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1 | INTRODUCTION

The extracellular matrix (ECM) forms the mechanical
framework for living tissue and controls many functions
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Abstract

In this study, a thorough exploration of constitutional parameters of thiol-ene
photocrosslinkable hydrogels based on hyaluronic acid vinyl ester was con-
ducted in order to decipher their impact on material properties. These consti-
tutional parameters originated from the process of synthesis (macromer size
and degree of substitution) and from the process of formulation (photoinitiator
concentration, macromer content, and thiol-to-ene ratio). Various macromers
were obtained with a broad variety of degrees of substitution. Photorheology
measurements were performed in order to determine the influence of the
structure parameters on photoreactivity and the physical properties of hydro-
gels. Final crosslink densities and photoreactivities dramatically increase with
increasing number of functional groups, macromer concentrations as well as
with photoinitiator concentration. Swellabilities of the hydrogels were deter-
mined as complementary reference values. Mass swelling ratios as well as mass
loss increased with decreasing degree of substitution as a result of increased
mesh size and hydrophilicity. Finally, hyaluronic acid vinyl ester formulations
were used to encapsulate fluorescent-labeled immortalized human adipose-
derived mesenchymal stem cells in 3D via UV and by high-resolution two-
photon polymerization. Cell-survival was successfully studied via confocal
laser scanning microscopy during the course of 2 weeks.
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including tissue morphogenesis,[l] regulation of cell dif-
ferentiation and proliferation,'>* and processes for
regeneration after injuries'” and is therefore a central
consideration in the field of tissue engineering and
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regenerative medicine.!>®! The ECM consists of two main
components!”! —collagen fibers, which aggregate to bun-
dles and extend through the stromal tissue and therefore
provide durability, and the proteoglycan filaments, which
are composed of protein chains in the core with cova-
lently linked glycosaminoglycans (e.g.,hyaluronic acid).
These filaments interconnect cells and bind cations due
to their carboxylate functionality. Hyaluronic acid
(HA) is one of the major components of the ECM, partic-
ularly of soft connective tissue.!®! For this reason,
research also concentrates on the applicability of HA in
biomedicine.[® 3! In this context, the modification of HA
to integrate more functions, such as trigger-able hydrogel
formation or tailored degradation behavior, is of high
importance. A common approach is chemical modifica-
tion to form precursors for covalently crosslinked hydro-
gels. Here, HA-ene modifications were widely
examined.!'*'") However, the inherent cytotoxicity of
maleimides, norbornenes and especially (meth)acrylates
is problematic. For this reason, vinyl ester were intro-
duced as low toxicity substitutes for photopolymer sys-
tems.””!  These alternative functionality to form
crosslinked polymers has already proved its applicability
for hard tissue replacement[21] and recently also demon-
strated its good performance in in vivo experiments./*
We previously presented hyaluronic acid vinyl ester (HA-
VE) as a novel class of naturally-derived precursor for
hydrogels to approach soft tissue replacements.**! Espe-
cially in comparison with HA acrylates or methacrylates
HA-VEs showed increased biocompatibility. Moreover,
application of thiol-ene chemistry!**! led to a tremendous
increase of photoreactivity of the system to values compa-
rable with acrylates.[zs] Thiol-ene based polymer archi-
tectures have been extensively employed in literature to
generate material platforms to direct the cell behavior,
including human mesenchymal stem cells,'*®! pancreatic
p-cells,’*” fibroblasts and endothelial cells.*® It was
shown that hydrogels based on HA-VE are fully biode-
gradable with non-toxic degradation products.**! In pre-
vious work, 3D hydrogel constructs with a very high
resolution could be fabricated using two-photon polymer-
ization (2PP).[**! 2PP is a sophisticated additive
manufacturing technology (AMT), which enables the 3D
printing of very complex structures in high resolution.*?!
Two-photon absorption and photoinitiator activation,
respectively, is only attained at high photon densities
within the focal point of the femtosecond laser. Conse-
quently, polymerization and solidification of the formula-
tion are only induced in the voxel of the focal plane, but
not occur along the path of the laser beam through the
hydrogel precursor solution. Multiphoton processing has
been widely used in literature to fabricate biocompatible
3D constructs based on collagen,®¥! extracellular matrix

[35 [36]

proteins,** bovine serum albumin,®*! and fibroin.
The range of structure parameter for HA-VE based
hydrogels remained limited prohibiting the elucidation of
detailed structure-properties relationships. Therefore, we
widened the scope of examination in the present study in
order to develop a profound understanding of interrela-
tion of structure parameter and the material properties.
The combinatorial synthesis of HA-VE provided a suffi-
cient parameter space for this task. This study on differ-
ent HA-VE species should provide greater clarity in
understanding the versatile options available in the field
of available hydrogel materials. The strong demand for a
toolbox-material is met by the variation of the macromer
size and degree of substitution, providing a deeper under-
standing in photoreactivity as well as mechanical proper-
ties of the resulting hydrogels. Finally, it is crucial to
investigate the biocompatibility of HA-VE materials.

