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ABSTRACT: Implementation of hydrogel precursors in two- PracessimprovainEmy sui
photon polymerization (2PP) technology provides promising  throughmolecule design functionalizatio

opportunities in the tissue engineering field thanks to their soft
characteristics and similarity to extracellular matrix. Most of the
hydrogels, however, are prone to post-fabrication deformations,
leading to a mismatch between the computer-aided design and the
printed structure. In the present work, we have developed novel
synthetic hydrogel precursors to overcome the limitations
associated with 2PP processing of conventional hydrogel
precursors such as post-processing deformations and a narrow
processing window. The precursors are based on a poly(ethylene e Gelatin methacrylamide Human foreskin
glycol) backbone containing urethane linkers and are, on average, coating fibroblasts
functionalized with six acrylate terminal groups (three on each

terminal group). As a benchmark material, we exploited a precursor with an identical backbone and urethane linkers, albeit
functionalized with two acrylate groups, that were reported as state-of-the-art. An in-depth characterization of the hexafunctional
precursors revealed a reduced swelling ratio (<0.7) and higher stiffness (>36 MPa Young’s modulus) compared to their difunctional
analogs. The superior physical properties of the newly developed hydrogels lead to 2PP-based fabrication of stable microstructures
with excellent shape fidelity at laser scanning speeds up to at least 90 mm s', in contrast with the distorted structures of
conventional difunctional precursors. The hydrogel films and microscaffolds revealed a good cell interactivity after functionalization
of their surface with a gelatin methacrylamide-based coating. The proposed synthesis strategy provides a one-pot and scalable
synthesis of hydrogel building blocks that can overcome the current limitations associated with 2PP fabrication of hydrogel
microstructures.

Argon plasma
+

1. INTRODUCTION Although this advanced 3D printing technology offers

With recent advances in 3D printing technologies, the exciting opportunities for the field of tissue engineering, its

production of 3D structures at the microscale range gained main limitation is the limited number of commercially available

significant interest in tissue engineering.l As the natural resins for creating suitable biomaterials for tissue engineering
environment of cells consists of complex 3D structures with purposes.” The most commonly used resins involve low-molar-
features of different length scales, the microtopography and mass acrylic monomers and epoxies, which lead to highly
nanotopography of the material surface have been reported to cross-linked, nondegradable, rigid, and brittle structures that
influence cell response. Indeed, for mimicking the tissue are not suitable to serve tissue engineering applications.™®

complexity to the greatest extent possible, designing a 3D
construct for tissue regeneration requires precise control over
the micro- and/or nanoscale architecture.”> Two-photon
polymerization (2PP), also referred to as multiphoton —
lithography, provides an excellent methodology for generating Received:  June 2, 2021 EEL
microscaffolds with controlled dimensions at spatial resolu-
tions down to 100 nm. The unique property of 2PP technology
to elicit excellent control over scaffold architecture provides
great opportunities in tissue engineering and studies concerned
with unraveling cell—cell and cell-material interactions in 3D.

Conversely, hydrogel precursors form soft and flexible
networks upon cross-linking. In particular, chemically cross-
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Table 1. List of the Synthesized Hydrogel Precursors and the Applied Reagents”

precursor backbone diisocyanate endcapping agent number of acrylate groups spacer groups
UPEG-2 PEG IPDI OEOA 2 6 X EO
UPEG-6 PEG IPDI EPPETA 6 4 X EO and 1 X PO
UPEG-6-ws PEG IPDI PETA 6 none

“PEG: poly(ethylene glycol), IPDI: isophorone diisocyanate, OEOA: oligoethyleneoxide monoacrylate, EPPETA: ethoxylated and propoxylated

pentaerythritol triacrylate, PETA: pentaerythritol triacrylate, EO: ethylene oxide, and PO: propylene oxide.

Reaction Scheme

End Groups

r
HfOVtOH

Polyethylene glycol
(PEG, 2000 g/mol)

Isophorone diisocyanate ‘
(IPDI)

X1

Mono- or multi-acrylated
endcapping agent

X

acrylate-endcapped urethane-based PEG
(UPEG-2, UPEG-6 and UPEG-6-ws)

\_

o 0
e iegpe|

isocyanate-endcapped PEG-IPDI intermediate product

0
R,oﬁrn\/é\NJqO/\}o}rn\Q/\NJ\ _R
o H "o A

aYa 3

Ty

6

Diacrylate-endcapped
urethane-based PEG (UPEG-2)

3
o 0o
1

®
o o}

\)kc/\/o\%\/o\/\o/\/w
o

Hexaacrylate-endcapped
urethane-based PEG
(with EO and PO spacers)
(UPEG-6)

Hexaacrylate-endcapped
urethane-based PEG (without spacers)
(UPEG-6-ws) )

J\L

Figure 1. Reaction scheme for the synthesis of diacrylate- and multiacrylate-endcapped urethane-based PEGs exploiting endcapping agents.

linked synthetic hydrogels have become attractive alternatives
for tissue engineering applications owing to their biocompat-
ibility, tailorable design, low cost, and reproducible production
routes.”® In contrast to nature-derived polymers, synthetic
polymers offer tunable physical properties and are compatible
with various scaffold manufacturing technologies exploiting
mild conditions.” To date, various synthetic hydrogels have
been employed in 2PP fabrication of microstructures, including
poly(ethylene %lycol) ,7771 poly(2-ethyl-2-oxazolines),'* poly-
(amino acids),”® poly(vinyl alcohol),® and poly(glycerine)."”
Specifically, acrylate-functionalized PEGs (PEGDA) have been
frequently used in multiphoton lithography due to their
hydrophilicity, biocompatibility, and commercial availability.
PEG is approved by the Food and Drug Administration for
various applications (e.g, pharmaceuticals and wound
dressings), and it can be employed as a hydrogel using a
variety of cross-linking strategies, owing to its versatile
macromonomer chemistry and excellent solubility in water
and organic solvents.'® However, employing PEG derivatives
for the 3D fabrication of microstructures poses several
challenges due to their swelling behavior and low stiffness."”
These characteristics of the cross-linked acrylated PEG
derivatives often result in structure deformation and poor
control over the geometry of the microscaffold. Furthermore,
realization of accurate structures becomes more challenging
when the structural design has an open geometry, as the
capillary forces caused by the evaporating developer lead to
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significant distortion or structural collapse.”” To date, most of
the PEGDA formulations applied in 2PP exploit low-molar-
mass PEGs (<750 g mol™') to obtain an effective micro-
fabrication process owing to a sufficiently high cross-linking
density.””'>*'7>* Nevertheless, it was reported that the
processability of the latter is still prone to deformations
associated with swelling and detachment from glass sub-
strates.”'”*> Moreover, a narrow polymerization window has
been observed, which limits tuning of microstructure
dimensions and therefore the resolution of the printed
structures.”> Scarpa et al. investigated the 2PP processability
of PEGDA with a molar mass of 10,000 g mol™" for the design
of bulk architectures (e.g., pyramids).'” However, the
printability of the high-molar-mass PEGDAs was not
investigated to create complex and hollow architectures.

Recently, we introduced a telechelic hexaacrylate-endcapped
urethane-based poly-e-caprolactone for 2PP-based fabrication
of biodegradable microstructures.”® Upon photopolymeriza-
tion, the hexaacrylate-endcapped urethane-based prepolymers
form a phase-separated structure with dense cross-linking,
resulting in a remarkably enhanced toughness while improving
the 2PP processability compared with their diacrylate-
endcapped counterparts.

