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Abstract

The starch was blended with poly(vinyl) alcohol (PVA) to develop PVA/starch (PS) hydrogel. The physical interaction of
PVA with starch was concluded by FTIR and XRD techniques. The thermal decomposition behavior of PS hydrogel was
analyzed by thermogravimetric analysis. The swelling index and moisture loss analysis was carried out to comprehend the
water absorption and retention behavior of PS hydrogel. The PS hydrogel was biocompatible with RBC due to its lower
hemolysis value. The curcumin-loaded PS hydrogel showed an excellent anticancer activity against breast cancer cell line.
The antibacterial activity of cephalosporin-loaded PS hydrogel was evaluated against the Staphylococcus aureus.
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Highlights

e The PVA/mannitol hydrogel was prepared to study its drug delivery potential.

e The PM hydrogel effectively delivered the drugs against MCF-7 and pathogenic strains.
e The PM hydrogel exhibited an excellent water retention ability.

e The prepared PM hydrogel was non-hemolytic to red blood cells.

1 Introduction

Hydrogels are the cross-linked structure of hydrophilic
polymer chains that can hold a huge amount of water con-
tents by retaining their chemical structure even in the swollen
state. They are considered as promising materials in the
manufacturing of hygiene products, contact lenses, wound
dressings, drug delivery systems and tissue engineering
scaffolds due to their flexibility similar to living tissues and
biocompatibility [1]. The healing of a wound is associated
with various complex biological processes such as inflam-
mation, hemostasis, remodeling of damaged tissue, and
proliferation [2]. The preparation of hydrogels is associated
with the physical or chemical crosslinking of hydrophilic
polymer chains. The natural or synthetic polymers having
hydrophilic groups are used to develop bio-medically
important hydrogels with high water content [3]. The
requirements of hydrogels generally vary based on their
applications. PVA is a synthetic hydrophilic polymer that
plays a significant role in biomedical applications owing to
its biocompatibility and biodegradability [4, 5]. PVA
hydrogels have been employed in wound repair as they heal
wound faster than the conventional cotton-based materials.
However, the applications of PVA hydrogel are restricted by
its incomplete hydrophilicity and poor stiffness. The physical
and biological properties of PVA hydrogels can be enhanced
by grafting or blending them with natural polymers. Starch is
a natural polymer that is blended with PVA hydrogels to
enhance the properties of PS hydrogel in this research work.

PVA hydrogel was proposed as a soft tissue substitute
because its microstructure is similar to porcine liver tissue
[6]. PVA hydrogels were investigated for their use in the
development of artificial cornea [7]. The developed porous
PVA/chitosan hydrogel was employed in the cartilage
healing treatment [8]. The review on the applications of
PVA-based hydrogel in wound dressing and tissue engi-
neering was reported in the literature [9, 10]. Shitole et al.
[11] investigated the physico-chemical properties of PVA-
based hydrogels to evaluate their wound healing potential.
PV A/alginate-based scaffold was reported as a promising
bone wound healing material [12]. The colon-targeted drug
release activity of starch-based hydrogel was studied by Liu
and his research team [13]. Kunal et al. [14] reported that
the PVA/starch membrane hydrogel enhanced the wound
healing rate remarkably, and they also studied its bio-
compatibility on human breast cancer cell lines (MCF-7).
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The wound healing applications of the nanofibrous starch-
based scaffold were reported by Vijaya and co-workers
[15]. The antibacterial activity of PVA/starch hydrogel
loaded with turmeric was evaluated against Gram-positive
(Staphylococcus aureus) and Gram-negative (E. coli) bac-
terial strains [16]. The gentamicin drug-loaded PV A/dextran
hydrogel was prepared to evaluate its in vivo wound healing
potential [17]. The effect of chitosan on the
physical-chemical properties of PVA/chitosan hydrogel
was studied by Yang et al. [18]. The stable starch-based
hydrogels were developed by Dominique et al. [19]. The
applications of polysaccharide-based hydrogel in the bio-
medical field were reviewed in detail by Tianxue and his
research group [20]. The studies about the investigation of
the physical and biological properties of PVA-starch
hydrogel are scarce in the open literature. This research
also intends to analyze the drug release efficiency of PVA-
starch hydrogel against the pus-inducing pathogenic strains
and MCF-7 cells (breast cancer cell line). It is finally con-
cluded that the prepared PVA-starch hydrogel can be used
as promising dressing materials for wounds as well as
radiotherapy burns to accelerate the healing process.

