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Growth Factor Immobilization to Synthetic Hydrogels:
Bioactive bFGF-Functionalized Polyisocyanide Hydrogels

Melissa J. J. van Velthoven, Aksel N. Gudde, Evert Arendsen, Jan-Paul Roovers,
Zeliha Guler, Egbert Oosterwijk, and Paul H. J. Kouwer*

With its involvement in cell proliferation, migration and differentiation basic
fibroblast growth factor (bFGF) has great potential for tissue engineering
purposes. So far, however, clinical translation of soluble bFGF-based therapies
is unsuccessful, because the required effective doses are often
supraphysiological, which may cause adverse effects. An effective solution is
growth factor immobilization, whereby bFGF retains its bioactivity at
increased efficacy. Studied carriers include films, solid scaffolds, and particles,
as well as natural and synthetic hydrogels. However, these synthetic
hydrogels poorly resemble the characteristics of the native extracellular matrix
(ECM). In this work, bFGF is covalently conjugated to the synthetic, but highly
biocompatible, polyisocyanide-based hydrogel (PIC-bFGF), which closely
mimics the architecture and mechanical properties of the ECM. The growth
factor conjugation protocol is straightforward and readily extrapolated to
other growth factors or proteins. The PIC-bFGF hydrogel shows a prolonged
bioactivity up to 4 weeks although no clear effects on the ECM metabolism
are observed. Beyond the future potential of the PIC-bFGF hydrogel toward
various tissue engineering applications, this work underlines that simple
biological conjugation procedures are a powerful strategy to induce additional

bioactivity in 3D synthetic cell culture matrices.

1. Introduction

Growth factors play a critical role in tissue repair and regenera-
tion, and are widely investigated for tissue engineering purposes.

While soluble growth factor-based ther-
apies have shown promising results in
vitro,!!l the translation to the clinical setting
has not yet been successful. Soluble growth
factors often suffer from a short halflife,
low stability, rapid internalization by cells,
and quick diffusion from the delivery site.!?!
Consequently, supraphysiological doses or
multiple administrations are sometimes
required to attain an effective growth
factor concentration in vivo, resulting in
potential adverse effects and poor cost-
effectiveness of these growth factor-based
therapies.!

In the human body, growth factors dy-
namically interact with the extracellular
matrix (ECM), for example, basic fibroblast
growth factor (bFGF) can bind to hep-
aran sulfate!l and transforming growth
factor-f binds to decorin and betaglycan.!
In a more synthetic approach, growth
factor immobilization would mimic the
physiological ECM-bound presentation
of growth factors.®! Growth factors that
are covalently immobilized to hydro-
gels, are able to retain their effects on
proliferation”) and ECM production.!] The advantages of
growth factor immobilization are higher efficacy and improved
functioning compared to soluble administration at similar
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concentrations.[’) Moreover, immobilization of growth factors
can be spatially and, in case of non-covalent immobilization, tem-
porally controlled.

bFGF is a frequently used growth factor for tissue engi-
neering purposes, as it is involved in cell proliferation,!'!
migration,'!] and differentiation.?l The effect of bFGF on
the ECM metabolism in vitro is highly ambiguous: studies
have reported contradicting stimulatory,"*) similarl’ and
suppressivel®] effects of bFGF on collagen production. bFGF
downregulates elastin on both gene and protein level in vitro,!1%]
and promotes vascular endothelial growth factor expression,
which induces angiogenesis in vitrol'”] and in vivo.l'"¥! In vivo,
bFGF has been reported to promote tissue repair of skin,[!!
bone, 2 tendon,?!! and cartilage.??! Studies on skin wound heal-
ing showed that bFGF promotes accelerated epithelization,!1%!
wound closure,!'! vascularization,!'®*! and improved regen-
eration of the dermis."! Analogous to in vitro findings, the
effect of bFGF on collagen production in vivo is contradictory.
For example, during wound healing bFGF promotes collagen
production!™! and maturation,['®? whereas bFGF also can
reduce scar tissue formation by suppressing collagen type I
production.[?]

Research that exploits immobilization of bFGF is focused
on carriers based on films,?*] scaffolds,!”] particles, !¢
and hydrogels. For the latter, bFGF is mainly encapsu-
lated in natural hydrogels!?”] or covalently immobilized
to synthetic hydrogels, with the limitation that these syn-
thetic hydrogels poorly recapitulate important features,
like architecture and mechanical properties, of the native
ECM.[%]

Here, we present an approach for covalent bFGF immobi-
lization to synthetic polyisocyanide (PIC)-based hydrogels. PIC
hydrogels are highly tunable, biomimetic, and uniquely mimic
the fibrous architecture and mechanical properties of the natural
ECM, including strain-stiffening in the biological relevant stress
regime similar to, for example, collagen.[?’! Furthermore, the
thermosensitive behavior (reversible gelation upon heating at
T, ~ 15 °C) of this hydrogel facilitates easy cell retrieval in
vitrol3®! and supports minimally invasive application in vivo.53!l
PIC hydrogels can be functionalized with various bioactive
molecules via a straightforward click chemistry approach.3?! Bi-
ologically, PIC hydrogels have shown to direct stem cell fate,[2%]
facilitate vascularization® and vaginal connective tissue repair
in vitro,’% as well as wound healing in vivo,l*'"} emphasizing
the great potential of PIC hydrogels for tissue engineering
purposes.

