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a b s t r a c t

Biochemically modified proteins have attracted significant attention due to their widespread applications
as biomaterials. For instance, chemically modified gelatin derivatives have been widely explored to
develop hydrogels for tissue engineering and regenerative medicine applications. Among the reported
methods, modification of gelatin with methacrylic anhydride (MA) stands out as a convenient and
efficient strategy to introduce functional groups and form hydrogels via photopolymerization. Combining
light-activation of modified gelatin with soft lithography has enabled the materialization of micro-
fabricated hydrogels. So far, this gelatin derivative has been referred to in the literature as gelatin
methacrylate, gelatin methacrylamide, or gelatin methacryloyl, with the same abbreviation of GelMA.
Considering the complex composition of gelatin and the presence of different functional groups on the
amino acid residues, both hydroxyl groups and amine groups can possibly react with methacrylic an-
hydride during functionalization of the protein. This can also apply to the modification of other proteins,
such as recombinant human tropoelastin to form MA-modified tropoelastin (MeTro). Here, we employed
analytical methods to quantitatively determine the amounts of methacrylate and methacrylamide
groups in MA-modified gelatin and tropoelastin to better understand the reaction mechanism. By
combining two chemical assays with instrumental techniques, such as proton nuclear magnetic reso-
nance (1H NMR) and liquid chromatography tandem-mass spectrometry (LC-MS/MS), our results indi-
cated that while amine groups had higher reactivity than hydroxyl groups and resulted in a majority of
methacrylamide groups, modification of proteins by MA could lead to the formation of both meth-
acrylamide and methacrylate groups. It is therefore suggested that the standard terms for GelMA and
MeTro should be defined as gelatin methacryloyl and methacryloyl-substituted tropoelastin, respectively,
to remain consistent with the widespread abbreviations used in literature.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Biomaterials based on proteins or peptides have been widely
studied in the biomedical sciences, partly due to their highly
tunable chemical compositions, suitable physical properties, and
presentation of bioactivemotifs [1]. Specifically, hydrogels based on
proteins/peptides are suitable candidates to develop biomimetic
matrices that resemble the native extracellular matrix (ECM) for
supporting cellular attachment, proliferation, organization, and
ultimately tissue regeneration [2,3].

As the most abundant structural protein in ECM, collagen con-
tains various cell-binding motifs (such as the Arg-Gly-Asp, or RGD
sequence) and matrix metalloproteinase (MMP)-degradable se-
quences. Gelatin is a mixture of polypeptides obtained from the
partial hydrolysis of collagen. Gelatin is biocompatible and retains
the functionality of many of the bioactive peptide sequences found
in intact collagen. As a result, gelatin has been widely explored to
design and fabricate hydrogels for different tissue engineering and
regenerative medicine applications [4,5].

Gelatin is soluble inwater at around 40 �C or above, yet can form
a physically crosslinked hydrogel at room temperature by partially
restoring the characteristic triple helical structures of the parent
collagen. However, thermally reversible gelatin hydrogels have
some limitations regarding in vivo applications, including poor
mechanical properties and low transition temperatures [6,7].
Consequently, various chemical crosslinking methods have been
developed to generatemechanically strong and stable gelatin based
hydrogels [8,9]. Initially, glutaraldehyde [8] and diisocyanate [9]
were used as crosslinkers to form stable gelatin based hydrogel
network. However, the cytotoxicity of these crosslinkers limited
their use as cell-laden matrices for tissue engineering applications
[10]. To address these limitations, Van Den Bulcke et al. generated
photocrosslinkable gelatin derivatives by reacting gelatin with
methacrylic anhydride (MA) [7]. The resulting material was termed
as gelatin methacrylamide (GelMA).

Since then, GelMA has gained significant attention in the bio-
materials community and has become a widely used biomaterial
[4,5,11e18]. GelMA hydrogels possess an attractive combination of
properties. For example, they are suitable for both two-dimensional
(2D) cell seeding and three-dimensional (3D) cell encapsulation
[19,20], compatible with various microfabrication techniques
[12,15,21], tunable in regards to their physical properties [20,22],
cost efficient, and easy to synthesize.

