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Abstract. To develop a gentamicin-loaded wound dressing, cross-linked hydrogel films were prepared

with polyvinyl alcohol (PVA) and dextran using the freezing–thawing method. Their gel properties such

as gel fraction, swelling, water vapor transmission test, morphology, tensile strength, and thermal

property were investigated. In vitro protein adsorption test, in vivo wound healing test, and

histopathology were performed. Dextran decreased the gel fraction, maximum strength, and thermal

stability of hydrogels. However, it increased the swelling ability, water vapor transmission rate, elasticity,

porosity, and protein adsorption. The drug gave a little positive effect on the gel properties of hydrogels.

The gentamicin-loaded wound dressing composed of 2.5% PVA, 1.13% dextran, and 0.1% drug was

more swellable, flexible, and elastic than that with only PVA because of its cross-linking interaction with

PVA. In particular, it could provide an adequate level of moisture and build up the exudates on the

wound area. From the in vivo wound healing and histological results, this gentamicin-loaded wound

dressing enhanced the healing effect more compared to conventional product because of the potential

healing effect of gentamicin. Thus, this gentamicin-loaded wound dressing would be used as a potential

wound dressing with excellent forming and improved healing effect in wound care.
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INTRODUCTION

Ideal wound dressing maintains a moist environment
around the wound and absorbs the exudates from the wound
surface (1). Acute and partial wounds showed a significant
increase in re-epithelialization rates when they were main-
tained in a moist local environment (2,3). Hydrogels, three-
dimensional cross-linked hydrophilic polymers with a very
high intrinsic content of water, can provide a moist environ-
ment to the wound area and absorb the exudates (4–8).

Many hydrogels are prepared by physical methods such
as repeated freezing and thawing, chemical methods using a
covalent cross-linking agent including boric acid, glutaralde-
hyde, and formaldehyde, or radiation methods using electron
beam or γ-irradiation (9–11). Polyvinyl alcohol (PVA) hydro-
gels prepared with a freeze–thawing method have been

studied for biomedical and pharmaceutical applications because
of their non-toxicity and good biocompatibility (12,13).

In our previous reports, nitrofurazone-loaded PVA/
sodium alginate (14) and clindamycin-loaded PVA/sodium
alginate hydrogels (15) could not improve the healing effect
compared to conventional products. Thus, in this study, to
develop an effective gentamicin-loaded wound dressing with
an enhanced healing effect, dextran and gentamicin were
used instead of sodium alginate and other drugs. The cross-
linked hydrogel films were prepared with PVA and dextran
using the freezing–thawing method. These PVA/dextran hydro-
gels formed a matrix of physically cross-linked polymeric chains
containing uncross-linked polymer and water. Their gel proper-
ties such as gel fraction, swelling, water vapor transmission test,
morphology, tensile strength, and thermal property were
investigated. In vitro protein adsorption test, in vivo wound
healing test, and histological examination in rat dorsum were
carried out.

Dextran is a polysaccharide consisting of glucose mole-
cules coupled into long branched chains, mainly through 1,6-
glucosidic and some through 1,3-glucosidic linkages. This
material is colloidal, hydrophilic, water-soluble, and inert in
biological systems and hardly affects the cell viability.
Because of these properties, dextran has been studied for
use as a carrier system for a variety of therapeutic agents
including antidiabetic, antibiotic, anticancer, peptide, and
enzyme (16). PVA is a semi-crystalline copolymer of vinyl
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acetate and vinyl alcohol that has been widely utilized in the
chemical and medical industries because of its biocompatibility,
non-toxicity, hydrophilicity, fiber/film-forming ability, chemical
resistance, and protein adsorption (17,18). Gentamicin has
been used topically in the treatment of superficial infections of
the skin since it is effective against many aerobic Gram-
negative and some aerobic Gram-positive bacteria (19).

MATERIALS AND METHODS

Materials

PVA (typical average Mw=146,000–186,000; +99% hydro-
lyzed) and dextran (typical average Mw=60,000–90,000) were
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).
Human serum albumin (HSA; Mw=66 kDa; albumin, 97.31%)
and human plasma fibrinogen (HPF; Mw=341 kDa; clottable
proteins, >95%) were purchased from Fluka Co. (Buchs,
Switzerland) and Calbiochem Co. (San Diego, CA, USA),
respectively. Gentamicin sulfate was kindly supplied from Han-
Mi Pharm. Co. (Yong-in, South Korea). Conventional wound
dressing product (Medifoam™) was purchased from Ildong
Pharm. Co. (Seoul, SouthKorea). All other chemicals were used
without any further purification.