In the current work, we applied a similar structural approach
using a PEG backbone (2000 g mol™') with urethane linkers,
in order to obtain hydrogels with superior mechanical
properties for the fabrication of stable microscaffolds. To this

https://doi.org/10.1021/acs.biomac.1c00704
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end, two different multiacrylate monomers were covalently
linked as terminal groups to the PEG backbone via isophorone
diisocyanate (IPDI) linkers. More specifically, pentaerythritol
triacrylate (PETA) and ethoxylated/propoxylated pentaery-
thritol triacrylate (EPPETA) were covalently linked to the
PEG-urethane backbone. The latter consists of a flexible alkoxy
core (i.e., ethylene oxide and propylene oxide units) that acts
as a spacer between the acrylate groups, whereas the former
lacks the flexible core.

The multiacrylate-endcapped urethane-based precursors and
the resulting cross-linked networks were characterized in terms
of their physicochemical properties and their processing
potential via 2PP. The characteristics and processing perform-
ance of the multifunctional polymers were compared to those
of their difunctional analogs. Finally, the potential of the newly
developed multifunctional polymers to serve tissue engineering
applications was explored via a number of cell culture assays.

2. MATERIALS AND METHODS

2.1. Synthesis of Hydrogel Precursors. Hydrogel precursors
were synthesized using a PEG backbone (2000 g mol™’, Sigma-
Aldrich), isophorone diisocyanate (IPDI, Sigma-Aldrich), and the
endcapping agents monoacrylated oligoethyleneoxide (OEOA,
Bisomer PEA6, GEO Specialty Chemicals), ethoxylated and
propoxylated pentaerythritol triacrylate (EPPETA, Allnex), and
pentaerythritol triacrylate (PETA, Allnex). Prior to the reaction,
PEG was dried for 3 h by applying vacaum under a dry N, blanket.
Subsequently, PEG was reacted with IPDI at 75 °C in a 1:2
stoichiometric ratio using 300 ppm bismuth neodecanoate (Umicore)
as a catalyst in the first reaction step. The first step of the reaction was
continued until 50% of the isocyanates were consumed as determined
via potentiometric titration. In the second reaction step, 2 equiv. of
endcapping agents was added together with 300 ppm bismuth
neodecanoate and reacted at 80 °C under dry air until the residual
isocyanate (NCO) value decreased below 0.02 meq g', as
determined by potentiometric titration. Finally, phenothiazine (500
ppm) and triphenyl phosphite (S00 ppm) were added into the
product as post-stabilizers.

All three hydrogel precursors were synthesized using the same
method except for the applied endcapping agents. The endcapping
agents OEOA, EPPETA, and PETA consist of 1, 3, and 3 acrylates on
average, which were used in the synthesis of UPEG-2, UPEG-6, and
UPEG-6-ws precursors, respectively. Both UPEG-6 and UPEG-6-ws
consisted of six acrylates; however, the former contains ethylene oxide
(EO) and propylene oxide (PO) spacer units linked to the acrylate
groups, whereas the latter lacks spacer groups. The synthesized
hydrogel precursors and the applied reagents during the synthesis are
summarized in Table 1 and Figure 1.

After the synthesis, UPEG-2 precursors were used without further
purification. UPEG-6 and UPEG-6-ws precursors were isolated via
dialysis in acetone using a regenerated cellulose dialysis membrane
tubing (MWCO of 1 kDa, Spectrum Spectra/Por) in order to remove
the unreacted endcapping agents. All characterization and processing
studies were performed on the isolated hexafunctional precursors
unless stated otherwise.

2.2. Characterization of Chemical Structures. The chemical
structures of the synthesized polymers were analyzed via Fourier
transform infrared (FTIR) and proton nuclear magnetic resonance
("H NMR) spectroscopy. FTIR spectroscopy was conducted on a
PerkinElmer Frontier FTIR mid-IR combined with an MKII Golden
Gate setup equipped with a diamond crystal from Specac, operating in
attenuated total reflection (ATR) mode. Spectra of the PEG, the
intermediate product of the first reaction step (PEG-IPDI), and the
final products were recorded for the range of 500—4000 cm™'
applying eight scans.

Nuclear magnetic resonance spectroscopy analyses were performed
on a 400 MHz spectrometer (Bruker Avance) at room temperature
after dissolving the polymers in deuterated chloroform (CDCl,,
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Euriso-Top) at a concentration of 10 mg mL™". The spectra were
analyzed using MestReNova software (version 6.0.2). For quantifica-
tion of the acrylate concentration, dimethyl terephthalate (DMT,
Sigma-Aldrich) was added into the NMR solutions of the precursors
at a concentration of 10 mg mL™", and the acrylate concentration was
calculated using eq 1.

_ I§:5.8 ppm + I§:6.1 ppm + 15:643 ppm

Cacr -
15=8 ppm
x Nig5=8 ppm Womr
I\IEZSB ppm + 1\%:6.1 ppm + l\%:é.S ppm MMDMT
1000
W, (1)

where C,, is the amount of acrylates in the precursors (mmol
acrylate/g precursor), (Is_ sg; ppm T L5 = 612 ppm + L5 = 630 Ppm) is the
sum of the integrals of the signals of the protons arising from the
acrylates (8 = 5.83, 6.12, and 6.30 ppm), I; _g ppm 18 the integral of the
signal of the protons characteristic of the aromatic ring in DMT (6 =
8 ppm)/ (N¢5: 5.8 ppm + N6: 6.1 ppm + N6: 6.3 ppm) is the number of
protons in one acrylate end group, Ny s- gypm is the number of
protons in the benzene ring of DMT, Wpyy corresponds to the
weight of DMT, W, is the weight of the precursor, and MMpyy is the
molar mass of DMT.

2.3. Determination of Molar Masses. The number average
molar mass (M,), the weight average molar mass (M,,), and the
polydispersity index (D) were determined by gel permeation
chromatography (GPC) using PEG standards (Agilent Technologies,
weight average M,, range of 420—200.000 g mol™'). The hydrogel
precursors were dissolved (10 mg mL™") in chloroform (Biosolve,
HPLC grade) and filtered (0.45S um pore size) prior to analysis.
Analyses were performed by liquid chromatography, using an Alliance
Waters 2695 separation module with a Waters 2414 refractive index
detector, equipped with a PLGel Mixed-D (particle size of S pm)
polystyrene/divinylbenzene GPC column.

2.4. Evaluation of Photo-Cross-Linking Kinetics. The
precursors were formulated with Irgacure 2959 (2 mol % with
respect to the acrylate concentration) as a photoinitiator prior to the
evaluation of curing kinetics via differential photocalorimetry (DPC).
DPC thermograms were recorded using a Mettler DSC823e equipped
with a Hamamatsu Lightningcure LC8 lamp (medium-pressure
mercury—xenon lamp, with intensity adjusted to 15 mW cm™ at
365 nm). All measurements were conducted using dry nitrogen as an
inert flow gas (50 mL min™"). Prior to irradiation, the samples were
held in the molten state at 60 °C for at least 10 min under nitrogen
gas flow to remove all dissolved oxygen. Next, the samples were
cooled down to 20 °C at a rate of S K min™", equilibrated for 10 min,
and subsequently exposed to UV light at 20 °C. The duration of UV
exposure was 4 min. With empty crucibles, the heat flow signal
generated by incident light was largely cancelled upon simultaneous
illumination of the reference and the sample side of the cell. However,
imperfect compensation still led to a shift of the baseline upon
exposure to the light source. After suitable baseline correction, the
heat flow signal was scaled by the total heat of polymerization
calculated from the double bond content to obtain the conversion
rate. The maximum polymerization rate R, and final acrylate
conversion py of the precursors were determined using egs 2 and 3.

