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This study deals with the development of an LED-curable methacrylated gelatin (GelMA) synthesis via
microwave (MW) irradiation with a reaction and purification time-, energy-, and methacrylation reagent-
saving approach. To investigate the efficiency of MW irradiation in GelMA synthesis, characteristics of the
GelMAs prepared by using glycidyl methacrylate (GMA) or methacrylic anhydride (MA) via the MW-
assisted (MWA) method were compared comprehensively with those synthesized via the conventional
heating method. Moreover, MWA reaction conditions were optimized in terms of methacrylation reagent
concentrations (C), reaction time (t), and MW power (P). Characterization and assessment of the GelMAs
were conducted with *H NMR, FT-IR, and Raman spectroscopy along with physical-mechanical, thermal,
and hydrophilicity analysis. The results demonstrated that the MWA synthesized GMA-GelMA hydrogels
were possessed of increased methacrylation degree (MD), gel fraction (GF), tensile strength (TS),
elongation at break (EB), glass transition temperature (Tg), and water contact angle (WCA) as well as
decreased swelling degree (SD) values in comparison to those of MA-GelMA and GMA—-GelMA hydrogels
prepared via the MWA and conventional method, respectively. Enhanced properties of the MWA
synthesized GMA-hydrogels suggested an effective methacryloyl conjugation leading to a greater
amount of covalent crosslinking density justified by the dipolar moment calculations. Optimal GMA C, t,
P, and purification time for a highly crosslinked GelMA hydrogel (MD: 96.1%, GF: 98.3%, SD: 10.11%, TS:
6.7 MPa, EB: 175.2%, T4: 75.34 °C, and WCA: 72.22°) were found to be a 5 times molar excess over the
primary amine groups of gelatin, 5 min, 500 W, and 24 h, respectively. Thus, the optimized MW
conditions offer a promising green method to prepare GelMAs for bio applications.
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Introduction

Nowadays, gelatin-derived hydrogels are widely employed as
interesting renewable sources for mimicking bio tissues,
making wound dressings and drug delivery beds, fabricating
food coatings, etc."™* Hydrogels are considered insoluble three-
dimensional (3D) polymeric networks capable of swelling and
retaining a large volume of water.>® Gelatin is a natural water-
soluble protein that offers an attractive choice for preparing
bio-hydrogels because of its outstanding properties including
biocompatibility, biodegradability, low price, abundance, suit-
able processing and modifying capability, high transparency,
digestibility, and appropriate film- or gel-forming ability.>**
Despite all the benefits of pure gelatin, high fragility and low
mechanical strength, high moisture absorption, low proteolytic
degradation resistance, and relatively high thermal sensitivity
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in comparison with synthetic polymers are regarded as its
drawbacks.***** Several methods have been utilized to solve
some of the abovementioned shortcomings namely chemical,
physical and enzymatic crosslinking, plasticizing, compound-
ing with other polymers, laminating, salt addition, as well as
reinforcing with micro and nano-sized particles.*** It was re-
ported that chemical crosslinking methods have the highest
efficiency to improve the mechanical strength of gelatin. In this
regard, numerous chemical crosslinkers such as genipin, starch
dialdehyde, formaldehyde, glutaraldehyde, diphenyl phos-
phoryl azide, glyoxal and different polyepoxides, carbodiimides,
polysaccharides, diisocyanates, and natural phenolic
compounds have been introduced to make irreversible covalent
bonds between gelatin chains.>**** The possible cytotoxic side
effects and uncontrollable crosslinking rate of these chemicals
are the major disadvantages that cannot be ignored.*"'>'%*° In
a new approach first introduced by Van Den Bulcke and his co-
workers, gelatin was turned into a light-curable protein via
a one-step methacrylation reaction.’® Aqueous methacrylated
gelatin (GelMA) solution can be photo-crosslinked and trans-
formed into an insoluble network within several seconds to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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minutes under ultraviolet (UV) or visible light irradiation in the
presence of photoinitiators. 7167192123

Photo-curing has received considerable attention as an
excellent method to develop the hydrogels due to the fast
crosslinking at mild conditions (in aqueous environments,
neutral pH, and at ambient temperature) and being
environmentally-friendly (no solvent emission and low energy
consumption).'®2%22242¢ T the conventional GelMA synthesis,
the primary amine groups existing on the lysine (LY) and
hydroxylysine (HLY) amino acids of gelatin react directly with
anhydride group of methacrylic anhydride (MA) at 50-60 °C in
an aqueous media for 1-10 h resulting in the GelMAs with
various methacrylation degrees (MDs).>»*>**! [t was stated that
highly methacrylated gelatin can be almost only achieved in the
conventional methacrylation method by using an excess
amount of MA (up to 30 times molar excess) over the estimated
primary amine groups of gelatin during a quite long time (10
h).>+223135 In this method, further increasing the reaction
temperature to decrease the reaction time is not practical
because of the MA hydrolysis probability.”*** Besides, the
unreacted MA monomers and side products must be removed at
the end of the methacrylation reaction due to their cytotoxic
effects on the alive cells. The complete washing and purification
usually last for 1-6 weeks.?*>**-3% Consequently, increasing the
MA concentration, time, and temperature are not proper solu-
tions. Up to now, the improvement of the GelMA synthesis and
purification procedures is still an underlying challenge for the
hydrogel field. According to several publications over the past
30 years, one of the most important methods to increase the
chemical reaction rate is the irradiation of microwave
(MW).373941 Based upon the widespread studies, the main
advantages of the MWe-assisted (MWA) synthesis over the
conventional heating methods include the reaction time and
side products reduction, uniform and homogeneous reaction,
selectiveness, and subsequently higher yields under milder
reaction conditions which permit energy and time saving
towards the green and sustainable chemistry.**** Irmak et al.
obtained GelMAs by coupling MA and gelatin under the MW
condition and expressed some benefits over the conventional
method like the significant reduction of the reaction and puri-
fication time as well as the required MA concentration due to
the increased reaction efficiency. They investigated the effects of
varying the MW power and MA concentration on the MD of
GelMAs by using 'H-NMR analysis.*” Besides, some of the
investigations have also prepared GelMAs by using a less known
methacrylation reagent, glycidyl methacrylate (GMA) under the
conventional heating method.**

To the authors' best knowledge, no study has been per-
formed on the possibility of the GeIMA synthesis using GMA
under the MW irradiation. Additionally, there is no report on
comparing the methacrylation of gelatin using GMA and MA
under the MW or conventional conditions. In this study,
different photo-reactive GelMAs were synthesized by the
coupling reaction of amine groups of gelatin with GMA and MA
using both the MWA and conventional methods. Then, the
GelMA synthesizes were proved by characterization analysis. In
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the following, synthesized GelMAs were LED-cured to examine
the achieved hydrogels and compare synthesis methods.

