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Chemical modification of gelatin by a natural phenolic compound tannic acid (TA) at pH 8 was
studied, and the properties of the modified gelatin materials were examined. The cross-linking effect
was predominant when the TA content was lower, resulting in the formation of a partially insoluble
cross-link network. The cross-linking structure was stable even under boiling, and the protein matrix
became rigid, whereas the mechanical properties were enhanced. An effective cross-linking effect
on gelatin matrix was achieved when the amount of TA was around 3 wt %. Further increase in the
TA content enhanced the grafting and branching reactions between gelatin and TA in conjunction
with the hydrogen bonding between gelatin and TA molecules. These effects produced an increase
in molecular mobility of gelatin matrix, and the materials displayed a behavior similar to that of

plasticized protein materials.
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INTRODUCTION

Protein-based natural polymer materials have a long history in
food packaging and coating formulations. Gelatin, a water-
soluble protein produced by the hydrolysis of animal collagen,
has been widely used as a biomaterial in pharmaceutical, food,
and medical applications because of a range of favorable proper-
ties including barrier to gases such as oxygen and carbon
dioxide (/—7). The protein can be obtained/derived from inex-
pensive sources of waste or byproduct from manufacturing
processes including tanning, pharmaceutical, and food produc-
tion and can be regarded as a renewable and biodegradable
material (§). However, gelatin exhibits poor mechanical proper-
ties, especially when exposed to wet and/or humid conditions, and
this high water sensitivity compromises its broader application.
To enhance its mechanical strength and water resistance in
natural protein-based materials, structure modifications are nor-
mally required. Chemical cross-linking of proteins is an effective
way in which to introduce stable covalent bonds between protein
segments that consequently improve both the mechanical and
water resistance properties of the protein matrix (9). For gelatin,
an aldehyde cross-linker, such as glutaraldehyde, has been widely
used because of'its high cross-linking efficiency (10, /1). However,
during biodegradation glutaraldehyde manifests toxicity (12),
and thus alternative cross-linkers such as carbodiimides, epoxy,
and genipin have been studied (/13—15).

The development of additives derived from natural products
for protein-based materials has attracted a great deal of scientific
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and industrial interest. Natural phenolic compounds (/6) as
antioxidant reagents have been widely used as modifiers in food
processing and leather fabrication. In polymer resin-based bon-
ders or coatings, tannin is often used as a natural additive to
replace phenolic compounds. Several natural phenolic com-
pounds derived from plants have been reported to be interactive
or reactive with proteins with resultant improvements in gel or
film properties of gelatin-based materials (/7—23). In this paper,
we report on our recent work in which we have used tannic acid
(TA) as a natural phenolic cross-linker to modify gelatin and
improve its mechanical performance. The chemical structure of
TA has been described in the literature (24—26). It is a hydroly-
zable tannin with multiple phenolic functionalities due to its high
molecular weight. Possible chemical reaction pathways between
gelatin and natural phenolic compounds have been postu-
lated (22). The amino functional groups of amino acid units in
gelatin (such as lysine, arginine, and histidine) would react with
phenolic reactive sites of TA under alkaline conditions to form
covalent C—N bonds and generate cross-linked networks (27).
Other reactive groups in gelatin (e.g., the hydroxyl group in serine
units) may also promote such reactions via a similar mechanism.
On the other hand, the phenolic hydroxyl and carboxyl groups of
TA could associate with gelatin chains via hydrogen bonding.
The extent of these reactions and interactions in gelatin/TA
systems plays an important role in determining consequent
material properties.

To investigate this, changes in molecular weight of the gelatin
after reaction with a small amount of TA were examined while the
materials were still soluble. High-resolution solid state NMR was
used to examine the chemical and phase structures and the
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correlation of these structures with the swelling properties and
mechanical behaviors of the modified gelatin materials. The
hydrophilic—hydrophobic properties of the material surface were
also studied. Results were compared with gelatin systems cross-
linked with an aldehyde cross-linker (glyoxal).