)
©)

where h, is the maximum heat flow, C,., is the acrylate double bond
concentration of the precursors as determined via 'H NMR
spectroscopy (see Table 2), AH is the reaction enthalpy, and AH,
is the m;;lar reaction enthalpy of acrylate double bonds (77.6 + 1.1 kJ
mol™").

2.5. Evaluation of the Physical Properties of the Cross-
Linked Hydrogels. 2.5.1. Sample Preparation. The hydrogel

Rmax = hmax/(cacrAHo)

b= AH/(C

acr

AH,)

https://doi.org/10.1021/acs.biomac.1c00704
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Table 2. Actual and Theoretical Concentration of Acrylates
(Caer), Number Average (M,) and Weight Average (M,,)
Molar Masses, and Polydispersity Indexes (D) of the
Acrylate-Endcapped Urethane-Based Precursors as
Determined via Gel Permeation Chromatography

theoretical
Cocr Cocr M, M,
sample (mmol g™') (mmolg™) (gmol™) (gmol™) D
PEG 2100 2200 1.04
UPEG-2 0.55 0.60 8900 13,700 1.53
UPEG-6 1.41 1.70 11,200 18,900 1.70
UPEG-6-ws 1.92 2.00 9400 14,300 1.50

precursors were formulated with Irgacure 2959 (2 mol % with respect
to the acrylate concentration) as a photoinitiator prior to cross-
linking. The polymer/photoinitiator blends were molten at 60 °C and
placed between two glass plates separated by a 1 mm-thick silicone
spacer. Next, the formulations were kept at room temperature for 10
min and were subsequently irradiated with UV-A radiation (15 mW
cm™2) for 30 min.

2.5.2. Swelling and Gel Fraction Tests. The UV-cross-linked
hydrogels were cut into disks (D of 10 mm, triplicates) using a hollow
puncher and weighed (W)). Next, the dry gels were incubated in
deionized water for 3 days at room temperature and weighed in the
swollen state (W,). Finally, the hydrogels were frozen and lyophilized
to determine their final dry weight (W,). Swelling ratios and gel
fractions were determined using eqs 4 and S, respectively.

W, — W
Wy (4)

swelling ratio =

. Wa
gel fraction = — X 100%

W, ()

2.5.3. Tensile Tests. The cross-linked precursors were punched out
into dog-bone-shaped samples (1 mm thickness, 30 mm gauge length,
and 4 mm width, four replicates) and soaked in deionized water for 24
h at room temperature prior to tensile tests. Next, the equilibrium
swollen hydrogels were evaluated at room temperature using a
universal testing machine (Tinius Olsen) equipped with a S00 N load
cell. A preload force of 0.3 N was applied, and the specimens were
tested at a crosshead velocity of 10 mm min™". Young’s moduli were
calculated from the initial slope (<1% strain) of the stress—strain
plots.

In order to estimate the toughness of the hydrated hydrogels,
deformation energies were calculated from the area under the stress—
strain plots using eq 6.

&
U, = d
f" (6)

where ¢ is the tensile stress, € is the strain, €, is the strain at break, and
Uy is the deformation energy.

2.6. Cell Culture Tests. 2.6.1. Evaluation of Indirect
Cytotoxicity Using Human Foreskin Fibroblasts. For the cell culture
tests, nonpurified hydrogel precursors were used. Human foreskin
fibroblasts (HFFs) (American Type Culture Collection, SCRC-1041)
collected under informed consent were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin—streptomycin solution. Upon
90% confluency, the cells were detached using Accutase solution,
reseeded in T7S flasks (Greiner Bio), and maintained at 37 °C under
2 95% air/5% CO, atmosphere. The cells were used between passages
8 and 12.

In vitro cytotoxicity of the materials was tested according to the
ISO 10993-5 protocol. HFFs were detached using trypsin—EDTA and
were seeded at a concentration of 5000 cells/well in a 96-well plate
and were left to adhere overnight. The cross-linked hydrogel disks
were sterilized by UV-C irradiation for 20 min. The extract tests were
performed by incubating cross-linked hydrogel disks (surface area of 3
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cm? mL™!) in either DMEM cell culture media with 10% FBS or in
dimethyl sulfoxide (DMSO) for 24 h at 37 °C. Next, the extracts were
used as incubation media for HFF cells. More specifically, extracts
performed in a DMEM cell culture medium were directly used as an
incubation medium for HFF cells (Medium 1). However, the DMSO
extraction media were further diluted to 0.5 vol % in a culture
medium (Medium 2) prior to addition to the cells.

The cells were incubated in extracts (Medium 1 and Medium 2) for
24 h in a cell culture incubator before conducting 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophen-
yl)-2H-tetrazolium (MTS) assays according to the manufacturer’s
protocol. As a positive control, cells were incubated in an extract-free
cell culture medium supplemented with FBS. As a negative control,
cells were incubated in a cell culture medium supplemented with 10
vol % DMSO.

2.6.2. Evaluation of Cell Interactivity Using Human Foreskin
Fibroblasts. The surfaces of the cross-linked hydrogel disks and
scaffolds were functionalized prior to cell culture studies in order to
improve cell-material interactions. For this purpose, X Gel-MA INX
(Xpect INX), a formulation based on gelatin methacrylamide, was
applied as a surface coating onto the cross-linked hydrogel disks.

Prior to coating, the cross-linked hydrogels were surface-treated
using argon plasma for 10 min in order to ensure a homogeneous
coating on the surface of the hydrogels. Inert gas plasmas are known
to cause hydrogen abstraction followed by incorporation of oxygen on
the polymer surface in the post-plasma treatment.”® Therefore,
functionalization can be anticipated on the surfaces of disks and
scaffolds that have contact with the ambient atmosphere leading to an
improvement of the coating. Next, the surface-treated hydrogels were
incubated in a five times diluted X Gel-MA INX solution for 1 h at 40
°C. Next, the samples were removed from the coating solution, placed
into a sealed bag, and flushed with argon gas. Finally, the coated
hydrogels were irradiated with UV-A (15 mW cm™) for 60 min to
initiate the chemical cross-linking reaction of the applied coating.

The prepared hydrogel films were sterilized for 20 min using UV-C
and were subsequently immersed in phosphate buffer saline (PBS)
containing 1% penicillin—streptomycin solution in a 24-well cell
culture plate and placed in an incubator at 37 °C for 48 h. After that
period, PBS was exchanged to FBS, and the hydrogel disks were
further incubated for 1 h prior to cell seeding. Afterward, HFF cells
were detached from the T75 flasks using Accutase and subsequently
drop seeded onto the disks at a concentration of § X 10* cells per well.

For live-dead staining, calcein AM and propidium iodide (PI)
(Gibco Life Technologies) were prepared in PBS according to the
manufacturer’s directions. The samples were stained for 30 min prior
to imaging with a fluorescence microscope (Olympus IX 81,
Olympus).

In order to assess the viability of the cells based on their metabolic
activity, a MTS assay (Abcam) was performed. To avoid including
cells growing on the outer plastic parts of the surface of the wells, the
disks were placed in a new 24-well plate. Next, the MTS assay was
subsequently carried out according to the manufacturer’s instructions.
The samples were incubated for 2 h before reading the absorbance at
490 nm using a plate reader.

