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Gelatin methacryloyl (GelMA; GM) contains impurities, including hydrolabile photosensitive methacrylate
groups or soluble methacrylic acid (MA), which could be potentially detrimental to its in vitro and in vivo appli-
cations. To date, the influence of GMphotocurable side chains on the cytotoxicity and ambient structural stability
has remained to be investigated. Here, we successfully separated highly substituted decoupled gelatin
methacrylamide (DGM) from GM via removing methacrylate impurities in order to evaluate its stability, cell vi-
ability, and cell toxicity, compared to GM, DGMplus solubleMA, and solubleMA. The photocurablemethacrylate
groups in GM were hydrolytically labile in neutral solutions, changing into soluble MA over time; on the other
hand, the photocurable methacrylamide groups in DGM remained intact under the same conditions. Soluble
MA was found to decrease cell viability in a dose dependent manner and caused severe cell toxicity at above
10 mg/mL. DGM plus MA started to impair cell viability at a 25 mg/mL concentration. DGM exhibited excellent
cell viability and little cell toxicity across the treated concentrations (0.1–25 mg/mL). DGM without hydrolabile
methacrylate and cytotoxic MA impurities could be a better choice for long term stability and good cell compat-
ibility for bioapplications including bioprinting and cell encapsulation.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Gelatin methacryloyl (GelMA; GM) is one of the most versatile
photocurable protein-based materials and has been widely used for
various bioapplications, including 3D printing, regenerative medicine,
drug delivery, and microchip fabrication because it offers enzyme-
degradable, cell-adhesive, easy-to-handle, and stiffness-tunable proper-
ties aswell as affordability [1–9]. The production of gelatinmethacryloyl
with consistent batch-batch quality has been established [7,10]. It has
been proposed that bioapplications of gelatin methacryloyl will be
close to being translated into the clinic [11,12]. Gelatin methacryloyl
carries methacrylate and methacrylamide groups as photocurable side
chains generated by the reaction of methacrylic anhydride (MAA)
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with the hydroxyl and free amino groups of gelatin, respectively
[7,9,13,14]. The separation method of decoupled gelatin
methacrylamide (DGM) fromgelatinmethacryloyl (GM) in alkaine con-
ditions was introduced for biomedical applications [14].

For successful clinical applications, the further understanding of the
photocurable side chains of gelatin methacryloyl in terms of their
ambient stability and potential cytotoxicity should be crucial. Even
though photocurable gelatin methacryloyl has been extensively
explored for bioapplications, the potential cytotoxicity of its degrada-
tion by-products (e.g., oligo methacrylate) and soluble impurities
(e.g., methacrylic acid) has been paid little attention to and has
remained to be explored [11,12,14]. Impurities generated during the
gelatin methacryloyl synthesis or potential degradation methacrylate
by-products produced during the storage of gelatin methacryloyl solu-
tions (e.g., bioink products) could be potentially detrimental to cell ex-
periments and in vivo applications.

The aim of this report is to investigate the ambient stability and po-
tential cytotoxicity of photosensitive side chains of gelatin methacyloyl
including methacrylate soluble impurities. Herein, we synthesized
highly substituted gelatin methacryloyl (GM) bearing methacrylamide
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Table 1
Description of samples including GM, DGM, DGM-MA, and MA.

Sample Description

GM Gelatin methacryloyl
(Gelatin functionalized with methacrylamide groups and hydrolabile
methacrylate impurities)

DGM Decoupled gelatin methacrylamide (Gelatin methacrylamide extracted
from gelatin methacryloyl)

DGM-MA Decoupled gelatin methacrylamide containing methacrylic acid
(soluble byproduct)

MA Methacrylic acid
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and methacrylate (hydrolabile impurities) as side chains and also pre-
pared decoupled gelatin methacrylamide (DGM; bearing only
methacrylamide groups without methacrylate impurities) as well as
DGM-MA containing the hydrolyzed by-product (methacrylic acid,
MA: soluble impurities) as mentioned in Table 1. First, the hydrolytic
susceptibility of methacrylate and methacrylamide groups in GM and
DGMwas examined via 1HNMR spectroscopy.Moreover, the cell viabil-
ity and cell toxicity of GM, DGM, DGM-MA, and MA were investigated
by cell counting kit-8 assay and lactate dehydrogenase (LDH) assays,
respectively.

2. Materials and methods

2.1. Materials

Gelatin (type B, 250 bloom), sodium carbonate, sodium bicarbonate
decahydrate, hydrochloric acid (HCl), sodium hydroxide (NaOH),
acetohydroxamic acid, hydroxylamine, sodium dodecyl sulfate, alanine,
methacrylic acid (MA), and sodiummethacrylate (SM) were purchased
fromAladdin (Shanghai, China).Methacrylic anhydride (MAA), iron(III)
perchloride, lithium phenyl-2, 4, 6-trimethyl-benzoyl phosphinate
(LAP), and 2, 4, 6-trinitrobenzene sulfonic acid (TNBS) were purchased
from Sigma-Aldrich (Shanghai, China). Deuterium oxide containing
sodium-3-trimethylsilyl propionate (0.1% w/v TMSP or 0.05% w/v
TMSP) were obtained from Cambridge Isotope Laboratories (Andover,
USA). Dulbecco's Modified Eagle's Medium, fetal bovine serum, antibi-
otic/antimycotic, and Live/Dead® Cell Viability/Cytotoxicity kit were
purchased from Life Technologies (Shanghai, China). Cell Counting
Kit-8 (CCK-8) and Lactate Dehydrogenase-Cytotoxicity Assay Kit
(LDH)were purchased fromDojindoMolecular Technologies. All the re-
agents were used as received.

