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ABSTRACT: This work was aimed to study the effect of
natural polyphenols extract (Acacia nilotica bark) on physico-
chemical properties of crosslinked gelatin-poly(acrylamide-
co-acrylic acid), Gel-poly(AAm-co-Ac), polymeric biocompo-
site film. Gelatin-based composite films have extensive
application as biocompatible biomaterial as drug carriers,
cosmetics, and agricultural food packaging. The prepared
composite films were characterized using Fourier transform
infrared spectroscopy (FTIR) and differential scanning calo-
rimetry (DSC), in addition to the swelling and degradation
behavior. UV-Vis absorption spectra and scanning electron
microscopy (SEM) were also applied to observe the interac-
tion between Gel-poly(AAm-co-Ac) and natural polyphenol

(catechin). The study has demonstrated that the involvement
of hydrogen bonding and hydrophobic interactions as the
major forces involved in the stabilization of gelatin-based
polymeric biocomposite film by the plant polyphenols (cate-
chin and gallic acid derivatives). Thermal stability studies of
crosslinked gelatin-based composite film revealed that A.
nilotica bark extract stabilizes the gelatin molecules and
leads to moderate increase of the denaturation temperatures
relative to the uncrosslinked one. VC 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 116: 2825–2832, 2010
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INTRODUCTION

Research in recent years has clarified that hydropho-
bic binding between proteins and polyphenols,
mainly condensed tannins, is significant importance
in protein–polyphenol interaction. The efficacy of
polyphenols in this complexation process derives
from the fact that they act as polydentate ligands
acting through several potential sites (phenolic resi-
dues) with the protein.1 Vegetable tannins are classi-
fied as hydrolysable and condensed tannins.2 Vege-
table tannins (natural polyphenols) constitute one of
the most numerous and widely distributed catego-
ries in the plant kingdom, with more than 8000 phe-
nolic structures currently known. Generally, only the
plant polyphenols with molecular weight between
500 and 3000 Da are called tannins.3 Pharmacologi-
cal properties of tannins have been investigated
based on recent advances in the structural study of
tannins in medicinal plants and various properties
of tannins including antitumor and antiviral effects
have been revealed.4 Gelatin is obtained from colla-
gen by heating above the helix-coil transition tem-

perature. When such heating is carried out in solu-
tion, it collapses of the rod like three stranded
collagen unit into a random coil. Moreover, there is
a partial disaggregation of individual chains leading
to a (one chains), b (covalently bonded pair), and c
(three covalently bonded chains) coiled polymeric
units. Gelatin films cast from solution at tempera-
tures below the helix-coil transition temperature
(cold-cast gelatin) partially rebuild the tertiary struc-
ture, whereas, films cast above the critical tempera-
ture level (hot-cast gelatin) are completely amor-
phous.5 Gelatin has gained more attention as edible
films for its abundance and biodegradability.6 It is
unique among hydrocolloids in forming thermo-re-
versible with a melting point close to body tempera-
ture, which is particularly significant in edible and
pharmaceutical applications.7 But gelatin film does
not have ideal mechanical properties and water
vapor barrier as most protein films, which limit its
application as edible film and biomaterial. Chemical
and physical treatments can be applied to modify
the polymer network through crosslinking of the
polymer chains to improve protein film functional-
ity. The chemical agents used for crosslinking
include aldehydes, gossypol, calcium salts, and
others, while physical treatments are such as UV
and c irradiations.8 Now, aldehydes which bond
very quickly to proteins are usually used to crosslink
gelatin, but aldehydes have toxicity, which may not
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be tolerable in many fields. Though some enzyme
such as transglutaminase and natural crosslinking
agent genipin have been investigated as crosslinking
agents for protein film.9–11 Over the past few years,
edible films as food and druggery packagings have
attracted more interest, which may be because of ed-
ible films can enhance food quality by acting as
moisture, gas, aroma, and lipid barriers and provide
protection to a food product after the primary pack-
age is opened.12 Also, such films are biodegradable,
which will reduce pollution of traditional nonbiode-
gradable plastic films.13 When gels are cooled below
30–35�C the random coil polypeptide chains link up
to form collagen-like triple helices for part of their
lengths, resulting in a so called physical gel. The
shear modulus of gels have been shown to increase
with increasing helical content. The modulus can be
further enhanced by introducing covalent chemical
crosslinks between single strand chain segments.14

This article investigates the influence of the natural
polyphenols extract (Acacia nilotica bark) on the
physicochemical properties of the crosslinked Gel-
poly(AAm-co-Ac) polymeric biocomposite film.

