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Introduction

Polysaccharides are widely used as gelling and stabilizing 
agents in food products and various attempts have been made 
to relate their microstructure to these properties[1-3]. Natural 
polymers, such as polysaccharides, have become increasingly 
important because of their low cost, high availability, low toxicity 
and biodegradability[4]. In particular, in the pharmaceutical area, 
their application as agents for cell adhesion and growth and as 
drug delivery systems has been exploited[5-7].

Guar gum (GG) is a natural polysaccharide extracted from 
Cyamopsis tetragonoloba seeds. Chemically, it consists of 
a linear long chain molecule of β(1→4)-linked D-mannose 
residues with single linked α(1→6)-D-galactose[8-10]. The ratio 
of mannose to galactose units (M/G) varies from 1.5:1 to 
1.8:1 depending on climatic variations[11]. It has been used for 
different industrial purposes related to foods, pharmaceuticals, 
nutrition and cosmetics[12]. Among other properties, GG is 
highly soluble in water and is able to form homogeneous edible 
films. Its full solubility, due to the great number of hydroxyls 
found in its structure, can be a disadvantage depending on the 
application[13]. One alternative used to reduce the solubility and 
to improve the thermal and mechanical properties is the addition 
of cross-linking agents[14]. According to the literature, only 
a few agents have been used to cross-link GG. For example, 
Gliko-Kabir  et  al.[15-17] studied the cross-linking of GG using 
glutaraldehyde and trisodium trimetaphosphate. The systems 
were evaluated in terms of the thermal behavior and the viability 
of their use as delivery systems. In other study, Burruano et al.[18] 
evaluated the cross-linking of GG with sodium borate solution 
and reported that the process was efficient in terms of reducing 
the solubility. Also, Chaurasia  et  al.[19] prepared cross-linked 
guar gum microspheres using glutaraldehyde as a cross-
linking agent. In the same study the authors studied different 
formulations and parameters that could affect the preparation 
and properties of the microspheres in order to optimize the 
process used to obtain small, discrete, uniform, smooth-surfaced 
and spherical microspheres.

In our study, was used 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (EDC) as the cross-linking agent, 
which is known to be of low toxicity and has been found to 
modify side-groups on proteins and polysaccharides. Cross-

linking with carbodiimides is of particular interest in terms of 
biological applications because it does not remain in the GG 
structure, since it is released forming a urea derivative which can 
be removed by washing with water. Characteristics such as the 
low toxicity and the simple removal of the sub-products (urea) are 
advantageous in comparison to formaldehyde and glutaraldehyde 
which have been extensively used to cross-link polysaccharides 
and proteins[20,21]. Carbodiimides have been used, for example, to 
cross-link blends of collagen and polyvinyl alcohol and shown 
to be more efficient in the release of a growth hormone than the 
same system cross-linked with glutaraldehyde[22]. Liang et al.[23] 
studied hydrogels of gelatin cross-linked with EDC and genipin 
lattices. The authors observed that carbodiimides can form 
intra- and intermolecular bonds in gelatin. Macroporous and 
nanofibrous gelatin scaffolds cross-linked with EDC were studied 
by Liu  et  al.[24] and the results showed their great dimensional 
stability when used as a support for tissue regeneration. 
Kolodziejska and Piotrowska[25] evaluated the water vapor 
permeability, mechanical properties and solubility of films of 
gelatin and chitosan chemically modified with transglutaminase 
or EDC using glycerol as a plasticizer. The results showed that 
the cross-linking process in the presence of glycerol does not 
improve the barrier and mechanical properties.

The goal of this paper was to evaluate the viability to form films 
from guar gum cross-linked by 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (EDC) as the cross-linking agent. 
In addition, the cross-linked system was evaluated considering 
the water solubility, swelling behavior, water vapor absorption, 
thermal stability and mechanical properties.

Experimental

Materials

Guar gum (GG) and 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (EDC) were purchased from Sigma-
Aldrich (St. Louis, USA). Ethanol, ether and acetone were 
purchased from Nuclear (SP, Brazil) and Span 80, Tween 80 and 
castor oil were purchased from Vetec (RJ, Brazil).

