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Abstract: Polyvinylacohol (PVA)/chitosan hydrogels are ideal candidates for the production of chronic wound-targeted dressings due to their
promising properties. The main goal of this work was to produce PVA/chitosan hydrogels displaying properties that would classify them as efficient
wound dressings. Hydrogels with mass ratios PVA:Ch = 1:1,3:1 were prepared and characterised. Samples were loaded with drugs to assess drug
release and antimicrobial performances and biocompatibility. Non sterilized and sterilized samples were tested to determine how autoclave affected
the material performances. The hydrogels showed high values of swelling and water content, high hydrophilicity and a controlled release during at
least 24 hours. CHX and PHMB loaded samples proved to have significant antibacterial properties, while the unloaded material the samples loaded
with PHMB proved to be not cytotoxic. Generally, the sterilization process did not compromise the material performances. These results suggest that
the proposed formulations could be suitable for the production of wound dressings with therapeutic properties.
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1 Introduction
A wound is a traumatic lesion characterized by the continuous solution of
soft tissues 1, among which there is usually the skin. Aside from wounds
that are caused by accidents or external damages to the body, there is
another category of wounds that especially in the latest decades are
becoming a huge health and economic issues.
Chronic wounds are characterized by a healing process that does not
display an orderly set of stages and does not complete itself in a pre-
dictable amount of time, differently from most wounds. Often, a wound is
considered chronic if it does not heal in three months 2.
With population size and average age increasing, chronic wounds caused
by diseases such as diabetic foot ulcers (DFUs), Venous Leg Ulcers (VLUs)
and Pressure Ulcers (PUs) are becoming more common. This determine
an increase in healthcare expenses, since these wounds need longer time
to heal and more medical attention, and decrease in the quality of the
patients’ lives, as these wounds usually cause intense pain. A fundamental
part in the treatment of wounds and chronic wounds in particular is the
choice of the correct wound dressing. A dressing is a sterile material or
device designed to be in direct contact with a wound to promote healing
and protect it from further damages 3.
Different types of wounds need different types of dressings. Nevertheless,
there are some general properties that a wound dressing needs to possess
to be considered a proper tool to aid and promote healing. An ideal
dressing should be biocompatible, non-toxic and non-allergenic, it should
protect the wound from traumas and bacteria and be comfortable and
conformable. They should be able to maintain high humidity at wound
site while removing excess exudate and to be removed without causing
trauma to the wound. The need of changes should be infrequent and they
should be cost-effective and have a long shelf life.
Different dressings have been developed during the years to try to
meet these requirements, obtaining different performances. In the
perspective of using hydrogel dressings, polyvinylacohol (PVA) and
chitosan are good choices as main components to create a polymeric
matrix. Poly(vinylalcohol) (PVA) based hydrogels in the last years have
raised great interest due to their good biocompatibility. However, PVA
hydrogels present insufficient elasticity, stiff membrane, and very limited
hydrophilicity characteristics which restrict its use alone as a wound
dressing polymeric material. The blend with natural polymers such as
chitosan improves significantly the hydrogels properties (e.g. swelling
ability, elasticity and thermal stability) and favor the wound healing ability.

Chitosan, indeed, is hypoallergenic and has natural antibacterial and
hemostatic properties. Drug molecules can be released from blended PVA
hydrogels in a controlled manner, depending on the cross-linker types and
cross-linking methods, and contribute to accelerate the healing process.
Different types of PVA/chitosan hydrogels have been developed to be used
as materials for wound dressing, many of which have been prepared with
a physical method based on freeze-thawing.
Cascone et al. created PVA/chitosan hydrogel membranes through
repeated freeze–thawing cycles 4. In their research, they discovered that
high amounts of chitosan into PVA membranes perturb the formation of
PVA crystallites, which resulted in a material with a less regular structure
and a more porous filamentous matrix, while not significantly affecting
the PVA xerogel’s melting temperature and other thermal properties.
Yang et al. developed PVA/chitosan hydrogel membranes using
freeze–thawing cycles, followed by γ-irradiation process 5. Their results
showed that PVA/chitosan hydrogel membranes made by irradiation,
followed by freeze–thawing, displayed larger swelling capacity, high
mechanical strength, lower water evaporation, and high thermal stability
compared to those made by freeze–thawing alone or freeze–thawing fol-
lowed by irradiation. Sung et al. created minocycline loaded PVA/chitosan
hydrogel films wound dressings with an enhanced healing effect using the
freeze–thawing cycles 6. Their results showed that high chitosan portions
in PVA hydrogel films decreased gel fraction, mechanical properties,
and thermal stability, while it increased the swelling ability, water vapor
transmission, elasticity, and porosity of PVA/chitosan hydrogel films.
Also, incorporation of minocycline did not affect hydrogel properties,
but chitosan portions sharply affected protein adsorption and drug
release. Their wound healing test results showed that minocycline-loaded
PVA/chitosan hydrogel films gave faster healing of the wound made in
the rat dorsum then the used conventional sterile gauze control, due to
antibacterial and antifungal activities of chitosan. Thus, all these reported
results proved that minocycline-loaded PVA/chitosan hydrogel films are
very proper wound dressing materials.
Generally, since all the formulations examined displayed promising results,
investigating further possible new PVA/chitosan hydrogels for wound
dressings, especially in the optic of loading them with a drug, could prove
to be the right path to follow in order to provide new, more cost-effective
instruments to improve wound management.
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2 MATERIALS AND METHODS

Aim of the work: The objective of this work is to develop an effective
wound dressing made of a PVA/Ch hydrogel to target chronic wounds
(DFUs, VLUs, PUs) with low level of exudate production. The developed
material should guarantee a moist wound healing environment and should
also be strong enough to be handled and to resist mild mechanical stress.
The material should be able to release loaded drug in a controlled manner
over a prolonged period of time and effectively provide an antibacterial
barrier, but keeping biocompatibility.