Despite its widespread applications, functional groups in GelMA
molecules have been inadequately studied. As a consequence,
GelMA is ambiguously described as gelatin methacrylamide
[7,23e27], methacrylated gelatin [11,28e31], and gelatin methac-
rylate [19e22,32e34] (Fig. 1). This confusing nomenclature can
apply to all similarly functionalized protein-based biomaterials,
such as MA-modified recombinant human tropoelastin, which is a
full-length protein and has been developed as a highly elastic
biomaterial for cardiovascular tissue engineering in our group and
termed as methacrylated tropoelastin (MeTro) [35e37]. We tested
the developed method for structural analysis on GelMA and MeTro
because we were among the earliest groups to focus on the
biomedical applications of GelMA, and because we first reported
the synthesis of MeTro.

In this study, we aimed tomore accurately describe the chemical
modification of protein-based biomaterials by MA and define the
correct chemical nomenclature for these biomaterials based on
their functional groups. Here, we report the quantification of rela-
tive amounts of the different functional groups in GelMA and
MeTro prepolymers, namely, methacrylamide groups and meth-
acrylate groups, using a simple microplate assay method. The re-
sults are further confirmed by instrumental techniques such as
proton nuclear magnetic resonance (1H NMR) and liquid chroma-
tography tandem-mass spectrometry (LC-MS/MS). Our study pro-
vides, to our knowledge for the first time, an understanding of the
relative reactivity of amine and hydroxyl groups in gelatin and re-
combinant human tropoelastin with MA, which allows for struc-
turally correct naming of MA-modified proteins, and provides a
solid basis for further structural investigations onmodified protein/
peptide-based biomaterials.

2. Materials and methods

2.1. Materials

Type-A gelatin from porcine skin (300 bloom), methacrylic an-
hydride (MA, 94%), deuterium oxide (D2O, 99.9% in D), sodium
hydroxide (NaOH, 98%), acetohydroxamic acid (98%), iron(III)
perchlorate hydrate (crystalline, low chloride), hydroxylamine hy-
drochloride (>99%), hydrochloric acid (36.5e38.0%, BioReagent),
and 3-(trimethylsilyl)-1-propanesulfonic acid sodium salt were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco's
phosphate buffered saline (DPBS) and Fluoraldehyde OPA reagent
were purchased from Thermo Fisher Scientific (Waltham, MA,
USA).

2.2. GelMA synthesis

Synthesis of GelMA with different degrees of methacryloyl
substitution was performed according to our previously reported
procedures [20]. Briefly, 10 g of porcine skin type A gelatin was
dissolved in 100 mL DPBS at 50 �C. At a stirring speed of 300 rpm,
various amounts of MA (20 mL for ultra-GelMA, 8 mL for high-
GelMA, 3 mL for medium-GelMA, or 0.5 mL for low-GelMA) was
added to the gelatin solution and the resulting turbid mixture was
stirred at 50 �C for 3 h. Under this condition, hydrolysis does
typically not take place [7,20]. The mixture was diluted with
additional warm DPBS, and dialyzed against an abundance of
distilled water using dialysis tubing (12e14 kDa MWCO, Spectrum
Lab Inc.) for seven days at 40 �C to removemethacrylic acid and any
other impurities. After dialysis, the resulting clear solution was
then lyophilized to afford GelMA as a white solid.

2.3. MeTro synthesis

Synthesis of MeTro with different degrees of methacryloyl
substitution was performed according to our previously reported
procedures with modifications [35,36]. Briefly, tropoelastin was
dissolved in DPBS as a 10% (w/v) solution at 4 �C, followed by the
addition of various amounts of MA (for the samples used in this
study: 20% (v/v) MA for high-MeTro, 15% (v/v) MA for medium-
MeTro, or 8% (v/v) MA for low-MeTro). The resulting mixture was
stirred at 4 �C for 12 h before the solution was diluted with DPBS,
purified by Amicon Ultra-15 Centrifugal Filter Units (10 K MWCO)
repeatedly for 6 times at 4 �C and lyophilized.