Animals

Ten male Sprague–Dawley rats weighting 250–280 g pur-
chased from Charles River Company Korea (Orient, Seoul,
South Korea) were used to evaluate the in vivo wound healing
effect and histopathology of hydrogels. All animal care and
procedures were conducted according to the Guiding Principles
in the Use of Animals in Toxicology, as adopted in 1989, revised
in 1999, and amended in 2008 by the Society of Toxicology (20).
Furthermore, the protocols for the animal studies were
approved by the Institute of Laboratory Animal Resources of
YeungnamUniversity. The rats were allowed free access to food
and water at a temperature of 20–23°C and a relative humidity
of 50±5% for 24 h prior to the experiments.

Preparation of Hydrogels

PVA/dextran-based hydrogels were obtained by the
freezing–thawing (F–T) cycle. In brief, 100 g PVA and 15 g
dextran were dissolved in 1 L distilled water, respectively.
Then, 10% PVA solution and 1.5% dextran solution were
mixed at the volume ratio of 20:0, 15:5, 12.5:7.5, 10:10,
7.5:12.5, and 5:15, respectively. Gentamicin (0 or 20 mg) was
mixed to these PVA/dextran blended solutions, vortexed for
1 h, and poured into Petri dishes. The compositions of PVA/
dextran solutions for hydrogels are given in Table I. They

were frozen at −20°C for 18 h and then thawed at 25°C for
6 h. This procedure was repeated for three consecutive cycles,
leading to PVA/dextran-based hydrogels (21,22).

Determination of Gel Fraction

The pieces of hydrogel samples (2×2 cm) were dried for
6 h at 50°C under vacuum (Wo). They were soaked in 10 mL
distilled water into Petri dishes for 24 h up to a constant
weight and taken out from Petri dishes in order to remove the
soluble parts. The gels were dried again at 50°C under
vacuum (We). The gel fraction percentage was calculated by
the following equation (23,24):

Gel fraction % ¼ We=Woð Þ � 100 ð1Þ

where Wo and We are the weights of hydrogel samples dried
for 6 h at 50°C before and after soaking, respectively.

Determination of Swelling Ratio

The pieces of hydrogel samples (2×2 cm) were dried at
60°C under vacuum for 12 h (Wa). They were then soaked in
pH 7.4 phosphate buffer solution (PBS) at 37°C (Ws). The
swelling ratio (SR) was calculated using the following
equation (14,23):

SR% ¼ Ws=Wað Þ � 100 ð2Þ

where Wa and Ws are the weights of hydrogel samples dried
for 12 h at 60°C and soaked in PBS at 37°C, respectively.

Water Vapor Transmission Test

The water vapor transmission tests were performed using
the JIS 1099A standard method (22). A round piece of
hydrogel was mounted on the mouth of a cup (7-cm
diameter) containing 50 g of CaCl2 and placed in an incubator
of 90% RH at 40°C. The water vapor transmission rate
(WVTR) was determined as follows:

WVTR g m�2 day�1
� �

¼ W2 �W1ð Þ=Sð Þ � 24 ð3Þ

where W1 and W2 are the weights of the whole cup at the first
and second hours, respectively, and S is the transmitting area
of the sample.

Morphology Observation

The internal structure of the samples was investigated by
scanning electron microscopy (SEM, S-4100, Hitachi, Japan).
The hydrogels were dehydrated by a freeze dryer and coated
with platinum using an ion sputter (E-1030, Hitachi, Ltd.)
(21,25).

Mechanical Properties

The tensile strength and breaking elongation of hydro-
gels were determined using a tensile test machine (Instron
4464, UK). After three F–T cycles, the hydrogels were cut
into a specific dog bone shape (6 cm long and 2 cm wide at
the ends and 1 cm wide in the middle). The mechanical

Table I. Compositions of PVA/Dextran-Based Hydrogels

Ingredient I II III IV V VI

PVA (g) 10 7.5 6.25 5.0 3.75 2.5

Dextran (g) – 0.38 0.56 0.75 0.94 1.13

Water (mL) 100 100 100 100 100 100

Each composition contained no drug or 0.1% (w/v) gentamycin
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analysis was performed at a stretching rate of 20 mm/min with
a pre-load of 0.5 N to determine the maximum load for each
matrix. The thickness of the hydrogel was measured with a
digimatic caliper (CD-15CPX, Mitutoyo Co., Japan) before
examination (26).

