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Abstract: The purpose of our study was to obtain new wound dressings in the form of hydrogels that promote wound healing taking advantage of the broad 
activities of elastin (ELT) in physiological processes. The hydrogel of ELT and polyvinylpyrrolidone (PVP; ELT–PVP) was obtained by cross-linking induced 
by gamma irradiation at a dose of 25 kGy. The physicochemical changes attributed to cross-linking were analyzed through scanning electron microscopy (SEM), 
infrared spectroscopy analysis with Fourier transform (FTIR), differential scanning calorimetry (DSC), and thermogravimetric analysis (TGA). Furthermore, 
we performed a rheological study to determine the possible changes in the fluidic macroscopic properties produced by the cross-linking method. Finally, we ac-
complished viability and proliferation analyses of human dermal fibroblasts in the presence of the hydrogel to evaluate its biological characteristics. The hydrogel 
exhibited a porous morphology, showing interconnected porous with an average pore size of 16 ± 8.42 µm. The analysis of FTIR, DSC, and TGA revealed changes 
in the chemical structure of the ELT–PVP hydrogel after the irradiation process. Also, the hydrogel exhibited a rheological behavior of a pseudoplastic and thixo-
tropic fluid. The hydrogel was biocompatible, demonstrating high cell viability, whereas ELT presented low biocompatibility at high concentrations. In summary, 
the hydrogel obtained by gamma irradiation revealed the appropriate morphology to be applied as a wound dressing. Interestingly, the hydrogel exhibited a higher 
percentage of cell viability compared with ELT, suggesting that the cross-linking of ELT with PVP is a suitable strategy for biological applications of ELT without 
generating cellular damage.
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Introduction

Skin lesions due to burns, pressure ulcers, or dia-
betes represent a global problem due to the excep-
tional management required. The significant fluid 
loss, tissue damage, and the probability of infection 
exemplify parameters to consider in wound healing. 
In this regard, the use of dressings as a treatment for 
wound healing signifies an attractive option because 
they promote an ideal micro-environment for re-
covery, preserve the moisture in the wound, provide 
adequate gas exchange, stimulate the synthesis of 

growth factors, and protect the wound from patho-
gens (1,2). In recent years, the use of wound dress-
ings based on biopolymers has generated massive 
interest because they offer certain advantages over 
other materials (3–5), such as biocompatibility, high 
biodegradability, and the ability to stimulate the tis-
sue regeneration (6). Moreover, these biopolymers 
can be combined with other synthetic polymers to 
form reinforced dressings such as hydrogels. 

Hydrogels are three-dimensional networks char-
acterized by their high hydrophilicity. These can be 
obtained by physical or chemical methods of poly-
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mers cross-linking, such as gamma irradiation (7,8). 
Cross-linking by gamma irradiation is an efficient 
method for hydrogels synthesis (9) because the 
gamma rays possess the required energy to ionize 
molecules either in the air or in water (10), generat-
ing reactive sites along the polymer chain, allow-
ing the combination of these radicals, and leading 
to the formation of a large number of cross-links 
(7). Besides, this chemical modification improves 
the physicochemical and mechanical properties of 
the combined biopolymers, while their natural bio-
compatibility, biodegradability, and lack of immu-
nogenicity are retained.

In this respect, elastin (ELT) and polyvinylpyr-
rolidone (PVP) are polymers widely used for the 
manufacture of biomedical scaffolds (11). ELT is 
a structural protein of the extracellular matrix that 
provides elasticity and strength to various tissues 
(12). It also modulates cellular behavior, trigger-
ing biological responses such as chemotaxis, cell 
migration, and proliferation (13). Likewise, ELT is 
part of the architecture that supports cell growth, 
and its synthesis is involved in the production and 
maintenance of tissues. Due to these functions, ELT 
allows the formation of sophisticated biomaterials 
(14). On the other hand, the PVP is a biocompatible 
and biodegradable polymer that exhibits interest-
ing biological properties, including low toxicity, the 
suitable transmission of water vapor, and imperme-
ability to bacteria (8).

