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The success of skin tissue engineering for deep wound healing relies predominantly on the design of
innovative and effective biomaterials. This study reports the synthesis and characterization of a new type
of naturally-derived and macroporous interpenetrating polymer network (IPN) for skin repair. These bio-
materials consist of a biologically active fibrous fibrin network polymerized within a mechanically robust
and macroporous construct made of polyethylene glycol and biodegradable serum albumin (PEGDM-co-
SAM). First, mesoporous PEGDM-co-SAM hydrogels were synthesized and subjected to cryotreatment to
introduce an interconnected macroporous network. Subsequently, fibrin precursors were incorporated
within the cryotreated PEG-based network and then allowed to spontaneously polymerize and form a
sequential IPN. Rheological measurements indicated that fibrin-based sequential IPN hydrogels exhibited
improved and tunable mechanical properties when compared to fibrin hydrogels alone. In vitro data
showed that human dermal fibroblasts adhere, infiltrate and proliferate within the IPN constructs, and
were able to secrete endogenous extracellular matrix proteins, namely collagen | and fibronectin.
Furthermore, a preclinical study in mice demonstrated that IPNs were stable over 1-month following sub-
cutaneous implantation, induced a minimal host inflammmatory response, and displayed a substantial cellu-
lar infiltration and tissue remodeling within the constructs. Collectively, these data suggest that macropor-
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elastin,®'* hyaluronic acid'? and gelatin'** have been investi-
gated for skin scaffold design as well. Yet, these biomaterials
did not properly mimic the provisional extracellular matrix

Introduction

Over the years, considerable evidence has suggested that

various extracellular matrix (ECM) components play a critical
role in wound healing."” Since collagen is the most abundant
protein in the dermis layer of the skin, collagen-based
scaffolds were among the first artificial ECMs to be developed
for dermal tissue regeneration.®’ However, their clinical appli-
cations have been hindered by several drawbacks such as poor
structural integrity and unsatisfactory esthetic outcomes post-
implantation.>®° Other biopolymers including chitosan,*"°

“Laboratoire de BioMécanique et Biolngénierie (BMBI), UMR CNRS 7388, Sorbonne
Universités, Université de Technologie of Compiégne (UTC), Compiégne, France.
E-mail: s.bencherif@northeastern.edu

bDepartments of Chemical Engineering and Bioengineering, Northeastern University,
Boston, MA, USA

‘Department of Bioengineering, Northeastern University, Boston, MA, USA

“Harvard John A. Paulson School of Engineering and Applied Sciences, Harvard
University, Cambridge, MA, USA

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
dobmo01161d

7106 | Biomater. Sci., 2020, 8, 7106-7116

formed during the healing process, thereby greatly contribut-
ing to irregular scarring after their implantation.®®***

Fibrin, a naturally-occurring biopolymer involved in wound
healing, has been widely used in tissue engineering due to its
bioactivity, biocompatibility, biodegradability and facile pro-
cessability."* Fibrin-based matrices serve as temporary
scaffolds during wound healing in which cells such as fibro-
blasts adhere, migrate, proliferate and gradually synthesized de
novo ECM.™ In addition to its healing properties, fibrin pro-
vides the advantage of having its precursors, fibrinogen, and
thrombin, easily extractable from blood samples of patients
making autologous treatment possible.'*® Current fibrin-
based biomaterials vary from sheets'” to sealants'® and
hydrogels.'®*® Soft, bioactive and tissue-like fibrin-based
hydrogels are appealing due to their high water content,
making them resemble native soft tissues.*” Additionally,
when fibrin hydrogels are synthesized under physiological con-
ditions, they display biological functionalities similar to those
found in the native dermal microenvironment."***

This journal is © The Royal Society of Chemistry 2020
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However, the weak mechanical properties of fibrin hydro-
gels wusually prevent their application in load-bearing
situations.'®**> To overcome this limitation, several strategies
have been implemented to improve their physical properties.
For instance, increasing the concentration of fibrinogen led to
stiffer hydrogels,® but resulted in microstructures that were
too dense for three-dimensional (3D) cell culture.””®
Conjugating fibrinogen with synthetic polymers such as poly-
ethylene glycol (PEGylation) was also tested to enhance the
mechanical stability of fibrin hydrogels. However, fibrin-based
hydrogels made with PEGylated fibrinogen did not perform as
well as those made with unmodified fibrinogen.>®

Alternatively, interpenetrating polymer networks (IPNs)
provide great means to structurally reinforce naturally-derived
hydrogels."**> An IPN is a construct comprising of at least
two polymer networks that are intertwined on the molecular
scale without covalent bonds between them.**** Various syn-
thetic routes have been investigated to fabricate IPNs. IPNs are
either (i) fabricated with a simultaneous pathway by creating
all polymer chains at the same time by independent, non-
interfering routes®®** or (ii) with a sequential pathway, in
which the secondary network is created around the first one,
once fully synthesized.>***

IPNs combining fibrin fibers entangled with other biopoly-
mers exhibit reinforced mechanical strengths when compared
with each polymer network individually.>®*®*” Incorporating
synthetic polymers such as polyethylene glycol (PEO or PEG)*®
and polyvinyl alcohol (PVA)*® could further improve their
physical properties. While these semi-synthetic IPNs exhibited
suitable mechanical and biological characteristics, they did
not provide suitable degradable networks.>®*® Serum albumin
(SA), a naturally-derived and degradable protein, has been
incorporated into synthetic IPNs to enable enzymatic bio-
degradation.®® Yet, these IPNs did not exhibit large and inter-
connected pores which are of critical importance for tissue
engineering applications.>**° Ideally, IPNs should display
interconnected macroporous architectures to ensure neovascu-
larization,”* cellular infiltration and organization,*>** ade-
quate diffusion of nutrients to cells within the construct as
well as de novo tissue synthesis and remodeling.*®*%*>*3