Thermal Analysis Properties

The thermal characteristics of hydrogels were investi-
gated using a differential scanning calorimeter (TA instru-
ments Co., USA) in order to measure their crystallization
temperature (TC) and melting temperature (Tm). The analysis
was performed at a heating rate of 20°C/min, from 30°C to
200°C, under a nitrogen gas with a flow rate of 10 mL/min.

For the determination of the thermostability of the
hydrogels, thermogravimetric analysis was conducted under
50 mL/min nitrogen gas with a heating rate of 10°C/min in the
range from 30°C to 500°C by a TGA 2950 (TA instruments
Co.). The weight changes of the hydrogel preparations were
observed (14,27,28).

Adsorption of Protein onto Hydrogel Surface

The pieces of hydrogels cut into 2×2 cm were immersed
in 4 mL of pH 7.4 PBS containing HSA and HPF at 37°C.
After shaking at 100 rpm for 24 h, they were mildly taken out
and rinsed five times with PBS. They were placed in six wells
containing an aqueous solution of 1% sodium dodecyl sulfate
and shaken for 1 h to remove the protein adsorbed on the
surface. The protein contents of each sample were measured
using the BCA reagents. The absorbance at 562 nm was
measured using a microplate reader (Molecular Devices
Versa MAX Sunnyvale, CA, USA) (14,22).

In Vivo Wound Healing Test

The rats were anesthetized by i.p. injection of Zoletil
50® (tiletamine/zolazepam), and the dorsal hair of each
animal was shaved with an electric razor. After creating two
full-thickness wound areas (1.5×1.5 cm) by excising the
dorsum, 70% ethanol was used for sterilization. Each wound
was covered with sterile gauze (control), the hydrogel without
drug, the hydrogel with drug, and the commercial wound

dressing product, respectively. All materials were fixed with
an elastic adhesive bandage (Soft Cloth Tape®, 3M, USA).
All rats were separately kept in individual cages. At the
predetermined intervals, each wound size was measured using
a digital camera. The relative wound size reduction was
calculated as follows:

Relative wound size reduction %ð Þ ¼ Ao �Atð Þ=Ao½ � � 100

ð4Þ

where Ao and At are the wound size at initial time and time
“t”, respectively. The wound size was surveyed using the
Adobe® Acrobat® 7 Program (9,14).

Histopathology

Histological Process

After wound healing test of 15 days post-operation, the
rats were killed. The wounded area of skin containing the
dermis and hypodermis was then sampled and carefully
trimmed with a cutter. All trimmed skins were fixed in 10%
neutral buffered formalin. After paraffin embedding, 3- to 4-
μm sections were prepared. Representative sections were
stained with hematoxylin and eosin (H&E) and Masson’s
trichrome. The light microscopic examination on histological
profiles of individual skin was performed (29–31).

Histomorphometry

The desquamated epithelium regions (mm), numbers of
microvessels in granulation tissues (vessels/mm2 of field),
numbers of infiltrated inflammatory cells in granulation
tissues (cells/mm2 of field), percentages of collagen-occupied
regions in granulation tissues (%/mm2 of field), and
thicknesses of central regions of granulation tissues
(millimeter from epidermis to dermis) were measured on
the histological skin samples using a digital image analyser
(DMI-300, DMI, South Korea), respectively (32).
Furthermore, the re-epithelialization was calculated as
follows (33):

Re� epithelization rates %ð Þ ¼ Total length total wound 10mmð Þ �Desquamated epithelium regions mmð Þð Þ=total wound 10mmð Þ½ � � 100:

ð5Þ

Statistical Analysis

Multiple comparison tests for different dose groups
were conducted. Variance homogeneity was examined
using the Levene test (34). If the Levene test indicated
no significant deviations from variance homogeneity, the
data were analyzed by one-way ANOVA test and the least
significant differences multi-comparison test. In case of
significant deviations from the variance, homogeneity was
observed using the Levene test, a non-parametric compar-

ison test, and the Kruskal–Wallis H test. A P value≤0.05
was considered to be statistically significant using SPSS
for Windows (Release 14.0, SPSS Inc., USA) (35). More-
over, to evaluate the comparable efficacy of gauze control
and test materials, their changes were calculated as
follows:

Percentage changes compared with gauze control %ð Þ

¼ AT �ACð Þ=ACð Þ � 100
ð6Þ
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where AT and AC are data of the test groups and gauze
control, respectively.

