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ABSTRACT: The newest trends in wound healing management
and the development of the next generation of dressings are
pointing toward natural polymeric materials with important
beneficial properties such as antimicrobial effects, renewability,
easier process of preparation, and biological activity. Here, we
present the preparation and in vitro evaluation of a unique
biopolymeric blend composed of natural polymers based on the
positively charged polysaccharide chitosan and negatively charged
gum karaya. A plate lysis assay of gum karaya and chitosan solution
mixtures proved the synergistic antimicrobial effect against specific
strains of both Gram-positive and Gram-negative bacteria and
yeast. This polymeric mixture was used for hydrogel film
preparation and determination of the composition effect on physical properties (swelling behavior in different solvents, pH,
diffusion mechanism, hydrolytic stability, mechanical and optical properties). While the pure gum karaya with poly(vinyl alcohol)
exhibited the highest hydrolytic degradation (68%), the mixture of poly(vinyl alcohol) and gum karaya with chitosan (in the 25:75
ratio) exhibited the lowest degradation value (41%) due to the strong physical interactions. Cytotoxicity tests performed with
hydrogel extracts using two different in vitro models, adherent fibroblasts (NIH3T3) and non-adherent suspension B-lymphocytes
(BaF3), exhibited excellent biocompatibility and no cytotoxicity. As expected, the antimicrobial activity of 3-day film extracts showed
a significantly improved antimicrobial effect of mixtures involving a chitosan biopolymer. The physical and biological properties of
prepared biopolymer-based hydrogels meet the requirements of modern wound dressings.
KEYWORDS: natural gum, polysaccharides, biopolymers, antibacterial activity, cytotoxicity

1. INTRODUCTION
The application of topical agents is historically the oldest form
of treatment for skin injuries, i.e., burns. Records have been
preserved from ancient times that show the treatment of burns
using different plant materials (resins, honey, vinegar solution,
or green tea extract). These plant materials have been used
together with dressings. Traditionally, the dressing has been an
absorbent permeable cloth such as gauze. The disadvantage of
this material is its strong adhesion to the skin, which can
present complications during dressing removal (risk of de-
epithelization). This can cause trauma to freshly healed
wounds; therefore, the regenerative process has to start
again.1,2 Nowadays, many new dressings have been designed
and, depending on the type of wound and the cause of the
wound, numerous products are available on the market.
Modern dressing products come in a wide variety and can be
divided into several types�films,3 foams,4 composites,5

sprays,6 hydrocolloids,7 gels,8 and hydrogels,9 each represent-

ing different properties.1,10 Hydrogels allow moist wound
healing and provide optimal conditions for reepithelization
(migration, proliferation, and differentiation of epidermal
cells), improve fluid balance in the wound bed (exudate or
transudate management), and support complete wound
closure. Hydrogels are generally obtained from synthetic and
natural polymers. Natural polymers are usually starch,
cellulose, alginate, dextran, carrageenan, chitin, chitosan
(Ch), or gums such as guar gum, gum arabic, or gum karaya
(GK). Natural polymers are often mixed with crosslinkers or
gel-forming synthetic polymers, such as poly(vinyl alcohol)
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(PVA), which is suitable for producing transparent, flexible,
mechanically strong, biocompatible, and cost-effective hydro-
gel dressings.11,12 However, pure PVA film does not show
antibacterial activity.13 Natural/synthetic hydrogel mixtures
provide unique properties of both materials, especially inherent
biocompatibility, biodegradability, and reproducibility with
better flexibility and mechanical and antibacterial properties
than those of the single components.10,14−16 Antibacterial
wound dressings are very often associated with a certain level
of cytotoxicity. High cytotoxicity might delay the healing
process by delaying wound closure or promoting local
inflammation.17,18 The potential cytotoxic effect of antimicro-
bial compounds must be evaluated using relevant in vitro
models that mimic the natural microenvironment in vivo as
much as possible. As one of the antimicrobial antibacterial
compounds, the polysaccharide sterculia gum known as gum
karaya can be used. It is a polysaccharide composed of
galacturonic acid, β-D-galactose, glucuronic acid, L-rhamnose,
and other residues. GK has unique features such as high
swelling and water retention capacity10,19,20 and can be mixed
with PVA20,21 or modified by grafting, crosslinking, carbox-
ymethylation, thiolation, esterification, and interpenetrating
polymer networks.22 Chitosan is a cationic heteropolysacchar-
ide copolymer of N-acetyl-D-glucosamine and D-glucosamine
consisting of linear β-1,4-linked units. It is characterized by
hemostatic effects that help to normalize blood clotting and
block nerve endings, resulting in pain reduction, and can be
easily processed into hydrogels.23,24 Chitosan can also form a
polymer blend with PVA.25,26

The presented study is focused on the preparation of
antimicrobial gum karaya−chitosan hydrogels (GK/Ch),
natural components, based on the PVA polymer matrix
(synthetic component). Hydrogels prepared with different
concentrations of GK and chitosan were evaluated in terms of
swelling behavior, hydrolytic stability, and biological character-
ization. The aim was to understand the interactions between
the chemical compounds on the molecular level, as well as the
interactions between the developed hydrogels and different cell
types (prokaryotic and eukaryotic). The antimicrobial effect
was studied using the plate lysis assay with selected pathogens.
The cytotoxic effect of the selected hydrogels was examined
using different assays in two cell lines�NIH3T3 fibroblasts (as
an example of adherent cells present in the wound) and BaF3
(precursor B-lymphocytes as an example of non-adherent
immune system cells, a model commonly used in the drug
discoveries).27

2. MATERIALS AND METHODS
2.1. Materials. The gum karaya (commercial-grade, Mw of approx.

9500 kDa), polyvinyl alcohol (Mn = 130 kDa, 99% hydrolyzed), and
chitosan with low viscosity (Mw of approx. 250 kDa, degree of
deacetylation ≥75%) were purchased from Sigma-Aldrich (Darm-
stadt, Germany). GK was deacetylated by adjusting the pH to 12
(with 1 M potassium hydroxide (KOH)) and neutralized with 1 M
hydrochloric acid (HCl) to pH 7 according to a publication.20

Sodium hydroxide (NaOH), KOH, HCl, sodium chloride (NaCl),
potassium chloride (KCl), potassium dihydrogen phosphate
(KH2PO4), and sodium dihydrogen phosphate dodecahydrate
(Na2HPO4·12H2O) were purchased from Lach-Ner (Neratovice,
Czech Republic) and used as received. Ultrapure water (Type 1
according to ISO 3696) was prepared using a Millipore purification
system (Milli-Q Academic, Millipore, Guyancourt, France). A
phosphate-buffered saline solution of pH 7.2 was prepared in a 100
mL volumetric flask of 8 g of NaCl, 0.2 g of KCl, 2.4 g of KH2PO4,

and 36.3 g of Na2HPO4·12H2O. If necessary, the pH was adjusted by
adding solutions of NaOH or HCl.