2.6.3. Evaluation of Indirect Cytotoxicity Tests Using HepG2
Cells. In order to determine whether hydrogels release toxic
substances in the medium, an indirect cytotoxicity test was performed
using the HepG2 hepatic carcinoma cell line. Initially, the cross-linked
hydrogels were sterilized by incubation in 70% (v/v) sterile ethanol
(Sigma-Aldrich) for 3 h followed by irradiation with UV-C for 1 h.
Next, the polymers were rehydrated in sterile PBS overnight. After
swelling, the polymer sheets were cut into disks (D of 11 mm) using
hollow punchers and placed in 48-well cell culture plates (Greiner
Bio-One). Collagen-coated (0.1 mg mL™", Thermo Fisher Scientific)
and noncoated tissue culture plates were used as controls. The
polymer disks as well as the noncoated and collagen-coated controls
were incubated in 1 mL of a growth medium for 72 h prior to cell
seeding. The growth medium consisted of DMEM + GLUTAMAX/
F12 Nutrient Mixture (3:1; Thermo Fisher Scientific), supplemented
with 20% (v/v) B27 (Thermo Fisher Scientific) and 5% (v/v) FBS
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Figure 2. FTIR spectra of synthesized diacrylate- and multiacrylate-endcapped urethane-based PEGs: (a) in the region 500—4000 cm™" and (b) in
the region 700—1800 cm™" and (c) 'H NMR spectra of UPEG-2, UPEG-6, and UPEG-6-ws.

(Hyclone). After this period, the preincubation media of each well of
the polymers from the same group were collected, pooled together,
and stored at 4 °C. On the day of seeding, approximately 20,000
HepG2 cells were seeded in each well in the presence of FBS and
incubated for 24 h to allow cell adherence. After 1 day, the cells were
refreshed with the preincubation media (previously stored in the
fridge, without FBS) of the respective polymers and cultured for one
week. Cell numbers were determined on days 1, 3, and 7 of cell
culture using the CellTiter-Glo Luminescent Cell Viability Assay
(Promega) according to the manufacturer’s instructions.

2.7. Two-Photon Polymerization Processing. The photo-
initiator M2CMK”® was dissolved in tetrahydrofuran (THF) (stock
solution concentration of 7 mM). Next, hydrogel precursors were
dissolved in this M2CMK stock solution in which the molar ratio
between M2CMK and the acrylate groups was kept at 0.02.

After complete dissolution of the precursors in THF, 20 uL of the
prepared solution was drop cast on a borosilicate glass substrate. In
order to enhance the sample adhesion, the glass substrates were
presilanized by immersion into a dilute solution of 3-(trimethyox-
ysilyl) propyl methacrylate in acetone before use. After drop casting
the precursor, the solvent was evaporated for 30 min at room
temperature prior to 2PP processing. After evaporation of THF, the
remaining polymer on the glass substrate was processed via a
commercially available 2PP system (Photonic Professional GT+,
Nanoscribe GmbH) equipped with near-infrared laser light with a
wavelength of 780 nm, a pulse duration of 100 fs, and a repetition rate
of 80 MHz. The precursors were processed using a 63X or a 25X
microscope objective with scanning speeds ranging from 10 to 90 mm
57!, whereas the average laser power in the process was in the range of
5 to 50 mW. After completion of the printing process, the samples
were developed upon immersion into propylene glycol monomethyl
ether acetate (PGMEA) for 30 min at room temperature to remove
the noncross-linked precursor.

Morphologies of the dry scaffolds were observed via scanning
electron microscopy (SEM, HIROX 4500M) after sputter-coating of

the scaffolds (JFC-2300, Jeol) with a gold film (thickness of about 12
nm). Additionally, the morphologies of the scaffolds prior to and after
1 h of incubation in PBS (37 °C) were monitored via an inverted
microscope (Leica DMi8) using an excitation wavelength of 405 nm
and a fluorescence emission range between 420 and 600 nm.

Deformation of the features of the scaffolds was estimated using eq
7.

dt - da
X= X 100%

d (7)

where X is the deformation percentage, d, is the actual length of the
features, and dis the theoretical length. The actual length of the
scaffold features was determined using Image]J software (NIH, USA).

2.8. Statistical Analysis. At least triplicate samples were used for
the analyses. Statistically significant differences were determined via a
one-way ANOVA with Bonferroni’s post hoc test (OriginPro 8.5
software). Two values were considered significantly different when p
< 0.0S. Data are expressed as the mean =+ standard deviation.

3. RESULTS AND DISCUSSION

Three different acrylate-endcapped urethane-based hydrogel
precursors were synthesized via a two-step urethanization
reaction as schematically represented in Figure 1. The
investigated polymers were based on the same PEG backbones
(molar mass of 2000 g mol™') and urethane linkers albeit
terminated with a different number of acrylate groups and
spacers.

The endcapping agents (ECA) used herein are composed of
a different number of acrylate moieties (1 versus 3) with and
without spacer units. More specifically, the ECAs OEOA,
PETA, and EPPETA are respectively composed of 1, 3, and 3
acrylates on average. It should be noted that the ECAs
EPPETA and PETA are composed of an equal number of
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acrylates, with the former containing an EO and PO core (i.e.,
spacer units) separating the photoreactive acrylate groups
whereas the latter lacking spacer groups. It is hypothesized that
both the presence of spacers and the number of acrylates will
have a profound impact on the characteristics of the polymers
such as the curing kinetics of the precursors as well as the
physical properties of the cross-linked networks.*’

3.1. Characterization of the Prepolymers. 3.1.1. Char-
acterization of the Chemical Structures. Fourier transform
infrared (FTIR) spectra of the starting macrodiol PEG, the
intermediate product resulting from the first reaction step
(PEG-IPDI), and the final diacrylate- and hexaacrylate-
endcapped precursors (UPEG-2, UPEG-6, and UPEG-6-ws)
are shown in Figure 2a,b.

At the end of the first reaction step, the absorption bands
corresponding to the N—H stretch (3330 cm™'), the C=0
stretch (1710 cm™), the amide II (1540 cm™"), and the amide
ITI bands (1300 cm™) could be observed in the spectrum of
the intermediate PEG-IPDI product, confirming the urethani-
zation reaction. The absorption band at 2270 cm™}, character-
istic of the free isocyanate groups, was also visible in the PEG-
IPDI intermediate product. This absorption band disappeared
completely at the end of the second reaction step, confirming
that all free isocyanates were consumed at the end of the
reaction for UPEG-2, UPEG-6, and UPEG-6-ws (Figure 2a).

The characteristic absorption bands arising from the acrylate
functional groups are visible in the spectra of all final products.
More specifically, the C=C stretch of the acrylate groups can
be observed at 1635 cm™, the C—O stretch of the acrylate
esters is present at 1180 cm™, and the =CH, out-of-plane
deformation can be observed at 810 cm™ in the spectra of
UPEG-2, UPEG-6, and UPEG-6-ws (Figure 2b).

"H NMR spectra of the products UPEG-2, UPEG-6, and
UPEG-6-ws are shown in Figure 2c. The signal corresponding
to the methylene protons of PEG that are adjacent to the
hydroxyl functionalities shifted from around 6 = 3.61 ppm to &
= 4.15 ppm as a result of the urethanization reaction. In the
spectra of the final products UPEG-2, UPEG-6, and UPEG-6-
ws, the signals between 6 = 3.3 and § = 3.8 ppm can be
attributed to methylene protons present in the PEG backbone
(for all precursors), EO spacers (for UPEG-2 and UPEG-6),
and PO spacers (for UPEG-6). The signals between & = 0.7
and 6 = 2.0 ppm correspond to the protons from the cyclic
methylene units of IPDI, while the signal at 6 = 4.25 ppm is
assigned to the —CH,— protons adjacent to the acrylate esters,
and the signals at 6 = 5.83, 6.12, and 6.30 ppm belong to the
protons from the acrylate double bonds. The concentration of
acrylates (C,,) for each polymer was determined quantitatively
using the NMR standard dimethyl terephthalate (DMT) and
was found to be 0.55, 1.41, and 1.92 mmol ¢! for UPEG-2,
UPEG-6, and UPEG-6-ws, respectively (Table 2).