2.2. Preparation of highly substituted gelatin methacryloyl (GelMA; GM)
and decoupled gelatin methacrylamide (DGM)

GM and DGMwere prepared similarly according to previous litera-
ture reports [7,10,14]. Briefly, type B gelatin (120 g, containing around
53.6 mmol of free amino groups) was added to 0.25 M carbonate-
bicarbonate (CB) buffer (1200 mL) to be dissolved under stirring at
600 rpm at 50 °C. Methacrylic anhydride (MAA, 94%, 60 mL,
378.7 mmol) was added into the gelatin solution in a time-lapse man-
ner (10 mL MAA addition every 10 min) with the reaction solution ad-
justed to pH 9.0 using a 3 N NaOH solution or a 6 M HCl solution before
MAA addition. The reaction mixture was maintained at 50 °C and
allowed to react for around 1 h. Then, the reaction solution was divided
into two equal-volume solutions: onewas adjusted to pH7.4 to stop the
reaction, filtered twice, dialyzed with a tangential flow filtration system
(TFF, Darmstadt, Germany) equipped with a Pellicon® 2 cassettes (a
10 kDa Biomax®membrane, MerckMillipore) and lyophilized to obtain
GM [10]. The other was allowed to further react at pH 12 at 50 °C for
0.5–1 h to remove methacrylate groups in GM, was adjusted to pH 7.4
to stop the reaction and was filtered to obtain DGM. DGM was purified
in the same way as GM. GM and DGM were stored at −20 °C until
further use.
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2.3. Stability of methacrylate and methacrylamide groups in GM and DGM

GM and DGM samples were stirred at different pH solutions to
monitor methacrylamide and methacrylate groups' stability in
them. Each sample (2 g) was dissolved in deionized water (20 mL),
and the pH was adjusted to 10, 11, or 12 using a 1 M HCl solution
or a 3 N NaOH solution. Each solution at a different pH was stirred
at 50 °C for 0.5 h, and then its pH was adjusted to 7.4 before lyophi-
lization without dialysis. The samples of GM and DGM that
underwent hydrolysis treatment at pH 10, 11, and 12 were denoted
as GM-pH 10-0.5 h, GM-pH 11-0.5 h, GM-pH 12–0.5 h, DGM-
pH 10-0.5 h, DGM-pH 11-0.5 h, and DGM-pH 12-0.5 h, respectively.
GM-pH 12-0.5 h was also used as DGM-MA because methacrylate
impurities in GM were expected to change into soluble methacrylic
acid (MA) impurities while GM could become DGM.

To investigate the ambient stability of the photocurable functional
groups in GM in a neutral solution, 40 mg of GM was dissolved in
1600 μL of deuterium oxide containing 0.1% TMSP, which was trans-
ferred into two NMR tubes with an equal volume of the GM solution.
Then, one was incubated at 37 °C for 128 days, whereas the other was
incubated at 50 °C for an accelerating study. 1H NMR spectroscopy of
each sample was conducted at room temperature on a Bruker
Avance-I 400 MHz spectrometer (Weinheim, Germany). Phase and
baseline corrections were made on all NMR spectra before integrating
specific signals for quantification of the content of methacrylate and
methacrylic acid (by-product) in GM [10].
2.4. Fe(III)-acetohydroxamic acid-based assay for quantification ofmethac-
rylate groups in GM

A series of acetohydroxamic acid (AHA) solutions in DI water
(5.0 × 10−3, 2.5 × 10−3, 1.25 × 10−3, 6.25× 10−4, 5 × 10−4, and
2.5 × 10−4 mol/L) were prepared and mixed with a Fe(III) solution
(0.5 mol/L iron(III) perchloride in 0.5 mol/L hydrochloric acid) at a
one to one (v/v) ratio, according to the literature [10,14,15]. UV–Vis ab-
sorption spectra of the resulting solutions were recorded from 420 to
700 nm in a microplate reader with 200 μL of a solution in each well
(96-well plate). Absorbance at 500 nmwas plotted against the concen-
tration of acetohydroxamic acid to obtain a standard curve. Then, 100 μL
of a hydroxylamine hydrochloride solution (0.5 mol/L in DI water) was
mixed with 100 μL of 1 M NaOH, and then 200 μL of a sample solution
(GM of 50mg/mL)was added to themixed solution. The resulting solu-
tionwas vortexed for 30 s and allowed to react at room temperature for
10min. Then, 550 μL of 0.5 MHCl was added to acidify the solution, and
50 μL of a Fe(III) solution (0.5mol/L iron(III) perchloride in 0.5mol/L hy-
drochloric acid) was added to the mixture solution. After it was
vortexed for 30 s, the UV–Vis absorption spectra of the solutionwere re-
corded. The amount of methacrylate groups in GM samples was calcu-
lated using the standard curve (Fig. S1).
2.5. TNBS assay for quantification of methacrylamide groups in GM
and DGM

