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Impact of Reactive Amphiphilic Copolymers on Mechanical
Properties and Cell Responses of Fibrin-Based Hydrogels
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Mechanical properties of hydrogels can be modified by the variation of struc-
ture and concentration of reactive building blocks. One promising biological
source for the synthesis of biocompatible hydrogels is fibrinogen. Fibrinogen
is a glycoprotein in blood, which can be transformed enzymatically to fibrin
playing an important role in wound healing and clot formation. In the pre-
sent work, it is demonstrated that hybrid hydrogels with their improved
mechanical properties, tunable internal structure, and enhanced resistance to
degradation can be synthesized by a combination of fibrinogen and reactive
amphiphilic copolymers. Water-soluble amphiphilic copolymers with tun-

able molecular weight and controlled amounts of reactive epoxy side groups
are used as reactive crosslinkers to reinforce fibrin hydrogels. In the present
work, copolymers that can influence the mechanical properties of fibrin-based
hydrogels are used. The reactive copolymers increase the storage modulus of
the hydrogels from 600 Pa to 30 kPa. The thickness of fibrin fibers is regulated
by the copolymer concentration. It could be demonstrated that the fibrin-based
hydrogels are biocompatible and support cell proliferation. Their degradation
rate is considerably slower than that of native fibrin gels. In conclusion, fibrin-
based hydrogels with tunable elasticity and fiber thickness useful to direct cell

2.5 g L' and is essential for haemostasis,
wound healing, inflammation, angiogen-
esis, and other Dbiological functions.!=
Fibrin is a large biopolymer synthetized
from its precursor fibrinogen, which is
assembled to fibrin triggered by thrombin.
Thrombin induces the oligomer and
protofibril formation of fibrinogen. These
oligomers and protofibrils self-assemble
to bigger protofibrils and become fibrin
fibers.’l Through fibrinolysis, the formed
blood clot of fibrin can be dissolved,
resulting in fibrin degradation products
called fibrinopeptides and D-Dimers. The
clot is cleaved by plasmin, a proteolytic
enzyme, which is activated from plasmi-
nogen on the fibrin surface.’! Fibrin can
also be used as a biopolymer with excel-
lent characteristics for tissue engineering
applications and regenerative medicine,
for example, as extracellular matrix (ECM)
component in 3D constructs. Since fibrin

responses like proliferation and differentiation are produced.

1. Introduction

Fibrinogen, also known as factor I in the blood clotting cascade,
is a fibrous glycoprotein, with a mass of 340 kDa (kilodalton),
present in human blood plasma at a concentration of about

is the main component in clot formation, it
shows interesting mechanical properties.®!
Biological tissues show nonlinear elastic
behavior to prevent large deformation. That means they are get-
ting stiffer with an increasing strain. This strain-stiffening is typ-
ical for any networks consisting of semiflexible and filamentous
proteins because of their hierarchical structure. No high geomet-
rical arrangement is needed to obtain this behavior because it is
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fundamental for isotropic networks based on semiflexible poly-
mers, which are crosslinked.?! Strain-stiffening has also a high
impact on cells in cell cultures. Cells show different behavior due
to their environmental conditions. The spatial environment is of
main importance for cell characteristics and function. It is well-
known, that cells grow differentially depending on whether they
are in a 3D matrix or on a 2D surface. This was already dem-
onstrated by Petersen et al. in 1992 with breast epithelial cells,
which proliferated like tumor cells on a 2D layer. Compared to a
3D matrix, they express many genes which are characteristic for
tumor cells.”! Studies demonstrate that embryonic stem cells can
differentiate in a 3D scaffold more efficiently than on a 2D sub-
strate.® Cells in gels with a linear elastic behavior are roundish
and do not exhibit shape deformation on soft gels. Contrary, the
cells are more spread with an increasing modulus of the sub-
strate they are growing on. Cells on nonlinear elastic gels spread
maximally and are also influenced by cells localized at a certain
distance.”) The excellent biocompatibility and 3D processable
capabilities of fibrin hydrogels have made them suitable candi-
dates for various bioartificial manufacturing processes in tissue
engineering. The polymerized fibrin gel matrix is a hydrogel,
which contains ~95-98% water. The water content can easily be
exchanged against a buffer solution or a cell culture medium,
allowing for an optimal nutrition supply of the cells that are
embedded in the hydrogel.'™ Over the past decades, many fun-
damental and preclinical studies have been conducted to inves-
tigate the therapeutic utility of mesenchymal stem cells (MSCs)
in the treatment of diseases and injuries, such as neurodegen-
erative diseases,'!l spinal cord injury,'? and cardiovascular dis-
eases.’l In most of these studies, treatment with MSCs resulted
in significant functional benefits because of their trophic charac-
teristics. The stem cells injected into injured or diseased tissue
can induce cytokinesis and release of growth factors that stimu-
late tissue repair. In addition, the tissue is promoted for differ-
entiation along the required pathways. These discoveries have
made MSCs an ideal origin for future cell therapies. In particular
the adaptability to the exposed environment and the easy isola-
tion procedure made MSCs a promising source for the treatment
of diseases. Another important aspect of stem cell therapy is that
the patients’ own stem cells eliminate the risk of rejection by the
immune system and the associated intake of immunosuppres-
sive drugs, as MSCs have an anti-inflammatory effect on the sur-
rounding tissue.>!l In this study, mesenchymal stem cells are
used in combination with fibrin-based hydrogels to investigate
the influence of mechanical properties of a material on cells.