This study aimed to obtain a new polymer (ELT–
PVP hydrogel) through the simultaneous irradiation 
of polymers in aqueous solution (15). The hydro-
gel was characterized through physicochemical and 
biological techniques to describe its novel chemi-
cal structure and biological compatibility as a po-
tential activity for wound dressing in the repair of 
wounds. The hydrogel presented interconnected 
porous, which could permit cell internalization and 
migration during wound healing. It also showed a 
rheological profile of a pseudoplastic type due to 
the cross-linking of ELT and PVP. Regarding the 
biological activity, cell proliferation and viability 
tests were performed in human dermal fibroblasts, 
which revealed that the ELT–PVP hydrogel was 
biocompatible after the chemical cross-linking.

Materials and Methods

Materials
Alpha fraction hydrolyzed ELT (70,000 Da) was 

purchased from Drogueria Cosmopolita (Mexico 
City, Mexico), and PVP K-30 (8,000 Da) was ob-
tained from BASF® (Ludwigshafen, Germany). 
Fetal bovine serum, penicillin, phosphate-buff-
ered saline, and streptomycin were acquired from 
GIBCO® (United Kingdom). DMEM/F12 medium 
and viability/cytotoxicity kit for mammalian cells 
were obtained from ThermoFisher Scientific (Carls-
bad, CA, USA). Crystal violet was purchased from 
ROTH®  (Karlsruhe, Germany), and paraformalde-
hyde was acquired from Merck® (Germany). 

Methods

Synthesis of ELT–PVP hydrogel 
Alpha fraction hydrolyzed ELT was blended with 

PVP K-30 maintaining a 15:1 ratio of PVP to ELT 
(7.45% w/v and 0.5% w/v, respectively) to obtain a 
final concentration of 7.95% w/v. The mixture was 
irradiated at 25 kGy with 60Co in a Gammabeam 
651PT deep pool type radiator (Instituto de Cien-
cias Nucleares, Universidad Nacional Autónoma de 
México, Mexico City). For dosimetry, Fricke do-
simeters, acrylics, and radiochromic dye films were 
used. ELT and copolymer (ELT–PVP) samples 
were lyophilized at conditions of -49 °C and 0.06 
mBar for 24 h (FreeZone 1, Labconco®, MO, USA).

Scanning electron microscopy
In order to determine the morphology of the 

ELT–PVP hydrogel, the lyophilized sample was 
analyzed by scanning electron microscope (SEM; 
JCM6000, Jeol, Japan) under high vacuum condi-
tions, and the pore size was determined using the 
ImageJ software.

Swelling ratio test
Dry and pre-weighed samples of ELT–PVP hy-

drogel were immersed into PBS 1X at room tem-
perature to evaluate the absorption capacity. The ex-
cess of PBS was removed at different time intervals 
(0, 1, 2, 3, 4, 5, 6, and 7 days), and the weight of the 
samples was recorded. For each time, three samples 
were evaluated, and the results were expressed as 
mean ± SD. The percent of swelling ratio was cal-
culated using the following formula:

Where Wi refers to the weight of the dry sample, 
and Wf is the weight of the swollen sample.

Spectral analysis
Infrared spectroscopy analysis with Fourier trans-

form (FTIR) was carried out to determine the func-
tional groups present in the samples of the ELT–PVP 
hydrogel. The evaluation was performed through an 
infrared spectrometer (Alpha-FT-IR Bruker, USA), 
and measurements were made in a range of 400 to 
4,000 cm-1, with a resolution of 2 cm-1.

Thermal properties
The thermogravimetric analysis (TGA) of the ly-

ophilized samples was carried out in a calorimeter 
Q5000 (TA Instruments, Delaware, USA) to evalu-
ate the thermal properties of the polymers. The anal-
ysis was carried out at a heating rate of 10 °C/min, 
with a temperature range of 0-800 °C, under a ni-
trogen atmosphere. The weight loss was determined 
from the experimental data. Differential scanning 
calorimetry (DSC) was performed on a calorimeter 
Q2000 (TA Instruments, Delaware, USA) at a heat-
ing rate of 10 °C/min, with a temperature range of 
20-350 °C. Enthalpy changes were determined from 
the experimental data.