TNBS assay was carried out as previously described [10,14,16].
Briefly, GM, DGM, and gelatin samples were separately dissolved at
1.6 mg/mL in 0.1 M sodium bicarbonate buffer. Then, 0.5 mL of each
sample solution was mixed with 0.5 mL of a 0.1% TNBS solution in
0.1 M sodium bicarbonate buffer, and the mixture was incubated at
37 °C for 2 h. Next, 0.25 mL of 1 M HCl and 0.5 mL of 10 w/v% sodium
dodecyl sulfate were added to stop the reaction. The absorbance of
each samplewasmeasured at 335 nmusing amicroplate reader. The al-
anine standard curve was prepared with standard solutions at 0, 0.8, 8,
16, 32, and 64 μg/mL (Fig. S2).
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2.6. 1H NMR measurements for quantification of the methacrylamide and
methacrylate groups in GM and DGM

20mg of gelatin, GM, and DGMwas separately dissolved in 800 μL of
deuterium oxide containing 0.1% w/v TMSP or 0.05% w/v TMSP as a
chemical shift reference similarly according to the literature [10,13].
1H NMR spectroscopy of samples was conducted at 27 °C on a Bruker
Avance-I 400 or 500 MHz spectrometers (Weinheim, Germany). Phase
and baseline corrections weremade on all NMR spectra before the inte-
gration of specific signals for quantification of the contents ofmethacry-
late and methacrylamide in GM and DGM. The molar amount of
methacrylate, methacrylamide, and methacrylic acid (by-product) in
GM and DGM was quantified using the following formulas [10,13].
The amount of methacrylate subtracted from the amount of
methacryloyl is the amount of methacrylamide.

The amount of methacrylate mmol=gð Þ
¼

R
methacrylate the peak at about 6:1 ppmð Þ

R
TMSP at 0 ppmð Þ � 9H

1H

� n mmole TMSPð Þ
m g sampleð Þ ð1Þ

The amount of methacryloyl mmol=gð Þ
¼

R
methacryl the peaks at 5:6−5:8 ppmð Þ

R
TMSP at 0ppmð Þ � 9H

1H

� n mmole TMSPð Þ
m g sampleð Þ ð2Þ

The amount of methacrylic acid byproduct;mmol=gð Þ
¼

R
methacrylate the peak at about 5:3 ppmð Þ

R
TMSP at 0 ppmð Þ � 9H

1H

� n mmole TMSPð Þ
m g sampleð Þ ð3Þ

2.7. Circular dichroism analysis

To find the secondary structure of gelatin, GM, and DGM samples,
circular dichroism (CD) experiments in the UV spectral range from
260 to 180 nm, were conducted using Chirascan Plus (Applied
Photophysics, Leatherhead, UK) [10]. First, each sample of 0.2 mg/mL
in deionized water was stored at 4 °C and 37 °C for 2 h to obtain a stable
conformation of triple helix structure and random coil. The measure-
ments were carried out at 4 °C, and 37 °C after each solution (300 μL)
was transferred into a quartz cell with an optical path length of 1 mm.

2.8. Cell viability and cytotoxicity of GM, DGM, DGM-MA, and MA

Cytocompatibility of GM, DGM, DGM-MA, andMAwas evaluated by
culturing human hepatocellular carcinoma (HepG2) cells as a model
cell. HepG2 is a cell line that has been widely used in toxicity testing
[17]. Each sample of GM, DGM, DGM-MA, and MA was dissolved at
25 mg/mL in high glucose Dulbecco's modified Eagle's medium
(DMEM; Gibco, Life Technologies) supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotic-antimycotic, and then each sample was
also diluted to 20 mg/mL, 10 mg/mL, 5 mg/mL, 2.5 mg/mL, 1 mg/mL,
and 0.1 mg/mL. HepG2 cells (4 ∗ 103 cells/well) were seeded in 96-
well tissue culture plate (TCP) and cultured in a humidified incubator
at 37 °C with 5% CO2. After an incubation period of 1 day, culture me-
dium was replaced with each sample-containing medium (25 mg/mL,
20 mg/mL, 10 mg/mL, 5 mg/mL, 2.5 mg/mL, 1 mg/mL, or 0.1 mg/mL)
and culturemediumwithout samples (0mg/mL). The cells with sample
treatments were incubated for 2 days. Then, each cell medium (100 μL)
was transferred to a new plate to test the cytotoxicity, whereas the cells
remaining in the plate were treated with CCK-8 (Dojindo Molecular
Technologies, Shanghai, China) tomeasure the cell viability [10]. Briefly,
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each well with cells was incubated with a CCK solution (110 μL: culture
mediumof 100 μL plus CCKof 10 μL) at 37 °Cwith 5%CO2 for 2 h, and the
absorbance at 450 nm was measured by a microplate reader (Thermo
Fisher, USA). On theother hand, cytotoxicitywas assessed using the Lac-
tate Dehydrogenase-Cytotoxicity Assay Kit (LDH, Dojindo Molecular
Technologies, Shanghai, China) according to themanufacturer's instruc-
tions [18]. Briefly, 100 μL of LDH kit reagentwas added to eachwell with
sample medium (100 μL) and incubated for 10 min at room tempera-
ture, kept from light exposure. Cells treated with 0 mg/mL (without
samples)was used as a negative control group, and a cell lysis buffer so-
lution for 30 min was used as a positive control group. A microplate
reader measured the absorbance at 490 nm. Also, cell morphologies in
each well were examined by an optical microscope (Nikon Eclipse
Ts100, Tokyo, Japan).