EXPERIMENTAL

Materials

Edible gelatin obtained from Davis Gelatin (NZ),
Christchurch, New Zealand. Poly(acrylamide-co-
acrylic acid) partial sodium salt, viscosity 50,000 cps,
obtained from Aldrich. Bark of A. nilotica (L.)
Delile15 was collected from Upper Egypt in April

2009. Identification of the plant was confirmed by
the Department of Flora Agricultural, Faculty of Sci-
ence, Cairo University. All other chemicals were of
analytical grade.

Extraction and isolation of the natural polyphenols
from A. nilotica bark

Powder of the air dried bark of A. nilotica (2 kg) was
defatted with chloroform and extracted with metha-
nol : water mixture (7 : 3) at room temperature. The
combined extracts were filtered, evaporated under
reduced pressure and lyophilized (300 g). The dry
extract was redissolved in 2 L distilled water and
extracted with 100% ethyl acetate. After evaporation
of the solvent, the ethyl acetate extract and the
remaining aqueous phase gave dark brown solids. It
was loaded on polyamide 6S column (50 � 3 cm).
The column was eluted with distilled water and
then water–ethanol mixtures of decreasing polarity.
The resulting fractions (1, 2, and 3) were then frac-
tionated. The first one was loaded on Sephadex LH-
20 column chromatography using aqueous ethanol
for elution to give catechin and catechin-5-O-gallate.
Fraction 2 was subjected to column chromatography
on cellulose using n-butanol saturated with water as
an eluent to give two major subfractions, then each
of them was separately fractionated on Sephadex
LH-20 to yield pure quercetin-3-O-glucoside and gal-
lic acid. The fraction 3 gave chromatographically
pure catechin-7-O-gallate and methyl gallate, as
shown in Table I.

TABLE I
Phytochemical Screening of A. nilotica Bark Extract

Chemical structure Functional groups Compounds

R1¼¼R2¼¼OH Catechin
R1¼¼gallic acid Catechin -7-O-gallate
R2¼¼OH
R1¼¼OH Catechin-5-O-gallate
R2¼¼gallic acid

Quercetin 3-O-glucoside

R¼¼H Gallic acid
R¼¼CH3 Methyl gallate
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Preparation of the crosslinked gelatin-based
polymeric biocomposite films

(1.0) g gelatin was dissolved in 50 mL distilled water
with constant stirring at 40�C then add different con-
centrations of A. nilotica bark extract (0, 3, 6, 8, and
10) wt % for 1 h. Followed by addition of aqueous
solution of poly(AAm-co-Ac) in a different ratios (1 :
1, 2 : 1, and 1 : 2) for further 1 h at 50�C. The prod-
ucts were poured into different Petri dishes, then
cooling at �8�C and finally drying at 50�C. Keeping
the prepared polymeric biocomposite films for fur-
ther investigation (Table II).

UV-Vis absorption spectra

The UV spectra of A. nilotica bark extract and the
crosslinked composite films (III and V) were
recorded using Perkin Elmer spectrophotomer. A.
nilotica (40 mg)bark extract was put into 10 mL volu-
metric flask. Then distilled water was added to
scale. Saturated solution was obtained after sample
was shaken for 24 h at 22�C as there still was insolu-
ble part of polyphenol at the bottom of the sample.
Saturated solution (2 mL) was taken out and diluted
to the extent necessary for UV spectrophotometric
measurement. The absorbance value of diluted solu-
tions was determined.

Swelling and degradation properties

The polymeric biocomposite films were weighed in
air dried conditions (Wd). They were then immersed
in physiological buffer solution (phosphate buffer sa-
line, pH �7.4) for different periods of time (5, 30,
and 60 min). After that, the wet samples were wiped
with filter paper to remove excess liquid and
reweighed (Ww). All samples under investigation
were photographed for visual assessment of the deg-
radation. The swelling percentage (Sw%) was calcu-
lated as follows:16,17

Sw% ¼ ½ðWw �WdÞ=Wd�100

All samples were placed in sealed glass vials in the
dark till the end of the study period.

Fourier transform infrared spectroscopy

The composite films were examined using Perkin-
Elmer Fourier transform infrared spectroscopy
(FTIR) under certain conditions, such as: scan resolu-
tion: 4 cm�1, scan rate: 2 mm sec�1, range: 4000–600
cm�1, and mode: transmission.