66

Wound dressing by radiation-induced graft polymerization of elastin onto polyvinylpyrrolidone.

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

María Luisa Del Prado-Audelo et al.

culture conditions (37 ºC, 5% CO2). Images of hy-
drogel were recorded at 1, 3, and 7 days of culture 
in a ZEISS Axio Zoom.V16 Microscope.

Results

Morphology of the ELT–PVP hydrogel
The morphology of the ELT–PVP hydrogel was 

examined by SEM; its microstructure is depicted in 
Figure 1. The new biopolymer presented an inter-
connected porous structure, where the average pore 
size was 16 ± 8.42 µm.

Swelling
The swelling behavior of ELT–PVP is showed 

in Figure 2. The highest percentage of the swelling 
ratio (40 %) was observed at 72 h of the experiment. 
Negative values indicated the dissolution process 
after reaching the water uptake equilibrium.

Spectral analysis
In order to analyze the possible chemical chang-

es due to gamma radiation, FTIR was performed 
to ELT, PVP, ELT+PVP, and ELT–PVP (Figure 3). 
For ELT spectrum (line a), the signal of 1,646 cm-1 
corresponded to the amide I band, while the bands 

Rheology
In order to determine the viscosity profiles, the 

rheology analysis was performed in a viscometer 
(Brookfield CAP 2000 viscometer, USA), using the 
No.1 needle, with a constant temperature of 37 °C 
and controlled humidity. The shear rate experiment 
was performed from 1,600-8,000 s-1 and vice versa 
at intervals of 1,600 s-1, the viscosity records were 
made after rotating for 20 s at each shear rate (16). 
Also, experiments at the constant shear rate were 
carried out at 2,000 s-1 during 1,800 s. The viscos-
ity record was made every 120 s. Each sample was 
analyzed in triplicate using 250 µL of sample per 
analysis.

Cell viability assay
Calcein and ethidium homodimer (EthD-1) as-

says were carried out in human dermal fibroblasts 
to analyze the hydrogels cytotoxicity. Viability/
cytotoxicity Kit for Mammalian Cells was used 
according to the manufacturer´s specifications. Fi-
broblasts were cultured with DMEM/F12 medium 
supplemented with 10% w/v of FBS and 1% w/v 
of penicillin/streptomycin. After 10th pass, 10,000 
cells were cultured per well in 48 well culture plates 
and were treated with the following experimental 
conditions: PBS (control), ELT (0.1, 0.15, 0.2 and 
0.25% w/v), or ELT–PVP (0.1, 0.15, 0.2 and 0.25% 
w/v). The concentration ratio of ELT–PVP was ac-
cording to the concentration of ELT in the hydrogel. 
The cells were incubated with the treatments for 24 
hours; then, they were stained with calcein (1 μM) 
and EthD-1 (2 μM) for one hour. Photographs were 
taken in an epifluorescent microscope (Zeiss Ax-
iovert), and the number and percentage of positive 
cells for calcein and EthD-1 were counted using Im-
ageJ software.

Cell proliferation assay
The analysis of the promotion of cell prolif-

eration by the hydrogels was performed through a 
proliferation curve using crystal violet (CV) and 
human dermal fibroblasts. First, 2,500 fibroblasts 
were seeded in a 48 well culture plates and incu-
bated with the following experimental conditions: 
PBS (control), ELT (0.15, 0.2 and 0.25% w/v), or 
ELT–PVP (0.1, 0.15, 0.2 and 0.25% w/v). The con-
centration ratio was according to the concentration 
of ELT in the hydrogel ELT–PVP. Each 24 h during 
three days, cells were fixed with paraformaldehyde 
4% w/v, washed with PBS 1X, and then stained 
with 5% w/v of CV for 15 min. After, the cells were 
washed ten times with water, and the wells were 
dried with filter paper. Finally, 200 μL of methanol 
was added, and the optical density was measured 
at 570 nm in a plate reader (Synergy) to obtain the 
CV concentration. The results were compared with 
a standard curve to register the number of cells each 
day of the experiment. 