2.2. Antimicrobial Activity Testing. 2.2.1. Bacterial Strains,
Culture Conditions, and Sample Preparation. Bacterial strains based
on Staphylococcus aureus (SA), Candida albicans (CL), and
Pseudomonas aeruginosa (PA) used in this study are summarized in
Table 1. The strains were stored at −70 °C prior to use. Furthermore,

the bacterial inoculum for a plate lysis assay was prepared in 0.9%
NaCl to the density of a McFarland 0.5 turbidity standard from
overnight culture in Brain Heart Infusion Broth (Oxoid, UK).

The samples were prepared according to Postulkova et al.20 and
Lipovy ́ et al.28 Deacetylated GK (2% w/v) and chitosan (2% w/v)
were dissolved separately in 0.1 M HCl at room temperature and
diluted to 1% w/v in 0.9% NaCl. Deacetylated GK (1% w/v),
chitosan (1% w/v), and their mixture GK50/Ch50 (1% + 1% w/v)
were tested for their antimicrobial properties. A concentration
gradient of antimicrobial substances was obtained by serial dilution
with normal saline. The final concentration gradient used was as
follows: 1, 0.5, 0.25, 0.125, and 0.0625% (all samples % w/v in 0.9%
NaCl).

2.2.2. Plate Lysis Assay. Plate lysis assays were measured according
to Lipovy ́ et al.28 First, a bacterial inoculum was spread uniformly on
blood agar plates, an excess of the bacterial inoculum was removed,
and the plates were left to dry for 5 min. Next, 10 μL drops of
antimicrobial substances (concentration gradient of GK, chitosan, and
their combination) were placed on the surface of the blood agar and
then the plates were incubated at 37 °C for 24 h. A NaCl solution
(0.9% in water) was used as a growth control. The results were
evaluated based on the following growth parameters: total inhibition,
i.e., no colonies inside the inhibition zone; substantial inhibition, i.e.,
<10 colonies inside the inhibition zone; weak inhibition, i.e., >10 and
<100 colonies inside the inhibition zone; no visible inhibition zone,
i.e., >100 colonies. The tests were performed at least three times in
triplicate.

2.3. Preparation of Hydrogel Films. Hydrogels were prepared
using a solvent casting method. Deacetylated GK (2% w/v) and
chitosan (2% w/v) were dissolved separately in 0.1 M HCl at room
temperature, and PVA (2% w/v) was dissolved in water at 100 °C for
4 h. 10 g of PVA solution was added to the vial of a mixture of
deacetylated GK and chitosan solution with a defined weight ratio
(Table 2). A mixture of polymers was stirred for 4 h at 25 °C to
obtain a homogeneous blend and poured into a plastic mold of 30
mm in diameter. All blends were air-dried for 48 h at 25 °C.

2.4. Chemical Characterization of Hydrogel Films. Attenu-
ated total reflection−Fourier transformed infrared spectroscopy was
used for the chemical characterization of the prepared hydrogels.
Infrared spectra were collected using the Tensor 27 FTIR
spectrometer (Bruker, Billerica, USA). Samples were measured in
powder form using an ATR with the diamond crystal. The machine
was set up to measure the absorbance as a function of the
wavenumber between 650 and 3650 cm−1. The number of scans
was 32, and the resolution was set to 4 cm−1.

2.5. Swelling Behavior and Hydrolytic Stability. The swelling
of the hydrogels as a function of the amount of GK and chitosan was
carried out in PBS or water using the gravimetric method according to

Table 1. Description of Bacterial Strains and Yeast as well as
Their Types and Properties

designation bacterial strain type properties

SA 4223 Staphylococcus aureus CCM 4223 methicillin-
susceptible

SA 4750 CCM 4750 methicillin-resistant
CL 8261 Candida albicans CCM 8261 (yeast)
PA FF1 Pseudomonas aeruginosa FF 1 multiresistant
PA FF2 FF 2 multiresistant
PA FF3 FF 3 multiresistant
PA 3955 CCM 3955 multiresistant
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ref 29. The hydrogel films were cut into small pieces (approximately
0.02 g in weight and size 1 × 1 cm) and immersed in an excess solvent
at a constant temperature (25 °C). The films were removed after 2, 4,
6, 8, 10, 15, 20, 25, 30, 40, 50, 60, 90, and 120 min, and the excess
solvent was gently dried with filter paper and immediately weighed.
The swelling percentage (%Q) of the hydrogels was calculated using
the following equation:

Q
W W

W
% 100s d
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(1)

where ws is the weight of swollen hydrogel and wd is the weight of
dried hydrogel film. The swelling of the hydrogel films (GK100/Ch0,
GK50/Ch50, and GK0/Ch100) as a function of pH value was carried
out in PBS with pH values equal to 2, 4, 6, 8, 10, 12, and 14 at 25 °C
after 120 min.

2.6. Determination of the Diffusion Mechanism and
Diffusion Coefficient. In the case of water uptake for slabs (in
this case for films), the diffusion process is described in eq 2 and is
used for the determination of diffusion.30

M kt n
S = (2)

whereMS is the weight gain, t is time, k is a constant that relates to the
structure of the network, and n is a number that determines the type
of diffusion. The value n was obtained by plotting the data in log−log
plots by using eq 2; the value k was calculated when the value of n was
substituted into eq 2. This equation can be applied to a 60% increase
in hydrogel mass, i.e., for the initial stages of swelling.

2.7. Hydrolytic Stability. A hydrolytic stability test31 of the
swollen samples was carried out in an incubator at 37 °C in PBS.
Hydrogel films with an approximate weight of 0.02 g were left to swell
in PBS. After reaching equilibrium in PBS for 24 h, the hydrogels were
removed from the vials, blotted dry, and weighed (w0). The hydrogel
films were removed and weighed (wt) every 15, 30, 45, 60, or 90 days
to determine the weight loss. The stability was calculated using eq 3:

w
w

weight loss (%) 100
100t

0

i
k
jjjjj

y
{
zzzzz=

(3)

2.8. Mechanical Characterization of Hydrogel Films. The
hydrogels’ tensile strength and maximum elongation were determined
using the RSA-G2 TA rheometer in the hydrated state. The dried
hydrogel film was cut into strips (3 × 0.5 cm) and placed between the
grips with a 500 μm gap between them. Hydrogel film thickness was
determined using a caliper. Hydrogel films were hydrated by
immersion in ultrapure water at laboratory temperature for 5 min.
Then, the measurement was performed at the constant linear rate set
at 0.2 mm.s−1 with maximum applied force of 35 N until the sample
reached the breaking point. Young’s modulus was calculated from the
initial slope of the stress−strain curve at the strain of 10%. Samples
were analyzed in triplicates and expressed as a mean value ± standard
error of the mean. T-test for dependent samples was evaluated with a
*p-value <0.05, indicating statistically significant results.

