amount of living cells.
Fluorescent signal values in the medium before incubation
were subtracted from the values determined in medium after
3 hours of incubation. After incubation with the substrate, the
discs were transferred to fresh medium for continuation of the
culturing. Signals are presented as the relative fluorescent
units to demonstrate the increase in cell number on discs with
time.

Optical microscopy

Cells of mice fibrosarcoma cell line L929 were seeded on the
sterilized and culture medium-soaked PBLG 80-3 polyHIPE
discs of 8 mm in diameter in the same way as for the confocal
microscopy (~30 000 cells per scaffold). The cells were cultured
for 8 days. Then, the polyHIPE discs were put into a fixative
solution (3% glutaraldehyde in 0.1 M phosphate buffer) and
cut into 2-3 mm thick slices. Slices of sterilized polyHIPE
discs without cells were prepared in the same way and served
as a control. Samples were post-fixed with 1% OsO, in 0.1 M
phosphate buffer and embedded in an Agar 100 resin (Agar
Scientific). Semithin slices (0.6 um) were cut on an ultramicro-
tome (Reichert Ultracut S, Leica, Germany) and stained with
the Azure II - Methylene Blue and examined with an AxioCam
HR light microscope (Carl Zeiss, Germany).

Results and discussion
Experimental conditions for ROP of NCA in HIPE

To develop a synthetic approach for the preparation of emul-
sion-templated synthetic polypeptides, the BLG with carboxylic
and ZLL with amine protected pendant functional groups were
selected as suitable candidates. BLG and ZLL amino acids
were converted to their NCA derivatives by reaction with tri-
phosgene. Natural di-amino acid r-cystine was used as a cross-
linker (Fig. 1). The method for preparation of r-cystine NCA
was optimized since direct triphosgenation of the unprotected
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Fig. 1 Schematic representation for the preparation of emulsion-tem-
plated synthetic polypeptide scaffolds by performing ROP of NCA in the
oil-in-oil HIPE.

Polym. Chem., 2020, 1, 4260-4270 | 4263


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0py00387e

Open Access Article. Published on 15 June 2020. Downloaded on 8/12/2025 10:58:44 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

and in organic solvents poorly soluble r-cystine resulted in a
very low yield of the r-cystine NCA (<25%), which was in
addition difficult to purify. Therefore, r-cystine NCA was syn-
thesized in higher yield (83%) and purity from the di-N-tert-
butyloxycarbonyl-t-cystine, which is well-soluble in ethyl
acetate.

Recently, NCA polymerization was performed in water-
based emulsions, where NCA monomers had been dissolved
in chloroform or dichloromethane in order to either prepare
polypeptide nanoparticles®” or to achieve fast and controlled
ROP of even nonpurified NCA monomers.**** In our case,
DMF proved to be the best choice as the polymerization
medium and continuous phase of HIPE since it is able to dis-
solve the NCA monomers in very high concentrations (>2.0 M),
which was found to be of utmost importance for the prepa-
ration of well-defined polyHIPEs. Because DMF is miscible
with water, the polymerization has to be performed in an oil-
in-oil emulsion in the presence of petroleum benzine as an
internal phase. The oil-in-oil HIPEs were stabilized by a poly-
meric surfactant (Pluronic F-127).>®° In order to prevent any
chance of hydroxyl groups of Pluronic F-127 to react with
NCA,**?7 they were first methylated by iodomethane.

ROP of NCA is usually initiated by the primary amines since
they enable good control over the polypeptide molecular
weight characteristics. However, the propagation rate of ROP of
NCA initiated by the primary amines proved to be too slow to
be successfully used in HIPE. Namely, the oil-in-oil HIPEs are
delicate to stabilize as they are more prone to phase separation
compared to the water-in-oil HIPEs. The HIPEs in this work
are stable under stirring, however, after stirring stops, partial
phase separation of emulsion is observed within ~15 min.

polyHIPE

internal phase
monomers

N

_| ROP
-CO; >

HIPE
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Therefore, the gelation of the system to lock-in the polyHIPE
morphology has to be accomplished before the emulsion
undergoes extensive phase separation (Fig. 2a). Fast chain
propagation of ROP of NCA can be achieved by the use of ter-
tiary amine initiators. In such cases, polymerization is gov-
erned by an activated monomer polymerization mechanism,
characterized by the fast propagation and slow initiation,
which results in the polypeptides of high molecular weight but
broad molecular weight distribution.”® Nevertheless, broad
molecular weight distribution does not present a major issue
in our case since the resulting polypeptide chains are co-
valently crosslinked. DIPEA as the tertiary amine catalyst was
therefore used to ensure the gelation of the system within a
time-frame of emulsion stability.