Materials and methods
Materials

Gelatin (Type A, bloom strength: 300, isoelectric point: 9) iso-
lated from porcine skin by an acidic process in the form of
powder was supplied by Sigma-Aldrich. The pH at 25 °C and
viscosity of a 15% (w/v) gelatin solution at 50 °C were 5.69 and 6
mPa s, respectively. This gelatin had 0.36 mmol amino groups
per gram, arising from the LY and HLY residues. Methacrylic
anhydride (MA) (purity: =94%, contains ~2000 ppm topanol A
as an inhibitor), glycidyl methacrylate (GMA) (purity: =97.0%,
contains ~100 ppm hydroquinone monomethyl ether as an
inhibitor), gelatin, and phosphate-buffered saline tablets (PBS,
pH: 7.4) were purchased from Sigma-Aldrich and used as
received without further purification. The water-soluble visible
absorbing type I photoinitiator, VA-086 (2,2’-azobis[2-methyl-N-
(2-hydroxyethyl)propionamide]) was provided kindly by FUJI
FILM Wako Pure Chemical Industries Ltd.

Synthetic procedures

GelMAs were synthesized via the conventional and MWA
methods. The details of these methods are explained in the
following sections.

Conventional GelMA synthesis method. GelMAs were
synthesized based on a conventional method reported by Ben-
ton et al**** In this method, 10 g of gelatin was dissolved
completely in 100 mL of PBS solution (10% (w/v)) at 50 °C and
mixed for 1 h. Then, 5 and 10 molar excess of GMA and MA over
the primary amino groups present along the gelatin backbone
(0.36 mmol g~ ') were added dropwise at a constant rate of 0.5
mL min~" at 40 °C into the gelatin solution. During the reac-
tion, the mixture was stirred vigorously using a mechanical
stirrer with constant stirring at 400 rpm. The reaction was
allowed to proceed for 4 h at 50 °C in dark media. The reaction
mixture was cooled to ambient temperature by diluting the
solution with 1 L double distilled water (DDW) to terminate the
methacrylation reaction.

Microwave-assisted GeIMA synthesis method. GelMAs were
synthesized under the MW irradiation using the same amounts
of materials used in the conventional method. Gelatin powder
was dissolved in PBS solution (10% (w/v)) at 50 °C and stirred for
1 h to attain a 10% (w/v) clear solution. This solution was
poured into a 250 mL round bottom flask placed on the turn-
table plane in an MW oven (WBFY-201, Zhengzhou Keda
Machinery and Instrument Equipment (ZZKD) Co., China,
Type: Electrolyzer) equipped with microcomputer temperature
control. GMA and MA were added dropwise at 0.5 mL min ™"
into the flask using a syringe under stirring in the MW oven.
The final mixtures were exposed to the MW irradiation for 1, 5
and 10 min with different powers (100, 500 and 1000 W)
according to Table S1.7 The irradiation was stopped every 30 s to
remain the mixture temperature at 50-60 °C. The pH was
adjusted to 7.4-7.8 with NaOH solution (0.1 M) as needed. Fig. 1
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Fig.1 MWA synthesis and purification steps of GelMAs by GMA and MA.

illustrates the schematic MWA synthesis processes of GelMAs.
Details of 40 formulations prepared and named as T-W-X-Y-Z
(e.g¢ MW-G-5-1-100) were given in Table S1.7T, W, X, Y and Z
mean:

T: synthesis method (C: conventional and MW: microwave)

W: methacrylation reagent (G: GMA and M: MA)

X: methacrylation reagent concentration (5 or 10 times molar
excess of GMA or MA over the primary amino groups of gelatin)

Y: methacrylation time (1, 5 or 10 min)

Z: MW power (100, 500 or 1000 W)

The pH value of the obtained GelMA solutions was measured
by laboratory pH meter (Knick 765), after 1 h cooling at room
temperature. The GelMA solutions were transferred to dialysis
membranes (10 kDa molecular weight cutoff) and dialyzed
against the flowing deionized (DI) water for 1 day at 25 °C to
remove unreacted GMA, MA, and by-products. DI water was
changed regularly every 8 h. The clear yellowish viscous dialyzed
GelMA solutions (see Fig. S1 ESI sectiont) were subjected to
freeze-drying under reduced pressure leading to a purified solid
powder (see Fig. S2 in ESIt). The freeze-dried GelMAs were
stored at room temperature in a dark environment before use.

LED-curing of GelMA solutions. Photo-crosslinking of
aqueous GelMA solutions was performed under the LED irra-
diation in the presence of a water-soluble photoinitiator, VA-086
(Lambda max: 374 nm (see Fig. S3 in ESI{)). According to the
previous reports, the optimum VA-086 concentration is equiv-
alent to 0.5-1.0 wt% concerning bioactivity (cell viability),
curing kinetics, and gel strengths.***° The film-forming solu-
tions were prepared by dissolving 1.0 wt% VA-086 into 15% (w/v)
GelMA solution in distilled water (DW) under dark media. The
prepared solutions were applied and spread uniformly on glass
substrates by 240 um wired bar hand applicator to achieve 30
pm dry films. Then, irradiation was immediately conducted
under a custom-made blue LED light source at room tempera-
ture (25 &+ 1 °C) for 90 s at a distance of 10 cm below the outer
shield of the LED light source. The spectral power distribution
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of the light source was measured in the range of 230-850 nm
using an OHSP-350UV ultraviolet visible spectrometer (Hang-
zhou Hopoo Light & Color Technology Co., China) calibrated
against an international standard set according to ISO/ASTM
52628-20. The light intensity of LED was found to be in the
range of 37-77 mW cm ™ ? in a wavelength range of 370-420 nm
as displayed in Fig. S4.1 For some characterizations, the dry
films were peeled off from the substrate and cut into small
pieces using a conventional scissor. After that, the films were
kept in a container at room temperature (25 + 2 °C) and 45%
RH before analysis.

Characterization and measurements

Synthesized GelMAs and their photo-crosslinked films were
subjected to different characterization and evaluation tests to
assess the gelatin methacrylation.

Proton nuclear magnetic resonance (lH NMR) spectroscopy.
The MD of prepared GelMAs expressed as the percentage of the
primary amine groups coupled with GMA or MA was quantified
using Bruker INOVA "H NMR spectrometer (Germany). 15 mg of
samples were completely dissolved in 10 mL deuterium oxide
(Sigma-Aldrich) at 35 °C and three 'H NMR spectra were
recorded from each sample at a frequency of 500 MHz with 32
scans and a recycle delay of 3 s using a single axis gradient
inverse probe. Baseline correction was applied before calcu-
lating the integral areas of each interest peaks.