2.4. Fluoraldehyde assay

GelMA solutions in DPBS and MeTro solutions in DI water were
prepared at 0.5 mg/mL. The solutions were mixed with the Fluo-
raldehyde OPA reagent solution at a 1/1 (v/v) ratio and allowed to
react for 60 s to finish the conversion. Fluorescence intensity of the
resulting mixtures was monitored in a microplate reader (excita-
tion/emission ¼ 340 nm/455 nm). Gelatin or tropoelastin was used
as the standard while pure DPBS or DI water was used as the blank,
respectively. Conversion of amine groups (a) was calculated as
follows:



Fig. 1. Number of academic publications that are related to MA-modified gelatin in each year. Along with the ever-increasing popularity of this biomaterial, several no-
menclatures, including gelatin methacryloyl, gelatin methacrylamide, gelatin methacrylate, or methacrylated gelatin, have been used in parallel by different research groups. Data
are based on a survey on www.scopus.com by searching these terms as appeared in the title, keywords, and/or abstract.
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a ¼ 1�
�
Isample � Iblank

�.
ðIstandard � IblankÞ:

2.5. Fe(III)-acetohydroxamic acid complex standard curve

A series of acetohydroxamic acid solutions in DI water with
concentrations ranging from 2.5 � 10�4 to 5.0 � 10�3 mol/L was
prepared and mixed with Fe(III) solution (0.5 mol/L iron(III) per-
chloride in 0.5 mol/L hydrochloric acid) at a 1/1 (v/v) ratio. UVevis
absorption spectra of the resulting solutions were recorded
(420e700 nm) in microplate (300 mL solution in each well).
Absorbance at 500 nm (A500) was plotted against the concentration
of acetohydroxamic acid and least square linear fitting was per-
formed to obtain the working curve.

2.6. Sample preparation for UVevis absorption spectrum
measurements

100 mL hydroxylamine hydrochloride solution (0.5 mol/L in DI
water) was mixed with 100 mL NaOH solution (1.0 mol/L in DI
water), followed by the addition of 200 mL protein solution (for
GelMA and gelatin, 50 mg/mL in DPBS; for MeTro and tropoelastin,
12.5 mg/mL in DI water). The resulting mixtures were vortexed for
30 s and allowed to react at room temperature for 10 min. After
that, 550 mL hydrochloric acid solution (0.5 mol/L in DI water) was
added to acidify the mixture, followed by the addition of 50 mL
Fe(III) solution (0.5 mol/L iron(III) perchloride in 0.5 mol/L hydro-
chloric acid). The resulting mixture was vortexed for 30 s and
centrifuged to remove any insoluble solids. UVevis absorption
spectra of the clear solutions were recorded (420e700 nm) in
microplate (300 mL solution in each well). The amount of methac-
rylate groups was calculated using the working curve.

2.7. 1H NMR measurements

GelMA and MeTro samples were dissolved in deuterium oxide
(D2O) at a concentration of 30 mg/mL. When necessary, 3-(trime-
thylsilyl)-1-propanesulfonic acid sodium salt was added as the in-
ternal standard in D2O. To avoid precipitation or gel formation of
the samples, varied-temperature NMR experiments were per-
formed. For GelMA samples, 1H NMR data were collected at 40 �C,
while for MeTro samples the measurements were performed at
4 �C. The data were processed using ACD LABS 12.0 software.

2.8. LC-MS/MS measurements

For tryptic in-solution digestion, 20 mg of either gelatin, GelMA
(middle or high), tropoelastin or MeTro (middle or high) dissolved
in 100 mM triethylammonium bicarbonate buffer were reduced in
10 mM dithiothreitol at 56 �C for 45 min, then alkylated with
40 mM iodoacetamide at room temperature for 30 min and
digested with trypsin (enzyme:protein ratio ¼ 1:20) for 18 h at
37 �C before being extracted into a 60% acetonitrile, and 0.1% formic
acid solution. The digested protein was then subjected to reverse
phase LC-MS/MS using an Eksigent ekspert 400 nanoLC system
coupled to a TripleTOF 5600 þ mass spectrometer (SCIEX) in data
dependent acquisition mode. The resulting peptide mass spectra
were analyzed using the ProteinPilot software against UniProt hu-
man or porcine databases including the pig collagen alpha-1(I)
sequence published by Bell et al. [38]. The search parameters also
included the methacryloyl group as an additional modification.
Only peptide sequences identified with a confidence of 99% and
above were used to quantify the amount of methacryloyl modifi-
cations per amino acid residue using a custom-written R script.

