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Preparation and properties of gelatin films incorporated
with N-hydroxysuccinimide-activated end-bit binary acid
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A series of novel cross-linkers, N-hydroxysuccinimide (NHS)-activated end-bit binary acid (NHS-
Cy4, Cs, Cg, Cs, C1o, C14), were synthesised to modify gelatin films and the crosslinking effects were
compared. Homogeneous films with the exception of the film crosslinked by NHS-C14 were observed
and the thickness was measured using a scanning electron microscope. The section feature influ-
enced by different film-treatment conditions was also recorded. The differential scanning calorimetry
results indicated higher thermal stability. The water contact angles confirmed enhanced hydropho-
bicity. NHS-Cg, which was used as a probe crosslinker, exhibited the best crosslinking effect that
the content of the free -NHjy achieved was the lowest out of all the crosslinkers. The biodegradation
results of gelatin films modified by NHS-Cs exhibited better degradation-resistance and excellent
stability. In addition, the optimal experimental conditions were 45°C for 12 h when [NHS-Cs]/

[-NH,] = 2.5.
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Introduction

Gelatin is generated from collagen in skin, liga-
ments, tendons, etc. by partial acid or alkaline hy-
drolysis. The triple helix of collagen is cracked into
gelatin polypeptide chains with a different molar mass
without interruption of the repeating typical tripep-
tide units Gly-X-Y. Also, as a natural nutritious high
protein food thickener, gelatin is widely recognised as
a biomaterial because of its good physico-chemical and
biological properties and its high mechanical strength.
However, the rapid biodegradation rate and low ther-
mal stability of the non-crosslinked gelatin cannot
match the demand of applications in many cases; this
is one of the crucial factors limiting further use of this
material (Ma et al., 2004; Kozlov & Burdygina, 1983).

Chemical crosslinking is an effective method for
reducing the biodegradation rate and optimising the
thermal properties of gelatin-based materials (Zee-
man et al., 1999; Chang et al., 2012), which involves
the formation of either intra- or intermolecular ionic
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or covalent bonds between the gelatin’s amino acid
residues. Traditionally, glutaraldehyde, pluronics and
diisocyanate (Fathima et al., 2004; Homenick et al.,
2001; Vijayakumar & Subramanian, 2014) have been
most extensively used for gelatin crosslinking. How-
ever, these crosslinkers entail toxicity and side reac-
tions, in particular cytotoxicity and long-term calci-
fication when gelatin is crosslinked with glutaralde-
hyde. Hence, the attention of researchers has been
drawn to readily-prepared crosslinkers with lower tox-
icity, such as successive epoxy, biological extracts
(heparin and transglutaminase) (Niu et al., 2014;
Sztuka & Kolodziejska, 2009), carbodiinide (Velmu-
rugan et al., 2013; Slovikovd et al., 2008) and N-
hydroxysuccinimide (NHS) active esters (Saito et al.,
2004). Kajiyama (2004) described a new method for
the synthesis of activated poly(maleic acid) (Su-PMA)
by the reaction between synthesised «,0-PMA and
NHS in the presence of 1-(3-dimethylaminopropyl)-
3-ethyl-carbodiimide hydrochloride (EDC), and pre-
sented an evaluation of the gelation properties of Su-
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PMA with collagen. Wissink et al. (2001) investi-
gated heparin immobilisation using a non-cytotoxic
crosslinked collagen substrate for endothelial cell seed-
ing and resulted in a material containing 14 free pri-
mary amino groups per 1000 amino acid residues
(E/N14C). The influence of molar ratios of EDC to
heparin carboxylic acid groups (Hep-COOH) on hep-
arin covalently immobilised to E/N14C was evalu-
ated. Iwata et al. (1998) investigated the capacity of
NHS-activated poly (L-glutamic acid) (NHSPLGA) to
crosslink gelatin and enable tissues to adhere with
good tissue compatibility and high bonding strength.