2 | EXPERIMENTAL

2.1 | Materials

Commercially available reagents and solvents within this
study were purchased from Sigma-Aldrich or TCI and
used as received unless noted otherwise. Hyaluronic acid
sodium salt from Streptococcus equi (1.5-1.8 x 10° Da)
was purchased from Sigma-Aldrich. Sodium hyaluronate
(50-90 kDa) was purchased from Contipro (Czech
Republic). Immortalized human adipose-derived mesen-
chymal stem cells (ASC) were purchased from Evercyte,
Vienna, Austria (ASC/TERT1) and transfected with green
fluorescent protein (ASC-GFP) as described in litera-
ture.*”! Endothelial Cell Growth Medium-2 (EGM-2) was
used for ASC-GFP cells purchased from Lonza, Basel,
Switzerland and supplemented with 10% fetal bovine
serum (FBS). Trypsin-EDTA solution was purchased
from Gibco (Waltham, MA). Glass surfaces were treated
with 3-(trimethoxysilyl)propyl methacrylate purchased
from Sigma-Aldrich according to the protocol
provided.*®!

2.2 | Synthesis

The synthesis of HA-VEs with different macromer sizes
and degrees of substitution (DS) was performed in a simi-
lar procedure as described previously.[**! HA with differ-
ent molecular weight (m.w.) were either purchased
or prepared by acidic degradation of HA (Mn~ 1.5MDa,
Fluka) by hydrochloric acid (0.1 M) in a 0.5wt.% aqueous
solution for 12 hr and 24 hr at 60 °C. Subsequently, the
solution was neutralized (to a pH of 7.0, monitored by



ZEROBIN ET AL.

JOURNAL OF

pH meter) with aqueous sodium hydroxide (3 M) and dia-
lyzed (m.w. cut-off 3.5kDa, Carl Roth) against deionized
water for at least 60 hr (with at least seven changes of
water). Low m.w. HA sodium salt (96% th. after 12 hr and
49% th. after 24hr) was obtained as a white solid by
means of lyophilization. The sodium salt was dissolved in
deionized water under gentle agitation to avoid solution
degradation processes'>®! and the 3 wt.% aqueous solution
was stirred with 15wt.% highly acidic ion-exchange resin
(IR120, Amberlite) for 4 hr at r.t. After filtration, the solu-
tion was neutralized to a pH of 7.0 with
tetrabutylammonium hydroxide (40wt.% aqueous solu-
tion) and lyophilized to obtain HA tetrabutylammonium
salt (HA-TBA, 92% th. for 12hr degraded HA and 98%
th. for 24hr degraded HA) as a slightly pink solid.
Finally, HA-VEs were obtained by the conversion of HA-
TBA with a 15-fold excess of divinyl adipate (TCI GmbH)
in an anhydrous dimethyl sulfoxide (DMSO) solution
(4wt.%) in a transesterification reaction at 50 °C for dif-
ferent time periods (24hr, 96 hr, and 8days). For the
work-up, HA-VEs were precipitated in cold isopropyl
alcohol, dialyzed against saline solution (48 hr with at
least seven changes of solution) and against deionized
water (72 hr, with at least seven changes of water), and
lyophilized to obtain the products as white solids in
yields of at least 80% th. "H NMR (400 MHz, 512 scans,
D,0), & [ppm]): 8.07 (d, xH, CH=CH.,), 7.45 (d, xH,
CH=CH,), 7.20 (q, xH, CH=CH,), 4.55-4.46 (d, 2H, C'H
and C'H), 3.34-3.84 (m, 11H, [ring]CH and ring—CH,),
2.51 (bs, 4xH, CH,C(0)0), 2.02 (s, 3H, CH;C(O)N), 1.68
(bs, 4xH, CH,—CH,); x represents the degree of substitu-
tion (DS). 'H NMR (400 MHz, 512 scans, D,O + NaOD), §
[ppm]): 4.52-4.44 (d, 2H, C'H and C'H), 3.36-3.92 (m,
11H, [ring]CH and ring-CH,), 2.18 (t, 4xH, CH,C(O)0O),
1.99 (s, 3H, CH3C(O)N), 1.54 (t, 4xH, CH,—CH,); X repre-
sents the degree of substitution (DS). "H NMR spectra of
HAS50VEOQ5 are depicted in Figure S1. In the following
the nomenclature HA(m.w.)VE(DS) was chosen for HA-
VEs originating from HA with a certain m.w. and DS, for
example, HA22VE95 was derived from HA with a m.
w. of 22kDa having a DS of 95% as determined via NMR.