With the exception of guar gum, the other materials were used 
without further purification.
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Guar gum purification

The guar gum was purified through the method described by 
Cunha  et  al.[26]. The GG was boiled for 10 minutes in a solution 
of 80% ethanol (v/v), filtered and the residue washed with ethanol, 
acetone and ether. The GG was stirred for one hour to complete 
hydration, and the solution was then centrifuged at 2000 RPM for 
15 minutes. The supernatant was precipitated with two volumes 
of acetone. The GG was re-dissolved under stirring for 24 hours 
and the solution was centrifuged at 6000 RPM for 1.5 hours. The 
supernatant was precipitated with two volumes of ethanol, washed 
with acetone and dried in hot air.

Non-purified and purified GG films were analyzed by SEM 
microscopy (figures  not shown). The non-purified films had a 
heterogeneous and rough surface while the purified ones were 
homogeneous and smooth and apparently without porosity.

Film formation

The film-forming solution was prepared by dissolving 0.5 g 
of guar gum (1% wt/v) in 50 mL of distilled and deionized water 
(pH = 6.8 ± 0.2) under stirring for 24 hours. A concentration of 1% of 
guar gum was used in order to obtain films with ca. 0.2 micrometers 
of thickness. After total solubilization, the solution was placed in a 
Teflon petri dish for solvent evaporation under ambient conditions. 
The films formed were carefully removed from the petri dish and 
stored in desiccators for later use.

For the cross-linking process, an appropriate amount 
(10-30%, w/w) of 1-ethyl-3-(3-dimethylaminopropyl) hydrochloride 
(EDC) was added to the film-forming solution. After the addition of 
the EDC, the solution was left for around 5 minutes and spread onto 
a Teflon petri dish, dried and stored in desiccators for later use.

Fourier-transform infrared spectroscopy

Fourier-transform infrared (FTIR) spectra were obtained on a 
Perkin-Elmer PC-16 spectrometer with a resolution of 4 cm–1, in the 
range of 4000-400 cm–1. The FTIR analysis was performed using 
0.2% (m/v) GG films at 25 °C.

Water absorption, swelling ratio and solubility

The swelling ratio (SR) was measured as a function of time. In 
this procedure, pre-weighed pieces of cross-linked GG films, dried 
in a vacuum oven until constant weight, were immersed in distilled 
water at room temperature under controlled stirring. At different 
time intervals, samples were taken from the water, the film surfaces 
were dried with filter paper and the swollen samples were weighed. 
The SR was calculated as the ratio between the swollen and dry 
sample weights. The experiment was carried out in triplicate.

For the water solubility tests, the films were first cut into 
small pieces (3 cm × 3 cm) and kept in a drying oven at 60 °C 
for 24  hours. The dried films were placed in a desiccator for 
approximately 20  minutes to reach the equilibrium temperature 
(25 °C) and the initial weight (m

1
) was determined. The weighed 

films were immersed in 50 mL of water for 24 hours. The films were 
then removed from the water and dried in an oven for 48 hours at 
80 °C. The films were again stored in a desiccator for approximately 
20 minutes before the determination of the final weight (m

2
). The 

solubility (S) was calculated through Equation 1, where m
1
 and m

2 

are the sample weights before and after the immersion in water, 
respectively.

−
= 2 1

1
100

m m
S x

m

	

(1)

The water vapor absorption (WVA) was determined according 
to the method described by Angles and Dufresne[27]. The samples 
(2 × 2 cm) were stored in a vacuum oven to remove the moisture. 
The pre-weighed samples were conditioned at room temperature 
in a desiccator under a constant relative humidity of 98%. At 
predetermined time intervals the samples were removed and 
weighed. The WVA was calculated according to Equation 1, where 
m

2
 and m

1 
are the sample weights after and before the exposure to 

98% relative humidity, respectively.

Thermogravimetric analysis

The thermal stability of the samples was evaluated through 
thermogravimetry using a TGA 50 instrument (Shimadzu). 
Measurements were taken from 25 °C to 600 °C (heating rate 
of 10  °C  min–1) under an inert nitrogen atmosphere (flow rate of 
50 mL min–1).

Differential Scanning Calorimetry (DSC)

The glass transition temperature for uncross-linked and cross-
linked GG films were determined by DSC (Shimadzu model 
DSC‑50). Firstly, samples with ca. 10 mg were heated (20 °C/min) 
from room temperature to 200 °C. The samples were then cooled 
with liquid nitrogen to –50 °C and re-heated to 130 °C at 10 °C/min. 
Both, scans were carried out under nitrogen flow (50 mL/min) and 
the Tg values were obtain from the second run.