2 Materials and Methods
2.1 Materials and general equipment
PVA (146000-186000 Mw, 87-89% hydrolysis) was purchased from Sigma
(USA). Small molecular weight chitosan (Mw: 190000-375000 Deacety-
lation: 87.4%) was kindly provided by Bioceramed (Portugal). Acetic
acid 99.7% was purchased from Sigma (USA). Genipin 98% was pur-
chased from Carbosynth (UK). Lysozyme (from chicken egg white, 40000
units/mg protein), which was used in degradation tests, was purchased
from Sigma (USA). PECF (Pseudo Extra-Cellular Fluid, a simulate exudate
solution) was prepared in the lab using DD water and commercially avail-
able salts. PECF solution was prepared by mixing 100 mL of DD water
with 0.68 g of NaCl (Panreac (Spain)), 0.229 g of KCl (Sigma (USA)),
2.5 g of NaHCO3 (Panreac (Spain)) and 0.4 g of NaH2PO4 (Sigma) (USA).
PBS (Phosphate Buffered Saline) solution was prepared using tablets (from
Sigma (USA)) to be dissolved in water. One tablet had to be dissolved in
200 mL of DD water, providing a solution 0.01 M phosphate buffer, 0.0027
M potassium chloride and 0.137 sodium chloride, with a final pH of 7.4.
Octenidine dihydrochlorate and 2-phenoxyethanol are components of a
commercial solution, Octiset R© (Schulke (Germany)), with a concentration
respectively of 1 mg/mL and 20 mg/mL. Chlorhexidine diacetate (CHX)
98% was purchased from Santa Cruz Biotechnology (USA). Polyhexam-
ethylene Biguanide Hydrochloride or polyhexanide (PHMB) 94% was pur-
chased from Carbosynth (UK). Culture medium for antibacterial properties
assay was prepared using Mueller-Hinton Agar (CM0337, OXOID (UK)).
Dulbecco’s Modified Eagle’s Medium (DMEM), bovine calf serum, peni-
cillin and streptomycin solutions, NIH/3T3 fibroblasts (93061524), PBS,
trypsin-EDTA (Ethylenediaminetetraacetic acid) solution, Dimethyl sulfox-
ide (DMSO), MTT, HCl (hydrochloric acid) and isopropanol used in cyto-
toxicity assay, were purchased from Sigma (USA), while IGEPAL (octylphe-
noxypolyethoxyethanol) was purchased from Merck (USA).

2.2 Hydrogel preparation
It was chosen to use two formulations with different proportions of PVA
and chitosan, in specific 1:1 and 3:1. PVA and chitosan were added to the
solution in order to obtain a final polymer concentration in solution of 5%
(w/v). The concentration of polymers in the different formulations can be
found in Tab.1. Calculations of the solution volumes were made in order
to obtain hydrogels of 2 mm of thickness.

Table 1 Total polymer, PVA and chitosan concentration (w/v) formulation 1:1 and 3:1
PVA:Ch.

[Total Polymer] [PVA] [Chitosan]

1:1 5 % 2.5 % 2.5 %
3:1 5 % 3.75 % 1.25 %

The preparation method chosen is based on the physical method of
freeze-thawing 4. A 5% (w/v) solution of PVA was obtained by dissolv-
ing 0.5 grams in 10 ml of deionized and distilled (DD) water and dissolved
in a magnetic stirrer at 90C for 1.5 hours. PVA/Ch mixtures with 1:1 and
3:1 (w/w) polymer ratios were prepared. For the 1:1, 10 mL of water were
added to the PVA solution and 0.5 grams of chitosan were dissolved in the
solution with continuous stirring for 2h to obtain a 2.5% (w/v) solution of
chitosan.

For the 3:1, 3.33 mL of DD water were added to the PVA solution and
0.167 g of Ch were added and the solution was stirred for 2 hours. In both
solutions, acetic acid was added for a final concentration of 1% (v/v), as it
favors the solubilization of chitosan. The solutions at different ratios were
left for degassing overnight and poured into glass molds.
They were then frozen at 20 C for 18 h and then thawed at room temper-
ature for 6 h for five consecutive cycles. The samples were then soaked
in DD water for 24 hours up to a constant weight, in order to remove the
soluble parts, with water being changed two times every two hours for the
first 4 hours.
In the different experiments, the gels were cut into samples already of the
dimension they should be used in the tests using a punching device, kept
in a freezer at -80 for one hour and then dried using lyophilization for 24
hours.
When needed, the samples underwent 72 hours of hydration.

2.3 Sterilization and Lyophilization

The different experiments were performed on both sterilized and non-
sterilized samples, in order to determine the effects that the process have
on the material. To perform sterilization, the autoclave was set at 121C
for 20 minutes. The samples were subjected to autoclave after lyophiliza-
tion in order to remove all water before exposure to high temperature.
Lyophilization was performed doing 24 hours cycles at average tempera-
ture and pressure of -60C and 0.005 Pa. The autoclave used was a Uniclave
88 from AJC (Portugal) Lyophilization was performed in a Labtron (UK)
Freeze-dryer model LBFD-A21.
In all the experiments where sterile conditions were needed, operations
were performed in a flow chamber from Bio Air Instruments (Italy) , model
AURA 2000 MAC 4 NF.

2.4 Hydrogel characterization

2.4.1 Equilibrium Swelling Ratio and Water Content

The experiments were performed in sextuplicates for each formulation.
Lyophilized samples with 12 mm of diameter were weighted to determine
the dry weight and then put into falcons with 5 mL of water. Before starting
the actual experiment, the samples underwent 2 minutes of ultrasounds, to
remove air bubbles. Then, a timer was started. The weight of each sample
was measured every 24 hours, to check the time the samples took to get
to equilibrium. When removing the samples from the solution to measure
daily their weight, blotting was performed to remove the extra moisture
on the surface. The Equilibrium Swelling Ratio (ESR) and the Equilibrium
Water content (EWC) were calculated as shown respectively in equation 1
and equation 2

ESR =
W h −W d

W d
∗100 (1)

EWC =
W h −W d

W h
∗100 (2)

where Wh is the weight of the hydrated sample and Wd is the weight of
the dry sample 7.

2.4.2 Degradation of samples

A PECF-Lysozyme solution (1mg/mL) was prepared and falcons were ster-
ilized by autoclave (120C, 2 hours). 5mL of the PECF-Lysozyme solution
were put in falcons in sterile conditions using a syringe with a 0.2 µm filter.
12 mm diameter hydrated samples were put inside the falcons, which were
then placed in the oven at 34C with 180rpm. A timer was started. Samples
were then retrieved after the 24 hours and 48 hours time point, lyophilized
for 24 hours, washed for 24 hours in DD water to remove soluble parts and
then lyophilized again for 24 hours. The weight Loss in dried samples is
calculated as shown in equation 3
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2 MATERIALS AND METHODS 2.5 Drug loading and release

WeightLoss(dry) =
W 0-d −W 1,2-d

W 0-d
∗100 (3)

where W0-d is the weight of the dried sample at the beginning of the
experiment, W1-d is the weight of the samples after 24 hours and W2-d is the
weight of the samples after 48 hours 8. The experiments were performed
in sextuplicates for each formulation and time point.

2.4.3 Contact angle

Contact angle measurements, which can give information about the wetta-
bility of the material, were performed into a quartz cell filled with water
with captive bubble method and using an optical goniometer. The optical
goniometer was made of a lamp, a platform to support the sample and a
camera Leica model MZ6. Square shape (2cm x 2cm) hydrated samples
were used.
The samples were mounted on the platform face down and the platform
was placed inside the quartz cell, which was filled with DD water (Fig.1).
A bubble was created on the surface of the sample using an inverted sy-
ringe. The camera was focused on the bubble and a Matlab script was
executed in order to obtain the values of the contact angle from the images
of the bubble. The experiments were performed in sextuplicates for each
formulation.