By modulating the mechanical and chemical properties of
a fibrin-based matrix, human mesenchymal stem cells have
been differentiated into osteoblasts and mouse embryonic stem
cells have been triggered towards neural and astroglial line-
ages.”18] Ye et al. have shown that fibrinolysis can be inhibited
by the addition of aprotinin. They have also proven that cells
in the fibrin gel grow homogeneous.! Jockenhoevel et al.
have also modified the fibrin gels via chemical border fixation
with poly-r-lysine to prevent gel shrinking.?”) The degradation
rate of a fibrin gel can be regulated with aprotinin to precisely
match tissue regeneration. Later, because aprotinin was asso-
ciated with an increase of complications in clinical situations,
tranexamic acid was used as an alternative.?!! Though fibrin
has been effective in vitro at promoting osteogenesis, it lacks
the mechanical strength required for bone Tissue engineering
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and in vivo studies have been disappointing even when a stiff
scaffold encases the fibrin.[?2l Therefore, it is of high interest
to modify fibrin gels to adjust their mechanical properties to
meet the application criteria. The use of different buffers and
different salt concentrations already influences fibrins' mor-
phology and its mechanical properties.’l However, also the
use of different additives is a promising approach to modu-
late the properties of fibrin. For example, in 2017 Jaspers et al.
have shown, that it is possible to mimic the complex mechan-
ical environment of cells by mixing polyisocyanopeptides with
carbon nanotubes, fibrin, and polyacrylamide. They found out,
that stiff, rod-like fibers show the stiffening behavior of semi-
flexible hydrogels while the addition of flexible polymers reduce
the strain-stiffening.? The addition of polyvinyl alcohol to
fibrin gel resulted in hydrogels with an increased storage mod-
ulus G/, which means, that the gels are generally stiffer, and
have an improved capability for rehydration.?’! Other polymer-
based additives were polyethylene glycol (PEG),12°-281 PEG-based
microgels with superparamagnetic iron oxide,”?*3% hyalu-
ronic acid,®¥ and copolymers based on (hydroxyethyl) meth-
acrylate and N-hydroxysuccinimide methacrylate.’?l All these
approaches show how the hydrogel is influenced by the addi-
tion of synthetic polymers. They either show an increase in the
storage modulus, the fiber orientation or the gels’ stability.2432

In the present work, we develop a new concept to improve
mechanical properties and slow down the degradation of fibrin
hydrogels. This is achieved by the combination of reactive
amphiphilic and biocompatible copolymers with fibrinogen
and thrombin to fabricate composite hydrogels with tunable
internal structure, adjustable mechanical properties, and deg-
radation profiles. In addition, we demonstrate that new fibrin-
based hydrogels exhibit no toxicity to cells and can regulate the
cell proliferation.

2. Results and Discussion

In this work we synthesize hydrogels using fibrinogen, thrombin,
and reactive amphiphilic copolymers based on N-vinyllactams
(Figure 1). N-vinyllactam-based polymers show a good biocompat-
ibility, have specific hydration properties, and exhibit lower crit-
ical solution temperature (LCST) in aqueous solutions.?3 They
can be easily synthesized via reversible addition—fragmentation
chain transfer (RAFT) polymerization and copolymerization with
different functional comonomers allowing for flexible variations
of the chemical structure.>*8 The big advantage of RAFT, com-
pared to other methods, is the biocompatibility of the polymeri-
zation type. While atom transfer radical polymerization (ATRP)
is based on coordination chemistry of ligands with copper ions,
RAFT dispenses with metal ions, which is of great importance
for biomedical applications.?>*#-8] We decide to use copoly-
mers based on N-vinylpyrrolidone (VP) as main monomer and
glycidyl methacrylate as comonomer based on the work of Peng
et al. for the modification of the fibrin gels.*®! The epoxy group
of glycidyl methacrylate can bind covalently to thiol- and amine
groups.’ Because of this property, our polymers develop cova-
lent bonds with the amines and thiols in fibrinogen and the
fibrin (Figure 1). The advantage is, that, because the covalent
bonds are formed with amines in lysine residues, the plasmin
cannot degrade the fibrin at these positions anymore.ll The
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Figure 1. Scheme for the synthesis of fibrin-based hydrogels with a crosslinking copolymer. a) Formation of fibrin hydrogel from fibrinogen (blue rods)
and a synthetic polymer (gray and red chain). The copolymers bind to the functional groups of the fibrinogen. Catalyzed by thrombin and via self-assembly
protofibrils are formed. The protofibrils assemble to fibrin-fibers. b) Synthesis of hydrogels in lab scale. Fibrinogen and copolymers are in solution when

thrombin is added (left). Hydrogel formation occurs at 37 °C within 15 min (m

control hydrogel synthesis (fibrin without copolymers) is con-
ducted as previously described.l’'->%]

2.1. Synthesis and Characterization of Reactive Copolymers

To analyze the influence of the PVP-co-GMA-copolymer on
the hydrogel properties, copolymers with different molecular
weights and different comonomer concentrations are synthe-
sized. The intention is to analyze whether the increase of copol-
ymers’ molecular weight can induce a strain stiffening of the
hydrogel. Apart from that, the GMA-amount and the polymer
concentration have an influence on the hydrogel stiffness.

The copolymers are synthesized based on the works of
Peng et al.’¥l via RAFT polymerization. The high molecular
weight polymer is synthesized via free radical polymerization
while the target molecular weight is adjusted via monomer
to initiator ratio. The copolymers are characterized by NMR
spectroscopy, GPC, and FTIR spectroscopy (Figures S1 and S2,
Supporting Information). Since especially copolymers with low
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iddle). The used polymers lead to a double crosslinking of the hydrogel (right).

concentrations of GMA are difficult to analyze with NMR, FTIR
measurements are performed to evaluate the chemical com-
position of copolymers (Figure 2). PGMA- and PVP-homopol-
ymers in different ratios and the intensity of the carbonyl
absorption bands of the PGMA and the PVP from FTIR spectra
are correlated to the real amounts of both polymers providing a
calibration curve for the determination of the chemical compo-
sition of copolymers.