3.1.2. Determination of Molar Mass. The molar mass of
the polymers was analyzed via gel permeation chromatography
(GPC), and data are presented in Table 2. The molar masses
of the hexaacrylate-endcapped polymers were found to be at
least three times higher than that of the starting product PEG
(2000 g mol™"), which can be explained through the repeating
effect of PEG-IPDI. The latter effect can be explained with the
use of a nonsymmetrical isocyanate (i.e., IPDI) in the synthesis
of hydrogel precursors. IPDI consists of a primary and a
secondary isocyanate, and the selectivity on the isocyanates of
IPDI is dependent on various factors, including the catalyst
type. In our study, we used a bismuth-based catalyst due to its
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biocompatibility.”**" It has been reported that the selectivity

of bismuth-based catalysts over the secondary isocyanates is
lower compared to the tin-based catalysts, which are frequently
used in the synthesis of urethane-based polymers.”> A
decreased selectivity of the catalyst results in the reaction of
a certain amount of the primary isocyanate groups of IPDI as
well as the secondary isocyanate groups in the first reaction
step, leading to the formation of repeating “PEG-IPDI” units,
thereby increasing the molar mass.

It was observed that the hexafunctional precursors revealed a
slightly higher molar mass compared to UPEG-2. This result
can be explained with the structure of the multiacrylate ECAs
applied in the synthesis of UPEG-6 and UPEG-6-ws. The
commercially available multiacrylate ECAs consisted of a
mixture of monomers, and they were used for our syntheses
without further purification. Although the commercial ECAs
are composed of n acrylates and one hydroxyl group on
average, a certain fraction of these ECAs is composed of n — 1
acrylates with two hydroxyl moieties. As a result, part of the
ECAs reacted with two or more PEG-IPDI units, which
resulted in a slightly increased molar mass. Further, a fraction
of the ECA molecules could not be covalently linked to the
polymer backbone during synthesis due to the lacking hydroxyl
functionality and thus remained as byproducts after the
synthesis. This was evidenced by the presence of a low-
molar-mass fragment in the chromatograms (Figure S1, dashed
lines). In the case of UPEG-6, this fragment corresponded to
the molar mass range of the end-capping agent EPPETA, as
can be observed from the chromatogram (Figure S1, gray line).
Although no GPC data are available for the ECA of UPEG-6-
ws (i.e., PETA), the theoretical molar mass for PETA (298.3 g
mol™") corresponds to the molar mass range of the byproduct
visible in the chromatogram of nonpurified UPEG-6-ws. These
byproducts comprising multiacrylate ECAs were removed
successfully via dialysis (72 h in acetone) as shown in blue and
red solid lines.

3.1.3. Evaluation of Photo-Cross-Linking Kinetics. Curing
characteristics of photocurable resins are important criteria for
lithography-based applications.” The resins should ideally
show high double bond conversion and be concomitant with
short processing times. To determine the photo-cross-linking
kinetics of the urethane-based prepolymers at 20 °C, they were
characterized via differential photocalorimetry (DPC). At 20
°C, the prepolymers are semicrystalline solids, as determined
via conventional differential scanning calorimetry (Figure S2).

The cross-linking reaction of semicrystalline difunctional
urethane-based PEGs was already investigated in -earlier
studies.””?”** At room temperature, these prepolymers
undergo phase separation leading to the formation of
semicrystalline (PEG-rich) domains along with acrylate-rich
zones. Upon exposure to UV light, free-radical polymerization
propagates rapidly by reaction diffusion across the acrylate-
enriched zones in the periphery of the crystalline domains. In
this process, the spacer groups (i.e., six EO units) linking the
acrylate moieties to the PEG-urethane backbone play a
prominent role in the solid-state reactivity by providing
additional motional freedom to the reactive sites.

In the photopolymerization kinetics, the role of spacers can
be explained for both di- and multifunctional polymers as
follows. In the case of difunctional polymers (UPEG-2), the six
EO units are functioning as a “spacer” as they separate the
acrylate groups from the rigid, semicrystalline PEG backbone,
which is immobile during the photopolymerization process at
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room temperature.”’ In the case of multifunctional analogs
(i.e, UPEG-6), the spacers have the same function as
described above. However, additionally, their spacers also
separate the individual acrylate groups from each other,
rendering the reactivity of the acrylate groups “independent”
from each other. Indeed, when a macromonomer with two or
more cross-linkable functionalities is incorporated into the
radical chain upon free-radical polymerization, it is initially
linked to the chain through the reaction of one double bond.
The remaining double bonds hang off the network and are
referred to as “pendant double bonds”. The reactivity of the
pendant acrylate double bonds is strongly dependent on the
length and the nature of the spacing units that separate them
from the previously reacted double bond. For instance, if two
double bonds are connected by a rigid spacer, then their
motion will be coupled, and hence, the reactivity of the
pendant double bond will be reduced by the previously reacted
double bond(s). If they are separated by a flexible spacer, then
their individual reactivities will be independent from each
other.”™’

As observed in Figure 3, DPC analysis revealed different
reactivity trends for the prepolymers UPEG-2, UPEG-6, and

——UPEG-2 —— UPEG-6 —— UPEG-6-ws
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Figure 3. Conversion versus time plots of prepolymers as determined
via DPC.

UPEG-6-ws. When the prepolymers were exposed to UV
radiation, immediate autoacceleration was observed according
to the transient behavior toward a steady state for the photo-
cross-linking of semicrystalline solids or liquids with a

significant viscosity.”” The prepolymers having a larger number
of acrylates showed slower rates throughout the polymerization
process. The decreasing trend in polymerization rates is likely
due to the length of spacer groups. In a previous study, it was
observed that the length and the chemical nature of the spacing
units determine the photopolymerization rate in the semi-
crystalline state.”” More specifically, longer and less stiff spacer
groups increase the polymerization rate in the semicrystalline
state, and six EO units were found to be an effective spacer
group that promotes the reaction of the double bonds.
Considering that the spacer length of the prepolymers (Figure
1) is ranked as UPEG-2 > UPEG-6 > UPEG-6-ws, the
observed trend in the polymerization rates in the semicrystal-
line state was anticipated. None of the prepolymers achieved
full conversion likely as a result of caging or local vitrification.””
Yet, the prepolymers with spacer groups (i.e, UPEG-2 and
UPEG-6) reached a conversion of 0.80, while those lacking
spacers (UPEG-6-ws) remained at a conversion of 0.53. The
higher conversion of the polymers having spacer groups can be
explained through the higher motional freedom of the reactive
sites at room temperature. The lower final conversion as a
consequence of the increased number of double bonds in the
absence of spacer groups is in agreement with earlier studies
reported in the literature.”*”**

3.2. Characterization of the Cross-Linked Hydrogels.
Besides the photopolymerization rate, the swelling ratio and
the gel fraction play an important role when designing a photo-
cross-linkable polymer resin particularly for lithography-based
3D printing. After 3D printing of the photo-curable resin, it is
required to wash the printed structure in a suitable solvent in
order to eliminate the noncured parts (developing stage).
When the structure is immersed in a solvent, the printed
structure might deform as a result of extended solvent uptake.
Therefore, minimizing the swelling ratio is preferable in order
to eliminate the potential mismatch between the size of the
implemented CAD model and the printed microstructures.

