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Abstract
Gelatin methacryloyl (GelMA) hydrogels have been extensively used for drug delivery
and tissue engineering applications due to their good biocompatibility, biodegradability,
and controllable photocurable efficiency. Phosphate buffer solution (PBS) is the most
widely used reaction system for GeIMA synthesis. However, carbonate-bicarbonate
buffer solution (CBS) has been tried recently for synthesizing GeIMA due to its high
reaction efficiency. But there is a lack of systematic investigation into possible
differences in the structure and properties of GeIMA synthesized in PBS and CBS,
respectively. Therefore, in the current study, GeIMA molecules with two degrees of
methacryloylation (~20% and ~80%) were synthesized under PBS and CBS reaction
systems, respectively, in comparable conditions. The results showed that because of the
functionalization of methacrylate groups in gelatin chains, which can interfere with the
intrachain and interchain interactions, such as hydrogen bonding, the GeIM A molecules
synthesized in PBS had distinct physical structures and exhibited different properties in
comparison with those produced in CBS. GelMA hydrogels synthesized in PBS
exhibited a higher gel-sol transition temperature and better photocurable efficiency,
mechanical strength, and biological properties. In contrast, GeIMA hydrogels produced
in CBS showed advantages in swelling performance and microstructures, such as pore
size and porosity. In addition, GeIMA synthesized in PBS and possessing a high degree
of methacryloylation (the “GelMA-PH” polymer) showed great potential for 3D
bioprinting. This focused study has gained helpful new insights into GelMA and can

provide guidance on the application of GeIMA in 3D printing and tissue engineering.
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1. Introduction

Given their highly dynamic polymer networks, which can respond easily to the internal
and external stimuli, the application of hydrogels in controlled drug release has gained
tremendous attention over the past few decades 2. Additionally, hydrogels have been
extensively used in wound dressing and tissue engineering because of their hydrophilic
polymer network with high water content, similar to the extracellular matrix (ECM) of
human body tissues, excellent biocompatibility, and tunable physicochemical
properties . Typically, hydrogels can be categorized into those composed of synthetic
polymers and those composed of natural polymers. Hydrogels formed by synthetic
polymers usually possess higher mechanical strength and stiffness and lower
degradation rates than those by natural polymers . In contrast, hydrogels from natural
polymers exhibit excellent biocompatibility and biodegradability and the potential to
simulate the structure and function of ECM for modulating cell behaviors.
Consequently, natural polymer-based hydrogels have gained more interest in
biomedical applications & %12,

Among a variety of natural polymer-based hydrogels, gelatin-based hydrogels play an
important role in biomedical applications due to their remarkable biocompatibility 1316,
Gelatin (Gel) is a denatured protein obtained by the hydrolysis of collagen. It has the
Arg-Gly-Asp (RGD) sequence that can interact with cell integrins to improve cell
behaviors, including cell adhesion, migration, proliferation, and differentiation and

exhibits no immunogenicity '7-?°. Although gelatin hydrogels have attracted significant

interest in tissue engineering, some intrinsic limitations, such as inadequate mechanical
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strength and rapid degradation, have hindered their biomedical applications.
Fortunately, gelatin has many active side chains, such as -OH, -NH2, -COOH, which
allows the possibility for it to react with specific groups via chemical modifications to
overcome the aforementioned disadvantages '>2!22, For example, gelatin methacryloyl
(GelMA) is an engineered gelatin-based biomaterial obtained by the methacrylation of
the lysine groups in the gelatin backbone 2! 2% 24, Apart from excellent biocompatibility,
biodegradability, and the presence of RGD sequence, GeIMA can be covalently
crosslinked with water-soluble photoinitiators upon exposure to visible or ultraviolet
(UV) light to form stable hydrogels. Crosslinked GelMA hydrogels can maintain
structural stability at the body temperature, offering wide avenues for applications in
tissue engineering and drug delivery 2>*’. Furthermore, in contrast to pure gelatin,
GelMA possesses tailorable mechanical strength and biodegradation rate owing to its
photocurable property.

The synthesis of GelMA was firstly reported by Van Den Bulcke et al. in 2000 under
the reaction system of phosphate buffer solution (PBS), where GelMA could be
synthesized through the reaction of gelatin with methacrylic anhydride (MA) %*. Many
studies have showed that the degree of substitution (DS) or the degree of
methacryloylation (DM) in GelMA could be adjusted via the feed ratio of MA to gelatin,
resulting in controlling the biophysiochemical properties of the synthesized GeIMA ¥
31 Recently, as the demand for GeIMA escalates drastically, GeIMA has been made

commercially available. According to some suppliers, such as Sigma-Aldrich, the

mainstream GelMA synthesis method is under the PBS reaction system. However, there
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is a strong interest in investigating more effective ways to prepare GelMA with
controllable biophysiochemical properties. Several research groups have reported some
other methods for GeIMA synthesis. For instance, recent investigations have pointed
out that GeIMA synthesized under the carbonate-bicarbonate buffer solution (CBS) was
superior to those synthesized in PBS in the context of rendering the deprotonation of
free amino groups and buffering capability >34, Moreover, the MA amount needed for
GelMA synthesis was less under the CBS reaction system, making GeIMA synthesis
environmentally friendly and also cost-effective.