To address these limitations, we recently engineered and
characterized a new type of macroporous sequential IPN hydro-
gels combining the intrinsic biological properties of fibrin
with the remarkable mechanical features of PEG. First, metha-
crylated SA (SAM) was copolymerized with PEG dimethacrylate
(PEGDM) to form enzymatically degradable PEGDM-co-SAM
hydrogels. Next, these hydrogels were subjected to several
freeze-thaw cycles (i.e., cryotreatment) to create interconnected
macroporous networks. Lastly, cryotreated PEGDM-co-SAM
hydrogels (1* intertwined network) were swollen into aqueous
solutions (water or HEPES buffer) containing fibrin precursors
(fibrinogen and thrombin) which were sequentially polymer-
ized to form a 2"¢ intertwined network, giving rise to sequen-
tial IPNs. The physico-chemical properties of IPNs, consisting
of cryotreated PEGDM-co-SAM networks entangled with fibrin
fibers, were thoroughly characterized. Subsequently, their bio-
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logical properties were assessed using human dermal fibro-
blasts (HDFs) from neonatal foreskin. Lastly, preliminary
in vivo studies were performed to assess their biocompatibility,
biointegration, and biostability in mice.

Experimental

Materials

Polyethylene glycol (PEG, 4k) (MM = 4000 g mol "), methacrylic
anhydride (MA), diethyl ether, dichloromethane, triethylamine
(TEA), ammonium persulfate (APS), N,N,N,N'-tetramethyl-
ethylenediamine (TEMED), sodium chloride, calcium chloride,
methacrylic acid N-hydroxysuccinimide ester (NHSM, purity
~98%), albumin from bovine serum (purity 98%), sodium
chloride, propidium iodide, Hoechst 33342, anti-fibronectin
antibodies produced in rabbit, acetone were purchased from
Sigma-Aldrich. Deuterium oxide and NMR tubes were pur-
chased from Eurisotop. CellTiter 96® AQueous one solution cell
proliferation assay (MTS) was obtained from Promega.
Penicillin-streptomycin, t-glutamine 1 mM, trypsin-EDTA
(0.05%), Click-iT EdU Alexa Fluor 488 imaging kit, calcein AM,
goat anti-rabbit IgG secondary antibodies coupled to Alexa
Fluor 633 conjugates and goat anti-mouse IgG secondary anti-
bodies coupled to Alexa fluor 488 conjugates were purchased
from Life Technologies. Dulbecco’s modified eagle medium
(DMEM), serum HyClone and six mm biopsy punches were
obtained from Dutscher. HDFs from neonatal foreskin were
purchased from Cascade Biologics™. Rabbit fluorescein isothio-
cyanate (FITC)-labelled anti-fibrinogen antibodies were obtained
from Dako, North America, Inc. Thrombin from bovine plasma
was purchased from Fisher scientific and bovine fibrinogen was
obtained from Calbiochem. NHS-rthodamine (5/6-carboxy-tetra-
methyl-thodamine succinimidyl ester) mixed isomer was pur-
chased from ThermoFisher. HEPES (4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid, purity 99%) was purchased from Acros
Organics. Boric acid and mouse monoclonal, sterile (50 ml)
0.22 pm disposable vacuum filtration system Steriflip® and
anti-collagen type I antibodies were purchased from Merck
Millipore. Phalloidin fluor 647 reagent was obtained from
Abcam. Paraformaldehyde (PFA) 16% solution was purchased
from Oxford Instruments. Formaldehyde 4% buffered (pink) Q
Path®, saffron alcoholic solution Q Path® and optimal cutting
temperature (OCT) compound were obtained from VWR. For
animal studies, 5-week old nude mice (NMRI-Foxnl/foxnlinu,
male) were purchased from Janvier Labs. Biological implants
CELLIS® composed of acellular porcine collagen dermis were
obtained from Meccellis Biotech. POLIGLECAPRONE 25 sutures
were purchased from Vetsuture®.

Synthesis and characterization of PEGDM

PEGDM was prepared from 4K PEG and MA. PEG (20 g,
0.005 mol), MA (3.86 g, 0.025 mol) and TEA (0.8 mL) were
reacted in dichloromethane (60 mL) for 2 days at room tempera-
ture. The solution was then precipitated into diethyl ether and
the product was subsequently filtered and dried in a vacuum

Biomater. Sci., 2020, 8, 7106-7116 | 7107
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oven for 5 days at RT. '"H nuclear magnetic resonance (NMR)
spectra (270 MHz) were taken on an NMR Avance DSX 400
(Bruker, Germany) to evaluate the degree of functionalization of
PEGDM (Fig. S1t). Deuterated oxide (D,O) was used as a solvent
and the polymer concentrations were 2.0% by mass fraction. All
spectra were run at RT, 20 Hz sample spinning, 30° tip angle for
the observation pulse, and a 10 s recycle delay, for 64 scans.

Synthesis and characterization of SAM

Bovine SA was functionalized with methacrylate residues fol-
lowing a previously published procedure.'®?*® Briefly, 4% w/v
bovine SA was solubilized in 0.25 M boric acid buffer at pH 7.4
and then incubated at 37 °C until complete dissolution. Next,
NHSM was dissolved in acetone and added dropwise to the SA
solution. The reaction took place under stirring overnight at
RT. The resulting SAM was then purified by dialysis against
0.01 M HEPES at pH 7.4. Dialysis baths were replaced 3 times
(after 2, 6 and 24 h). Next, purified SAM was lyophilized and
stored at —80 °C. Before use, SAM was weighed, dissolved in
water (200 mg ml™") and sterile filtered (0.22 pm). A TNBS
assay was performed to evaluate the degree of functionali-
zation of SAM (Fig. S27).