Fig. 1 Contact angle measuring apparatus.

2.4.4 SEM

Lyophilized sterilized and non-sterilized samples of 12 mm of diameter
were coated with a film of gold/palladium. The machine used was a Po-
laron Quorum Technologies sputter coater and evaporator (Au/Pd,Cr,C).
After coating, the samples were moved in the SEM (Scanning Electron
Microscope). The SEM utilized is an Analytical SEM Hitachi S2400 with
Bruker light elements EDS detector. The microstructure was investigated
and pictures were taken at different magnifications (80x, 200x, 1000x).

2.4.5 Mechanical tests

Compression and tensile tests were performed using a texturometer TA.XT
Texture Analyser. The software used to perform the measurements is called
"TE32LiteExpress".

Compression tests The texturometer was set to have a test, pre-test and
a post-test speed of 0.05 mm/s and to have a target force of 47 N with the
machine stopping at the target force. The pre-load was set at 8 g and the
acquisition rate at (PPS) 50. Hydrated cylindrical samples with 12 mm
diameter were placed on the machine, which was mounted to perform
compression tests. The test was performed with the parameters mentioned
above.
The software was used to analyze the curves stress vs strain and gather
information about the toughness of the material and the Young Modulus
at different stages of deformation. The toughness of the material was
obtained by calculating the area below each sample’s stress vs strain curve;
Young Modulus (E) was calculated by diving the stress (σ) by the strain
(ε) over a specific range of strain 9. In this experiment, the two ranges of
strain considered were 0-20% and 80-100%

E =
σ

ε
(4)

Tensile tests The texturometer was set to have a test, pre-test and a post-
test speed of 0.05 mm/s and to have a target strain of 200% with the
machine stopping at the target strain. The pre-load was set at 8 g and the
acquisition rate at (PPS) 50. Hydrated rectangular samples were placed
on the machine, which was mounted to perform tensile tests. The samples
were cut to have a final length of 6 mm, a final height of 10 mm and a final
width of 2 mm.
The test was performed by inserting the parameters mentioned above. The
software was used to analyze the curves stress vs strain and gather in-
formation about the toughness of the material and the Young Modulus at
different stages of deformation. The toughness and Young Modulus (E)
were calculated as in the compression tests.

2.5 Drug loading and release

The drug release was performed in Franz cells where the samples were in
contact on one side with PBS at 34C degrees (skin temperature) constantly
agitated by a magnet. The other side of the sample faces the air inside the
top part of the Franz cell (Fig.2).

Fig. 2 Structure of a mounted Franz cell during a drug release experiment with

section view of the internal part, where the sample is in contact with PBS.

Prior to performing the measurements, calibration curves were created,
in order to correlate specific values of absorbance read by the spectropho-
tometer to the respective drug concentration value.
The spectrophotometer used was a ThermoFisher Multiskan Go. Samples
with a diameter of 16 mm were cut using the punching device. This dimen-
sion was chosen because it compensates the shrinking and avoids the fall
inside the cell. The dry weight of the lyophilized, 16 mm diameter sam-
ples was measured and then the samples were put into falcons with 5 mL of
different loading solutions: Octiset R© (commercial solution), chlorhexidine
(5mg/ml in DD water) and polyhexanide (0.5 mg/mL in PBS). Chlorhex-
idine was solubilized in DD water because of its low solubility in saline
solution 10.
Before starting the actual experiment, the samples underwent 2 minutes of
ultrasounds. Then, falcons were left agitating at 180 rpm and 36 C for 24
hours. The equipment that hosts the Franz cells was set at 34 degrees with
agitation. The samples were taken from the solution, blotted and mounted
in the Franz cell.
Measurements were performed by collecting 200 µL of solution from each
cell at each time point and moving them in 96 well plate to be analyzed
in the spectrophotometer. 200 µL of fresh PBS where then added to each
cell to compensate for the volume taken to perform the measurement at
that time point. The time points were every 30 minutes for the first hour
and then every hour for other 7 hours. Measurements were also taken at
24 and 48 hours. Dilutions with specific dilution factors were performed in
order to obtain absorbance ranges that could make possible to assess the
actual drug concentration during each measurement. From absorbance val-
ues, concentration and normalized cumulative mass released values were
calculated.

3



2.6 Antibacterial Properties 3 RESULTS AND DISCUSSION

2.6 Antibacterial Properties

The antibacterial activity of the samples was tested against S. aureus (ATCC
25923) and S. epidermidis (CECT 231) by measuring the inhibition halos
formed on agar plates. Each assay was performed in triplicate for each
bacterial strain and the experiments were carried out in aseptic conditions.
1:1 PVA/Ch samples with a diameter of 8 mm were cut using the punch-
ing device and lyophilized. They were then sterilized using autoclave and
subsequently immersed for 24 hours at 36C in 5mL of different loading so-
lutions: PBS, Octiset R© (commercial solution), chlorhexidine (5 mg/ml in
DD water) and polyhexanide (0.5 mg/mL in PBS). The samples loaded in
PBS were used to assess the properties of the material without any loaded
drug.
The culture medium was prepared by adding 38g of Mueller-Hinton Agar
(CM0337, OXOID) to 1 L of distilled water. The medium was stirred to
promote mixing and sterilized by autoclaving at 121C for 20 minutes with
1 bar, followed by stabilization at 50oC in a water bath.
The bacteria were incubated at 37C for 16 h, the density of the inoculum
was adjusted to the turbidity of 1 McFarland (3 x 108 bacteria/ml) for
both bacteria by suspending the grow strains in 0.9% NaCl sterile solu-
tion. The culture square plates (120x120 mm2) were filled with 50 mL of
Mueller-Hinton Agar and 350 (µ)L of the bacterial suspension and left to
dry. Unloaded and loaded samples were carefully blotted with absorbent
paper and were directly placed on the agar. All plates were incubated for
24 h at 37oC.

2.7 Effects of autoclaving in drug solution sterilization

In the perspective of an in vivo clinical trial in which sterilized loaded sam-
ples will be used as wound dressings to treat a wounded dog, it appears
necessary to assess if the drugs undergo any type of modification upon au-
toclaving.
The experiment does not ensure that the drug still retains its full efficacy
after sterilization, but only its detectability by spectrophotometer.
Sextuplicates of each drug loading solution (Octiset R©, chlorhexidine 5
mg/ml in DD water, polyhexanide 0.5 mg/ml in PBS) were prepared. Three
samples for each type were left without further modifications, while the
other three underwent autoclaving. The solutions were then all analyzed
using the spectrophotometer to assess the detected drug concentration in
the different samples and calculate the difference between the average val-
ues. If the difference was in the same value range of the standard deviation
of the single sterilized or non-sterilized samples group, the drug was con-
sidered to be not affected by the autoclave.