Besides, the cell viability of samples was semi-quantified by a Live/
Dead Cell Viability/Cytotoxicity kit. HepG2 cells (3 ∗ 104 cells/well)
were seeded on cover slides in a 24-well tissue culture plate. After one
day, the culture medium was replaced with each sample-containing
medium (25 mg/mL) and control group (without samples), and the
cells were further incubated for 2 days. Then, each medium was re-
placed with a live/dead staining solution (500 μL) containing 2 μM
Calein-acetomethoxy (Calcein-AM) and 4 μM Ethidium homodier-1
(EthD-1) and incubated at 37 °C with 5% CO2 for 1 h. Live(green)/dead
(red) cell pictures were captured by a confocal laser scanning micro-
scope (Nikon A1, Tokyo, Japan) [10,16]. Live and dead Cell counting
was performed with ImageJ software to calculate the percentage
viability.

2.9. Indirect cell viability and cytotoxicity of GM, DGM, DGM-MA hydrogels,
and photopolymerized MA

To evaluate the indirect cell viability of GM, DGM, DGM-MA
hydrogels, and photopolymerized MA, the following experiment was
conducted. Each sample of GM, DGM, DGM-MA, and MA was dissolved
at 100 mg/mL in PBS at 50 °C, and lithium phenyl-2, 4, 6-
trimethylbenzoylphosphinate (LAP) was added to each sample solution
at a concentration of 0.25% w/v, which was kept from light exposure.
GM, DGM, DGM-MA, and MA solutions were filtered through sterile
0.2 μm filters, and 500 μL of each sterile sample solution was then cast
in each insert with 0.8 μm membrane in a 24 well plate before
photopolymerization by UV light (365 nm; 3 mW/cm2 for 10 min). In
the meanwhile, HepG2 cells of 2 ∗ 104 were seeded into each well in a
24-tissue culture plate, and each photopolymerized sample insert was
placed in the 24-well plate with cells already attached for indirect cell
viability testing. Cells with each sample treatment were cultured at
37 °C in an incubator with 5% CO2 for 2 days. Cell viability and cytotox-
icity were assessed using CCK-8 and LDH, respectively, and an optical
microscope (Nikon Eclipse Ts100, Tokyo, Japan) was used to capture
the cell images.

In addition, to confirm the photopolymerization of samples, each of
GM, DGM, DGM-MA, and MA (100 mg) was separately dissolved in
1000 μL of deuterium oxide (D2O) containing 0.05% w/v TMSP.
Then, 2.5 mg of photoinitiator (LAP: lithium phenyl-2, 4, 6-
trimethylbenzoylphosphinate) was added to each sample solution
(GM, DGM, DGM-MA, and MA), which was transferred to NMR tubes.
These NMR tubes were then exposed to UV light (365 nm; 3 mW/
cm2) for 10min for photopolymerization. 1HNMR spectroscopy of sam-
ples was conducted at 27 °C on a Bruker Avance-I 500 MHz spectrome-
ter (Weinheim, Germany). All NMR spectra were made to phase and
baseline correction.

2.10. Statistical analysis

GraphPadPrism6.01 (GraphPad Software) andOrigin Pro 8.5.1were
utilized to analyze the data. The data are expressed as mean± standard
deviation. Comparisons between the two samples were made using a



Fig. 1. The preparation procedure of highly substituted gelatin methacryloyl (GM) and its decoupled gelatin methacrylamide (DGM). GM was synthesized by adding methacrylic
anhydride (MAA) at 50 °C in a time-lapse manner to a 10% gelatin solution and stirring in a 0.25 M carbon-bicarbonate (CB) buffer system (pH 9) for 1 h and included two
photocurable groups (methacrylamide and hydrolabile methacrylate impurities). DGM was obtained by decoupling gelatin methacrylamide from GM via additional reaction in a
0.25 M CB buffer system of pH 12 for 0.5–1 h at 50 °C and contained only methacrylamide groups without any methacrylate impurities and soluble methacrylic acid (MA).
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two-tailed pair student's t-test. A one-way ANOVA was performed to
test for differences among at least three groups. P values less than
0.005 were considered statistically significant, and the value of n de-
notes the number of samples or the number of experimental trials.