2.3 | Characterization of macromers

'H NMR spectra were recorded at 25 °C in D,O (grade of
deuteration >99.5%, Sigma-Aldrich) at 400 MHz using a
Bruker Avance 400 Fourier transform spectrometer. The
signal of non-deuterated H,O at 4.79 ppm was used as
reference. Gel permeation chromatography (GPC) analy-
sis was performed using a Viscotek GPC system, includ-
ing a Viscotek GPCmax VE2001 GPC solvent/sample
module (100 pl loop), a solvent degasser, a Viscotek
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VE3580 refractive index concentration detector, a Waters
precolumn, a Waters ultrahydrogel linear 7.8 X 30 mm
column, and a Waters ultrahydrogel 250 7.8 X 30 mm
column with 10 pm particle size. The eluent was
Phosphate-buffered saline (NaH,PO,4 0.05 M, NaCl 0.1 M,
NaNj; 0.05%) at a temperature of 30 °C and a flow rate of
0.5 ml min™'. Polyethylene glycol standards (American
Polymer Standards Corporation) were used for standard
calibration to determine the number average of the
molecular weight (Mn) and the polydispersity (Dy,).

2.4 | Photorheology

Photorheological measurements were performed on an
Anton Paar Modular Compact Rheometer MCR
302 WESP with a plate-to-plate measuring system with a
25 mm steel stamp, a glass plate, and a gap size of 50 pm
in oscillation mode with 10 Hz and an amplitude of 10%
strain at 25 °C.1*") Samples were irradiated with filtered
light (320-500 nm, EXFO Omnicure S2000) bottom-up
through the glass plate with a light intensity of
3.2 W cm™? at the tip of the light guide as measured with
an EXFO Omnicure R2000 radiometer. This referred to a
light intensity of 40 mW cm™? directly above the glass
plate. Storage modulus G’ and loss modulus G” were mea-
sured every second; light was automatically activated
after 60 seconds and the measurement was continued
until a constant G’ was attained.

2.5 | UV cell encapsulation

UV cell encapsulation was performed by mixing HA-VE
based hydrogel precursor formulation in a 1:1 ratio (v/v)
with a cell suspension in medium (ASC-GFP) to reach
final concentrations of 15wt.% HAS50VEO05/80 mol%
(thiol-to-ene) dithiothreitol (DTT) and 0.5 mM lithium
phenyl-2,4,6-trimethylbenzoylphosphinate  (LiTPO).[*!!
Hydrogels were polymerized using silicone gaskets
applied on glass cover slips. Labeled cells (ASC-GFP)
were used enabling straightforward cell imaging without
staining. All formulations were prepared in a laminar
flow hood under sterile conditions. Cells were cultured
and maintained in EGM-2 supplemented with 10% fetal
bovine serum. Cells were incubated in humidified atmo-
sphere at 37 °C with 5% CO,. Cells were detached using
0.5% trypsin—-EDTA solution. Afterwards, cell culture
medium with serum was added to inactivate trypsin.
Cells were collected in Falcon tubes and centrifuged at
300 rpm (3 min). Cells were counted, spun down once
more and resuspended in the calculated amount of poly-
mer solution in order to reach final concentrations of 10°
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cells ml™'. Hydrogels were polymerized using Grace Bio-
Labs CultureWell™ reusable gaskets (CW-8R-1.0,
8-6 mm diameter X 1 mm depth) and Boekel Scientific
UV-crosslinker (1], 368 nm, 4 min). Gels were trans-
ferred to a sterile p-dish (ibidi GmbH, Germany),
immersed in cell medium and incubated in a humidified
atmosphere with 5% CO, at 37 °C. Cell-survival was
monitored via confocal laser scanning microscopy (LSM)
(Zeiss, Germany), changing cell medium every day. The
proliferation rate (cell number) was determined by cou-
nting the living cells using ImageJ within the recorded
section and normalizing values on day 4, 11 and 14 to the
data of day 1 (100%).