Our aim is to assess the potential of the bFGF-decorated
PIC hydrogel to promote tissue regeneration in vitro. First, we
covalently immobilized bFGF to PIC polymer to yield PIC-bFGF.
Then we validated whether the immobilized growth factor re-
mains bioactive in the hydrogel. Next, we investigated the effects
of PIC-bFGF on cell proliferation and the ECM metabolism
of adipose-derived stem cells (ASCs), whereby the latter was
quantified on both gene and protein levels. The simplicity of
the growth factor immobilization approach makes it similarly
suited for other growth factors or bioactive molecules, which
makes PIC hydrogels widely applicable for many custom bio-
logical processes, including tissue regeneration of various soft
tissues.
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2. Results

2.1. Preparation and Characterization of the PIC-bFGF Hydrogel

For the preparation of PIC-bFGF, we first prepared azide-
appended PIC (Figure 1A), yielding a polymer with 3.3 mol%
azide groups and a viscosity average molecular weight of 157-
309 kg mol~! (for three independent batches). As the cell adhe-
sion peptide Gly-Arg-Gly-Asp-Ser (RGD) is essential for cell-PIC
matrix interactions and cell signaling, part of the azide groups
(1 mol%) was used to introduce the RGD peptide through the
highly efficient click chemistry approach.}%*3*] The mechani-
cal properties of the RGD-modified (PIC-RGD) hydrogel in PBS
were analyzed with rheology (Figure 1B,C and Figure S1, Sup-
porting Information). The properties in the linear viscoelastic
regime (G’ = 95-156 Pa, three batches) and the nonlinear (strain-
stiffening) regime are in line with earlier work.3%

To conjugate the growth factor, bFGF was equipped with
dibenzocyclooctyne (DBCO) units via a flexible spacer, through
N-hydroxysuccinimide (NHS) chemistry targeting the lysine
residues (Figure 1A).13%] For quantification purposes, Alexa Fluor
647 was attached to bFGF using the same NHS reaction. Analysis
showed an average degree of labeling of DBCO and the fluores-
cent dye of 1.1 and 0.5, respectively, per bFGF molecule. Then,
the DBCO-decorated growth factor was reacted with PIC-RGD in
aqueous solution (4 °C) overnight (Figure 1A). Because of the
low bFGF concentration and the high excess of reactive azide
groups, we expect a high conversion of DBCO groups over the
course of the reaction, which was quantified by ELISA and fluo-
rescence measurements. For the target concentration ([bFGF] =
2 ng mL™), we experimentally find [bFGF] = 2.6 + 0.1 ng mL™"
and a conversion of 85 + 2%. We note that in our polymers the
bFGF concentration is much lower than the typical RGD concen-
tration. In a 2 mg mL~" PIC-bFGF hydrogel, [RGD] = 55 um and
[bFGF] < 12 nm, which amounts to less than 1 bFGF molecule
per 1000 polymers. In the manuscript, most work is carried out
with 50 (PIC-bFGFs,) or 100 ng mL~! bFGF (PIC-bFGF,,,) con-
jugated to the polymer. Details are given in Table S1, Supporting
Information.

2.2. The bFGF-Functionalized PIC Hydrogel Is Bioactive

To validate whether the bFGF bioactivity is not affected by co-
valent DBCO functionalization and subsequent immobilization,
dose-response curves of the PIC-bFGF hydrogel and precursors
were generated. Growth factor bioactivity was assessed using two
different cell types: 3T3 fibroblasts and primary ASCs. The latter
is our cell type of interest as they are often used for tissue en-
gineering applications.[*®) As the default cell line to determine
the bioactivity of growth factors, 3T3 fibroblasts were used to
validate the activity of PIC-bFGF with soluble bFGF and bFGF-
DBCO controls, tested both in a 2D and 3D setting. Following
the thorough validation in 3T3 fibroblasts, we determined the
bioactivity of PIC-bFGF in ASCs. bFGF-DBCO treatment on 2D
cultured 3T3 fibroblasts induced a threefold increase in prolifer-
ation (Figure 2A), similar to the increase in proliferation of the
control (3T3 fibroblasts treated with soluble bFGF, Figure S2A,
Supporting Information). The results show that the introduction

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 1. Molecular structure and mechanical properties of PIC-based hydrogels. A) Preparation and molecular structure of PIC-RGD and PIC-bFGF.

Mechanical properties of the PIC-RGD hydrogel: B) The storage modulus (G

') shows temperature-induced gelation at approximately 20 °C; C) the

differential modulus (K’) shows strain-induced stiffening. Loss data is given in Figure S1, Supporting Information.
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Figure 2. The PIC-bFGF hydrogel is bioactive. Dose-response curves of bFGF-DBCO treatment on A) 2D cultured 3T3 fibroblasts, B) 3T3 fibroblasts
encapsulated in the PIC-bFGF hydrogel (ECso = 18.3 ng mL™"), and C) ASCs encapsulated in the PIC-bFGF hydrogel (ECs = 36.1 ng mL™"). Lines are
fit to a four-parameter dose-response function (n = 3).
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Figure 3. PIC-bFGF hydrogels remain bioactive for 28 days. A) Representative brightfield images of ASCs encapsulated in the PIC-RGD and PIC-bFGF 4
hydrogels up to 28 days in culture. B) ASCs encapsulated in PIC-RGD and PIC-bFGFsq hydrogels are viable at day 7 (live = green and dead = red). C)
PIC-bFGF,qq promotes the proliferation of ASCs compared to PIC-RGD at day 7 (p = 0.007), 14 (p = 0.001), and 28 days (p = 0.023). Statistical analysis
with a two-way ANOVA followed by Siddk’s multiple comparisons test (n = 3). Scale bar = A) 250 and B) 100 um.