Stability of ELT–PVP in cell culture medium
In order to analyze the ELT–PVP stability and 

degradation, the samples were immersed in DMEM 
medium supplemented with FBS, maintaining the 

Figure 1. SEM image obtained from the ELT–PVP hydrogel. The 
image was recorded with a magnification of 150X, and the scale of 
the measuring bar is equivalent to 200 µm.

Figure 2. Percentage of swelling of the ELT–PVP hydrogel in PBS 
1X at room temperature.
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observed at 1,538 cm-1 and 1,222 cm-1 were attrib-
uted to amide II and amide III, respectively. These 
types of signals are commonly presented in proteins 
spectra (17,18). For the PVP spectrum (line b), the 
bands located at 1,646 cm-1, 1,407 cm-1, and 1,276 
cm-1 corresponded to the absorption band of the car-
bonyl group, the stretching vibration of CH bond, 
and the CN stretching vibration, respectively. These 
vibrations are characteristic of PVP (19). A notable 
change in the main bands was noted due to the ef-
fect of the induction of gamma radiation in ELT–
PVP compared to ELT+PVP.

Thermal properties
In order to evaluate the thermal properties of the hy-

drogel, TGA, and DSC techniques were carried out. The 
thermograms obtained by TGA are depicted in Figure 4. 
The ELT–PVP profile exhibited a significant change in 
mass loss compared to the ELT+PVP profile, indicating 
structural changes in the formation of the new polymer.

The thermograms obtained by DSC analysis are 
shown in Figure 5, whereas the temperature and fu-
sion enthalpy values obtained are presented in Table 1. 
The shift to the right of the melting peak of ELT–PVP 
compared to ELT+PVP represented additional evidence 
of the generation of cross-linking for the formation of 
ELT–PVP induced by gamma radiation.

Rheology 
A rheological study was carried out to determine 

the fluidic properties of the ELT–PVP hydrogel and 
the ELT+PVP mixture to demonstrate the changes 
induced by gamma radiation in obtaining the novel 
hydrogel. The types of fluids are shown in Figure 6.

Cell viability assay
In order to evaluate the hydrogel biocompatibility, a 

cell viability test was carried out in human fibroblasts. 
The novel ELT–PVP hydrogel offered an increase in 
cell viability from a concentration of 0.15% compared 
to ELT alone (Figure 7).

Cell proliferation assay
The novel ELT–PVP hydrogel exhibited a consid-

erable effect on cell proliferation from day three at a 

concentration of 0.15% (Figure 8), revealing a higher 
degree of protection compared to ELT than from day 
two at a concentration of 0.10, a significant change is 
exhibited.

Stability of ELT–PVP in cell culture medium
The biological characterization presented in Figure 

9 illustrates the hydrogel’s properties when exposed to 
the cell culture medium. Periodic evaluation of the hy-
drogel for seven days revealed a gradual decrease in the 
material’s size due to its erosion.

Discussion

Morphology of the ELT–PVP hydrogel
The porosity and the presence of interconnected 

porous in biomaterials play a crucial role in cell mi-

Figure 3. FTIR spectra of a) ELT, b) PVP, c) ELT+PVP, and d) 
ELT–PVP, respectively.

Figure 4. Thermograms obtained by TGA of a) ELT, b) PVP, c) 
ELT+PVP, and d) ELT–PVP, respectively.

Figure 5. Thermograms obtained by DSC of a) ELT, b) PVP, c) 
ELT+PVP, and d) ELT–PVP, respectively.