MATERIALS AND METHODS

Samples and Preparation Conditions. All raw materials used in this
study, including gelatin (type B obtained from bovine skin), tannic acid
(TA), and glyoxal (Gx, 40%) were obtained from Sigma-Aldrich without
further purification or treatment.

Gelatin and TA were dissolved in distilled water (10 wt %) separately,
and the pH of each solution was adjusted to 8.0 by NaOH (46%) solution.
Gelatin solution was heated to 45 °C to ensure complete dissolution. The
TA solution was then slowly added to the gelatin solution at 58 £ 1 °C with
stirring at predetermined TA/gelatin ratios and allowed to react for
predetermined periods of time. During reaction, the pH of these solutions
was monitored using a pH-meter and held constant at a pH of 8.0 by the
dropwise addition of NaOH solution (1 M). Oxygen was bubbled into the
systems throughout the reaction. For the systems with a Gx additive, a
Gx solution (40%) was added to the gelatin solution at predetermined
Gx/gelatin ratios but without oxygen bubbling.

Gelatin films (thickness of around 0.3 mm) were prepared via solution
casting at room temperature and dried for 2 weeks after the reaction.
Compression-molded samples were obtained by hot pressing the cast
samples (at 120 °C for 5 min under a pressure of 12 ton). All samples were
conditioned at a relative humidity of 52% at 22 °C for 7 days before testing
and characterization. The moisture content for all samples after condi-
tioning was determined by weight loss after drying at 105 °C for 6 h, and
the value was between 17 and 19%.

Characterization. The molecular weights of gelatin were determined
by gel permeation chromatography (GPC) using a triple detection system
that included a Wyatt Dawn F laser photometer operating at 90° (right
angle laser light scattering, RALLS) coupled with an online Waters 410
differential refractometer (for measurement of refractive index, RI) and
Viscotek T50A differential viscometer. The three detectors were calibrated
with pullulan standards of known molecular weight, intrinsic viscosity,
and narrow polydispersity. A Waters Ultrahydrogel column was used.
GPC experiments were conducted with 0.1 M potassium sulfate and S mM
sodium azide solution as the mobile phase under a flow rate of 1.0 mL/min
and column temperature of 45 °C.

The equilibrium water uptake (wt %) of the gelatin films was deter-
mined by soaking film samples in distilled water (1 g of sample in 20 g of
water) for 24 h at room temperature, removing the samples from the soak,
and carefully removing any surface absorbed water on the swollen samples
(by tissue paper) and measuring the weight difference between the swollen
and dry samples. To determine film solubility, soaked (swollen) samples in
water (1 g of film in 20 g of water) were mixed with 30 g of boiling distilled
water and boiled for 5 min. The insoluble component (obtained after
filtering or centrifuging) was dried at 105 °C for 6 h and the solubility
calculated from the difference of the dry weight before swelling and that
after boiling.

Tensile properties were determined at room temperature on an Instron
5566P with a crosshead speed of 50 mm/min. To minimize variation in
sample moisture content arising from environmental factors between
conditioning and testing, samples were sealed in PE bags immediately
after conditioning and tested directly. The data for each sample were an
average of the testing of 7—10 dog-bone cut specimens (effective length
30 mm, width of 6 mm).

Dynamic mechanical analysis (DMA) was carried out on a PerkinElmer
PYRIS Diamond DMA in dual cantilever bending mode at a frequency of
1 Hz. The temperature range was set from —100 to 120 °C with a heating
rate of 2 °C/min. The storage modulus (E'), the loss modulus (E”), and tan
0 (E'/E') were recorded as a function of temperature throughout the
experiment.