2.6 | Cell encapsulation by two-photon
polymerization

Cell encapsulation experiments were performed by
mixing equal parts (1:1, v/v) of a cell suspension in
medium (ASC-GFP, 10° cells ml™') with HA-VE
based hydrogel precursor formulation to reach final
concentrations of 5wt.% HA22VE95/80 mol% DTT.
The photoinitiator 3,3’-((((1E,1'E)-(2-oxocyclopentane-
1,3-diylidene) bis(methanylylidene)) bis(4,1-phenylene))
bis(methylazanediyl))dipropanoate (P2CK)“*?! was used
in a concentration of 0.5 mM. The formulation was pip-
etted into a surface-treated ibidi p-dish (35 mm with glass
bottom, ibidi GmbH, Martinsried, Germany). Glass sur-
faces were treated with 3-(trimethoxysilyl)propyl methac-
rylate in order to avoid hydrogel detachment during
incubation.[**! Another formulation was prepared by
mixing equal amount (1:1, v/v) of hydrogel precursor for-
mulation with the same amount of Dulbecco’s Phosphate
Buffered Saline (PBS) solution without calcium and mag-
nesium in order to perform a cell-free control experi-
ment. Microfabrication was performed by means of a
two-photon polymerization (2PP) system. The used 2PP

TABLE 1

Macromer ID HA-degradation time [h]
HA22VE20

HA22VE40 24

HA22VE95

HAS50VEO05 n.a.
HAS80VE15

HAS80VES50 12

HAS80OVES0

Overview on vinyl ester functionalized hyaluronic acids

system is based on a Ti:sapphire laser system (wavelength
800 nm, pulse width 70fs, objective Olympus
10x/(NA 0.3), scanning speed 100 mm s™', hatch 0.3 pm,
layer spacing 0.5 pm) and was also employed in a previ-
ous study.[**! A detailed description of the setup and the
process can be found in literature.!*”! Hydrogel structures
(TU Wien Logos, 100 x 100 X 100 pm) were printed by
scanning the focused laser beam with a writing speed of
100 mm s~ (triplicates) with varied laser power
(10-150 mW, 10 mW steps) through the hydrogel precur-
sor formulation according to the layer information from
the sliced CAD file. The samples were developed in
medium or PBS solution, respectively and remaining pre-
cursor solution was washed away. GFP-labeled cells
(ASCs) were visualized by a confocal LSM 700 (Zeiss,
Germany) using ZEN11 software for cell imaging. Viable
cells emitted green fluorescence at excitation/emission
set to 488/530 nm. After imaging, hydrogels were
immersed in cell medium and incubated in a humidified
atmosphere with 5% CO, at 37 °C. Cell quantification
was performed by counting the cells within the 4 divided
groups using ImageJ on day 7 and normalizing the data
to day 3 (100%) after encapsulation.

3 | RESULTS AND DISCUSSION
3.1 | Synthesis of vinyl ester
functionalized hyaluronic acid

Vinyl ester (VE) functionalized hyaluronic acid
(HA) with different macromer sizes and degrees of substi-
tution were synthesized in a multi-step procedure.[23]
Commercial high m.w. HA (1.5-1.8 x 10° Da) was
degraded in acidic solution at 60 °C for 12 hr and 24 hr,
respectively, in order to obtain two different low m.
w. HA batches as confirmed by GPC measurements
(Table 1). HA with a m.w. of 50 kDa was purchased and

Mn/Py* [kDal/[] DS® [%] Yield [% th.]
20 80
22/2.4 40 93
95 99
50/2.7 5 80
15 91
80/1.9 50 81
80 91

*Number average molecular weight Mn and polydispersity Dy of degraded HA, determined by GPC.

®Average degree of substitution (DS) determined by "H NMR.
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modified according to following procedure. HA sodium
salts were converted to tetrabutylammonium salts (HA-
TBAs) by an ion exchange process in order to enhance
solubility in DMSO. Subsequently, HA-TBAs were
converted to hyaluronic acid vinyl esters (HA-VE) by a
transesterification reaction with excessive divinyl adipate
in anhydrous DMSO at 50 °C (Figure 1, top). All dissolu-
tion processes were performed by gentle agitation in
order to avoid wunwanted mechanically induced
degradation.*”!

Reaction times were varied in order to obtain differ-
ent degrees of substitution (DS) (Table 1). The DS was
determined by selective vinyl ester hydrolysis recording
'H NMR spectra in D,O in the presence of NaOD
(Figure S1).1”)! GPC elugrams of HA22VE95 and
HAS50VEO5 before and after functionalization are
depicted in Figure S2. This data indicate only a minor
increase in molecular weight, which was expected to be a
consequence of functionalization but also proved that the
excess of DVA is sufficient as no interlinking of HA
chains took place.