Fourier transform infrared (FT-IR) spectroscopy. The FT-IR
spectrometry analyses were carried out by an FT-IR BOMEM
MB-Serie spectrometer to confirm the synthesis of GelMAs. The
FT-IR spectra were recorded in the range of 4000 to 400 cm ™' in
the transmission mode acquired from 20 scans at a resolution
of 4em™.

Raman spectroscopy. Raman spectra of pure gelatin and
GelMA were attained using a Horiba Xplora plus confocal
Raman microscope (France) equipped with a 785 nm laser and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a Syncerity OE detector at room temperature (acq. time (s): 4,
slit: 100 um, ICS correction: off, grating: 1200 (750 nm)).

Swelling degree and gel fraction. The swelling degree (SD) or
water uptake capability of the synthesized hydrogels was
measured by the gravimetric method based on the standard BS
EN 13726-1:2002. Each of the prepared films was cut uniformly
to 2 x 3 cm pieces maintained in a desiccator with silica gel at
0% RH for 24 h. Then, they were weighed (m,) using a calibrated
balance to the nearest 0.0001 g followed by submerging in
a beaker containing 80 mL of DW at 25 °C for 2 min. Afterward,
the soaking films were wiped with filter paper to remove the
water adhered to the surface of the specimens and reweighed
(mm4). Another piece of each sample was immersed for 48 h in the
beaker containing DW to extract non-joint polymer chains.
Then, all of the beaker content was poured on a piece of filter
paper followed by washing and drying at 100 °C in an oven until
a constant weight was attained (m,). In this way, the SD and gel
fraction (GF) were calculated at a determined time according to
eqn (1) and (2), respectively. Measurements were repeated in
triplicates to acquire an average value.

SD(%) = M=) 10 1)
Gel yield(%) = % % 100 2)

Mechanical properties. Tensile strength (TS) and elongation
at break (EB) of the photo-crosslinked films were examined
using Santam Universal Testing Machine, model SMT-20 (Iran)
based on ASTM D-882. Longitudinal measurements of 10 points
of three specimens for each sample were performed using
Vernier calipers and the average thickness, width and length
were 1, 20, and 100 mm, respectively. Film strips placed and
clamped between extension tensile grips of the testing machine
were stretched uniaxially with a crosshead speed of 5 mm min "
until breaking (load range: 500 N).

Differential scanning calorimetric (DSC). T, of the GelMA
hydrogels was measured via a Mettler Toledo DSC (Module DSC
822e, Mettler-Toledo GmbH, Switzerland) (ASTM D3418-15).
5 mg of dried sample was loaded into a 10 uL aluminium pan
hermetically sealed. The following heat-cool-reheat program
was run for all samples under a nitrogen atmosphere: equili-
bration at 25 °C, heating from 25 to 120 °C (rate: 10 °C min~*);
cooling from 120 to 25 °C (rate: —10 °C min '), reheating to
120 °C (rate: 5 °C min™"), and finally cooling down to 25 °C.
Glass transition temperature (T,) of each sample was found as
the mid-point between onset and endset of the inflectional
tangent of the second heating run.

Thermogravimetric analysis (TGA). Thermal stability of the
pure gelatin and photo-crosslinked GelMA hydrogels was
assessed using Perkin Elmer Pyris Dimond model TGA (USA) by
measuring the weight of the sample as a function of tempera-
ture (ASTM E1131). 5 mg of each sample was heated at a heating
rate of 10 °C min~" in a temperature range of 20-600 °C under
nitrogen atmosphere (N, flow: 50 cm® min~"), and TGA data
were achieved.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Water contact angle (WCA). The surface hydrophilicity of the
photo-crosslinked GelMA films was evaluated via a water
contact angle (WCA) measurement through the insertion of
a 1.5 pL DI water droplet with a precision syringe on the surface
(ASTM D7490-13). The shape of the sessile water droplets was
captured by a Canon camera at 3 and 20 s after positioning.
Then, WCA measurement was conducted according to the
image processing by Image] software and DropSnake curve
fitting of drop profile (Plugins/Drop_analysis/DropSnake), as
the tangent of the baseline and the drop boundary. Five repli-
cates were done on films and the average WCA values were
recorded.

Molecular dynamics simulation (MDS). The BIOVIA Material
Studio 2017 software (2017.1.0.48, Accelrys Inc., USA) was run to
simulate the molecular structures and calculate the total energy
to estimate the dipole moment (u) of GMA and MA as their
quantum properties. First, 3D molecular structures of GMA and
MA were drawn in the 3D atomistic media of Material Studio. To
optimize the molecular structure geometrically, Forcite geom-
etry optimization was accomplished (module: Forcite/task:
geometry optimization/forcefield: condensed-phase optimized
molecular potentials for atomistic simulation studies
(COMPASS)/Quality: Ultra-fine). All of the possible molecule
conformers and their total energy were identified by Conformer
Modules (task: Conformer Calculation/Forcefield: COMPASS) in
the 3D Conformers Calculation list. Next, the u of all of these
possible conformers was specifically calculated and the average
values were reported to study the interaction between the
molecules and the MW radiation.

Results and discussion

As mentioned previously, the functional group-containing
amino acids of gelatin such as LY, HLY, phenylalanine, methi-
onine, serine, threonine, tyrosine, aspartic acid, and glutamic
acid can be modified toward the particular purpose.>*'”'%?* In
this study, the preparation of GelMAs via the reaction of amine
groups of LY and HLY with methacrylation reagents namely
GMA and MA under both MW and conventional conditions was
conducted and their products were compared to each other by
using several evaluation methods.

