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We report an effective and novel method to controllably produce
highly substituted gelatin-MA with nearly 100% degree of substitution
despite the use of a very low concentration of methacrylic anhydride
(MAA). The method is based on sequential time-lapse loading of MAA
after pH adjustment in a carbonate—bicarbonate buffer system.
Rheological studies indicate that hydrogels formed from more highly
substituted gelatin-MA exhibit significantly improved mechanical
stiffness.

Gelatin is a natural protein extract that is derived from collagen
and can form hydrogels with excellent material properties such
as biocompatibility and biodegradability." It is found in high
abundance, easily obtained and inexpensive compared to other
protein-based biomaterials.'* However, gelatin typically forms
physically-crosslinked hydrogels only under a limited set of
gelatin concentrations and temperatures, and the fabricated
hydrogels have weak mechanical strength.™*

Numerous chemical strategies have been developed to opti-
mize the formation of gelatin hydrogels and corresponding
mechanical properties.*® The addition of a small molecule
chemical reagent (e.g., glutaraldehyde) to cross-link the gelatin
molecules increases the mechanical strength of the hydrogel
network.™” Alternatively, gelatin can be reacted with methacrylic
anhydride (MAA) or glycidyl methacrylate in order to form
a photoreactive gelatin derivative.”** Photopolymerizable
gelatin derivatives undergo quicker and more homogeneous
crosslinking compared to the aforementioned chemical
methods involving small molecules.*”** Successful conjugation
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of gelatin molecules with photoreactive agents is a critical step
in the hydrogel fabrication process.

Gelatin methacrylamide (gelatin-MA) is a popular type of pho-
topolymerizable gelatin-based derivatives that has been widely
utilized in hydrogel scaffolds and 3D bio-printing,'®'41%17:1822-26
Its synthesis was pioneered by van Den Bulcke et al. in 2000, and is
based on the reaction of free amino groups of lysine/hydoxylysine
residues in gelatin molecules with methacrylic anhydride (MAA) in
phosphate-buffered saline (PBS) under physiological pH condi-
tions.'® While the reaction requires one MAA molecule per one free
amino group, a 13-44 fold molar excess of MAA over free amino
groups is typically used for gelatin-MA synthesis.'*'**"*® Even so,
the degree of methacrylamide substitution can greatly vary
depending on the specific type of gelatin extract. Type A gelatin is
obtained from acid treatment at pH 1-2 and has an isoelectric
point (IEP) around pH 7-9, while type B gelatin is produced from
alkali treatment at pH 12-13 and has an IEP around pH 5-6. When
using type A gelatin, the highest attainable degree of substitution
(DS) is reported to be between 70 and 85%.”**'*'” On the other
hand, Hoch et al. have reported nearly complete conversion of type
B gelatin into gelatin-MA by maintaining the pH around 7.0-
7.4.1?° However, it still required a high molar excess (10-20 fold) of
MAA over free amino groups of type B gelatin and also caused side
reactions such as conversion of hydroxyl groups of gelatin. Hence,
current schemes are unable to fully convert type A gelatin into
gelatin-MA and have low efficiency (high MAA concentration) for
both types of gelatin. One possible reason for the inefficient
chemical synthesis of gelatin-MA is that a reaction by-product,
methacrylic acid, lowers the solution pH during the reaction. In
turn, the free amino groups of gelatin become ionized, which
inhibits the reaction with MAA. Maintaining a high pH may help to
improve the efficiency of the gelatin reaction with MAA owing to
more availability of free amino groups as seen in Fig. 1.

In light of the reported findings obtained with types A and B
gelatin, we hypothesize that maintaining a pH above the cor-
responding IEP of the gelatin type would provide an optimal
condition for highly efficient conversion of gelatin into gelatin-
MA. The goal of this study is to develop a suitable reaction
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Fig. 1 Schematic illustration of how solution pH affects the proton-
ation stage of free amino groups on type A gelatin.

scheme to convert type A gelatin into gelatin-MA. To this end,
a sodium carbonate-bicarbonate (CB) buffer system was
utilized that provides a suitable buffer range around pH 9.0,
which is above the corresponding IEP of the gelatin molecules
(~pH 7-9) and was maintained during the reaction. By
comparing the results with gelatin-MA synthesis reactions per-
formed in conventional PBS conditions around pH 7.4, we
demonstrate significant improvement in the efficient and
controllable synthesis of type A gelatin-MA with a near-100%
DS. The highly substituted gelatin-MA also proves to be a supe-
rior material for fabricating mechanically stiff hydrogels.