Scanning electron microscope morphology

The structural features of the prepared composite
films were investigated, at high magnification
(X1000) and resolution by means of energetic elec-
tron beam, using JEOL-5600 LV scanning electron
microscope (SEM). Before observation, the fractured
surfaces were coated with Au with SEM coating de-
vice (Edward spotter coater). Three micrographs
were taken from different zones of each surface film
under investigation.

Differential scanning calorimetry

Calorimetric measurements were performed using
PerkinElmer Diamond differential scanning calorim-
eter (DSC) equipped with a model PII intercooler.
Temperature and enthalpy calibration was per-
formed using high purity standards (benzene and
indium). The measurements were carried out on
known amounts of crosslinked gel films (3–4 mg of
dried sample), which had been stored in a mixed of
water/ethanol in the ratio 2 : 3 for 72 h. The wet
samples were wiped with filter paper to remove
excess liquid and hermetically sealed in aluminum
pans (to prevent any loss of liquid during measure-
ments). Heating was carried out at 10�C min�1 in
the temperature range from �50 to 220�C and
another run from 15 to 300�C. Denaturation (TD)
was determined as the peak value of the correspond-
ing endothermic phenomena. The value of denatura-
tion enthalpy (DH) was calculated with respect to
the weight of air dried gelatin.18 The renaturation
level (X%) was calculated according to the equation:

ðX%Þ ¼ ½DH=DHT�100

where DHT ¼ 44 j/g is the melting enthalpy of ten-
don collagen, which was examined in the same
conditions.

RESULTS AND DISCUSSIONS

The phytochemical screening of A. nilotica
bark extract

The phytochemical investigation of the aqueous
ethanol extract of A. nilotica bark proved that it

TABLE II
Composition of the Crosslinked Gelatin-Based Polymeric

Biocomposite Films

Sample code
Gel-poly

(AAm-co-Ac)

A. nilotica bark
extract

conc. (%)

I 1 : 0 0
II 1 : 0 3
III 1 : 1 3
IV 1 : 1 6
V 1 : 1 8
VI 1 : 1 10
VII 2 : 1 3
VIII 1 : 2 3
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contains catechin, catechin-7-O-gallate, catechin-5-O-
gallate, quercetin 3-O-glucoside, gallic acid, and
methyl gallate. The structures of the isolated com-
pounds were established through chromatography,
as well as conventional chemical and different spec-
troscopic methods of analysis (UV, Mass and 1/2-D
NMR),19,20 as shown in Table I.

Influence of A. nilotica bark extract on the
structural features of the gelatin-based polymeric
biocomposite film

Structural diversity of gelatin chain units determines
the specific features of gelatin properties. Most of
the synthetic polymers show no such features that
are typical of the most biopolymers. FTIR spectrum
of gelatin [Fig. 1(A)] exhibited characteristic peaks at
1657, 1535, and 1238 cm�1 corresponding to amide I
band (CO stretching, strong), amide II band (NH
bending and CN stretching, weak) and amide III
band (CN stretching and NH bending, weak),

respectively. Free amino groups (NH2) stretching
band of amide A was overlapped with overtone of
NH bending of amide B21 in the region 3280–3480
cm�1. The characteristic bands of amides IV,V, VI,
and out of plane NH bending appeared in the
region 640–800 cm�1. FTIR spectra of the crosslinked
gelatin with A. nilotica bark extract, Gel-poly(AAm-
co-Ac) and poly(AAm-co-Ac), as shown in Figure
1(B–D), respectively, illustrated that the characteris-
tic peaks at 1735 and 1650 cm�1 with low intensities,
in addition to the broad band in the region 3100–
3650 cm�1, which corresponding to the hydrogen
bonding the interactions between the hydroxyl
groups (AOH) of the polyphenols (catechin, gallic
acid) and the amino groups (ANH2) of the gelatin
molecules. This indicated that the crosslinking reac-
tion between polyphenols and gelatin could be taken
place. To study the interaction of A. nilotica bark
extract with the gelatin molecules theoretically. Cate-
chin–collagen triple helix interaction has been previ-
ously studied22,23 using the molecular mechanical
calculations. Catechin has been placed appropriately
near the side chain groups present in catechin and
they can act as hydrogen bond donor/acceptor with
different side chain groups of amino acids namely,
asparagine (Asn), glutamine (Glu), lysine (Lys), and
Proline (Pro). Therefore, the bond length and angle
between catechin and the mentioned specific binding
sites of the gelatin were calculated and reported in
Table III. As expected, all the complexes exhibited
hydrogen bonding. Multiple hydrogen bonding of
the hydroxyl groups of the catechin with the func-
tional groups of the gelatin and the hydrophobic
interactions of the benzopyran rings of the catechin
with the hydrophobic residues of the gelatin are the
major forces involved in the stabilization of gelatin
by polyphenol.