The equation which resulted from the obtained calibration
curve is used to calculate the real amounts of the GMA in the
PVP-co-GMA-polymers. The variables are defined as follows:

a (PGMA) = amount of PGMA in the copolymer [mol%]

h (X) = height of the carbonyl band in the FTIR-spectra of
monomer X

Formula for the calculation of the PGMA amount

h—0.02644
0.86031 . h(PGMA)
a(PGMA)=—:80031 100 with p=" "2 1
(PGMA) L h—002644 1 (PVP)
0.86031
b) 0.16
0.14
0.12
'S 0.10
.ﬁ.. L
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8 006
E L
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Figure 2. Characterization of the copolymer composition by FTIR spectroscopy. a) Calibration curve obtained from FTIR measurements showing
the dependency of carbonyl bands ratio from PGMA and PVP composition in homopolymer mixture (intercept: 0.02644 + 0.00821, slope:
0.86031 £ 0.02969), b) part of the FTIR spectrum for copolymer PVPig400-co-GMA; .10, showing carbonyl bands of GMA and VP (signal splitting can

occur depending on the temperature during the FTIR measurement).
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Table 1. Summary of the characterization of the copolymers.

No. Sample name GMA amount Mn Mw  Dispersity, D
[mol%] [gmol™]  [gmolT [a. ul]

1 PVP;y100-c0-GMA; 0194 3 11100 13 900 1.25

2 PVPyg400-c0-GMA; 019 7 16 400 25200 1.53

3 PVPs700-c0-GMAg i 9 5700 7000 1.24

4 PVP12400-¢0-GMA10molos 10 12 400 19700 1.59

53 PVP;og00-c0-GMA pmoioc 10 70800 190 900 2.69

6 PVP;7000-c0-GMA 1 moi%s 1 17 000 24 400 1.44

7 PVP12500-c0-GMAgm019% 28 12 800 20 000 1.58

Synthesized via free radical polymerization.

To analyze the real molecular weight of the copolymers GPC
measurements are conducted. The results are summarized in
Table 1.

The results show that the RAFT-synthesis for copolymers up
to a molecular weight of 20 000 g mol~! was successful (disper-
sity between 1.2 and 1.6). The copolymers with GMA amounts
of 9, 10 and 11 mol% are targeted with a GMA amount of
10 mol%. This means that also the targeted incorporation of
the comonomer was successful. Due to the limitations of RAFT
polymerization, the high molecular weight polymer (sample 5
in Table 1) is synthesized via free radical polymerization, which
leads to a broader molecular weight distribution. In this syn-
thesis the molecular weight is set via initiator to monomer ratio.

2.2. Synthesis of Hydrogels

The copolymer PVPi00-c0-GMA gm0, is selected for the
analysis of the influence of the comonomer on the hydrogels’
mechanical properties, because preliminary tests were prom-
ising for this molecular weight and comonomer concentration.
The amounts of different ingredients used for the synthesis of
hydrogels are shown in Table 2.

Table 2. Hydrogels synthesized with different fibrin:copolymer ratios
(210 pL hydrogel contains 156 pL fibrinogen solution (40 mg mL™),
10 uL CaCl, solution (50 mm), 20 uL thrombin solution (20 U mL™), and
24 uL polymer solution).

Conc. polymer Polymer amount Conc. fibrinogen  Fibrinogen ~ Amount copol-

solution in 24 uL polymer solution amountin  ymer compared

[mg mL™] solution [mgmL™"] 156 uL solution  to fibrinogen
(] [mg) wi%s]

1 0.024 40 6.24 0.38

3 0.072 40 6.24 115

3.5 0.084 40 6.24 1.35

4.5 0.108 40 6.24 173

5 0.12 40 6.24 1.92

6 0.144 40 6.24 2.31

7 0.168 40 6.24 2.69

8.5 0.204 40 6.24 3.27

10 0.24 40 6.24 3.85
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The variation of the copolymer concentration in the gelation
mixture leads to the assumption, that the presence of copoly-
mers influences the stiffness of the hydrogels. As shown in
Figure 3a, there is an increase in the storage modulus observed
up to an amount of 1.92 wt% copolymer. With a further increase
of the copolymer amount, the storage modulus decreases again.
We assume that at low concentration of copolymers with a low
molecular weight (around 10 000 g mol™) the crosslinking of
fibrin is not efficient. The assumption is that at low concentra-
tions low molecular weight copolymers most probably become
grafted on the fibrin fibers and form less “bridges” between
them. In this case, no efficient reinforcement of hydrogels
occurs. With an increase of the polymer concentration, it is pos-
sible to increase the amount of crosslinks between individual
fibrin fibers. Since the copolymer is mixed with other compo-
nents before the hydrogel formation starts, it is assumed that
higher polymer amounts rather hinder the fiber formation than
support the crosslinking of the fibers.

To analyze the amount of bonding types in the hydrogels, the
storage and loss modulus are measured in dependence to the
oscillation frequency (Figure 3b). Since the course is straight
and not step like, only one bonding type is probable and we
assume that the copolymer crosslinks the fibrin forming cova-
lent bonds. It is known that in the basic medium epoxy groups
react with amines or thiols which are present in the fibrin
structure (Figure 3d)."

A variation of the epoxy groups amount in the copolymer
means also a variation of functional groups, which can poten-
tially react with the functional groups in the fibrin fibers
forming covalent bonds. The experimental results presented in
Figure 3¢ demonstrate that with an increase of the GMA con-
tent in copolymers, an increase of the storage modulus occurs.
The reference experiment performed with the PVP homopol-
ymer of comparable molecular weight demonstrates that the
formed hydrogel has a storage modulus similar to native fibrin
indicating that reactive copolymers bind covalently to fibrin.