Characterization

Fig. 2 illustrates the nucleophilic reaction mechanisms of
amine groups existing on the gelatin chains with the epoxide

ne M Clly Cll OO (H;\\‘r"“) 0 (H . 0
| 0 M O o iL_JH, j 3
| cn — 200 0T 0 M
) N CH LM cn N-R !
" HR 2 =N 3 / CH:
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Fig.2 The reaction mechanism of the amine group on gelatin with (A)
MA and (B) GMA.
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group of GMA and anhydride group of MA. According to Fig. 2,
the coupling of MA with amine group results in methacrylamide
bond formation, while (3-amino-2 hydroxy) propyl methacrylate
group forms in the reaction of epoxide of GMA and amine
group. The conjugation of methacryloyl groups through the
reaction of gelatin with either GMA or MA was confirmed and
quantified via "H NMR spectroscopy. '"H NMR spectra of non-
methacrylated gelatin, MW-G-5-5-500, MW-G-10-1-500, MW-M-
10-1-500, C-G-5, C-G-10, C-M-5, and C-M-10 were outlined in
Fig. 3. The intensity of the protons in all of the "H NMR spectra
was normalized against the reference normalizing signal at
6 7.00-7.50 ppm centered at 7.40 ppm corresponds to the
aromatic protons of phenylalanine amino acids which are
chemically passive in the methacrylation reaction of gelatin and
remain intact.’*"*” The appearance of characteristic resonance
peaks of the two methylene protons of the methacrylate vinyl
group (H,C=C-) at around 5.40-5.80 and 5.95-6.30 ppm (2H)
and methyl protons of the methacrylate vinyl group (C=C-CH3)
at around 1.80-2.20 ppm (3H) confirmed the methacrylation. It
is obvious that the methylene protons (H,C=C-) of GMA-Gel-
MAs shifted to higher ppm compared to that of MA-GelMAs.
Additionally, the intensity of the peaks at around 3.70 ppm

e o

i C-M-10

JJ
_./\.~.~.4 |
, |
Y JWL C-G-10
lﬂv’\ I: lJ\ i&i )LJ[L— MW-G-10-1-500
I Vk MW-G-5-5-500

75765655545435325215105
f1 (ppm)

Fig. 3 'H NMR spectra representative for gelatin, MW-G-5-5-500,
MW-G-10-1-500, MW-M-10-1-500, C-G-5, C-G-10, C-M-5 and C-
M-10.
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which corresponds to the methylene proton adjacent to the
hydroxyl group (-CH,-OH) became more intensive in GMA-
GelMAs rather than MA-GelMA, as a result of the epoxide ring-
opening reaction. These peaks gradually increased with
increasing GMA concentration. All of these peaks confirmed
that GMA and MA were successfully grafted to the gelatin
chains. Furthermore, since only LY and HLY amino acids
possess the primary amines as reactive sites that can bound to
GMA and MA via a nucleophilic addition reaction, a gradual
decrease of methylene protons of LY and HLY signal (N-CH,-C)
at around 2.90 ppm (2H) can be considered to prove the GelMA
synthesis. The extent of gelatin functionalization or MD was
quantified by eqn (3) as the ratio of the integrated signals of LY
and HLY methylene protons appeared at around 2.83-3.00
centered at 2.90 ppm in the GelMAs to that of the pure gelatin.
These MD values were reported in Table 1. It is noteworthy to
point that type A gelatin was used for GelMA synthesis in this
study due to the higher amount of reactive primary amino
groups than that of type B gelatin which can lead to a greater
methacryloyl functionality.>"%”

MD(%) =

| protons peak area of LY and HLY methylene GelMA
protons peak area of LY and HLY methylene gelatin

x 100

(3)

As shown in Fig. 3, the peak of LY and HLY methylene
protons around 2.90-3.00 ppm disappeared in MW-G-5-5-500
spectra and its MD was calculated to be 96.1%, exhibiting
a high level of methacryloyl substitution.

Fig. 4 displays the FT-IR spectra for gelatin, MW-G-5-5-500,
MW-G-10-1-500, MW-M-10-1-500, C-G-5, C-G-10, C-M-5 and C-
M-10. Pure gelatin and different GelMAs present the strong
amide I absorption peak (C=O stretching) around 1630-1670
centered at 1639 cm ', amide II peak (C-N-C=O symmetry
stretching and N-H in-plane bending) around 1500-1580
centered at 1512 cm ™', amide III peak (C-N stretching) at
around 1220-1250 centered at 1234 cm ™' and amide A peak (N-
H and O-H stretching) as a prominent broad spike around
3200-3600 centered at 3420 cm™~'.1%24:3

Generally, the presence of methacrylate vinyl group can be
traceable by C=C stretching absorption peak at 1630-1680

Table 1 MD values of different GelMAs using *H NMR calculation

GelMA MD%
MW-G-5-5-500 96.1
MW-G-10-1-500 89.1
MW-M-10-1-500 77.5
C-M-10 65.3
C-M-5 51.9
C-G-10 45.2
C-G-5 36.4

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FT-IR spectra for gelatin, MW-G-5-5-500, MW-G-10-1-500,
MW-M-10-1-500, C-G-5, C-G-10, C-M-5 and C-M-10.

centered at 1640 cm™ ', but this peak was concealed by the
strong amide I signal in the GelMAs.>'**' However, the
appeared C=C bending absorption peak in GelMAs around
940-970 cm ™~ centered at 950 cm™ ' confirm the methacrylation
reaction via the MWA and conventional methods using both
GMA and MA. It was observed that the intensity of amide I, II
and III peaks in MA-GelMAs increased compared to pure
gelatin (MW-M-10-1-500 > C-M-10 > C-M-5) which can be
attributed to the amide-bond formation and incorporation of
C=0 group of methacrylate in the GeIMA structure according to
Fig. 2.

Also, the intensity of amide I and III peaks increased in
GMA-GelMAs (MW-G-5-5-500 > MW-G-10-1-500 > C-G-10 > C-G-
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5) compared to gelatin due to the overlap with C=0 stretching
of attached methacrylate group and overlap with the hydroxyl
group formed, respectively. In other words, as a result of ring-
opening reaction of epoxide and primary amines, -OH
stretching peak of GMA-GelMAs can be detected at 1238 cm ™"
but it was concealed by amide III that appeared in 1220-1250.
So, increasing the intensity of amid I and III in GMA-GelMAs
confirmed the methacryloyl conjugation. Besides, amide A peak
corresponding to the N-H and O-H stretching was broadened
and left-shifted in C-G-5, C-G-10, MW-G-10-1-500 and MW-G-5-
5-500 due to the hydroxyl group formation. MW-G-5-5-500 has
the widest amide A peak among the GelMAs. Nevertheless, the
methacrylation leads to the spectral changes including
increasing the amide I, II, III intensity, broadening of the
vibration assigned to simultaneous O-H and N-H stretches,
and also a slight left shift of amide A spike from 3420 to
3480 cm ™' that is not significant. The characteristic absorption
bands of saturated C-H stretching for -CH; and -CH,- around
3050-3100 centered at 3083 cm ™' appeared in all of the GelMAs.
Strong absorption peaks of saturated C-H bending around 670-
730 cm ' were shown in Fig. 4, as well. It is obvious that the
intensity of C-H stretching and bending increased by MD
increment. In addition, C=C-H, wagging and =C-H bending
vibrations appeared at 672 cm™ ' in all GelMAs. Only some
minor differences could be observed in the rest of the spectra. A
comparison between the absorption peak of C=C bending
signified that the content of C=C expectedly increased with the
increase of MD.

