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Abstract
This work describes moisture sorption behavior and other physico-

chemical properties of gelatin/poly (Ani) films. Theglyoxal (Glox) - cross linked 
gelatin (Gel) films have been loaded with aniline, followed by their in-situ 
oxidative polymerization to yield Gel/poly (Ani) composite films. The moisture 
uptake behavior of the plain Gel and Gel/poly (Ani) films has been studied 
under various Relative Humidity (RH) and at different temperatures. The data 
obtained has been interpreted in the terms of GAB model. The thermodynamic 
parameters such as qst and sd have also been determined using Clasius-
Clapeyron equation. It was found that both, the qst and the sd decreased with 
moisture contents. Finally, the films exhibited fair biocompatible behavior.

Keywords: Films; Protein; Gelatin; Cross-linking; Swelling;

Nomenclature
Gel-Gelatin; Poly (Ani)-Poly aniline; Glox- Glyoxal; RH - Relative Humidity; 

ECP- Electrical Conducting Polymers; APS - Ammonium Per sulphate; EMC- 
Equilibrium Moisture Content ;ACD- Acid Citrate Dextrose; OD- Optical Densities; 
GAB - Guggenheim-Anderson-de Boer.

Introduction
 In the last decade, a great emphasis has been made on using Electrical 

Conducting Polymers (ECP) for biomedical applications. Responsiveness of some 
tissues to electric stimuli makes the biocompatible CP’sparticularly attractive 
for several biomedical applications. Availability of such materials may provide 
solutions to many problems in neural biology/medicine [1]. Such materials have 
been shown to modulate activities of nerve, cardiac, skeletal muscle, and bone 
cells. They stimulate cell growth, migration, and adhesion; enhance DNA synthesis 
and protein secretion. One of the widely studied polymers is poly (aniline). 
There have been several reports, published recently, describing synthesis and 
applications of poly (aniline) [2,3]. Poly aniline is a promising conducting polymer 
with still increasing application potential in biomedicine. Its surface modification 
can be an efficient way how to introduce desired functional groups and to control 
its properties while keeping the bulk characteristics of the material unchanged 
[4]. They have also been employed as electrochemical sensors [5,6]. Recently, 
poly (aniline) has also been doped with metal oxide nano particles to obtain light 
tunable devices [7].

Although, poly (aniline) based films appear to have a variety of applications 
in various applied fields, still there is lack of literature related with the biomedical 
applications of poly (aniline) films. One of the reasons is that poly (aniline) films 
have poor solubility, fusibility and processibility [8]. Moreover, it has very poor 
hydrophilic nature which limits its applications for wound dressings and drug 
delivery [9]. One of the strategies to minimize the above mentioned drawbacks of 
poly (aniline) is to prepare its blends with some hydrophilic biopolymer so that 
the resulting polymer can have better hydrophilic nature and may be employed 
in biomedical field. For example, most recently [10] nonwoven mats of electro 

spun poly (lactic acid)/poly aniline blend nano-fibers have been prepared and 
characterized by various analytical techniques. Similarly, Merlini, et al. [11] have 
reported electro spun mats by blending Emeraldine Base (EB) or DBSA-doped 
Poly aniline (PANI.DBSA) with poly (vinylidenefluoride) (PVDF). However, in the 
methods, used to prepare blends, the two polymer solutions are mixed under 
specific conditions so as to prepare the blend with required properties. Contrary 
to this, in our previous communication [12], we developed a new method which 
involved in-situ polymerization of aniline within the gelatin (Gel) film to obtain 
uniform distribution of aniline within the gelatin film. We also investigated 
characterization and water absorption behavior of these films. In continuation, 
we hare by report moisture absorption and biocompatibility of these films.

