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Abstract: Xanthan gum (XG) and polyvinylpyrrolidone (PVP) are two polymers with low toxicity, high biocompatibility, biodegradability, and high hydro-
philicity, making them promising candidates for multiple medical aspects. The present work aimed to synthesize a hydrogel from a mixture of XG and PVP and 
crosslinked by gamma irradiation. We assessed the hydrogel through a series of physicochemical (FT-IR, TGA, SEM, and percentage of swelling) and biological 
(stability of the hydrogel in cell culture medium) methods that allowed to determine its applicability. The structural evaluation by infrared spectrum demonstrated 
that a crosslinked hydrogel was obtained from the combination of polymers. The calorimetric test and swelling percentage confirmed the formation of the bonds 
responsible for the crosslinked structure. The calorimetric test evidenced that the hydrogel was resistant to decomposition in contrast to non- irradiated material. 
The determination of the swelling degree showed constant behavior over time, indicating a structure resistant to hydrolysis. This phenomenon also occurred during 
the test of stability in a cell culture medium. Additionally, microscopic analysis of the sample revealed an amorphous matrix with the presence of porosity. Thus, 
the findings reveal the synthesis of a novel material that has desirable attributes for its potential application in pharmaceutical and biomedical areas.
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Introduction

Hydrogels are insoluble three-dimensional networks 
formed from polymer chains capable of absorbing large 
quantities of water or biological fluids due to func-
tional groups in their structure such as -OH-, -COOH, 
-CONH2, and -SO3H (1–3). Their applications include 
the control of drug release (4) and tissue repair (5–7), 
which is part of tissue engineering, in which hydrogels 
function as scaffolding that provides a supporting struc-

ture for cell adhesion, migration, and proliferation (8). 
Likewise, resistance to mechanical forces, degradation 
stability, and chemical functionality (2) make chemi-
cal hydrogels candidates for biomedical applications. 
A wide variety of hydrogels have been developed and 
classified according to their origin, response to stimuli, 
or crosslinking (9,10). One of the advantages of chemi-
cal hydrogels is that their synthesis can be carried out by 
different methods (11,12), including the crosslinking by 
gamma radiation. This technique's principle is mainly 
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based on the use of a radioactive isotope (60Co) as a me-
dium for the formation of ionized molecules and free 
radicals (13). The relevance of this method lies in its 
low cost and elimination of the use of chemical cross-
linkers; furthermore, it promotes a complete reaction 
between chemical species in the medium and provides 
a pure and sterile product (14–16). Among the materi-
als with potential for hydrogels© synthesis, polymers of 
natural origin such as xanthan gum (XG) and synthetic 
origin such as polyvinylpyrrolidone (PVP) are included. 
XG is a natural polymer obtained by the fermentation 
of carbohydrates by bacteria of the genus Xanthomonas 
(17), it is biocompatible, hydrophilic and promotes cell 
adhesion, proliferation, and cell migration (18), further-
more is also suitable for modified drug release (19). In 
contrast, PVP is a synthetic polymer that has also shown 
potential application in the synthesis of hydrogels due 
to its biocompatibility, low toxicity, and the ability to 
generate porous structures (20,21).

Therefore, in this study, we synthesized a hydrogel 
from a natural polymer and one synthetic crosslinked 
with gamma rays. The hydrogel was physicochemically 
characterized by Fourier transform infrared spectros-
copy (FT-IR), thermogravimetric analysis (TGA), and 
swelling degree. Moreover, we examined the morphol-
ogy of the material with scanning electron microscopy 
(SEM). Finally, we performed a biological evaluation 
by determining the stability of the hydrogel in a cell 
medium. Due to the combined use of natural and syn-
thetic polymers, it was expected to obtain a hydrogel 
with optimal biological and physicochemical character-
istics for possible tissue engineering applications as a 
scaffold. Furthermore, the use of gamma radiation fa-
vors the generation of a sterile product free of chemical 
crosslinkers.

Materials and Methods

Materials 
PVP K-30 (Kollidon® 30, Mw 8,000 Da) was ob-

tained from BASF® (Germany). The XG was acquired 
from Disan® (Mexico). The Dulbecco's modified eagle 
medium: nutrient mixture F-12 (DMEM F/12), penicil-
lin and Fetal bovine serum (FBS) were purchased from 
ThermoFisher® (Carlsbad, CA, USA). 