Temperature °C ΔH (J/g)

ELT
73.72
182.47
297.51

52.3 ± 1.2
171.6 ± 1.6
113.2 ± 2.4

PVP K30 69.91 296.4 ± 2.2
ELT+PVP 70.27 637.7 ± 6.2
ELT–PVP 72.51 760.4 ± 11.5

Table 1. Fusion enthalpy values obtained in the DSC analysis.
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gration and proliferation, especially in skin appli-
cations. The presence of porous can also facilitate 
the arrival of nutrients and oxygen to the cells be-
cause they allow the regeneration of blood vessels 
through angiogenesis and the development of new 

tissue (20). In this regard, Rnjak-Kovacina et al. 
(21) produced synthetic human ELT scaffolds with 
pore sizes between 8 and 11 µm, which permitted 
the infusion and proliferation of dermal fibroblasts 
on the scaffold surface. Similarly, another study 
found that ELT hydrogels presenting pores with an 
average size of around 15 µm were suitable for dif-
fusing nutrients and oxygen (22). On the other side, 
it has been reported that pore size for cell infiltration 
of dermal fibroblasts in an ELT scaffold is 11 µm, 
whereas, for skin regeneration, the adequate size is 
20 µm (22,23). Besides, the materials that present 
high porosity are enabled to the significant release 
of factors such as protein, genes, or cells, serving as 
platforms to administer bioactive substances in the 
wound bed (24). Therefore, the pores in the ELT–
PVP hydrogel possesses an appropriate size for a 
wound dressing. 

Swelling
The presence of the pores facilitates the entry of 

water into the hydrogel, promoting the relaxation of 
the polymer chains. Additionally, the carboxyl groups 
of ELT and the carbonyl groups of PVP favor the for-
mation of hydrogen bonds for the uptake of water. The 
swelling process reaches a maximum at 72 h, and subse-
quently, a dissolution process was observed with subse-
quent weight loss. The swelling process could favor cell 
migration as a tissue scaffold, and it could even act as a 
possible wound dressing in wound healing processes by 
capturing exudate from the wound.

Spectral analysis
The ELT+PVP and ELT–PVP spectra indicated 

the characteristic bands presented in the PVP spec-
trum (lines c and d). This behavior could be related 
to that the PVP concentration is higher than the ELT 
concentration (15:1); thus, the PVP signals predom-
inate. However, a slight decrease in the intensity of 
the bands was detected in the ELT–PVP spectrum. 
This decrement could be due to the radicals gener-
ated during the ELT–PVP cross-linking, inducing 
the homolytic cleavage of the C-H and CO-H bonds 
(25), which suggests that their concentrations in the 
medium are decreased.

ELT and PVP cross-linking reaction mechanism
The semi-solid ELT–PVP hydrogel presented 

a remarkable change in physical appearance com-
pared with the un-irradiated liquid mixture. In this 
regard, due to the cross-linking of the polymer 
chains, changes in the physicochemical and bio-
chemical properties of the copolymer are expect-
ed. It has been reported that radiation at 25 kGy is 
widely used to sterilize several types of materials 

Figure 6. Rheological profile. (a) Variation of viscosity and shear 
stress with the applied shear rate for ELT+PVP, (b) variation of 
viscosity and shear stress with the applied shear rate for ELT–PVP, 
(c) Variation of viscosity across time with a constant shear rate for 
ELT+PVP, and (d) variation of viscosity across time with a con-
stant shear rate for ELT–PVP. The blue curves correspond to the 
analysis increasing the shear rate, and the red curves correspond 
to the analysis decreasing the shear rate. Data are means ± SD of 
N = 3, * indicates a statistically significant difference at a 95% 
confidence level. 

Figure 7. The blend of ELT and PVP improved cell viability in 
comparison with ELT alone. a) the photographs revealed the live 
cells in green (calcein positives) and dead cells in red (EthD-1 
positives) with the different experimental conditions. In the bottom 
are exhibited the graphs of b) percentage and the number of cells 
in ELT and c) percentage and the number of cells of ELT–PVP 
hydrogels. ANOVA test, ***p =0.0001, ****p =0.00001.

Figure 8. Combinations of ELT–PVP hydrogels allowed cell pro-
liferation. The graph a) shows the proliferation curves of ELT and 
b) shows the proliferation curves of ELT–PVP. The ELT graphs 
show that the 0.10% treatment allows cell culture proliferation, 
while the ELT–PVP combination promotes proliferation until day 
3, with a significance of ***p<0.0005 for the treatment of 0.10 and 
of *p<0.05 for the next two treatments (0.15 and 0.20).