Raman scattering method as vibrational molecular spec-
troscopy arises from an inelastic light scattering procedure.?”**
Functional groups of pure gelatin and MW-G-5-5-500 were
identified by using Raman spectroscopy and are represented in
Fig. 5. It was found that there are nearly similar bands between
400 and 3500 cm™ ' in both FT-IR and Raman spectra. The
characteristic peaks identified in Raman spectra of gelatin and
MW-G-5-5-500 include weak O-H and N-H stretching peaks
around 3200-3600 centered at 3250 cm ™', intense C-H

stretching peaks around 2800-3000 centered at 2950 cm ™ *,
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Fig. 5 Raman spectra for pure gelatin and MW-G-5-5-500.
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MW-M-5-5-500
MW-M- 10-5-500
MW-M-5-10-500
MW-M-10-10-500
MW-M -10-5-1000
MW-M -5-5-1000
MW-M-5-10-1000
MW-M-10-10-1000|
MW-G-10-5-500
MW-G-10-10-500
MW-G-5-5-1000
MW-G-10-5-1000

MW-G-10-10-1000

Fig. 6 Two-phase GelMA solutions obtained by the MWA method (A:
MA-GelMAs and B: GMA-GelMAs solutions).

weak C=0 stretching (amide I) at 1665 cm ™', weak NH bending
at 1613 cm ™', C=C of tyrosine at 1615-1618 cm ™', strong CH
stretching and scissoring (methyl (CH;) and methylene (CH,))
around 1420-1470 centered at 1450 cm ™!, strong CH wagging at
1335-1343 cm™ ', strong CH twisting at 1300-1315 cm ™', amide
III (C-N stretching) at 1223 cm ™", C-H bending at 1173 cm ™,
C-N stretching in proline at 1127-1150 cm ™', C-C skeletal in
backbone at 1064-1080 cm ', symmetric ring breathing of
phenylalanine at 1003-1030 cm™ ', C-H in-plane bending at
1031 cm ™', phenylalanine at 620 cm™" and N-H bending at
599 cm ™. Also, a weak peak around 1640 cm™ " is correlated to
H,0. There are some peaks in Raman spectrum of MW-G-5-5-
500 which confirmed the methacrylation: C=C stretching at
1655 cm ™', medium C=C-H stretching peak around 3000-3100
centered at 3015 cm~ ', and medium O-H stretching peak
centered at 3250 cm™ " corresponding to the hydroxyl group
resulted from the ring-opened epoxide group. Additionally, the

Table 2 Characteristics of the photo-cured GelMA hydrogel films
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peaks corresponded to the CH, and CHj; at 1450 cm™ ' are more
intensive in MW-G-5-5-500 confirming the methacrylation.*”*

The effect of methacrylation reagents and methods

As mentioned in Tables S1 and S2,} the reactivity comparison of
the methacrylation reagents (GMA and MA) with gelatin under
the MW and conventional conditions has been carried out.

As shown in Fig. 6 and Table S1,f some of the MWA
synthesized GelMA solutions prepared under the high MW
power (500 and 1000 W) and long reaction times (5 and 10 min)
having a high GMA or MA concentration (i.e. MW-G-5-5-1000,
MW-G-5-10-500, MW-G-5-10-1000, MW-G-10-5-500, MW-G-10-5-
1000, MW-G-10-10-500, MW-G-10-10-1000, MW-M-5-5-500,
MW-M-5-5-1000, MW-M-5-10-500, MW-M-5-10-1000, MW-M-10-
1-1000, MW-M-10-5-500, MW-M-10-5-1000, MW-M-10-10-500
and MW-M-10-10-1000) were phase-separated while all of the
GelMA solutions prepared by the conventional method were
one-phase and homogenous. Consequently, it can be under-
stood that in the MWA method prolonging the irradiation time
at high MW power does not yield homogenous products,
especially in the presence of a high amount of GMA or MA. Also,
it is obvious in Fig. 6 that precipitation behaviour is more severe
in the MA-GelMA solutions synthesized by the MWA method.
Moreover, it can be found that the amount of separated phase
increased by increasing the GMA or MA concentration, irradi-
ation time, and MW power. The pH values of the synthesized
GelMA solutions were reported in Table 2. According to these
results, the MWA methacrylation reaction of gelatin using MA
led to acidic media (pH: 5.5-6.1) while pH values of the MWA

No. Code pH Hydrogel condition GF (%) SD (%) Ty (°C) TS (MPa) EB (%)
1 MW-G-5-1-100 7.1 Weak hydrogel 22 NA“ NA NA NA

2 MW-G-5-1-500 7 Ok 82.7 25.8 64.11 5.05 114.7
3 MW-G-5-1-1000 7.3 Ok 93 14.71 70.20 6.62 152.4
4 MW-G-5-5-100 7.2 Ok 37.2 45 58.32 3.23 32.7
5 MW-G-5-5-500 7 Ok 98.3 10.11 75.34 6.7 175.2
6 MW-G-5-10-100 7.4 Ok 63.6 36.31 59.85 4.01 79.5
7 MW-G-10-1-100 7.3 Weak hydrogel 24.1 NA NA NA NA

8 MW-G-10-1-500 7.5 Ok 92.5 18.41 71.58 5.55 129.9
9 MW-G-10-1-1000 7.4 Ok 94.2 11.4 71.81 6.61 163.6
10 MW-G-10-5-100 7.2 Weak hydrogel 25.3 NA NA NA NA
11 MW-G-10-10-100 7.4 Ok 74 29.91 64.48 4.4 93.2
12 MW-M-5-1-100 6.1 Weak hydrogel 17.2 NA NA NA NA
13 MW-M-5-1-500 5.9 Weak hydrogel 18.4 NA NA NA NA
14 MW-M-5-1-1000 5.5 Weak hydrogel 23 NA NA NA NA
15 MW-M-5-5-100 5.9 Weak hydrogel 19 NA NA NA NA
16 MW-M-5-10-100 5.9 Ok 61 44.71 59.53 3.73 62.4
17 MW-M-10-1-100 6 Weak hydrogel 17.5 NA NA NA NA
18 MW-M-10-1-500 5.7 Ok 79.3 23.81 67.46 5.2 122.8
19 MW-M-10-5-100 6 Weak hydrogel 20.7 NA NA NA NA
20 MW-M-10-10-100 6.1 Ok 68 32.71 64.32 4.24 85

21 C-G-5 7.2 Ok 28 70.1 58.27 2.5 24.1
22 C-G-10 7.3 Ok 63.4 41.51 60.18 3.86 51.8
23 C-M-5 7.2 Ok 62.3 59.71 62.19 3.72 49

24 C-M-10 7 Ok 75.3 27.11 64.80 4.41 98.6

“ Not applicable.