Sample preparation 
Preparation of the aqueous solution of XG and PVP 
(XG+PVP)

The hydrogel was prepared as follows: 36 g of PVP 
k-30 was added in 400 mL of distilled water and was 
stirred until its dissolution, soon after 4 g of XG was 
added to the same mixture, generating an aqueous solu-
tion in proportion 9:1. The solution was homogenized 
with a stirring rod at room temperature.

Preparation of irradiated hydrogel (XG-PVP)
The mixture of polymers in aqueous solution was 

exposed to gamma radiation with 60Co as a source of ir-
radiation, using a Gammabeam 651PT pool radiator and 
Fricke dosimeters dose 25 kGy.

Physicochemical characterization
A sample of the XG-PVP hydrogel was extracted and 

freeze-dried at -49°C, with a pressure of 0.05 mBar for 
24 h. In order to evaluate the physicochemical proper-
ties, the lyophilized hydrogel was characterized by FT-
IR, TGA, SEM, and its swelling degree was determined 
with the hydrogel without lyophilizing. 

Fourier transform infrared spectroscopy 
Samples of the lyophilized XG-PVP, the polymer 

mixture (XG+PVP), and the unit components (XG and 
PVP) were collected and analyzed with FT-IR to de-
termine the possible formation of covalent bonds. The 
results were recorded in an FTIR Nicolet 6700 spectro-
photometer in a range of 4000-500 cm-1.

Thermogravimetric analysis 
XG, PVP, XG+PVP, and XG-PVP were evaluated 

employing a Hi-Res TGA 2950 thermogravimetric 
equipment to know their thermal stability. Each sample 
was analyzed in an ambient temperature range to 500 
°C, with a heating ramp of 10 °C/min, in a nitrogen at-
mosphere.

Swelling degree
Portions of approximately 1 g of XG+PVP (control 

sample) and XG-PVP were exposed to a medium con-
taining distilled water. Each sample was weighed in fal-
con tubes after eliminating the excess of the medium 
every 24 h; five days were taken as the maximum time. 
This test was done by triplicate. 

We calculated the swelling degree of control and the 
XG-PVP sample using equation 1, where mf is the mass 
of swollen hydrogel and m0 is the initial mass of hydro-
gel: 

% Swelling= (mf-m0)/m0 x 100   (1)

Scanning electron microscopy 
We evaluated the morphology and pore size of XG-

PVP by SEM in a field emission scanning electron mi-
croscope (Zeiss Crossbeam 550) with a focused ion 
beam (FIB-SEM). For the determination, the samples 
were coated with a thin layer of gold by plasma-assisted 
deposition using the JEOL Fine Coat Ion Sputter JFC-
1100.

Biological characterization 
We evaluated the stability of irradiated hydrogel in 

a cell culture medium. Samples of XG-PVP without ly-
ophilizing were cut in thin layers and positioned in 200 
µL of cell culture medium DMEM F/12/penicillin 1%/
FBS 10% for a period of 96 h. Each layer was extracted 
from the medium every 24 h, and its physical changes 
were evaluated macroscopically.

Results

Physicochemical characterization

FT-IR 
Figure 1 exposes the analysis of the functional 

groups of the samples employing the FT-IR. Infrared 
spectrum of XG (Figure 1a) demonstrated signals at 
3336 cm-1 due to the O-H stretching of alcohol and car-
boxylic acid; a signal at 2910 cm-1 due to the stretching 
of C-H, possibly due to the absorption of symmetrical 
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Scanning electron microscopy 
We accomplished the evaluation of the morphology 

and pore size of XG-PVP by SEM. The analysis per-
formed in different areas of the material demonstrated 
an amorphous matrix with pores with a length of 300 
µm (Figure 4).