Almost all these studies focus on cytotoxicity in or-
der to satisfy the requirements in drug carriers for tu-
mour treatment, as scaffolds for tissue engineering or
as injectable materials for tissue augmentation (Lai et
al., 2007; Guan et al., 2006), but the microscopic sur-
face texture, hydrophobicity and biodegradation con-
dition were not studied. In addition, end-bit binary
acids, as a wide range of different carbon chain com-
pounds, have attracted extensive attention because of
their reactivity. Succinic acid (Cy4) is frequently used
as an intermediate in dye-production and the medical
industry, and the esterification reaction with alcohol
has been widely researched (Delhomme et al., 2012;
Dud4s et al., 2014). Glutaric acid (Cs), as an initiator
for synthesising resin and rubber, is used to produce
glutaric anhydride (Tsai et al., 2011). Adipic acid (Cs)
is widely used to synthesise active esters while suberic
acid (Cg), sebacic acid (C1g) and tetradecanedioic acid
(C14) are used as ingredients of high-molecular poly-
mer, nylon and plastics (Kristofi¢ et al., 2000; Xie et
al., 2010; Park et al., 2012; Andrianov et al., 1967;
Makedonopoulou & Mavridis, 2001). Although many
studies have focused on these end-bit binary acids,
there have been few investigations of the esterification
reaction with NHS, especially Cg, C19 and Cy4. In ad-
dition, studies of gelatin crosslinked by the active ester
formed between Cg, Cig9, C14 with NHS and a com-
parison of these film materials have been infrequent;
this study serves to remediate this deficiency.

In the current work, one kind of crosslinking
reagents (NHS-C,,) was prepared to crosslink gelatin
and the effects were compared. The thermal proper-
ties, homogeneity in microstructure and hydrophobic-
ity proved to be greater than ever and, in particu-
lar, the section properties influenced by different film-
treatment conditions were also recorded. Test items,
such as differential scanning calorimeter (DSC), water
contact angles (CAs), biodegradation, residual amino
groups test and viscosity were applied in the present
study. In addition, the optimal reaction conditions of
NHS-Cg were explored.

Experimental

Gelatin (type A, obtained from pigskin, with an
approximate molecular mass of 50000 and isoelectric

point at pH = 8 determined by fluorescence measure-
ments), oxalic acid (Caz, AR, 99 %), malonic acid (Cs,
AR, 99 %) and succinic acid (C4, AR, 99.5 %) were
obtained from Sinopharm Chemical Reagent (China).
Glutaric acid (Cs, AR, 99 %) and adipic acid (Cg, AR,
99 %) were sourced from Aladdin (China). Suberic
acid (Cg, AR, 99 %), sebacic acid (Cig, AR, 99 %),
tetradecanedioic acid (Ci4, AR, 98 %), NHS (AR,
98 %) and EDC (AR, 99 %) were purchased from En-
ergy Chemical Technology (China). Dimethylsulphox-
ide (DMSO; AR, 99 %), acetone (AR, 99 %), methanol
(AR, 99 %) and other agents were obtained from Tian-
jin Fu Yu Fine Chemical (China). All chemicals and
other reagents were used as received without further
purification. The 'H NMR spectra were recorded on a
Bruker Advance 400 (Germany) spectrometer and the
chemical shift is given in § relative to internal stan-
dard (TMS). The FT-IR spectra were recorded on a
Nicolet NEXUS 470 FT-IR (Thermo Scientific, USA)
spectrometer.

NHS-C,, was prepared as described by Chen et al.
(2011) with a small modification; end-bit binary acid
(15 mmol each; CQ, Cg, C4, C5, Ca, Cg, Cl(), 014) and
NHS (40 mmol) were dissolved in acetone (25 mL),
and then EDC (30 mmol) was added to the solution.
The clear mixture was gently stirred at 25°C for 24 h.
After the acetone was removed by rotary evaporation
under reduced pressure, the residue was washed sev-
eral times with deionised water and then dried under
vacuum at 50°C. The crosslinker thus prepared was
characterised by the 'H NMR and FT-IR spectra.