of linking groups on bFGF does not compromise its bioactivity.
In a 3D setting, soluble bFGF treatment on 37T3 fibroblasts encap-
sulated in the PIC-RGD hydrogel also resulted in a similar prolif-
eration increase as the 2D cultured 3T3 fibroblasts (Figure S2B,
Supporting Information). Likewise, the 3T3 fibroblast cultured
in the PIC-bFGF hydrogel showed a similar threefold increase in
proliferation albeit with an increased half-maximal effective con-
centration (EC,,) compared to the soluble control (Figure 2B).
Last, we confirmed that the PIC-bFGF hydrogel is bioactive when
cultured with ASCs, albeit with a reduced fold in proliferation
compared to 3T3 fibroblasts (Figure 2C).

2.3. bFGF-Functionalized PIC Hydrogels Remain Bioactive for 28
Days

To assess whether the PIC-bFGF hydrogel remains bioactive for
a sustained period in long-term cultures, ASCs were cultured
for up to 28 days in PIC-bFGF or, as a control, in PIC-RGD.
At day 1, the ASCs exhibit a round morphology in both matri-
ces (Figure 3Aiv). After 7 days, elongated cell morphologies
(Figure 3Aii,vi) were observed. Two weeks’ post-encapsulation,
both the PIC-RGD and PIC-bFGF hydrogels started to contract
as a result of the contractile forces that the ASCs apply on
analysis showed viable cells in both the PIC-RGD and PIC-bFGF
hydrogels (Figure 3B). ASCs cultured in the PIC-bFGF hydrogel
showed a significant increase in proliferation 7, 14, and 28 days’
post-encapsulation (Figure 3C), which confirms the continued
bioactivity of the PIC-bFGF hydrogel. We note that the decrease
in proliferation over time results from the fact that the cells

Adv. Healthcare Mater. 2023, 12, 2301109 2301109 (4 of 10)

were cultured under starved conditions in order to measure the
bioactivity of PIC-bFGF.

2.4. Immobilization of bFGF Has No Effect on Collagen and
Elastin Deposition on ASCs Encapsulated in PIC Hydrogels

Effects of the PIC-bFGF hydrogel on ECM metabolism were as-
sessed by quantifying collagen and elastin production on pro-
tein level as well as quantifying collagen production based on
imaging. At day 1, ASCs encapsulated in PIC-RGD and PIC-
bFGF hydrogels predominantly show collagen as dotted struc-
tures (Figure 4Ai-iv), which is indicative of intracellular pro-
collagen assembly.’”] After 7 days, next to dotted structures,
fiber-like structures are visible in both PIC-RGD and PIC-bFGF
(Figure 4Av-viii), which indicates extracellular collagen fiber
formation.[’”] At 14 and 28 days’ post-encapsulation, all hydro-
gels show more deposited (mature) collagen fibers compared to
day 7 as well as contraction of the 3D cultures (Figure 4Aix—xvi).
Collagen quantification based on fluorescence intensity at day
14 showed no difference between the PIC-RGD and PIC-bFGF
hydrogels (Figure 4B), whereby we emphasize that the collagen
fluorescence intensities were normalized to the nuclear fluores-
cence intensity (cell density) to exclude the effects of contraction
and differences in proliferation.

Collagen quantification on protein level, using a picrosirius
red-based assay, shows no significant differences between PIC-
RGD and PIC-bFGF at all four time points (Figure 4C), which is
consistent with the fluorescence intensity data. We do observe a
significant increase in collagen production over time (Figure S3,
Supporting Information), whereby the amount of collagen dou-
bled at days 7 and 28 compared to day 1 in both hydrogels. When

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. The PIC-bFGF hydrogel does not promote collagen and elastin deposition of ASCs. A) Representative confocal images of deposited collagen
by ASCs encapsulated in the PIC-RGD and PIC-bFGFs hydrogels at days 1-28 (collagen = green, F-actin = red and nuclei = blue; scale bar = 100 (first
and third column) and 25 pm (second and fourth column)). B) Corrected total cell fluorescence (CTCF) analysis of collagen (normalized to the CTCF of
DAPI) at day 14 (n > 5; unpaired t-test). Protein quantification shows similar results between ASCs encapsulated in PIC-RGD and PIC-bFGFy, for both
C) collagen (n = 5) and D) elastin (n = 3) at all time points. Statistical analyses were conducted with two-way ANOVA followed by a (C) Siddk’s multiple

comparisons test or (D) Tukey’s and Sidak’s multiple comparisons test.

we studied the correlation between the conjugated bFGF concen-
tration and collagen production, we only observed an increase
in collagen production in PIC-bFGFs, compared to PIC-bFGF,
(p = 0.034) and PIC-bFGF,y, (p = 0.036) at day 7 (Figure S3,
Supporting Information). We note that the amount of collagen
produced in the PIC-bFGFs,, hydrogel was equal to the PIC-RGD
hydrogel.

Analogous to collagen, elastin production is similar between
the ASCs cultured in PIC-RGD and PIC-bFGF hydrogels over
time (Figure 4D). Overall, we conclude that immobilization of

Adv. Healthcare Mater. 2023, 12, 2301109 2301109 (5 of 10)

bFGF to the PIC-RGD hydrogel has no effect on collagen and
elastin production.