2 Experimental
2.1 Materials

Poly(vinyl) alcohol and starch were procured from Merck,
India. The formaldehyde and conc. sulfuric acid were sup-
plied by SD Fine chemicals, India. Staphylococcus aureus
(MCC no: 2043) and MCF-7 cell line were received from
National Center for Cell Science, Pune, India.

2.2 Preparation of PVA-starch hydrogel

The preparation of PVA-starch hydrogel was employed by
the sol-gel techniques. The PVA aqueous solution was
prepared by dissolving 1 g of PVA in 10 ml double distilled
(DD) water. Then it was mixed with 10 ml of the prepared
starch (250 mg) solution. This reaction mixture was further
added with 2 ml of sulfuric acid and 1.4 ml of formaldehyde
to initiate the formation of the hydrogel. Afterwards, it was
poured onto a petri dish to obtain it as a thick sheet of the
hydrogel. The casted PS hydrogel was dried at 50 °C for 2h
to carry out the analysis.
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2.3 Characterization

The FTIR spectra of PVA and PS hydrogel had been cap-
tured by using the JASCO FTIR 4100 spectrometer in the
wavenumber region of 400 to 4000 cm ™' to comprehend
their chemical structure. The XRD patterns of PVA and its
hydrogel had also been recorded on Brucker K 8600
instrument using CuKa radiation with the wavelength of 4
=1.5405 A in the 20 range from 20° to 100° to conclude
their structure. The thermal decomposition behavior of PS
hydrogel had been analyzed by investigating the recorded
thermograms on TG/DTA 6200 thermal analyzer in the
temperature range of 30 to 300 °C.

2.4 In-vitro degradation level

The PS hydrogel sample was cut into small pieces with the
same dimension. All the pieces are incubated in a 2%
lysozyme-containing phosphate buffer solution (PBS) to
carry out this analysis for around 7h. Afterwards, the
incubated samples in the buffer solution were taken out and
rinsed with double distilled water. The samples were dried
to measure their final weight. The % degradation was
determined using the mathematical relation as given below.

W, — W,
Degradation rate(S%) = OTt x 100 (1)

o

where W, - initial weight and W, - swollen weight at time ¢
2.5 Swelling index

The PS hydrogels of dimension 4 cm® were allowed to soak
in a PBS solution for a maximum of 1 h. Then the samples
were collected with the help of blunt forceps at a constant
time interval of 5 min to assess the swelling rate of hydrogel
with respect to time. The weight of the collected samples
was estimated after the removal of excess fluid from their
surface. The swelling index was computed by using Eq. 2.
Swelling index (SI) = w x 100 (2)
1

where W, and W, are the initial and final weight of the
samples respectively. This experiment was performed thrice
to obtain the mean value of the swelling index for the
prepared hydrogel.

2.6 Moisture loss

The PS hydrogel stripes of dimension 4 cm® were taken to
perform a moisture loss study. All the hydrogels strips were
kept in a desiccator loaded with CaCl,. The weight of the
samples was recorded at a regular interval of 1h until
obtaining a constant weight. The difference between the

initial and final weight of the strips was used to assess the
rate of moisture loss by the hydrogels.

2.7 Hemolysis

Hemolysis is an important parameter as it describes the
erythrocytic membrane (red blood cells) damages. The
release of hemoglobin in the blood plasma concludes the
red cell damages in the blood. An in-vitro hemolytic
potential of PS hydrogel was evaluated by hemolytic ana-
lysis. The PS hydrogel was equilibrated in the saline solu-
tion at 37 £ 0.5 °C for 24 h. The acid-citrate-dextrose (ACD)
blood (0.25 ml) was kept on the PS hydrogel to carry out
this analysis. Then, 2 ml of saline solution was added to the
hydrogel after 20 min. The sample was further incubated for
l1h at 37+0.5°C. The human ACD blood and saline
solution were used as positive and negative controls
respectively for this analysis. The optical density of the
incubated samples was recorded at 545 nm. The % hemo-
lysis was estimated using Eq. 3. The absorbance values are
1.25 for positive and 0.010 for negative controls.

Hemolysis (%)

absorbance of test sample — absorbance of negative control < 100

(3)

absorbance of positive control — absorbance of negative control

2.8 Blood clot

The evaluation of the antithrombogenic property of PS
hydrogel was done by blood clot analysis. The saline
solution was used to equilibrate the PS hydrogel for 24 h at
37 °C. 0.5 ml of ACD-human blood was poured on the PS
hydrogel. Then, 0.03 ml of calcium chloride solution was
added to the blood sample to initiate the formation of a
blood clot (thrombus). The thrombus formation was arres-
ted by the addition of 4 ml of DD water. The clotted blood
was separated by choking the hydrogel in DD water for
10 min at 30 °C. The collected thrombus was immersed in
2 ml of 36% formaldehyde solution. Then it was put in DD
water for another 10 min. The weight of the thrombus was
measured after drying it completely. The thrombus forma-
tion on the glass was also evaluated by the same method.