3. Results and discussion

3.1. Preparation of highly substituted GM containing methacrylamide and
methacrylate and DGM without any trace level of methacrylate impurities

As seen in Fig. 1, highly substituted GM with methacrylamide and
methacrylate groups was prepared similarly according to previous re-
ports [9,10,14]. DGM, without any trace levels of methacrylate impuri-
ties, was decoupled from GM via additional pH treatment. The
methacrylamide and methacrylate groups in GM and DGMwere quan-
tified via NMR spectroscopy, TNBS assay, and Fe(III)-hydroxamic acid-
based assay (Fig. 2A, B, C, and D), and their results are summarized in
Fig. 2A. GM had both methacrylate (0.5520 ± 0.0020 mmol/g from Fe
(III) assay) and methacrylamide groups (0.3184 ± 0.0015 mmol/g
from TNBS assay), whereas DGM has mainly methacrylamide groups
(0.3179 ± 0.0029 mmol/g from TNBS assay). The results of NMR
spectroscopy showed a similar trend to those of colorimetric assays.
1H NMR spectra clearly show the specific peaks of methacrylate
(0.5016 ± 0.0053 mmol/g) and methacrylamide (0.3800 ±
0.0069 mmol/g) groups in GM; one proton (1H) of the acrylic protons
(CH2=C(CH3)COO−) of methacrylate appeared at around 6.1 ppm,
and the other proton (1H) of the acrylic protons (CH2=C(CH3)COO−)
of methacrylate and one proton (1H) of the acrylic protons (CH2=C
(CH3)CONH−) of methacrylamide were overlapped between 5.7 and
5.6 ppm. In addition, the methyl protons (3H) of the methacrylamide
(CH2=C(CH3)CONH−) and the methyl protons (3H) of methacrylate
(CH2=C(CH3)COO−) appeared to be overlapped at around 1.9 ppm.
On the other hand, DGM exhibited the specific peaks only belonging
to methacrylamide groups (0.3838 ± 0.0062 mmol/g), as presented in
Fig. 2D, indicating that the methacrylate groups in DGMwere removed,
and DGM bears pure gelatin methacrylamide groups as photocurable
side chains.

In addition, CD spectra of gelatin, GM, and DGM provided the sec-
ondary structure information at different temperatures, as depicted in
Fig. 2E. GM and DGM exhibited a high rise in the intensity at 199 nm
at 4 °C, relative to gelatin, implying that the methacryloyl modification
of GM and DGM could increase the random coil conformation [10,19].
The difference between GM and DGM samples at 199 nmwas relatively
marginal. The triple-helix content of GM and DGM at 222 nmwas close
to each other: GM and DGM retained a low amount of the triple-helix
formation at 4 °C, as compared with gelatin. On the other hand, all
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samples displayed the same pattern in the CD spectra at 37 °C for all
of them lost the triple helix formation and appeared to have a random
coil structure at 37 °C [19].

3.2. The side chain stability of methacrylamide and methacrylate in GM
and DGM

Fig. 3 shows the side chain stability of GM and DGM in different pH
solutions (pH 10, pH 11, and pH12) at 50 °C for 0.5 h. 1HNMR spectra of
hydrolyzed GM and DGM samples were recorded to verify their struc-
tural changes (Fig. 3A and B). For GM-pH10-0.5h, GM-pH11-0.5h, and
GM-pH12-0.5h, the broad acrylic peaks at around 6.1 ppm and
5.8 ppm tended to decrease as the pH increased from 10 to 12, whereas
the sharp peaks of a hydrolyzed product (a salt formofmethacrylic acid;
sodium methacrylate) at around 5.6, 5.3, and 1.8 ppm newly appeared
gradually as the pHwas raised from10 to 12. At pH 12, themethacrylate
groups in GMappeared to be reduced entirely to the by-product. In GM-
pH12-0.5h (DGM-MA), GM became DGM and retained the full amount
of soluble methacrylic acid impurities that methacrylate groups in GM
changed into. As seen in the column chart (Fig. 3A), the by-product's in-
creasing trend was observed obviously as the pH increased. In contrast,
themethacrylamidepeaks of DGMexhibited little change across thedif-
ferent pH treatments. The column chart (Fig. 3B) shows that the amount
of methacrylamide in DGM remained intact in different alkaline pH so-
lutions, indicating that DGM could securely hold the photocurable
methacrylamide functional groups in even harsh conditions and could
not produce any trace levels of oligomethacrylate by-products or
solublemethacrylic acid impurities. In addition, as seen in Fig. S3,meth-
acrylate groups in GM was also susceptible to an acidic condition (at
pH 2 at 50 °C for 0.5 h; GM-pH2–0.5h); the broad acrylic peaks at
around 6.1 ppm and 5.8 ppm slightly decreased, whereas the sharp
peaks of a hydrolyzed byproduct at around 5.6, 5.3, and 1.8 ppm
newly appeared. Around 44% of the methacrylate groups in GM-pH 2-
0.5 h degraded into the methacrylic acid byproduct. In contrast, NMR
peaks in DGM remained relatively intact under the same acidic condi-
tion. DGM-pH2-0.5h did not exhibit any byproduct peaks, implying
that the methacrylamide groups in DGM is stable even in an acidic
condition.