The swelling ratios and the gel fractions of the precursors are
demonstrated in Figure 4ab and Table 3. The gel fractions
remained above 95% for all polymers, which is indicative of
efficiently cross-linked networks irrespective of the number of
double bonds or spacer units. The swelling ratios were found
to be 1.8 for UPEG-2, 0.63 for UPEG-6, and 0.48 for UPEG-6-
ws and were significantly different among all groups (p < 0.05).
The decrease in the swelling ratio of the hydrogels is associated
with the increasing cross-linking density. Although UPEG-6
and UPEG-6-ws have the same number of acrylates on average

[ JUPEG-2 | | UPEG-6 [ ] UPEG-6-ws
k
@) B e, T I . . .
-~ gmo T ¥ -
- 100 et
< o ) fa o g 1.5 =
= 5 3 =
£ o 3 — * /7
S £ 10 — * — 3
E 50 Tg) S 50
- K
& Y o5 = - & o
g
0 0 0

Figure 4. (a) Gel fraction, (b) swelling ratio of the UV cross-linked hydrogels, and (c) Young’s modulus of the cross-linked polymers swollen to

equilibrium in deionized water (*p < 0.001).
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Table 3. Physical Characteristics of the Swollen Hydrogels

polymer swelling ratio gel fraction (%) Young’s modulus (MPa) elongation at break (%) deformation energy (kJ m™>)

UPEG-2 1.80 £+ 0.02 97.1 £ 04 6.3 + 02 12.6 + 1.0 48.8 + 23.5
UPEG-6 0.63 + 0.02 95.6 + 2.1 362 + 19 6.0 +2.0 66.1 + 38.1
UPEG-6-ws 0.48 + 0.03 95.6 + 0.4 9L.S + 6.1 35+ 12 527 £ 312

per polymer chain, the overall acrylate concentration for 2007 o Control (+)

UPEG-6 is lower due to the presence of the spacer groups, e Control (-)

leading to a lower density of the cross-links after UV-cross- = PEG#6

linking and hence a higher swelling ratio compared to its 1501 4 PEG6-ws

counterparts lacking spacer units. R A
The mechanical properties of the cross-linked polymers were E['. ;2 = ‘IA

determined using a universal tensile tester. Prior to tensile 1001 E

testing, the hydrogels were swollen to equilibrium by
incubation in deionized water for 24 h. The Young’s modulus
of UPEG-2 was found to be comparable to those of the
hydrated PEGDA (700 g mol™') networks (2—10 MPa) that
are frequently applied in 2PP applications (Table 3).”* As
observed in Figure 4c and Table 3, the increased number of
double bonds resulted in polymer networks with substantially
higher stiffness (6-fold for UPEG-6 and 14-fold for UPEG-6-
ws). Considering that the increase in the acrylate groups was
only 2.5-fold for UPEG-6 and 3.5-fold for UPEG-6-ws
compared to UPEG-2 (Table 2), the stiffness was not
observed to be proportional to the cross-linking density of
the hydrogels. The substantially higher Young’s moduli of
UPEG-6 and UPEG-6-ws are likely a result of phase separation
occurring between the rigid polyacrylate segments and the soft
PEG segments, as explained in an earlier study.26 This is
potentially beneficial for high-resolution 3D printing applica-
tions due to the formation of networks with higher load-
bearing capacity and hence an increased stiffness of small parts
and features.”’ It was evidenced that the increase in the
acrylate groups resulted in a trade-off between the stiffness and
the elongation at break (Figure S3). Lower elongation at break
values were observed for the multifunctional polymers UPEG-
6 and UPEG-6-ws compared to UPEG-2. However, no
significant difference was observed between the deformation
energies of the three different hydrogels, indicating that the
toughness was not affected significantly (Table 3).

3.3. Cell Culture Tests. One of the essential characteristics
of an ideal tissue engineering scaffold is having no adverse
effect on cell viability such as cytotoxicity. In order to assess
the cytocompatibility of the developed hydrogels in the current
study, we performed an indirect cell culture assay according to
the ISO 10993-5 standard protocol.

The relative metabolic activities of the human foreskin
fibroblasts (HFFs) cultured in the extract media of the
hydrogels are shown in Figure S. It was observed that the
relative metabolic activity of the cells cultured in the sample
extracts was not significantly lower compared to the control
group, indicating that no toxic leachable compounds are
released into the media from the cross-linked hydrogels.

Besides cytocompatibility, a tissue engineering scaffold
should ideally provide good cell-material interactions in
order to enable tissue growth. However, the protein-repellent
character of most of the synthetic hydrogels restricts their
interaction with living cells. A common strategy to introduce
cell-interactive properties on synthetic biomaterials is the
covalent or physical immobilization of proteins derived from
the extracellular matrix (ECM)."' Over the past decades,
gelatin derivatives have attracted considerable attention in
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Figure 5. Relative metabolic activity of human foreskin fibroblasts
(HFFs) cultured in the extract media of PEG-6 and PEG-6-ws
hydrogel disks for 24 h according to ISO 10993-S. Medium 1
corresponds to culture medium extract, whereas Medium 2
corresponds to the culture medium supplemented with 0.5 vol %
DMSO extract. Control (+) is the extract-free cell culture medium,
and Control (—) is the culture medium supplemented with 10 vol %
DMSO.

tissue engineering applications.”” This is because gelatin is
inexpensive and biodegradable and it retains natural cell
binding sites such as arginine-glycine-aspartic acid (RGD),
which is the most common motif responsible for cell adhesion.
In previous studies concerned with the production of cell-
interactive scaffolds, gelatin derivatives have already been
incorporated into PEG-based matrices often through bulk
modification.”™*® In the current work, the hydrogels were
coated with a methacrylated gelatin formulation (X Gel-MA
INX) to improve the cell-interactive properties as schemati-
cally represented in Figure 6a. In order to ensure a
homogeneous coating, the hydrogels were treated with argon
plasma to introduce functional groups on the surface prior to
dip-coating with X Gel-MA INX. Next, the potential
applicability of the newly developed hydrogels in the tissue
engineering field was evaluated by seeding human foreskin
fibroblasts (HFF) onto the cross-linked hydrogel films.
Fluorescence microscopy images of HFFs seeded onto
hydrogels with and without coating are presented in Figure 6b.
After 7 days, a very low cell density was observed on the
noncoated hydrogels. Particularly, the cells seeded on UPEG-6
hydrogels revealed a round morphology, in contrast to a more
spread morphology for those cultured on UPEG-6-ws
hydrogels as observed qualitatively. The latter can be related
to the presence of PO spacer groups in UPEG-6 molecules,
which makes these hydrogels more hydrophobic, thereby
restricting protein adhesion. Nevertheless, the improvement in
the cell adhesion on both hydrogels was remarkable when the
samples were coated with the X Gel-MA INX formulation
prior to cell culture. The cells formed a confluent monolayer
after 7 days on both surface-functionalized UPEG-6 and
UPEG-6-ws. The MTS assay revealed a significantly higher
metabolic activity of the cells cultured on the coated hydrogels
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Figure 6. (a) Schematic representation of the surface functionalization of hydrogel disks using a diluted X Gel-MA INX solution. (b) Fluorescence
microscopy images of HFF cells cultured on UPEG-6 and UPEG-6-ws films with and without the X Gel-MA INX coating and a tissue culture plate
(control) after staining with calcein AM/propidium iodide on the seventh day of the culture and (c) relative metabolic activity of HFFs cultured on
hydrogel disks (normalized according to the control group) on the seventh day of culture as determined via MTS analysis. *p < 0.001, and ns

represents no statistically significant difference.

compared to those without coating (Figure 6¢). No significant
difference was observed between the metabolic activities of the
cells seeded on coated UPEG-6 and UPEG-6-ws (p > 0.0S).