2.3. Variation of Molecular Weight

As low molecular weight copolymers only influenced the
hydrogel stiffness by their concentration, measurements with
copolymers of higher molecular weights are conducted. The
focus is in this case on the targeted strain stiffening behavior
(Figure 4a). Biopolymers in living organisms, like fibrin or
collagen, show a specific strain stiffening behavior. The fibrin
hydrogels produced in the vial show strain softening behavior.
We want to analyze whether the copolymer can induce the
strain stiffening behavior in fibrin hydrogels. While low
molecular weight polymers are used, a higher stiffness of the
hydrogel can be obtained, but there is no change in the strain-
dependent behavior. Figure 4b shows storage moduli as a
function of the oscillation strain for fibrin-based hydrogels syn-
thesized with reactive copolymers exhibiting the same chemical
composition but different molecular weights. It is obvious that
native fibrin hydrogels show the increase of the storage moduli
at oscillation strains above 100%. This effect is missing in
fibrin-based hydrogels synthesized with copolymers of low and
moderate molecular weights. However, the hydrogel sample

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a) 1000000 b) 100000 T T
™ 37:/'- b3 | Storage modulus G’ [Pa]
100000 m/ y . 4 4 @ Loss modulus G" [Pa]
£ 10000 F
g 'E 10000 E
% 1000 2
= 2
% =
g  100f B
£ - 000
O 1 = E
%’3 10 ¢
8
wn 1k
100 L L
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 0.1 1 10 100
Amount copolymer [wt%)] Frequency [Hz]
1000000
c) 2 2 e | 0
100000 vy Y “
~ PSP
— | 'm n 'm n
£ 10000 - 3 N 0 + HN—R ——> | o
5 [0 N o o o
» 1000 i
= 4
S
g 100 | HO
[
P 10
5 HN_
7] R
1
0'1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10 11

Amount GMA [mol%)]

Figure 3. Rheological characterization of the hydrogels. a) Storage modulus (G’) of fibrin-based hydrogels synthesized with different amounts of
copolymer (PVP;y400-c0-GMA1gmo1%) - b) Frequency-dependent measurement of storage G” and loss G” moduli for hydrogel with 1.92 wt% PVP;,490-co-
GMA1gmoi6- €) Storage modulus G’ for hydrogels synthesized with copolymers containing different amounts of epoxy groups (pure fibrin reference in
blue). d) Reaction between the copolymer and an amine group of the fibrin.

synthesized with reactive copolymer of 70 800 g mol™ mole-
cular weight shows very clear strain-stiffening behavior similar
to native fibrin. At the same time this fibrin-based hydrogel
sample exhibits higher storage moduli in the whole deforma-
tion range compared to native fibrin hydrogels indicating that

high molecular weight reactive copolymers induce strain stiff-
ening because of an increased probability of fiber crosslinking.

To test whether the temperature-responsiveness of copolymers
influences the temperature-dependent behavior of the hydro-

gels, rheological measurements at different temperatures are
. 100000 ¢
a) synthetic gel b) ]
. N VVVYVvYy
fibrin gel in human body - Vv
— 10000 v, o
strain stiffening =2 i Yvv

~ LLLLL]
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Figure 4. Analysis of strain-dependent behavior via rheology. a) General example for strain stiffening and strain softening behavior. b) Storage moduli
as a function of oscillation strain for native fibrin and hybrid hydrogels synthesized with reactive copolymers of different molecular weights (GMA

amount around 10 mol%, polymer concentration 1.92 wt%).
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Figure 5. SEM analysis of fibrin hydrogels. a) SEM images of fibrin-based hydrogels synthesized with different concentrations of copolymers compared
to fibrin hydrogels without copolymers. Due to the increasing concentration of copolymers, an increase in fiber thickness is observed. (magnification:
20 000x, Scale bar: 1 um). b) Determined average fiber diameters for different fibrin hydrogels (p* < 0.01. FB = Fibrin).

conducted (Figure S3, Supporting Information). All hydrogels
show a higher storage modulus because a new batch of fibrinogen
is used. Similar to the previous measurements the copolymer
PVP12400-c0-GMA g moios With a concentration of 1.92 wt% is used.
It is found that hydrogels show similar mechanical properties at
temperatures above and below lower critical solution temperature
(LCST) of reactive copolymer. The reason for this is probably
the low copolymer concentration in the hydrogel, which may
induce some local changes in the network topology and water
content but has no impact on the bulk properties of hydrogels.

2.4. Influence of Polymer Concentration on Fibrin Fiber Thickness

In order to investigate how the different concentrations of the
reactive copolymers influence the morphology of the fibrin
fibers, we select copolymer sample 4 (PVP1y490-c0-GMA 1m01%)
and synthesize hydrogels with copolymer concentrations of
0.38 and 1.92 wt% relatively to the fibrinogen amount. For each
hydrogel composition, six samples are synthesized to ensure