In order to test the ambient stability of photocurable groups in GM,
the photocurable methacryloyl peaks of GM in D2O at 37 °C and 50 °C
(as an accelerated condition) were monitored for 128 days via NMR
spectroscopy as seen in Fig. 4A and B.When the incubation temperature
was at 50 °C (Fig. 4A), the acrylic peaks at 6.1 and 5.8 ppm of GM de-
creased with increasing the incubation time, whereas the specific
peaks of a hydrolyzed by-product at 5.3 and 1.8 ppm increased gradu-
ally with increasing the incubation time. The specific peaks of



A
Sample Methacrylate 

(mmol/g)NMR

Methacrylate 
(mmol/g)Fe(III)

Methacrylamide 
(mmol/g)NMR

Methacrylamide 
(mmol/g)TNBS

GM 0.5016 ± 0.0053 0.5520 ± 0.0020 0.3800 ± 0.0069 0.3184 ± 0.0015

DGM - - 0.3838 ± 0.0062 0.3179 ± 0.0029

Fig. 2. Characterization of highly substituted GM containing methacrylamide and methacrylate groups and DGM containing mainly methacrylamide groups. (A) The amount of
methacrylamide groups and methacrylate groups of GM and DGM was measured by 1H NMR spectroscopy, TNBS assay, and Fe (III) assay. (B) The structures of GM and DGM. (C) The
amount of methacrylamide groups and methacrylate groups in GM and DGM was quantified by 1H NMR spectroscopy. (D) 1H NMR spectra of gelatin, GM, and DGM in D2O (2.5 w/v%)
with TMSP (0.1 w/v%) as an internal reference. (E) CD spectra of gelatin, GM, and DGM in deionized water (0.2 mg/mL) at 4 °C and 37 °C.

Fig. 3. Side chain stability of GMand DGM in different alkaline solutions (pH 10, pH 11, and pH12) at 50 °C for 0.5 h. (A) 1HNMR spectra of GMwith different pH treatments.Methacrylate
groups in GM turned into methacrylic acid (a byproduct; probably a salt form of metharylic acid) in different alkaline solutions (pHs 10, 11, and 12). Specific peaks of methacrylic acid in
GMwith different pH treatments appeared at 5.65, 5.33, and 1.88 ppm, and their heights depended onpH treatments. Themethacrylate groups inGMcompletely changed intomethacrylic
acid at pH12 for 0.5 h. (B) 1HNMRspectra of DGMwith different pH treatments.Methacrylamide groups inDGMappeared stable across the different alkaline treatments at pHs 10, 11, and
12. DGM was found to exhibit neither methacrylate groups nor soluble impurities.
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Fig. 4.Monitoring of the stability of methacrylate groups in GM under D2O at 37 °C and 50 °C via NMR spectroscopy. (A), (B) 1H NMR spectra of GM under D2O at 50 °C (A) and 37 °C (B).
Specific peaks of methacrylic acid (byproduct) in GM at 50 °C and 37 °C gradually appeared at 5.65, 5.33, and 1.88 ppm. (C) Hydrolysis rate of methacrylate groups. Hydrolysis of
methacrylate groups in GM was much faster at 50 °C than that at 37 °C.
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methacrylic acid (by-product) started to appear on day 7. On the
other hand, when the incubation temperature was at 37 °C, the over-
all NMR change seemed less obvious than at 50 °C, as seen in Fig. 4B.
The acrylic peaks between 6.1 ppm and 5.8 ppm showed little
change; however, the specific peak of a hydrolyzed by-product at
484
5.3 ppm started to appear on day 7 or day 21 dimly. The increase
rate of the hydrolyzed by-product at 37 °C was much slower than
at 50 °C during the incubation of 128 days (Fig. 4C), which indicates
that the methacrylate groups in neutral solutions at 37 °C can un-
dergo relatively slow hydrolysis.
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The process of obtaining DGM from GM can potentially change the
molar mass distribution of DGM and GM. GM-pH12-0.5h (DGM-MA)
with the treatment at pH 12 (distilled water) for 0.5 h exhibited a
weight average molecular weight of 25,096 and a polydispersity index
(PDI) value of 2.14 whereas the original GM exhibited a weight average
molecular weight of 21,354 and a polydispersity index of 2.19. As seen
in Fig. S4, GMandGM-pH12-0.5h had a similar chromatography pattern
over the similar time period, which indicates that the distilled water
treatment at pH 12 for 0.5 h did little change the molar mass distribu-
tion of GM. However, DGM with the treatment of 0.25 M CB buffer at
pH 12 for 0.5–1 h showed a slightly lower weight average molecular
weight (Mw:15,131) and a narrower PDI value (PDI: 1.61) compared
to GM and GM-pH12-0.5h, showing that the high pH buffer treatment
can partially break down the backbone of GM.