To determine film hydrophicity, the surface water contact angle was
determined using a NRL C.A. goniometer at room temperature. Distilled
water was carefully dropped onto the surface of film samples, and the
contact angle between the sample surface in contact with the water drop
and the tangent of the water drop was measured as a function of time
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Figure 1. GPC results of gelatin after reaction with tannic acid at pH 8 and
58 °C for 3 h. Peaks A, B, and C represent the components corresponding
to low, medium, and high molecular weights, respectively.

during a period of 5 min. The average contact angle values were obtained
from measuring three to five specimens of each sample. A high contact
angle indicates hydrophobicity, whereas a low angle means hydrophilicity.
NMR experiments were conducted at room temperature using a Varian
Unity plus spectrometer at resonance frequencies of 75 MHz for '*C and
300 MHz for 'H. High-resolution solid-state '*C NMR spectra were
measured under cross-polarization, magic angle spinning, and high-power
dipolar decoupling (CP/MAS/DD) conditions. The 90° pulse was 6.0 us
for H-1 and C-13, whereas the spinning rate of MAS was set at a value in
the range of 6—7 kHz. A contact time of 1.0 ms was used for measuring
CP/MAS spectra, whereas the repetition time was 2 s for all experiments.
The chemical shift of *C CP/MAS spectra was determined by taking the
carbonyl carbon of solid glycine (176.3 ppm) as an external reference
standard. The proton spin—lattice relaxation times in the rotating frame
(‘HT, o) were measured through the decay of 13C magnetization prepared
by CP after varied 'H spin-locking time as reported previously (28, 29).

RESULTS AND DISCUSSION

When a small amount of TA (< 1 wt %) was included in gelatin
systems (after reaction at 58 °C for 3 h and then casting),
dissolution rates became slower than those of gelatin alone, but
films remained soluble in water when heated to 40—45 °C. Figure 1
shows GPC curves of gelatin/TA solutions measured at 45 °C
after the reaction. Gelatin-only solution (TA-0%, prepared by
dissolving gelatin in distilled water at 45 °C without further
heating) displayed two peaks (A and B) corresponding to two
groups of molecular weights. After reaction with TA, a shift to
shorter elution times was observed, suggesting an increase in
molecular weight. As the amount of TA increased to >0.75 wt %,
a third peak (peak C) was clearly observed at a shorter elution
time than peaks A and B, indicating the formation of a substance
with an even higher molecular weight than either of these. The
magnitude of peak C increased as the TA content increased from
0.75to 1 wt %. The best fitting data of the TA—gelatin GPC curves
are summarized in Table 1 together with that of gelatin without TA
(TA-0%-H) prepared under the same reaction conditions and
heated at 58 °C for 3 h. It is noted that the lowest molecular weight
was that of TA-0%-H (molecular weight ~ 45K), and this was
attributed to protein hydrolysis occurring under these reaction
conditions. In contrast to this, the molecular weight of samples
using 0.25—0.50 wt % of TA increased compared to that of TA-
0% and TA-0%-H. Further increasing the TA content (0.75—1.00
wt %) resulted in the formation of the C component (around 8%)
with a molecular weight as high as 7—11M. Such a significant
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Table 1. Molecular Weight of Gelatin/TA Gels after Reaction at pH 8
GPC peak A GPC peak B GPC peak C

sample M, PD* % M, PD % M, PD %

TA-0% 98.6K 13 700 790.8K 1.4 30

TA-0%H 450K 1.5 100.0

TA-025% 1162K 1.1 694 1139K 1.7 30.6

TA-050% 1016K 1.3 640 1772K 24 36.0

TA-0.75% 151.4K 12 669 9379K 13 246 7628K 12 85
TA-1.00% 2615k 1.1 663 1719K 1.4 256 10660K 1.1 8.1

2PD, polydispersity of molecular weight.

increase in molecular weight, particularly when compared to the
substantial decrease in molecular weight observed between TA-
0% (~99K) and TA-0%-H (~45K), provides direct evidence for
the formation of covalent linkages between gelatin molecules
through reaction with TA.

Due to the significant degradation of the gelatin-only system
under the reaction conditions (TA-0%-H), the TA-0% gelatin
sample was taken as the reference sample in this study. As the pH
also plays an important role in modification of protein structures
and material performance (30—33), the TA-0% gelatin film was
cast after dissolving at 45 °C and adjusting the solution pH to
8 without further heating. To avoid hydrolysis under reaction
conditions, film samples with TA > 1 wt % were obtained via
reactions for 30 min at the same temperature.