To prepare the crosslinked gelatin films, gelatin
was first dissolved in distilled water (3 mass %) then
heated to 45°C for 2 h to ensure complete dissolution.
The mole (-NHy) was set as 1 artificially; meanwhile
the molar mass of the crosslinkers was determined by
the free amino content in gelatin (5.25 x 10~ mol
g~ 1) (Meng et al., 2013), i.e. the different mole of the
crosslinker was formulated by the corresponding times
(0,0.5,1, 1.5,2 2.5, 3, 3.5) of mole (-NHy). Hence, the
final [crosslinker]-to-[-NH;] ratios were 0 : 1, 0.5 : 1,
1:1,1.5:1,2:1,25:1,3:1and 3.5: 1. These cor-
responding gelatin samples were marked as Gel (0),
Gel (0.5), Gel (1), Gel (1.5), Gel (1), Gel (2.5), Gel
(3) and Gel (3.5), respectively. NHS-C,, solutions with
different concentrations were prepared by dissolving
in DMSO, then the mixture was added drop-wise to
gelatin solutions. These solutions were stirred gently
for 12 h at 45°C. NHS-C,, with two active ester groups
was used to crosslink gelatin by the reaction between
the amino and active ester groups (Fig. 1, NHS-Cg as
an example). After the reaction, 30 g of the gelatin
reaction solutions (Gel (2.5) of all crosslinkers) was
poured into a teflon® dish to cast the films. The con-
ditions for formation of all the films, which were first
placed in the mould at 30°C for 2 h and then at 40°C
until dry, had to remain constant. The dry films were
peeled off and dipped in methanol for 36 h to remove
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Fig. 1. Synthetic routes of crosslinked gelatin with NHS-Cs.

the DMSO. After drying, the films were stored in a
desiccator. In addition, the purified films crosslinked
by NHS-C,4 were dissolved in water at 45°C for 2 h and
poured into teflon® dishes to cast the films once again.
However, the films modified by other crosslinkers did
not undergo this two-step film-forming procedure due
to their low solubility in water.

The content of the free -NHs groups was deter-
mined by the improved Van Slyke method at 45°C
(Van Slyke, 1911; Li, 2012). The testing solutions were
mixed with acetic acid and sodium nitrite then stirred
for 45 min. The residual primary amine (mol g~1) was
calculated according to the volume of Ns. The mea-
surement was performed three times at each point.

DSC (Q600SDT, TA Instrument, USA) was used
to detect the denaturation temperature (T4) of the
gelatin films. The gelatin film samples (approximately
2.5 mg) were accurately weighed into aluminium pans
and sealed. The endothermal curve of the crushed film
was recorded from 20°C to 500°C at a scanning rate
of 10°C min~! under a nitrogen atmosphere.

The microscopic surface texture of the prepared
films was investigated at different magnifications
(x 100 and x 1000) using Quanta 200 environmental
SEM (FEI, The Netherlands), and the section feature
was recorded at x 500. The film surfaces were coated
with Au using a metal-spraying device prior to ob-
servation. More than ten micrographs were taken at
an acceleration voltage of 15 kV from different zones
of each surface film under investigation. In addition,
the section features of the films were recorded at the
micron level.

The CAs of all the films were measured by the
Sessile drop method using a DSA100 contact angle
measuring system from Kriiss (Germany). Films with
a thickness of approximately 0.2 mm were obtained
from the aqueous solution of gelatin (Gel (2.5)) ap-
plied onto the surface of a glass sheet then stored at
ambient temperature until dry.

The biodegradation study of the gelatin film mod-
ified by NHS-Cg was carried out according to the
method described by Haroun et al. (2011) with some
modifications. The gelatin films with constant mass
(mgy) were incubated in vitro in a phosphate buffer
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(pH 7.40) at 37°C for different periods (1 d, 4 d, 7 d,
10 d, 13 d and 15 d). After degradation, the films
were washed with water and dried at 105°C to con-
stant mass (m). The biodegradable percentage (D)
was examined by the mass loss according to Eq. (1).
The measurement was performed three times at each
point.

mo — My

D= x 100 % (1)

mo

The inherent viscosity of the gelatin solution
crosslinked by NHS-Cg was determined using an
Ubbelohde viscosimeter at 30°C with the gelatin
(10 mL) solution added to the viscosimeter (¢ 0.43 mm,
China), and the efflux time (¢) was recorded (Ogawa
et al., 2004). The inherent viscosity at the given tem-
perature was calculated according to Eq. (2);

e 2)

where tw was the eflux time of distilled water and ¢
(g mL~!) defined as the mass concentration. All sam-
ples were tested in triplicate.