Experimental
Materials

The monomer Aniline (Ani), the initiator Ammonium Per Sulphate (APS), 
polymer gelatin (Gel) and its cross linker glyoxal (Glox) were obtained from Hi 
Media Chemicals. Mumbai, India and used as received. The various salts, such as 
KOH, CH3COOK, K2CO3, Mg (NO3)2, NaCl, KCl and K2SO4 were obtained from SRL, 
Pune, India and were analytical grade. The Relative Humidity (RH), produced by 
the above mentioned salts, was adopted from the Ref. [13] and the values are 
given in Table I. We used de-ionized water throughout the experiments.

Preparation of glyoxal-cross linked- gelatin Gel films
A pre-calculated quantity of gelatin (Gel) was added in to definite volume of 

water and left for 12 h under moderate stirring to ensure complete dissolution. 
The solution, thus obtained, was filtered using a sieve so as to remove minute 
impurities and finally an almost transparent pale yellow solution of gelatin 
was obtained. The solution was made up to a definite volume so as to get a 10 
%( w/vol) Gel solution. In order to prepare cross linked film, 20 ml of gelatin 
solution was taken in a beaker and to it 0.5 ml of 40 % (vol/vol) solution of Glox 
was added under mild stirring and the total volume was made up to 25 ml with 
distilled water. The above cross linking reaction mixture was transferred in to 
Petri plate and kept in an electric oven (Temp star, India) at 60°C for a period of 5 
h to ensure complete cross linking. The film, thus obtained, were equilibrated for 
6 h in refreshing distilled water to remove un-reacted chemicals, and then dried 
till constant weight.

Preparation of Gel/poly (Ani) film
In the present work poly (Ani) has been synthesized in-situ within the 

gelatin film via oxidative polymerization. We followed the same procedure as 
reported in our previous work. In brief, aniline was dissolved in pre-determined 
quantity of 2M HCl under chilled conditions and thereafter definite volume of 2 % 
(wt/vol)   APS solution was added. Finally, this polymerization mixture  was kept 
overnight in a reaction chamber for a period of 12 h to  ensure compete formation 
of poly (Ani) within the  glyoxal-cross linked gelatin film.  The Gel/poly (Ani) film 
was taken out, washed with water and then allowed to dry at 40°C till constant 
weight.
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Determination of Moisture Sorption Isotherm
The moisture uptake of plain gelatin and Gel/poly (Ani) films was 

investigated using weight measurement approach as described elsewhere [14]. 
The in-lab built apparatus was employed to study the weight gain by the films 
under various relative humidity environments (see Figure 1). A completely dried 
piece of pre-weighed film was placed in the small crucibles and put in the poly 
(propylene) chamber as shown in Figure 1. Indeed, a number of such chambers 
were employed, filled with different saturated salt solutions to produce definite 
RH environments as shown in Table I.  The films were taken out after every 24 h 
till they attained constant weight. The moisture uptake of films was determined 
from the following expression and expressed as g per g dry film.

Figure 1: Moisture sorption isotherms for Gel and poly (Ani)/Gel films at 30°C

Table 1: The water activities (aw) of saturated salt solutions 30oC

Salt aw at 30oC
KOH 0.0738

CH3COOK 0.2161
K2CO3 0.4317

Mg(NO3)2 0.514
NaCl 0.7509
KCl 0.8362

K2SO4 0.97

  All the measurements were made in triplicate and average data are shown

 Blood compatibility
The plain Gel and Gel/poly (Ani) films were investigated for thrombogenity 

and hemolytic potential according to the procedure reported in the International 
Standard Organization (ISO) (ISO 10993-4, 199). A 0.9 % solution of NaCl, with 
final pH adjusted to 7.4, was employed in the study [17]. All the measurements 
were made in triplicate and the average data were used.  