3. Results and discussion

3.1. Determination of amine group conversion

Different functional groups in gelatin and tropoelastin are sen-
sitive to chemical modifications as shown in Fig. 2A. In particular,
the reactive functional groups existing in gelatin and tropoelastin
are located on the side groups of amino acid residues, including
hydroxyl groups (from serine, threonine, hydroxyproline, and

http://www.scopus.com


Fig. 2. Scheme of the modification of proteins by MA. (A) Modifications of proteins and peptides (such as tropoelastin or gelatin) with MA to introduce photocrosslinkable
methacryloyl substitutions. Both amine and hydroxyl groups might react with MA in DPBS to form methacrylamide and methacrylate groups, respectively. (B) Typical amino acid
residue composition of gelatin [39]. (C) Amino acid composition of recombinant human tropoelastin based on the amino acid residues of the GenBank entry AAC98394 without the
signaling peptide (amino acids 1e26) [41]. Amino-containing and hydroxyl-containing amino acid residues are highlighted as blue and red, respectively. (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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hydroxylysine residues), amino groups (from lysine and hydrox-
ylysine residues), and carboxylic acid substitutes (from aspartic
acid and glutamic acid residues). It should be noted that reported
amino acid compositions of gelatin are influenced by variations in
hydrolysis and differences between animal sources of collagen,
leading to small alterations in different gelatin products. A typical
composition is shown in Fig. 2B [39]. On the other hand, recom-
binant human tropoelastin has a well-conserved amino acid
sequence [40e42]. As a result, the numbers of reactive groups in
tropoelastin are more precise (Fig. 2C).

It is worth noting that degree of functionalization of GelMA is of
critical importance to determine the physical and biochemical
properties of the resulting hydrogels, which has been thoroughly
discussed and summarized in our recent review paper on GelMA-
based biomaterials [4]. As a result, it is typically necessary to
compare and optimize the degree of functionalization toward
different specific applications. Conversion of amine groups in bio-
materials such as GelMA has conventionally been determined using
1H NMR spectroscopy [20,43]. However, since gelatin is amixture of
polypeptides with complex compositions, it might not be feasible
to detect and differentiate the resonance peaks from meth-
acrylamide and methacrylate groups from 1H NMR spectra. More-
over, due to the presence of a mixture of peptides with different
lengths/compositions in gelatin and the complex unknown 3D
structure of tropoelastin, the use of multi-dimensional NMR tech-
niques in this study would be largely limited.

Instead, here we demonstrated that a fluoraldehyde assay [44]
allowed for simpler and more accurate determination of the con-
version of amine groups. When the modified protein/peptide
samples were mixed with the assay solution containing o-phtha-
laldehyde and 2-mercaptoethanol, all the remaining primary amine
groups in the materials were converted into fluorescent species
with blue emissions (Fig. 3A). We prepared four distinct GelMA
formulations with varying degrees of methacryloyl substitution by
adding different amounts of MA to the reaction mixture, while
keeping the amount of gelatin unchanged (Table 1) [20]. Depending



Fig. 3. Fluoraldehyde assay to determine conversion of amine groups in GelMA and MeTro. (A) The reaction between unmodified lysine residues in MA-modified materials and
the fluoraldehyde reagents generates blue fluorescent derivatives, which show excitation and emission maxima at wavelengths of 340 nm and 455 nm, respectively. Conversions of
amine groups in (B) GelMA and (C) MeTro samples. Gelatin and tropoelastin are used as the controls, respectively. The ultra-GelMA, high-GelMA, medium-GelMA, and low-GelMA
refer to samples prepared with 20% (v/v), 8% (v/v), 5% (v/v), and 0.5% (v/v) MA in the reaction, respectively; while high-MeTro, medium-MeTro, and low-MeTro refer to samples
prepared with 20% (v/v), 15% (v/v), and 8% (v/v) MA in the reaction, respectively (Table 1). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Table 1
Summary of molecular parameters of different GelMA and MeTro samples.