2.5. The Effect of PIC-bFGF on the Expression of ECM-Related
Genes
In addition to our studies at protein level, we quantified

bFGF-induced changes at gene expression level. Expression of
COL1A1, COL3A1, and ELN are related to ECM production,

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



ADVANCED
HEALTHCARE
MATERIALS

www.advhealthmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

A COL1A1 B COL3A1 c COL1A1/COL3A1

§ 3.0 *k § 2.0 i o 15— *k . -

@ - » * =

o *okk 2 15 HokK F T

g 2.0 g EXK — < 104

o - ## 3} — # §

° . © # ok

= # = .

S * . o 1.0 ## _## 8

= = 0.5 o S *

© © ~ ®

5 oo L[] Al § A & 0] [

S )

Z 0.0 T T T T Z 0.0 T T T 0 T - A .

Day 1 Day 7 Day 14  Day 28 Day 1 Day 7 Day 14 Day 28 Day 1 Day 7 Day 14 Day 28

D ELN E MMP2

£ 1.5 <€ 3.0

k) * .0 s PIC-RGD

@ ek a *okk

g — 4 L e PIC-bFGF

%‘ 1.0 t *,okk g 2.0 *%

) & ° * ok k

L : L *k To

° - —_—

.g 0.5+ —_— .g 1.0

® © # #

: A nfl 3 f

e S

) )

Z 0.0 T T T T z

Day 1 Day 7 Day 14 Day 28

Day 1

Day 7 Day 14 Day 28

Figure 5. The effect of the PIC-bFGF hydrogel on the expression of ECM-related genes. Gene expression levels from days 1-28 of ASCs cultured in
PIC-RGD and PIC-bFGFy, hydrogels for A) COL1A1, B) COL3A1, C) COL1AT/COL3AT ratio, D) ELN, and E) MMP2. Statistical analyses were performed
using two-way ANOVAs with Tukey’s and Sidék’s multiple comparisons test (n = 3; *p < 0.05, **p < 0.01, ***p < 0.001). A) # marks that COLTAT
is higher expressed in PIC-bFGF at day 7 compared to days 1 and 28 (p < 0.003). ## marks an increased COLTAT expression in PIC-bFGF at day 14
compared to days 1and 28 (p < 0.007). B) # illustrates that COL3AT is higher expressed in PIC-RGD at days 1-7 compared to days 14-28 (p < 0.001)
and ## marks that in PIC-bFGF the expression increased at days 7 and 14 compared to days 1and 28 (p < 0.001). D) # marks that ELN expression in
PIC-RGD is higher at day 1 compared to days 7-28 (p < 0.001). E) # illustrates that MMP2 is lower expressed at days 1-7 compared to days 14-28 in

PIC-bFGF (p < 0.008); and ## marks an increased expression in PIC-RGD at day 28 compared to days 1-14 (p < 0.001).

whereas MMP2 expression is associated with ECM degrada-
tion. ASCs encapsulated in the PIC-bFGF hydrogel show a
downregulation of COL1A1 (p = 0.025), COL3A1 (p < 0.001),
ELN (p < 0.001), and MMP2 (p = 0.001) at day 1 compared
to PIC-RGD (Figure 5). COL3A1 is downregulated at day 7 (p
< 0.001) and upregulated at day 14 (p = 0.008) in PIC-bFGF
(Figure 5B). MMP2 expression is reduced at day 28 (p < 0.001)
in the PIC-bFGF hydrogel (Figure 5E). Pooling the results of
two separate experiments together reduces the differences in
gene expression between PIC-RGD and PIC-bFGF at day 7
(Figure S4, Supporting Information).

Furthermore, we analyzed whether gene expression alters over
time. In the PIC-RGD hydrogels, ELN, COL3A1,and COL1A1are
significantly downregulated from days 7, 14, and 28 onward re-
spectively (Figure 5A,B,D), whereas MM P2is significantly upreg-
ulated at day 28 (Figure 5E). Furthermore, the COL1IA1/COL3A1
ratio is significantly higher at day 14 (Figure 5C). This ratio is
particularly relevant as an ECM remodeling indicator in a clini-
cal context.[*8!

In the PIC-bFGF hydrogels, COL1A1 and COL3A1 are signif-
icantly upregulated at days 7 and 14 (Figure 5A,B) and MMP2 at
days 14 and 28 (Figure 5E). The expression of ELN remains
unchanged over time, with a minor increase at day 28
(Figure 5D). Overall, except for downregulation at day 1, the
expression levels of ECM-related genes remain similar between
PIC-RGD and PIC-bFGF hydrogels, but their expression alters
over time.

Adv. Healthcare Mater. 2023, 12, 2301109 2301109 (6 of 10)

3. Discussion

In this study, we present a bFGF-functionalized PIC hydrogel.
The PIC hydrogel is known to mimic the architecture and me-
chanical properties of the native ECM, and this manuscript inves-
tigated how decoration with bFGF increased its potential to pro-
mote tissue regeneration in vitro. Our data showed that the PIC-
bFGF hydrogel is bioactive and remains bioactive for a month.
However, we do not observe strong effects of bFGF immobiliza-
tion on the PIC hydrogel on the ECM metabolism of ASCs.