Thrombus formation test
In a typical experiment as suggested elsewhere [18], the test sample, having 

surface area of almost 1 cm2, was equilibrated in 0.8 % saline  for a period of  24 
h at 37°C. Now, the film was taken out and 0.95 ml of Acid Citrate Dextrose (ACD) 
and 0.03 ml of calcium chloride were added on its surface. After a time period 
of 45 min, the blood clotting process was stopped by adding 4.0 ml of water and 
the clot thus formed was fixed by the addition of 2.0 ml of 36 % formaldehyde 
solution. The film was weighed to know the amount of clot formed on its surface. 
The positive and negative controls were taken as glass beaker without sample 
and glass beaker without sample and blood [19]. For comparison, a commercial 
paraffin gauge (G/1289 India) was also used.

The thrombus percentage was calculated as follow:

 Heamolysis test 
The hemolysis tests were performed as described in American Society for 

Testing and Materials (ASTM) [20]. The film samples (area 1 cm2) were kept in 
7mL of 0.9% saline solution taken in test tubes. After 24 h of incubation at 37°C, 
the film samples were taken out, and 0.05 ml of Acid Citrate Dextrose (ACD) blood 
was placed on the surface of each film. After 15 min, 10ml 0.9% saline solution 
was added and the films were kept in the incubator at 37°C for 3 h. Positive and 
negative controls were prepared by adding the same amount of ACD blood to 10 
mL of distilled water and 0.9% saline, respectively. Each tube was gently inverted 
twice to make contact of the blood with the film. After incubation, each fluid 
was transferred to a suitable tube and centrifuged at 100 rpm for 15 min. The 
hemoglobin released by Hemolysis was measured by the Optical Densities (OD) 
of the supernatants at 545 nm using a UV–visible spectrophotometer (Shimadzu, 
Genesis 10-S). The percentage of hemolysis was calculated as follows [21].

According to ASTM F 756-00, materials can be classified in to 
three different categories according to their percent heamolysis. 
Materials with > 5% Heamolysis are classified as haemolytic; while 
2% – 5% are classified as slightly haemolytic and < 2% is considered 
as a non-haemolytic material.

Results and Discussion
Moisture Sorption Behavior

Figure 1 shows the experimental moisture uptake data, for the film samples 
Gel and poly (Ani)/Gel at 30°C. It can be seen that both of the curves are sigmoid in 
shape, exhibiting type-II characteristic isotherms. Such curves are typical for most 
of the biopolymers milk proteins [22], soy proteins [23] polysaccharides such as 
gum cordial [24] chitosan [25], cellulosic materials [26] etc. It may be seen that 
Gel film shows a higher moisture uptake at all water activities as compared to the 
Gel/poly (Ani) film. This may be attribute to the fact that gelatin is a hydrophilic 
polymer with a number of polar groups along the macromolecular chains. These 
groups interact with incoming vapor molecules and fix them along their active 
polar sites, thus causing a higher uptake. On the other hand, the Gel/poly (Ani) 
film has poly (aniline) network as one of the constituent which does not interact 
with vapor due to absence of polar sites along its aromatic structural network. 
However, the observed moisture uptake may simply be due to the presence of 
gelatin molecules. On the isotherms, obtained, three zones are noted; zone – I (aw: 
0.0 to 0.2), zone – II (aw: 0.2 to 0.7) and finally zone – III (aw: 0.7 to 1.0). In the 
region I (termed as monolayer sorption region). The EMC increases with water 
activity due to the presence of a large number of polar groups like –COOH, -NH2 
along the gelatin molecules. These groups act as strong binding sites for incoming 
water vapor molecules. The water vapor molecules are bound very strongly to the 
active polar sites available. Falade and Aworh [27]. In the zone – II also termed 
as multilayer sorption region, Moisture content increases appreciably with water 
activity and at a faster rate. In this zone, though sorption takes place at less active 
site, but there is unfolding of macromolecular chains due to water sorption. 
This results in exposure of new active sites to the incoming vapor molecules, 
thus enhancing the moisture uptake. However, this is more pronounced for pure 
gelatin film. Finally, in the zone – III (usually termed as capillary condensation 
zone) there is sharp increase in EMC which may be attributable to diffusion of 
moisture into voids and capillaries within the film matrix. The water in this zone is 
in the Free State. These isotherms show that substrate adsorbed proportionately 
more water towards the later part of the curves.