Nowadays, increasing efforts are made to apply GelMA synthesized by different
methods to drug delivery, tissue engineering, and 3D bioprinting 2% 3> 3¢, At the same
time, there is a lack of systematic studies to compare the structure and properties, such
as physical structure, temperature-sensitive behavior, and UV-crosslinking efficiency,
of GelMAs made by different synthesis methods. Therefore, it is necessary to
investigate systematically the structure and properties of GelMAs synthesized by
different methods. In the current study, four sets of GeIMAs with two DS (high and low)
under PBS or CBS reaction system were synthesized via a one-pot synthesis strategy.
Subsequently, research was conducted to reveal the differences between obtained
GelMA in terms of methacryloylation, physical structure, rheological properties, UV
crosslink ability, swelling behavior, mechanical strength, and biological properties. It
was shown that the GelMA synthesized under the CBS reaction system required less
amount of MA than those under PBS. However, due to the difference in physical

structures, GelMA synthesized under the PBS reaction system had a higher gel-sol
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transition temperature than those under CBS. Moreover, the photocurable properties of
GelMA synthesized under the PBS reaction system were more effective than those
under CBS. Furthermore, 3D printed cell-laden GelMA hydrogel was successfully

constructed, indicating great potential of synthesized GeIMA for 3D bioprinting.
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2. Materials and methods

2.1 Materials

Gelatin (porcine skin, type A, powder, gel strength ~300 g Bloom), methacrylate
anhydride (MA, 94%), 2-hydroxy-2-methylpropiophenone (97%), sodium dodecyl
sulphate (SDS), glycine, 2,4,6-Trinitrobenzenesulfonic acid (TNBS), and deuterium
oxide were bought from Sigma-Aldrich (St. Louis, MO, USA). Dialysis tubing
cellulose membrane (MWCO 10 kDa) was purchased from Thermo Fisher Scientific
(USA). Dulbecco’s modified eagle medium (DMEM), fetal bovine serum, and
penicillin-streptomycin (10,000 U/ml) were supplied by Gibco (Thermo Fisher
Scientific, USA). The live/dead assay kits were purchased from Invitrogen (Thermo
Fisher Scientific, USA). All reagents were used as-received without further purification.
2.2 Synthesis of GeIMA

In the current study, four sets of GeIMA with two degrees of substitution (~20% DS as
low methacrylation and ~80% DS as high methacrylation) were synthesized under PBS
and CBS reaction systems, respectively, based on previously described protocols 3% 3%
37 According to the different reaction systems and DS, GelMA synthesized was
designated as GeIMA-PH, GeIMA-PL, GelMA-CH, and GeIMA-CL, respectively. For
instance, GelMA-PH refers to GeIMA synthesized in PBS and had a high degree of
substitution. It was shown previously that several parameters could significantly affect
the DS for GeIMA synthesis, including the pH of reaction medium, duration of reaction,
and MA amount 3> 37, Therefore, in the current study, the DS of synthesized GelMA

was controlled by regulating these parameters, i.e., pH, duration of reaction and MA
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amount. For GeIMA-PH or GeIMA-PL synthesis, briefly, 10g gelatin was dissolved in
100ml PBS (0.01M, pH 7.4, 0.137 M NaCl, 2.7 mM KCI, 10mM Na;HPOs, 1.8 mM
KH>PO4) at 50°C water baths. 8.0ml or 0.8ml MA was added into the gelatin solution
dropwise at a rate of 0.5ml/min under constant magnetic stirring. After reacting for 1h,
500ml PBS was added to stop the reaction. Afterwards, the solution was transferred into
the dialysis tube (10 kDa MWCO) to dialyze against deionized (DI) water for 7 days at
40°C. The DI water was refreshed daily to fully remove the salts and MA totally. GeIMA
was obtained via lyophilization and stored at 4°C until further use.

For GelMA-CH or GeIMA-CL synthesis, 10g gelatin was dissolved in 100ml 0.25M
CBS (pH 9.0, 0.239 M NaHCO3, 0.0114 M Na,CO3) at 50°C water baths. The pH of
the gelatin solution was tuned to 9 by SN NaOH solution. 1.0ml or 0.2ml MA was added
into the above solution dropwise. After MA addition, the solution pH was adjusted to 9
again. After reacting for 1h, the final pH of the reaction system was adjusted to 7.4
using 1M HCI. Afterwards, the solution was transferred into the dialysis tube (10 kDa
MWCO) to dialyze against deionized (DI) water for 7 days at 40°C. GeIMA was
obtained via lyophilization and stored at 4°C until further use.

2.3 Degree of substitution and characterization of GelMA

To quantify the degree of substitution for GeIMA, 'H-NMR spectroscopy (Bruker
Avance I1I 400, USA) and TNBS assay were conducted. For '"H-NMR spectroscopy
analysis, gelatin, GeIMA-PH, GeIMA-PL, GeIMA-CH, and GeIMA-CL were dissolved
in deuterium oxide at 20mg/ml concentration at 50°C, and the 1H chemical shifts of

each sample were recorded. For the TNBS method, 500puL 1.6mg/ml gelatin and
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GelMA were dissolved in 0.1M sodium bicarbonate solution and then added in 2ml EP
tubes, respectively. Subsequently, 500uL 0.2% TNBS solution was added, and the tubes
were placed in 37°C for 3h. Then, 250uL. 1M HCI and 500uL 10% SDS solution were
added in the tubes to stop the reaction. The OD value of gelatin and GelMA samples
was measured at 335nm wavelength using a UV—vis spectrophotometer (UV-2600,
Shimadzu, Japan). The molar concentration of free primary amino groups in gelatin and
GelMA was calculated based on the glycine calibration curve (Fig.S1).

Additionally, the synthesized GelMA was characterized using an X-ray diffractometer
(XRD, 7000S, Shimadzu, Japan) over a range of 20 from 0° to 60° and FT-IR
spectrometer (PerkinElmer, USA) under the attenuated total reflection (ATR) mode.
2.4 Phase transition temperature of GeIMA

To investigate the effect of reaction environment and methacrylation degree on GeIMA
structure, the gel-sol transition temperature of GelMA was studied. Taking gelatin as
the control, 5.0% w/v GeIMA was dissolved in PBS. The sol-gel transition of gelatin
and GelMA solutions was monitored from 4°C to 40°C using a Rheometer (MCR 302,
Anton Paar, Austria) equipped with a parallel plate unit with a 20 mm diameter (1%
strain and 1 Hz).