Another major obstacle of NCA polymerization in HIPE is
the formation of CO, since gaseous by-products can cause
foaming of the polyHIPE gel. Foaming has to be prevented in
order to obtain scaffolds with well-defined polyHIPE mor-
phology (Fig. 2b). The issue of foaming has already been
reported by David et al® in the study related to the prepa-
ration of polyurethane polyHIPEs, where they were not able to
avoid the formation of large cavities due to the nucleation and
growth of CO, bubbles. The problem of foaming occurs when
the release rate of CO, exceeds its diffusion rate from the satu-
rated solution, causing the system to become supersaturated.*®
This leads to the nucleation of bubbles and foaming, which
results in the formation of large cavities and deteriorated
control over the porous structure (Fig. 2c). For successful
implementation of ROP of NCA in HIPE, the polymerization
has to be fast enough to induce the gelation of the system
within the time-frame of emulsion stability, but at the same

after
Soxhlet
purification:

Fig. 2 Graphical representation and sample images taken before purification of (a) phase separated polyHIPE obtained when gelation of the system
was too slow (PBLG 80-3 with 0.05% catalyst), (b) polyHIPE with optimal morphology (PBLG 80-3 with 0.5% catalyst), and (c) foamed polyHIPE as a
result of too fast polymerization (PBLG 80-3 with 2.0% catalyst) or excessive stirring of the emulsion after catalyst addition. A difference between the
foamed and non-foamed polypeptide polyHIPEs obtained after Soxhlet purification can be clearly seen from the shape of the sample as well as from

the SEM images.
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time it should be slow enough to prevent foaming. Therefore,
having a control over the polymerization rate is of utmost
importance and can be simply tuned by experimental con-
ditions, mainly by the amount of added tertiary amine catalyst
and concentration of NCA monomers. Since polymerization
takes place at room temperature, the catalyst solution in DMF
was added as the last component to the already formed emul-
sion, which was then further stirred for approximately 30
seconds. Importantly, at prolonged stirring (2-3 minutes) the
foamed polyHIPEs were obtained even if the optimal catalyst
amount had been used. This is most likely associated with the
entrapment of air bubbles into the HIPE during stirring as a
consequence of increasing HIPE viscosity. Air bubbles may act
as the potential nucleation sites for the released CO, during
polymerization. For the same reason, it is important that the
mold is filled in a continuous manner without creating any
gaps to avoid CO, or air entrapment within the emulsion.

Synthesis and characterization of PBLG-based polyHIPEs

For successful emulsion-templating, gelation of the external
phase is required to resist the buoyancy forces in order to
prevent a coalescence of the internal phase droplets that leads
to the phase separation.*’ Physical gelation of the PBLG homo-
polymer in various solvents,***? including DMF,** has already
been reported. The creation of the network structure is
believed to stem from the aggregation of PBLG helices.*>*
Therefore, the gelation of the PBLG-based polyHIPE did not
depend exclusively on the presence of r-cystine NCA cross-
linker, since PBLG polyHIPE gelled without the r-cystine NCA
as confirmed by the vial inversion test (Fig. S51). The physical
crosslinking of growing PBLG chains importantly contributes
to the emulsion stabilization, however, the covalent cross-
linking via r-cystine NCA is essential to obtain well-defined
polyHIPEs, which retain network structure and polyHIPE mor-
phology after the purification step. The composition of HIPE
for the preparation of PBLG-based polyHIPEs is listed in the
Table S1.1 The total monomer concentration (2.0 M in DMF)
and the content of the crosslinking monomer (5 mol% relative
to the total NCA monomers) were kept constant. The samples
are coded as 80-10, 80-3, and 85-3, where the numbers rep-
resent the volume percentage of the internal phase and the
weight percentage of the surfactant relative to the monomer
solution, respectively. 0.5 mol% of DIPEA proved to be the
appropriate amount of catalyst in all three cases. The gels were
left to stand at room temperature for 24 hours to ensure com-
plete polymerization. The consumption of NCA monomers was
followed by "H NMR by taking emulsion aliquots during the
polymerization. The aliquots were soaked in DMSO-ds to
monitor the ~-COCH(R)NH- signal of the NCA monomer at the
chemical shift of 4.44 ppm. The obtained monoliths were puri-
fied by Soxhlet extraction with dioxane for 2 days, followed by
freeze-drying. Complete removal of the surfactant and by-pro-
ducts was confirmed by '"H NMR after soaking the powdered
polyHIPEs in CDCl;.