Biological characterization 
We evaluated the stability of PVP hydrogel in a cell 

culture medium to perform the biological characteriza-

and asymmetric stretches of CH3 or even groups of CH2 
and CHO (22); a signal at 1739 cm-1 due to the stretch-
ing of the C=O group of carboxylic acids or ester; and 
at 1031 cm-1 a signal of low-intensity possibly due to 
the C-O stretching. Concerning PVP (Figure 1b), a 
vibration C-H of the CH2 was found at 2913 cm-1 and 
torsion of the same group at 1440 cm-1; the vibration 
C-H by the group CH in 2885 cm-1; the vibration of the 
groups C=O in 1646 cm-1; and the stretching of C-N at 
1280 cm-1 belonging to pyrrolidone and a low-intensity 
signal at 725 cm-1 by the interaction C-C (23). Mean-
while, the line corresponding to XG+PVP (Figure 1c) 
exhibited signals remarkably similar to those expressed 
by the PVP. In contrast, XG-PVP (Figure 1d) did not 
demonstrate the same behavior, as the signals present at 
3399 cm-1, 2950 cm-1, 1214 cm-1, and 736 cm-1 (present 
in the control hydrogel) corresponding to the stretching 
of O-H, CH2, and the C-C interactions (respectively), 
were displaced and decreased in the irradiated sample. 
In XG-PVP, these signals were displayed in bands at 
3417 cm-1, 2944 cm-1, 1220 cm-1, and 730 cm-1. Besides, 
a signal expressed in the control sample in the region 
near 1739 cm-1 disappeared. These results point out a 
possible structural change in the polymers present in the 
irradiated sample.

Thermogravimetric analysis 
The thermal behavior of different samples was deter-

mined by TGA (Figure 2). We observed a weight loss at 
a temperature of approximately 265 °C for XG (Figure 
2a) and 424 °C for PVP (Figure 2b); such losses corre-
sponded to 45% and 86%, respectively. Likewise, two 
losses were denoted for XG+PVP (Figure 2c) at 269 °C 
(0.6%) and 420 °C (66.7%). In contrast, two signals at 
281 °C and 435 °C on XG-PVP (Figure 2d) indicated 
decomposition of 7.4% and 66.4%, suggesting a change 
in its thermal profile.

Swelling behavior 
The determination of the swelling behavior of the 

hydrogels (XG+PVP and XG-PVP) in a medium con-
taining water is depicted in Figure 3. The comparison 
between XG+PVP (Figure 3a) and XG-PVP (Figure 3b) 
demonstrated a stable behavior of XG-PVP and an in-
crease of 10-15%  in the swelling degree.

Figure 1. FT-IR spectra of pure components and hydrogels.  a) 
XG, b) PVP, c) XG+PVP (control), and d) XG-PVP, respectively.

Figure 2. Thermogravimetric analysis. a) XG, b) PVP, c) XG+PVP 
(control), and d) XG-PVP, respectively.

Figure 3. Swelling behavior in the water of hydrogels at room tem-
perature. a) XG+PVP (control), and b) XG-PVP.

Figure 4. SEM image of the XG-PVP hydrogel produced by gam-
ma irradiation. 
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tion. Figure 5 shows the hydrogel's behavior when ex-
posed to the cell culture medium. Periodic evaluation of 
the lamellae for four days revealed a gradual increase 
in the material's size due to its swelling. However, the 
macroscopic study determined the hydrogel's full con-
servation because we did not find signs of ruptures or 
degradation in the samples.

Discussion

XG and PVP (Figure 6) are non-toxic, biodegrad-
able, biocompatible, and low-cost products (24). Addi-
tionally, XG exhibits pseudoplastic behavior, gelling ca-
pacity, and water retention (25).  The importance of XG 
in the synthesis of hydrogels lies in its nature as a poly-
saccharide, which gives it biochemical similarities with 
the extracellular matrix (ECM) (26), allowing the fab-
rication of scaffolds suitable for cell development that 
can be used in tissue engineering (27–29). On the other 
hand, PVP has a broad application in the pharmaceutical 
industry; however, its application in biomedical fields 
is limited, primarily due to its differences concerning 
to body tissues. Due to their promising characteristics, 
we created a hydrogel combining these two polymers 
in an aqueous medium and exposed to a high-energy 
source of irradiation. Subsequently, we employed sev-
eral methods for physicochemical and biological char-
acterization of the new biomaterial.