Mechanical analysis

The mechanical properties were analyzed on a Universal Testing 
Machine (EMIC-DL-2000). The samples of each film composition 
were tested according to the ASTM D882-95a method. Before the 
tests, the samples were maintained for 15 days at 20 ± 5 °C and at 
47 ± 5% of relative humidity, and a set of twelve specimens from 
each sample was tested.

Results and Discussion

Cross-linking of guar gum films

The efficiency of the cross-linking process is, in general, 
evaluated through the decrease in the polysaccharide and protein 
solubility. In our case, the uncross-linked films of GG were totally 
soluble in water, while after the cross-linking process the films were 
almost insoluble and maintained their integrity after immersion in 
water. The solubility values, evaluated through the mass loss of the 
GG films with 10%, 20% and 30% (w/w) of EDC, were 27.7%, 
25.0% and 24.3%, respectively. The average solubility of the cross-
linked films was thus ca. 26%, indicating that the cross-linking 
process was efficient, which is in agreement with the results for 
the water vapor absorption and swelling behavior discussed below. 
Similar results were obtained by Marquié et al.[28] for films formed 
from cotton proteins, in which the solubility decreased to 30% 
after cross-linking with formaldehyde. Galietta et al.[29] observed a 
decrease in solubility from 43 to 30% in milk whey protein-based 
films treated with formaldehyde as compared to the unmodified 
film. In another study, unmodified fish-skin gelatin films, which 
are totally soluble in water at 25 °C, showed 27% of solubility 
after cross-linking with transglutaminase (TGase). Similarly, the 
solubility of fish-skin gelatin/chitosan films at 25 °C and pH  6 
decreased from 65% to 26% and 21% after cross-linking with 
TGase and EDC, respectively[25].

The proposed mechanism for the cross-linking of GG films (A) 
is depicted in Figure 1. The carbodiimide (B) is electrophilic and 
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Figure 1. Schematic representation of the proposed mechanism for the reaction between guar gum and EDC.
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firstly undergoes a nucleophilic attack by the hydroxyl groups of 
the GG, with the formation of a pre-derived urea compound as an 
intermediate (C). A second nucleophilic attack by OH groups on 
the electrophilic carbon of the intermediate then occurs, releasing 
the urea as an output group. In the cross-linking reaction new 
ether linkages are formed in the GG structure (D), with a urea 
derivative as a by-product (E)[21,30,31]. The cross-linking mechanism 
is associated with a reduction in the number of hydroxyl groups in 
GG. This process is responsible for the decrease in the affinity of 
GG toward water, decreasing, as a consequence, its solubility. On 
the other hand, the by-product formed is an ionic compound, easily 
removed by washing with water.

The formation of a urea derivative and, thus, the success of 
the cross-linking process, were confirmed by UV spectroscopy 
(data not shown). The EDC aqueous solution showed an absorption 
band at 213 nm which was not observed in the solution of the washed 
cross-linked films. The washed film solutions were also analyzed to 
confirm the presence of the urea derivative. The solution showed 
absorption bands at between 260-280 nm, which corresponds to the 
UV absorption of urea[32].

The cross-linking of GG was also confirmed by FTIR 
spectroscopy. In Figure 2 the spectra of pure GG, GG/EDC 20% (w/w) 
and washed GG/EDC 20% (w/w) films are shown. The spectrum of 
the pure GG (spectrum A) showed absorption bands associated with 
the stretching vibration of ─OH in the 3600‑3200 cm–1 region, ─CH 
in the 3000-2800 cm–1 region and at 1419 cm–1 (bending vibration), 
bending vibration of ─OH at 1640 cm–1 and stretching vibration 
of C─OH at 1020, 1070 and 1155 cm–1[33-35]. After cross-linking 
with EDC (spectrum B) new bands at 2125 cm–1 (─N═C═N─), 
1700 cm–1 (carbonyl group) and 1565 cm–1 (N-H) associated with a 
stable amide such as N-acylurea, were observed. According to the 
mechanism shown in Figure 1, N-acylurea is expected to be formed 
as a result of the reaction of carboxyl groups of GG with an excess 
of carbodiimide[36-38]. In this study, the molar concentration of EDC 
used in the cross-linking reaction was around 20 times higher than 
that of the carboxyl groups of GG.

As previously mentioned, EDC is not incorporated into the 
lattice structure of the polysaccharide and the excess along with the 
N-acylurea can be removed by washing the films with water. Indeed, 
after the washing process, the bands related to the water-soluble 
N-acylurea were not observed (as expected, spectrum C is similar 
to spectrum A), confirming the proposed cross-linking mechanism 
(Figure 1).