Adv. Funct. Mater. 2020, 30, 2003528 2003528 (6 of 11)

the reproducibility of the results. The morphology of fibers in
hydrogels is analyzed with scanning electron microscopy (SEM)
and after the image acquisition, the fiber thickness is evaluated
with Scandium imaging software (Figure 5a). For the deter-
mination of the average fiber thickness, ten fibrin fibers are
measured manually from each fibrin hydrogel (Figure 5b). The
results show a significant (p* < 0.01) increase in fiber diameter
for hydrogels prepared with 0.38 and 1.92 wt% copolymer com-
pared to fibrin hydrogels without copolymer. Fibrin fibers have
diameters of 25-50 nm, and with the addition of the copolymer,
the diameter increased to an average of 67 and 85 nm. These
experimental results confirm our hypothesis that reactive copo-
lymers interact actively with fibrinogen during the gelation pro-
cess forming covalent bonds with proteins, what increases the
thickness of the fibrin fibers. In addition, the SEM images of
hydrogels synthesized in the presence of reactive copolymers
indicate a clear formation of bridges between individual fibrin
fibers. The abovementioned effects, increase of the fiber thick-
ness, and formation of inter-fiber crosslinks, improves the
mechanical properties of fibrin-based hydrogels.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.5. Cell Viability and Cytotoxicity

For the later application of the copolymer in vitro, it is of par-
ticular importance to exclude cytotoxic behavior, especially from
epoxy groups present in the copolymer structure. First of all, a
cytotoxicity test according to ISO 10993-5 is performed and the
results obtained are confirmed by a separate cell viability assay
(CellTiter-Blue, Promega, Mannheim, Germany).

2.5.1. Cytotoxicity/Viability Test According to ISO 109935

Live/dead stainings are performed with 1929 mouse fibro-
blasts and human mesenchymal stem cells (MSC) on TCPS,
fibrin, and fibrin-based hydrogels in combination with 0.38 and
1.92 wt% of copolymer 4 (Table 1). Cells are cultured for 1, 3, and
7 days. The results (Figure 6a) show no significant difference
over the whole culture period between fibrin and fibrin-based
hydrogels with different copolymer concentrations, neither for
L1929 cells nor for MSC. Cell morphology is comparable to con-
trol conditions on TCPS for both cell types. L929 fibroblasts
show an increase in cell proliferation when cultured on fibrin
gels with and without copolymer. This can be explained by
the softer ECM provided by the hydrogels. Images are quanti-
fied with Image] and the percentage of dead cells is calculated
by the ratio of dead and living cells (Figure 6b). Due to the
increased proliferation rate and thus post-confluent growth of

a)

b)

FB +0.38wt% Co FB + 1.92wt% Co

L929
7d 3d 1d

1d

1929 mouse fibroblasts, only the first 3 days can be statistically
evaluated. No significant differences can be observed between
TCPS, fibrin, and fibrin-based hydrogels with addition of copol-
ymers. The average percentage of dead cells is less than 1% for
each condition with both cell types. An increase in cytotoxicity
over a period of 3 days for L929 cells and 7 days for MSC is
not detected. The results can be used to predict a cytocompat-
ible behavior of the used copolymers in vivo. To confirm these
results, an additional viability test is performed.

2.5.2. Cell Viability (CellTiter-Blue)

Cell viability is measured using the CellTiter-Blue Cell Viability
Assay. The results are normalized to day 1. L929 mouse fibro-
blasts show an increase in cell proliferation when cultured on
fibrin-based hydrogels (Figure 7). Fibrin without the addition of
copolymers has a significant impact on viability and prolifera-
tion of L929 cells, compared to the TCPS control. With addition
of 0.38 and 1.92 wt% of copolymer number 4 with 10% GMA
content (Table 1), proliferation rate decreased but is overall
higher than the control group. Stiffness of the surrounding
material can affect proliferation rate and due to an increase of
storage modulus when higher copolymer concentrations are
added into the fibrin-based hydrogel, this can be attributed to
an increased proliferation. Human mesenchymal stem cells
show no significant increase in cell viability/proliferation at
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Figure 6. Live/dead stainings of different cell types on fibrin-based hydrogels with and without copolymers. a) Cytotoxicity test of fibrin-based hydrogels
in combination with different copolymer concentrations according to ISO-10993-5. L929 cells and MSC are cultured for 1, 3, and 7 days on the hydrogels.
Live/dead stainings demonstrate viable cells by green fluorescence and dead cells by red fluorescence. Morphology of L929 cells as well as MSC is
characteristic for the respective cell type on fibrin-based hydrogels with the addition of various amounts of copolymer. Magnitude: 100x, Scale: 100 pm.
b) Statistical evaluation of live/dead stainings of L929 cells and MSC on fibrin-based hydrogels with different concentrations of copolymers and corre-
sponding cells. Percentage of dead cells is calculated by comparing the ratio of viable and dead cells. No cytotoxicity can be detected, neither for fibrin
nor for fibrin-based hydrogels with the addition of different copolymer concentrations. The cell count has increased over time and a significant rise in
L929 cells on days 1 and 3 was demonstrated at both copolymer concentrations when compared with the TCPS control (FB = Fibrin, Co = Copolymer).
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Figure 7. Viability assay of different cell types on fibrin and fibrin-based hydrogels. a) CellTiter-Blue Cell Viability Assay is performed after 1, 3, and
7 days. L929 mouse fibroblasts and MSC are seeded on TCPS, FB, and FB with different copolymer concentrations. Fluorescent resorufin was detected
at 560/590 nm and normalized to day 1. b) Results of CellTiter-Blue Cell Viability Assay for L929 cells and MSC after 7 days in culture with TCPS, FB,
and FB with different copolymer concentrations are shown. Significant increase (p* < 0.01) in cell proliferation is detected on FB compared to TCPS.
L929 fibroblasts show an overall increased proliferation rate when cultured on fibrin hydrogels. For the proliferation rate of MSC, no significant differ-
ences to the control conditions are detectable (FB = Fibrin, Co = Copolymer).

each given time point. The overall proliferation rate is compa-
rable to the TCPS control.