Time and temperature were explored as the opti-
mal conditions on the basis of the above studies. The
reaction gelatin solutions crosslinked by NHS-Cg were
allowed to react at 45°C for different time intervals
(4 h,8h, 12 h, 16 h, 20 h, 24 h) and, similarly, at dif-
ferent temperatures (30°C, 35°C, 40°C, 45°C, 50°C,
55°C) for 12 h. A double coordinate system was ob-
tained by investigating the residual primary amine
and inherent viscosity.

Results and discussion
Spectra of NHS-C\,

Fig. 2 shows the 'H NMR spectrum of NHS-Cg. 'H
NMR (400 MHz, CDCl3), 4: 1.90 (s, 4H), 2.69 (s, 4H),
2.92 (s, 8H), 7.27 (s, CDCls), which are in accordance
with the characteristic peaks of H in the ideal prod-
uct. The FT-IR spectrum further confirmed the es-
ter structure, which exhibits the bands at 1790 cm ™!,
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Fig. 2. 'H NMR spectra of NHS-Cg.

1732 cm~! and 1628 cm~! due to the stretching vi-
bration of C=0. The same protocol as was used for
the preparation of NHS-Cg, was followed for the other
end-bit binary acid crosslinkers. Their 'H NMR and
FT-IR spectral characteristics were as follows:

NHS-Cy4: 'H NMR, (400 MHz, CDCl3), §: 2.85 (s,
4H), 3.09 (s, 8H), 7.27 (s, CDCl3); FT-IR, #7/cm~!:
1642.65, 1783.95, 1749.6.

NHS-Cs5: 'H NMR, (400 MHz, CDCl3), §: 1.69 (s,
2H), 2.17-2.24 (m, 4H), 2.76-2.85 (m, 8H), 7.27 (s,
CDCl3); FT-IR, 7/cm™*: 1636, 1745, 1704, 1780.

NHS-Cg: 'H NMR (400 MHz, CDCl3), 4: 1.41-1.50
(m, 4H), 1.64-1.70 (m, 4H), 2.63 (t, 4H), 2.84 (t, 8H),
7.27 (s, CDCl3); FT-IR, 7/cm~t: 1645, 1748, 1710,
1785.

NHS-Cio: *H NMR, (400 MHz, DMSO), §: 1.24—
1.34 (m, 8H), 1.59-1.65 (m, 4H), 2.64 (s, 4H), 2.80 (s,
8H), 2.58; FT-IR, 7/cm~1: 1746, 1784, 1831.

NHS-C14: 'H NMR (400 MHz, CDCl3), §: 1.38 (s,
8H), 1.72-1.79 (m, 4H), 2.61 (s, 4H), 2.85 (s, 8H); FT-
IR, 7/cm™1: 1644, 1742, 1779, 1703.

Unfortunately, when the oxalic acid (Cz) and mal-
onic acid (Cs3) reacted with NHS, respectively, al-
though with EDC motivating carboxyl groups, its own
decarboxylation which could not be prevented, pre-
cluded the esterification reaction, which resulted in
a zero result after rotary evaporation under reduced
pressure with or without water washing.

Free -NH2 content of gelatin solution

Fig. 3 indicates the influence of different end-
bit binary esters on the degree of crosslinking with
gelatin, in which NHS-Cg and NHS-Cg exhibit the best
crosslinking effect while NHS-Cy, -Cs, -C1p, and -C14
are the least effective. There may be two reasons for
this. One is that succinic acid (C4) and glutaric acid
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Fig. 3. Residual amino group content of gelatin solution
crosslinked by NHS-C,,.