2.8 Biocompatibility tests

2.8.1 Irritation with HET-CAM

The incubator used was a HHD incubator model YZ-56S. Fertilized hens’
eggs were incubated for 8 days at 37 0.5 C and 60 3% humidity and were
rotated by 180 three times a day. After the incubation, the eggs were cut
with a rotary saw (Dremel 300, Breda), the eggshell was removed and the
inner membrane was hydrated for 30 minutes using a 0.9% NaCl solution.
The chorioallantoic membrane (CAM) was exposed by removing the inner
membrane.
Drug loaded and unloaded samples were directly placed on the CAM, and
a timer was started. Negative and positive controls were made by using
respectively NaCl (0.9%) and NaOH (1 M) solutions (300 µL). The eggs
were analyzed for 5 minute to spot the occurring of any lysis, hemorrhaging
and coagulation 10.

2.8.2 Cytotoxicity

Cytotoxicity experiments were performed to assess the response of the
cells to the hydrogels. Two main steps are involved in this assay.

1) Preparation of samples, culture medium and cell culture
This assay was performed to assess the viability of human cells in the

presence of the material and the different combinations of material and
drugs loaded. 1:1 PVA/Ch samples with a diameter of 10 mm were cut
using the punching device and lyophilized. They were then sterilized
using autoclave and subsequently submerged for 24 hours at 36C in
5mL of different loading solutions: PBS, Octiset R© (commercial solution),
chlorhexidine (5mg/ml in DD water) and polyhexanide (0.5 mg/mL in
PBS). The samples loaded in PBS will be used to assess the properties of
the material without any loaded drug.
Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma) was supplemented
with 10% bovine calf serum (BCS, Sigma) and 1% Penicillin-Streptomycin
solution (10000U/mL penicillin, 10 mg/mL streptomycin, Sigma).
NIH/3T3 fibroblasts (93061524, Sigma) from frozen stocks were thawed
and centrifuged at 125 x g for 7.5 minutes. Then, they were cultured in
DMEM supplemented media at 37C in a humidified 5% CO2 incubator
until confluency of 80-90% was reached, after which the cells were
passaged and the culture maintained.
For passing and sub-culturing, cells underwent a washing with pre-warmed
PBS (Sigma) (3 x volume of culture medium) and enzymatic digestion
(5 min at 37C) with pre-warmed trypsin-EDTA 1 x solution (Sigma).
Detached cells were recovered by centrifugation at 125 x g, for 7.5
min, resuspended in their respective culture media and counted using a
hemocytometer, to be further used in cytotoxicity assays.

2) Cytotoxicity assay

The cytotoxicity assay was performed following ISO 10993-512 guide-
lines. 3T3 cells were seeded in 1.5mL of DMEM supplemented media
(1x105 cells/well) in 24-well plates and cultured at 37C, humidified 5%
CO2, for 24 hours, to obtain a confluent monolayer (80-90% confluence).
The homogeneity of the cellular suspension was promoted, during the cell
seeding step, to ensure that the same number of cells was plated on the
different wells. Cell seeding was performed considering 5 replicates for
each group and experimental controls. The experimental controls consist
of cells cultivated in the medium as positive control and cells cultivated in
medium and 5% DMSO liquid, a cytotoxic compound, as negative control.
Controls without cells were prepared as well.
After 24 hours of incubation, the material samples were introduced in the
transwells inserts. 500 L of culture medium was added to each insert, while
the positive control was supplemented with 500 L of culture medium con-
taining DMSO. Plates were then incubated for an additional 24 hours un-
der the previous conditions and MTT assay was performed afterward. After
removing culture medium from the wells, 100 L of MTT solution (MTT dis-
solved in serum-free DMEM at a concentration of 0.5 mg/mL, from a stock
solution of 5 mg/mL MTT in PBS, Sigma) were added to each well, fol-
lowed by an incubation period of 3 hours at 37C and 5% humidified CO2.
When the incubation period ended, 150 µL of MTT solvent (4 mM HCl
(Sigma), 0.1% IGEPAL (Merck) in isopropanol (Sigma)) were added to
each well. Afterwards, the plate was wrapped in foil and agitated on an
orbital shaker for 1h. Up-down pipetting was performed during the pro-
cess to fully dissolve MTT formazan. The absorbance of the samples was
then read at 595 nm, using a microplate reader (Microplate reader AMP
Platos R 496 AMEDA, AMP diagnostics). The relative quantification of cell
viability was re-adjusted by subtracting the Abs value of controls without
cells and normalized to the negative control.

3 Results and discussion

3.1 Hydrogel characterization

In the hydrogel production, sterilization was the final step, with exception
of hydration or drug loading for the experiments which needed it. The ster-
ilization method chosen, autoclave, is a procedure that involves the use of
high temperature. Moreover, PVA is particularly sensitive to temperature.
Indeed, to solubilize it during the preparation, it was put in water at 90C.
Knowing this, it was chosen to autoclave lyophilized samples inside closed
falcons, to avoid direct contact with water at high temperatures. Taking
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3 RESULTS AND DISCUSSION 3.2 Preparation method choice

all of this into consideration, it was necessary to assess the effect of ster-
ilization on the hydrogel properties. Therefore, all the experiments were
performed on both sterilized and non-sterilized samples. The results dis-
playing the properties of the hydrogels before and after sterilization will
consequently be showed in parallel.

3.2 Preparation method choice

The comparison between the characteristics of the materials resultant from
the different preparations methods determined the choice of the prepara-
tion method to be used in this work.
Hydrogels produced through genipin crosslinking demonstrated to be very
fragile, as they were broken even with gentle handling.
Hydrogels produced through cast-drying showed very small thickness,
which was supposed to be not enough to allow a considerable loading of
drug and a release over prolonged time (up to 24 hours).
Therefore, hydrogels produced through freeze-thawing were chosen since
they demonstrated to be strong enough to be handled and displayed a
thickness around 2 mm.

3.3 Equilibrium Swelling Ratio and Water Content

The samples were submerged in DD water and weighted daily for a period
of 5 days. After the 3rd day, the water content of the samples reached a
plateau (Fig.3), therefore they were considered at equilibrium.

Fig. 3 Weight change of sterilized and non-sterilized 1:1 and 3:1 samples over time.

For the consideration of Equilibrium Swelling Ratio (ESR) and Equi-
librium Water Content (EWC) values, the measurements performed on
the 5th day were chosen. The values of ESR and EWC for sterilized and
non-sterilized samples and formulations 1:1 and 3:1 are shown in Fig.4.

Fig. 4 Equilibrium Swelling Ratio (ESR) and Equilibrium Water Content (EWC) of

sterilized and non-sterilized samples for formulations 1:1 and 3:1.