Samples Conversion of amine
groups

Estimated amount of methacrylamide groups
(mmol/g)

Estimated amount of methacrylate groups
(mmol/g)

Preparation
conditions

Type-A Ultra-GelMA 93% 0.46a 0.034 20% (v/v) MA, 50 �C,
3 h

Type-A High-GelMA 84% 0.42a 0.028 8% (v/v) MA, 50 �C, 3 h
Type-A Medium-

GelMA
65% 0.32a 0.022 5% (v/v) MA, 50 �C, 3 h

Type-A Low-GelMA 24% 0.12a 0.008 0.5% (v/v) MA, 50 �C,
3 h

High-MeTro 46% 0.26 0.026 20% (v/v) MA, 4 �C,
12 h

Medium-MeTro 41% 0.23 0.019 15% (v/v) MA, 4 �C,
12 h

Low-MeTro 31% 0.18 0.007 8% (v/v) MA, 4 �C, 12 h

a Estimated data based on the typical amino acid composition of Type-A gelatin and the conversion of amine groups in the corresponding GelMA samples.
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on the degree of modification, the resulting GelMA formulations
were referred to as ultra-GelMA, high-GelMA, medium-GelMA, and
low-GelMA, respectively. Using gelatin as the standard in the flu-
oraldehyde assay protocol, the amount of remaining unreacted
primary amine groups in different GelMA samples could be deter-
mined by comparing the resulting fluorescent intensity, fromwhich
the amount of reacted amine groups and thus the conversion of
amine groups could be easily calculated (conversion values: ~93%
for ultra-GelMA, ~84% for high-GelMA, ~65% for medium-GelMA,
and ~24% for low-GelMA, respectively) (Fig. 3B). Therefore, the
conversion of amine groups was positively correlated with the
addedMA amount, or more precisely, theMA/gelatin feed ratio, at a
fixed reaction temperature and reaction time.

We further applied this assay to analyze the conversion of amine
groups in MA-modified tropoelastin, MeTro. As tropoelastin is only
fully water-soluble at low temperatures (undergoes coacervation at



Fig. 4. Fe(III)-hydroxamic acid assay for quantification of methacrylate groups in GelMA and MeTro prepolymers. (A) Reactions used for the analysis of methacrylate groups. (i)
Methacrylate groups in GelMA or MeTro react with hydroxylamine under basic conditions to generate N-hydroxymethacrylamide in equal molar amount. (ii) N-hydrox-
ymethacrylamide formed a colored complex with Fe(III) ion under acidic conditions. (B) Photographs of an Fe(III) solution before and after the addition of acetohydroxamic acid. The
color change indicated the formation of the Fe(III)-acetohydroxamic acid complex. (C) Normalized UVevis absorption spectrum of the Fe(III)-acetohydroxamic acid complex
(FeAHA). The absorption peak was centered at 500 nm. (D) Working curve between absorbance and FeAHA concentration from a series of standard FeAHA solutions. Calculated
amounts of methacrylamide and methacrylate groups in (E) GelMA and (F) MeTro samples. Note that the methacrylamide contents in Type-A GelMA samples as shown in (E) were
estimated from the typical composition of gelatin shown in Fig. 2B; while the methacrylamide contents in MeTro samples in (F) were calculated from the amino acid composition of
tropoelastin shown in Fig. 2C.
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higher temperatures) [41], the reaction with MA was performed
under different conditions as compared to the modification of
gelatin, i.e., much longer reaction time (12 h) at low temperature
(4 �C) [35]. Similarly, we observed that the conversion of amine
groups could be tuned by the amount of MA. The determined
conversions matched the values measured in our previous publi-
cations using 1H NMR [35].