Figure 9. Stability assay of ELT–PVP hydrogel in cell culture con-
dition at different times.
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and synthesize biomaterials applied in orthopedic, 
dental, and pharmaceutical fields (26). Furthermore, 
it has been reported that gamma radiation is an ef-
fective method to obtain protein-based hydrogels. 
For example, Chen et al. (27) developed a chitosan 
copolymer by this technique; the obtained scaffold 
presented a porous morphology, suitable mechani-
cal properties, and high biocompatibility. Likewise, 
hydrogels of fibroin obtained through cross-linking 
showed excellent elastic properties, good compat-
ibility, and biodegradability (28). Furthermore, PVP 
has been cross-linked with structural proteins, such 
as collagen, obtaining superabsorbent hydrogels 
(29). These characteristics allow the application of 
ELT- or PVP-based hydrogels in different fields, 
such as in cartilage engineering, vascular and skin 
grafts, among others  (30).

Figure 10 presents the proposed mechanism for 
the synthesis of the ELT–PVP hydrogel by the si-
multaneous irradiation method. First, ELT and 
PVP are irradiated in the presence of water, under 
air conditions. Subsequently, the reacting mecha-
nism could occur as follows: a) first, the irradiation 
step implies the formation of primary radicals; b) 
second, the initiation step provides the graft chain 
radicals; and finally, c) termination reactions are 
performed to yield the ELT–PVP hydrogel (31). 
The irradiation step includes the radiolysis of water 
(see compounds 2−8) (32), while different radicals 
of ELT (compounds 10−23) and PVP (compound 
24) are formed (initiation step). Arrows depict the 
sites where ELT macroradicals can be developed. 
The termination reaction involves the deactivation 
of the ELT macroradicals with PVP radicals to yield 
the ELT–PVP hydrogel (compounds 25-37). More-
over, the complexity of the reaction also includes 

the possible formation of peroxides and hydroper-
oxides during the irradiation process (33). How-
ever, the decrease in the 3,400 cm-1 bands in FT-IR 
(Fig. 2) suggests that peroxides do not predominate, 
as compared to the graft reactions, to yield the hy-
drogel.

Thermal properties
According to TGA results (Figure 4), three signifi-

cant weight losses were observed in the case of ELT 
(line a). The first one occurred from 100 to 207 °C, 
with a weight loss of 26.76%; this behavior is related to 
both the evaporation of water and the destabilization of 
non-covalent interactions, which do not require a large 
amount of energy. The second loss began at 205 °C and 
finished at 435 °C, with a total weight loss of 68.32%; 
in this range, the major denaturation transition occurs, 
triggering the ELT decomposition (34). The last thermic 
event was located from 450 to 559 °C, representing a to-
tal loss of 86.79%. For PVP analysis (Figure 4, line b), 
it could be observed the decomposition in a single stage 
from 375 to 449 °C, with a weight loss of approximately 
95%; this deportment coincided with previous reports 
(35). For ELT+PVP (line c), the maximum decomposi-
tion temperature was 458 °C (similar to the PVP), and 
the weight loss was 88%; this behavior could be attrib-
uted to the proportion of PVP concerning the ELT. Fi-
nally, the biopolymer ELT–PVP (line d) presented some 
changes for its components. Three steps of weight loss 
were observed: the first one occurred between 320 and 
390 °C, with 27% weight loss; the second one was found 
from 410 to 453 °C, losing 72% of the sample; finally, 
the third event was observed from 490 to 564 °C, show-
ing a 95% of weight loss. The different events can be due 
to the decomposition of the three-dimensional structure, 
which changes from a complex three-dimensional net-
work, stabilized by bridges of hydrogen or other weak 
interactions, to a more straightforward structure, where 
the covalent bonds predominate, increasing the required 
time and energy to decompose the molecule (36).