First, we carried out a structural characterization 
by FT-IR to determine functional groups (Figure 1). In 
concordance with previous reports, we observed sev-
eral characteristic bands corresponding to XG and PVP 
(30,31). However, during the determination of the spec-
trum corresponding to XG+PVP, we found signals at 
similar values to the PVP spectrum. This phenomenon 
may result from the predominance of the concentration 
of PVP regarding XG (9:1). Nevertheless, in the XG-
PVP spectrum, we observed a shift of those signals and 
decreased intensity, suggesting new covalent bonds in 
the polymeric chains (32,33). Likewise, the signal's dis-

appearance at 1739 cm-1 indicates a probable formation 
of hydrogen bonds between the two polymers. The ap-
pearance of these bonds is responsible for the produc-
tion of a cross-network characteristic of hydrogels. It 
comes mainly from the generation of free radicals ob-
tained by the incidence of gamma rays in the sample, 
which follow the chain reactions typical of radicals 
that, in addition to the initiation, include propagation 
and completion of the process (13). Besides the forma-
tion of polymer radicals, it has been demonstrated that 
hydroxyl radicals and hydrogen atoms are also present 
in the medium and come mainly from water radioly-
sis (34,35). The hydroxyl radicals transfer the water's 
reactivity to the polymer chains, since they extract the 
hydrogen atoms from the macromolecules, producing 
macroradicals that react to each other to create bonds 
(15).

In order to illustrate the synthesis of the XG-PVP 
cross-structure, we proposed a reaction mechanism that 
would indicate the possible binding sites between the 
two polymers (Figure 7). Here, HOOC-XG-OH is used 
to depict XG showing multiple hydroxyls (-OH) and 
carboxyl (-COOH) ends-groups. Initially, the hydroxyl 
radicals produced in spurs randomly deactivate radi-
cals from the polymers. Simultaneously, the primary 
radicals of XG and PVP are formed. The XG carboxyl 
and all hydroxyl groups are susceptible to yield prima-
ry radicals. From PVP, the carbons marked as 6 and 7 
are available to form primary radicals in the presence 
of gamma radiation. Next, the deactivation reaction of 
XG and PVP primary radicals is suggested. Therefore, 
PVP radicals can be grafted onto various positions in the 
polysaccharide. Also, the chain scission of the glycoside 
groups owed to radiolitic degradation has been reported 
for doses over five kGy (36,37). As a result, new hy-
droxyl groups will be available to react with the PVP 
primary radicals or water hydroxyl radicals.

Subsequently, we performed a TGA that allowed us 
to identify each of the sample's thermal behavior and 
corroborate the bond formation. The thermograph in 
Figure 2 displays the breakdown of raw materials and 
hydrogels (XG+PVP and XG-PVP). XG exhibited a 
loss of mass of 45% at a temperature of 265 °C (Figure 
2a); according to data reported, this loss is attributed to 
the elimination of CO2, pyruvate, and dimethyl group 
(38). Whereas PVP (Figure 2b) had a significant mass 
loss of 86% close to 424 °C, which may result from the 
release of CO2 and pyrrolidone (39). Comparison of the 
results for raw materials (XG and PVP) and hydrogels 
(XG+PVP and XG-PVP) showed similar decomposi-
tion temperatures; therefore, it could be assumed that 
the values of 269 °C and 281 °C correspond to the decay 
of XG, while the values of 420 °C and 435 °C describe 

Figure 5. Stability of XG-PVP in cell culture medium at different 
contact times. a) 24 h, b) 48 h, c) 72 h, d) 96 h, respectively. 

Figure 6. Structures of xanthan gum (XG) and polyvinylpyrrol-
idone (PVP).



77

Physicochemical and biological characterization of a xanthan gum-polyvinylpyrrolidone.

Cell Mol Biol (Noisy le Grand) 2021 | Volume 67 | Issue 1

Tania López-Huante et al.

the behavior of PVP. A notable difference between raw 
materials and hydrogels is exposed in the percentage of 
weight loss, as XG+PVP and XG-PVP samples present-
ed a lower loss than PVP and XG, demonstrating the 
presence of interactions between the functional groups 
of the two polymers. Nonetheless, in XG+PVP, the de-
crease in weight loss would be attributed to the forma-
tion of hydrogen bonds between the polymer chains, 
while in the case of XG-PVP, it is due to a new structure 
composed mainly of covalent bonds. This hypothesis 
would be supported by the remaining weight present at 
the test end, since XG-PVP had a residual weight of al-
most 20%, while XG+PVP presented 10%. This finding 
is explained by the increased resistance of the irradiated 
material to degradation due to the new bonds formed by 
gamma irradiation.