3.2 | Photorheological study

In order to investigate the influence of synthesis as well
as formulation-originated parameters, photorheology was
the method of choice. Photorheology is a versatile tool to
investigate the photoreactivity and crosslink efficiency of
hydrogel formulations.!****! Measurements were per-
formed in oscillation mode by in situ photo-
polymerization of hydrogel formulations upon irradiation
with filtered light (320-500 nm) through the bottom glass
plate of the plate-to-plate measuring system. Important

system parameters were obtained from the storage modu-
lus (G') curves. G'y,q Was used to calculate average mesh
sizes L of the networks as a measure of the crosslink den-
sity of the hydrogels by Equation. (1).4¢!

L_( R-T )/ )
G;'mlx'NA

Additionally, the slope (4G’ At™Y), delay time (¢;) and
the time to reach 90% of G',,qx (t%(z;i ) were calculated as
described in literature to assess the quality of photo-
polymerization of the hydrogel systems.*”! The gel point
tg,[47] was found to be equivalent to f;, as no substantial
increase of G’ is observable before t, is attained. LiTPO
was used as photoinitiator. The synthesis and influence
of LiTPO concentration are reported in Figure S3.
Photoreactivities and crosslink densities increase dramat-
ically with PI concentration. This is due to the higher
concentration of radicals starting the polymerization. An
optimum concentration of 0.05wt.% LiTPO was used
throughout the study. Complementary to the pho-
torheological study the swellability of ready-cured hydro-
gels was investigated (Figure S7). Increasing swellability
of the hydrogels was observed with decreasing DS as a

result of increased mesh size and increased
hydrophilicity.
3.3 | Macromer content, macromer

chain length, and degree of substitution

Important structure parameter, which influence the reac-
tivity and mechanical properties of the final hydrogels
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(b)

FIGURE 2

Influence of the degree of substitution (DS) and the macromer content of HA hydrogel precursors with conserved Mn

(22kDa) on (a) the mesh size (L) of the hydrogels, (b) slope of the storage modulus (AG’ At™"), (c) delay time (t;) and (d) the time to reach
90% of final storage modulus (t?;‘?% ). Error bars indicate the standard deviation of the measurements (N = 3)

are macromer content, macromer chain length (Mn), and
degree of substitution (DS). In order to investigate
structure-properties relationships in this context a num-
ber of photorheology experiments were conducted, in
which single parameter were varied while the others
remained constant, resulting in two series of experi-
ments, one set with conserved Mn (22kDa) and the other
set with conserved macromer content (5wt.%). Consider-
ing DS and macromer content it was not possible to real-
ize hydrogel formulations of HA22VE95 with contents
15 and 20wt.% due to low processability owing to the
high viscosity of solutions. For this reason, no rheological
data is available for these formulations in Figure 2.
Generally, the data indicate that final crosslink densi-
ties (represented by the mesh size L in Figure 2a) and
photoreactivities (represented by the slope of the storage
modulus AG’ At™" in Figure 2b) increased with DS as well
as macromer content. The delay time ¢, (Figure 2c) sup-
ports this data. This is elucidated by the increase of the
number reactive groups when each of the parameter is
increased and the increase of the number of chains by
increasing the macromer content. While this trend was
strictly followed by L, AG’ At™! and tg, a disturbance was
observed for t?;?Zi (Figure 2d). It is assumed that this
parameter is highly sensitive to experimental variability
also indicated by the relatively broad margin of error.
However, the overall trend contributed to the proposed
structure-properties relationship. Stressing the other
combination of structure parameter (Figure S4)—DS and
Mn all with 5wt.% macromer content—again one data
point is missing due to problems with viscosity, respec-
tively. With the recent results in mind, it was not surpris-
ing that an increase in DS led to an increase in
photoreactivity and final crosslink density also in case of
formulations containing HA-VE with increased
macromer size. However, the increase of macromer size
itself also led to an increase of mentioned resulting
parameters. This observation can be explained by the
notional junction of HA backbones leading to additional

crosslinks and faster network formation, respectively. In
other words, the probability that two reacting groups
belong to one single chain, and therefore contribute to
network formation, is higher for high molecular weight
macromers.