The cross-linking process was also evaluated considering the 
glass transition temperature (Tg) of the uncross-linked film and 
those cross-linked with 30% EDC. The DSC curves (Figure 3) show 
that the Tg increased from 12.5 °C to 38 °C after the cross-linking 
process. In fact, several authors have reported similar results, 
suggesting that the increase in the Tg is associated with the cross-
linking process[29,39]. For example, an increase in the Tg has been 
previously observed for polyurethane-carboxymethylated guar gum 
films after cross-linking with calcium chloride[40].

In general, it is accepted that the Tg increases when cross-links 
are formed in a system, due to the restriction of the polymer chain 
mobility and the consequent increase in the rigidity of the system[41]. 
The above results are consistent with the results obtained for the 
FTIR analysis and solubility behavior, confirming that the process 
used for the cross-linking of GG by EDC was efficient.

Water absorption

The water absorption of cross-linked GG films was analyzed 
considering the swelling (SW) behavior and the water vapor 
absorption (WVA). As previously described, the uncross-linked 

films were fully soluble in water and for this reason the water 
absorption was analyzed only in the case of the cross-linked films.

The results for the SW of GG films with different amounts of EDC 
are shown in Figure 4. The SW decreased by a factor of approximately 
1.6 when the amount of EDC used to cross-link the films increased 
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Figure 2. FTIR spectra of: (a) pure GG; (b) GG film cross-linked with 20% 
EDC, and (c) same as sample B after washing with water.

Figure 3. DSC curves of uncross-linked GG film and GG film cross-linked 
with 30% EDC.

Figure 4. Swelling behavior of GG films with 10, 20 and 30% (w/w) of EDC.
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from 10 to 30% (absorptions of 395% to 235% after 24  hours, 
respectively). This behavior is associated with the hydrophilic 
character of the films, which changed according to the percentage 
of EDC added to the system. Although the solubility of the cross-
linked films (range of 10-30% EDC) is almost the same (ca. 26%), the 
degree of cross-linking seems to differ, i.e., more hydroxyl groups are 
available in the GG/EDC 10% system when compared with GG/EDC 
30%. The presence of a higher number of free hydroxyl groups favors 
the interaction with water molecules, which probably occurs through 
hydrogen bonding, increasing the SW.

In Figure 5 the WVA curves for the GG systems with 10%, 20% 
and 30% of EDC are shown. A similar trend in the SW behavior was 
observed, i.e., the guar gum films with 30% of EDC showed a lower 
WVA when compared to the system with 10% EDC. However, the 
effect on the WVA was less significant than that on the SW. For 
example, for the GG/EDC 10% film the SW and WVA were ca. 
380% and 115%, respectively. On increasing the amount of cross-
linker to 20 and 30%, the percentage of WVA decreased to 90 and 
75%, respectively, after 144 hours.

On analyzing Figures  4 and 5 it can be observed that the 
absorption equilibrium was not totally reached after 24 hours and 
144 hours for the SW and WVA, respectively. However, the SW of 
guar gum cross-linked with 10% EDC reached equilibrium in two 
hours (315%), which corresponds to approximately 80% of the 
total water absorbed in 24 hours (395%). For the same system, the 
WVA reached approximately 80% of the total absorbed (115% in 
144 hours) in 24 hours, suggesting that the absorption rates are totally 
different in terms of the two properties studies (SW and WVA).

The above results demonstrate that the guar gum is able to 
absorb large amounts of water, which is an important characteristic 
for applications such as drug delivery systems. At the same time, it 
was demonstrated that the absorption is dependent on the guar gum 
cross-linking process.

Thermal stability

The thermal stability of uncross-linked and cross-linked GG 
films was analyzed and the thermogravimetric parameters are 
summarized in Table 1. The films of pure GG showed two stages 
of mass loss within the ranges of 63-98 °C and 288-327  °C, 
corresponding to mass loss percentages of 9.5% and 71.3%, 
respectively. In the first stage, the percentage of mass loss was 
assigned to the release of moisture from the films. According to 
Soppirnath and Aminabhavi[42] the second stage corresponds to 
the loss of hydroxyl groups as water molecules and scission of the 
main chain of GG. Gliko-Kabir et al.[15] reported that the thermal 
degradation of polysaccharides occurs through random scission of 
the glycosidic bonds, followed by a further decomposition, and the 
degradation of GG is caused by a sequence of cleavages of galactose 
and mannose from the GG backbone.