15002 | RSC Adv, 2021, 11, 14996-15009

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01269j

Open Access Article. Published on 21 April 2021. Downloaded on 1/23/2026 12:31:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

\(- e \U/ \\(/ - /
1 Vi = N\, _gNoy — I —— =2 HC—(
1L JCH, = g )
7/
/ we—¢ Ym Ye—08 L

—O% /
H—o" I ne—¢

n W\,

CH.

Fig. 7 MA hydrolysis mechanism in aqueous media.

synthesized GelMA solutions attained by GMA were neutral (pH:
7-7.5). Also, GMA- or MA-GelMA solutions achieved by the
conventional method had a neutral pH. Since the meth-
acrylation reactions take place in an aqueous environment, MA
will be hydrolysed and decomposed into two methacrylic acids
which can drop pH and be homopolymerized under the MW
condition. The mechanism of MA hydrolysis is revealed in
Fig. 7.

The precipitated phase of MW-M-10-10-1000 and MW-G-10-
10-1000 were separated, dried in an oven at 100 °C for 24 h,
and analysed by DSC to achieve their T, values. As can be seen in
Fig. 8, T, values of the precipitated phase of MW-G-10-10-1000
and MW-M-10-10-1000 were found to be 59.30 °C and
219.90 °C, respectively. These T, values are almost equal to the
T, of GMA homopolymer (~61 °C) and methacrylic acid
homopolymer (~228 °C), respectively. Therefore, this
phenomenon can be associated with the probable homo-
polymerization of GMA and methacrylic acid or even MA
monomers in some of the methacrylation reaction conditions,
at high MW power and monomer concentration as well as long
reaction times.

In the following, only one-phase GelMA solutions were
considered to be photo-crosslinked and two-phase products
were discarded.

Photo-crosslinking under visible light with a non-cytotoxic
and biocompatible photoinitiator, VA-086, was accomplished
due to the limited penetration depth of UV irradiation and its
detrimental influence on the alive cells.***® Furthermore,
GelMA and VA-086 concentrations were selected according to
the optimum values reported in previous studies.*** GelMA is
not capable of being thoroughly dissolved in water above 15%
(w/v).>>*” Besides, it has been proven that VA-086 with
a concentration below 1.5% (w/v) has generally non-cytotoxic
behavior.*** Hence, GelMAs obtained from one-phase solu-
tions were dissolved in DW (15% (w/v)) and subsequently LED-
cured via free-radical polymerization in the presence of 1% (w/v)
of VA-086. During the light exposure, VA-086 absorbs photons
and dissociates into free radicals that will propagate through
the methacrylate groups and form the covalent bonds between
GelMA chains.*”* In this study, the concentration of GelMAs
and VA-086, as well as irradiation dose were selected to be
constant in all of the experiments.

The results of the SD after 2 min and GF after 48 h extraction
in water were presented in Table 2. As can be seen in Table 2, GF
and SD of synthesized hydrogels were found to be in the range
of 17-99% and 10-70%, respectively. Pure gelatin has a GF of
about 20%. Generally, hydrogels having GF values below 25%
did not have standing films and were categorized as weak

© 2021 The Author(s). Published by the Royal Society of Chemistry
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hydrogels in Table 2, namely MW-M-10-1-100, MW-M-5-5-100,
MW-M-10-5-100, MW-M-5-1-1000, MW-M-5-1-500, MW-M-5-1-
100, MW-G-10-5-100, MW-G-10-1-100 and MW-G-5-1-100.
However, the other GelMA hydrogels achieved by the MWA
method were found to be relatively strong and had higher GF
compared to the GeIMA hydrogels obtained by the conventional
method. In other words, the synthesized GelMAs by using both
GMA and MA under the MW irradiation had higher MD (77.5-
96.1%) rather than that obtained by the conventional method
(36.4-65.3%), according to Table 1.

Considering the results of '"H NMR, FT-IR and Raman
spectroscopic analyses and MDs in Table 1, it can be concluded
that approximately all of the primary amine groups were
consumed after 5 min irradiation under MW for MW-G-5-5-500
while the amine groups in C-G-5 and C-G-10 remained almost
constant and only a minor portion of that reacted. So, it seems
that highly methacrylated gelatin and strong hydrogels can be
attained by applying the optimized process parameters in the
MWA method.

The effect of methacrylation reagent in the MWA method can
be evaluated by the comparison between samples such as MW-
G-5-1-100 and MW-M-5-1-100, MW-G-10-1-100 and MW-M-10-1-
100, etc. According to Table 2, the comparison between GF, SD,
TS, EB, and T, of the abovementioned hydrogels reveals that
GMA has higher efficiency and better performance to func-
tionalize the gelatin rather than MA under the MW irradiation
in the same MW power, concentration, and reaction time. Also,
Table 1 shows that the extent of MD in MW-G-10-1-500 is about
89.1%, whilst the MD of MW-M-10-1-500 is about 77.5%.
Consequently, in the same condition under the MW irradiation
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Fig. 8 DSC thermograph of the precipitated phase in (A) MW-M-10-
10-1000 and (B) MW-G-10-10-1000.
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(reagent concentration: 10, reaction time: 1 min, MW power:
500), MW-G-10-1-500 has higher MD compared to the MW-M-
10-1-500. Higher TS, EB, GF, and T, of the photo-crosslinked
GelMA hydrogels attained by GMA over MA in the same
synthesis condition is undoubtedly attributed to the higher
jointing probability of photo-sensitive groups grafted to gelatin
chains. To justify the better performance of GMA in comparison
to MA under the MW condition, their electronic structure
should be considered. In response to the oscillating electric
field of MW as electromagnetic waves, only dipolar (permanent
or induced dipoles) and ionic substances can selectively absorb
MW energy, be aligned frequently, and generate heat. This
frequent reorientation leads to the strong rotation, movement,
agitation, collisions, and friction between species.**** Subse-
quently, the supremacy of the MWA method can be described
comprehensively by the dielectric properties and relaxation
time of the reactants and solvents.**™** Dielectric constant (&) is
a vital quantity to estimate and compute the reactivity of
materials under the MW conditions.**** According to the SS1
section and eqn (S1) mentioned in the ESL,T ¢, can be calculated
by using the dipole moment (u) as an electronic descriptor
which commonly describes the polarity of components and the
distribution of the electrons on the molecules.**>* Generally,
molecules with large p have higher electronic interactions with
other molecules, more spatial molecular conformers, and
a higher tendency to be excited rotationally in the presence of
the MW field, leading to better performance in chemical
reactions.”*°