3.1. PIC-bFGF Preparation

Covalent immobilization of bFGF to PIC-RGD using click chem-
istry has the following advantages: prevention of a bulk release
and prolonged bioactivity without the use of multiple administra-
tions of bFGF.[3*I The DBCO-based click chemistry procedure al-
lows excellent control over the degree of labeling and the concen-
tration of the immobilized growth factor in the hydrogel. The con-
jugation procedure is directly translatable toward other growth
factors and other active biomolecules, which has been demon-
strated earlier for comparable polymer systems.*]

3.2. PIC-bFGF Bioactivity

We thoroughly validated the bioactivity of the PIC-bFGF hydro-
gel, because one could have expected that bFGF immobiliza-

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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tion negatively impacts the binding affinity of bFGF to the fi-
broblast growth factor receptor (FGFR).[" 3T3 fibroblasts, which
is a common cell line for bioactivity assessments, responded
to PIC-bFGF with increased proliferation in a dose-dependent
manner. To compare the bioactivity to traditional 2D cell culture
assessment,?*l we included a 2D control in which bFGF exhib-
ited an ECs, similar to the value reported by the manufacturer.
The introduction of the DBCO-handle, necessary for subsequent
conjugation, did not reduce the bioactivity of bFGF. 3T3 fibrob-
lasts in a 3D PIC-bFGF microenvironment yielded a similar pro-
liferation increase as the soluble bFGF, indicating full bioactivity
of bFGF conjugated to the PIC polymer. Earlier work also demon-
strated that the activity of large biomolecules is not necessarily
compromised by covalent conjugation to the PIC polymers.[*]

The bioactivity of immobilized bFGF is strongly dose-
dependent, which emphasizes the importance to measure dose-
response curves. Other studies that compared the bioactivity of
bFGF-immobilized biomaterials (against the same material with-
out bFGF) did not provide dose-response curves!?+252.25b.262.26b.41]
or, when they did, they did not determine the corresponding
EC,, 2%l Other studies investigated the potential effect of immo-
bilization on bioactivity using additional controls such as soluble
bFGF.13¢#2l Overall, there is a clear lack of detailed bioactivity
data of bFGF-immobilized biomaterials in the literature, which
makes it difficult to compare the effects of immobilization be-
tween different studies.

ASCs are known to contribute to tissue regeneration,*®! which
motivated us to use ASCs to evaluate the potential of PIC-bFGF
for tissue engineering purposes. Compared to the 3T3 fibrob-
lasts, the response of ASCs toward PIC-bFGF is less pronounced,
which may be the consequence of the less proliferative character
of the primary ASCs. Moreover, one would expect the EC; to vary
per cell type,I*3] which we also found experimentally; the EC,, for
the ASCs is higher than for the 3T3 fibroblasts. Overall, the re-
sults confirm that the conjugation of bFGF to the PIC polymer
does not affect the bioactivity.

In contrast to other studies that only reported bioactivity data
after several days in culture,!**! we showed that PIC-bFGF ex-
hibits a long-term bioactivity for a month as a result of the co-
valent immobilization that prevents an undesired bulk release
from the hydrogel.**] One needs to take into account that a po-
tential disadvantage of this strategy is that crowding can impede
the binding interactions of bFGF with the FGFR.[**] Future work
can, for instance, focus on incorporating protease-sensitive link-
ers in order to achieve a controlled release of bFGF from the PIC
hydrogel.[“6]

3.3. Impact on the ECM

PIC decoration with bFGF has no substantial effect on collagen
deposition, which corresponds with the current literature that
reports ambiguous results.['*15] The unaffected collagen depo-
sition is confirmed on gene level: COL1A1 is downregulated in
PIC-bFGF at day 1 and is similarly expressed between the PIC-
bFGF and PIC-RGD hydrogel at the other time points. These re-
sults are in line with earlier studies that report that bFGF down-
regulates COL1A1 expression in lung fibroblasts,*’] hepatic stel-
late cells,[*®] osteoblast-like cells,[*! periodontal ligament cells!>"!
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and valvular interstitial cells.°!! It is important to note that for
ASCs, COL1A1 is already highly expressed in the absence of
bFGF (C, ~ 14), and direct effects from bFGF are negligible.

Analogous to the collagen, the conjugated growth factor has no
effect on elastin deposition on protein level. Gene expression of
ELNin the PIC-bFGF hydrogel is downregulated on day 1, which
is in line with other studies.!'®>?] For example, it has been re-
ported that bFGF downregulates ELN in smooth muscle cells!'®!
and fibroblasts.[5 A suggested cause of ELN downregulation by
bFGF signaling is the induction of Fra-1 that forms a heterodimer
with c-Jun, resulting in an inhibitory complex that can bind to
the elastin promoter.>2l MMP2 is downregulated in PIC-bFGF
on days 1 and 28 compared to PIC-RGD; other studies reported
a slight upregulation of MMP2 upon bFGF treatment both in
vitrol! and in vivo.[>]

4, Conclusion

Previous studies clearly indicated that bFGF has an active role
in tissue regeneration in vivo.[1*222] Based on the analogous in
vitro results of PIC-bFGF with soluble bFGF found in this work,
it would make sense to investigate PIC-bFGF for tissue regenera-
tion in vivo. After bFGF concentrations on the polymer have been
optimized per application, in vivo studies for skin,['¥ ligament
and tendon, > cartilage,??4] pelvic floor!>*] and vasculaturel*®! are
foreseeable. This work demonstrates the advantages of covalent
conjugation: excellent dosage control and prolonged bioactivity.
Precisely regulating bioactivity in this way may contribute to pre-
venting excessive ECM production in vivo, which is a crucial step
in the development of anti-fibrotic biomaterials. Moreover, using
the straightforward click chemistry approach, the PIC hydrogel
can be equipped with a myriad of bioactive molecules includ-
ing other growth factors, which creates a versatile toolbox of cus-
tomized biomaterials for (soft) tissue engineering applications.