Fabrication of fibrin/PEGDM-co-SAM IPN hydrogels

A schematic of the hydrogel formation is presented in Fig. 1.
Different formulations of PEGDM-co-SAM hydrogels were pre-
pared by mixing PEGDM at various concentrations with SAM
in deionized water. The concentrations of (5% w/v) of PEGDM
and (5% v/v) of SAM were identified as described by
others,”®*® using similar formulations. Additionally, a higher
concentration of PEGDM (15% v/v) was also tested in order to
obtain hydrogels with higher stiffnesses.

APS and TEMED (Sigma-Aldrich) solutions were added to
the pre-gel solutions at the following concentrations: 0.4% and
1.6% v/v for PEGDM;SAM; and 0.1% and 0.4% v/v for
PEGDM,5SAMs;, respectively. Immediately after mixing, the
solutions were quickly vortexed and then transferred into
Teflon molds. The formed hydrogels were then swollen in de-
ionized water, stored at —20 °C for 2 h and freeze-dried. This
cryotreatment process was repeated three times. Next, a total
of two fibrin formulations in water (0.5 and 1% w/v) were
formed by mixing bovine fibrinogen with thrombin (0.2 U
ml™") in deionized water. These fibrin formulations were refer-
enced as Fb(0.5%)y,0 and Fb(1%)y,0, respectively. Fb
(0.5%)yepes networks were also formed by mixing the fibrin
precursors in a HEPES buffer, pH 7.4 (0.01 M HEPES, 0.15 M
NaCl, and 0.02 M CaCl,). Next, freeze-dried PEGDM-co-SAM
constructs were rehydrated with an aqueous solvent containing
the fibrin precursors and allowed to sequentially polymerize
and form macroporous fibrin/PEGDM-co-SAM IPNs.

Evaluation of the microstructure

Environmental scanning electron microscopy (ESEM) (XL
30-ESEM® FEG, Philips, Eindhoven, The Netherlands) was used
to image the microstructural features of PEGDM-co-SAM and
fibrin/PEGDM-co-SAM gel samples (Fig. 2). Pore diameters were
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quantified from the collected ESEM images. Diameters of the
longest axes in each of 5 pores per image for a total of 10 images
per sample were quantified using Image J software. Confocal laser
scanning microscopy (CLSM) (Zeiss LSM 410 invert, Oberkochen,
Germany) was used to image the fibrin and PEG networks.
PEGDM-co-SAM network was labelled with NHS-rhodamine and
fibrin was stained with FITC-labelled anti-fibrinogen antibodies.

Swelling ratio measurements

Hydrogels were swollen up to 5 h in phosphate buffered saline
(PBS) at 37 °C to reach equilibrium and their weights recorded.
The hydrogels were then washed several times in deionized
water. The gel samples were subsequently dried, and their
weights recorded. The mass swelling ratio (Qy) was calculated
based on eqn (1):

Qm = Ws/Wq (1)

where Wy and Wy were swollen gel and dried gel weights,
respectively. The swelling data were corrected by subtracting
the soluble fraction of salt in PBS from the gel. The swelling
ratios measured on fibrin/PEGDM-co-SAM IPN hydrogels were
then compared to those of cryotreated PEGDM-co-SAM hydro-
gels and to each other (Fig. 3).

Mechanical measurements

Rheological measurements of hydrogels (sample dimensions:
50 mm in diameter and 1 mm in height) were performed
using an Anton Paar Physica MCR 301 rheometer with a
plate-plate geometry (diameter: 50 mm). We first performed
strain and frequency sweeps on PEGDM-co-SAM and fibrin
hydrogels to select the appropriate strain amplitude (1%) and
frequency (1 Hz) (Fig. S3 and S4t). Time sweeps were then
performed to determine the gelation point (i.e., the time
when storage (G') and loss (G") moduli crossover) for each for-
mulation and the equilibrium storage moduli (i.e., when G’
plateaued) for the different gel formulations either at RT
(PEGDM-co-SAM) or at 37 °C (fibrin) (Fig. S5f). G’ and G”
were next measured on lyophilized PEGDM-co-SAM constructs
and fibrin/PEGDM-co-SAM IPN hydrogels (Fig. 4). The
mechanical properties of fibrin/PEGDM-co-SAM IPN hydro-
gels were then compared to those of cryotreated PEGDM-co-
SAM hydrogels and to each other.

Biological characterization of cell-laden fibrin/PEGDM-co-SAM
IPN hydrogels

Cell culture. Following the second cryotreatment, PEGDM-
c0-SAM hydrogels were incubated overnight in 70% ethanol,
rinsed several times with deionized water and freeze-dried for
the third time in a sterile environment. Fibrin precursors were
prepared in sterile conditions and filtered using 0.22 pm
filters. Next, HDFs were suspended in a 0.5% w/v fibrin precur-
sor solution in HEPES and then incorporated into sterilized
and cryotreated PEGDM-co-SAM hydrogels. Additionally, HDFs
in cell culture medium were seeded on sterilized fibrin/
PEGDM-co-SAM IPN hydrogels made with either 0.5% or 1%
w/v fibrin in water.

This journal is © The Royal Society of Chemistry 2020
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Live/dead assay. Cells (10> HDFs per construct) were cultured
within the constructs and cell viability was evaluated after 2 d
(Fig. 5). Live cells were stained with calcein AM (2 pg ml™)
and dead cells with red propidium iodide (5 pug ml™") for
45 min in the dark at 37 °C. Confocal images were collected
and cell viability quantified with Image]J® software. Cell viabi-
lity was calculated based on eqn (2):

Cell viability(%)
__ total cell number — total dead cell number
a total cell number

(2)
X 100

Metabolic activity. The metabolic activity was performed
using the MTS assay following the manufacturer’s instructions.
Briefly, at each time point (1, 3 and 7 d), the MTS solution was
diluted with the cell culture medium at 1:6 ratio and the
samples (2 x 10" HDFs per construct) were then incubated for
2 h. The absorbance was measured at 490 nm with a microplate
reader and data normalized to the day 1 absorbance (Fig. 5d).