2.9. Optical Properties. The optical transparency of the hydrogel
was measured as a light transmittance (%T) in a wavelength range of
400−700 nm using the UV−vis spectrophotometer V-730, JASCO
(USA). Hydrogel films were cut into rectangles (20 × 10 mm), dry
samples were inserted into quartz cuvettes, and wet samples were
hydrated for 5 min before measurement; the air was used as a
reference. The transparency was expressed as a transmittance function
at 600 nm and light transmittance spectra in the 400−700 nm range.

2.10. In Vitro Cytotoxicity Evaluation of Hydrogel Extracts
in Adherent NIH3T3 Cells. NIH3T3 adherent cells were used to
evaluate the cytotoxicity of extracts developed from the designed
hydrogel films (GK100/Ch0, GK50/Ch50). The tested hydrogel
extracts were prepared in 7 mL of NIH3T3 culture medium (10%
NCS, 100 U·mL−1 of penicillin, 100 μg·mL−1 of streptomycin, in
DMEM) per well in six-well extract plates with or without sterile dry
hydrogels. Empty wells (without hydrogel) containing only the
NIH3T3 culture medium were used as a negative control for
cytotoxicity. Empty wells with the NIH3T3 culture medium
supplemented with 0.2 mg·mL−1 sodium dodecyl sulfate (SDS,
Sigma-Aldrich, Darmstadt, Germany) were used as a positive control
for cytotoxicity. The extract plates were sealed with parafilm to
minimize the evaporation of the medium and incubated in a shaker at
100 rpm speed and 37 °C for 72 h. After 72 h of incubation, all
extracts were collected from extract plates, pooled together based on
the presence or absence of the same hydrogel, and later used for cell
treatment.

First, NIH3T3 cells were seeded at a density of 20 × 104 cells per
well in six-well culture plates in the complete NIH3T3 culture
medium and allowed to adhere for 24 h in a humidified cell culture
incubator at 37 °C and 5% CO2. Second, after 24 h of adhesion, the
NIH3T3 culture medium was exchanged with previously prepared
hydrogel extracts.

NIH3T3 cells were cultured in hydrogel extracts for 24 and 72 h.
After each incubation time, cell morphology was examined under the
inverted biological bright-field microscope. Furthermore, extracts
were aspirated from wells and cells were carefully washed with
phosphate-buffered saline (PBS, Sigma-Aldrich, Darmstadt, Germany)
to remove non-adherent dead cells that lost their adherence. The
living cells attached to the bottom of the wells were stained for 10 min
with 0.1% toluidine blue (Sigma-Aldrich, Darmstadt, Germany) in
water on an orbital shaker at a speed of 60 rpm at 37 °C. After
washing with PBS, the plates were air-dried and macroscopic photos
of stained cell layers were taken to visualize the acellular area of dead
cells in different hydrogel extracts. Within each experiment, all
treatments were performed in triplicate.

2.11. In Vitro Cytotoxicity Evaluation of Hydrogel Extracts
on Suspension of BaF3 Cells. A suspension precursor B-
lymphocyte cell line BaF3 was used to additionally test the
cytotoxicity of the designed hydrogels (GK100/Ch0, GK50/Ch50).
BaF3 cells were maintained in a BaF3 culture medium consisting of an
RPMI-1640 medium (Biosera, Nuaille, France) supplemented with
10% (v/v) newborn calf serum (NCS, Sigma-Aldrich, Darmstadt,
Germany), 4 mM L-glutamine (Biosera, Nuaille, France), 100 U·mL−1

of penicillin, 100 μg·mL−1 of streptomycin (both Gibco), 600 μg·
mL−1 of G418 (Sigma Aldrich, Darmstadt, Germany), 50 μM β-
mercaptoethanol (Gibco, Sigma-Aldrich, Darmstadt, Germany), and
0.5 ng·mL−1 of recombinant mouse interleukin 3 (PeproTech, New
Jersey, USA) and cultured in a humidified cell culture incubator at 37
°C and 5% CO2.

The cytotoxicity assay was performed on BaF3 cells cultured in
hydrogel extracts in the six-well plate format. Hydrogel extracts were
prepared in 7 mL of the BaF3 basal medium (10% NCS, 4 mM L-
glutamine, 100 U·mL−1 of penicillin, 100 μg·mL−1 of streptomycin, 50
μM β-mercaptoethanol in RPMI-1640) per well in six-well extract
plates with or without sterile dry hydrogel. The empty wells (without
hydrogel) that contained only the BaF3 culture medium were used as
a negative control for cytotoxicity. Empty wells with the BaF3 culture
medium supplemented with 0.2 mg·mL−1 of SDS were used as a
positive control for cytotoxicity. The extract plates were sealed with
parafilm to minimize the evaporation of the medium and incubated in

Table 2. Hydrogel Films with Different Concentrations of
Polysaccharides of the Blend in Dry Mattera

sample
name

gum karaya
(g)

chitosan
(g)

PVA
(g)

n(GK)/n(Ch)/n(PVA)
(mmol)

GK100/
Ch0

0.1 0.2 0.684/-/100

GK75/
Ch25

0.075 0.025 0.2 0.513/6.5/100

GK50/
Ch50

0.05 0.05 0.2 0.342/13/100

GK25/
Ch75

0.025 0.75 0.2 0.171/195/100

GK0/
Ch100

0.1 0.2 -/260/100

aGK�gum karaya, Ch�chitosan, PVA�poly(vinyl alcohol).

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.3c00025
ACS Appl. Polym. Mater. 2023, 5, 2774−2786

2776

pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.3c00025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


a shaker at 100 rpm speed and 37 °C for 72 h. After 72 h of
incubation, all extracts were collected from the extract plates, pooled
together based on the presence or absence of the same hydrogel, and
used to seed BaF3 cells with a density of 20 × 104 per well in a total
volume of 1.5 mL in new six-well culture plates and incubated at 37
°C and 5% CO2. Cells were cultured in hydrogel extracts for 24 and
72 h. After each incubation time, cell morphology was examined
under the inverted biological microscope.

After 24 h of incubation, the volume of each well was homogenized
by pipetting. 20 μL of cell suspension from each well was collected,
and cells were manually counted under the microscope in a Bürker
hemocytometer chamber using HyClone Trypan Blue Solution (GE
Healthcare, Chicago, USA). Dead cells were permeable to the blue
dye compared to viable cells with no incorporated dye.

After 24 and 72 h of culture, a resazurin-based proliferation assay
was performed to measure cell proliferation in hydrogel extracts. 150
μL (1/10th of the volume of cell suspension per well) of 0.1 mg·mL−1

resazurin solution (Sigma-Aldrich, Darmstadt, Germany) in PBS was
added to the cells and incubated for 12 h. The addition of resazurin to
the medium detects and quantifies cell viability based on the
conversion of blue nonfluorescent resazurin dye to red fluorescent
resorufin. The fluorescence signal is proportional to the number of
living cells. Fluorescence (excitation at 560 nm, emission at 590 nm)
was measured using a Synergy H4 Hybrid multimode microplate
reader (BioTek, Vermont, USA). Within each experiment, all
treatments were performed in triplicate.