First, we investigated the effect of buffer system on the
solution pH during the course of the reaction between gelatin
and MAA as presented in Fig. 2 and Table 1. Two buffer systems
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Fig.2 (A) Schematic illustration of gelatin-MA synthesis. (B) Change in
solution pH of PBS and CB buffer systems during reaction progress
(without pH adjustment). (C) Change in solution pH of PBS and CB
buffer systems during reaction progress (with pH adjustment at each
MAA addition step). (D) *H-NMR verification of gelatin-MA conversion
based on DS values.
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were selected: PBS (a neutral buffer) and CB (an alkaline buffer).
In each case, 1 mL of MAA was initially added to 10 g of gelatin,
which is a relatively low feed ratio compared to the conventional
feed ratio of MAA (6-20 mL) to type A gelatin (10 g) in order
to obtain gelatin-MA with a degree of substitution around
70-85%.%131617:2728 Type A gelatin has approximately 2.86 mmol
of lysine per 10 g according to the literature;** hence, the reac-
tion molar ratio of MAA (6.31 mmol per 1 mL) to lysine
(2.86 mmol per 10 g gelatin) is around 2.2 to 1 in our reaction
scheme. As depicted in Fig. 2B, the sequential loading of MAA
(0.167 mL at each step) every 30 min at 50 °C for 3 h was applied
and the solution pHs were monitored as the reactions pro-
gressed. All buffer solutions decreased in pH as reaction pro-
ceeded due to an increase in the amount of methacrylic acid
generated as a by-product. After gelatin was dissolved in PBS at
pH 7.4 and CB buffer at pH 9.7, the pHs of PBS and CB buffers
dropped to 5.3 and 7.8, respectively. The final pHs of PBS and
CB were 3.7 and 5.3, respectively, after 3 h reaction.

Reducing the pH below IEP (7-9) of type A gelatin can cause
remaining unreacted free amino groups to be ionized into
positive charged amino groups which are not reactive with MAA.
In order to further promote the reaction, we adjusted the
solution pH back to the optimal buffer range in each system
before adding MAA, leading to regeneration of the reactive free
amino form. The sequential loading of MAA (0.167 mL at each
step) after pH adjustment every 30 min at 50 °C for 3 h was
applied and solution pHs of the PBS and CB systems were
monitored and readjusted to 7.8 and 9.0, respectively, every
30 min as seen in Fig. 2C.

The pHs of the two buffer systems dropped more rapidly
compared to the same reactions without pH adjustment, indi-
cating that MAA could be consumed more quickly due to the
reaction with regenerated free amino groups and continual
hydrolysis of MAA at pH maintenance.

Next, in order to calculate the DS in the gelatin-MA products,
we conducted the 2,4,6-trinitrobenzene sulfonic acid (TNBS)
assay for determination of unreacted free amino groups in
gelatin. Reactions in PBS without pH adjustment resulted in
a DS of 51.81 + 0.16% while similar reactions in CB buffer
resulted in a DS of 76.24 £ 0.54%, as presented in Table 1.

With pH adjustments, significant improvements were
observed for both buffer systems, with a DS of 80.35 & 0.49% for
PBS (at pH 7.8) and a DS of 97.20 £ 0.28% for CB buffer (at pH
9.0). "H-NMR analysis was also used to verify the extent of the
DS. The results are in agreement with the aforementioned
values as depicted in Fig. 2D. There were minimal side reactions
with hydroxyl groups of gelatin other than amino groups in all
experimental groups, while the spectra of the gelatin derivatives
at 5.6 = 0 = 6.1 ppm appeared when a 10-20 : 1 molar ratio of
MAA to type B gelatin was employed in PBS.*

The dependence on MAA concentration was also investi-
gated in CB buffer with pH 9 adjustment, as presented in Fig. 3.
The concentrations of MAA added to gelatin (10 g per 100 mL,
10% w/v) ranged from 0.125 to 2% v/v, which correspond to
arange of molar ratios of amino groups to MAA from 1 : 0.275 to
1:4.4. All the gelatin solutions reacted with different amounts
of MAA at pH 9 adjustment in CB buffer. The pH of each
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Table 1 Comparison of gelatin-MA preparation methods in feed ratio, buffer system, pH and DS
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Conventional
Group method PBS w/o pH adjustment PBS at pH 7.8 CB w/o pH adjustment CB at pH 9.0
Gelatin (% w/v) 10 10 10 10 10
MAA (% v/v) 6-20 1 1 1 1
MAA (mL)/gelatin (g) 0.6-2/1 0.1/1 0.1/1 0.1/1 0.1/1
Molar ratio (MAA/amine) 13-44 2.2 2.2 2.2 2.2
Buffer PBS PBS PBS CB CB
pH adjustment No No Six times at pH 7.8 No Six times at pH 9.0
DS from NMR (%) 47 87 78 100
DS from TNBS (%) 70-85 51.81 £ 0.16 80.35 £ 0.49 76.24 £ 0.54 97.20 £+ 0.28
A, B s DM B 0.1 mL (MAA) to 1 g (gelatin) corresponding to a 2.2-fold molar
W S 100] 5 = excess of MAA over free amino groups yielded a near-100% DS.
9] - : . .
75] TR2=0.90 i i The feed ratio of 0.2 mL (MAA) to 1 g (gelatin) caused free amino
s o groups to be completely consumed and additionally some
Ea- g5° s » Daniele et al. hydroxyl groups on amino acids reacted with MAA, as inter-
MAA/gelatin(ml/g) 1[® (2014) - i
| e olot2s o 2540 = Shin otal. (2012) preted from .the H-NMR data showing peaks a.1t betwee.n 6.1 and
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Fig. 3 (A) Change in solution pH of CB buffer system as a function of
MAA/gelatin feed ratio. (B) DS versus MAA/gelatin feed ratio in
comparison with previous studies. (C) *H-NMR verification of DS
values.