The u values of GMA and MA were generated by Material
Studio to examine their reactivity in the MWA reaction based on
the SS2-SS4 procedures and Fig. S5-S101 mentioned in the ESI.
The geometry optimized molecular structures and averaged u
values of GMA and MA are depicted in Fig. 9. The achieved u
values of GMA and MA are 3.675 £ 0.036 and 3.256 + 0.042
(Debye), respectively. Therefore, the superior performance of
GMA compared to MA in the MWA methacrylation reaction of
gelatin can be justified according to its higher u value which
exhibits higher electronic interactions.*®**7-%

In contrast, based on the results mentioned in Tables 1 and
2, C-M-5 and C-M-10 had higher MD, GF, SD, Ty, TS, and EB
compared to the C-G-5 and C-G-10, respectively. Hence, in the
conventional conditions, MA has higher efficiency rather than
GMA. This conclusion is in good agreement with the results
have already reported by other researchers.***>**

Worth mentioning that GMA-GelMA with an MD of 96.1%
can be obtained by MW irradiation in 5 min, while MD of MA-

GMA MA
€ sp

1:3.256+0.042 |
(Debye) r

1:3.675+0.036
(Debye)

Fig.9 Geometry optimized molecular structure and the averaged u of
MA and GMA.
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GelMA reached 77.5% after a 4 h reaction in the conventional
method. Therefore, the superiority of the MWA method in
comparison to the conventional method for achieving high MD
in a short time is obvious.

The effect of GMA and MA concentration in the MWA method

The comparison between GMA-GelMAs such as MW-G-5-1-100
and MW-G-10-1-100 reveals that doubling the GMA concentra-
tion from 5 times to 10 times under the same MW irradiation
condition resulted in the hydrogels with higher GF, TS, EB, and
T,. Also, doubling the MA concentration from 5 times to 10
times under the same MW irradiation led to the MA-GelMA
hydrogels with higher GF, TS, EB, and T, values such as MW-M-
5-1-100 and MW-M-10-1-100. Consequently, the increase of
GMA or MA concentration under the constant MW power and
reaction time results in greater GF values, confirming the
significant role of GMA and MA concentration in the meth-
acrylation reactions. It is noteworthy that increasing the GMA or
MA concentration in some cases led to the two-phase products,
e.g., MW-G-5-5-1000 to MW-G-10-5-1000 and MW-M-5-1-1000 to
MW-M-10-1-1000, as highlighted in Fig. 6 and Table S1.t

The effect of irradiation time in the MWA method

The results reported in Table S11 show that by increasing the
irradiation time from 1 to 5 and 10 or 5 to 10 min the GF values
increased, for example in MW-G-5-1-100 (22%) and MW-G-5-5-
100 (37.2%) or MW-G-10-5-100 (25.3%) and MW-G-10-10-100
(74%). It was expressed previously that increasing the reaction
time in some GelMA synthesizes by GMA and MA resulted in
two-phase products as can be seen in Fig. 6 and Table S1.}

The effect of MW power in the MWA methacrylation

As can be seen in Table S1,7T the increasing of the MW power in
one-phase GMA and MA-prepared GelMA solutions resulted in
the hydrogels with greater GF, TS, EB, and T, values. For
instance, by 5 or 10 multiplying the MW power, the GF value of
MW-G-5-1-100 increased from 22% to 82.7% (MW-G-5-1-500)
and 93% (MW-G-5-1-1000) or the GF value of MW-M-10-1-100
increased from 17.5% to 79.3% (MW-M-10-1-500). It should be
noticed that in some cases, increasing the MW power led to the
two-phase GelMA solutions (see Table S1t and Fig. 6).

The effect of MD on mechanical, thermal, and surface
properties of GelMA hydrogels

From the above discussion, the optimum GelMA synthesis
condition is associated with the MW-G-5-5-500 (methacrylation
method: MWA, methacrylation reagent: GMA, irradiation time:
5 min, reagent concentration: 5 times molar excess of GMA over
the primary amines, MW power: 500 W). In the following, the
relation between MD of GelMAs and mechanical, thermal, and
surface properties of the hydrogels will be investigated.
Generally, the GF values quantify the photo-crosslinking
success to provide the covalent bonds between chains in the
3D network, while SD indicates the amount of migration and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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leaching out of the polymer chains that were not joined together
from the network into the water by diffusion.'”**?*

The results in Tables 1 and 2 reveals that the GF values
increase from 28% to 98.3% by increasing the MD from 36.4%
to 96.1% due to the higher crosslinking density. Thus, by
increasing the MD, GF values increase and SD values decrease.
So, the GF values are opposite to the SD results. Moreover, the
maximum and minimum MD and GF were achieved for MW-G-
5-5-500 and C-G-5, respectively, among all the samples.

Tensile mechanical properties of the GeIMA hydrogels, i.e.
TS and EB are listed in Table 2 and illustrated in Fig. 10 and S11
(see ESI sectiont). TS and EB of the pure gelatin films were
expressed to be approximately 3 MPa and 5%, respectively. The
comparison between TS, EB, T, and GF of the GeIMA hydrogels
are outlined in Fig. 10. The hlghest mechanical properties
belonged to MW-G-5-5-500 with TS and EB of 6.7 MPa and
175.2%, respectively. It can be seen in Fig. 10 that TS, EB, and T,
of the photo-crosslinked GelMAs increased by GF increments
suggesting better covalent crosslinking. Therefore, it can be
concluded that TS and EB of the hydrogels can be tuned by
changes in MD and GF values.

The T, values of the pure gelatin and photo-crosslinked
GelMAs were determined from DSC thermograms and pre-
sented in Table 2 and Fig. 10. After irradiation, T, increased
significantly from 58 °C for gelatin to a range of 61-75 °C, due to
the new covalent bonds formed in the gelatin network which
limit the mobility of chain segments and act as inelastic nodes,
leading to the higher T, values. Also, changes in the local
molecular packing and decreasing the free volume are the
results of crosslinking. This was examined by other researchers
that the properties of the GelMA hydrogels can be eagerly
tailored by changing the MD, photoinitiator and GelMA
concentration, as well as intensity and irradiation time (irradi-
ation dose).>26:25-34

The relation between MD and GF, SD, EB, TS, and T, of
photo-crosslinked GelMA hydrogels are shown in Fig. 11 (solid
lines) and the equation of best curve fitting for each data was
derived (dotted lines) as follows:

(GF = 0.001 MD? — 0.2052 MD? + 14.734 MD — 280.53, R> =
0.967),

EB (%)
GF (%)
Tg (0)

TS (MPa)

QRO %“ m‘@“\* &“;@a\“@“@&

Ac:';\ L

U N N N TN Ve
.,u 4" o \“ \“ 5 \\0 A "
& S \° S
PSP TEESSS

Fig. 10 Comparison between TS, EB, Ty, and GF of LED-cured GelMA
hydrogels.
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Fig. 11 Relation between MD and GF, SD, EB, TS, and T4 of LED-cured
GelMA hydrogels.