2.12. Antimicrobial Activity Testing of Hydrogel Extracts.
Bacterial strains used in this study are summarized in Table 1. Extracts
were prepared from the designed hydrogel films (GK100/Ch0,
GK75/Ch25, GK50/Ch50, GK25/Ch75, GK0/Ch100). Each type of
the hydrogel film was incubated in 1 mL of PBS in a shaker at 100
rpm speed and 37 °C for 72 h. PBS alone was used as a negative
control. Antimicrobial activity of hydrogel extracts was tested by plate
lysis assay described above (Section 2.2.2). Briefly, a bacterial
inoculum was spread uniformly on agar plates, an excess of the
bacterial inoculum was removed, and the plates were left to dry for 5

min. Next, 10 μL drops of hydrogel extracts were placed on the
surface of the blood agar and then the plates were incubated at 37 °C
for 24 h. The results were evaluated based on the following growth
parameters: total inhibition, i.e., no colonies inside the inhibition
zone; substantial inhibition, i.e., <10 colonies inside the inhibition
zone; weak inhibition, i.e., >10 and <100 colonies inside the
inhibition zone; no visible inhibition zone, i.e., >100 colonies. The
tests were performed at least three times in triplicate.

2.13. Statistical Analysis. The statistical analysis of cytotoxic
evaluation was performed using GraphPad Prism software (Sant
Diego, USA) and one-way analysis of variance (ANOVA test). The
level of significance was set as *P < 0.05, **P < 0.01, ***P < 0.001, or
****P < 0.0001. The bar graphs were generated by SigmaStat 3.5
software (Systat Software, Inc., Bad Friedrichshall, Germany) and
show the mean ± SD. Statistical analysis of the tensile strength tests
was expressed as a mean value ± standard deviation of the mean. T-
test for dependent samples was performed in Statistica with *P < 0.05,
indicating statistically significant results.

3. RESULTS AND DISCUSSION
In the first part, the bacteriostatic activity of solvents of
deacetylated GK, chitosan, and their mixture with different
concentrations against strains of Staphylococcus aureus,
Pseudomonas aeruginosa, and Candida albicans was evaluated
by the plate lysis assay, when a synergistic effect of GK and
chitosan mixture was observed. In the second part, hydrogel
films based on GK and chitosan with different concentrations
and PVA were prepared using a solvent casting method and
characterized in terms of both chemical and physical
properties. In the last part, in vitro cytotoxicity tests on
hydrogel extracts were performed.

3.1. Antibacterial Properties of Gum Karaya, Chito-
san, and Their Mixtures. Both the renewable GK32 and
chitosan33,34 polysaccharides are known to have antibacterial

Figure 1. Illustration of test evaluation of antimicrobial activity: (a) 0�total inhibition (no colonies, <10 colonies�substantial inhibition, >10 and
<100 colonies�weak inhibition, >100 colonies�no visible inhibition; scale bar 5 mm and results of (b) pure chitosan with different
concentrations, (c) pure GK with different concentrations, and (d) gum karaya/chitosan (1:1) with different concentrations.
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properties against the growth of several groups of Gram-
positive and Gram-negative bacteria and fungi. Ke et al.
suggested that Gram-negative bacteria can be more susceptible
to chitosan than Gram-positive bacteria.35 Chitosan, in its
polycationic form, shows antimicrobial activity against both
Gram-positive and Gram-negative bacteria, acting differently
depending on the respective cell membrane structure. In
Gram-negative bacteria, chitosan interacts with anionic
structures present on their surface, such as lipopolysaccharides
and proteins; in Gram-positive bacteria, on the other hand, the
chitosan interacts directly with their cell wall layer, consisting
of negative charges of peptidoglycan and teichoic acids.36 For
this reason, prior to the hydrogel film preparation, the mutual
effect of the combination of GK and chitosan on different
bacterial strains was evaluated. The results of the bacteriostatic
activity evaluated by the plate lysis assay are summarized in
Figure 1. The results were evaluated based on the following
growth parameters: total inhibition, i.e., no colonies inside the
inhibition zone (Figure 1a, 0); substantial inhibition, i.e., <10
colonies inside the inhibition zone (Figure 1a, <10); weak
inhibition, i.e., >10 and <100 colonies inside the inhibition
zone (Figure 1a, >10 and <100); no visible inhibition zone, i.e.,
>100 colonies (Figure 1a, >100 colonies). Chitosan (see
Figure 1b) with a concentration of 1% inhibited the growth of
all tested microbial strains except the multiresistant strain of
Pseudomonas aeruginosa FF3, in which less than 10 colonies
were observed. Chitosan with 0.5% concentration completely
inhibited only methicillin-susceptible Staphylococcus aureus
CCM 4223, methicillin-resistant Candida albicans CCM
8261, and multiresistant Pseudomonas aeruginosa FF3. Lower
concentrations of chitosan inhibited the growth of all tested
microbial strains only weakly or not at all. GK showed lower
antimicrobial activity than chitosan alone (Figure 1c). Only at
the highest concentration (1%) was GK capable of inhibiting
the growth of all Pseudomonas strains and Staphylococcus aureus
CCM 4750. Concentrations less than 0.25% were not able to
inhibit bacterial growth in any of the tested strains.
The combination of GK and chitosan (a mixture in a ratio of

1:1) exhibited the best antibacterial results (Figure 1d). The
gum karaya/chitosan (1:1) with a concentration of 1% inhibits
the growth of all tested microbial strains including methicillin-
susceptible, methicillin-resistant, and multiresistant types of
bacterial strains. Less than 10 colonies of multiresistant
Pseudomonas aeruginosa FF3 were observed when 0.5%
concentration was used. Other strains showed total inhibition
at this concentration. A significant synergistic effect of the
chitosan and GK combination can be observed with decreasing
concentrations (0.25 and 0.125%), where the antimicrobial
properties were improved compared to pure chitosan (Figure
1b) and GK (Figure 1c).