2.6. Human D-Dimer ELISA

Human D-Dimer ELISA is performed to evaluate whether the
used copolymer can reduce the rate of fibrinolysis through
MSC and thus lead to a controlled degradation of the fibrin-
based hydrogels. D-Dimers are fibrinolytic peptides as a result
of fibrin degradation. No tranexamic acid is used, to allow for
physiological fibrinolysis. The standard curve (Figure S4a,
Supporting Information) is created according to the manufac-
turers” specifications, with measured D-Dimer concentrations
in the range from 0.1-1000 pg mL™.. Resulting determination
coefficient equals 0.9985. Results indicate that the addition of
a higher weight percentage of copolymer inhibits fibrinolytic
processes and therefore a controlled degradation of fibrin-
based hydrogels can be ensured (Figure 8). Hydrogels cultured
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Figure 8. Decrease of fibrin degradation through addition of higher
copolymer concentrations in fibrin-based hydrogels analyzed by human
D-Dimer ELISA. Results of performed D-Dimer ELISA show a significantly
reduced amount of D-Dimer concentrations (p* < 0.01) for fibrin-based
hydrogels which are prepared with additional copolymer. Cells are cultured
for 1-3 days on fibrin-based hydrogels and TCPS. With increased copol-
ymer concentrations, a decreased D-Dimer concentration is detected at
each time point. No degradation of fibrin is detectable in absence of MCS.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

without MSC show low amounts of D-Dimers (<1 pg mL™). In
contrast, the amount of D-Dimers present in the supernatant
increased over time, when fibrin-based hydrogels are cultured
without addition of copolymers (26.77, 28.37, and 31.63 pg mL™).
By adding 0.38 or 1.92 wt% of copolymer, D-Dimer concen-
tration can significantly (p* < 0.1) decrease and remain stable
over time, compared to FB. By comparing the two copolymer
concentrations, it can be concluded that the D-Dimer concentra-
tion in the medium is reduced by 30% for 1.92 wt% copolymer.
To ensure efficiency of the fibrinolysis inhibitor, the D-Dimer
ELISA is also carried out with the addition of tranexamic acid
(Figure S4b, Supporting Information).

Summarizing the experimental results presented above, one
big advantage of PVP-co-GMA copolymers, compared to other
linear polymers is, that at higher molecular weights PVP-co-
GMA copolymers induce the strain stiffening behavior of the
hydrogels.?¥ In addition, the hydrogel preparation with this
copolymer is simple and the gelation mixture is easy to handle.
The polymer does not have to be further modified like polyvinyl
alcohol to interact specifically with fibrin. Apart from that, the
modified polyvinyl alcohol needs addition of a photoinitiator
to crosslink efficiently.?”! Also PEGylated fibrinogen needs a
photoinitiator and irradiation for a successful modification of
the hydrogel.2l Tt has been demonstrated that PEG can also
be modified with peptides derived from antiplasmin to reduce
the degradation. In this work we demonstrate that the degra-
dation of the fibrin-based hydrogels can be strongly retarded
without coupling with peptides.?*! Polyvinyl amine is also used
in literature for fibrin modification, but, compared to PVP-co-
GMA, it shows a lower viability of cells.?”! Additionally, vinyl
pyrrolidone can be synthesized from glutamic acid, which is a
by-product of biofuel production.”*=8 When this synthesis will
be used for the commercial production of vinyl pyrrolidone,
bio-based PVP-co-GMA copolymers can be synthesized.

3. Conclusion

In the present work, we developed a new concept to synthesize
fibrin-based hydrogels with improved mechanical properties
and retarded degradation. This was achieved by the combina-
tion of reactive amphiphilic and biocompatible copolymers with
fibrinogen and thrombin to fabricate composite hydrogels. We
demonstrate that using these building blocks it is possible to
fabricate hydrogels with tunable internal structure, adjustable
mechanical properties, and degradation profiles. The increase
of the reactive copolymer concentration in the reaction mix-
ture up to 2 wt% increases the storage modulus of fibrin-based
hydrogels. It is also possible to induce strain stiffening of hydro-
gels by the regulation of molecular weight of the copolymer.
Investigating the internal structure of hydrogels, we found that
the thickness of the fibrin fibers in hydrogels increases with the
increase of copolymer concentration. First in vitro results dem-
onstrate no cytotoxic effects of the chosen copolymer on 1929
mouse fibroblast and human mesenchymal stem cells (MSC).
Furthermore, the use of this specific copolymer can lead to sig-
nificantly slower degradation of fibrin hydrogels in vitro, which
makes the use of fibrinolytic inhibitors, such as tranexamic
acid, no longer necessary. This can be particularly advantageous
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for the in vivo applications of fibrin-based hydrogels as implant
coatings.

4. Experimental Section

Materials: 1f not mentioned otherwise, all materials were
used without additional purification.  N-vinylpyrrolidone  was
purchased from TCI chemicals and distilled before use to remove
the inhibitor.  Glycidyl methacrylate (GMA) was purchased
from Sigma-Aldrich and was also distilled before use. The
azobisisobutyronitrile (AIBN) was purchased from Sigma-Aldrich and
recrystallized in methanol before use. Methyl 2-bromopropionate
(98% purity) and potassium ethyl xanthogenate (96% purity) were
purchased from Sigma-Aldrich. Fibrinogen from human plasma (35-65%
protein), thrombin from human plasma (21000 NIH units mg™' protein),
HEPES sodium salt (suitable for cell culture), sodium phosphate dibasic
(299% purity), magnesium sulfate heptahydrate (299% purity) were
purchased from Sigma-Aldrich. All used organic solvents were practical
or HPLC grade.