Concerning the DSC study (Figure 5, Table 1), pre-
vious studies showed that ELT presents an endothermic 
event at approximately 85 °C with an enthalpy of 191 
J/g, which is attributed to the interaction between water 
and proteins, in addition to a second thermal transition 
at 200 °C (37). On the other hand, only one endother-
mic event was shown for the PVP at 69.91 °C (curve b), 
obtaining an enthalpy of fusion of 231 J /g. This value 
could be related to that PVP is a very hygroscopic mate-
rial, so the steam from water can affect the calorific ca-
pacity. In the literature, this endothermic peak has been 
reported at around 100 °C and is attributed to the pres-
ence of water (38). The comparison between thermo-
grams c) and d) let it observe a slight shift to the right, 
indicating the formation of new bonds.

Rheology 
In order to determine the differences in the types 

of fluid between ELT+PVP mixture and ELT–PVP 
hydrogel (after the cross-linking of polymers), a 
rheological study was carried out. The shear rate 
test permitted to conclude that the hydrogel is a 
non-Newtonian fluid because the viscosity varied 
with the shear rate and time. Additionally, accord-

Figure 10. Proposed mechanism for synthesis of ELT–PVP hydro-
gel induced by gamma-radiation (see text for details).
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ing to the rheological profiles (Figure 6b), the hy-
drogel sample is similar to a pseudoplastic fluid 
with thixotropic behavior. In this regard, in pseu-
doplastic fluids, decrement in viscosity concerning 
shear rate is mainly due to the deconstruction of 
microstructures, allowing easy flow of the material. 
The reduction of hydrodynamic forces between the 
fluid and the microstructures cause this response, in 
addition to the alignment and deformation of these 
by the action of inertial forces (39). It is noteworthy 
that pseudo-plasticity is a suitable characteristic in 
topical products because it ensures uniform distri-
bution of biopolymers on the skin. Likewise, thix-
otropy is another desired property, since it increases 
the retention time of the biopolymeric material at 
the topical application site. Moreover, pseudoplas-
tic and thixotropic behavior can influence the bio-
adhesion properties of the dressing. Bioadhesion is 
pivotal because products intended to be in contact 
with the skin for prolonged periods will be sub-
ject to various stresses due to daily activities; thus, 
it must be ensured that the scaffold remains at the 
wound site (40–42).

Besides, when Figure 6a and Figure 6b were 
compared, the irradiated sample (Figure 6a) had 
viscosity values approximately 10-fold higher than 
the physical mixture (from 1,600 to 8,000 s-1). This 
finding could be attributed to the cross-linking of 
the polymeric chains of ELT and PVP, which forms 
a three-dimensional network, increasing the molec-
ular weight and the viscosity (43).

On the other hand, in the physical mixture (Fig-
ure 6a), a hysteresis cycle was not observed. How-
ever, at 1600s-1 and 4800 s-1, there was a separation 
of two points where there was no statistically sig-
nificant difference between them. Contrariwise, in 
the ELT–PVP hydrogel (Figure 6b), a hysteresis 
loop, characteristic of thixotropic materials, was 
observed at 6,399.98 s-1 (44). In fluids with thixo-
tropic behavior, the increase in velocity gradient 
(blue curve) causes the deconstruction of the struc-
ture, while the decrease in gradient (red curve) fa-
vors the reorganization (45). In the test of viscosity 
for the time at a constant shear rate, the physical 
mixture (Figure 6c) reached its maximum value at 
240 s; after that, it presented a similar behavior to 
a Newtonian fluid (44). Whereas for the hydrogel 
(Figure 6d), an increase in viscosity is observed as 
time progresses, reaching a maximum value at ap-
proximately 720 s; after this point, it was found a 
decrement in viscosity toward constant values due 
to its thixotropic behavior.