The moisture sorption behavior of above film samples was analyzed using 
three parameters GAB (Guggenheim-Anderson-de Boer), which is a theoretically 
derived isotherm model [28] as given below: 
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Where, Mo is the monolayer moisture content, C is a constant related to the 
first layer heat of sorption and K is a factor related to the heat of sorption of the 
multi-layer. In order to determine the parameters of GAB isotherm model, GAB 
equation was re-arranged into a second degree polynomial equation, as shown 
below:

Where, 

and

 A non-linear regression analysis of aw/M as aw yielded   polynomial of 
second order as shown in

The coefficients ,α β and γ were thus obtained from this polynomial equa-
tion and substituted one by one to obtain GAB constants .The related parameters 
for GAB model are given in Table 2. The parameters of GAB model provide im-
portant information about the behavior of substrate in the presence of moisture. 
The value of monolayer moisture content (M0) is indicative of the quantity of 
water molecules that are strongly bound to the active sites present on the surface 
of the substrate. The value of monolayer moisture content (M0) is of particular 
interest since its value indicates the amount of water that is strongly adsorbed 
to specific sites at substrate surface and is considered as the optimum value to 
assure stability of substrate material. Therefore, M0 is recognized as the moisture 
content affording the longest time period with minimum quality loss at a given 
temperature. Below it, rates of deteriorative reactions are minimum. Hence, at a 
given temperature, the safest water activity level is that corresponding to M0 or 
lower.  The values of monolayer content M0, as shown in Table 2, are 0.0260 and 
0.0986 g/g for, poly (Ani)/Gel and pure Gel films respectively. The higher value 
of Mo for the pure Gel film may be attributable to the presence of various polar 
groups along the gelatin chains, thus providing more sites for attachment of wa-
ter vapor molecules as compared to the poly (Ani)/Gel film which contains poly 
(aniline) as one of the constituents. The absence of polar groups in poly (Ani) 
contributes towards lowering of moisture absorption.

1                            (3 )
1

  
o
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α   … − 
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Table 2: Data showing the parameters of GAB isotherm for Gelatin and poly 
(Ani)/Gel based films

GAB parameters Gel/poly(Ani) film Gel film
K 0.9491 0.4765
C 62.9687 11.1336

M0(g g-1db) 0.0620 0.0986
R2 0.9659 0.9390

The GAB constant C describes adsorbent – adsorb ate interactions and it is 
reported that [29] the parameter C should fulfill following relations: for C > 2 the 
GAB model should yield a sigmoidal shape curve with point of inflection (type 
II of Brunauers (1943) classification): and for 0 < C < 2 the isotherm is of the 
type-III only (isotherm without point of inflection). In this study, the value of C 
was greater than 2 for both of the film samples and the isotherm curves obtained 
were also sigmoidal. Thus supporting the above predictions. Finally, the value of 
K provides a measure of the interactions between the molecules in multilayer 
with the adsorbent and tends to fall between the energy values of the molecules 
in the monolayer and that of liquid water. The prescribed range for K values is 0 
< K ≤ 1. As can be seen, the values of K, obtained for both of the film samples fall 
within the prescribed range. 
Effect of temperature on moisture uptake

Temperature of the humid environment plays a significant role in governing 
the moisture uptake of the polymeric films. The moisture absorption isotherms 
of plain Gel and poly (Ani)/Gel films at 283, 293 and 303 K are shown in Figure.3 
(A) and (B) respectively. It can be seen that both of the films, namely Gel and 
poly (Ani)/Gel, show sigmoidal type–II curves at all the temperatures. In addition 
they show negative trends, i.e. the moisture uptake decreases with the increase in 
temperature. This may simply be explained as follows: When the temperature is 
low, the inter molecular attractive forces between the active polar sites within the 
film matrix and the water vapor molecules are strong due to less kinetic energy 
of vapor molecules. However, as the temperature increases, the kinetic energy of 
incoming water vapor molecules increases and therefore they are not so strongly 
bound to the active sites available, thus causing a decrease in the equilibrium 
uptake.