2.5 Circular dichroism (CD) spectroscopy

To determine the secondary structure in GelMAs synthesized in PBS and CBS,
respectively, CD experiments (UV wavelength, 260-185 nm) were conducted using a
CD spectrometer (JASCO J-815, Japan). 0.2 mg/ml gelatin and GeIMA samples were

dissolved in DI water and stored at room temperature. After adding 300uL of gelatin or
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GelMA solution, quartz cell was placed at 4, 20, or 37°C for 30min to obtain a stable
conformation (triple helix or random coil structure). Then, CD spectra were obtained
with 5 accumulations and an optical path length of 1nm. At least three independent
measurements were conducted for each solution.

2.6 GelMA hydrogels preparation

GelMA hydrogels were prepared by dissolving 0.5% v/v 2-hydroxy-2-
methylpropiophenone photoinitiator in DI water at 50°C water bath and following the
dissolution of GelMA-PH, GelIMA-PL, GelMA-CH, and GelMA-CL at the
concentration of 5% w/v. Subsequently, GeIMA solutions were cooled down to room
temperature. Then, GelMA samples were exposed to a UV lamp (360mW) at 365nm
wavelength for different time intervals (0s, 60s, 120s, 240s, and 480s) to construct
GelMA hydrogels.

2.7 Characterization and evaluation of GeIMA hydrogels

2.7.1  Rheological properties

The rheological properties of GeIMA hydrogels were investigated at 20°C using a
Rheometer. According to the preliminary strain sweep test results, GeIMA hydrogels
were loaded onto a parallel plate and subjected to a shear strain (y) of 1.0% at a 0.5mm
gap under continuous oscillation. In the frequency sweep mode, the storage moduli (G”)
and loss moduli (G”) of GeIMA hydrogels were measured in the range of 0.1 - 100 rad/s.
2.7.2  Surface morphology and structure

GelMA hydrogels crosslinked via the UV light were freezing-dried and sputter-coated

with a layer of gold particles. Afterwards, GelMA samples were examined under a
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scanning electron microscope (SEM, Hitachi S4800, Japan) to observe the surface
morphology in high vacuum mode at 10kV. Additionally, the GeIMA samples' surface
pore size and pore area percent were analyzed using the Image J software.
2.7.3  Porosity
The porosities of freezing-dried GelMA samples were measured based on the
Archimedes principle ®. Initially, the weight of lyophilized GeIMA samples and the
pycnometer bottle full of absolute ethanol were weighed using a digital balance and
named Ms and M, respectively. Subsequently, the dried GeIMA samples were soaked
in the pycnometer bottle and vacuumed until GelMA samples were full of ethanol. The
pycnometer bottle was refilled with ethanol and weighed as M». Then, GeIMA samples
were taken out, and the remaining bottle was measured as Ms. The porosities of
lyophilized GeIMA hydrogels were calculated according to the following formula:
Porosity (%) = [(M2-M3-Ms)/(M1-M3)] % 100% (1)
2.7.4  Swelling behavior
To determine the swelling behavior, lyophilized GeIMA samples were measured as Ms.
Subsequently, dried GeIMA samples were immersed in PBS (0.01 M, pH7.4) for 24 h
at 37°C. At each predetermined timepoint, GeIMA hydrogels were taken out, and excess
PBS was removed. The weight of swollen GeIMA hydrogels was measured as Ms’. The
swelling ratio of GelMA hydrogels was calculated according to the following formula:
Swelling ratio (%) = [(Ms’-Ms)/Ms] x 100% (2)
2.7.5  Mechanical properties

Mechanical properties of GelMA hydrogels were evaluated via compression tests.

11
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Dried cylindrical GeIMA samples (®10 x 5 mm) were used and compressed at a speed
of 0.5 mm/min using a universal mechanical testing machine (Model 5848, Instron Ltd.,
USA). The ultimate compression strength of GeIMA hydrogels was set as the highest
load attained divided by the original cross-sectional area of the GeIMA sample. The
compression modulus was determined by the slope of the initial linear range of the
compressive stress-strain curve.

2.8 In vitro biological performance of GelMA hydrogels

Bone marrow-derived mesenchymal stem cells (BMSCs) derived from adult rats in
passage 3-8 were used to evaluate the in vitro biological behavior of GeIMA hydrogels.
Before cell culture, dried GeIMA hydrogels were sterilized by gamma radiation and
then soaked at PBS for 24h. BMSCs at a density of 5 x 10° cells per well were seeded
on GeIMA hydrogels (one sample per well in a 48-well plate). After attached for 1h,
cell medium was added and hydrogels were cultured in the DMEM at 37°C in a CO>
incubator for 24h and 48h, respectively. The live/dead assay kit was employed to
evaluate the survival rate of BMSCs cultured on the GelMA hydrogels. Living cells
were stained green and dead cells were stained red under fluorescence microscope
observation. On the other hand, to investigate the cell proliferation behavior, BMSCs
at a density of 1 x 10° cells per well were seeded on GelMA hydrogels and cultured in
DMEM for 1, 3, and 7 days. The cell viability was conducted using MTT tests.