PEG derivatives are known to exhibit an effective protein-
repellent activity due to their hydrophilicity, high surface
mobility, and steric stabilization effects.”” Inhibition of the
protein adhesion onto PEG-based surfaces leads to a reduction
in cell attachment because most of the cell interactions are
protein-mediated.*® Due to the protein-repellent character of
PEG derivatives, these materials have already been applied for
providing selective cell-material interactions upon binding
growth factors onto inert PEG matrices.*”*" In order to
increase cell adhesion, PEG derivatives are often combined
with ECM proteins like heparin, hyaluronic acid, collagen, and
gelatin.’’ Addition of acrylic acid into the PEGDA
formulations has also been reported to improve protein
adsorption as a result of the negatively charged hydrogel due
to the free carboxylic acid groups.’” Therefore, PEG-based
materials can be used for controlling cell-material interactions
by preventing or facilitating specific cell adhesion.” PEG-based
formulations have successfully been applied in 2PP fabrication
in earlier studies with the use of various cell types including
intestinal cells,”* fibroblasts,>® vascular smooth muscle-like
cells,” endothelial cells,*** and neuronal cells.**

The direct and/or indirect cell culture tests performed with
the use of fibroblasts and HepG2 cells (Figure S4) revealed no
adverse effect on the metabolic activity of the applied cells,
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suggesting the compatibility of the newly developed hydrogels
with biological applications. In particular, for tissue engineering
applications, cell interactions can be facilitated by the
application of a gelatin-based surface coating. Application of
a post-processing surface coating on the hydrogels is
potentially applicable for 2PP-manufactured microscale scaf-
folds, as bulk modification of the resin prior to 2PP structuring
could potentially alter the processing potential, leading to
microstructures with poor shape fidelity.

3.4. Evaluation of the Two-Photon Polymerization
(2PP) Performance. One of the essential requirements for
tissue engineering scaffolds is the design of interconnective
porous structures that requires complex architectures with an
open geometry of the walls. However, porous structures
printed via 2PP are more prone to deformation compared to
bulky structures, known to be caused by capillary forces
induced by the surface tension of the evaporating developer."
Moreover, “freestanding” parts in the printed structures are
prone to structural deformations and eventual collapse in the
case of complex scaffold architectures. Therefore, it is
challenging to obtain stable microstructures with complex
architectures using current hydrogel precursors that form
loosely cross-linked networks. The novel hydrogels based on
hexafunctional precursors have a lower swelling ratio and
higher stiffness as a result of the higher cross-linking density
compared to their difunctional counterparts. These features
characterizing the hexafunctional polymers were hypothesized
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Figure 7. Schematic representation for 3D microstructuring of polymers via 2PP: (a) sample preparation, (b) microstructuring, and (c) CAD

model of the microscaffolds.

to have a positive impact on the 2PP performance due to the
increased stability of the printed microstructures.

The practical steps applied for the 2PP process are
represented schematically in Figure 7ab. In brief, the
polymer/photoinitiator solution was drop cast onto a
presilanized glass coverslip, kept at room temperature for 30
min in order to enable the evaporation of THF, and
subsequently processed via 2PP at room temperature. After
the processing step, the glass coverslips were soaked into a
solvent to remove the nonilluminated precursors (developing
stage). The 2PP potential of the hydrogel precursors was
explored by printing small- (85 ym X 85 ym) and larger-scale
(500 ym X S00 pm) microscaffolds using the same parameter
range (5—S0 mW for laser power and 10—90 mm s~ for
scanning speed) and the computer-aided design (CAD) model
as shown in Figure 7c.

SEM images of the small-scale microscaffolds fabricated
using UPEG-2, UPEG-6, and UPEG-6-ws are shown in Figure
8d—g. The increased number of double bonds clearly had a
positive impact on 2PP processing. The microstructures
printed using UPEG-2 exhibited significant post-processing
deformation (Figure 8a), whereas those from multifunctional
polymers revealed a nearly excellent CAD-CAM mimicry with
no visible deformation on the porous plate nor on the
honeycomb-shaped pores (Figure 8b,c). The dimensions of the
pores in the porous base were found to be somewhat lower
than the theoretical values for all polymers with total
deformations of 29, 18, and 28% on average for UPEG-2,
UPEG-6, and UPEG-6-ws, respectively. On the other hand, the
differences in deformations between the different polymers
were observed to be more prominent in the size of the
honeycomb pores, which were found to be 43.3, 2.8, and 8.2%
for UPEG-2, UPEG-6, and UPEG-6-ws, respectively. The
scaffolds printed using multifunctional polymers resulted in a
more uniform distribution of pore sizes compared to those of
UPEG-2 as shown in the histograms in Figure SS. Successful
printing of a scaffold with larger dimensions (500 ym X 500
um) using a 25X objective shows the possibility toward
upscaling (Figure 8d,e) within reasonable processing times (15

I
kpbkkb

Figure 8. (a—c) SEM images of small-scale microscaffolds (85 ym X
8S pum area) fabricated using a 63X objective, (d,e) larger-scale (500
pum X 500 pm area) UPEG-6-ws microscaffold printed using a 25X
objective, (f—h) confocal microscopy images of the UPEG-6-ws
microscaffold in dry (fg) and hydrated states after being incubated in
PBS at 37 °C (h), and (i) fluorescence microscopy image of HFF cells
cultured on a 500 ym X 500 ym scaffold on the seventh day.

min). It should be noted that the larger-scale structures were
obtained using a scanning speed of 20 mm s~', but with the use
of higher scanning speeds, the scaffolds can potentially become
manufactured within a shorter time frame.

The hexafunctional hydrogel precursors could be processed
at scanning speeds up to 90 mm s~' without a notable
deformation (Figure S6). This writing speed was nearly the
current limit of the experimental setup used herein, and hence,
the polymers can be potentially processed at higher speeds. In
the case of difunctional precursors, the microstructures
revealed deformation in these processing parameters with no

visible difference in the morphology.

4928 https://doi.org/10.1021/acs.biomac.1c00704

Biomacromolecules 2021, 22, 4919—-4932


https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00704/suppl_file/bm1c00704_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00704/suppl_file/bm1c00704_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00704?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00704?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00704?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00704?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00704?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00704?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00704?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00704?fig=fig8&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c00704?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

In the next step, we evaluated the morphologies of the
UPEG-6-ws microscaffolds after incubation in PBS at
physiological temperature for 1 h. As anticipated, incubation
of the UPEG-6-ws microscaffolds in PBS did not lead to
deformation of the microstructures. Furthermore, the limited
swelling behavior of the cross-linked UPEG-6-ws did not lead
to a remarkable difference in the strut/pore dimensions
(Figure S7).

To further evaluate the biocompatibility of the hydrogels
after processing via 2PP, HFF cells were seeded onto the
printed microscaffolds of UPEG-6-ws, and their morphology
was evaluated via fluorescence microscopy after staining with
calcein AM/propidium iodide. Similar to the hydrogel disks,
the microscaffolds were functionalized using a five times
diluted X Gel-MA INX (Xpect INX) prior to cell seeding. The
HFF cells adhered onto the UPEG-6-ws microscaffolds and
revealed a stretched morphology as observed on the seventh
day of culture (Figure 8i), making the suggested hydrogel
precursors good candidates for the fabrication of accurate
structures to aid biological applications.