The samples displayed very high ESR, of about 2000% for non-sterile
samples and around 1300% for sterile samples. The dramatic decrease in

the values upon sterilization could be justified by a change in the mate-
rial structure, that decreased the porosity of the material and therefore its
ability to uptake larger volumes of water. A more packed structure would
indeed cause a decrease in empty volume to allocate water and would pose
more difficulties for the water to penetrate the inner parts of the material
as well.
Both sterilized and non-sterilized samples show ESR values which are con-
siderably larger than usual ESR values present in literature for wound
dressing made of similar PVA/Ch blends 11 12 13. Dressings that underwent
sterilization methods such as gamma irradiation can display even lower
values 7. Hydrogel wound dressings designed for a similar purpose but
made with a mixture of PVA and alginate instead of chitosan, can show
similar values 14. The samples displayed high values of EWC as well, of
about 95% for non-sterile samples and around 93% for sterile samples.
The decrease in the values upon sterilization could be justified again by a
change of the material structure, as for ESR. Sterilized and non-sterilized
samples EWC values were higher than those present in literature for sim-
ilar hydrogels made of the same materials 15; high water contents values
were associated to hydrogel dressings able to provide a proper moist envi-
ronment to a healing wound. Since such properties depend on the matrix
structure, the preparation conditions and methods are a fundamental fac-
tor in determining the ability of a hydrogel to absorb and retain water,
which explain the different values of ESR and EWC present in the litera-
ture.

3.4 Degradation
The samples were weighted to obtain the initial dry weight (w0-d) and then
hydrated in DD water for 3 days . They were then put in PECF-lysozime
solution , with half of the samples replicates taken out after 24 hours and
half after 48 hour. They were lyophilized, washed in water and lyophilized
again to obtain the dry weight after 24 (w1-d) and 48 (w2-d) hours. The
values of weight loss in dry samples are shown in Fig.5.

Fig. 5 Weight loss in dry samples after 24 and 48 hours.

The dry non-sterile samples displayed low values of weight loss, around
2% at 24 hours and 6% at 48 hours for 1:1 samples, while formulation 3:1
showed even lower values, around 1% at 24 hours and 1.5% at 48 hours.
Sterilized samples instead displayed a weight loss around 1% at 24 hours
and around 2.5% at 48 hours for 1:1 formulation, while 3:1 showed values
around 1.5% at 24 and 48 hours.
The more relevant weight loss in the 1:1 non-sterilized dry samples could
be associated to the disruption of polymeric chains that were present in the
material and that subsequently exited the material network. Formulation
3:1 did not display significant differences in weight loss of sterilized and
non-sterilized dry samples.
On the contrary, formulation 1:1 sterilized samples displayed weight loss
values around 1% at 24 hours and 2.5% at 48 hours, around half the values
for non-sterilized samples. Again, this could be due to a more crosslinked
structure in the sterilized samples that, upon disruption of the polymeric
chains, did not completely lose the chains. Moreover, apparently a higher
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3.5 Contact angle 3 RESULTS AND DISCUSSION

percentage of chitosan in the hydrogel could be associated to a higher level
of material degradation in these experimental conditions. When comparing
the values obtained with similar wound dressings made with PVA and Chi-
tosan 16 and wound dressings made of silk and gelatin 17, it is possible to
see that there as been a remarkable improvement in degradation behavior
of the material, since the weight loss appear to be less significant.

3.5 Contact angle

The contact angle of hydrated samples was measured using captive
bubble method to assess the wettability and hydrophilicity of the material.
Contact angle values for sterilized and non-sterilized 1:1 and 3:1 samples
are displayed on Fig.6.

Fig. 6 Contact Angle values of sterilized and non-sterilized samples for formulations

1:1 and 3:1.

Contact angle values for formulation 1:1 showed to be around 40 for
both sterilized and non-sterilized samples. For formulation 3:1, sterilized
samples displayed contact angle values around 30, while non-sterilized
samples displayed values around 35. For both formulations, the values
displayed were significantly below 90, which is the threshold below which
a material is considered to be hydrophilic 18.
The sterilization process did not affect significantly the hydrophilicity of
the material, since contact angle values were within the same range for
both formulations before and after autoclaving. The values obtained in
this assay were consistent with the literature 19, showing a strongly hy-
drophilic material that will thus be able to display a good interaction with
the wound.

3.6 SEM

Lyophilized samples were coated with a film of gold/palladium and ana-
lyzed under SEM. The results are showed at magnification 200x and 1000x
in Fig.7.
As it is possible to see, there was a consistent difference in the material
microstructure before and after autoclaving. In formulation 1:1, the steril-
ization process likely induced a decrease in the number of pores and their
dimensions. In formulation 3:1, the holes were bigger after autoclaving
but they were fewer in number, and separated by thicker polymeric parts.
This could have, as an effect, the decrease in total empty volume in the
material.
The more dramatic change in formulation 3:1 could be due to the higher
percentage of PVA in the formulation. Since PVA is more sensitive to tem-
perature than chitosan, the modification of the microstructure could be
related to a higher tendency of the material to be modified by high tem-
perature. The changes the microstructure experienced upon sterilization
could be associated to the data obtained with swelling results. Indeed,

the decrease of number of holes and/or their dimension, and in general of
empty volume, implies that the material has lowered ability to uptake large
volume of water, and this can be seen in the decrease, after autoclaving, of
the Equilibrium Swelling Ratio (ESR) and the Equilibrium Water Content
(EWC) of both formulations.

Fig. 7 SEM images taken at magnification 200x and 1000x respectively of: 1:1

sterile, 1:1 non-sterile, 3:1 sterile, 3:1 non-sterile.

3.7 Mechanical tests

Compression tests

Hydrated cylindrical samples were tested using a texturometer to assess
their behavior under compression stress (Fig.8) and determine values of
toughness (Fig.9), Young modulus at a deformation range between 0 and
20% and range between 80 and 100% (Fig.10).
The materials displays a similar behavior under compression stress
before and after autoclaving. Generally, sterilization increased slightly
the values of toughness for both formulations. Indeed, formulation 1:1
increased from around 0.09 MPa to above 0.1 MPa, while formulation
3:1 from around 0.09 MPa to around 0.095 MPa. The values obtained
proved to be higher than other wound dressings formulation such as
poly(N-vinyl-2-pyrrolidone)–-carrageenan hydrogels 20.
Regarding Young modulus in the strain range 0-20%, formulation 1:1
displayed values around 0.013 MPa for both sterilized and non-sterilized
samples. Formulation 3:1 instead displayed a significant difference in
values between sterilized samples (0.017 MPa) and non-sterilized samples
(0.023 MPa). The results obtained were comparable with the values
present in a similar dressing made of PVA and alginate produced using
freeze-thawing 21.
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Fig. 8 Material behavior under compression stress respectively of: 1:1 sterile (A),

1:1 non-sterile (B), 3:1 sterile (C), 3:1 non-sterile (D).