Gelatin films reacted with <1 wt % of TA displayed similar
swelling properties as gelatin, and all of them dissolved in water
when heated above 45 °C. The increase in molecular weight had
no significant effect on the water sensitivity of the materials.
However, the solubility of gelatin/TA films decreased signifi-
cantly when the content of TA increased to 3 wt %; the majority
(~80%) of gelatin films was insoluble even when boiled in water
for 5 min. This indicates a significant number of covalent linkages
were formed between gelatin and TA, resulting in a stable cross-
linked network. The equilibrium water uptake data (shown in
Figure 2) also decreased significantly as the TA content was
increased to 3 wt %. The water uptake value of the compression-
molded films (120 °C for 5 min) was lower than that of cast films,
suggesting that thermal cross-linking could also contribute to the
observed properties of the protein matrix. However, the water
uptake in these films was still substantial (500—700 wt %),
indicating the cross-link density was low and materials were still
water sensitive. These data are consistent with those reported
previously for similar systems (22). In contrast, Gx (1—3 wt % to
gelatin) cross-linked gelatin absorbed only 100—150 wt % of
water (Figure 2). It is thought that this difference could be due to
much longer cross-link segments formed in gelatin/TA systems
than those formed in gelatin/Gx films. Because the gelatin
samples with <1 wt % TA displayed minimal differences in
mechanical properties as compared to the TA-0% sample,
property testing was conducted only on samples with TA content
> 1wt %.

The mechanical properties of gelatin/TA films (moisture con-
tent of 17—19 wt % after conditioning) including tensile strength,
elongation at break, and Young’s modulus are listed in Table 2
together with results for Gx cross-linked gelatin samples. When
the amount of TA was below 6 wt %, both tensile strength and
modulus marginally increased from baseline levels (from 83 to 89
MPa and from 1789 to 1982 MPa, respectively) and, inter-
estingly, so did elongation at break (from 9.8 to 13.8%). In Gx
cross-linked samples, both tensile strength and modulus were
significantly increased but elongation at break was reduced more
than half, which is typical for cross-linked polymer materials. It
would therefore seem that the TA additive plays a dual role as
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Figure 2. Equilibrium water uptake data of the gelatin films after cross-
linking with TA or Gx.

Table 2. Mechanical Properties of Gelatin/TA and Gelatin/Gx Films?

tensile
moisture strength strainatbreak  Young’s modulus
sample (wt %) (MPa) (%) (MPa)
TA-0% 16.4 83 9.8 1789
TA-1% 16.8 84 1.7 1984
TA-3% 17.2 89 10.4 1920
TA-6% 18.6 86 13.8 1982
TA-10% 18.2 75 15.1 1734
Gx-1% 17.9 103 6.0 3464
Gx-3% 18.3 148 3.0 3972

2Error of 5—8%.

both a cross-linker (improving tensile strength and modulus) and
plasticizer (improving elongation) in a similar fashion to some
additives in wheat protein based natural polymer systems mod-
ified by polymer grafting and cross-linking (34—36). When the
amount of TA was increased to 10 wt %, tensile strength and
modulus were reduced to levels lower than those of the unmodi-
fied gelatin (i.e., TA-0%), but elongation continued to increase,
indicating that the plasticization effect was predominant, the
same as for many other plasticized protein materials (37—40).

Similar phenomena were also observed in DMA measurements
shown in Figure 3. The behavior of these gelatin films was similar
to that observed in normal plastic films; the £’ storage modulus
decreased slowly as the temperature increased toward the glass
transition temperature (7). Significant reduction of £ occurred
when T, started with the simultaneous observation of a tan 6 peak
corresponding to the T,. The onset of the £’ decrease correspond-
ing to T, transition was taken as the starting temperature of glass
transition, Ty gur. For the gelatin films cast after reaction with
TA at pH 8 (Figure 3A), the addition of a small amount of TA
resulted in an increase in £’ modulus at room temperature (e.g.,
at 20 °C, below Ty), but the Ty Was effectively unchanged at
52—53 °C (as shown in Table 3).