These proof-of-concept studies revealed that the multifunc-
tional polymers outperformed the conventional difunctional
analogs and that they are processable via 2PP at high scanning
speeds to produce complex and stable 3D microstructures.
Their relatively high cross-linking density owing to the high
initial acrylate concentration (>1.41 mmol g™') leads to the
formation of hydrogels with a higher stiffness (Young’s
modulus of >36 MPa) and a lower swelling ratio (<0.7),
which can be considered as an advantage to produce highly
stable microstructures with excellent CAD-CAM mimicry. The
mechanical properties of the microscaffolds can potentially be
further modulated by tuning the laser power, writing speed,
and layer distance as proposed by Gou et al** in order to
fabricate substrates with suitable mechanical properties for
different cell types. Design of a telechelic polymer possessing
multiple acrylate functionalities can thus be proposed as an
alternative solution for the earlier reported shrinkage or
swelling-related deformations in microscaftolds produced using
conventional PEG formulations (e.g, PEGDA).”'”** Given
the highly accurate production of biocompatible microscaftolds
using multifunctional hydrogel precursors, these polymers offer
not only an artificial ECM for tissue growth but also a
reproducible model for in vitro evaluation of cell behavior in
3D after application of a suitable coating for favoring the cell—
material interactions.’

Another advantage offered by the multifunctional telechelic
polymers related to 2PP processing is their excellent
processability even in the absence of a solvent. The use of
bulk polymers without the use of a solvent provides a higher
viscosity, which has several benefits on the processing
performance. On the one hand, a high viscosity is desirable
for avoiding drag effects on the resin as a result of the
acceleration and deceleration of the stage at turning points.”*
On the other hand, it has a potential benefit for the
photopolymerization kinetics by resulting in a marked
autoaccelerating effect, thereby reducing the processing
times. Indeed, in a study published by Zandrini et al,, it was
reported that higher viscosities are favorable to having a large
processability window thanks to the lower achievable polymer-
ization thresholds.”* As investigated earlier, the polymers
developed in this study can be cross-linked in bulk with
sufficiently high gel fractions (>95%), resulting in insoluble
and strong gels.
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Despite the above-mentioned benefits, solvent-free 2PP
processing of high-molar-mass polymers comes at a cost in
terms of controlling the structure dimensions. When the
materials are solid-like or highly viscous melts, the 2PP process
must be applied in the “oil-immersion” mode. In this mode, the
laser beam is focused from the bottom of the glass substrate
through an immersion oil. However, this method limits the
maximum achievable structure heights due to the limited
working distance and the laser focusing aberrations due to a
refractive index mismatch. As a result, the maximum achievable
structure height is typically in the order of tens of
micrometers.” Considering that larger structures are required
for characterization purposes and for final applications, this is
one of the main challenges to be addressed when processing
the newly developed polymers. To overcome this problem, the
materials can be processed in the “dip-in” mode, during which
the objective is directly immersed inside the precursor solution
enabling the manufacturing of mesoscale structures.””> In
addition to superior control on the structure dimensions, this
method allows the use of any type of substrate, which does not
necessarily need to be transparent. The latter is potentially
beneficial for direct printing of the microstructures onto
substrates other than glass, such as silicon microfluidic chips or
a prefabricated macroscale scaffold. However, only liquid
precursors with controlled viscosities can be printed via the
dip-in method to permit unimpeded movement of the optical
components inside the precursor.’® To this end, the hydrogel
precursors can be dissolved in water or buffer rather than
processing them in the solid or molten state. By dissolving the
precursors in buffer, the polymers can potentially be processed
in the presence of living cells for the manufacturing of cell-
laden constructs.”” The printing potential through the dip-in
method is interesting from the perspective of final application.
However, potential consequences with regard to photo-
polymerization kinetics and the stability of the final structures
should be investigated in a future research study.

In general, the proposed multifunctional telechelic urethane-
based PEGs showed an excellent performance for the
manufacturing of stable 3D microstructures via the 2PP
technology compared to their difunctional counterparts that
are not compatible with the technique. The possibility to
produce microstructures with high accuracy using the novel
biocompatible hydrogel building blocks opens opportunities in
many fields including tissue engineering, lab-on-a-chip, drug
delivery systems, and drug screening applications.

4. CONCLUSIONS

Urethane-based hydrogel precursors possessing multiple
acrylate functionalities on each chain end were synthesized
and characterized in terms of their physicochemical character-
istics, biocompatibility, and 2PP processing potential while
comparing their characteristics with a difunctional analog. It
was observed that increasing the number of double bonds is an
elegant approach to support the 2PP fabrication of micro-
structures. The superior physical properties of the cross-linked
multifunctional hydrogel precursors such as decreased water
uptake capacity and increased physical strength can be
considered key factors behind their superior processability.
All precursors investigated herein were cross-linkable at
room temperature in solvent-free conditions, revealing a
photopolymerization rate dependent on the number of
acrylates and spacer groups present. Introducing alkoxy spacer
units provided an enhanced motional freedom to the reactive
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double bonds, thereby increasing the photopolymerization rate
as well as the double bond conversion. Nevertheless, both
multifunctional precursors showed an excellent 2PP process-
ability irrespective of the presence of spacer groups, resulting in
an excellent CAD-CAM mimicry at high scanning speeds up to
at least 90 mm s~'. Although the limited conversion of
acrylates (50—80% as determined via DPC studies) in the solid
state can be considered a potential drawback for biomedical
applications due to the potential cytotoxic effect of the residual
acrylates, all hydrogels investigated in this study were
biocompatible as evidenced via cell culture assays. After
application of a gelatin methacrylamide-based coating, the
hydrogel films and microscaffolds revealed good cell adhesion
and high viability, which are necessary for biological
applications.

The development of the hexafunctional hydrogel precursors
offers a solvent-free and one-pot synthesis that can potentially
be applied on an industrial scale. Given their straightforward
synthesis, biocompatibility, and improved processing potential,
the suggested hydrogel precursors are good alternatives for the
manufacturing of accurate microstructures to aid biological
applications.
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2PP two-photon polymerization
b polydispersity index

AH° molar reaction enthalpy

AH total reaction enthalpy

AM acetoxymethyl

C,o acrylate concentration

CAD computer-aided design
CAM computer-aided manufacturing
DMSO dimethyl sulfoxide

DMT dimethyl terephthalate
DPC differential photocalorimetry
ECA endcapping agent

ECM extracellular matrix
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EO ethylene oxide

EPPETA ethoxylated and propoxylated pentaerythritol
triacrylate

FTIR Fourier transform infrared

HFF human foreskin fibroblasts

B maximum heat flow

IPDI isophorone diisocyanate

M, number average molar mass

M,, weight average molar mass

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium
NMR nuclear magnetic resonance

1, theoretical acrylate number

OEOA oligoethyleneoxide monoacrylate
PCL poly-g-caprolactone

PEG poly(ethylene glycol)

PEGDA polyethylene glycol diacrylate
PETA pentaerythritol triacrylate

PI propidium iodide

PO propylene oxide

pr final fractional acrylate conversion
R.x maximum polymerization rate
UV-A ultraviolet (315 < 4 < 400 nm)
UV-C ultraviolet (200 < A < 280 nm)
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