Cell imaging. Hoechst/phalloidin staining was performed on
fixed (4% PFA) cell-laden fibrin/PEGDM-co-SAM IPN scaffolds
(2 x 10* HDFs per construct) at various incubation time points:
1, 3 and 7 d. Briefly, after having stained the PEGDM-co-SAM
networks with rhodamine, the fibrin networks of the rhoda-
mine-labelled hydrogels were stained with FITC-conjugated
anti-fibrinogen antibodies while cells were stained with
Hoechst 4432 (2 pg ml™") and Alexafluor 647 conjugated to
phalloidin (1:100) for 3 h. The samples were then imaged
using a CLSM (Zeiss LSM 410 invert, Oberkochen, Germany).
High-resolution image stacks were collected with 50 pm separ-
ation between slices (z-stacks) (Fig. 6, 7 and Fig. S61).

Subcutaneous implantations. Fibrin/PEGDM-co-SAM scaffolds
were subcutaneously implanted in mice to assess their bio-
compatibility and biointegration. All grafting experiments were
performed under an animal protocol approved by the Animal
Care and ethics committee of Picardy (national reference
number 96, CREMEAP). Before the subcutaneous implan-
tations, mice (n = 6 per group) were divided in three different
groups to test the following biomaterials: Fb(0.5%)ugpes/
PEGDM;,5SAM; (group 1), Fb(0.5%)yeprs/PEGDM;SAM; (group
2) and commercially available acellular porcine collagen
matrix (group 3).

Mice were first anesthetized with 3.5% isoflurane and then
the scaffolds (6 mm in diameter and 1 mm in height) were sur-
gically implanted subcutaneously and sutured on both sides of
the dorsal midline. Animals were sacrificed at week 4 following
implantation. The scaffolds and the surrounding tissues were
explanted and fixed in 4% formalin for 24 h. The biopsy speci-
mens were then dehydrated wusing graded ethanol
70-96-100%, embedded in paraffin, sectioned at 10 pm, and
finally stained with hematoxylin eosin (H&E) or hematoxylin
eosin saffron (H&ES) (Fig. 8).

Statistical analysis

All values were expressed as mean =+ standard deviation (SD).
Statistical significance for the mechanical measurements and

This journal is © The Royal Society of Chemistry 2020
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swelling ratios were determined using a one-way ANOVA test.
The different fibrin/PEGDM-co-SAM IPN formulations were
compared to cryotreated PEGDM-co-SAM hydrogels individu-
ally and to each other. Statistical significance for the metabolic
activity measurements were determined using Kruskal-Wallis
and Dunn’s tests. The different IPN formulations were com-
pared to each other at various time points (1, 3 and 7 days).
Differences were considered significant at *p < 0.05, **p < 0.01,
and ***p < 0.001.

Results and discussion
Synthesis of fibrin/PEGDM-co-SAM IPN hydrogels

In this work, we aimed to engineer new types of macroporous
fibrin/PEGDM-co-SAM sequential IPN hydrogels for dermal
tissue engineering. IPNs are multicomponent polymeric alloys
that combine the unique characteristics of each individual
component in an advanced new system.** Herein, we com-
bined the intrinsic biological properties of fibrin with the
excellent mechanical properties of a PEG in macroporous
sequential IPN networks.***> To this end, PEG and SA were
first chemically modified to contain methacrylate residues,
allowing formation of radically polymerizable PEGDM and
SAM, respectively. The degree of methacrylation for each
polymer was quantified by "H NMR and TNBS assays and was
found to be approximately 100% for PEGDM and 67% for SAM
(Fig. S1 and S27). Next, PEGDM and SAM were copolymerized
at various concentrations via a free radical polymerization
process (Fig. 1). PEGDM-co-SAM hydrogels were subsequently
subjected to three consecutive freeze-thaw treatments to intro-
duce interconnected macroporous networks. This process (i.e.,
cryotreatment), as well as similar techniques such as cryogela-
tion, have been extensively investigated to generate porous
biomaterials.**> The resulting cryotreated constructs were
then rehydrated with various solutions containing fibrin’s pre-
cursors (fibrinogen and thrombin) and then allowed to poly-
merize spontaneously. Three different fibrin’s precursor solu-
tions were prepared: one solution containing HEPES bulffer,
the resulting network made with 0.5% w/v fibrin was defined
as FDb(0.5%)ugpes, and two other solutions containing de-
ionized water, defined as Fb(0.5%),0 and Fb(1%)y,o. This
sequential fabrication process resulted in the formation of
macroporous fibrin/PEGDM-co-SAM IPN hydrogels as shown
in Fig. 1.