2.9 Application of GeIMA in 3D bioprinting

GelMA is a popular biomaterial for 3D bioprinting to construct cell-laden hydrogel

structures. Given the gel-sol transition temperature and photocurable efficiency of

12
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GelMA synthesized in the current study, a GeIMA-PH solution was prepared for bioink
formulation to show the application of GelMA in 3D bioprinting. GeIMA-PH (5.0 wt.%)
solution was mixed with a BMSCs suspension to make the bioink at the concentration
of 1x10% BMSCs/ml. The hybrid bioink was installed on the 3D bioprinter (regenHU,
Switzerland). The printing temperature was set at 20°C. Nozzle diameter was 0.4mm
and the printing speed was set to match the inks extrusion rate. The BMSCs-laden
GelMA-PH hydrogel was printed on the platform with 120s UV irradiation. After
photo-crosslinking, cell-laden GeIMA-PH hydrogel was transferred to a 6-well cell
culture plate and cultured in DMEM at 37°C in a CO; incubator. The survival rate of
BMSC:s in the printed GeIMA-PH hydrogel was determined using live/dead assay Kkit.
2.10 Statistical analysis

The results presented in this article were obtained from at least 3 separate experiments
and are expressed as the mean + SD. The one-way ANOVA was performed for statistical

analysis. Statistically significant difference existed when: *p < 0.05, **p < 0.01.
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3. Results and discussion

3.1 Characterization of GeIMA

In the current study, as shown in Fig.1A, four sets of GelMA samples were synthesized
in PBS and CBS reaction systems. The exact reaction parameters for GeIMA synthesis
are listed in Table.1. To better explore the properties of GelMA synthesized in PBS and
CBS, we controlled the GeIMA DS at a high level (~80%) and a low level (~20%).
Taking phenylalanine peaks (7.1-7.4 ppm) as the standard, the "H-NMR spectra in
Fig.1B indicated that new peaks around 6.00-5.86 ppm (m, -O-CH,-CH=CH) and
5.38-5.22 ppm (t, -OCH>-CH=CH>) appeared in GelMA chains. Also, the methyl peak
at around 1.8 ppm and lysine methylene peak at 2.8-3.0 ppm demonstrated the
successful methacryloylation of gelatin. Moreover, the quantitative results of DS were
calculated via the TNBS method. Fig.1C showed that the DS of GeIMA-PH, GelMA-
PL, GelMA-CH, and GelMA-CL was 82.29+3.68, 20.23+5.99, 81.87+4.41, and
21.01£7.32%, respectively. As a result, GelMA-PH exhibited a similar DS (~80%) to
GelMA-CH, and GeIMA-PL had a comparative DS (~20%) to GelMA-CL. Previous
studies have pointed out that CBS was superior to PBS for GeIMA synthesis in terms
of rendering free amino groups reactive via deprotonation and buffer capacity 2% ¥,
which led to high efficiency for GelMA synthesis under the CBS reaction system. The
reason for this is that the GelM A synthesis reaction by-product, methacrylic acid (MA),
could lower the solution pH, which would cause the free amino groups in gelatin
ionized and further inhibit the reaction. Therefore, a high pH environment would

improve the efficiency in GeIMA synthesis. As depicted in Table.1, GeIMA synthesized

14
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in CBS indeed consumed less amount of MA. Moreover, due to the higher pH than PBS,
CBS at pH 9.0 enabled quick neutralization of MA as well as the formed methacrylate
groups through hydrolysis, thus resulting in the production of homogeneously reacted
GelMA .

Gelatin exhibits the partial triple-helix structure at gel status in low temperature while
forming the random coil structure at sol state upon heating. To investigate the effect of
methacryloylation on GeIMA's physical structure, XRD analysis was conducted. As
shown in Fig.1D, gelatin displayed a peak around 20.5°, which was associated with the
triple helix structure ** #*. However, the functionalization of methacrylate groups in
gelatin chains might potentially interfere with the triple helix structure, thus resulting
in lower peak intensity at around 20.5°. The higher DS of GelMA, the lower peak
intensity. Additionally, the peak intensity of GeIMA-PH was higher than GeIMA-CH,
which illustrated that the triple helix structure of GeIMA synthesized in CBS might be
dramatically damaged. It was speculated that the introduction of methacrylate groups
in gelatin chains could interfere with intrachain and interchain interaction, such as
hydrogen bonding, in the triple helix structure, causing the increase of the random coil
region and the decrease of triple helix formation 2*. Considering that the transition from
triple helix to random coil structure is reversible and associated with temperature,
GelMA with high DS and interference of triple helix structure would be less
temperature-sensitive. Consequently, the phase transition of GeIMA-PH or GeIMA-CH
(helix-random coil transition) could happen at a lower temperature than GeIMA-PL or

GelMA-CL. On the other hand, GeIMA-PH would exhibit a higher temperature phase

15
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transition compared with GeIMA-CH. Furthermore, the difference in the physical
structure of GeIMA would significantly influence the properties of resulting hydrogels,
such as gel-sol transition temperature, photocurable efficiency, microstructure, swelling
ratio, mechanical strength, and biological performance. The FT-IR spectra shown in
Fig.1E indicated that all samples displayed the characteristic bands of the gelatin

backbone: Amide I, Amide II, and Amide III +3.
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Fig.1  (A) A schematic illustration for GeIMA synthesis. (B) 'H-NMR spectra of Gel,

GelMA-PH, GelMA-PL, GelMA-CH, and GelMA-CL. (C) Degree of
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substitution of GeIMA as calculated using the TNBS method. (D) XRD and (E)

FT-IR spectra of Gel, GeIMA-PH, GelMA-PL, GelMA-CH, and GeIMA-CL.

Table.1 Reaction parameters for the synthesis of GeIMA-PH, GeIMA-PL, GeIMA-CH,

and GelMA-CL.

GelMA Gelatin MA CBS PBS T* Time* Initial
(8) (ml)  (ml) (m)h (°C) () pH
GelMA-PH 10 8.0 0 100 60 1.0 7.4
GelMA-PL 10 0.8 0 100 60 1.0 7.4
GelMA-CH 10 1.0 100 0 60 1.0 9.0
GelMA-CL 10 0.2 100 0 60 1.0 9.0

T*: reaction temperature; Time": reaction time.