5. Experimental Section

Synthesis of the PIC-RGD Hydrogel: The PIC polymers were syn-
thesized as previously described.>’! In brief, tri(ethylene glycol) sub-
stituted isocyano-(D)-alanyl-(L)-alanine monomers and corresponding
azide-appended monomers were copolymerized at a 30:1 ratio using
Ni(ClO,4),6 H,0 as catalyst (catalyst to total monomer ratio = 1:2000).
The PIC polymers were functionalized with RGD motifs as previously
described.[3%] First, the GRGDS peptide (H-Gly-Arg-Gly-Asp-Ser-OH,
Bachem, Switzerland) was conjugated to a DBCO-PEG,-NHS spacer
(Click Chemistry Tools, USA) and full conversion of the reaction was
validated with mass spectrometry. The conjugate was subsequently re-
acted, through strain-promoted azide-alkyne cycloaddition, with the azide-
appended PIC polymer in acetonitrile (ACN) to yield the PIC-RGD polymer.
Full conversion yields a concentration of 55 um RGD at a polymer con-
centration of 2 mg mL~". The PIC-RGD polymer was sterilized with UV
for 10 min and subsequently dissolved in sterile PBS at a concentration
of 4 mg mL™" on a rotor at 4 °C for approximately 2 days. The PIC-RGD
solutions were aliquoted and stored at —20 °C until further use. Viscos-
ity average molecular weights (M,) of the PIC polymers were determined
from the intrinsic viscosities, following previously described methods.[>72]

Rheological measurements of the PIC-RGD hydrogels (2 mg mL™ in
PBS) were performed on a rheometer (Discovery HR-2, TA Instruments,
USA) using a steel parallel plate geometry (diameter = 40 mm, gap =
500 pm). The samples were subjected to a temperature ramp from T =
5-7 °C (1°C min~', strain y = 1% and frequency w = 1 Hz) to determine
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the storage (G’) and loss (G'’) moduli. The nonlinear mechanics were de-
termined from a prestress protocol, whereby an increased prestress (0.4—
200 Pa) was applied to the sample. The differential modulus (K’) was cal-
culated from small superposed oscillatory stress and the corresponding
strain values at w = 1 Hz.

For this study, three similar PIC-RGD hydrogel batches have been used
with the following properties: G’ = 95 Pa (M, = 295 kg mol~'), G’ =111 Pa
(M, =157 kg mol~') and G’ = 156 Pa (M, = 309 kg mol~").

Preparation of the PIC-bFGF Hydrogels: To functionalize the PIC-RGD
hydrogel with bFGF, the bFGF was coupled to a DBCO-terminated spacer
analogous to a literature procedure.[**] Recombinant human bFGF
(Peprotech, USA) was dissolved in 1 mg mL™! PBS and transferred to a
10 kDa cutoff spin filter (Amicon Ultra, Merck, Germany) and centrifuged
three times at 4000 rpm for 7 min at 4 °C to remove any residual Tris buffer.
Subsequently, the bFGF concentration was determined at 280 nm using
the molar extinction coefficient of 16 180 M~" cm™" with a NanoDrop ND-
1000 spectrophotometer (Thermo Fisher Scientific, USA). To the washed
bFGF, 3 equivalents of DBCO-PEG,-NHS (100 mm DMSO, Click Chem-
istry Tools, USA) and 1.5 equivalent of Alexa Fluor 647 NHS ester (10 mm
in DMSO, Thermo Fisher Scientific, USA) were added and the solution
(corcr = 0.704 mg mL™" and vyepction = 957 uL) was gently shaken. The
mixture was incubated on a rotor at 7 rpm for 3 h at 4 °C. Subsequently,
bFGF-DBCO was purified and concentrated by centrifuging five times at
4000 rpm for 7 min at 4 °C using a 10 kDa cutoff spin filter. The concentra-
tion of purified bFGF-DBCO and the degree of labeling (DBCO-PEG,-NHS
and Alexa Fluor 647 NHS) were determined using the NanoDrop ND-
1000 spectrophotometer from the absorbances at 280, 309, and 649 nm,
respectively. Finally, 1% w/v BSA/PBS (Sigma Aldrich, USA) was added
to the bFGF-DBCO resulting in the final bFGF-DBCO product dissolved
in 0.1% BSA/PBS, which was aliquoted and stored at —80 °C.

The bFGF-DBCO was conjugated to the dissolved PIC-RGD hydrogel
(PIC-bFGF) overnight on a rotor at 4 °C to a final concentration of 200 ng
mL~" and stored at —20 °C until further use. The conversion of bFGF-
DBCO conjugated to the PIC-RGD was determined by incubating the PIC-
bFGF hydrogels in PBS for 24 h, to allow the diffusion of the unbound
bFGF-DBCO into the supernatant. After the incubation period, the fluores-
cent intensities of the supernatants and the liquified PIC-bFGF solutions
were measured on the Spark 10M multimode plate reader (Aeicitation =
635 nNM, Agmission = 680 Nm, Tecan, Switzerland). To validate the bFGF con-
centration, bFGF-DBCO and the PIC-bFGF hydrogel were analyzed in tripli-
cate using the human FGF-basic Mini ABTS ELISA development kit (Pepro-
tech, USA) according to manufacturer’s protocol. The absorbances were
measured at 5-min intervals for 45 min at 405 nm (reference = 650 nm)
using the Spark T0M multimode plate reader.