3.2. Characterization of Hydrogel Films by Fourier
Transformed Infrared Spectroscopy. Hydrogel films based
on GK and chitosan with different concentrations and PVA
were prepared using a solvent casting method and charac-
terized by Fourier transformed infrared (FTIR) spectroscopy.
The spectra of the hydrogel films are shown in Figure 2. FTIR
spectra for individual components (PVA and GK) are
interpreted in our previous publications20 and chitosan in
publication.37 Since the prepared films were not chemically
cross-linked and do not contain covalent bonds, mainly
physical bonds (hydrogen bonds) were monitored using
FTIR spectroscopy similar to what is described in
publications.13,39,38 The absorption band with an intensity at

3250 cm−1 represents the −OH stretching vibration of the
hydroxy group of PVA, carbohydrate ring of chitosan, and
hydroxy and carboxylic groups of GK. All samples contained
the same amount of PVA. The intensity of the band at 3250
cm−1 decreases with the formation of hydrogen bonds between
the hydroxyl group of PVA, chitosan, and GK. We can see
higher intensity in hydrogel films from pure GK with PVA. GK
has a high molecular weight (approx. 9500 kDa) and does not
form hydrogen bonds as easily as in other films where there is
only chitosan or a mixture with PVA. The bands at 1645 and
1520 cm−1 belong to amide deformation. Lawrie et al.40

propose that the band at 1520 cm−1 corresponds to the N−H
bending vibration that overlaps the amide II vibration and that
the 1645 cm−1 band is for the amide I vibration. The highest
intensity of the band is in a film with pure chitosan (GK0/
Ch100), whereas in other samples, it decreases due to the
formation of ionic interaction between the −NH3

+ and
−COO− groups. The band at 2940 cm−1 corresponds to the
aliphatic groups of −CH2 in PVA and chitosan. The absorption
band of the pyranose ring absorption of GK is between 1180
and 1070 cm−1, amplifying the signal at 1084 cm−1

characteristic for C−O stretching of ether groups (C−O−C)
in a natural polysaccharide structure. Bands between 2400 and
1850 cm−1 belong to the attenuated total reflectance (ATR)
crystal (diamond) to which all FTIR spectra were normalized.

3.3. Swelling Behavior. The absorption of solvent into
the hydrogel film causes dimensional and physicochemical
changes. These changes have been described as a mechanism
of polymeric swelling. Swelling at 25 °C was studied as a
function of the amount of both GK and chitosan
polysaccharides in both PBS with a pH equal to 7.2 and
distilled water with a pH equal to 6.5. The effect of different
pH values of the solvent on the swelling behavior of polymer
blends was evaluated. All samples contained the same amount
of PVA as a matrix; only the ratios between GK and chitosan
were changed.

The diffusion mechanism is based on the relative rates of
water diffusion and polymer relaxation, and accordingly, the
mechanism is determined by the classification of diffusion.
Case I (or simple Fickian diffusion) occurs when the rate of
diffusion is much less than the relaxation rate. Anomalous
diffusion (or non-Fickian) occurs when the diffusion and
relaxation rates are comparable; the value of n is between 0.5
and 1.0. Case II occurs when diffusion is very rapid compared
to the relaxation process; the value of n = 1.0, and the system is
controlled by relaxation.41−43 The diffusion exponent n and the

Figure 2. FTIR spectra of gum karaya/chitosan (GK/Ch) blend with
different ratios of GK and chitosan.
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characteristic of the gel k were evaluated for all polymer blends
to determine the mechanism of the swelling kinetics.

3.3.1. Swelling Behavior as a Function of the Hydrogel
Film Composition. The swelling behavior of the hydrogel films
in PBS was highly dependent on their compositions, as shown
in Figure 3. The samples reached maximum swelling in 10 min.

The GK0/Ch100 hydrogel film was the most hydrophilic due
to the high amount of hydroxyl groups (−OH) and 2-
hydroxymethyl groups (−CH2−OH). These groups were in
proximity and hydrated upon contact with PBS. This aspect
leads to the possibility of absorbing a large amount of PBS
solution up to 1470 ± 160% in the first 6 min. In the case of
the GK0/Ch100 hydrogel film, the hydrogen bonds disinte-
grated rapidly and the water content decreased to 1145 ±
130% in 2 h. The water uptake of the GK25/Ch75 hydrogel
films (green line in the graph) reached a maximum value of
840 ± 100%. Besides the hydrogen bonds among hydroxyl
groups in chitosan, GK, and PVA, ionic interactions occurred
between protonated amino groups (−NH3

+) in chitosan and
the deprotonated carboxylate group (−COO−) in GK. These
ionic interactions are stronger than hydrogen bonds, so the
swelling of the GK25/Ch75 hydrogel was about 73% lower
compared to the GK0/Ch100 hydrogel. This trend is also

copied by GK50/Ch50 hydrogels with a maximum swelling
percentage of 530 ± 20% (50% decrease compared to GK0/
Ch100) and GK75/Ch25 with a maximum swelling percentage
of 400 ± 40% (lowest value). The pure GK hydrogel film
GK100/Ch0 and PVA with intermolecular hydrogen bonds
had a minimum swelling percentage equal to 480 ± 80%. With
a deviation, this is comparable to the GK75/Ch25 sample.

3.3.2. Swelling Behavior as a Function of the Type of
Solvent. The swelling of polymer blends containing GK and
chitosan in different ratios but with the same amount of PVA
was studied in both PBS and distilled water. Swelling was
different for different ratios between GK and chitosan and also
for the swelling medium, as shown in Figure 4a. Samples
containing pure chitosan (GK0/Ch100) and PVA exhibited a
higher swelling in distilled water than in PBS. Chitosan
together with water-soluble PVA contains hydrophilic groups
(−OH, −NH2) and leads to an increased swelling in distilled
water (1144 ± 365%). Chitosan with a pKa of 6.3 is positively
charged (−NH3

+) in water (pH = 5.5) and forms ionic bonds.
PVA is physically entangled by intermolecular hydrogen bonds
with chitosan and GK −OH groups. The increasing amount of
GK and the decreasing amount of chitosan decrease the
swelling of water and PBS. GK contains carboxylic acid groups
−COOH, which are protonated under acidic conditions, and
these groups form salts in the PBS medium. Hydrogel films
containing fewer hydrophilic groups from chitosan exhibited
reduced swelling.

There were no significant differences among samples GK50/
Ch50, GK75/Ch25, and GK100/Ch0. The minimum value of
swelling for sample GK100/Ch0 was 417 ± 15% and 308 ±
11% in the PBS and water, respectively. The lower swelling for
the higher amount of GK in the water is due to the interaction
between −COOH groups and hydrogen bonds, which forms a
physical network between polymers, and this network is
interrupted by adding ions to the PBS medium (Figure
4b,c).40,44

3.3.3. Diffusion Mechanism and Diffusion Coefficient.
The values of the diffusion exponent n and gel characteristic
constant k for the swelling of polymer blends in PBS have been
evaluated from the slope and intercept of the plot of ln Mt/

Figure 3. Swelling behavior of the gum karaya/chitosan (GK/Ch)
blend with different ratios of GK and chitosan in PBS at 25 °C.
Measurements were performed three times for each sample.