3.2 Phase transition temperature of GeIMA

For GelMA, it is essential to determine the phase transition temperature for the
screening and selection of proper biomaterials for targeting biomedical applications **
45 For example, GelMA, like gelatin, is a promising biomaterial for 3D printing because
of its temperature sensitivity and good printability ***¥. In this study, to ascertain the
phase transition temperature of GelMA, a temperature sweep test was conducted. As
shown in Fig.2A, the phase transition temperature of Gel, GeIMA-PH, GeIMA-PL, and
GelMA-CL was 34.05°C, 30.96°C, 27.81°C, and 15.34°C, respectively. The sol-gel
transition for GelMA-CH was unable to happen even at 4°C. Fig.2B illustrated that the

viscosity of Gel, GeIMA-PH, GeIMA-PL, and GelMA-CL solutions dramatically
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decreased at the temperature of 32.96°C, 30.82°C, 23.59°C, and 15.24°C, respectively,
while GeIMA-CH was constantly in solution state. Moreover, the optical images in
Fig.2C showed that GeIMA-CH was in the solution state at 4°C and GelMA-CL was
aqueous at 20°C. These results indicated that the physical structure of GelMA was less
pronounced when gelatin was functionalized by methacrylate groups that might
interfere with helix formation '°. Furthermore, GeIMA-PH and GelMA-PL presented
high gel-sol transition temperatures compared to GelMA-CH and GeIMA-CL. It meant
that GeIMA-PH and GelMA-PL possessed more triple helix formation, which was
consistent with the XRD results (Fig.1D). Glycine-Proline-Hydroxyproline tripeptides
are more likely to be responsible for triple helix structure formation *°. Hydroxyl groups
of hydroxyproline enables the reaction with MA in the alkaline environment and a high
feed of MA *. The intervention of additional groups could influence triple helix
formation. As a result, GeIMA synthesized under the CBS reaction system exhibited
decreased triple helix formation, which was demonstrated by the decreased phase

transition temperature compared to GeIMA prepared using PBS.
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327 Fig.2  Variation of (A) G’ and G” and (B) Viscosity in terms of temperature for Gel,

328 GelMA-PH, GelMA-PL, GeIMA-CH, and GelMA-CL. (C) Photos of Gel,
329 GelMA-PH, GeIMA-PL, GeIMA-CH, and GelIMA-CL in reversed bottles at
330 different temperatures (4°C, 20°C, and 37°C).

331

332 3.3 Secondary structure of GelMA

333 It is well-known that gelatin exhibits temperature sensitivity, forming solid-state
334  hydrogel at low temperatures because of partial triple helix structure formation and
335  becoming aqueous solution upon heating due to random coil structure formation %!,
336  The transition from triple helix to random coil is reversible. Although the phase
337  transition study presented in Section 3.2 has shown that the methacryloylation of

338  GelMA might interfere physical structure and therefore affect phase transition

339  temperature and result in the decreased gel-sol phase transition temperature, GeIMAs
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synthesized in PBS or CBS were expected to retain a certain degree of the secondary
structure of gelatin. To further investigate the differences in physical structure amongst
GelMAs, the secondary structure of GelMAs synthesized in PBS and CBS, respectively,
was analyzed using CD spectroscopy. Fig.3 displays CD spectra of Gel and GelMAs at
4°C, 20°C, and 37°C, respectively. As shown in Fig.3, the intensity at 198nm is ascribed
to the random coil formation while the intensity at 222nm arises from the triple helix
structure. Gelatin exhibited a much higher intensity at 222nm at 4°C and 20°C than
GelMAs, which suggested that the functionalization of methacrylate groups in gelatin
side chains would affect the secondary structure of gelatin (Table.S1) and hence reduce
triple helix structure formation. Consequently, GelMAs had lower gel-sol transition
temperatures than gelatin (Fig.2). On the other hand, GelMA-CH and GelMA-CL
showed small rises at 199nm at 4°C and 20°C in comparison with GeIMA-PH and
GelMA-PL. The CD spectra indicated that the triple-helix contents of GelMA-CH and
GelMA-CL at 222nm at 4°C and 20°C decreased significantly, as compared with
GelMA-PH and GelMA-PL, suggesting that GeIMA synthesized in PBS could retain a
larger amount of triple-helix formation than GeIMA in CBS. Additionally, GeIMA-PL
had a higher tensity at 222nm at 4°C and 20°C, respectively, than GelMA-PH,
indicating that lower methacryloylation of GeIMA could retain a larger amount of
triple-helix formation. As a result, GeIMA with a low DS exhibited high temperature
sensitivity, and its helix-random coil transition temperature would be higher. Moreover,
Gel and GelMA s exhibited a large increase in intensity at 198nm at 37°C, as compared

to those at 4°C and 20°C, which suggested that Gel and GelMAs experienced a helix-
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362  coil transition upon heating. Moreover, as can be observed by comparing Fig.3 here
363  with Fig.S3 in Supporting Information, the intensity of gelatin under the CBS reaction
364  system without the addition of MA at 222 nm was 2.37 and 0.73 at 4°C and 20°C,
365 respectively. Additionally, the intensity of gelatin under the PBS reaction system
366  without the addition of MA at 222 nm was 2.11 at 4°C, suggested that the CBS and PBS

367  reaction systems had little effect on triple helix formation.
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370  Fig.3  CD spectra of Gel, GeIMA-PH, GeIMA-PL, GeIMA-CH, and GeIMA-CL in