Fig. 9 Material behavior under compression stress. Top row: 1:1 sterile, 3:1 sterile;

bottom row: 1:2 non-sterile, 3:1 non-sterile.

Fig. 10 Young modulus values measured in the strain range 0-20% and 80-100%

respectively of: 1:1 sterile, 1:1 non-sterile, 3:1 sterile, 3:1 non-sterile.

It is important to highlight that in the initial stage of the compression
tests, which correspond to the strain range just considered, water is ex-
pelled from the material. This implies that the matrix can be considered
a biphasic composite constituted of a polymeric network and water non-
covalently bonded to it. The fact that the interaction polymers/water is
likely a weak physical interaction could explain why, upon exerting a strong
stress on the material, the external forces prevail on the internal ones, free-
ing the water 22.
For Young modulus in the strain range between 80-100%, formulation 1:1
displayed values around 1.8 MPa for sterilized samples and 1.55 MPa for
non-sterilized samples. Formulation 3:1 presented values around 2.2 MPa

for sterilized samples and around 1.7 MPa for non-sterilized samples.
Both formulations display an increase in mechanical properties after ster-
ilization in terms of toughness and Young modulus in the range 80-100%.
This behavior could be explained by a change of structure of the material,
that after autoclaving appear more packed and crosslinked. The higher
mechanical properties of formulation 3:1 when compared to formulation
1:1 could be associated to the higher concentration of PVA. Previous stud-
ies showed that PVA/Ch hydrogels mechanical properties do increase with
increasing PVA concentrations, if the preparation process involves step that
allow the polymer to crosslink 7.

3.7.1 Tensile tests

Hydrated rectangular samples were tested using a texturometer to assess
their behavior under tension stress (Fig.11) and determine values of tough-
ness and Young modulus at a deformation range between 0 and 20%
(Fig.12).
The materials displays a similar behavior under tension stress before and
after autoclaving. As it is possible to note, in both formulations sterilization
increased toughness values: formulation 1:1 increased from around 0.17
MPa to above 0.25 MPa, while formulation 3:1 from around 0.27 MPa to
around 0.30 MPa.
These values appeared to be higher than other chitosan products for wound
dressings 23, but lower than PVA/Ch hydrogels created through chemical
crosslinking with glutaraldehyde 24. Regarding Young modulus in the strain
range between 0-20%, formulation 1:1 displayed values from around 0.002
to 0.007 MPa for respectively sterilized and non-sterilized samples. Formu-
lation 3:1 instead showed values of 0.08 MPa for sterilized samples and
0.04 MPa for non-sterilized samples. These values are significantly lower
than those of the chitosan product for wound dressing mentioned above 23,
which was in exchange displaying lower toughness, demonstrating that
the mechanical behavior of hydrogel is complex and influenced by differ-
ent factors.
As for compression, the range 0-20% strain is the one where water is be-
ing expelled from the hydrogel. Despite this, it is meaningful to study the
Young Modulus in this range since the materials will not be submitted to
significantly higher efforts in real life.
Both formulations display an increase in mechanical properties after steril-
ization in terms of toughness and Young modulus in the range 0-20%. This
behavior is consistent to the one observed in compression test and could
be explained again by a change of structure of the material, that becomes
more packed and crosslinked after sterilization. The elongation at break
values present in the literature were consistent with the max elongation
measured in this assay, with values spacing between 150% and 200% of
elongation 19 25.
As for compression, formulation 3:1 display higher mechanical properties
than 1:1 probably due to the higher concentration of PVA 7.

Fig. 11 Material behavior under tension stress. Top row: 1:1 sterile, 3:1 sterile;

bottom row: 1:2 non-sterile, 3:1 non-sterile.
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Fig. 12 Toughness values and Young modulus values measured in the strain range

0-20% of 1:1 sterile, 1:1 non-sterile, 3:1 sterile, 3:1 non-sterile.

3.8 Drug loading and release

Sterilized and non-sterilized dry samples were loaded for 24 hours at
36C in different drug solutions. The samples were then mounted in
Franz cells and measurements were taken at the established time points.
The normalized cumulative released mass per milligram of material was
determined. Fig.13 displays the results of octenidine release, Fig.14 the
results of 2-phenoxyethanol release, Fig.15 the results of chlorhexidine
release and Fig16 the results of polyhexanide release.
For all the drugs there was a sustained release over the 24 hours, more
significant in the first 8 hours and prone to reach a plateau in between the
8th and 24th hours.
Octenidine release show some drug release at the 48th hour time point. As
it is possible to note, the quantity of released drug decreases in sterilized
samples compared to non-sterilized samples for both formulations.
2-phenoxyethanol displays a similar behavior to octenidine, showing
release at the 48th hour, even if not very significant, and a decrease in
released drug after autoclaving.
Chlorhexidine, instead shows the opposite behavior. There was no release
at the 48th hour, except for sterilized 3:1 samples, and the quantity of
released drug show an increase in sterilized 3:1 samples compared to
non-sterilized 3:1 samples.
Polyhexanide was released significantly even at the 48th hour, with a
decrease in the release amount after sterilization.
Generally, it can be noted that sterilization decreases the quantity of
drug that the material can be loaded with. This could be linked to
the decrease in Equilibrium Swelling Ratio after autoclaving that it
was discussed about in section 3.1. Since the material swells less, the
quantity of loading solution and, therefore, the quantity of drug that
will enter the material shall decrease, leading to a decreased released mass.

Fig. 13 Octenidine release of sterilized and non-sterilized samples for formulation

1:1 and 3:1.

Fig. 14 2-phenoxyethanol release of sterilized and non-sterilized samples for formu-

lation 1:1 and 3:1.

Fig. 15 Chlorhexidine release of sterilized and non-sterilized samples for formulation

1:1 and 3:1.

Fig. 16 Polyhexanide release of sterilized and non-sterilized samples for formulation

1:1 and 3:1.

Generally, formulation 1:1 appear to release a higher quantity of drug
compared to formulation 3:1. This phenomenon could be related to the
higher water absorption ability of formulation 1:1 already discussed in sec-
tion 3.1.2. Indeed, as 1:1 is able to absorb more water than 3:1, it is likely
prone to absorb as well more loading solution and, consequently, drug,
than the other formulation.
Compared to other similar wound dressings present in literature, the re-
lease profiles appear similar to other materials produced using PVA/Ch 25,
while it appears the release was more controlled when comparing to simi-
lar dressings made through freeze-thawing with PVA and alginate 14.