Figure 4. (a) Swelling percentage of hydrogel films of gum karaya/chitosan (GK/Ch) blend with different ratios of GK and chitosan in water
(fully) and PBS (oblique stripes) at 25 °C after 120 min, * significance (P < 0.05). Measurements were performed three times for each sample.
Schemes of (b) electrostatic and hydrogen interactions between GK and chitosan in distilled water (pH 5.5), where dotted lines represent
hydrogen bonds between −OH groups and the dashed line the electrostatic interaction between −COO− and −NH3

+, and (c) the screening effect
of counterion in the PBS medium (pH 7.2).
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Mmax versus ln t, and the results are presented in Figure S1 in
the Supporting Information. All results are summarized in
Table 3.

The diffusion exponent decreased with an increasing amount
of GK in GK/Ch blends together with the diffusion coefficient.
This is due to the increasing amount of GK, which forms many
hydrogen bonds between itself and the PVA matrix. Samples
containing only GK and the PVA matrix (GK100/Ch0) had a
diffusion exponent equal to 0.48 and indicated the Fickian
diffusion mechanism. On the other hand, the diffusion
exponent and the diffusion coefficient increased with the
increasing amount of chitosan. This is due to the presence of
hydrophilic groups (−NH2, primary −OH) in the chitosan
structure. It allows faster diffusion of solvent molecules into the
hydrogel compared to the relaxation process, and the system is
controlled by the relaxation rate. The relaxation rate is closely
related to the migration of liquids inside the network, which
has an impact on the faster migration of active pharmaceutical
substances to damage the tissue or debridement of the
wound.31−33

3.3.4. Swelling of Gum Karaya, Chitosan, and Polyvinyl
Alcohol Blends as a Function of pH. During the treatment of
the infection, the pH in the wound changes. A wound infection
can present a pH up to 10.0 due to the presence of different
bacterial strains.44 The acidic pH of the skin is one of the key
mechanisms that protect it from microbial infections. In
wounds, an increasing alkaline pH is a predictor of whether
they will become nonhealing or chronic.45 For this reason, we

monitored the influence of pH on the swelling of prepared
films. The ionic interactions between GK, chitosan, and PVA
displayed pH-sensitive swelling. The influence of different pH
values (ranging from 2 to 12) on swelling behavior was studied
(Figure 5a). The GK0/Ch100 sample involving only chitosan
and PVA showed a higher swelling percentage at a lower pH
(333% at pH ∼ 2 versus 305% at pH ∼ 4) due to electrostatic
repulsion between protonated −NH2 leading to chain
expansion, which allows easier diffusion and higher water
absorption of the hydrogel films.46,47 On the contrary, the
GK100/Ch0 sample containing only GK and PVA exhibited
higher swelling percentage values at a higher pH (324% at pH
∼ 12 vs 246% at pH ∼ 10) due to the electrostatic repulsion
between −COONa groups. The GK50/Ch50 sample obtained
by both GK and chitosan achieved the highest swelling at pH
∼ 8 (Figure 5a) due to the pKa values of each polysaccharide.
In general, carboxylic acids in the GK structure are connected
to a value of pKa of around 4.7, while amino groups in the
chitosan structure have a value of pKa ∼ 6.5. Under acidic
conditions (pH ∼ 3), swelling behaviors are controlled by
amino groups of chitosan that are protonated, causing the
swelling increase. If the pH value is very low (pH < 3), the
screening effect of the counterion (Cl−, H2PO4

−) shields the
−NH3

+ groups, which does not allow the effective repulsion
between protonated amino groups, and thus results in the
decrease in swelling. At pH > 4.7, the carboxylic acid groups
are ionized due to their pKa value. Above pH 4.7 but below pH
6.4 (and in a certain pH range from 4 to 7), the base groups
exist as −NH3

+ and acid groups as −COO− or as −NH2 and
−COOH. In the first case, the ionic interactions between
−NH3

+ and −COO− lead to ionic crosslinking. In the second
case, hydrogen interactions between −NH2 and −COOH can
lead to decreased swelling. At a higher pH value (pH ∼ 8), the
carboxylic acid groups become ionized and electrostatic
repulsion prevails, causing swelling enhancement. At pH
values higher than 10, the screening effect of counterions
(Na+, K+, Ca2+) shields −COO− groups from electrostatic
repulsion while reducing swelling.30,32,48,49 The scheme of the
influence of pH on physical behavior is shown graphically in
Figure 5b.

3.4. Erosion at Simulated Physiological Conditions.
Erosion of the samples was performed in PBS at 37 °C for 90
days to mimic the physiological conditions of the human body.
Samples containing both GK and chitosan eroded more slowly
than samples that had only one of them (Figure 6). This is due
to the interactions between carboxylic acid groups from GK
and amino groups from chitosan. PBS with pH ∼ 7.4 caused

Table 3. Results of Diffusion Exponent n, the Characteristic
Constant of Gel k, and Various Diffusion Coefficients for
the Swelling Kinetics of the Gum Karaya/Chitosan (GK/
Ch) Hydrogels at 37 °C

sample name
diffusion

exponent n
gel characteristic
constantk × 102

diffusion coefficient
D × 104 (cm2·min−1)

Effect of amount of GK and chitosan
GK100/Ch0 0.48 1.62 4.90
GK75/Ch25 0.58 1.05 6.09
GK50/Ch50 1.08 0.66 7.86
GK25/Ch75 1.10 0.44 17.25
GK0/Ch100 2.05 0.12 17.90

Effect of pH (GK50/Ch50)
distilled water
(pH = 5.5)

0.44 2.42 3.48

PBS
(pH = 7.2)

1.08 0.44 6.09

Figure 5. Comparison of swelling behavior of gum karaya/chitosan (GK/Ch) hydrogel (GK0/Ch100, GK50/Ch50, and GK100/Ch0) at different
pH levels (a). Influence of pH on physical behavior (b).
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partial ionization of carboxylic acid groups to −COO− while
some amino groups were in the form −NH3

+.50,51 Interactions
between −NH3

+ and −COO− led to a reduction in swelling.
Furthermore, some carboxylic acid groups stayed protonated
to −COOH and some amino groups remained as −NH2,
allowing for hydrogen interactions. The lowest weight loss
value was observed for sample GK25/Ch75 (41% weight loss),
while the highest (68%) showed the reference sample of pure
GK and PVA (GK100/Ch0) due to the solvation of the
carboxylic acid group to −COONa, leading to repulsive forces
between these groups and enabling better penetration of the
PBS into the hydrogel.
Scheme 1 shows the proposed mechanisms inspired by

publications52,53 and based on FTIR results (Section 2.4) for
the reaction of chitosan, GK (both dissolved in 1 M HCl), and
PVA aqueous solution. The solutions were mixed at 25 °C for
4 h. In the first step, physical crosslinking was observed by
ionic interaction between protonated amino groups (−NH3

+)
in chitosan and the deprotonated carboxylate group (−COO−)
in GK. PVA reacted with both GK and chitosan through
intermolecular hydrogen bonds. At the same time, intra-
molecular hydrogen bonds arose in the chitosan chains.