Experimental and theoretical studies have shown that
several infrared bands are sensitive to changes in polypeptide

This journal is © The Royal Society of Chemistry 2020
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conformation.”” > Among others, the most indicative bands
are in the amide I (1620-1690 cm™') and amide III
(1220-1330 ecm™") regions. Amide I mode represents a pre-
dominant contribution of the backbone C=O stretching
vibration. Its frequency and band-shape depend on the back-
bone conformation, reflecting the type of polypeptide second-
ary structure. Although the amide III region due to the N-H
bending and C-N stretching vibrations is the most sensitive
indicator for the changes in polypeptide conformation, it
may suffer from strong overlapping with the bands originat-
ing from the side chain vibrations, which therefore compli-
cate inference on the polypeptide conformation. For this
reason, the FTIR spectrum of PBLG 80-3 polyHIPE was com-
pared to that of its linear PBLG analogue, which is well-
known to form the helical secondary structure.’> The bands
due to the amide I (1649 cm™') and amide III
(1250-1310 cm™") vibrations in the FTIR spectra of both
samples match in the frequency and band shape (Fig. S6%).
In both cases, the frequency and narrow symmetrical band
shape of the amide I band reveal typical helical conformation
of polypeptide chains.’® These results confirm our expec-
tation that introduction of 5% of r-cystine crosslinker does
not disrupt the helicity of the PBLG chains significantly. The
gel content of PBLG 80-3 was determined to be 85%, thus
indicating successful incorporation of the chemical cross-
links throughout the polypeptide network. The presence of
crosslinker in PBLG structure was further confirmed by the
band at the 503 ecm™" shift in its Raman spectrum, corres-
ponding to the stretching vibration of the disulfide bond of
the r-cystine crosslinker (Fig. S7+).

Cross-section SEM images of the PBLG-based polyHIPEs
reveal highly interconnected porous structure composed of
voids and interconnecting windows typical for the polyHIPE
morphology (Fig. 3). The monoliths exhibit well-defined
polyHIPE morphology throughout the whole samples. By
changing the surfactant amount, the average void size of
the final polyHIPE foams can be adjusted.’’ Lower surfac-
tant amount resulted in larger average void size and
broader void size distribution as determined from SEM
images. The average void size together with the porosity and
density values are collected in Table 1. At the internal
phase volume fraction of 80%, the average void size
increases from 35 to 74 pm by decreasing the surfactant
concentration from 10 to 3%. At the same surfactant
amount of 3%, the increase in the volume of the internal
phase to 85% provides more open polyHIPE morphology
with larger voids (average size of 123 um), however a some-
what lower porosity is observed probably due to a slightly
more pronounced shrinkage. Pore size distribution of the
scaffold most likely plays a very important role in tissue
engineering since it is known that different processes
involved in tissue development such as cell adhesion,
migration, proliferation, and differentiation demand
different optimal pore sizes,”> with large pores being
especially important since they allow improved infiltration
and migration of cells into the scaffold.**
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Fig. 3 Cross-section SEM images of polypeptide polyHIPEs revealing the typical polyHIPE morphology composed of large voids, which are inter-
connected with smaller windows. Samples are coded by X-Y, where X and Y represent the volume percentage of the internal phase and the weight
percentage of the surfactant relative to the monomer solution, respectively.

Table 1 Average void size, porosity, and density values for polypeptide polyHIPEs

Average void Porosity Density Catalyst amount NCA concentration
PolyHIPE size (pum) (%) (gem™) (mol%) ™M)
PBLG 80-10 34.8 £13.9 91.3 £ 0.9 0.11 £ 0.01 0.5 2.0
PBLG 80-3 74.4 £ 52.0 92.0 £ 0.5 0.10 + 0.01 0.5 2.0
PBLG 85-3 123.4 £ 99.0 91.3 £ 0.9 0.11 £ 0.01 0.5 2.0
PZLL 80-5.5 25.6 £10.1 91.4+0.4 0.10 £ 0.01 1.5 2.4
P(BLG-co-ZLL) 80-5 46.3 £ 33.7 90.3 £ 0.6 0.12 £ 0.01 1.0 2.0
Synthesis and characterization of PZLL- and P(BLG-co-ZLL)- Namely, PZLL does not form a gel in the absence of cross-
based polyHIPEs linker even at a full monomer conversion, as confirmed by