reaction solution dropped in proportion to the amount of MAA
added which is directly associated with the production of the
methacrylic acid by-product. The DS results achieved with our
improved scheme are presented in Fig. 3B alongside results
obtained by the conventional scheme in past studies.'>"”

In the conventional method using PBS, it was difficult to
control the DS beyond 80-90% because a higher feed ratio of
MAA to gelatin might produce more by-product (methacrylic
acid) and cause protonation of the remaining free amino
groups. Even a feed ratio of 0.6 mL (MAA)/g (gelatin) —2.0 mL
(MAA)/g (gelatin) (13-44 molar excess of MAA over free amino
groups) was limited to producing type A gelatin-MA with a DS of
90% or less with the conventional method. By contrast, using
our method, the DS of gelatin-MA increased up to around 97%
or more in a nearly linear and controllable manner based on the
feed ratio—a more than three-fold improvement in DS over the
conventional method in a similar range of feed ratios."”

Indeed, the feed ratio from 0.0125 to 0.1 mL (MAA)/1 g
(gelatin) led to type A gelatin-MA with DS ranging from 22.32 +
1.27 to 97.20 £ 0.27% (cf ESI Table S17). The feed ratio of
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studied, resulting the highest DS at pH 9 in CB buffer solutions
(¢f ESI Table S2%). This is considered to be due to faster
hydrolysis of MAA at pH 10 and pH 11, decreasing the efficacy of
the reaction.

Finally, gelation tests were conducted on gelatin-MA hydro-
gels by using a rheometer with UV curing system. Gelatin-MA
samples (30% w/v in distilled water) containing 1% 12959
photo-initiator were placed on a glass substrate and then irra-
diated with UV light. As shown in Fig. 4A, gelatin-MA solutions
immediately started to form gels and were cured within 50
seconds. There was a strong positive correlation between the
storage modulus of each gelatin-MA hydrogel and the DS of the
corresponding gelatin-MA monomers as shown in Fig. 4B;
gelatin-MA with 22.32, 36.18, 66.02 and 97.20% DS exhibited
0.7 £ 0.1, 5.3 £ 0.9, 25.9 £+ 1.4 and 83.2 £ 4.8 kPa storage
moduli, respectively. A higher DS of gelatin-MA could result in
a greater crosslinking density in UV curing, which led to
a hydrogel with a higher storage modulus. These results are

A B
o 10°
o
E} [io 7 -1
2 7, MAA/gelatin[ml g"']
= 10' )i e 0.0125/1
) ' Start UV ---+--- 0.025/1
S10" irradiation —— 0.05/1
7] . ——0.1/1
0 50 100 150
Time /s DS 2232% 36.18% 66.02% 97.2%
Storage
Modulus [kpa) 07 £0-1 53209 269214 8324438

Fig. 4 (A) Rheological analysis of storage modulus on UV irradiated
gelatin-MAs with different MAA/gelatin ratios. (B) Demonstration of
fabricated gelatin-MA hydrogels with different DS values.
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consistent with the previous reports.””** Our method enables
precise control of mechanical properties in order to prepare
a range of soft to stiff protein-based hydrogels.

In summary, we report the efficient and controllable prepa-
ration of gelatin-MA with near-100% DS, offering a mechan-
ically improved polymeric material for protein-based hydrogel
platforms. The carbonate-bicarbonate buffer system with pH
adjustment scheme enabled us to use an appreciably smaller
molar excess of MAA while enabling excellent control over the
degree of substitution as compared to the conventional PBS
system. Looking forward, there is significant potential to utilize
highly substituted gelatin-MA for hydrogel-based tissue engi-
neering and drug delivery applications.
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