As noted, the highest modulus at room temperature (20 °C)
was obtained for samples containing 6 wt % of TA with further
increases in the amount of TA resulting in a reduction of the
modulus. In all samples modified with TA, the tan 0 maximum
at T, was higher than that of TA-0%, suggesting an increase in
molecular mobility at the 7, transition and consistent with a dual
effect of cross-linking and plasticization derived from the TA
additive. It is thought that a TA content of 6 wt % might be the
optimum proportion showing both effects (highest £ at 20 °C
and highest tan 0 maximum for T,). The plasticization effect became
more pronounced when the films were cast after neutralization of
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Figure 3. DMA results (E' storage modulus, tan J) of gelatin films:
(A) reaction and cast at pH 8; (B) reaction at pH 8 but cast at pH 7.

the reaction solution to pH 7 as shown in Figure 3B. Here the E' of
the TA-0% film (cast after adjusting the pH of the gelatin solution
to 8 then neutralizing to 7) was highest at temperatures below 7,
with the TA-6% sample displaying the lowest E' in the same
temperature range (Table 3). When the TA content was increased,
T, shifted to lower temperatures and tan d maximum related to the
T, transition also increased, indicating that plasticization effects
derived from the TA additives were predominant and similar to
those observed in other plasticized protein materials (37 —40).

This also suggests that the drying time (2 weeks) under alkaline
conditions was critical for forming stable cross-linking gelatin/
TA structures. pH played an important role in the modification of
protein structures (30—33), and hydrolysis could happen under
an increased pH condition occurring during the drying process.

Zhang et al.

Table 3. Key Data of DMA Testing of Gelatin/TA Samples
E'at20°C  Tygaw tano tano

sample (GPa) (°C) (°C) max

reaction and castatpH 8  TA-0% 2.72 52.4 857 0.216
TA-3% 3.04 53.5 91.1 0244

TA-6% 5.06 52.1 864  0.303

TA-10% 2.28 52.8 875  0.269

reaction at pH 8 then TA-0% 479 60.4 952  0.173
castat pH 7 TA-3% 4.00 60.8 90.9 0.210
TA-6% 3.28 57.8 882 0212

TA-10% 4.04 54.2 829  0.250

Thus, films cast at pH 7 generally displayed a higher E' below 7,
in conjunction with a higher T, value than those cast at pH 8. The
formation of different aggregation structures or hydrogen-bonded
domains under different pH values could also contribute to the
mechanical performance of the gelatin/TA films.

The surface hydrophilic—hydrophobic properties of the gelatin/
TA films were examined by water contact angle measurement
with data shown in Figure 4. For the films cast after reaction at
pH 8 (Figure 4A), only the TA-1% film displayed higher contact
angles than TA-0%, whereas all others showed lower values,
indicating that film hydrophobicity was promoted only when a
very small amount of TA was used, with higher levels enhancing
the hydrophilicity of the film surface. For the Gx cross-linked
gelatin samples, the contact angle data were more stable over
time, although the initial data were slightly lower than that of TA-
0%, suggesting more stable surface properties. The low contact
angle data for the samples containing a higher amount of TA are
likely due to the hydrophilic nature of the long cross-linked
segments derived from TA and a low cross-link density. Com-
pression molding at 120 °C for 5 min significantly enhanced the
hydrophobicity of these film surfaces such that all contact angles
were increased (Figure 4B). In contrast to uncompressed films,
both TA-1% and TA-3% displayed higher values than the TA-
0% sample, suggesting that thermal cross-linking plays a sig-
nificant role in enhancing surface hydrophobicity. The potential
for changes in surface morphology or polymer chain packing
density arising during compression molding to modify hydro-
phobic/hydrophilic properties has not been examined.

High-resolution solid-state NMR is a powerful technique able
to explore the intermolecular interactions, molecular motions,
and phase structures of protein materials as demonstrated in our
previous publications (33—40). The *C CP/MAS NMR spectra
of the gelatin/TA samples are shown in Figure 5. The phenolic
resonances of TA are in the range of 100—160 ppm (shown in
Figure 5 on the right) with hydroxyl-substituted resonances at
140 and 145 ppm, whereas the ortho- and para-substituted
carbons appear at 114 and 121 ppm. We note that most TA
resonances became broad and the hydroxyl-substituted reso-
nances (~145 ppm) shifted to low field (high ppm direction) in
gelatin/TA systems. This reflects strong intermolecular interac-
tions between gelatin and TA components, which is also con-
sistent with the plasticization effect observed in the DMA study.