Synthesis of Chain Transfer Agent: The RAFT agent Rhodixan Al was
synthesized as already described in the literature.’ First, in a double-
neck flask, methyl 2-bromopropionate (40 g, 234 mmol, 1 equiv.) was
dissolved in ethanol (300 mL) and stirred under cooling with ice.
Then, potassium ethyl xanthogenate (43.1 g, 268 mmol, 1.1 equiv.) was
stepwise added as a powder to the solution over 45 min and then stirred
for 3 h at room temperature. For the workup the solution was filtered
and concentrated at 40 °C under a pressure of 175 mbar. After the
addition of dichloromethane (600 mL) the organic phase was extracted
with distilled water (4 X 100 mL) and dried over magnesium sulfate for
12 h. The drying agent was removed via filtration. The dichloromethane
was removed under reduced pressure. The RAFT agent was dried under
vacuum for 8 h. The product was a clear, bright yellow liquid (yield =
92%).

Synthesis of PVP-co-PGMA-Copolymers via RAFT Polymerization: The
polymer synthesis was performed based on the work of Peng et al. (33,
The reaction was performed under inert atmosphere. The amounts of the
substrates were shown for a target molecular weight (M,,) of 10000 g mol™!
and a GMA amount of 3 mol%. First, VP (4.0 g, 36 mmol, 1 equiv.) and
the CTA (0.043 g, 0.21 mmol) were dissolved in anisole (6 mL) and
degassed in a Schlenk-flask with five freeze-pump-thaw-cycles. The vials
with the GMA (0.15 g, 1.08 mmol, 0.03 equiv.), dissolved in anisole
(2 mL), and the initiator (AIBN, 0.0068 g, 0.042 mmol, 0.0012 equiv.),
also dissolved in anisole (0.4 mL), were purged with nitrogen under ice
cooling for 30 min. At 60 °C the solution with the initiator was added
to the reaction, to start the polymerization. The GMA was added
continuously, with a rate of 0.15 mL h7', to the reaction flask via a syringe
pump. After 24 h the reaction was stopped by cooling the mixture in
liquid nitrogen. The product was precipitated in cold diethyl ether
(400 mL) and dried under vacuum at 40 °C for 36 h (yield = 88%).

Hydrogel ~Preparation: The polymer was dissolved in different
concentrations in GBSHg-buffer (0.37 g L' KCl, 0.2 g L™' MgCl, in
6H,0, 0.15 g L' MgSO, in 7H,0, 7.00 g L' NaCl, 0.12 g L™ Na,HPO,,
1.19 g L7' HEPES). Fibrinogen (156 uL, 40 mg mL™ in GBSHs-buffer),
CaCly-solution (10 pL, 50 mm), and the polymer solution (24 uL)
were mixed in a vial at 0 °C. Then, thrombin (20 uL, 20 U mL™") was
added. The solution was shaken and incubated at 37 °C for at least
20 min. A turbid, solid hydrogel was obtained.

Scanning Electron Microscopy: In order to investigate the effects of the
fibrin-binding copolymers on the individual fibrin fibers, the gels were
examined using scanning electron microscopy. The fibrin-based hydrogels
were poured into a 96-well plate. First, 10 uL thrombin (20 U mL™) was
pipetted into a well and then mixed with the fibrin-copolymer-solution. Each
condition was prepared six times to investigate the reproducibility of the
hydrogels. After the gels were polymerized, they were stored overnight in
medium at 37 °C, then fixed with 2.5% glutaraldehyde in PBS, and stored
at 4 °C until further preparation. The samples were rinsed with 0.1 m
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sodium phosphate buffer (pH 7.39, MERCK, Darmstadt, Germany) and
dehydrated by incubation in an ascending ethanol series (30%, 50%, 70%,
and 90%) with a final incubation of three times in 100% ethanol for 10
min. The constructs were then critical-point-dried in liquid CO, (Quorum
Technologies, Ashford, United Kingdom), and coated with a 10 nm gold/
palladium layer (Sputter Coater EM SCD500, Leica, Wetzlar, Germany).
The samples were ripped open and the microscopy was performed
in a high vacuum environment at 10 kV acceleration voltages with an
environmental scanning electron microscope (ESEM XL30 FEG, FEl,
Eindhoven, The Netherlands). Quantification of fibrin fibers was performed
with the provided SEM Software Scandium. For evaluation, ten fibers were
measured from each fibrin hydrogel.

Rheological Characterization: The used instrument is a TA Instrument
Discovery HR-3 hybrid rheometer with a 20 mm cone-plate geometry
which has a cone angle of 2°. It induces a sinusoidal shear deformation.
The hydrogel was synthesized as described before but instead of the
incubation, a volume of 74 UL was put in the rheometer, which was heated
to a temperature of 37 °C. To ensure that the hydrogel is fully polymerized,
a time-dependent measurement at a frequency of 1 Hz and an oscillation
strain of 0.1 % was performed. Then, a frequency-dependent measurement
at a fixed oscillation strain of 0.1% was conducted. The characterization was
finalized with a strain-dependent measurement at a fixed frequency of T Hz.

Cell Culture: Cell culture experiments were approved by the local
Ethics Committee (EK300/13). Human tissue donations were received
with informed consent. All cells were cultured in a 20% O, and 5%
CO, humidified atmosphere at 37 °C. All cells were tested for possible
mycoplasma contaminations prior to the experiments.

L929 Mouse Fibroblast Cell Line: L929 mouse fibroblasts (ATCC, Wesel,
Germany) were cultured in Roswell Park Memorial Institute (RPMI)
1640 medium (Gibco, Darmstadt, Germany) supplemented with 5%
newborn calf serum (NCS, Gibco, Darmstadt, Germany), 1% penicillin
(80 U mL™", Gibco, Darmstadt, Germany), 1% streptomycin (80 ug mL™,
Gibco, Darmstadt, Germany), and 1% L-glutamine (1.6 mm, Gibco,
Darmstadt, Germany).