Physical characterization of fibrin/PEGDM-co-SAM IPN
hydrogels

Microstructural characterization. The microstructure of
PEGDM-co-SAM hydrogels was imaged pre- and post-cryotreat-
ment and following the sequential polymerization of fibrin
within the constructs (Fig. 2). The surface of the PEGDM;SAM;
(Fig. 2a) and PEGDM,5SAM; (Fig. 2b) hydrogels was hom-
ogenous with a quasi non-porous (i.e., mesoporous) structure
prior to cryotreatment. However, following cryotreatment, the
two PEG-based hydrogels exhibited a heterogeneous macropor-
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Fig. 1 Schematic depicting the fabrication process of macroporous fibrin/PEGDM-co-SAM sequential IPNs. (a) Fabrication of the first crosslinked
PEGDM-co-SAM network. PEGDM and SAM at various concentrations were copolymerized in water using an APS/TEMED initiator system to fabricate
mesoporous PEGDM-co-SAM hydrogels. PEGDM-co-SAM hydrogels were subsequently frozen at —20 °C and subjected to cryotreatment (i.e., 3
freeze—thaw cycles) to create an interconnected macroporous structure. Pseudocolored (blue) SEM image (right) depicting the macroporous archi-
tecture of a cryotreated PEGDM-co-SAM hydrogel. (b) Sequential polymerization of the second fibrin network. Cryotreated and lyophilized PEGDM-
co-SAM scaffolds were swollen with aqueous solvents (HEPES buffer or water) containing fibrin precursors (fibrinogen and thrombin) and polymer-
ized under physiological conditions to form sequential IPNs. Confocal images (right) depicting fibrin (green) and PEGDM-co-SAM (red) sequential

IPNs.

ous network with mean pore sizes of 74.7 + 63.8 um and 65.6 +
40.1 pm for PEGDMsSAM; and PEGDM;5SAM;, respectively
(Fig. 2a and b). Thus, the PEGDM-co-SAM hydrogels displayed
a large pore size distribution within the range of 50-200 pm as
reported in literature for other scaffolds in skin tissue
engineering.”'**%° Following polymerization within the cryo-
treated PEG-based hydrogels, fibrin formed a thick blood clot-
like fibrillar network when polymerized in HEPES buffer as
opposed to a thin and spider-like fibrous network when fabri-
cated in water (Fig. 2a and b).

The fibrous nature of fibrin networks synthesized in water
was most likely a result of the precipitation of fibrin in a non-
buffered aqueous solution. These data are particularly promis-
ing since the dermis is known to have a fibrous cellular micro-
environment.®® The repartition of the two entangled networks,
rhodamine-labelled PEGDM-co-SAM (in red) and FITC-labelled
fibrin (in green), was then imaged by confocal imaging (Fig. 2¢
and d). Independently of its concentration, a thin fibrous
network of fibrin could be observed through the pores when
formulated in water (Fig. 2c and d).

Importantly, regardless of the aqueous solvent or polymer
composition used, the various fibrin/PEGDM-co-SAM IPNs fab-
ricated retained the advantageous macroporous structure of
the initial cryotreated PEGDM-co-SAM hydrogels. Indeed,
sequential polymerization of fibrin did not significantly
impact the overall pore size of IPNs which is an essential
aspect of tissue engineering scaffolds. This is particularly

710 | Biomater. Sci,, 2020, 8, 7106-7116

important for dermal tissue repair, since this process requires
sufficient space for cellular colonization and blood vessel
formation.>¢7>%¢1

Swelling measurements. Since hydrogels are defined as
three-dimensional crosslinked polymeric networks absorbing
large amounts of water,?® it was crucial to then measure the
swelling ratio (Qu) at equilibrium, which represents the water
absorption capacity of hydrogels in their fully swollen state.
Qv was measured before and after addition of fibrin for both
cryotreated PEGDM-co-SAM formulations (Fig. 3). The swelling
behaviour of pure fibrin hydrogels (control) was first evaluated
(Fig. 3a). Independently of the polymer concentration, Qy; was
significantly higher for fibrin hydrogels fabricated in HEPES
buffer than those formed in water. Qy was approximately 44
vs. 8.7 and 9.8 for 0.5% w/v fibrin in HEPES buffer vs. 0.5%
and 1% w/v fibrin in water, respectively (Fig. 3a). Next, Qy was
also measured for the two cryotreated PEGDM-co-SAM formu-
lations (Fig. 3b and c) before and after incorporating fibrin.
The addition of the Fb(0.5%)ugpes to cryotreated PEGDM-co-
SAM hydrogels increased their swelling ratios. For the
PEGDM;SAM; formulations, Qy; was approximately 11.8 for
fibrin-free cryotreated PEGDM;SAM; vs. 15.2, 12.7 and 13.1 for
fibrin/PEGDM;sSAM; IPN hydrogels when fibrin was formu-
lated in HEPES buffer (0.5% w/v) and in water (0.5% and 1%
w/v), respectively (Fig. 3b).

For PEGDM,sSAM; hydrogels, Qy was approximately 8 for
fibrin-free cryotreated PEGDM;5SAM; vs. 9.7, 8.4 and 8.7 for

This journal is © The Royal Society of Chemistry 2020
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Fb(0.5%)

Fb(1%)

Fig.2 ESEM and confocal images of pre- and post-cryotreated
PEGDM-co-SAM and fibrin/PEGDM-co-SAM sequential IPN hydrogels.
PEGDMsSAMs (a) and PEGDM;5SAMs (b) hydrogels were imaged with
ESEM pre- (aj, ap, by, by) and post- (as, as, bs, bs) cryotreatment. fibrin/
PEGDM-co-SAM sequential IPN hydrogels were also imaged across the
three investigated fibrin formulations: Fb(0.5%)yepes (as, as, bs, bg), Fb
(0-5%)H20 (37, ag, b7, bg) and Fb(l%)HZO (ag, aio, bg, blo). Scale bars =
100 um (1, 3,5, 7,9) and 20 pm (2, 4, 6, 8 and 10). a,, a4, as, ag, a0 and
b, by, be, bg, big are zoomed-in views of images a4, as, as, az, ag and by,
bs, bs, by, bg, respectively. Z-Stack confocal images of PEGDMsSAMs (c)
or PEGDM35SAMs (d) network stained in red with rhodamine-labelled
SAM. The sequential fibrin network was labelled in green with FITC-
labelled anti-fibrinogen antibodies for each formulation investigated: Fb
(0.5%)nepes (1) (cy and dy), Fb(0.5%)4,0 (c2 and dy), and Fb(1%),,0 (cs and
ds). Scale bars = 100 pm (c and d).