Swelling and degradation behavior

Gelatin is soluble in aqueous solution and a few
minutes of storage in physiological solution is

Figure 1 FTIR spectra of (A) gel, (B) crosslinked Gel, (C)
crosslinked Gel-poly(AAm-co-Ac) at 3 wt % A. nilotica
bark extract, and (D) poly(AAm-co-Ac).

TABLE III
Theoretical Prediction of Hydrogen Bond Sites, Distance,
Angle for Catechin and Gelatin Triple Helix Complexes

Interaction site of
amino acid
in gelatin

AOH position
in Catechin

Bond
length

Bond
angle

Asparagin 3 1.111 135
4� 1.342 131.1

Glutamine 3 1.111 135
4� 1.341 131

Lysine 3 1.111 135
4� 1.342 131.1

Proline 3 1.171 146
4� 1.311 143.3
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sufficient to induce considerable swelling of the
films, as it can be inferred from the data reported in
Figures 2 and 3. The results indicate that swelling
reduces on increasing the triple helix content of the
samples. Also, it displayed that swelling percentage

of crosslinked gelatin films decreased with increase
of concentration of A. nilotica bark extract. It was
proposed that the increase of crosslinking degree
resulted in the decrease of gelatin combination with
water.

Scanning electron microscopic morphology

SEM was used to examine the morphology of the
composite biopolymers. Figure 4 shows SEM-micro-
graphs (1000 X) of (A) crosslinked Gel; (B) cross-
linked Gel-poly(PAAm-co-Ac) 1 : 1; and (C) cross-
linked Gel-poly(PAAm-co-Ac) 2 : 1 polymeric
biocomposites; at 3% A. nilotica bark extract and
60�C. It displayed that both crosslinked gelatin and
composite films have smooth surfaces [Fig. 4(A,B)].
It should noted that PAAm-co-Ac soluble in aqueous
solution. Moreover, the present composite, which
contains both gelatin and poly(AAm-co-Ac) (1 : 1)
has interpenetrating networks. While, At high

Figure 2 Effect of A. nilotica bark extract concentration on
the swelling percentage of Gel-poly(AAm-co-Ac) polymeric
biocomposite.

Figure 3 Photographs of the Gel-poly(AAm-co-Ac), (A) before and (B) after degradation. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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gelatin concentration [Fig. 4(C)], it was supposed
that for the native gelatin film and the polymeric
matrix presented an orientation in the form of fibers
with the presence of discontinuous zones character-
ized by cracks and randomly distributed along the
length of the network. These discontinuous zones
could be related to the formation of preferential
channels during the process of drying.

UV-Vis absorption spectra

Figure 5 shows the UV-Vis absorption spectra of A.
nilotica bark extract alone and crosslinked gelatin
using 3 and 8 wt %, respectively. The results showed
that the absorption peak of A. nilotica bark extract
(catechin) treated gelatin shifted towards lower
wavelengths, which were no caused by the polyphe-
nol (catechin) itself. So, it was proposed that the
shifts were caused by the formed complex. We could
make suggestions about the mechanism of catechin
crosslinking gelatin film as follows: Catechin can
combine with gelatin, firstly form soluble complex,
which can be confirmed by absorption peak of Cate-
chin at 270 nm shifts toward lower wavelength
according to UV-Vis absorption spectra. When the
degree of combination is suffice, the complex precip-
itates from the solution. The reaction was reversible
and alkali can make the complex analyze to poly-
phenol (catechin) and protein (gelatin). When poly-
phenol comes precipitation of gelatin from solution,
two situation are envisaged. At low gelatin concen-

trations, the polyphenol associates at one or more
sites on each gelatin chain to give a monolayer,
which is less hydrophilic than gelatin itself [Scheme
1(a)]. Aggregation and precipitation then occur
where the gelatin concentration is high. The rela-
tively hydrophobic surface layer is formed by com-
bination of different gelatin molecules through mul-
tidentate polyphenol [Scheme 1(b)]. From the
previous results, it could be concluded that polyphe-
nol (catechin) as crosslinking agent had improved
the mechanical properties of gelatin-based film.24