(Cs) tend to partly decarboxylate to form unsaturated
monobasic acid because of the electron-withdrawing
group -COOH. In addition, C4 and Cs are also inclined
to dehydrate due to forming a stable five-membered
and six-membered ring, respectively; all of these con-
tributed to the poorer crosslink function. Secondly, the
long distance between the two carboxyl compounds
(C10, C14) favoured many adverse reactions, such as
decarboxylation, dehydration, bending and folding of
long carbon chains, which was decisive in the worst
crosslinking effects of sebacic acid (C19) and tetrade-
canedioic acid (C14). The minimal side reactions were
jointly attributed to the greatest crosslinking degree
of adipic acid (Cg) and sacid (Csg), especially Cg.
Specifically, the effect of the crosslinker concentra-
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tion on the residual amino groups was analysed us-
ing the example of NHS-Cg. Fig. 3 shows that the
amount of free -NHj in gelatin decreased sharply with
a small quantity of NHS-Cg added, and then decreased
slightly when the ratio ranged from 0.5 :1to 1.5: 1
then somehow rapidly decreased when the z variable
> 1.5. Interestingly, the amount of free -NH, reduced
to a minimal value of approximately 30 % when [NHS-
Cs]/[-NHs] = 2.5 and an unusual slight decrease was
observed after the ratio exceeded 2.5. The almost lin-
ear decreasing trend when the crosslinker was added
was due to the high reactivity between -NHs and the
active ester group. The reason why the free -NHs
reduced slowly when 0.5 < [NHS-Cg]/[-NH;] < 1.5
and could not react completely may be the kinetically
arrested state which resulted from self-aggregation
by triple helix (Xu et al., 2012). The gelatin self-
aggregation was previously suggested as the reason
for the incompatibility with other biopolymers and
the incomplete reaction with crosslinkers. The wrap
behaviour in the gelatin solution, which produced a
large-scale conformation with larger molecular mass,
was associated with active ester hydrolysis in near-
neutral or alkaline solutions, jointly hindered the reac-
tion between the free -NH, and the dual-active ester.

Thermal stability

Fig. 4 shows the DSC curves of the gelatin films in-
corporating NHS-C,,, in which Ty of all the crosslinked
films were higher than that of the blank film. How-
ever, there was no significant difference between the
various carbon chain-lengths of the crosslinkers (NHS-
C,.). In particular, the gelatin film modified by NHS-
C, is shown in Fig. 4a, in which the endothermic peak
was broad and obtuse with two representative peaks:
295.62°C and 333.8°C. The first peak of 295.62°C
represented the partial denaturation of the modified
gelatin films along with the decomposition of NHS-Cy,
and then decomposed again at 333.8 °C after combina-
tion. In addition, the melting point of NHS-Cy4 was
148.6°C, as shown in the inset of Fig. 4b.

In order to study the influence of crosslinker con-
centration on the thermal stability of the original and
crosslinked gelatin films, the thermogram of gelatin
films modified by NHS-Cg is shown in Fig. 4c, in
which Ty ranged from 285°C to 290°C, 60°C higher
than that of the native film. This was an endother-
mic process in which a phase transition took place in-
volving changes in the lattice and long-range order.
The increase in Ty could be related to the adding
of crosslinkers, which was due to the decreased en-
tropy of the transition and the rupture of hydrogen
bonds to achieve a rearrangement of the triple helix
into a random configuration (Grinberg & Tolstogu-
zov, 1972). It was evident that the curve changed
slightly with variations in the crosslinker concentra-
tion, which indicated that the concentration of the
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Fig. 6. Section properties of films crosslinked by NHS-C,: n = 0 (a); n = 4 (b); with two-step film-forming n = 6 (c); soaked in
methanol for purification n = 6 (d) (without any purification).

crosslinker did not significantly affect the thermal sta-  gelatin films prepared by adding NHS-C,, (n = 0, 4,

bility. 6, 14 as examples) with Gel (2.5). The original films
(Fig. 5a) presented an uneven and chaotic image filled
Surface and section morphology with balls and hollows both at x 100 and x 1000.