Human Mesenchymal Stem Cells: Human mesenchymal stem cells
(MSC) were isolated according to protocols from Pittenger et al.0l
and Haynesworth et al®l In brief, femoral heads of patients with
total hip endoprosthesis (TEP) were surgically removed with informed
consent of the affected patients and provided by the Orthopaedic
Clinics of the University Hospital RWTH Aachen University. Bone
marrow spongiosa was rinsed with stem cell medium (Mesenpan,
PanBiotech, Aidenbach, Germany) several times and the remaining
cell suspension was centrifuged for 10 min at 250 g. Subsequently, the
supernatant was aspirated and the cell sediment was resuspended in
10 mL phosphate-buffered saline (PBS) and centrifuged for 10 min at
250 g. Afterward, the cell pellet was resuspended in stem cell medium
and cells were seeded in a T75 culture flasks (Cellstar, Greiner bio-one,
Frickenhausen, Germany). After 24 h of incubation, the medium was
removed and the cells were washed twice with 10 mL PBS to get rid of
non-adherent (hematopoietic) cells, bone fragments, and erythrocytes
and a medium change was performed. Mesenchymal stem cells were
expanded in Mesenpan (PAN-Biotech, Aidenbach, Germany) which
contains 2% fetal calf serum (Pan-Biotech, Aidenbach, Germany),
1% ITS-plus (insulin-transferrin—selenic acid and bovine serum
albumin (BSA)-linoleic acid (Pan-Biotech, Aidenbach, Germany), 1 nm
dexamethasone (Pan-Biotech, Aidenbach, Germany), 100 um ascorbic-
acid-2-phosphate (Pan-Biotech, Aidenbach, Germany), 10 ng mL™
epidermal growth factor (EGF, Pan-Biotech, Aidenbach, Germany), 1%
penicillin (80 U mL™", Gibco, Darmstadt, Germany), 1% streptomycin
(80 ug mL™, Gibco, Darmstadt, Germany), and 1% L-glutamine (1.6 mm,
Gibco, Darmstadt, Germany). Medium was changed every 3-4 days.
At 80-90% confluence, stem cells were trypsinized with 0.01% trypsin
(Lonza, Cologne, Germany) and reseeded in a density of 5 x 103 cells cm2.
Cells were characterized by flow cytometry.

Viability/Cytotoxicity Test According to [1SO 10993-5: To detect
cytocompatibility and cytotoxicity of the produced copolymers in
combination with fibrin, a live/dead staining of stem cells on the material
was performed after 1, 3, and 7 days after seeding, according to the
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protocols 10993-5 of the International Standardization Organization
(1SO). Briefly, 1.2 mL Ringer solution (B. Braun, Melsungen, Germany)
was mixed with 10 pL fluoresceindiacetat (FDA, 5 mg mL™ in acetone,
Sigma-Aldrich, Steinheim, Germany) and 10 pL propidiumiodid (PI,
0.5 mg mL™ in PBS, Sigma-Aldrich, Steinheim, DE) and added to the
cells, which were seeded on fibrin-based hydrogels and analyzed using
fluorescence microscopy (DMI6000B, Leica, Wetzlar, Germany). Green
fluorescence indicates viable cells and red fluorescence dead cells.
To produce dead cell controls, 20 pL Triton-X100 (0.1% dissolved in
PBS, Sigma-Aldrich, Steinheim, Germany) was added to lyze the cells.
Quantification of the images was performed by Image| software.

Due to different cell sizes, the cell seeding density is cell type-
dependent: 1.5 x 10* cells cm~2 for MSC and 1.8 x 10* cells cm~2 for L929
mouse fibroblasts.

Cell Viability (CellTiter-Blue): The CellTiter-Blue Cell Viability Assay
(Promega, Mannheim, Germany) provides a homogeneous, fluorescent
method for monitoring cell viability. The assay is based on the ability
of living cells to convert a redox dye (resazurin) into a fluorescent end
product (resorufin). Non-viable cells rapidly lose metabolic capacity and
thus do not generate a fluorescent signal. Cells were seeded on fibrin-
based hydrogels in 96-well plates (Falcon, Kaiserslautern, Germany).
Cell densities are cell type-specific (1.5 x 10* cells cm™2 for MSC,
1.8 x 10* cells cm™2 for L929 cells). Every well was filled with 120 pL of
the corresponding cell suspension and the assay was performed after
1, 3, and 7 days. The assay plates were taken out of the incubator,
medium was removed from each well, and 20 pL of CellTiter-Blue
Reagent were added and the plate was being shaken manually for
about 10 s to distribute the reagents in the wells. The cells were then
incubated for 3 h using the standard cell culture conditions. Afterward,
the supernatant was transferred into a black 96-well plate and the
fluorescence was measured at 560 nm excitation and 590 nm emission
(Infinite M200 Reader, Tecan, Minnerdorf, Switzerland). Fibrin gels
without cells were incubated in parallel to serve as negative controls
(background fluorescence). The assay was performed in triplicates.

D-Dimer Human ELISA: Human D-Dimer enzyme-linked immunosorbent
assay (ELISA, Thermo Scientific, Dreieich, Germany) was performed
according to the manufacturers’ instructions. In previous experiments,
tranexamic acid (16 uL mL™") was added to the cell culture in order to
inhibit fibrinolysis by MSCI®2 and the associated digestion of the fibrin-
based hydrogel. To evaluate the potency of the copolymer to inhibit fibrin
degradation processes, the test setup was carried out with and without
tranexamic acid. Human MSCs were seeded in a density of 1.5 x 10* cells
cm™2 and medium was collected from the samples after 1, 2, and 3 days in
culture. Used samples were diluted 1:100 with provided assay diluent.
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