3.5. Adhesion Test of Adherent NIH3T3 Cells on the
Hydrogel Surface. Adherent NIH3T3 cells were used to
study the adhesion of fibroblasts to the selected hydrogels
(GK100/Ch0, GK50/Ch50) to mimic the situation in which a
hydrogel wound dressing would be placed on the surface of the
open wound skin. Using light microscopy, no cells were
observed on the hydrogel surfaces of GK100/Ch0 and GK50/

Ch50 (Figure 7a,b), which suggests a low preference of
fibroblasts to adhere to both hydrogels.

However, NIH3T3 easily adhered to the empty wells
containing the NIH3T3 culture medium (Figure 7c). Cells in
control wells (positive control for cytotoxicity containing
sodium dodecyl sulfate (SDS)) were detected, but in this case,
most of the cells were dead or with a pathological round
morphology due to the presence of toxic SDS (Figure 7d).
These observations were similar at all three time points (24,
48, and 72 h; data not shown).

3.6. Mechanical Characterization of Hydrogel Films.
To investigate the effect of composition, tensile strength tests
were performed on all developed materials in the hydrated
state to prove their applicability in wound dressing. The results
of the tensile strength test in Figure 8 show that the elongation
of the films is directly dependent on the hydrogel composition.
PVA hydrogels generally form strong and tough polymer
networks, and since there is a uniform PVA concentration, the
effect of GK and chitosan is observed. The maximum
mechanical performance in the breaking point range of 375.4
± 18.8% shows sample GK100/Ch0 with applied stress of 3.5
± 0.1 MPa and Young modulus ranging 3.2 ± 0.7 MPa. GK,
together with PVA, form a strong, easily swellable, and elastic
polymer network due to interactions of hydroxyl groups.

On the contrary, the poor mechanical performance of the
films shows films with chitosan addition. The sample GK25/

Figure 6. Erosion of gum karaya/chitosan (GK/Ch) films with
different ratios of GK and chitosan in PBS at 37 °C.

Scheme 1. Proposed Mechanisms of Physical Crosslinking of Chitosan, GK, and PVA

Figure 7. Microscopic pictures of NIH3T3 cells cultured on gum
karaya/chitosan (GK/Ch) hydrogels with different ratios of GK and
chitosan: (a) GK100/Ch0, (b) GK50/Ch50, (c) negative control for
cytotoxicity (no hydrogel only NIH3T3 culture medium), (d)
positive control for cytotoxicity (no hydrogel only NIH3T3 culture
medium and SDS) (scale bar 1 mm).
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Ch75 was the most resistant to applied force, reaching applied
stress in the range of 11.1 ± 1.3 MPa and Young modulus 4.6
± 0.9 MPa at the breaking point with a maximum elongation
of 195.8 ± 10.2%. This toughness is caused by forming a
strong network composed of hydrogen−bond interactions
between hydroxyl groups of GK, PVA, and chitosan, together
with ionic interaction of GK carboxyl groups and chitosan
amino groups. Moreover, the incompatible ratio between the
polymers forms a more fragile network that possesses reduced
resistance against applied stress. Samples with a lower chitosan
addition GK75/Ch25 reach 2.5 ± 0.7 MPa, Young modulus
2.7 ± 0.8 MPa, and break point at 349.3 ± 12.7%; GK50/
Ch50 has increased applied stress at the breaking point in the
range of 2.3 ± 0.5 MPa with Young modulus 0.7 ± 0.2 MPa
and maximum elongation of 261.3 ± 20.9%. The lowest values
have sample GK0/Ch100 with applied stress of 1.3 ± 0.3 MPa,
Young modulus 1.7 ± 0.5 MPa, and a breaking point ranging
74.4 ± 4.1% caused by the highly hydrophilic nature of the
material with a less tough polymer network. Overall, the results
proved that GK addition increases the film elasticity and
mechanical strength of the gels almost linearly (Figure S2a in
Supporting information) when hydrated, Figure 8 (x-axis). At
the same time, tensile stress is influenced by the density of
cross-linking between the polymers forming hydrogen and
ionic bonds. A suitable ratio between components GK25 and
Ch75 forms a rigid network. In contrast, the rest of the films
possess three up to eight times lower resistance against applied
stress (Figure S2b), which correlates with Young’s modulus
values of the material (Figure S3 in the Supporting
information).

3.7. Optical Properties. Transparency is an essential
feature of wound dressings since it allows wound visualization.
Material transparency is dependent not only on the
composition but also on the material’s absorption of liquids
(hydrophilicity). The material’s optical transmittance (%T)
spectra are shown in Figure S4a,b in the Supporting
Information and represent the optical transmittance in the
visible region.
Figure 9 compares the dry and hydrated state of all samples

at a wavelength of 600 nm. All films’ transparency has a similar
trend with decreasing in transparency for the hydrated state.
This fact is caused by the liquid absorption as the hydrogel
matrix expands, and pore size enlarges as the material swells.
The highest transparency is observed in pure PVA hydrogels
that count 76.9 ± 1.6%T in the dry state and 42.8 ± 1.5%T in
the wet state. The transparency of the GK/Ch hydrogel films

in the dry state varies between 40 and 60%T at 600 nm with no
observed composition dependency on the transparency.

On the contrary, the hydrated films show that composition
strongly influences %T. Increasing transparency corresponds to
a higher GK concentration caused by a strong hydrogel
network with intermolecular hydrogen bonds. This trend can
be correlated with a measurement of swelling behavior in
which the films with the highest chitosan concentration
(Figure 3) were the most hydrophilic (−OH and −CH2−OH
groups), absorbing a large amount of water, resulting in pores
enlargement decreasing transparency. The sample GK0/
CH100 has transparency values in the range of 16.4 ± 0.6%
T at 600 nm; compared to that, GK100/CH0 has twice higher
transparency accounting for 31.6 ± 2.4%T. Overall, the films’
wet state transparency with a range in values 16−32 decreased
by about half compared to the dry state. Hydrogel trans-
parency is strongly influenced by the film swelling behavior,
which is directly proportional to the hydrogel composition.
Gk/Ch-based hydrogel films have comparable transparency in
the dry state with PVA-based hydrogels,54 poly(methyl
methacrylate) (PMMA),55 or poly(2-hydroxyethyl methacry-
late) (PHEMA) hydrogels,56 which possess high transparency.
Based on the results, we can conclude that GK/Ch-based
hydrogel films possess sufficient transparency to monitor the
wound site in the dry state, slightly decreasing when hydrated.