3.4 | Thiol-ene chemistry

The photoreactivity of vinyl esters can be enhanced sig-
nificantly by application of thiol-ene chemistry.* This
was also shown previously for HA-VE using DTT as thiol
reagent.ml Moreover, by shifting the polymerization
mechanism from a chain growth to a mixed chain/step
growth reaction the uniformity of the network structure
is increased leading to better mechanical properties.[24]
In order to optimize the thiol-to-ene ratio the model sys-
tem HA22VE95/DTT was analyzed by photorheology.
Hydrogel precursor formulation with increasing molar
ratio of thiol-to-ene (starting from 0 mol% to 120 mol% in
20 mol% steps) were prepared for these experiments. For-
mulations contained 5 wt.% macromer (also considering
the mass of DTT) and 0.05 wt.% LiTPO as photoinitiator.
Results from photorheology measurements are displayed
in Figure 3.

The mesh size (Figure 3a) decreased (as a result of a
higher crosslink density) and the photoreactivity
increased (Figure 3b) with thiol content, in the first
instance, however, a further increase of the amount of
thiol led to a decrease in crosslink density and photo-
reactivity. The delay time (Figure 3c) and the time to
reach 90% of the final storage modulus (Figure 3d)
showed similar behavior. These findings are ascribed to
the effect, that excessive amount of thiol led to a pre-
dominant ratio of mono-reacted groups and therefore
retarded network formation leading to a decrease in
the final crosslink density. The best results were found
to be delivered by a ratio of 80 mol% thiols compared
to ene.
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Influence of the thiol molar ratio of hydrogel precursors (using HA22VE95/DTT systems with 5 wt.% gel content) on (a) the

mesh size (L) of the hydrogels, (b) slope of the storage modulus (AG" At™"), (c) delay time (t;), and (d) the time to reach 90% of final storage
modulus ([?;9%,)' Error bars indicate the standard deviation of the measurements (N = 3)

FIGURE 4 Confocal images of
human adipose-derived mesenchymal
stem cells labeled with green
fluorescent protein (ASC-GFP) after
UV encapsulation and 3D cultivation
in HA-VE hydrogels for up to 14 days
(HA50VEO05/80 mol% thiol-to-ene
DTT, 15 wt.% macromer content,

0.5 mM LiTPO™) [Color figure can
be viewed at wileyonlinelibrary.com]

With this knowledge, the influence of macromer con-
tent and DS on thiol-ene optimized formulations were
investigated. In order to do this, formulations with 5.0,
7.5, and 10.0 wt.% HA22VE95 without and with 80 mol%
DTT (thiol-to-ene) on the one hand and formulations
with 10 wt.% of HA22VE20, HA22VE40, and HA22VE95
(including DTT, if applicable) again without and with
80 mol% DTT (thiol-to-ene) were prepared and tested by
means of photorheology (Figures S5 and S6). In general,
thiol-ene formulations exhibited the same trends for pho-
toreactivity and mechanical properties compared to thiol-
free formulations—the quality of photopolymerizations

is enhanced with macromer content as well as

DS. However, the application of thiol-ene chemistry led
to an increase of photoreactivity (assessed by AG’ At™') by
at least one order of magnitude and to a decrease of t4
(and the connected point of gelation) by a factor of
about 4.

3.5 | UV cell encapsulation

In order to investigate material biocompatibility, ASC-
GFPs were encapsulated in HA-VE hydrogels. Due to
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enhanced solubility of HA-VE with moderate degree of
substitution as well as m.w. and the increased chance to
supply cells with a suitable surrounding microenviron-
ment, HAS50VEO5 was chosen as material for UV cell
encapsulation experiments. Due to the relatively low DS
(5%) of HAS0VEOQ5, an increased amount of macromer
content (15 wt.%) was selected in order to ensure suffi-
cient crosslink density of the hydrogels. Photorheology
curves of HA50VEO5 representing conditions used for the
UV-encapsulation of ASC-GFPs are depicted in
Figure S12. First, a formulation based on HA50VE05 was
prepared and mixed 1:1 (v/v) with cells in medium.
Images of the prepared hydrogel pellets containing ASC-
GFPs (Figure S13b) and a cell-free control (Figure S13a)
is depicted in the Supporting Information. Gels were
transferred to sterile p-dishes, immersed in cell medium
and incubated at 37 °C up to 14 days. Cell-survival was
monitored via LSM imaging. Cells were successfully
encapsulated and monitored up to 14 days (Figure 4).
Bright fluorescence of ASC-GFPs is observed over the
course of 2 weeks.