3.3. Cell viability and cytotoxicity of GM, DGM, DGM-MA, and MA

Human hepatocellular carcinoma (HepG2) cells were used as a
model cell to test the cell viability and cytotoxicity of GM, DGM,
DGM-MA, and MA. HepG2 cells were cultured with respective sample
solutions at different concentrations for 2 days (Fig. 5A). According to
the results of the CCK-8, that reflected cell viability, GM, DGM, and
DGM-MAdisplayed relative cell viability ranging from73 to 130% across
the treated concentrations as compared to the control group (0mg/mL).
In contrast, MA showed significantly lower cell viability (down to 5%) at
concentrations from 2.5 to 25 mg/mL (Fig. 5B). Relative cell viability in-
creased as the concentration of eachGM-related sample (GM, DGM, and
DGM-MA) increased from0 to 5mg/mL probably because gelatin-based
materials can retain some bioactive sequences of collagen like arginine-
glycine-aspartic acid (RGD),which canpromote cell growth by integrin-
mediated cell adhesion [12]. However, the relative cell viability of each
GM-relate sample tended to slightly decrease when each sample's con-
centration increased from10 to 25mg/mL. Especially, GMandDGM-MA
solutions above 10 mg/mL tended to lower the cell viability more
sharply than DGM. In addition, DGM-MA at 25 mg/mL exhibited lower
cell viability (73%) than the control (0 mg/mL) without samples proba-
bly because of a critical trace level ofmethacrylic acid (MA; by-product).
According to the calculation of the amount of methacrylic acid present
in DGM-MA, DGM-MA of 25 mg/mL had an MA amount of around
1.073 mg/mL, above which the cell viability of MA could drop rapidly.
Fig. 5. Cytocompatibility of GM, DGM, DGM-MA, and MA. (A) Schematic illustration of the C
cytotoxicity of samples at different concentrations were tested by CCK-8 and LDH assays, res
compared to the control group (0 mg/mL). (C) Optical microscope images of cells with differe
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Lactate dehydrogenase (LDH) assay was conducted for cytotoxicity
testing. The positive control group was treated with a cell lysis buffer,
leading to complete cell death (Fig. S5), whereas the negative control
group (0mg/mL)was treatedwith the only culturemedium. The results
of the LDH assay were similar to those of CCK-8. GM, DGM, and
DGM-MA exhibited low cytotoxicity across the treated concentrations.
In contrast, the cytotoxicity of the HepG2 cells exposed to MA above
10 mg/mL was significantly raised compared with the zero group
(p < 0.005, n = 3).

Fig. 5C shows optical microscope images of cells with different sam-
ple treatments. Cells treated with GM, DGM, and DGM-MA displayed
rhomboid, polygonal, epithelial-like morphologies, and they grew in
small aggregates, whereas the control cells treated with the cell lysis
buffer lost the epithelial-like morphology completely, indicating their
necrosis (Fig. S5).Moreover, cells cultivatedwithMAappeared tomain-
tain their epithelial-like morphology up to a concentration of 5 mg/mL.
However, these cells gradually lost their normal morphology and
seemed disintegrated when the treatment concentration was over
10 mg/mL, and they no longer grew together.

In addition, the viability and toxicity of cells with different treat-
ments were further confirmed by Live/Dead assay, as seen in Fig. 6.
The cell viability of GM, DGM, and DGM-MA groups at a 25mg/mL con-
centration was over 90% and was similar to that of the control group
(without samples). On the contrary, no live cells (green) were observed
in theMA treatment thatwas significantlymore toxic to cells, compared
to the other treatments (p < 0.001, n = 3).

3.4. The indirect cell viability and cytotoxicity of photopolymerized GM,
DGM, DGM-MA, and MA

To verify the influence of photopolymerized samples on cell viability
and cell toxicity, each photopolymerized sample's indirect cell viability
and cytotoxicity were conducted, as presented in Fig. 7A. 1H NMR spectra
of respective sample solutions containing GM, DGM, DGM-MA, and MA
were recorded in Fig. 7B. In the 1H NMR spectra of polymerized GM, the
methacrylic peaks (CH2=C(CH3)COO− and CH2=C(CH3)CONH−) of
methacrylate and methacrylamide groups appearing at around 6.1, 5.7,
5.4, and 1.8 ppm disappeared completely after exposure to UV light, im-
plying that the methacrylate and methacrylamide groups in GM partici-
pated in complete photopolymerization. This photopolymerization
ytocompatibility testing of GM, DGM, DGM-MA, and MA samples. (B) Cell viability and
pectively. Results are expressed as mean ± SD (n = 3). ***: p < 0.005, ****: p < 0.001 as
nt sample treatments at day 2 at 20× magnification. Scale bar is 400 μm.
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Fig. 5 (continued).

Fig. 6.Viability of cellswith each sample treatment (25mg/mL)was tested by Live/Dead assay kit. (A) Cell viabilitywas expressed by counting the live anddead cells. Results are expressed
as mean ± SD (n = 3). ****: p < 0.001 as compared to the control group (without samples). (B) Live cells were stained green by calcein-AM, and dead cells were stained red by EthD-1.
Images were taken by the confocal microscope. Scale bar is 250 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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occurred similarly in all the samples. For photopolymerized DGM, the
methacrylic peaks of methacrylamide groups appearing at around 5.4,
5.7 ppm, and 1.8 ppm disappeared because C_C bonds were reduced
to single bonds by photopolymerization just as observed in the GM sam-
ple. For polymerized DGM-MA containing methacrylamide groups and
methacrylic acid (probably, its salt form; sodium methacrylate), upon
the exposure to UV light,methacrylic peaks belonging tomethacrylamide
mainly disappeared but a small proportion (around10%) of the byproduct
methacrylic peaks at 5.6, 5.3 and 1.8 ppmattributable to a salt formofMA
remained unpolymerized because MA seemed more reactive to
photopolymerization than its salt form (sodiummethacrylate, as seen in
Fig. S6).