3.2. Quantification of methacrylate groups

In our previous publications on preparation of GelMA [20] and
MeTro [35], 1H NMR spectrawere used to determine the conversion
of amine groups by calculations based on the integration areas of
the resonance peak from the amine groups. Quantification of the
methacrylate groups was impossible due to the lack of distin-
guishable resonance peaks of the hydroxyl groups in 1H NMR
spectra of the modified peptide or protein samples. Here, we used a
Fe(III)-hydroxamic acid-based assay to determine the amount of
methacrylate groups in different GelMA samples (Fig. 4).
Hydroxamic acid forms a brown-red complex with Fe(III) ions,
which can serve as a qualitative test for hydroxamic acid species
(Fig. 4A). This class of complexes has an absorption peak centered at
around 500 nm (Fig. 4B and C). Formation of the Fe(III)-hydroxamic
acid complexes has been used to quantify the reactivity of amine
and hydroxyl groups of lysozymes with several different carboxylic
acid anhydrides [45], along with other analytic applications such as
the quantification of ester group residues in poly(vinyl alcohol)
[46]. Acetohydroxamic acid (AHA) was used as the standard to
establish the working curve and it is assumed that the complex of
acetohydroxamic acid and Fe(III) ions (FeAHA) have similar spec-
trophotometric properties with that of N-hydroxymethacrylamide
and Fe(III) ions (FeHMA) [45]. Iron(III) perchlorate was dissolved in
dilute hydrochloric acid to prepare the Fe(III) ion solutions, which
were added to the acetohydroxamic acid solutions in large excess to
form a 1:1 complex. It has been reported that the apparent
extinction coefficient reached its maximumwhen themolar ratio of
Fe(III) and hydroxamic acid is over 20 and will remain independent
on the ratio [47]. UVevis absorption spectra of the series of stan-
dard FeAHA solutions were recorded in UV-transparent microplate
covering the concentrations of from 1.3 � 10�4 to 2.5 � 10�3 mol/L.
Indeed, excellent linearity was achieved when the absorbance was
plotted as a function of AHA concentration and analyzed with a
linear least-square fit (Fig. 4D).

To determine the amount of methacrylate groups in GelMA



Fig. 5. 1H NMR and LC-MS/MS data of selective GelMA and MeTro samples. (A) 1H NMR spectra of gelatin (black curve) and high-GelMA (red curve) in deuterium oxide (D2O). (B)
1H NMR spectra of tropoelastin (black curve) and high-MeTro (red curve) in deuterium oxide. The asterisk indicates the peaks of 3-(trimethylsilyl)-1-propanesulfonic acid sodium
salt as the internal standard, while the double asterisk indicates the residue proton in D2O. (CeD) Degree of methacryloyl substitution on different amino acid residues in (C) GelMA
and (D) MeTro samples determined from LC-MS/MS results. (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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samples, we employed an aminolysis reaction to convert the
methacrylate groups to the detectable N-hydroxymethacrylamide
compound. In particular, GelMA samples at 50 mg/mL were treated
with hydroxylamine solutions at 25 �C for 10 min to generate N-
hydroxymethacrylamide. The resulting solution was acidified with
hydrochloric acid, followed by the addition of excess Fe(III) ions
(see the Experimental Section). Color change upon the addition of
Fe(III) ions indicated the formation of the FeHMA complex, which
confirmed the existence of methacrylate groups. Concentrations of
the FeHMA complex formed in situ were determined from the
UVevis absorption spectra, which could be used to calculate the
amounts of methacrylate groups in the GelMA samples (Fig. 4E). For
all tested GelMA samples, it was found that methacrylate groups
represented below 10% of all methacryloyl substitutions. These
results suggested that the amine groups are indeed more reactive
than the hydroxyl groups, and the methacrylamide groups are the
dominant form in GelMA (Fig. 4E).

When applying this assay to MeTro samples, we found similar
results that indicated low amounts of methacrylate groups in
MeTro samples (Fig. 4F). From the modification reactions of these
two biomaterials, it became evident that the reactivity of hydroxyl
groups was lower than that of amine groups.

It is worth mentioning that the quantification of methacrylate
groups can also be done by hydrolyzing the methacrylate groups at
basic conditions followed by quantifying the amount of released
methacrylic acid molecules using high performance liquid
chromatography (HPLC) [48]. However, the method developed
here, based on a quantitative aminolysis reaction and a colorimetric
measurement, could be performed using a microplate reader with
satisfying accuracy and reproducibility, which may find wider ap-
plications in a biomaterials laboratory.