Cell viability assay
Since ELT is an extracellular matrix protein, it was 

expected that the protein-maintained cell viability; 
however, surprisingly, only 0.1% w/v of ELT showed 
a high percentage of cell viability (99.4%); whereas 
higher concentrations of ELT (0.15, 0.2 and 0.25% w/v) 
revealed low values of viability (Figure 7a-7b). This 
finding could be explained by the presence of exces-
sive ELT peptides that could produce an agonist effect 
in the ELT-laminin receptor. It should be considered 
that this receptor is dose-dependent; thus, the presence 

of saturating concentrations of ELT peptides results in 
chronic overstimulation of the receptor, which leads to 
sustained production of free radicals and lytic enzymes 
(46). Likewise, Fulop et al. (47) explained that leuko-
cytes and endothelial cells, which activate the ELT-lam-
inin receptor, trigger the release of nitric oxide and su-
peroxide anion. The combination of both radicals forms 
the peroxynitrite anion, which is highly toxic. Besides, 
it has been demonstrated that at high concentrations of 
ELT, cell proliferation decreases (48). 

Interestingly, the adverse effect of ELT was mitigat-
ed when it was combined with PVP. In all concentra-
tions of ELT–PVP, the percentage of cell viability was 
high, although the number of cells decreased when the 
concentration of ELT and PVP increased (Figure 7c). In 
this respect, it has been reported that hydrogels combin-
ing PVP with other polymers by gamma irradiation do 
not possess cytotoxic effects (49). Therefore, this result 
suggests that combining ELT with PVP is an appropri-
ate strategy for the biological applications of ELT be-
cause it improves its biocompatibility.

Cell proliferation assay
Similar to the viability test, cell proliferation assays 

demonstrated that only the concentration of 0.10% w/v 
of ELT allowed cell culture to proliferate. In contrast, 
higher concentrations (0.10, 0.15, and 0.20% w/v) of 
ELT–PVP allowed cell culture progression during the 
analysis time (3 days). In the proliferation assay may be 
understandable that high concentrations of ELT do not 
induce cell proliferation since the percentage of death is 
high in this condition. However, when fibroblasts were 
brought into contact with the ELT–PVP combination, 
they were able to proliferate. Concerning this, it has 
been established that the PVP of 40 and 360 kDa with 
a fractional volume occupancy (FVO; the volume oc-
cupied by macromolecules) between 18 and 54% may 
serve as a macromolecular crowder, allowing cell vi-
ability, proliferation, and the synthesis of extracellular 
matrix proteins. Noteworthy, this seems to be linked 
to the cell line employed, since these characteristics 
are enhanced more in human dermal fibroblasts than in 
bone marrow mesenchymal stem cells (50). 

Stability of ELT–PVP in cell culture medium
The stability of ELT–PVP based on its appearance 

was analyzed by microscopy, and the obtained images 
are presented in Figure 9. After 24 h of the test, the hy-
drogel exposed the same morphology that the control. 
In the same way, on the third day of the experiment, the 
ELT–PVP presented a similar morphology after three 
days in culture conditions. At seven days, a slight deg-
radation of the hydrogel could be observed. However, 
the integrity of the hydrogel structure remains in 80% 
approximately. This behavior demonstrated that the new 
copolymer is strong and suggests that its application as 
wound dressing could be adequate, allowing cell prolif-
eration.

In this work, a novel ELT–PVP hydrogel was ob-
tained through gamma irradiation of ELT and PVP in 
aqueous solution. The ELT–PVP hydrogel showed an 
ideal morphology to be used as scaffolding in wound 
healing because it allows cell migration and prolifera-
tion. Also, its high porosity could allow the significant 
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release of biologically active substances such as growth 
factors, genes, or drugs. Likewise, the rheological anal-
ysis evidenced that the new biopolymer exhibits a pseu-
doplastic fluid with thixotropic behavior, which con-
firms gamma radiation-induced changes in the chemical 
structure of the polymers. This property is useful since 
by applying a shear force on the hydrogel, it can flow 
and be applied easily into the wound, forming a protec-
tive film. Finally, the hydrogel exhibited a significant-
ly higher percentage of cell viability concerning ELT, 
suggesting that the cross-linking of ELT with PVP is a 
suitable strategy for the biological applications of ELT 
to preserve the protein and ensure practical therapeutic 
applications.
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