Thermal behavior

The DSC data of collagenous materials exhibits an
endothermic peak associated to the helix-coil transi-
tion of collagen (Table IV). The value of the denatu-
ration enthalpy associated to this peak is related to
the relative amount of triple helical structure in the
samples and is significantly lower for gelatin with
respect to collagen. A. nilotica bark extract stabilizes
the gelatin molecules and leads to moderate increase
of the denaturation temperature. The crosslinked
gelatin II has 264.7 and 301.9�C relative to the
uncrosslinked one I (223.2 and 276.2�C). The pres-
ence of two transition in the polymeric biocomposite
films III (-42.1 and 15.4�C) and VI (-21.8 and 40.2�C)
suggests that the mixture of poly(AAm-co-Ac) and
gelatin resulting in two structures with different
thermal stability. The first transition at low tempera-
ture can be due to the gelatin not crosslinked with
the natural polyphenols. This can be explained by
the difficulty of the natural polyphenols access to
the gelatin molecules in the internal matrix of the
film, which could be blocked by the presence of
poly(AAm-co-Ac). The second transition at higher
temperature suggests that the stabilization of the gel-
atin molecules exposed at the surface of the film by
the action of the A. nilotica bark extract is a function
of its concentration. The denaturation transition has
been ascribed both to hydrogen bonds, which break
endothermically and to covalent crosslinks, which
break exothermically. The previous studies of gelatin
films25–28 have revealed that when films cast at
room temperatures and lower, the gelatin macromo-
lecules have mainly a collagen-like helical structure.
At the same time, in films prepared from aqueous
solutions by evaporating the solvent at temperatures
above 35�C, gelatin macromolecules assume the con-
formation of a statistical coil with no indications of
ordering. The kinetic nature of the helix formation
process necessitates storage of gelatin gels for a cer-
tain period time before drying. During this period,
the maximum degree of helicity is attained. The
degree of renaturation of the collagen-like helical
structure may vary substantial during the casting of
the gelatin films and may attain high values in films

Figure 4 SEM-micrographs (1000 X) of (A) crosslinked
Gel, (B) crosslinked Gel-poly(AAm-co-Ac) 1 : 1, (C) cross-
linked Gel-poly(PAAm-co-Ac) 2 : 1 at 3 wt % A. nilotica
bark extract.
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cast from well aged gels. As expected, Figure 6.
clearly shows the linear relationship between the dif-
ferent types of gelatin film and the calculated rena-
turation level (X%).

CONCLUSIONS

A. nilotica bark extract could be used as crosslinking
agent, which contains catechin, catechin-5-O-gallate,
catechin-7-O-gallate, quercetin-3-O-glucoside, methyl

Figure 5 UV-Vis absorption spectra of A. nilotica bark extract, Gel crosslinked with 3 and 8 wt % of A. nilotica bark
extract, respectively.

TABLE IV
DSC Data of the Crosslinked Gelatin-Based Polymeric

Biocomposite Films

Sample code Transition temp (�C)

Poly(AAm-co-Ac) 17.2, 120.7, 224.9, 252.3
I 76.0, 223.2, 276.2
II �4.4, 38.2, 264.7, 301.9
III �42.1, 15.4
VI �21.8, 40.2

Scheme 1
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gallate, and gallic acid. The IR results suggest that
the structural features of gelatin were not affected
with the presence of poly(AAm-co-Ac) and the natu-
ral polyphenols. This was by the presence of typical
bands in the spectrum for both gelatin and poly
(AAm-co-Ac). However, the IR spectra for cross-
linked Gel-based polymeric composite film showed
characteristic broad band, which suggests that the
hydrogen bonding and/or the physical interactions
may be occur between gelatin, A. nilotica bark extract
and/or poly(AAm-co-Ac). Also, A. nilotica bark
extract crosslinking of gelatin molecules in the
blended networks promotes a reduction in both
swelling and degradation of the polymeric biocom-
posite films. The availability of crosslinked gelatin-
based polymeric biocomposite together with the use
of natural polyphenols as crosslinking agent, could
provide a successful answer to those biomedical
problems, where gelatin application is some how
hindered by its poor physicomechanical properties.
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