2.9 Antimicrobial drug delivery

The PS hydrogel was loaded with the different concentra-
tions of cephalosporin drug (10-50 mg) to assess its anti-
microbial drug release potential against pus-inducing
pathogen, Staphylococcus aureus (MCC strain-no: 2043) by
disc diffusion technique according to the CLSI guidelines.
In brief, Mullar Hinton Agar media was prepared and the
test organism was swabbed. The drug-loaded PS hydrogel
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was impregnated and allowed for incubation at 37 °C for
24 h. The inhibitory zones were measured using the zone
measuring scale.

2.10 In-vitro cytotoxicity

The cell viability, proliferation and cytotoxicity were
examined by MTT assay. This analysis was intended to
inspect the effect of curcumin-loaded PS-hydrogel against
immortalized cell line of MCF-7 (breast cancer cells). The
cultivation of MCF-7 was performed in a growth medium
under humidified atmosphere. The cells were allowed to
grow until the development of 80% confluent. Afterwards,
the seeding of grown cells was carried out in a 96 well plate
under humidified atmosphere for incubation.

2.11 MTT assay

MTT reduction assay was performed to conclude the via-
bility of the cells. The sample solutions were drained off
from the well and 50 pl of diluted MTT in PBS was added
to the well. Then, it was incubated at 37 °C in a 5% CO,
atmosphere. After removal of the supernatant, 100 ul of
DMSO was added to check the formation of formazan. The
plate was read at 540 nm using micro-plate reader.

3 Results and discussion
3.1 FTIR study
Figure la depicts the FTIR spectrum of PVA. A peak at

3366 cm ™! is associated with the O-H (hydroxyl) group of
PVA. The asymmetric mode of C—H stretching is noticed at

¢ - PVA/Starch
:w\\.—r' o

1 7 fea] MUY

4000 35.00 30.00 25.00 20.00 15.0? 10.00 5(.)0
Wavenumber (¢cm™)

% Transmittance (a.u)

Fig. 1 FTIR spectra of (a) pristine PVA, (b) starch, and (c) PS
hydrogel
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2930 cm ™. The C=0 (carbonyl) stretching of PVA occurs
at 1731 cm™! [21]. The —CH, bending and wagging modes
of vibrations assign in the wavelength regions of 1414 and
1386 cm ™' respectively. The C—H wagging vibration is seen
at 1575 cm™!. The peaks at 1080 and 835 cm ™! are attrib-
uted to the stretching modes of C—-O-C and —CH, vibra-
tions. The FTIR spectrum of starch is demonstrated in
Fig. 1b. The C-O stretching of C—O-C groups in starch is
noticed at 1020cm™! [22]. A peak at 1090 cm ! is asso-
ciated with the C-O stretching of C—-OH groups. The ske-
letal modes of the pyranose ring of glucose unit occur in the
wavelength regions of 629 and 548cm~!. A peak at
3239 cm™! is attributed to the O-H group’s stretching
vibration [23]. The bending mode of C-H vibration is
noticed at 1432 cm™" for starch. Figure Ic depicts the FTIR
spectrum of PS hydrogel. The strong interaction between
the PVA and starch occurs through their hydroxyl groups.
The peak corresponding to the hydroxyl group of PVA at
3366 cm™! becomes broader after blending with PVA. This
is due to the formation of intermolecular bonds between the
PVA and starch.

3.2 XRD study

The structure of the PVA and PS hydrogels was also
inspected by analyzing their XRD patterns. The XRD pat-
tern of PVA is portrayed in Fig. 2a. A broad peak at 19.8° is
mainly due to the reflection of the (110) crystal plane of
PVA. It proves the semicrystalline nature of PVA [24].
Starch is a polysaccharide that exhibits semicrystalline
nature. It is understood from the assigned diffraction peaks
of starch at 20° and 45° as illustrated in Fig. 2b. The XRD
profile of PS hydrogel is depicted in Fig. 2c. The char-
acteristics peaks of PVA and starch are not seen in the XRD

¢ - PVA/Starch

oy

v v v v v v v J v U v v v J
? 10 20 30 40 50 60 70
o b - strach
)
~—
o
72!
s v U v v v J J v v
= 10 20 30 40 50 60 70
=
=

a-PVA
v v v v v v v J v U v v v J
0 10 20 30 40 50 60 70

20 (deg)

Fig. 2 XRD profiles of (a) pristine PVA, (b) starch, and (c) PS
hydrogel
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pattern of PS hydrogel as the semicrystalline nature of PVA
is transformed into amorphous due to the interaction of
starch with the PVA matrix.