fibrin/PEGDM;5SAM; IPN hydrogels when fibrin was formu-
lated in HEPES buffer (0.5% w/v) or in water (0.5% and 1% w/v),
respectively (Fig. 3c). The highest swelling ratio observed for
IPNs with fibrin made in HEPES buffer could be attributed to a
more homogeneous polymerization of fibrin leading to a
uniform network when synthesized in a buffered solution,
enabling the constructs to absorb and contain more water. It is
worth noting that Qy, for fibrin-free cryotreated PEGDM;5SAM;5
hydrogels was lower than those fabricated with PEGDM;SAM;
(Fig. 3b and c) showing that increasing the PEG concentration
resulted in a decrease in gel swelling. Nevertheless, although
the swelling ratio of hydrogels is mainly dictated by the polymer
concentration (i.e., crosslinking density), IPN hydrogels tested
showed an ability to uptake and retain large amounts of water
across the different formulations tested.®® Overall, the swelling
ratios measured for the different IPN hydrogels were in the
range of those reported in literature, particularly for gels formu-
lated with equivalent concentrations of SA®> or PEG.>®
Evaluation of mechanical properties. Our strategy to
reinforce brittle fibrin hydrogels was based on a sequential
IPN system in which fibrin was polymerized within a robust

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Swelling characteristics of the various (a) fibrin formulations and
(b and c) cryotreated PEGDM-co-SAM: swelling kinetics for (a;) fibrin
hydrogels and across fibrin-free and fibrin-containing PEGDM-co-SAM
hydrogels: (b;) PEGDMsSAMs and (c;) PEGDM;5SAMs. Swelling mass
ratio (Qum) at equilibrium for (a,) fibrin hydrogels and across fibrin-free
and fibrin-containing PEGDM-co-SAM hydrogels: (b,) PEGDMsSAMs and
(c2) PEGDM15SAMs. The swelling ratios Qp at equilibrium measured on
the different fibrin-containing PEGDM-co-SAM hydrogels were com-
pared to those of fibrin-free cryotreated PEGDM-co-SAM hydrogels and
to each other. Values represent mean + SD (n > 3). Data were analyzed
using one-way ANOVA test. *p < 0.05, **p < 0.01, and ***p < 0.001.

and macroporous PEG-based construct. In fact, several studies
have already documented that IPN formation is a viable strat-
egy to reinforce the physical properties of mechanically weak
polymeric systems.”®*®3%3¢ In our study, we performed rheolo-
gical measurements to ascertain the mechanical stability of
our IPNs. We were also able to measure with this technique
the impact of the degree of crosslinking on the stiffness of the
hydrogels and to identify their gelation point.®® We first deter-
mined the optimal strain (1%) and frequency (1 Hz) to apply
for sample characterization (Fig. S3 and S47) and then, we per-
formed time sweeps to determine the gelation points
(Fig. S4t). Next, we measured the storage moduli (G') of the
different IPNs and pure fibrin hydrogels (Fig. 41). The storage
modulus of pure fibrin hydrogels (control) was noticeably
higher when formulated in HEPES buffer compared to net-
works made in water, with a G’ of 0.2 kPa for Fb(0.5%)ugpgs VS.
0.01 and 0.02 kPa for Fb(0.5% )20 and Fb(1%)m,0, respectively
(Fig. 4a). The superior mechanical strength of fibrin hydrogels
made in HEPES buffer is most likely due to the presence of
salts and adequate pH (i.e., buffer solution) leading to a thick
and mechanically stable clot-like fibrillar network.®* Several
studies have reported the influence of the buffer solution®* or
ion concentrations (e.g., sodium, chloride),> on the structure
and thickness of fibrin fibers, and ultimately on their physical
properties.®®®” Mechanistically, the poor self-assembly of
fibrin in water into a thin and heterogenous spider-like
branched fibrous network could explain their poor mechanical
performance.
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Fig. 4 Elastic moduli at equilibrium for across the various (a) fibrin for-
mulations and for (b and c) cryotreated PEGDM-co-SAM: (b)
PEGDMsSAMs and (c) PEGDM3sSAMs and their corresponding fibrin/
PEGDM-co-SAM sequential IPN hydrogels when cryotreated PEGDM-
co-SAM were sequentially polymerized with fibrin. The elastic moduli G’
at equilibrium for the different fibrin/PEGDM-co-SAM sequential IPN
hydrogels were compared to those of cryotreated PEGDM-co-SAM
hydrogels and to each other. Values represent mean + SD (n > 3). Data
were analyzed using one-way ANOVA test. *p < 0.05, **p < 0.01, and
***p < 0.001.