3.8. Cytotoxicity Test of Hydrogel Extracts on
Adherent NIH3T3 Cells. To investigate the cytotoxicity of
potentially released hydrogel compounds, adherent NIH3T3
fibroblasts were treated with hydrogel extracts. No morpho-
logical change or abnormal phenotype with changes in cell size
and shape was detected after the incubation of both hydrogel
extracts (GK100/Ch0, GK50/Ch50) with NIH3T3 cells
(Figure S5a,b in the Supporting information) compared to
the wells with the NIH3T3 culture medium (Figure S5c).
Wells containing the cytotoxicity positive reference exhibited
changes in cell size and shape (Figure S5d). Macroscopically, it
was evident after Toluidine blue staining that the plates with
SDS (cytotoxicity positive) were free of NIH3T3 cells after 24
and 72 h of exposure (Figure S5e). However, cells exposed to
the negative control (complete cell culture medium) or
hydrogel extracts (GK100/Ch0, GK50/Ch50) did not show
visible acellular areas (Figure S5e−g). In total, we did not
observe “zones of inhibition” of dead cells detached after PBS
washing or any regions of the less dense cell layer compared to

Figure 8. Average tensile strength (MPa) and the strain (%) at the
breaking point of the gum karaya/chitosan (GK/Ch) hydrogel films
with different ratios of GK and chitosan. Figure 9. GK/Ch-based films’ optical transparency at a wavelength of

600 nm with different compositions, as well as the films’ state (dry/
hydrated).
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the blue-stained monolayer of the normal NIH3T3 population
(negative control for cytotoxicity) after either 24 or 72 h of
exposure (Figure S5f). The hydrogel extracts of GK100/Ch0
and GK50/Ch50 did not exhibit cytotoxic properties in
adherent NIH3T3 cells (Figure S5g,h).

3.9. Cytotoxicity Test of Hydrogel Extracts on
Suspension BaF3 Cells. After 24 h of exposure of the
extracts to BaF3 cells, the difference between the SDS
cytotoxic positive control and the hydrogel extracts was clear
under the light microscope when the SDS control contained a
lower number of cells compared to the other three conditions
(BaF3 medium only, GK100/Ch0 extract, GK50/Ch50
extract). BaF3 cells are round suspension cells, and therefore,
changes in cell morphology or the presence of an abnormal
phenotype with changes in cell size and shape were not
possible to evaluate. However, cells in all conditions after 24 h
of exposure to the extracts were manually counted to three
times per condition and the average number of all cells was
calculated. The number of cells in a cytotoxicity-negative
(BaF3 culture medium) plate was significantly higher (16 ×
104 mL−1) compared to the number of cells in the cytotoxicity-
positive plate with SDS (6 × 104 mL−1) (*P < 0.05),
representing approximately one-third of cells in the negative
control plate (Figure 10a).
Cell counts from extracts of both hydrogels reached similar

values as the reference (negative control for cytotoxicity), 16 ×
104 mL−1 for GK100/Ch0 and 18 × 104 mL−1 for GK50/Ch50
(P = NS), representing 101 and 113% of cells in the negative
plate, respectively (Figure 10a). Similarly, there was no
difference between the live and dead cell compositions
between the negative control and both hydrogel extracts (P
= NS) (Figure 10b). As expected, there was a significant
decrease in the number of live cells in the cytotoxicity positive
control with SDS (**P < 0.01) (Figure 10b). After 24 and 72
h of exposure, the metabolic activity of the BaF3 cells in each
experimental condition (hydrogel extract, control references)
was evaluated by the resazurin proliferation assay. Cell
proliferation in both hydrogel extracts was increased compared
to the negative control for cytotoxicity (****P < 0.0001)
(Figure 10c). On the other hand, there was a significant
decrease in cell proliferation in the cytotoxicity positive control
with SDS (****P < 0.0001). No significant difference between
24 and 72 h of hydrogel exposure for any hydrogel extract was
found. No detectable cytotoxic activities were observed either
on the adherent NIH3T3 cells or the non-adherent suspension
BaF3 cells. The graph shows the results of the fluorescence
measurement (y-axis) of the metabolized resazurin that
changed to fluorescent resorufin. Each bar represents the
mean fluorescent value in arbitrary units (AU) with SD from
three independent wells, each measured three times. ****P <
0.0001 (two-way ANOVA; using negative control as a
reference). The studied hydrogels are slowly degradable,
making them suitable for wound dressings that can be replaced
every few days, depending on the type of wound. Thus, it is
desirable that the newly formed tissue (containing fibroblasts)
closing the wound would not adhere to the hydrogel as part of
the dressing. Using different methods, our results demon-
strated (i) no adherence of the fibroblasts NIH3T3 to the
hydrogels and (ii) no detectable cytotoxic activity of our
hydrogels’ extracts on adherent cells (NIH3T3) or the non-
adherent suspension cells (BaF3).

4. CONCLUSIONS
The transparent hydrogel films from gum karaya and chitosan
mixture were successfully prepared. Based on the type of the
treated wound, the physicochemical properties can be tailored
for a specific application. The ionic crosslinking between gum
karaya and chitosan in acidic conditions (in the acute wound)
allow the absorption of wound liquids (e.g., microbial effusion)
and help to keep the wound clean and without micro-
organisms. The film’s transparency in the wet state allows
control of the healing process. Additionally, our combination
of gum karaya and chitosan mixture exhibited synergistic
antimicrobial activity against tested microbial strains, such as
Staphylococcus aureus, Pseudomonas aeruginosa, and Candida
albicans. Moreover, these hydrogels exhibited no cytotoxic
effects on adherent as well as on suspension cells in in vitro
experiments. There was no adhesion of fibroblast cells to the

Figure 10. Cell counts of BaF3 cells exposed to various treatments on
gum karaya/chitosan (GK/Ch) hydrogel extracts for 24 h. (a) All
BaF3 cells (one-way ANOVA) and (b) composition of live and dead
cells (two-way ANOVA) using negative control as a reference and
SDS as a positive control. Each bar represents a mean cell count from
three independent wells with a standard deviation (SD). *P < 0.05;
**P < 0.01. (c) Proliferation activity of BaF3 cells exposed to various
treatments on gum karaya/chitosan (GK/Ch) hydrogel extracts for 24
and 72 h measured by resazurin-based proliferation assay. Each bar
represents mean fluorescence values from three independent wells
with a standard deviation (SD). *P < 0.05; **P < 0.01, **P < 0.0001.
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tested hydrogels suitable for non-adherent wound dressings.
These hydrogels can also complement other promising
approaches in wound care management, such as the develop-
ment of antimicrobial nanoparticles or nanofibers, and even
increase their beneficial effects. However, additional evaluation
of their compatibility under physiological conditions should be
investigated further using in vivo models. All of the described
properties make these hydrogels unique and suitable for
wound management and especially for the management of
slow-healing and/or infected wounds. Due to the tailoring of
the physicochemical properties, applications from short-term
(in acute wounds) to long-term (in chronic wounds) use can
be applied. Thanks to good mechanical properties, the
manipulation and application are very easy and can be easily
handled at hospitals or at home. The simple and cost-effective
preparation of these hydrogels is potentially applicable on a
pilot and industrial scale.
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