3.3 TGA analysis

The thermal stability of PS hydrogel was investigated by
comparing its TG thermograms with pristine PVA. The TG
thermogram of PVA exhibits two-step decomposition pro-
cesses as shown in Fig. 3a. The maximum decomposition
temperature (7y) is observed at 171 °C for the first step.
There is a minor mass loss due to the elimination of the
physically and chemically bounded water molecules. The
second-step decomposition is accompanied by the major
mass loss owing to the decomposition of the PVA back-
bone. Figure 3b demonstrates the TG thermogram of PS
hydrogel. The decomposition of PS hydrogel occurs in two
steps with the elimination of water molecules in the first
step and the degradation of the PVA backbone in the second
step. The degradation temperature of PS hydrogel is almost
equal to the Ty of pristine PVA for the first step. It is noted
that the second-step decomposition process starts at 276 °C
and extends up to 480 °C for PS hydrogel, while it is in the
range of 287 to 484 °C for PVA. The % weight residue
remains above 500 °C is 8% for PS hydrogel which is found
to be higher as compared with the % weight residue of PVA
(3.7%). There is a slight decrement in the thermal stability
of PS hydrogel in the second step as compared with PVA.
However, the obtained % weight residue is higher for PS
hydrogel while comparing it with PVA

3.4 In-vitro degradation level

During the wound repairing activity, the healing materials
should not produce any secondary chemicals that delays

100 ~
80 4 a-Pure PVA
b-PVA/strach
=
o 60+
© p—(
=
40 4
X
20 +
\ b
0 a

100 200 300 400 500 600
Temperature (°C)

Fig. 3 TG thermograms (a) pristine PVA, (b) PS hydrogel

angiogenesis. Figure 4 illustrates the variation in the in-vitro
biodegradation (S%) of PS hydrogel with time. The stan-
dard deviation (SD) was estimated as 2%. There is a
minimal weight reduction in the PS hydrogel sample while
incubating it in 0.2% of lysozyme-containing PBS solution
for 7h at pH 7 (Fig. 4). The slower weight loss of PS
hydrogel in PBS solution concluded that it is biodegradable
but stable in physiological conditions. This increased
enzymatic stability is one of the significant important
parameters for dressing materials [25]. Therefore, the PS
hydrogel is an ideal material for wound dressing due to its
proven enzymatic stability.

3.5 Swelling index

The swelling index of PS hydrogel was found to be
increased by 160% within 40 min and then to 230% in
70 min as compared its dried weight (Fig. 5). It proved that
the water absorption rate of PS hydrogel took place slowly.
The SD was determined as 4.7%. The equilibrium swelling
of PS hydrogel was obtained after 7" h of incubation in pure
water. Therefore, the prepared PS hydrogel is a potential
candidate for wound dressing applications due to its
excellent water absorption potential. Moreover, the PS
hydrogel can accelerate the wound healing process by
offering a moist environment around the wound site which
generally prevents the damaged skin from angiogenesis and
cellular hydration [26].

3.6 Moisture loss study

The PS hydrogel was also investigated to assess its dehy-
dration potential under desiccation conditions by measuring
the weight of the hydrogel at regular intervals of time. The
prepared PS hydrogel exhibited a poor water loss over a

*
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Fig. 4 Biodegradation potential of the PVA-starch hydrogel membrane
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Fig. 5 Water absorbing capacity of the PVA-starch hydrogel
membrane
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Fig. 6 Moisture loss analysis of PVA-Starch hydrogel

period of time as shown in Fig. 6. This proves that the water
retention ability of PS hydrogel is considerably high.
Meantime, the dehydration of PS hydrogel occurred while
placing it for a long time in a desiccator. This property of
the hydrogel helps to absorb water content from the wound
exudates [27]. The obtained SD value was 1.3%.

3.7 Hemocompatibility and blood clot analysis

The percentage of hemolysis was <3.09% for the prepared
PS hydrogel. Hence, there was no erythrocytic membrane
damage by the PS hydrogel. It was found to be non-
hemolytic for red blood cells (RBC). Therefore, PS hydrogel
can be used as wound dressing materials (Fig. 7a, b).