In this study, PIC-bFGF hydrogels were prepared with bFGF concentra-
tions ranging from 0.01 to 100 ng mL™" (PIC-bFGF o;-PIC-bFGF;oq). To
keep the RGD concentration constant, the PIC-bFGF hydrogel was diluted
with the PIC-RGD hydrogel. Detailed hydrogel conditions per experiment
are summarized in Table S1, Supporting Information.

Cell Culture: Informed written consent was obtained prior to the re-
search. Human adipose tissue samples of two patients were obtained at
the Department of Plastic Surgery (RaboudUMC, Nijmegen, the Nether-
lands). The ASCs were isolated as previously described!®®! and used for
experiments at passage 5. ASCs were cultured in minimum essential
medium alpha (MEM a; Gibco, Thermo Fisher Scientific, USA) supple-
mented with 10% fetal calf serum (FCS; Sigma Aldrich, USA) and 1% peni-
cillin/streptomycin (100 U mL~" and 100 ug mL~", Gibco, Thermo Fisher
Scientific, USA). 3T3 fibroblasts were purchased from ATCC and cultured
in Dulbecco’'s modified Eagle’s medium (DMEM; Gibco, Thermo Fisher
Scientific, USA) supplemented with 1% glutamine (2 mw, Life Technolo-
gies, Thermo Fisher Scientific, USA) and 10% FCS. In the case of basal
medium, unsupplemented DMEM was used and MEM « was solely sup-
plemented with 1% penicillin/streptomycin.

Cell Encapsulation:  In general, cells were encapsulated in the PIC-RGD
and PIC-bFGF hydrogels by mixing equal volumes of cell solution (either
ASCs or 3T3 fibroblasts) and polymer solution on ice and pipetted in 96-
well plates (100 uL) or microplates (10 pL, Ibidi, Germany), resulting in a
final polymer concentration of 2 mg mL~" and a cell density of 10 cells
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mL~1 (ASCs) or 250 000 cells mL~" (3T3 fibroblasts). To induce gelation,
the plates were immediately incubated for >5 min at 37 °C. Subsequently,
the corresponding medium was added to the hydrogels (100 pL for 96-well
plates and 50 L for microplates) and incubated at 37 °C and 5% CO,,
the medium was refreshed three times per week. Brightfield microscopy
images were taken using an inverted microscope (Leica DMi1). Detailed
culture conditions per experiment are summarized in Table S1, Supporting
Information.

Cell Culture for the Bioactivity Experiments: For the 2D bioactivity ex-
periments, 3T3 fibroblasts were seeded in full DMEM (1750 cells/well in a
96-well plate). The next day, the full medium was removed, and the culture
was washed with PBS and changed to basal DMEM to starve the cells for
24 h. After starvation, the cells were treated for 3 days with basal DMEM
supplemented with bFGF-DBCO (0.1-100 ng mL~" in 0.1% BSA/PBS) or
bFGF (0.01-10 ng mL~" in 0.1% BSA/PBS). For the 3D bioactivity exper-
iments, 3T3 fibroblasts were starved in basal DMEM for 24 h in culture
flasks, after which the fibroblasts were encapsulated in PIC-RGD and PIC-
bFGF (0.1-100 ng mL™") hydrogels at a final concentration of 250 000 cells
mL~1. Bioactivity was assessed with CellTiter-Glo after 3 days. The ASCs
were starved for 24 h in basal MEM « and subsequently encapsulated in
PIC-RGD and PIC-bFGF (1-100 ng mL™") hydrogels at a final concentra-
tion of 500 000 cells mL~". Bioactivity was assessed with WST-1 after 7
days.

Cell Proliferation and Viability:  3T3 fibroblast bioactivity was assessed
with CellTiter-Glo (Promega, USA) following the manufacturer’s instruc-
tions. For the 3D experiments, the excess medium was removed, and the
hydrogels were incubated for 20 min at 4 °C. The liquified hydrogels were
resuspended with 100 uL of CellTiter-Glo, mixed for 2 min to induce cell
lysis, and incubated for 10 min at room temperature. Luminescence was
recorded using the Victor® 1420 multilabel plate counter (PerkinElmer,
USA). To assess the bioactivity and proliferation of the ASCs, the sam-
ples were incubated for 1 h (37 °C and 5% CO,) with RPMI 1640 (Gibco,
Thermo Fisher Scientific, USA) supplemented with 10% WST-1 (Roche,
Germany). The absorbances of the supernatants were measured with a
Spark 10M multimode plate reader at 450 nm (reference = 690 nm).

Cell viability of the ASCs was determined with the LIVE/DEAD Viabil-
ity/Cytotoxicity kit (1 h incubation of 8 um Calcein AM and 4 um Ethidium
homodimer-1 in full MEM a, Invitrogen, Thermo Fisher Scientific, USA).
Subsequently, the samples were washed three times for 5 min with PBS
and directly imaged using a confocal laser scanning microscope (Zeiss
LSM 900).