With the addition of NHS-C,, (n = 4, 6), the randomly
Fig. 5 shows the surface morphology of crosslinked  distributed fragments were cracked into small pieces
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Fig. 7. Contact angles of films modified with NHS-Cn: n =0 (a); n=4 (b); n=5(c); n=8(d); n=10(e); n=14 (f); n=6
(g-i); films modified with NHS-Cg at different ratio Gel (1.5) (g); Gel (2.5) (i).

and more homogeneous films were formed, which may
be attributed to modification by crosslinkers (Figs. 5b
and 5¢). At x 1000, the same image was observed, in
which the microcosmic ball structure of the original
film and the flakes in the crosslinked films was clearly
recorded. However, when NHS-C4 was added to the
gelatin films, an unusual surface structure appeared
and a flower-like pattern was exhibited at higher mag-
nification (Fig. 5d). That was in accordance with the
macroscopic phenomenon, where films crosslinked by
NHS-C,, (n = 4, 6) were almost transparent and be-
came absolutely white when NHS-Cy4 was incorpo-
rated.

In addition, Fig. 6 shows the thickness and sec-
tion property of crosslinked films at the level of
200 pm, which are 30-100 pm thicker than the origi-
nal film where the thickness was 108.33 pm (Fig. 6a).
Interestingly, there are two phenomena revealed by
Fig. 6. First, the influence of the two-step film-
forming process on the section feature of crosslinked
film. The film crosslinked by NHS-C4 (Fig. 6b) was
more orderly and symmetrical than the NHS-Cg
crosslinked film (Fig. 6c¢); this was due to the two-
step film-forming process of NHS-C4 crosslinked film.
The reason why the film incorporating NHS-Cg and
other crosslinkers lacked this process was on account

of the low solubility of the modified films in wa-
ter.

Another interesting feature was the influence of
DMSO on the film section shape in Figs. 6¢ and 6d,
which were the purified film (soaked in methanol) and
the original crosslinked film without any purification,
respectively. As can be seen in Fig. 6d, the film section
was divided into two layers. The upper was dense and
close while the lower was full of floccules, which may
be caused by the greater density of DMSO that led
to its sedimentation during the film-forming process.
Moreover, the loose and porous structure with many
layers in Fig. 6¢ probably contributed to the removal
of DMSO.

Contact angles

Fig. 7 shows images of the water contact angles
by different crosslinkers NHS-C,,, where the angles in-
crease with the length of NHS-C,, when n < 8 while
they decrease with the carbon chain exceeding 10.
It was certain that the longer carbon chain led to
stronger hydrophobicity and all these explained the
greater contact angles when compared with the blank
film. However, when the chain length of the crosslinker
was too long to obey the law, just as Figs. 7a-T7i
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Fig. 8. Biodegradation of crosslinked gelatin films by NHS-Cg.

showed, the abnormal phenomena of NHS-Cig and
NHS-C;4 could be analysed as follows. First, the re-
duction in the crosslinking level, which was in accor-
dance with the graph of residual amino group (Fig. 3),
accounted for the smaller angles. Second, the uneven
surface contributed to the decreased angles and this
can be inferred from the SEM images (Fig. 5). Finally,
the long crosslinker and gelatin chains may intertwine
and cluster together, resulting in many vesicular struc-
tures and these vesicles provided chances for water to
permeate the films.

The influences of the crosslinker concentration on
the contact angles are shown in Figs. 7g—7i using
NHS-Cg as an example. Compared with the original
film in which the angle was 77.8°, the contact an-
gles increased to 103.92° with a small amount of the
crosslinker (Fig. 7g, Gel(1.5)) added, and the more the
crosslinker reacted, the larger were the contact angles
(Fig. 71, Gel(2.5)).