The antithrombogenicity is one of the important character-
istics of blood-contacting materials. The antithrombogenicity

@ Springer
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Fig. 7 a Hemolysis analysis. b Blood clot analysis of PS hydrogel

of PS hydrogel was evaluated by analyzing the thrombus
formation on the wet polymeric hydrogel. The thrombus for-
mation (blood clot) increased the weight of the PS hydrogel by
0.5% while placing ACD blood on the hydrogel specimen.
The formation of a thrombus on the glass surface increased its
weight by 3.5%. The fibrin clot deposition was lower for PS
hydrogel as compared with glass. There was no high level of
thrombus formation by the PS hydrogel. Hence, the PS
hydrogel is a potential candidate for wound healing applica-
tions [27].

3.8 Drug delivery efficacy of PS hydrogel bacterial
strains

The cephalosporin-loaded PS hydrogel was investigated to
assess its antimicrobial potential against Staphylococcus
aureus (MCC No: 2043) by disc diffusion method. The
zone of inhibition was measured after 24 h. The drug-loaded
PS hydrogel effectively delivered the cephalosporin against
S. aureus. The zone of inhibition was found to be increased
with the increasing concentration of the drug as shown in
Fig. 8a—e. The release of cephalosporin from the PS
hydrogel took place at a controlled rate due to the inter-
molecular interaction between the PS hydrogel and anti-
biotic [28, 29]. The drug delivery potential of PS hydrogel
against pathogenic microorganisms was concluded by this
analysis.

3.9 Drug delivery efficacy against cancer cells

The curcumin was loaded onto the PS hydrogel to analyze
its cytotoxicity against cancer cells. The curcumin-loaded
PS hydrogel exhibited a significant anticancer activity as
92.7% of cancer cells became nonviable after 7 days while
exposing to the drug-loaded PS hydrogel. In 3rd, 5th and
7th days of incubation, MCF-7 alive cells were highly
restricted by curcumin treated sample as compared with a
control sample (Table 1). Meantime, the percentage of
nonviable cells was increased with the incubation time for
curcumin treated sample as compared with a control sample
(Table 1). The cancerous cell growth was considerably
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Fig. 8 Cephalosporin drug
delivery potential of PS
hydrogel against pathogenic
Staphylococcus aureus (MCC
No: 2043)

Table 1 PVA-starch hydrogel cytotoxicity analysis on MCF-7 cells

Days Sample Alive cells (%) Nonviable cells (%)
3rd Day Control 96.3 9.1
Treated 3.5 79.6
Sth Day Control 89.7 13.1
Treated 8.1 87.5
7th Day Control 88.9 19.2
Treated 12.2 92.7

inhibited by the 1% curcumin-loaded PS hydrogel. The
controlled release of curcumin from the PS hydrogel greatly
reduced the cell growth by 79.6% on the 3rd day of incu-
bation. The percentage of alive cancerous cells was only
12.2% on the 7th day of incubation. However, the cell
growth started increasing after the 7th day of incubation.
The increase in cell growth concluded that the curcumin
was effectively released only up to the 5th day by the PS
hydrogel membrane. Therefore, the curcumin-loaded PS
hydrogel can be used in treating the wounds of cancer
patients [30, 31].

4 Conclusion

The drug release potential of PS hydrogel was examined
against MCF-7 cells and pathogenic strain (S. aureus). The
FTIR analysis concluded that the broadening of the peak
corresponding to the hydroxyl groups of PVA was due to
the interaction of starch and PVA through their hydroxyl
groups. The Ty of PVA and PS hydrogel was at 171 °C for
the first-step decomposition process. The decrement in the
thermal stability of PS hydrogel in the second step and the

increment in the obtained % weigh residue above 500 °C
were concluded from the TGA analysis by comparing that
with PVA. The PS hydrogel exhibited an excellent water
absorption potential and so that can prevent cellular dehy-
dration while using it as dressing materials. The PS
hydrogel had not induced any cell damage to RBC as the %
of hemolysis was <3.09%. The prepared PS hydrogel
showed a remarkable antithrombogenic potential as the
fibrin clot deposition increased the weight of PS hydrogel
by only 0.5%. The pus-inducing pathogen of S. aureus
(MCC strain-no: 2043) was effectively inhibited by the PS
hydrogel when loaded with cephalosporin. The PS hydrogel
loaded with curcumin delivered the drugs at the controlled
rate against MFC-7 cells and also inhibited the growth of
cancerous cells by killing around 92.7% of cells even after
the 7th day of inhibition. The drug-loaded PS hydrogel can
be used as a wound dressing material for both noncancerous
and cancer-treated radiotherapy wounds.
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