3.3. Instrumental characterization of GelMA and MeTro samples

To further validate the finding that the major form of meth-
acryloyl groups in GelMA and MeTro was the methacrylamide
group, we obtained 1H NMR spectra and LC-MS/MS spectra of some
representative samples tested above. 1H NMR spectrum of high-
GelMA (Fig. 5A, red curve) showed two additional peaks at chem-
ical shifts of ~5.6 and ~5.8 ppm that were attributed to the meth-
acrylamide groups, which were in agreement with a previous
report [49]. Similarly, 1H NMR of high-MeTro showed additional
resonance signals at the chemical shift regions of ~5.1 and 5.4 ppm
(Fig. 5B, red curve). Neither high-GelMA nor high-MeTro spectra
displayed additional resonance peaks that could be attributed to
methacrylate groups as observed by others (Fig. S1) [49]. To
differentiate the resonance peaks from methacrylamide and
methacrylate groups in 1H NMR, we treated the GelMA and MeTro
samples with NaOH (0.05 mol/L) at room temperature to hydrolyze
the methacrylate groups, which would not affect the meth-
acrylamide groups. The samples after base treatment did not show
observable changes in their 1H NMR spectra. Based on these results,
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we concluded that the peaks shown in the region of 5.5e6.0 ppm
were predominately from the methacrylamide groups, confirming
that only very small amounts of hydroxyl groups were modified
under the typical conditions for GelMA preparation.

We also applied the LC-MS/MS technique to confirm the dis-
tribution of methacryloyl groups on GelMA and MeTro samples
among different amino acid residues. Following the optimized
procedures, we pretreated the GelMA and MeTro samples to digest
them into a library of short oligopeptides, which were briefly
separated to record tandem mass spectroscopy. A search algorithm
was used to identify the digested peptide sequences and monitor
the recovery rates. The unique advantage of this technique is the
capability to directly recognize chemically modified amino acid
residues in fragmented ions. At good recovery ratios, the results
showed that in both GelMA and MeTro samples the methacryloyl
groups were attached mostly to the lysine residues (Fig. 5C and D),
which was consistent with the results from chemical assays. In
addition, amino acid residues with hydroxyl groups were modified
at very low degrees (typically <1%) in all the samples.

Therefore, we observed that the reactivity of primary amine and
hydroxyl groups with MA in gelatin and tropoelastin under the
typical reaction conditions (10 wt% in DPBS solution) was detect-
ably different. The ratio between methacrylamide and methacry-
late groups in GelMA and MeTro samples was more than 9:1. Based
on the coexistence of both methacrylamide and methacrylate
groups in GelMA and MeTro, here we suggest that the proper
nomenclature should be gelatin methacryloyl and methacryloyl-
substituted tropoelastin, respectively, to be consistent with the
widely used abbreviations (GelMA and MeTro). With this knowl-
edge, we believe that it would be interesting to further study the
potentially different biochemical properties of the hydrogels that
can be related to the different types of functional groups during the
MA modification.

4. Conclusion

In summary, we have developed a quantitative assay method to
analyze the composition of functional groups in MA-modified
protein derivatives. The amount of methacrylamide groups was
calculated based on the lysine residue contents and the conversion
of primary amine groups, which could be readily obtained using the
fluoraldehyde assay. In addition, the amount of methacrylate
groups was determined by the treatment with hydroxylamine to
generate hydroxamic acid compounds in an equal molar ratio,
which could be further quantified by spectrophotometric mea-
surements via the complexation with Fe(III) ions. We tested the
MA-modified biopolymers based on two different protein/peptide
systems, i.e., GelMA and MeTro, and revealed the reaction differ-
ence between the amine groups and hydroxyl groups. Although
both functional groups coexist, the major methacryloyl form is
methacrylamide. Based on these results, we advocate that the
standard name for these two materials should be gelatin meth-
acryloyl and methacryloyl-substituted tropoelastin, respectively, to
match with their widely used abbreviations. Considering the gen-
eral applicability of the chemical and instrumental assays described
here, we believe that these methods can be further extended to
other MA-modified protein/peptide materials with complex
chemical structures and 3D architectures. This can reveal funda-
mental structural information of chemically modified natural
polymers.
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