Another method applied in the hydrogel study was 
determining the swelling behavior (Figure 3), which 
revealed the tendency of XG+PVP and XG-PVP when 
exposed to an aqueous medium at room temperature. 
The exposure of XG+PVP to the medium exposed a bal-
ance in the capacity of swelling after the first 48 h of 
the experiment, and it was that same time in which that 
behavior remained stable. This fact can be explained by 
the existence of weak interactions in polymer chains 
that breakthrough hydrolysis when coming into con-
tact with water, which causes a gradual degradation 
of the material. In contrast, the XG-PVP exhibited an 
increase in swelling degree and a rapid balance in the 
swelling capacity that begins from the first moment of 
exposure to the medium and remains stable up to 96 h. 
Both characteristics in XG-PVP can be due to covalent 
bonds between the polymers that generate a crosslinked 
network and the XG's helical structure (24) that pre-
vent degradation by hydrolysis. Also, crosslinking by 
gamma irradiation promotes the synthesis of a structure 
whose hydrophilic groups are more exposed and which, 
in contact with water, generate the expansion of the net-
work (40). Swelling is one of the essential characteris-
tics in hydrogels since specific pharmaceutical applica-
tions such as wound repair, require this aspect to absorb 
exudates generated in the affected site, whose removal 
helps heal (41).

On the other side, in biomedical applications, the 
generation of an expandable structure promotes the 

imitation of the ECM, and the water intake in the net-
work supports the exchange of cells and nutrients. The 
morphology and characteristics of the material were 
obtained by an SEM analysis (Figure 4), indicating the 
existence of pores of 300 µm in an amorphous matrix, 
which could represent an advantage since porous struc-
tures allow the exchange of nutrients, cell ingrowth, 
and even angiogenesis (42). Several authors have re-
ported distinct pore sizes suitable for different condi-
tions: approximately 5 µm for neovascularization, 5-15 
µm for internal fibroblast growth, 20 µm for hepatocyte 
growth, 20-125 µm for skin regeneration of adult mam-
mals, and 200-350 µm for osteoconduction (10). None-
theless, Cheng et al. (43) demonstrated that magnesium 
scaffolds with a pores size of 250-400 µm promote cell 
differentiation, and larger pores also lead to bone forma-
tion in the implant size. Therefore, our results would 
indicate an optimal pore size for hydrogels intended for 
biomedical scaffoldings. Besides, the presence of pores 
in the hydrogel makes it a candidate for the administra-
tion of drugs since it allows a controlled diffusion of its 
contents by allowing the entry of water (44).

Finally, to determine the hydrogel's stability in the 
culture medium, an experiment was conducted to evalu-
ate the degradation of the product in the culture me-
dium DMEM F/12/Penicillin 1%/FBS 10%. This test 
revealed an increase in the size of XG-PVP sheets after 
24 h (Figure 5). The hydrogel's size remained constant 
along the days, without traces of degradation or rupture 
in the samples, indicating high stability of the hydro-
gel in the medium, which results from the formation of 
the cross-network between the polymers. This finding 
is relevant because a stable hydrogel in the medium 
would promote a desirable scaffold for tissue engineer-
ing. Eyrich et al. (45) demonstrated that long-term gels 
promote cartilaginous tissue development after contact 
with chondrocytes. Additionally, Trattnig et al. (46) per-
formed the morphological evaluation of a commercial 
hydrogel that remained stable for months after implan-
tation in the patient, providing a matrix able to stimulate 
cartilage regeneration.

In summary, we synthesized a hydrogel from a natu-
ral product combined with a synthetic polymer, which 
exhibited suitable morphology, stability, and crosslink-
ing characteristics. Therefore, this new material could 
be considered for applications focused on the biomedi-
cal field.

In this work, we obtained an XG-PVP hydrogel us-
ing gamma radiation as a crosslinking agent of poly-
mer chains. The choice of this synthesis method was 
largely based on that it is an economical and straight-
forward method, and sterile products are obtained. Our 
tests provided evidence on the synthesis of an interwo-
ven polymer product with optimal characteristics such 
as suitable pore size, stability in the swelling process, 
and steadiness when exposed to a cellular environment. 
Moreover, the combination of polymers promises the 
generation of a material with high potential for phar-
maceutical and biomedical applications as both materi-
als are classified as biocompatible and biodegradable. 
Lastly, the use of a naturally occurring product such as 
XG would allow obtaining a hydrogel that could mimic 
the ECM.

Figure 7. Proposed mechanism for the XG−PVP hydrogel synthe-
sis.
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