3.9 Antibacterial Properties
For this experiment and the biocompatibility test, only samples prepared
with formulation 1:1 were used. This choice was made because this for-
mulation showed superior properties in terms of drug retention and re-
lease ability when compared to formulation 3:1, while still retaining good
mechanical properties, even if inferior than 3:1. S. Aureus and S. Epider-
midis were chosen to assess the antibacterial properties of the material
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and the material loaded with drugs. Sterilized samples hydrated with PBS
or loaded with the same drug solution used for drug release (Octiset R©,
chlorhexidine and polyhexanide) were put on top of agar plates were bac-
teria were grown.
The plates were left to incubate for 24 hours, after which the halos formed
around the samples were measured. The results of the measurement of the
halo is shown in Fig.17. Analyzing the results, it is clear that the mate-
rial alone did not display antibacterial properties against the bacteria used
in this assay. These results are partially confirmed by the literature 25, al-
though there are some studies which report an antibacterial effect provided
by chitosan released by the material 13 26.

Fig. 17 Average halos dimensions on agar S. Aureus plates (left) and S. Epidermidis

(right) after 24 hours of incubation in contact with differently loaded samples.

Octiset R© loaded samples prove to be not effective against S. Aureus; the
efficacy against S. Epidermidis was the lowest when compared to the drugs
experimented in this assay.
Chlorhexidine loaded samples display high efficacy against both S. Aureus
and S. Epidermidis. Polyhexanide loaded samples were effective against
both bacteria species, but less when compared to chlorhexidine.
The results obtained regarding Octiset R© and polyhexanide contrast the
ones present in the literature, where Octiset R© usually demonstrates a su-
perior efficacy in killing bacteria. 27.
The different results obtained could be related to the different methodol-
ogy in which the experiments were conducted and the drug applied or to
interactions between chitosan and octenidine 28 that decreases the antimi-
crobial properties of the dressing. Further studies should be performed in
order to have an insight on the real potential of Octiset R© loaded PVA/Ch
dressings.

3.10 Effects of autoclaving in drug solution

Samples of each drug loading solution (Octiset R©, chlorhexidine 5 mg/ml
in DD water, polyhexanide 0.5 mg/ml in PBS) were prepared, autoclaving
half of them and leaving the other half without further modifications.
By analyzing the solutions with a spectrophotometer it was possible to as-
sess if the drug underwent substantial modifications by making a com-
parison between sterilized and non-sterilized solutions. Results can be
seen in Fig.18. As it is possible to note, in solutions with octenidine, 2-
phenoxyethanol, chlorhexidine and polyhexanide, the difference between
average values of non-sterilized and sterilized drug solutions was always
smaller or comparable with the values of standard deviation of the single
drug sterilized and non-sterilized samples’ values.
This can suggest that there was probably no significant effect of autoclav-
ing on drugs solutions, at least in the part of the molecules that contain
the cromophore groups. The literature confirms the results obtained for
octenidine 29, 2-phenoxyethanol 30, chlorhexidine 31 and polyhexanide 32.

Fig. 18 Comparison of detected drug concentration in non-sterilized and sterilized

drug solution. Difference has been calculated subtracting average values of concen-

tration in non-sterilized and sterilized drug solutions.

3.11 Biocompatibility tests
3.11.1 Irritation with HET-CAM

Sterilized 1:1 samples loaded with different drug solutions, Octiset R©,
chlorhexidine (5 mg/ml in DD water) and polyhexanide (0.5 mg/ml
in PBS), were put for 5 minutes on the CAM of eggs at the 9th
day of incubation. The membrane was checked after 5 minutes to spot
signs of lysis, hemorrhaging and coagulation. Results can be seen in Fig.19.

Fig. 19 Chorioallantoic membrane images after 5 min contact with: samples hy-

drated with PBS (A), loaded with Octiset R© (B), loaded with chlorhexidine (C), loaded

with polyhexanide (D) and negative and positive controls (E).
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Negative results showed no signs of lysis, hemorrhaging or coagulation,
while in the positive control there was extensive hemorrhaging. Mem-
branes exposed to samples hydrated with PBS show no particular reaction
in both formulations. Samples loaded with Octiset R© showed a very light
hemorrhage in formulation 1:1 samples and a light hemorrhage in formu-
lation 3:1 samples. CAM exposed to samples of both formulations loaded
with chlorhexidine did not reveal signs of hemorrhage, but displayed a film
forming between the membranes and the samples. Samples of both formu-
lations loaded with polyhexanide caused no effects on the CAM.
The results allow to infer that the material itself did not cause irritation to
the egg, while some combinations of material and drug show some reac-
tion in the CAM. In particular, samples loaded with polyhexanide did not
induce any reaction in the egg, while samples loaded with Octiset R© and
chlorhexidine did.

3.11.2 Cytotoxicity

The cytotoxicity of the material was assessed by immersing loaded
and unloaded samples in wells with cell culture medium and NIH/3T3
fibroblasts. After 24 hours, the samples were retrieved and the cell
viability in each well was measured. Positive control without any samples
and negative control with DMSO liquid were analyzed as well. In Fig.20
the results of the assay are showed.
Taking the positive control as the case with 100% cell viability, the cell
viability in the different wells was calculated by considering not cytotoxic
results with over 70% cell viability.
As it is possible to see, in the wells were PBS hydrated samples were
present, cell viability was 100%, indicating that the material alone was
not cytotoxic. Concerning Octiset R© loaded samples, the cell viability is
close to zero, indicating that probably the drug, at that concentration, was
cytotoxic for the cells. This result contrast with the fact that Octiset R© is
a widely used product in wound care. Indeed, several assays performed
in different studies showed, instead, that octenidine was not cytotoxic 33 34.

Fig. 20 Cell viability of fibroblasts grown in culture medium with unloaded and loaded

samples immersed.

This difference in results could be related to the difference in the method
used. In this work, cytotoxicity was assessed performing in vitro test with
fibroblasts in this work. In the other works mentioned, in vivo test with
wounded patients were performed.
For example, Krzemiński et al. 33 decided to use octenidine dihydrochlo-
rate to treat chronic osteitis related wounds. Wound debridement was
performed and the infected wounds were rinsed with a 1:1 solution of
octenidine and water. The antiseptic solution was left in contact with the
wounds for 2–5 minutes. The authors say that this specific contact time
was chosen to avoid any cytotoxic effect of the antiseptic on the tissue 35.
After that, they removed antiseptic solution and rinsed the wounds with
water, repeating the procedure once a day for 8 to 35 days, depending
on the wounds’ severity and healing progress. They obtained good results
both in terms of antibacterial efficacy and wound healing.