371 DI water at a concentration of 0.2mg/ml at (A) 4°C, (B) 20°C, and (C) 37°C,
372 respectively.
373

374 3.4 Characterization of GeIMA hydrogels
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In addition to the physical structure, the photocurable properties of GeIMA are crucial
for biomedical applications > . Once GelMA is crosslinked in the presence of a
photoinitiator, covalent bonding between the adjacent methacrylate groups forms,
leading to the entanglement of the polypeptide chains and irreversible crosslinking,
which endows the wide application of GeIMA in 3D bioprinting to construct biomimetic
tissues and organs for tissue engineering >*%°. It is known that GeIMA synthesized from
different methods exhibits distinct secondary structures and thus performs characteristic
photocurable efficiency. The photocurable efficiency and process conditions, such as
UV intensity, solution concentration, etc., govern the hydrogel formation, ultimately
affecting the structural, mechanical, and biological characteristics of the resultant

hydrogels % 3¢

. Herein, to investigate the photocurable efficiency of GelMA
synthesized under PBS and CBS systems, 5.0% w/v GelMA and 0.5% v/v photoinitiator
were co-dissolved to prepared GeIMA hydrogels under UV exposure with different time
(0s, 60s, 120s, 240s, and 480s). As shown in Fig.4A, the G’ of GeIMA-PH and GelIMA-
PL were much higher than G”, which signified that GeIMA-PH and GelMA-PL were
in gel state at 20°C, while GelMA-CH and GeIMA-CL were in sol state. Importantly,
due to the high gel-sol transition temperature of GeIMA-PL, GeIMA-PL had the highest
elastic modulus. When GelMA solutions were crosslinked by UV light to trigger free
radical chain reaction polymerization, GeIMA hydrogels formed (Fig.4B). GeIMA-PH
could quickly form the hydrogel when exposed to 365nm UV light for 60s. At the same

time, GeIMA-CH and GeIMA-CL were unable to be crosslinked. Although GeIMA-PL

was in the gel state under 60s UV exposure, the slight increase of G’ showed that
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GelMA-PL had not been crosslinked (Fig.4C). As the increase of UV exposure time to
120s, GelMA-CH hydrogel began to form, and the G’ of GeIMA-PH exceeded GelMA-
PL. GelMA-CL formed stable hydrogel when UV crosslink time reached 480s.

In consequence, it could be rationally speculated that GelMA synthesized in PBS
exhibited higher photocurable efficiency than GeIMA prepared in CBS. The difference
of photocurable efficiency between GelMA sets might be attributed to the physical
structure. Because the phase transition temperature of GeIMA-PH and GeIMA-PL are
above 20°C, GeIMA-PH and GelMA-PL are in the gel state, whereas GeIMA-CH and
GelMA-CL are aqueous at room temperature. Since GeIMA-PH and GeIMA-PL were
in the thermally crosslinked state, which resulted in the compact structure, the
interaction between neighboring methacrylate groups seemed to appear easily as
compared with the loose structure of liquid GelMA-CH and GeIMA-CL solutions. As
a result, GeIMA-PH and GelMA-PL had higher photocrosslinking efficiency. The
higher photo-crosslinking efficiency, the less UV exposure time. Generally, cell-laden
GelMA hydrogels are usually crosslinked by UV light. Unfortunately, UV light is
harmful to cells and can cause cell apoptosis by inducing DNA fragmentation and
protein maturation °’. Therefore, it is critical to use those sets of GeIMA with high
photocurable efficiency for 3D bioprinting applications to reduce the UV radiation time

and prevent the encapsulated cells from potential damage >%.
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(A) Variation of G’ and G” in terms of angular frequency for Gel, GeIMA-PH,

GelMA-PL, GeIMA-CH, and GeIMA-CL hydrogels without UV exposure. (B)

Photos of Gel, GeIMA-PH, GelMA-PL, GelIMA-CH, and GelMA-CL

hydrogels crosslinked by 365nm UV light for 60s, 120s, 240s, and 480s,

respectively. Variation of G’ and G in terms of angular frequency for Gel,

GelMA-PH, GeIMA-PL, GelMA-CH, and GeIMA-CL hydrogels crosslinked

by UV light for (C) 60s, (D) 120s, (E) 240s, and (F) 480s.
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Fig.5(A) displays the representative SEM images highlighting the microstructure of
different GelMA hydrogel groups. The surface pore size and pore area percent
calculated via Image J software are shown in Fig.5(B, C). Moreover, the pore size
distribution of different GeIMA hydrogel samples is presented in Fig.S2. It could be
noted that both pore size and pore area percent were significantly affected by the UV
exposure duration. The porosities of GeIMA hydrogel samples measured via the
Archimedes principle also demonstrated the effect of UV radiation time on GelMA
microstructure (Fig.6). With the increase of UV exposure duration, which induced
tighter entanglement of polypeptide network, the pore size, pore area percent, and
porosity dramatically decreased. Additionally, GeIMA synthesized in the same system
(whether PBS or CBS) with high DS exhibited smaller pore size, pore area percent, and
porosity than those with low DS. In this context, GeIMA-PH and GeIMA-CH hydrogels
with high DS provided more reactive sites or methacrylate groups to trigger free radical
chain reaction polymerization, thereby leading to a tight hydrogel network °. On the
other hand, GeIMA-CH samples had larger pore size, pore area percent, and porosity in
comparison to GelIMA synthesized in PBS, which indicated that the polypeptide
network in GelMA-CH samples was less entangled. It could result from the difference
in the physical structure of GelMA synthesized in PBS and CBS. Pore size and porosity
play an essential role in nutrient and oxygen diffusion and waste removal, thereby
affecting cell behaviors, including cell attachment, migration, proliferation, and
differentiation *°. Different pore sizes might induce different cell processes. Nano-sized

pores are essential for collagen and extracellular matrix (ECM) formation, while micro-
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sized pores are necessary for cell proliferation, differentiation, and cell-cell interaction.
Previous studies have shown that scaffolds with 100-500um pores were beneficial for
bone regeneration . In this study, when the UV exposure duration was beyond 120s,
GelMA hydrogels possessed a relatively high modulus (Fig.4) and small pore size,
which would impair biological properties.