0.1079 MD? + 7.0756
0.9818),

(SD = —0.000002 MD’ + 0.0008 MD* —
MD? — 227.84 MD + 2928.4, R*> =

(EB = 0.0034 MD? + 1.8762 MD — 47.02, R> = 0.962),

(TS = 0.0004 MD? — 0.0802 MD? + 5.5642 MD — 90.063, R* =
0.972),

(Ty = 0.2698 MD + 47.898, R* = 0.9776).

The objective of measuring the static WCAs was to compare
the wettability of the photo-crosslinked GelMA films. It was
observed that water droplets didn't reach the equilibrium state
on these hydrophilic gelatin-based surfaces due to the fairly fast
substrate water absorption. Thus, left (L) and right (R) WCAs at
3 and 20 s were measured and reported as a metastable equi-
librium in Fig. 12. According to Fig. 12, pure gelatin exhibits
a hydrophilic surface with a small WCA of 55°, but the WCA of
GelMA films increased to the range of 57° to 72° after irradia-
tion. It is worthy to state that WCAs of the GelMA films reduced
from the range of 57-72° at 3 s to 50-68° at 20 s. So, all of the
surfaces possess hydrophilic behavior that their WCAs tend to
slightly decrease down after a while. Based on Fig. 12, MW-G-5-
5-500 and C-G-5 have the highest (72°) and the lowest (57°)
WCAs, respectively. The high WCA of MW-G-5-5-500 might be
associated with the high MD and high crosslinking density in
the cured film. According to Fig. 2, the methacrylated func-
tionality length obtained from GMA is longer than that of MA;
subsequently, GMA-methacrylated functionality can easily
rotate and is more accessible in the photo-crosslinking reac-
tions to join the GelMA chains and make them stiffer. The
comparison of WCAs of MW-G-5-10-100 (64.02°) and MW-M-5-
10-100 (63.1°) or MW-G-10-1-500 (69.59°) and MW-M-10-1-500
(68.57°) indicates that the hydroxyl groups produced by the
ring-opening reaction of epoxide and amine groups do not
increase the hydrophilicity of the surface. Consequently, the
MD or GF is more impressive than the hydrophilic hydroxyl
groups on the hydrogel surface hydrophilicity. Hence, the high
WCA of MW-G-5-5-500 can be justified by its high MD and GF
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Fig. 12 Left and right WCA of LED-cured GelMA hydrogels.

values. Furthermore, WCA results are in agreement with the GF,
SD, TS, EB, and Ty results.

TGA thermograms of pure gelatin and MW-G-5-5-500 are
shown in Fig. 13. As can be seen, both of them display multiple
weight loss zones, associated with the evaporation and
decomposition of their components. The first shoulder of both
specimens was around 90-95 °C which corresponds to the water
evaporation. The temperature of this stage was not significantly

100

— MW-G-5-5-500
- Pure gelatin

90.00

80.00

70.00

TG %
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50.00
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30.00 1 1 !
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Fig. 13 TGA thermograph of pure gelatin and MW-G-5-5-500.
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different for pure gelatin and MW-G-5-5-500, but the weight loss
fraction at this stage was dissimilar because of the different
moisture contents of these hydrogels. The major weight loss of
gelatin and MW-G-5-5-500 relates to the degradation of chains
(helical protein chain breakage and peptide bonds rupture)
started at about 270 °C and 280 °C, respectively. Also, it is
detected that the weight loss rates of gelatin and MW-G-5-5-500
are maximum at 290-380 °C and 300-400 °C, peaking at 310 °C
and 320 °C, respectively. Therefore, it is understandable that the
weight loss rate of MW-G-5-5-500 is lower compared to that of
pure gelatin. This result proposes that higher thermal stability
is provided by the covalent crosslinking between protein chains.

Besides, there is no weight loss shoulder in the TGA ther-
mograph of MW-G-5-5-500 around 189 °C corresponding to the
boiling point of GMA. This illustrates that the 1 day purification
of MWA-synthesized GelMA guarantees sufficient purity.
Therefore, less amount of methacrylation reagents and higher
reaction speed under the MW circumstances reduced the
sufficient purification time compared to the conventional
method which needs more than 2 weeks purification. According
to the approved biocompatibility of GelMAs and VA-086 by
several studies, being harmlessness of visible light irradiation
on living cells, high MD of MW-G-5-5-500 which provides
a suitable mechanical strength, and proper purification
confirmed by TGA analysis, it can be claimed that synthesized
GelMAs can be considered as a promising precursor for bio-
printing and bio-coating applications e.g. tissue engineering
and food packaging.

Conclusions

In this contribution, a green technique for the synthesis of
a highly functionalized GelMA that can be stably LED-cured was
introduced by using MW and GMA to overcome the deficiencies
of the conventional method. Comparative investigations
between the MWA and conventional methacrylation reactions
in presence of GMA and MA were performed comprehensively.
The dependence of GF, SD, TS, EB, T, and WCA of the LED-
cured GelMAs on the GMA and MA concentration, reaction
time, and MW power was examined. The findings signified that
GMA had the higher performance in the MWA method to
methacrylate the gelatin in comparison to MA while in the
conventional method MA acts better than GMA. Molecular
dynamics simulation was considered to justify the superior
performance of GMA compared to MA under the MW condition.
It was concluded that increasing the GMA and MA concentra-
tions, reaction time, and MW power to the optimum values
enhanced GF, TS, EB, T,, WCA, and MD of the hydrogels.
Besides, the mathematical relations between MD and GF, SD,
TS, EB, and T, were provided. Finally, the optimized conditions
to attain the highly methacrylated GelMA (MD: 96.1%) using
GMA under MW conditions were introduced (5 min irradiation,
power of 500 W, and 5 times molar excess of over the primary
amine groups of gelatin). The suitable physical-mechanical
properties of this photo-crosslinked hydrogel (GF: 98.3%, SD:
10.11%, TS: 6.7 MPa, and EB: 175.2%), and its good thermal
property (Ty: 75.34 °C), and hydrophobicity (WCA: 72.22°)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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suggested its applicability as bio-printing and bio-coating
precursors.
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