Confocal Imaging of Deposited Collagen: An Oregon Green labeled
collagen binding protein probe (CNA35-OG488) was used to visualize
collagen deposition in the hydrogels.I>®] In brief, the samples were fixed
in 3% paraformaldehyde for 30 min at 37 °C, washed with PBS, and
incubated overnight at 37 °C with 1 um CNA35-OG488 (Department of
Biomedical Engineering, Eindhoven University of Technology, The Nether-
lands). Next, the samples were stained for 1 h with Texas Red X-Phalloidin
(1:200; Invitrogen, Thermo Fisher Scientific, USA) and 15 min with DAPI
(10 pg mL™"; Merck, Germany). Between incubation steps, the hydrogels
were washed three times 5 min with PBS. The samples were imaged using
a confocal laser scanning microscope (Zeiss LSM 900). To quantify the
fluorescence intensity of collagen; the integrated density, area, and mean
gray values (mean of three background regions) were measured for each
image using Fiji, and the corrected total cell fluorescence was calculated
(CTCF = integrated density — (area of selected cell x mean fluorescence of
background readings). The CTCF of CNA35 was normalized to the CTCF of
DAPI.

Quantification of Collagen and Elastin Production: ~Quantification of col-
lagen and elastin production was performed as previously described.[3%]
In brief, after medium removal and the addition of cold PBS, the hydrogels
were incubated for 20 min at 4 °C to liquefy the PIC polymer solution. For
collagen quantification, three wells were pooled for one sample whereas
for elastin quantification one well was used per sample. The liquefied PIC
hydrogel solution was removed, and the samples were washed twice with
PBS by centrifuging at 2500 g for 5 min at 4 °C. The samples were me-
chanically disrupted using a pellet pestle motor (Kimble, USA); disruption
was performed after the last washing step in PBS (elastin quantification)
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Table 1. Primer sequences used for qPCR.

Gene Sequences
COL1AT Forward 5 TCCAACGAGATCGAGATCC 3’
Reverse 5" AAGCCGAATTCCTGGTCT 3’
COL3A1 Forward 5" GATCCGTTCTCTGCGATGAC 3’
Reverse 5" AGTTCTGAGGACCAGTAGGG 3’
ELN Forward 5" TTTGGCCCGGGAGTAGTTGG 3/
Reverse 5" CAGCTGCTTCTGGTGACACAAC 3’
HPRT1 Forward 5" GCTGACCTGCTGGATTACAT 3’
Reverse 5" CTTGCGACCTTGACCATCT 3’
MMP2 Forward 5" TCCAAGTCTGGAGCGATGTG 3’
Reverse 5" CCGTCCTTACCGTCAAAGGG 3/
YWHAZ Forward 5" GATGAAGCCATTGCTGAACTTG 3’
Reverse 5" CTATTTGTGGGACAGCATGGA 3’

COLTAT, collagen type | alpha 1 chain; COL3AT, collagen type Il alpha 1 chain;
ELN, elastin; HPRT1, hypoxanthine phosphoribosyltransferase 1; MMP2, matrix met-
allopeptidase 2; YWHAZ, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein zeta.

or after adding 10% w/v polyethylene glycol 6000 (Merck, Germany) for
collagen quantification. Elastin and collagen concentrations were quanti-
fied, using the Fastin Elastin Assay (Biocolor Ltd., UK) and a picrosirius
red-based assay respectively, as previously described.3%] The absorbance
values of the collagen and elastin samples were measured at 540 and
513 nm respectively with the Spark 10M multimode plate reader. The ab-
sorbance values were converted into masses based on standard lines of rat
tail-derived collagen type | (Merck, Germany) and soluble a-elastin (Bio-
color Ltd., UK) respectively.

Quantitative Real-Time PCR: To isolate RNA from the samples, the
medium was removed, and cold PBS was added to the hydrogels, which
were incubated for 20 min at 4 °C. Subsequently, three hydrogels were col-
lected per sample, and centrifuged at 2500 g for 5 min at 4 °C to obtain
a cell pellet. A lysis buffer (RLT buffer, Qiagen, Germany), supplemented
with 1% f-mercaptoethanol, was added to the cell pellets, these pellets
were subsequently mechanically disrupted using a pellet pestle motor.
RNA was isolated with the RNeasy Plus Mini Kit according to the manufac-
turer’s protocol (Qiagen, Germany). RNA concentrations were measured
on a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific,
USA). The RNA was reverse transcribed using the SuperScript Il Reverse
Transcriptase kit (Invitrogen, Thermo Fisher Scientific, USA). Quantitative
real-time PCR (qPCR) was performed using the SYBR Green | master mix
(Roche, Germany) with the corresponding primers (Table 1) and measured
using the LightCycler 480 (Roche, Germany). Expression levels were nor-
malized to the geometric mean of the two house-keeping genes (HPRT1
and YWHAZ) and normalized to the fold change of the PIC-RGD hydrogel
samples at day 1.

Statistical Analysis: ~ Statistical analyses were performed using Graph-
Pad Prism version 9.0 (GraphPad Software Inc., USA). The half-maximal
effective concentrations (ECsy) were calculated with the built-in four-
parameter dose-response function. Unpaired t-tests were performed to
compare two groups with one variable. A two-way ANOVA with subse-
quent Tukey’s and/or Sidak’s multiple comparisons tests was conducted
to analyze two or more groups with multiple variables. Differences were
considered significant at p < 0.05 (*p < 0.05, **p < 0.01 and ***p < 0.001).
The data are presented as the mean = standard deviation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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