The proliferation rate (cell number) was determined
by counting the living cells using Image] within the
recorded section (600 X 600 X 400 pm). Cell numbers
were counted on day 4, 11 and 14 and the data were nor-
malized to day 1 (100%) (Figure S14, left). Cell numbers
remained constant within the first 4 days (102%) and
decreased up to day 11 (47%) and day 14 (38%) owing to
swelling and disintegration of the hydrogel indicated by
the low crosslink density originating from the low DS of
HASOVEO05. These arguments are confirmed by the swell-
ing ratios as well as mass loss profiles depicted in
Figure S9. Swelling ratio for HAS0VEOS5 (928 + 31%) was
observed to be twice as high as for HA22VE95 (479
+ 16%). Additionally, mass loss profiles after 24 hr were
calculated and a higher decrease of mass percentage was
observed for HAS0VEO5 (25 + 4%) compared to 7 + 4%
for HA22VE95. Round morphology of the cells was
observed, which is most likely due to the missing cell-
interactive properties of HA. Future experiments are
planned to investigate interpenetrating hydrogel net-
works of HA-VE and gelatin incorporating protein motifs
Arg-Gly-Asp (RGD) to enhance cell adhesion. 5"

3.6 | Cell encapsulation by two-photon
polymerization

Encapsulation of ASC-GFP cells was performed in order
to investigate cell viability in HA-VE hydrogels after the
2PP structuring process. For this, HA22VE95 with a high
DS was chosen in order to ensure efficient photo-
crosslinking during 2PP. With remarkably high two-

photon absorption cross section (400 GM), P2CK is a very
efficient two-photon initiator used for cell encapsula-
tion.[*>>! Although, when used in high concentrations
(10 mM) P2CK may also be applied in photodynamic
therapy.®?! In order to maximize cell survival rate, mini-
mal P2CK concentrations were chosen (0.5 mM). In
order to encapsulate cells, a formulation based on
HA22VE95 was prepared and mixed 1:1 (v/v) with cells
in medium or PBS solution (cell-free control experiment).
Contrary to UV encapsulation, 2PP-cell encapsulation
experiments were performed using HA22VE95. Key rea-
sons are the improved solubility of low-m.w. HA22VE95
(22 kDa) compared to HA5S0VEO5 (50 kDa). Moreover,
excellent performance during 2PP was observed for
HA22VE95. Extremely high crosslink efficiencies during
the high-speed 2PP structuring process were obtained as
compared to HA5S0VEO5 owing to the increased abun-
dance of functional groups of HA22VE95. As proven by
photorheology (Figure 2), improved crosslink densities
are preferred especially when highly resolved 3D micro-
structures are monitored over a longer period of time
(7 days). Due to the increased amount of hydrophobic
(aliphatic) vinyl ester moieties introduced via modifica-
tion, minimal amount of macromer content (5 wt.%) still
applicable for 2PP was used enabling a more tolerable
cell environment. Cubic  hydrogel constructs
(100 x 100 X 100 pm TU Wien Logos) were man-
ufactured according to a CAD-file by scanning the focus
of the laser beam of the 2PP device through the prepared
formulation. By this, a suitable 3D microenvironment
was fabricated including crosslinked hydrogel material as
well as cavities in the shape of TU Wien letters. A suit-
able position within the precursor formulation was cho-
sen in order to efficiently encapsulate cells within the
material. Images of the printed constructs were captured
via LSM up to 7 days (Figure 5).

A 2D-array was successfully fabricated in a reproduc-
ible quality by structuring logos with constant writing
speed (y-axis) and varying laser power (x-axis). Structures
in the cell-free control formulations were successfully
printed with all laser power adjustments (10-150 mW).
However, cell encapsulation hydrogel constructs printed
with laser power < 20 mW seemed to be very fragile,
which indicated a low crosslink density due to underex-
posure. Presumably, these structures were destroyed,
detached and washed away during excessive rinsing pro-
cedures. Even though, round cell morphology was
observed similar to UV cell encapsulation (Figure 4)
numerous viable ASC-GFP cells were imaged for up to
7 days of incubation. In order to quantify the cells, struc-
tures were divided into 4 groups (10-40 mW; 50-80 mW;
90-120 mW,; 130-150 mW). In particular, cells were
counted, which were located inside of TU Wien Logos
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FIGURE 5 Laser scanning
microscopy images of hyaluronic
acid- based hydrogel constructs
(HA22VE95/80 mol% thiol-to-ene
DTT, 5 wt.% macromer content),