On the contrary to PBLG, the gelation of PZLL in HIPE or Vial inversion test (Fig. S57), indicating the lack of substantial
solution can be induced solely via the covalent crosslinking. physical crosslinking via association of polypeptide second-
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ary structures. PZLL helices are reported to be more flexible
than PBLG helices®*®® since PZLL bears longer pendant
group in the structure, which could be a reason for the
absence of physical crosslinking. Under the experimental
conditions used for the synthesis of PBLG-based polyHIPE
(2.0 M total NCA monomers, 5.0 mol% crosslinking
monomer, 3.0 wt% surfactant, and 0.5 mol% catalyst), the
gelation of the ZLL system was not observed within the emul-
sion stability period, despite the use of a crosslinker. It is
known that reactivity of ZLL NCA is slower than that of BLG
NCA during ROP through a normal amine mechanism.>® To
compare the reactivity of both monomers during ROP via the
activated monomer mechanism catalyzed by the tertiary
amine, ROP of BLG NCA and ZLL NCA (2.0 M monomer) was
monitored in DMF in the presence of 0.5 mol% DIPEA cata-
lyst. Since the consumption of ZLL NCA was found to be
~3 times slower than that of BLG NCA, the optimal HIPE
composition has to be appropriately adjusted. In order to
speed up the polymerization, the catalyst amount was
increased from 0.5 to 1.5 mol%, and the total NCA concen-
tration was increased from 2.0 to 2.4 M. To enhance the stabi-
lity of the emulsion, the surfactant concentration was also
increased from 3.0 to 5.5%. In this way, the PZLL polyHIPE of
well-defined interconnected porous morphology was syn-
thesized as indicated by its cross-section SEM images and
structural parameters in Fig. 3 and Table 1. FTIR (Fig. S67t)
and Raman (Fig. S7t1) analyses revealed no significant
changes in helical conformation of crosslinked PZLL
polyHIPE as compared to its linear PZLL counterpart, similar
as it was observed for the PBLG polyHIPEs.

To further confirm the applicability of the reported
method, the copolypeptide polyHIPE was also synthesized
from a mixture of BLG NCA and ZLL NCA monomers in a
mole ratio of 1:1. For this purpose, the synthetic experi-
mental conditions were adjusted (2.0 M total monomer con-
centration, 5.0% surfactant, 5.0 mol% crosslinker, and
1.0 mol% catalyst) in a way to induce system gelation before
emulsion phase separation. Similar as PBLG- and PZLL-based
polyHIPEs, also the SEM images of the P(BLG-co-ZLL)
polyHIPE show typical interconnected porous structure as
evident in Fig. 3. The average void size, density, and porosity
values of P(BLG-co-ZLL) polyHIPE are listed in Table 1. The
presented results thus reveal the applicability of the disclosed
synthetic method to a wide variety of NCA monomers and
their combinations.

Cell culture studies

Since polypeptide polyHIPEs are potential candidates for
tissue engineering applications, the toxicity and cell prolifer-
ation properties were assessed using the PBLG 80-3 as a model
polypeptide polyHIPE. It is worth noting that PBLG polyHIPEs
are hydrophobic and do not swell in the water-based
mediums, instead they keep the original shape and size.
Young’s modulus, measured at 37 °C, decreases from 1.34 +
0.15 MPa in dry state to 0.98 + 0.19 MPa when soaked in PBS

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Viability test of L929 cells treated with medium incubated
overnight with polyHIPE or without it (control). The average of three
tests and their standard error are presented. (b) Relative fluorescence
signal of PBLG 80-3 scaffold discs at 2, 4, and 6 days after seeding with
L929 cells or without cells (control). The average of five tests and their
standard error are presented.

(Fig. S8t). The absence of toxic residues in the material was
confirmed by cell viability experiments, where the PBLG 80-3
samples were soaked in a medium for 24 hours, followed by
the transfer of the medium to the L929 mice fibrosarcoma cell
culture. The results show no reduction in cell viability as indi-
cated by the comparable viability signals of the treated cultures
and control (Fig. 4a).