Figure 2: Polynomial curve obtained b/w aw/Mc and aw for gelatin & polyaniline at 20°C

Figure 3A: Effect of temperature on moisture uptake of Gel films

Figure 3B: Effect of temperature on moisture uptake of poly (Ani)/ Gel films
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Evaluation of thermodynamic parameters
The application of thermodynamic principles to sorption isotherm data has 

been used to obtain more information about the properties of water bound to the 
active sites of the film matrix, and physical phenomena on the film surfaces and 
sorption kinetic parameters. These parameters are very significant, particularly 
in case when the film is to be used for packaging of food stuff or similar products. 
The net isosteric heat of sorption (qst) is defined as the total heat of sorption (qst) 
minus the heat of vaporization of water at the system temperature [30]. The net 
isosteric heat of sorption or differential enthalpy shows the energy requirement 
for removing moisture from food material (water - solid binding strength) and 
has a practical use in complete drying calculations and modeling of energy [31]. 
Moreover, entropy change also plays an important role in the energy analysis 
of food processing systems and the differential entropy of sorption, Sd, can be 
calculated using Gibbs- Helmholtzequation [32]. For calculation of qst and Sd, 
various values of moisture contents from 0.75 to 2.0 and 0.06 to 0.44 (gg-1 dry 
basis) were used for Gel and poly (Ani)/Gel films respectively.

Through these values, the corresponding values of aw were determined 
at different temperatures. Byplottingln aw versus 1/T, for a specific moisture 
content of the material and then determining the slope (-qst/R) and intercept 
(Sd/R), the net isosteric heat (qst) and differential entropy (Sd) of sorption were 
obtained using the following equation:

Where, qst is the net isosteric heat of sorption (kJ mol-1), Sd is the differential 
entropy (kJ mol-1K-1), R the universal gas constant (kJ mol-1 K-1), T is the absolute 
temperature, (K) and aw is the water activity. The respective plots between in 
aw and 1/T for Gel and poly (Ani)/Gel films are shown in Figure. 4(A) and (B) 
respectively. Using the slopes and intercepts of linear plots, displayed in Figure.4, 
values of isosteric heat of sorption qst and differential entropy sd were evaluated. 
The data obtained indicated that qst  decreased from 78.94  to 2.34 kJ/mol-1 with 
the increase in  Mc from 0.2 to 0.9 g/g db for native Gel film while the decrease in 
qst was from 48.95 to 3.53 kJ/mol-1 with the increase in Mc from 0.04 to 0.4 g/g 
db for Gel/poly(Ani) film respectively (see Figure.5 (A) and (B)).

st d
w

q S1                  (6)
R T R

-ln a = − …

Figure 4A: Variation in Mc with 1/T for the Gel film

Figure 4B: Variation in Mc with 1/T for the Gel/poly (Ani) film.

Figure 5A: Variation in qst with Mc for the film Gel

Figure 5B: Variation in qst with Mc for the film Gel/poly (Ani).

This decrease can be attributed to the fact that initially sorption occurs at the 
most active sites, thus giving rise to greatest interaction energy. As the moisture 
content increases, the sites available for water vapor sorption decreases, thus 
resulting in lower values of qst [33].  At low moisture content, higher qst values 
could be due to strong interaction between water molecules and hydrophilic 
groups of starch molecules. Almost similar results have also been reported 
elsewhere [34] qst (kJ mol-1).

The differential entropy of sorption Sd versus moisture content plot is also 
shown in Figure.6 (A) and (B). It is clear that differential entropy also decreases 
with increasing moisture content. The value of sd decreased from 0.257 to 0.006 
for the increase in Mc from 0.2 to 0.9 gg-1 db in the case of native Gel film. On 
the other hand, the observed decrease in qst from 0.152 to 0.011 kJ/mol-1  for the 
corresponding increase in Mc from 0.04 to 0.4 was noticed for Gel/poly (Ani) film. 
These results show strong dependence of net isosteric heat of sorption qst and 
differential entropy of sorption Sd on moisture content. Similar trends have been 
also reported elsewhere [35].