Fig. 7C shows the results of the indirect cell viability and toxicity of
GM, DGM, DGM-MA hydrogels, and photopolymerized MA. All the
photopolymerized samples exhibited good cell viability and low cell
cytotoxicity, even though all the photopolymerized samples were pre-
pared at a relatively high concentration (100 mg/mL). Even a
Fig. 7. Indirect cytocompatibility of polymerized GM,DGM,DGM-MA, andMA samples. Human
contacted by inserts containing each sample (photopolymerized GM,DGM, DMG-MA, andMA)
GM, DGM, DGM-MA andMA. (B) 1H NMR spectra of GM and GM hydrogel, DGM and DGM hyd
phenyl-2, 4, 6-trimethylbenzoylphosphinate. (C) Cell viability and cytotoxicity were tested by
sample inserts at day 2. Scale bar is 400 μm.
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polymerized MA sample at 100 mg/mL was not cytotoxic to cells. In
contrast, the soluble monomer MA sample at 10–25 mg/mL was se-
verely toxic to cells in the previous experiment (Fig. 5), indicating that
a polymerized form of methacrylate derivatives can be less toxic to
cells than their respective soluble monomer form [20,21]. In addition,
a polymerized DGM sample with a small amount of unreacted MA ap-
peared not toxic to cells. Typical polygonal morphologies of cells were
observed in all the samples including the polymerized MA sample.

Gelatinmethacryloyl (GM) hydrogels have been extensively investi-
gated and utilized in a wide range of bioapplications owing to their ex-
cellent biocompatibility, the ability of enzymatic degradation, and
controllable mechanical properties [1,12,15,22–26]. However, less at-
tention was paid to the purity and cell toxicity of soluble gelatin
methacryloyl precursors and the stability of photocurable side chains
of GM in aqueous solutions. The preparation of pure GM free ofmethac-
rylate impurities could be crucial for clinical translation in the future
[12]. Moreover, GM bioinks enclosed in a syringe are being sold in a
hepatocellular carcinoma (HepG2) cellswere seeded and oneday later cellswere indirectly
for 2 days. (A) Schematic illustration of the indirect cytocompatibility of photopolymerized
rogel, DGM-MA and DGM-MA hydrogel, andMA and photopolymerizedMA. LAP: lithium
CCK-8 and LDH assays, respectively. (D) Optical microscope images of cells with different



Fig. 7 (continued).

X. Niu, G. Ferracci, M. Lin et al. International Journal of Biological Macromolecules 167 (2021) 479–490
soluble state; therefore, the stability of photocurable side changes of GM
bioinks in ambient conditions can be important to control their quality
and to print 3D constructs with desired mechanical properties, which
can rely on the photocrosslinking of available methacryloyl functional
groups in GM. Methacrylate impurities in GM tend to be unstable in
neutral aqueous solutions and be degraded into a corrosive by-
product (methacrylic acid) over time whereas photocurable functional
groups (methacrylamide) in DGM remain stable even in harsh basic
and acidic conditions. DGM without hydrolabile methacrylate impuri-
ties could be useful for bioink formulations for long-term storage.

Methacrylic acid (MA) is used for paints and adhesive applications;
it has been used as an adhesion nail promoter to help acrylic nails to ad-
here to the nail surfaces [21]. Direct contact with dilutemethacrylic acid
can cause tissue (skin and eyes) irritations. It was reported that the cell
growth of the fibroblasts was severely impaired after the 6-day expo-
sure to methacrylic acid (5 mmol/L: 0.430 mg/mL) [20]. In our in vitro
(HepG2) experiments, methacrylic acid monomer at above 10 mg/mL
for 2 days elicited a cell growth inhibition of more than 50%.

GM may contain various methacrylate impurities and soluble MA
impurities stemming from the GM synthesis process and purification
step. These impurities can affect the outcomes of GM bioapplications.
Therefore, GM without these impurities could be highly desirable for
in vitro and in vivo applications. DGM prepared from the two-stage pro-
cess was free of methacrylate impurities and showed excellent cell via-
bility and low cell toxicity. DGM with no trace of methacrylate and
soluble MA impurities maintained the cell viability of more than 100%
across the tested concentrations (0.1–25 mg/mL) whereas DGM-MA
containing the fully hydrolyzed MA exhibited low cell viability (around
73%) at a concentration of 25mg/mL, indicating that the hydrolyzedMA
impurities could cause an adverse effect on cells.

4. Conclusions

We successfully prepared highly substituted gelatin methacryloyl
(GM) and decoupled gelatin methacrylamide (DGM) from GM via re-
moving methacrylate impurities to compare the ambient stability of
photocurable functional groups and their cell compatibility. The
photocurable methacrylate groups of GM were slowly hydrolyzed into
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methacrylic acid in neutral solutions at 37 °Cwhereas the photocurable
methacrylamide groups of DGM remained stable even in harsh alkaline
and acidic treatments. The photocurable groups in GM and DGM are di-
rectly related to themechanical performance of GMandDGMhydrogels
when they are cured by light. Thus, the stability of the photocurable
groups in GMandDGMcould be an important factor for the quality con-
trol of GM and DGM products.

GMandDGMexhibited relatively good cell viability. However, soluble
byproduct methacrylic acid (MA) lowered cell viability at above
2.5 mg/mL and elicited severe cell toxicity at above 10mg/mL. Therefore,
DGMwith no hydrolysable methacrylate or soluble methacrylic acid im-
purities could be a safer choice for in vitro or in vivo applications than
GM products with hydrolysable methacrylate impurities. In addition,
pure photocurable gelatin products without chemical impurities (meth-
acrylate ormethacrylic acid) aswell as biological impurities (endotoxins)
will be highly needed for their translational research in the future.
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