Overall, across all the formulations tested, fibrin hydrogels
exhibited weak mechanical properties as previously reported
by others,***?® highlighting the importance of engineering
fibrin-based hydrogels that are mechanically more stable. We
then evaluated the rheological properties of cryotreated
PEGDM-co-SAM hydrogels, pre- and post-sequential fibrin fab-
rication (Fig. 4b and c). Our results confirmed that polymeriz-
ing fibrin within cryotreated PEGDM-co-SAM hydrogels signifi-
cantly increased their elastic moduli (Fig. 4b and c). The &'
was 5.9 kPa for cryotreated PEGDM,5SAM; vs. 10.9, 7.8 and 8.2
kPa for fibrin/PEGDM;5SAM; IPNs made with Fb(0.5%)ygpEs,
Fb(0.5%)m,0 and Fb(1%)y,0, respectively (Fig. 4b). Similarly,
the G’ was 2.7 kPa for cryotreated PEGDM5SAM; vs. 6.5, 3.7
and 4.8 kPa for fibrin/PEGDMs;SAM; IPNs made with Fb
(0.5%)uEpEs, Fb(0.5%)1,0 and Fb(1%)y,0, respectively (Fig. 4c).
Similarly to previous reports,**?%3>37 the mechanical perform-
ance of fibrin/PEGDM-co-SAM IPN hydrogels was enhanced,
most likely due to a contribution of both fibrin made in
HEPES buffer and the excellent mechanical properties of the
PEGDM-co-SAM network itself. Furthermore, as expected and
independently of the fibrin formulation tested, the mechanical
performance of the PEGDM,5SAM;-based hydrogels outper-
formed those made with PEGDM;SAM; (Fig. 4b and c). It is
also worth noting that, although cryotreatment may compro-
mise the mechanical integrity of polymeric scaffolds,** cryo-
treated PEGDM-co-SAM hydrogels retained sufficient mechani-
cal strength to markedly reinforce the fibrin networks for both
PEG concentrations tested.

Overall, our data suggested that fibrin-containing IPN
hydrogels exhibited much better mechanical integrity (G’ > 3
kPa)***®3% than fibrin hydrogels alone (around 0.1 kPa).>%?3*
The elastic moduli of the macroporous fibrin/PEGDM-co-SAM
sequential IPNs were in the range of 0.43-6.6 kPa, which were
similar to the mechanical strengths reported for native dermis
tissue.®® Furthermore, the superior mechanical characteristics
of our engineered IPN hydrogels surpass what others have pre-
viously described. For instance, several studies have already
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reported fibrin-based IPNs combining a fibrin network inter-
twined with another naturally-derived polymer network such
as alginate®® or hyaluronic acid.***? However, their elastic
moduli did not exceed 0.6 kPa.**> Additionally, other biosyn-
thetic fibrin-based IPNs combining a fibrin network inter-
twined with a synthetic polymer such as polyvinyl alcohol
(PVA)'>1%2838 or PEG'>'®?® network have also been reported.
These fibrin-based materials made via photopolymerization
were described to be biocompatible, non-retractable and self-
supported.®®>®3% However, their mesoporous network was not
compatible with 3D cell culture."'®*® Furthermore, UV-
exposure during the photopolymerization process could be
harmful to mammalian cells.

Biological characterization of fibrin/PEGDM-co-SAM IPN
hydrogels

The biomaterials were tested both in vitro and in vivo to assess
their biocompatibility, cellular infiltration, and biodegradation.

b
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Fig. 5 Evaluation of cell viability and metabolic activity of HDFs in
fibrin/PEGDM-co-SAM sequential IPN hydrogels: (a) merged confocal
microscopy images of HDFs cultured in IPNs after 2 d depicting live
(green) and dead (red) cells. (b) Zoomed in images of HDF-laden IPN
hydrogels made with Fb(1%)y,0 showing cell nuclei (blue), live (green)
and dead (red) cells. Scale bars = 100 um (a) and 50 pm (b). (c) Cell viabi-
lity (%) across fibrin/PEGDM-co-SAM sequential IPN hydrogels: fibrin/
PEGDMsSAMs (left) and fibrin/PEGDM;5sSAMs (right). (d) Metabolic
activity of HDFs in IPN hydrogels after 1, 3 and 7 d of culture. (c and d)
Values represent mean + SD (n > 3).
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Cytocompatibility and ECM deposition studies. We evalu-
ated the cytocompatibility of engineered IPNs with HDFs from
neonatal foreskin. First, cells were seeded into the constructs
and their viability evaluated after 2 days of incubation
(Fig. 5a-c). Across the different fibrin/PEGDM;5;SAM; and
fibrin/PEGDMsSAM;  formulations tested, cell viability
remained high (>90%) suggesting their excellent cytocompat-
ibility (Fig. 5a-c). We then examined the metabolic activity of
HDFs after 1, 3 and 7 days of incubation (Fig. 5d). The meta-
bolic activity for the different cell-laden constructs was up to
38-fold higher at day 7 when compared to day 1. In particular,
metabolic activity increased substantially from day 3 to day 7

Time (day)
3 7

Fb(0.5%)uepes
PEGDMSSAM;

PEGDM5SAM;

PEGDM:SAM;

PEGDM55AM;

PEGDM5SAM;

Fb(l%)HZO

PEGDM55AM;

Fig. 6 Cell morphology of HDFs in fibrin/PEGDM-co-SAM sequential
IPN hydrogels. HDFs were cultured in various fibrin/PEGDM-co-SAM
IPN constructs: fibrin/PEGDMsSAMs and fibrin/PEGDM;5SAMs fabricated
with different fibrin formulations: Fb(0.5%)epes, Fb(0.5%)y,0 or Fb
(1%)1,0. Cell morphology was analyzed by confocal microscopy after 1,
3, and 7 d of culture depicting F-actin (dark pink), nuclei (blue), fibrin
(green) and PEGDM-co-SAM (red). Scale bar = 20 pm.
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suggesting that cells were actively proliferating (Fig. 5d). No
statistical differences were found at any point in time between
groups with different IPN formulations.