Biodegradation analysis

The biodegradation rates of the gelatin films
crosslinked by different concentrations of NHS-Cg are
summarised in Fig. 8. The modified films degraded
more slowly than the original films and achieved their
minima when [NHS-Cg]/[-NHg] = 2.5. Seven days af-
ter the start of the biodegradation, the crosslinked
films degraded more slowly than the blank film; this
resulted from the gelatin being a readily-degradable
material which partially degraded when in contact
with an aqueous medium and lost their fibrous struc-
ture. After seven days, all the modified films displayed
much slower degradation rates due to the incorpora-
tion of NHS-Cg into films. In addition, the hydropho-
bic structure of NHS-Cg hindered the biodegradation
of films, which could also be indicated by water con-
tact angles above. In summary, incorporation of the
crosslinker NHS-Cg reduced the biodegradation rate
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Fig. 9. Residual amino group content and inherent viscosity
of gelatin solution crosslinked by NHS-Cg at different
intervals.

of the modified films and the lowest rate was at the
ratio of [NHS-Cs]/[-NH;] = 2.5.

Optimal experiments

Time and temperature exhibited important influ-
ences on the gelatin modification. Figs. 9 and 10 show
the effects of the two factors on the NHS-Cg-modified
gelatin solution. When time was the sole variable, free
-NH, decreased with the crosslinker added while vis-
cosity increased when the time was adjusted from 4 h
to 12 h. This may be explained from three aspects.
First, the sharp reduction in free -NHy from 4 h to
12 h was attributed to the crosslinking procedure be-
tween the residual primary amino and NHS-Cg, and
the somewhat slow rate after 12 h may due to the
molecular cluster in the crosslinked gelatin solution.
Second, the thixotropy, which meant the viscosity was
dependent on time, was a reversible phenomenon. The
external force that caused by deformation of liquid
flowing decreased with time prolonged (Bako$ et al.,
1993). Finally, the crosslinking, which introduced the
macromolecule, contributed to the change of the en-
tire test. That is to say, the longer chains led to a
greater molecular mass and greater friction force, and
all these resulted in greater viscosity.

Fig. 10 shows the content of free -NH5 and changes
in viscosity with temperature. The free -NHs de-
creased rapidly when the temperature was less than
45°C and rose sharply above 50°C. The crosslinking
by NHS-Cg led to the reduction while the hydrolysis of
the gelatin chains at higher temperature contributed
to the rising trend. The fact that the higher tempera-
ture increased the distance between molecules reduced
the molecular attraction as well as internal friction.
All of these led to a declining trend in viscosity as the
temperature increased, hence lower viscosity. In addi-
tion, as the temperature rose, the average velocity of
the liquid molecular movement increased, which led
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Fig. 10. Residual amino group content and inherent viscosity
of gelatin solution crosslinked by NHS-Cg at different
temperatures.

to a shorter contact time with the adjacent molecules
and lower viscosity.

Conclusions

A series of novel crosslinkers, N-hydroxysuccin-
imide-activated end-bit binary acid (NHS-Cg4, -Cs,
-Cg, -Cg, -C10, -C14), was synthesised and introduc-
tion of these crosslinkers changed the structure and
conformation of gelatin. The content of residual free
amino groups of the gelatin solution incorporated
in different crosslinkers was compared. The denat-
uration temperature (T4q) of the crosslinked gelatin
films obtained from DSC increased to a maximum
of 290°C, 65°C higher than that of native films and
the different crosslinkers did not significantly affect
T4. In the SEM images, they exhibited a more ho-
mogeneous and smooth surface microstructure except
when crosslinked by NHS-C;4, and the section struc-
ture influenced by different film-treatment conditions
was recorded. The water contact angle images re-
vealed the good hydrophobicity of the modified films.
In addition, NHS-Cg was used as a probe crosslinker,
which exhibited the best crosslinking effect and the
content of free -NH; was the lowest out of all the
crosslinkers. The biodegradation results showed the
better degradation-resistance and excellent stability
of the films crosslinked by NHS-Cg. The best reac-
tion conditions were achieved at 45°C for 12 h when
[NHS-Cg]/[-NH;] = 2.5. In view of the ever-increasing
use of gelatin, this study will play an important role
in extending the existing NHS crosslinking technique
and will broaden the application of gelatin films.
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