The swelling behavior of hydrogels is an important feature for the diffusion manner of
small molecules, such as nutrients and waste, in drug delivery and cell culture.
Consequently, the swelling behavior of hydrogels would affect cell survival, growth,
and tissue regeneration. Fig.7 indicates the swell performance of GelMA hydrogels
after being cultured in PBS at 37°C for 24h. Since GelMA-CH and GelIMA-CL cannot
form hydrogels without enough UV exposure time, some data is excluded. The swelling
ratios of different GeIMA sets crosslinked by different UV duration ranged from 450%
to 1300%, which was consistent with previous studies >* 3. Theoretically, the UV
exposure time, degree of substitution, and synthesis methods have a significant effect
on the swelling ratio of GeIMA hydrogels. The swelling ratio of GeIMA hydrogels
decreased with the increase of UV irradiation duration. GelMA hydrogels with high DS
exhibited a lower swelling ratio. Moreover, GelMA hydrogels synthesized in CBS
performed a higher swelling ratio because of the less entangled network compared with
those prepared in PBS. Since GelMA-CH and GeIMA-CL had higher swelling ratios
and less entangled networks, which can lead to encapsulated or grafted drugs being
quick released, GeIMA-CH and GeIMA-CL have potential applications for controlled

quick drug release, such as anti-cancer drug delivery systems.
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472  Fig.5 (A) SEM images of the surface morphology of Gel, GeIMA-PH, GeIMA-PL,

473 GelMA-CH, and GelMA-CL hydrogels crosslinked by UV light for Os, 60s,
474 120s, 240s, and 480s, respectively. (B) Pore size and (C) Pore area percentage
475 of Gel, GelMA-PH, GeIMA-PL, GelMA-CH, and GeIMA-CL hydrogels
476 crosslinked by UV light for 0s, 60s, 120s, 240s, and 480s, respectively.
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479  Fig.6  Porosity of Gel, GeIMA-PH, GelMA-PL, GeIMA-CH, and GelMA-CL
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Fig.7  (A) and (B) Swelling behaviors of Gel, GeIMA-PH, GeIMA-PL, GeIMA-CH,
and GelMA-CL hydrogels. (C) Swelling ratios of Gel, GeIMA-PH, GelMA-

PL, GeIMA-CH, and GelMA-CL hydrogels.

The mechanical properties of GeIMA hydrogels crosslinked by different UV duration
were investigated via compression test using a universal mechanical testing machine.
As shown in Fig.8, among the GeIMA hydrogels without UV crosslinking, GeIMA-PL
hydrogel exhibited the highest mechanical strength (0.169+£0.017 MPa) and

compression modulus (0.505+0.069 MPa). Perhaps, it could be due to the high phase
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transition temperature of GelMA-PL. Compared with other GeIMA hydrogels, the
physical structure of GelMA-PL was less likely to be disrupted by methacrylate groups
and thus preserved a similar secondary structure with gelatin. Therefore, GeIMA-PL
hydrogel could have a more entangled network, which made the hydrogel robust. The
mechanical properties of GeIMA hydrogels were significantly affected by UV crosslink
time > ®!. When GelMA hydrogels were exposed to UV irradiation, the mechanical
strength of GeIMA-PH hydrogels dramatically increased and was the highest among
those hydrogels. The compression strength of GeIMA-PH exposed to UV irradiation
for 60s, 120s, 240s, and 480s was 0.161+0.003 MPa, 0.273+0.013 MPa, 0.339+0.045
MPa, and 0.383+0.049 MPa, respectively. Since GeIMA-PH had a high DS around 80%,
it could provide more reaction sites to trigger the polymerization, thereby forming a
stiff hydrogel network under UV exposure. On the other hand, as we have explained
that GelM A synthesized in PBS exhibited high photocurable efficiency due to the more
entangled hydrogel network at room temperature, GeIMA-PH and GelMA-PL
hydrogels could be efficiently crosslinked by UV light irradation and thus show better
mechanical performance in comparison to GeIMA-CH and GeIMA-CL hydrogels. For
GelMA-CH and GelMA-CL hydrogels, owing to the significant interference to
secondary structure of GelMA molecules, GeIMA-CH exhibited the lowest phase
transition temperature. Therefore, before efficient UV crosslink time, the mechancical
strength of GelMA-CH was lower than GelMA-CL. When the UV crosslink time
prolonged, the mechanical strength of GelMA-CH hydrogel would be higher than that

of GeIMA-CL hydrogel.
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Fig.8  (A) Typical compressive stress-strain curves, (B) ultimate strength, and (C)

compression modulus of GeIMA-PH, GeIMA-PL, GeIMA-CH, and GelMA-

CL hydrogels.

Since GeIMA molecules synthesized in PBS and CBS, respectively, exhibited different
physical structure and GelMA hydrogels prepared had distinct physiochemical
properties, the biodegradation behavior of GeIMA hydrogels and molecular chain
length due to the hydrolysis would be different. Work on biodegradation of GeIMAs for
both GelMAs as raw materials and 3D printed GelMA structures is currently performed.
The biodegradation results and new insights gained from comparative studies will be

presented in a new publication.