Next, we explored the morphology of HDFs when cultured
in the constructs (Fig. 6 and S67). For each formulation, most
fibroblasts adopted their typical spindle-like shape, adhered
to the fibrin network and infiltrated the scaffold through
their interconnected macropores (Fig. 6 and S6T). These
results suggest that the intrinsic properties of fibrin were
retained across all the formulations tested and that the
macroporous structures of the different hydrogels were favor-
able for dermal fibroblast culture. Lastly, we investigated
whether the scaffolds would promote deposition of collagen I
and fibronectin (Fig. 7), two main dermis extracellular matrix
(ECM) proteins involved in cell adhesion and protein regu-
lation during wound healing.®®”° Within one week of culture,
HDFs were able to secrete and deposit these two proteins
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Fig. 7 Evaluation of HDF-derived extracellular matrix deposition on
fibrin/PEGDM-co-SAM sequential IPN hydrogels. Secretion of two
endogenous extracellular matrix proteins (collagen | and fibronectin)
from HFD after 1-week culture in various IPN constructs: fibrin/
PEGDMsSAMs and fibrin/PEGDMsSAMs fabricated with different fibrin
formulations: Fb(0.5%)HEPES, Fb(0.5%)n,0 or Fb(1%)n,0. Samples were
stained and analyzed by confocal microscopy: F-actin (dark pink), nuclei
(blue), fibronectin (red), and collagen | (green). Scale bar = 100 pm.
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across all the biomaterials investigated with no significant
difference between them.

Collectively, this set of data suggests that our IPNs form
suitable environments for cell infiltration and remodeling.

In vivo studies. Lastly, we tested the biomaterials in an
animal model. We assessed the biocompatibility, the biointe-
gration and the biodegradation of fibrin/PEGDM-co-SAM IPN
hydrogels in nude mice (Fig. 8). Fibrin/PEGDM;SAM; and
fibrin/PEGDM,;5SAM; hydrogels made with Fb(0.5%)uepgs
were implanted in mice due to their superior mechanical
properties. Commercially available porcine collagen acellular
dermis, which is currently used for skin wound healing and
soft tissue augmentation, was also implanted as the control
group. Within the first week following implantation, mice
showed signs of scar-free healing with complete absorption
of surgical sutures. Furthermore, the animals did not display
any apparent signs of erythema, edema or necrosis at the sur-
gical sites. At week 4, the histological analysis on the
explanted samples displayed no major immunological
responses across the two types of biomaterials tested. We
observed minimal to moderate resorptive macrophagic
responses (presence of epithelioid macrophages as well as
few multinucleated giant cells in contact with both implants)
and thin fibrous capsules around the materials. The for-
mation of thin fibrous capsules surrounding the implants is
a physiological response to a foreign body following
implantation.">”*7* The mild host immune reaction after
biomaterial implantation could also be related to the immu-

Fb(o.s%)ugps
a PEGDM;SAM

Collagen (control)

PEGDM,SSAM

1 week 4 weeks 1 week 4 weel s 1 week 4 week

- |

Fig. 8 Histological analysis of subcutaneously implanted PEGDM-co-
SAM sequential IPN hydrogels. Explanted (a) PEGDMsSAMs and (b)
PEGDM35SAMs sequential IPN hydrogels made with Fb(0.5%)ygpes fol-
lowing 1 week (left image) and 4 weeks (center image) implantation in
mice. (c) Commercially available collagen matrices were implanted as
controls. Black arrows show the implants. (d—f) H&E and (g—i) H&ES
staining of (d and g) PEGDMsSAMs and (e and h) PEGDM;5SAMs sequen-
tial IPN hydrogels made with Fb(0.5%)nepes 1 month post-subcutaneous
implantations. (f and i) Commercially available collagen matrices were
implanted as controls. Staining highlights the macroporous polymeric
network of IPN hydrogels (interconnected dark purple network), infil-
trated cells (indicated with black arrows), blood vessels (indicated with
blue arrows) and collagen deposition (indicated with orange arrows).
(d—i, left) Histological images show zoomed out and (d—i, right) zoomed
in views. Scale bars: (a—c, left and middle) 1 cm, (a—c, right) 5 mm, (d—i,
left) 500 pym, (d—i, right) 50 pm.
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nogenicity of bovine SA. To address this challenge, albumin
from mouse serum could be used in the IPN gel formulation
to further enhance their biocompatibility.

Additionally, even though SA was incorporated as an enzy-
matically degradable entity, the biomaterials seemed to
remain intact up to 1 month following implantation,
suggesting slow biodegradation. This could be attributed to
the presence of poly(methyl methacrylate) segments within the
polymer network, which are known to poorly degradable
in vivo."™’> Various strategies could be investigated to make
these IPN constructs more prone to biodegradation.”® One
strategy could be to use biodegradable PEG-based block copo-
lymers (e.g., PEG-co-polyglycolic acid) which contain hydrolysa-
ble ester bonds.**”” Lastly, signs of tissue remodeling were
observed with host fibroblasts, de novo synthesis of collagen
and early stages of angiogenesis (i.e., neovascularization)
within the explanted constructs, indicating good biointegra-
tion.' Therefore, these constructs have great potential for
dermal tissue regeneration and wound healing appli-
cations.”>*"”® However, follow-up validation studies with rele-
vant wound healing models are recommended.

Conclusions

In this study, we report on an innovative synthetic approach to
engineer macroporous and interconnected fibrin-based
sequential IPN hydrogels for dermal tissue engineering. The
engineered IPN hydrogels combined both the superior
mechanical properties of PEG and the intrinsic biological fea-
tures of fibrin. In addition, properties of IPNs can be fine-
tuned based on the precursor concentration and solution used
during the fabrication process. Their unique macroporous
network and biological properties enhanced dermal fibroblast
adhesion, infiltration, and proliferation in vitro. Additionally,
these IPN hydrogels are biocompatible as demonstrated by a
minimal host inflammatory response when implanted subcu-
taneously in mice. Furthermore, they promoted local tissue
remodeling as indicated with host cellular infiltration, de novo
ECM synthesis, and neovascularization. Altogether, our data
suggest that these macroporous fibrin-based sequential IPN
hydrogels have great potential for dermal tissue engineering
and other relevant biomedical applications.
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