Figure 6A: Variation in sd  with Mc for the film Gel
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Figure 6B: Variation in sd  with Mc for the film Gel/poly (Ani).

Entropy-Enthalpy compensation theory
According to compensation theory, there exists a good coorelation ship 

between Sd and qst  [36]. This is expressed mathematically as : 

               Here, Tβ is the isokinetic temperature and the free energy ΔGβ, 
provides a criterion to evaluate if water sorption is a spontaneous (-ΔGβ) or non 
-spontaneous process (+ΔGβ).

The isokinetic temperature (Tβ) is the temperature at which all the sorption 
reaction will takeplace at the same rate. This is a characteristic property of the 
material surface [37], and it represents the slope of the enthalpy-entropy linear 
relationship. The linear plots between qst and Sd for plain Gel and Gel/ poly (Ani) 
films are shown in Figure. 7(A) and (B) respectively. It may be noticed that there 

( )st dQ  T S  G              .. 7β β= + ∆

Figure 7A: Sd versus qst plot for Gel film

Figure 7B: Sd versus qst plot for Gel/poly(Ani) film.

exists a fair correlation between qst and Sd as indicated by the higher values of 
R2 for both of the films. In this work, values of Tβ for the native Gel and Gel/poly 
(Ani) films were found to be 311.41 and 318.61 K respectively. The values of ΔGβ 
were found to be -0.3278 and -0.2378 kJ/mol respectively. The negative values 
are indicative of the spontaneous moisture sorption process for both of the films. 
This is simply attributable to the fact that presence of gelatin as main constituents 
in both of the films causes a predominance of the polar active sites within the 
film matrices and therefore water vapor molecules are sorbed spontaneously on 
the films. In addition, the value of ΔGβ is more negative for plain Gel film due to 
presence of more active sites within the film matrix as compared to the Gel/poly 
(Ani) film.

Thrombus formation test
An anti-thrombogenity activity of paraffin gauge, film samples Gel and 

Gel/poly (Ani) was determined by measuring the weight of a dry blood clot. The 
weights of blood clots were 0.004 ± 0.0002, 0.004 ± 0.0004, and 0.005 ± 0.0003 
g respectively. In addition, the weight of clot on glass film was 0.30 g. Thus, it 
shows that less amount of clot was formed on the films, thus confirming the 
biocompatibility and excellent anti-thrombogenity of the films [38].

Hemolysis test
 The % Hemolysis for the commercial paraffin gauge, Gel and Gel/poly (Ani) 

films was determined to be 0.83 ± 0.05, 1.35 ± 0.09 and 1.07 ± 0.08 respectively. 
As the values obtained were less than 2 %, the samples can be treated as fairly 
non-hemolytic.

Conclusion
It may be concluded from this study that gelatin based film undergoes an 

appreciable change in its water absorption properties due to incorporation of 
poly (aniline) network within the film matrix. The mono layer moisture content 
M0, was found to decrease from   0.0986 g/g to 0.0260 as the Gel film was loaded 
with poly (Ani) network within the matrix. The moisture uptake decreased with 
the increase in temperature for both of the films, namely Gel and poly (Ani)/Gel. 
The net isosteric heat of sorption, qst decreased from 78.94 to2.34 kJ/mol-1 with 
the increase in Mc from 0.2 to 0.9 g/g db for native Gel film while the decrease 
in qst was from 48.95 to 3.5s3 kJ/ mol-1  with the increase in Mc from 0.04 to 
0.4 g/g db for Gel/poly (Ani) film respectively. The hemolysis test indicated that 
both of the samples were non-hemolytic. The films have potential to be used for 
biomedical applications.
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