3.5 In vitro biological properties of GelMA hydrogels
Cells are often seeded, encapsulated, or embedded in GeIMA hydrogels to fabricate 3D
scaffolds for tissue regeneration >3, It is crucial to evaluate the biological response of

cells to those GelMA hydrogels. In this study, GeIMA hydrogels crosslinked by UV
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light for 480s were used to evaluate the biological properties. A high cell survival rate
and cell viability yield were observed for all GeIMA hydrogels. As shown in Fig.9A &
B, GelMA hydrogels presented significantly high cell survival rates (over 90%) after
being cultured for 24 h and 48h, which indicates that GelMA hydrogels are highly
biocompatible. Notably, there was no significant difference among the cell survival
rates in GelMA hydrogels. Fig.S4 shows the SEM images of cell morphology on the
GelMA hydrogels surface after being cultured for 1d and 7d. Moreover, the cell
proliferation behavior shown in Fig.9C indicated that GeIMA-PH hydrogel exhibited
the highest cell proliferation rate. Also, the proliferation rate of GeIMA-PL hydrogel
was higher than GelMA-CH and GeIMA-CL hydrogels. This phenomenon could be
explained by the mechanical strength differences. As mentioned, the mechanical
strength of GeIMA-PH and GeIMA-PL hydrogels was higher than GeIMA-CH and
GelMA-CL hydrogels. Mechanical strength substantially affects cell behaviors ®* 6.

For example, the stress/strain of scaffolds could affect cell phenotypic change and

functions, thereby promoting cell growth and differentiation.
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550 Fig.9 (A) Fluorescence images of GelMA-PH, GelMA-PL, GelMA-CH, and

551 GelMA-CL hydrogels after live (green) and dead (read) cell staining. (B) Cell
552 survival rate of BMSCs on the GeIMA-PH, GeIMA-PL, GeIMA-CH, and
553 GelMA-CL hydrogels. (C) Cell proliferation behavior for GelMA-PH,
554 GelMA-PL, GelMA-CH, and GeIMA-CL hydrogels.

555

556 3.6 Application of GeIMA in 3D bioprinting
557  GelMA has been extensively used in 3D bioprinting due to its good biocompatibility,
35,66 Tn

558  thermo-reversible crosslinking, and chemical-irreversible crosslinking ability

559  the current study, considering the photocurable efficiency and gel-sol transition
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temperature of synthesized GeIMA, 5.0 wt.% GelMA-PH solution was mixed with
BMSCs suspension to fabricate bioink at a density of 1 x 10° cells/ml. A macroscopic
view of a 3D bioprinted GeIMA-PH structure is shown as Fig.S5 in the Support
Information. As shown in Fig.10A, BMSCs were homogenously distributed in 3D
printed GelMA-PH hydrogel. Subsequently, BMSCs were stained using live/dead assay
to study the cell survival rate. Fig.10B and Fig.S6 indicated that BMSCs had a relatively
high survival rate (~95%) after 3D printing, which suggested that shear stress generated
during the 3D printing process did not impair the cell viability. Additionally, such a high
survival rate showed that 120s UV exposure has little effect on cell death. Although the
survival rate of BMSCs in 3D printed GeIMA-PH hydrogel decreased to 86.3+4.1%
after cultured in DMEM for 1 day, survival rate recovered to 93.1+2.1% after 5-day
culture. On the other hand, GeIMA-PH hydrogel could preserve stable structure after
5-day culture. Also, as the culture time increased, BMSCs tended to expand their

morphology in 3D printed GeIMA-PH hydrogel (Fig.10C).
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Fig.10 (A) Optical micrographs and (B) fluorescence images of BMSC-laden
GelMA-PH hydrogel after 3D printing. (C) Fluorescence images of BMSC in

3D printed GelMA-PH hydrogel after cell culture for 1 and 5 days, respectively.
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4. Conclusions

In this study, GeIMA with two degrees of substitution (~20% and ~80%) has been
synthesized under PBS and CBS reaction systems, respectively. Because the
functionalization of methacrylate groups in the GeIMA backbone would interfere with
the intrachain and interchain interactions, GeIMA synthesized in PBS exhibited distinct
physical structures as compared with GelMA prepared in CBS. GelMA-PH and
GelMA-PL hydrogels had higher phase transition temperature, photocurable efficiency,
mechanical strength, and biological properties. In contrast, GeIMA-CH and GelMA-
CL hydrogels showed advantages in swelling performance and microstructure and
possessed high porosity and large pore size. Additionally, BMSC-laden GeIMA-PH
hydrogel could be 3D printed and BMSCs exhibited relatively high survival rate in 3D
printed hydrogel, showing the great potential of GelMA for 3D bioprinting. This
focused study with systematic investigations has gained new insights into GelMA,
which will provide guidance on the application of GeIMA in 3D bioprinting and tissue

engineering.
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Fig.S3 CD spectra of Gel under the CBS and PBS reaction systems without the
addition MA.
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GelMA-PH GelMA-PL GelIMA-CH GelMA-CL

Fig.S4 SEM images showing BMSC morphology on GelMA-PH, GelMA-PL,
GelMA-CH, and GelMA-CL hydrogels after cell culture for 1 and 7 days,
respectively.

Fig.S5 A macroscopic view (a photo) of a 3D bioprinted GeIMA-PH structure (4
layers) was captured using a digital camera (Nikon). 5.0 wt.% GelMA-PH
bioinks were 3D printed at 20°C to prepare BMSCs-laden hydrogel.
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Fig.S6 Survival rate of BMSCs in 3D bioprinted GelMA-PH hydrogel after cell
culture for 1 and 5 days, respectively.
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Table.S1 Peak intensity at 198nm and 222nm in CD spectra of Gel, GeIMA-PH,
GelMA-PL, GelMA-CH, and GelMA-CL at 4°C, 20°C, and 37°C,

respectively.

Intensity

Material 4°C 20°C 37°C
198nm 222nm 198nm 222nm 198nm 222nm

Gel -51.92 2.79 -44.84 0.75 -30.18 -1.07
GelMA-PH  -41.75 1.97 -33.85 0.28 -24.80 -0.85
GelMA-PL  -45.14 2.24 -37.33 0.64 -25.80 -0.47
GeIMA-CH  -34.59 -0.14 -33.19 -1.73 -25.89 -1.31
GeIMA-CL  -38.07 1.45 -31.82 -0.69 -27.17 -0.52
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