The cross-linking—plasticization effect was further examined
by measuring proton spin—lattice relaxation times in the rotating
frame ("H T} o) as this parameter is sensitive to the molecular
motions of polymer chains in the regions of tens of kilohertz. The
data of gelatin/TA samples cast after reaction at pH 8 were
observed via '>C resonances and are listed in Table 4. Only a
single-exponential 7', decay was obtained from all 13C reso-
nances in all samples, and the data observed from different
resonances in each sample were similar. This indicates strong
spin—diffusion interactions among the various possible phases
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Figure 4. Contact angle data of gelatin/TA and gelatin/Gx films: (A) solution cast (B) compression molded at 120 °C/5 min after solution casting.
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Figure 5. '3C CP/MAS NMR spectra of TA and gelatin/TA films cast after reaction with enlarged spectra at a region of 100—165 ppm shown on the right.

Table 4. 'H Ti, (Milliseconds) of the Gelatin Component in Gelatin/TA
Samples Observed via '*C CP/MAS Spectra

At room temperature, which is below the 7|, of the gelatin/TA
materials, the cross-linking effect would result in a rigid polymer

sample 174 ppm 72 ppm 44 ppm 27 ppm network and thus cause the 'H T} o data to increase. In contrast,

an efficient plasticization effect would mobilize gelatin chains and
TA-0% 43+02 42+02 42402 41403 reduce the 7', value. As the 'H T, values of pure TA and gelatin
TA'1:/° 47401 48402 48+03 46+02 are identical, the spin—diffusion interaction between these two
TA-3% 45+0.1 45402 45+02 43£01 components should not vary the relaxation rates. Introducing a
TA-6% 47+ 041 44403 4540.2 44403 0/ : P

small amount of TA (ca. 1 wt %) into gelatin indeed produced
TA-10% 39+0.1 42402 40402 41402 a1 norease in T values. but when this was further increased (> 3
A 4.040.2 at 145 ppm 42404 at115ppm an increase in 7', values, but when this was further increased (

(such as cross-linked regions, plasticized phases, and others if
existing) had averaged out the relaxation processes of all protons
within the systems. The materials were homogeneous at the scale
of the spin—diffusion path length within the 7', time, ca. 2—3 nm.

wt %), values slightly decreased such that T, values for TA-10%
and TA-0% were similar. Such T, variation reflects a shift from a
predominantly cross-linking effect (when the TA content was low)
to chain mobility enhancement (as TA content was increased). The
cross-link density was relatively low in these gelatin/TA cross-link
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networks due to either low reactivity or a low concentration of
reactive functional groups in gelatin. TA not involved in cross-
linking may remain associated with gelatin molecules via hydrogen
bonding and act as a plasticizer. At higher levels of TA, grafting or
branching reactions could be also promoted, leading to formation
of single covalent linkages between TA and gelatin chains, which
could block normal triple-helix aggregation of gelatin. This could
also contribute to producing a mobile gelatin matrix. The overall
effect is a significant mobilization of the protein matrix leading to a
lower T'j, and corresponding changes in mechanical properties of
the gelatin materials. However, further research is needed to
provide more detailed evidence to clarify the matter.

In summary, this work has demonstrated that cross-linking
reactions between gelatin and TA at pH 8 resulted in a significant
molecular weight increase initially and then the formation of
partially insoluble materials. At a low TA content, the cross-
linking effect was predominant and the cross-linked structure was
stable even under boiling. Both the rigidity of the protein matrix
increased and the mechanical properties of the gelatin/TA films
were enhanced. At higher TA content, grafting and branching
reactions between gelatin and TA were enhanced as well as the
amount of TA molecules not involved in cross-linking. The overall
effect produced an enhancement of molecular motions of gelatin
matrix that displayed similar behavior to plasticized protein
materials. The optimum amount of TA to achieve an effective
cross-linking effect on gelatin matrix was approximately 3 wt %.
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