In another study, Vanscheidt et al. 34) evaluated the cytotoxic effect of
octenidine dihydrochloride/phenoxyethanol (OHP), which was found in
in vitro studies 36 37, by conducting a randomized, double-blind controlled
clinical study focused on proving its safety and efficacy in chronic venous
leg ulcers treatment. OHP was applied to the ulcer wound by spray until
completely moistened at each dressing change, which had to be conducted
maximum three times a week. The results display a good drug tolerability
of the wound.
In conclusion, apparently octenidine displays good cytocompatibility in in
vivo test but a cytotoxic behavior in in vitro tests. Hübner et al., in a study,
described the discrepancy between in vitro findings and favourable clinical
results as related to the specific capability of octenidine dihydrochloride
to adhere and form complexes with chemical cell components 38. Once
bound, it cannot be removed easily but builds stable combinations with
cell surfaces, which has been observed to greatly reduce the cytotoxic ef-
fect of OHP while the antiseptic efficacy remains unchanged.
Chlorhexidine loaded samples, similarly to Octiset loaded ones, induced
a cell viability close to zero, indicating cytotoxicity of the drug at that
concentration. The literature confirms the results obtained, showing that
chlorhexidine is cytotoxic to human fibroblasts, osteoblasts, and lympho-
cytes in a time and dose dependent manner 39 40 41 42.
It is exactly the fact that its cytotoxicity is time and dose dependent that
makes it possible to use it as an effective antiseptic agent in different oper-
ations like preoperative skin cleansing, surgical site preparation, intraoper-
ative irrigation, hand antisepsis and finally it can also be used to prepare
CHX impregnated postoperative dressings 43.
Polyhexanide loaded samples displayed an average of 82% cell viability,
with all the wells being above the cytotoxicity threshold.
The results obtained regarding the unloaded samples and polyhexanide
loaded samples were consistent with similar loaded and unloaded PVA/Ch
dressings present in the literature 25 44. In this assay and more in general,
in the cases where the cytotoxicity problem is related to drug concentra-
tion, it can be decreased by reduction of the concentration of the loading
solution.

4 Conclusions
In this work, two formulations (PVA:Ch= 3:1,1:1) were analyzed to obtain
information regarding their properties.
They showed to have high swelling and water content, to be hydrophilic
and able to be loaded with drugs and release them in a controlled way
along at least 24 hours. Unloaded anc Octiset R© loaded samples display
no or low antibacterial properties, while chlorhexidine and polyhexanide
loaded samples demonstrated to be able to kill the bacteria used in the ex-
periment. Unloaded and polyhexanide loaded samples proved to be non
cytotoxic, while octiset and chlorhexidine loaded samples showed cyto-
toxicity. Thus, the properties shown so far allow to characterize them as
effective wound dressings.
Starting from these results, the hydrogels could be utilized in in vivo tests
or clinical trials on animals to assess their healing efficacy.
The results of a clinical study as well as in vivo studies can provide an-
swers to the problem of cytotoxicity found in vitro. If the dressings prove
to be effective, it can be deducted that the cytotoxicity tests were not well
designed. If instead the problem had to do with an excess of drug, the
amount of loaded drug may be reduced to non-cytotoxic levels.
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20 Şen, M. and Avcı, E. (2005). Radiation synthesis of poly(N-vinyl-2-pyrrolidone)--
carrageenan hydrogels and their use in wound dressing applications. I. Preliminary
laboratory tests. Journal of Biomedical Materials Research Part A, 74A(2), pp.187-
196.

21 Xie, L., Jiang, M., Dong, X., Bai, X., Tong, J. and Zhou, J. (2011). Controlled
mechanical and swelling properties of poly(vinyl alcohol)/sodium alginate blend
hydrogels prepared by freeze-thaw followed by Ca2+ crosslinking. Journal of Ap-
plied Polymer Science, 124(1), pp.823-831.

22 Pastorczak, M., Kozanecki, M. and Ulanski, J. (2009). Water–Polymer interactions
in PVME hydrogels – Raman spectroscopy studies. Polymer, 50(19), pp.4535-4542.

23 Cai, N., Li, C., Han, C., Luo, X., Shen, L., Xue, Y. and Yu, F. (2016). Tailoring me-
chanical and antibacterial properties of chitosan/gelatin nanofiber membranes with
Fe 3 O 4 nanoparticles for potential wound dressing application. Applied Surface
Science, 369, pp.492-500.

24 Costa-Júnior, E., Barbosa-Stancioli, E., Mansur, A., Vasconcelos, W. and Mansur,
H. (2009). Preparation and characterization of chitosan/poly(vinyl alcohol) chemi-
cally crosslinked blends for biomedical applications. Carbohydrate Polymers, 76(3),
pp.472-481.

25 Khorasani, M., Joorabloo, A., Moghaddam, A., Shamsi, H. and Mansoo-
riMoghadam, Z. (2018). Incorporation of ZnO nanoparticles into heparinised
polyvinyl alcohol/chitosan hydrogels for wound dressing application. International
Journal of Biological Macromolecules, 114, pp.1203-1215.

26 Tahtat, D., Mahlous, M., Benamer, S., Nacer Khodja, A., Larbi Youcef, S., Had-
jarab, N. and Mezaache, W. (2011). Influence of some factors affecting antibacterial
activity of PVA/Chitosan based hydrogels synthesized by gamma irradiation. Journal
of Materials Science: Materials in Medicine, 22(11), pp.2505-2512.

27 Uygur, F., Özyurt, M., Evinç, R., Hosbul, T., Çeliköz, B. and Haznedaroglu, T.
(2008). Comparison of octenidine dihydrochloride (Octenisept R©), polihexanide
(Prontosan R©) and povidon iodine (Betadine R©) for topical antibacterial effects
in Pseudomonas aeruginosa-contaminated, full-skin thickness burn wounds in rats.
Open Medicine, 3(4).

28 Varghese VS, Uppin V, Bhat K, Pujar M, Hooli AB, Kurian N. Antimicrobial
Efficacy of Octenidine Hydrochloride and Calcium Hydroxide with and With-
out a Carrier: A Broth Dilution Analysis. Contemp Clin Dent. 2018;9(1):72–76.
doi:10.4103/ccd.ccd_779_17

29 Antimicrobial wipe - Google Patents. [online] Patents.google.com. Available at:
https://patents.google.com/patent/US20170188578 [Accessed 5 Nov. 2019].

30 Chemicalbook.com. (2019). 2-Phenoxyethanol CAS: 122-99-6. [online] Available
at: https://www.chemicalbook.com/ProductChemicalPropertiesCB9852958_EN.htm
[Accessed 5 Nov. 2019].

31 https://www.sigmaaldrich.com/content/dam/sigma-
aldrich/docs/Sigma/Product_Information_Sheet/c9394pis.pdf [Accessed 1 Nov.
2019].

32 Küsters, M., Beyer, S., Kutscher, S., Schlesinger, H. and Gerhartz, M.
(2013). Rapid, simple and stability-indicating determination of polyhexamethylene
biguanide in liquid and gel-like dosage forms by liquid chromatography with diode-
array detection. Journal of Pharmaceutical Analysis, 3(6), pp.408-414.
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