printed with varied laser powers

(A =10 mW) and a constant writing
speed of 100 mm s~ (triplicates)
according to a CAD-model (TU Wien
Logo, 100 x 100 X 100 pm) in the
presence of 0.5 mM P2CK (cell-free
control, a). Fluorescent-labeled ASCs
were imaged after 3 and 7 days of
encapsulation (b) [Color figure can
be viewed at wileyonlinelibrary.com]

including cells located at the edges of 3D microstructures
however, excluding cells on the glass surface outside of
the structures. Cell numbers were counted on day 7 and
the data were normalized to day 3 (100%). Higher cell
proliferation rates were observed for structures, which
were produced with lower laser power (10-40 mW) com-
pared to structures, which were fabricated with relatively
high laser power (120-150 mW) expected to be derived
from the stiffer hydrogel structures. However, on average
an overall cell number-increase of 26% across all applied
laser powers was observed (Figure S14).

4 | CONCLUSIONS

In this study, the synthesis and characterization of
hyaluronic acid-based hydrogels is shown. A straightfor-
ward synthesis method was developed obtaining
macromers with multiple parameters open for variation.
Hyaluronic acid vinyl esters were synthesized by means of
acidic degradation, resulting in different macromer sizes
and by subsequent transesterification reaction leading to
macromers with a different degree of substitution. By con-
sideration of the variation of aforementioned synthesis
parameter and the variation of formulation parameter,
including photoinitiator concentration, macromer content,
and thiol-to-ene ratio, structure-property relationships of
the complex thiol-ene based photopolymer system were
elucidated by means of photorheology studies. Generally,
photoreactivity as well as crosslink density increased with

(a) Cell-free control

{EEED BEEED

10-40 mW

Day 3 . 0|

DREDD OO
DDED DED
HED0D D@
90-120 mW 130 - 150 mW

100 mm/s

50 - 80 mW

(b) Encapsulation of ASC-GFP

'

the macromer size, the degree of substitution, the
photoinitiator concentration, and the macromer content.
Overall, a higher abundance of functional groups com-
bined with an increased concentration of radicals lead to
denser networks. However, an optimum thiol-to-ene ratio
was found to be at 80 mol%. Swellabilities of ready-cured
hydrogels followed the trend as expected from calculated
mesh sizes of the networks on the basis of rheological
data. The swellability of the hydrogels increased with
decreasing DS as a result of increased mesh size and
increased hydrophilicity. Solubility of macromers is highly
dependent on initial molecular weight as well as degree of
modification owing to the change of hydrophilicity of the
macromer chains after modification with hydrophobic
(aliphatic) vinyl ester moieties. These investigations
enabled the formulation of tailor-made hydrogel precur-
sors leading to successful encapsulation of cells in HA-VE
based 3D hydrogel constructs monitoring their cell sur-
vival after the encapsulation process. Two different HA-
VEs were chosen in order to perform UV and 2PP cell
encapsulation experiments, respectively. HASOVEO5 with
a m.w. of 50 kDa was found to be an excellent candidate
for UV cell encapsulation. By using higher macromer con-
centrations (15 wt.%) but lower DS (5%) relatively soft
hydrogels were prepared, especially suited for cell culture
ensuring pleasant cell-environment comparable to ECM.
ASC-GFPs were successfully encapsulated in bulk HA-VE
pellets and their viability was studied for up to 14 days.
Numerous viable cells were observed over the whole
course although high degree of swelling was observed for


http://wileyonlinelibrary.com

10 (6] (0]
Y| WILEY— roundie o

ZEROBIN ET AL.

HAS0VEO5. On the other hand, low m.w. HA22VE95
(22 kDa) was found to be an optimum material for 2PP
cell encapsulation with good solution properties, when
used in low macromer concentrations (5wt.%) while
maintaining consistent quality of crosslinking owing to
the high DS (95%). Highly resolved hydrogel microstruc-
tures (100 x 100 x 100 pm TU Wien Logos) were fabri-
cated with enhanced long-term stability. ASC-GFPs were
successfully encapsulated via 2PP and their survival moni-
tored for up to 7 days. Good cell proliferation rates were
observed for all different structuring parameters, however,
microstructures fabricated with higher laser power
resulted in stiffer hydrogel constructs with reduced cell
proliferation rates; Structures fabricated with lower laser
power led to softer hydrogels prone to disintegration as a
result of the low crosslink density yet showing increased
cell proliferation rates. This study illustrates how HA-VE
is expected to be one versatile contributor in the broad
field of hydrogel materials. Further studies will increase
the knowledge of the system and enhance its properties
toward the potential application in the fields of tissue engi-
neering and regenerative medicine.
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