For evaluation of the cell adherence and proliferation, the
mice fibrosarcoma cell line L929 was seeded on the PBLG
80-3 polyHIPE scaffold. The extent of cell proliferation in the
scaffold was evaluated by the PrestoBlue assay, allowing for
quantification of a relative change of the living cell number
present in the scaffold. Since PrestoBlue is metabolized by
the living cells to produce a fluorescent product,®” the inten-
sity of the fluorescence signal correlates with the number of
the living cells in the scaffold. The cell population in the
scaffold was estimated at 2, 4, and 6 days after seeding.
Compared to day 2, the signal intensity increased by almost 3
(p =1.78 x 107%) and 8 times (p = 2.09 x 107°) after 4 and 6
days, respectively (Fig. 4b). In contrast, the signal of the
control without seeded cells did not change significantly
(p-values 0.61 and 0.53 for days 4 and 6 respectively).
Qualitative evaluation of cell proliferation was done by con-
focal microscopy. The images show the increasing number of
viable L929 cells (blue) with culturing time and only a few
dead cells (green) were observed (Fig. 5a-f and Videos S1-
S37). After seven days, the surface of the deeper voids was
densely populated by the cells as observed through the
windows of the polyHIPE structure. Since the scaffolds are
not transparent there is a limitation on how deep can we
observe cell migration using confocal microscopy, therefore,
we have decided to perform optical microscopy of semithin
(0.6 pm) slices of the scaffold which were cut parallel (Fig. 5g)
and perpendicular (Fig. 5h) to the surface. Light microscopy
images show that the cells spread over the surface of scaffold
as well as penetrated into the scaffold and successfully inhab-
ited the surface of the voids deep into the polyHIPE structure,
confirming cell proliferation throughout the polyHIPE
structure.

Polym. Chem., 2020, 11, 4260-4270 | 4267
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Fig. 5 Confocal microscopy images indicating the increase in L929 cell number on the PBLG 80-3 scaffold at 2 (a and b), 4 (c and d) and 7 (e and f)
days after seeding. Living cell nuclei are blue and dead cell nuclei are green. Images b, d and f are magnified area from a, c and e, respectively.
Optical microscopy images of PBLG 80-3 scaffold slices cut parallel (g) to the surface (~5 pm below the surface) and perpendicular (h) (black arrows

mark the direction of top side) after 8 days of seeding.

Conclusion

Here we report a versatile synthetic strategy for the preparation
of highly interconnected macroporous synthetic polypeptide
scaffolds by performing ROP of NCA in the oil-in-oil HIPE. To
combine NCA chemistry and HIPE-templating it is necessary
to achieve gelation before phase separation of oil-in-oil emul-
sion as well as to overcome the issue of HIPE foaming due to
the CO, evolution during NCA polymerization. In the case of
PBLG polyHIPEs, the gelation is enhanced by the physical
crosslinking through self-association of the growing polypep-
tide chains. However, such non-covalent crosslinking is not
mandatory to obtain well-defined polypeptide polyHIPEs as it
was shown for the PZLL-based polyHIPEs. Important para-
meter that has to be taken into account is the rate of polymer-
ization since too fast ROP of NCA results in deteriorated
control over the porous structure as a consequence of HIPE
foaming. Foaming occurs when the release rate of CO,, formed
as a by-product, exceeds its diffusion rate from the HIPE. Since
the polymerization rate and thus the rate of CO, release
depends on the NCA reactivity and polymerization conditions
used, it can be easily adjusted by the catalyst amount and
monomer concentration with the aim to hit the optimal
window, wherein the scaffolds with the typical polyHIPE mor-
phology throughout the whole structure are obtained.
Moreover, the pore size and pore size distribution of emulsion-
templated synthetic polypeptides can be adjusted by changing
the surfactant amount and/or increasing the internal phase
volume fraction. Cell culture study confirms advantageous
combination of polyHIPE morphology and polypeptide struc-
ture as revealed by excellent viability, migration, and prolifer-
ation of cells on the PBLG scaffold.

4268 | Polym. Chem., 2020, 1, 4260-4270

The method described here thus opens up a way for the
preparation of polyHIPE scaffolds composed entirely of syn-
thetic polypeptides, where the chemical composition can be
tuned by employing a large variety of available amino acids
allowing for direct incorporation of various functionalities into
the polyHIPE scaffold. Since the scaffolds are covalently cross-
linked and therefore insoluble, countless possible post-polymer-
ization modifications/functionalizations can also be performed
to further fine-tune the scaffolds’ properties. Due to these
reasons, the disclosed synthetic method represents an impor-
tant basis for preparation of a new generation of functional
scaffolds distinguished by highly interconnected macroporous
morphology and tailored physical and chemical properties.
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