The relative thermal stability of the samples (pure GG and 
GG cross-linked with different amounts of EDC) was analyzed 
considering the degradation temperature and residual mass at 
600 °C. In comparison with the pure GG (T

2 
= 330.9 °C), the 

degradation temperature of the cross-linked samples decreased to 
values within 280-300 °C, suggesting that the addition of EDC 
affected the thermal stability of the GG. This effect was observed 
to be stronger in the cross-linked natural polymers due to changes 
in the polymer structures. For example, the thermal stability of GG 
was improved by cross-linking with low amounts of glutaraldehyde, 
but decreased when high amounts of the same cross-linker were 
used[15]. In agreement with this scenario, in the GG films cross-
linked with 10%, 20% and 30% of EDC, the temperature of the 
maximum degradation rate for stage 2 decreased to values lower 

than 300 °C, suggesting a loss of thermal stability. One explanation 
for this behavior is that with the cross-linking process and, as a 
consequence, the formation of intra-cross-linking reactions within 
the GG chain, the hydrogen bonds, and in turn the polymer structure, 
was affected reducing the thermal stability[15].

Mechanical properties

In general, the mechanical properties of films obtained 
from proteins and polysaccharides have been associated with 
their chemical structure and film stiffness[43,44]. The mechanical 
characteristics are also dependent on additives, such as, plasticizers 
and cross-linking agents.

Table 2 shows the mechanical parameters obtained for the GG/
EDC films with different amounts of cross-linker. On increasing the 
percentage of EDC from 10% to 30% the TS decreased by ca. 64%, 
while the elongation increased by ca. 45%. The cross-linking process 
in films generally increases the TS and decreases the percentage of 
elongation. However, the opposite behavior observed in our case 
for the GG/EDC system is in agreement with results reported for 
other polysaccharide and protein systems[23,45]. The EDC interacts 
with hydroxyl groups from the backbone or from the galactose side 
group, blocking the hydrogen bonding sites on the guar gum and 
consequently reducing the intermolecular interactions between the 
polymer molecules. According to the proposed mechanism detailed 

Table 2. Mechanical properties of uncross-linked and cross-linked GG/EDC 
films. 

Guar gum
Tensile 

strength (MPa)
Elongation at 

break (%)
Young’s 

modulus (MPa)

EDC (%)

0

10

20

30

33.7 ± 1.5

43.8 ± 6.2

36.5 ± 3.6

16.0 ± 1.2

1.7 ± 0.2

2.0 ± 0.6

2.7 ± 1.4

2.9 ± 1.2

3232.3 ± 588.0

2968.7 ± 652.5

2135.4 ± 196.7

1062.3 ± 238.5

Table 1. Thermogravimetric parameters of guar gum films.

Guar gum 
Stage 1 Stage 2 Residue(c)

 (%)T1
(a) P1

(b) T2
(a) P2

(b)

EDC (%)

0

10

20

30

71.7

38.7

56.5

46.1

9.5

2.8

3.6

6.1

330.9

298.7

294.6

284.0 

71.3

63.7

62.7

61.5

19.2

33.5

33.7

32.4
(a)Temperature of maximum degradation rate. (b)Percentage of mass 
loss in each stage of degradation. (c)Residual mass at 600 °C.

Figure 5. Water vapor absorption of GG films with 10, 20 and 30% (w/w) 
of EDC.
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above, the EDC interacts with the hydroxyl groups of GG forming 
ether groups and increasing the chain volume. A similar effect was 
observed for acetylated GG by Shenoy et al.[46] where simultaneously 
to the decrease in TS an increase in E occurred. These effects were 
attributed by the authors to a decrease in free hydroxyl groups due 
to the ether bonding caused by the acetylation process.

Conclusions

In this study the effect of the cross-linker EDC on the properties 
of guar gum films was investigated. EDC appears to be a good 
cross-linking agent with the advantage of being non-toxic. In 
terms of the cross-linking mechanism, the incorporation of EDC 
led to the formation of ether linkages in the guar gum structure, 
reducing the number of hydroxyl groups available to interact with 
water, making the structure less polar and consequently reducing 
its water solubility. The results obtained indicate that the use of 
guar gum cross-linked with EDC promotes the formation of films 
with adequate thermal and mechanical properties and appropriate 
levels of hydration for their application in cell adhesion and drug 
delivery systems, and these applications will be the subject of 
further investigation.
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