RESULTS AND DISCUSSION

Gel Fraction

Three consecutive cycles of freezing and thawing formed
an insoluble and entangled hydrogel. The influence of
dextran and drugs on the gel fraction percentage is shown
in Fig. 1a. Similar to other polymers, increasing dextran
content in the hydrogel resulted in lower gel fraction (14).
The gel fraction of hydrogel with only PVA and no dextran
was about 97% and relatively high, suggesting that PVA was
almost completely cross-linked (36). The gel fraction
decreased to <65% at 1.13% dextran concentration. During
F–T cycles, the cross-linking strength of dextran was weaker
than that of PVA, even though dextran formed a cross-linking
bond with PVA in the gel. Generally, as the gel fraction
decreased, the strength of the gel was weakened but the
flexibility was increased (14,23). Therefore, dextran could be
used to control the strength and flexibility of hydrogel
because it reduced the cross-linking reaction and, conse-
quently, the gelation process. Furthermore, the hydrogel with
drug gave lower gel fraction than did the hydrogel without
drug. The drugs reduced the cross-linking interaction
between polymers.

Hydrophilicity

The swelling ability increased to more than 250% at
1.13% dextran with increased dextran concentration
(Fig. 1b). This could produce a less cross-linked hydrogel
than PVA did. Lesser cross-linked hydrogels showed a higher
water uptake because the highly cross-linked structure could
not sustain much water within the gel structure (9,37). The

hydrogel with drug improved the swelling ability compared to
the hydrogel without drug.

The effect of dextran and drugs on the WVTR of the
hydrogel was given in Fig. 1c. Queen et al. (38) reported that
a water vapor transmission rate of 2,000–2,500 gm−2day−1

would provide an adequate level of moisture to prevent
excessive dehydration and build up the exudates on the
wound area. A higher WVTR dried the wound more quickly
and produced the scars. Moreover, a lower WVTR
accumulated exudates, which might retard the healing
process and result in increased risk of bacterial growth (38).
Dextran increased the WVTR of hydrogels. The WVTR of
the hydrogel with 1.13% dextran was 1,900–2,000 gm−2day−1,
which was close to the ideal value for wound dressing. Thus, it
might provide an adequate level of moisture and build up the
exudates on the wound area. Similarly, the hydrogel with
drug improved the WVTR than did the hydrogel without
drug. The drugs had a little influence on WVTR as
gentamicin could interfere with the cross-linking of PVA
and dextran.

Scanning Electron Microscopy

The internal structures of hydrogels prepared by the
freezing–thawing method were shown in Fig. 2. As shown in
Figs. 2a–c, dextran produced more homogeneous gels.
Dextran might favor the crystallization process of PVA in
this gel, resulting in the formation of a more ordered and
homogeneous structure (21). However, as shown in Fig. 2b
versus d and c versus e, the drug incorporated in the hydrogel
did not affect the structure of the hydrogel.

Mechanical Properties

To investigate the influence of dextran on the mechanical
properties of the hydrogels, their tensile strength, elongation
at break, and Young’s modulus were evaluated (Fig. 3).

Fig. 1. Effect of dextran and drugs on the a gel fraction, b swelling ratio, and c WVTR. Each value represents the mean ± SD (n=3)
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Dextran hardly affected the elongation at break (Fig. 3a).
However, it decreased the tensile strength (Fig. 3b) and
reduced the Young’s modulus of the hydrogel (Fig. 3c). As
dextran was blended with PVA, the cross-linking density of
the gel was decreased (10). Thus, dextran produced less stiff
and more elastic hydrogels (14,17). Furthermore, gentamycin
in the hydrogel significantly decreased the tensile strength,
elongation at break, and Young’s modulus of the hydrogels
(Fig. 3). This might be due to the formation of hydrogen
bonding or intermolecular interaction between the drug and

polymer molecules, resulting in its relatively reduced cross-
linking density (15,39).

Thermal Analysis

The differential scanning calorimetry (DSC) thermo-
grams of the hydrogels are illustrated in Fig. 4. The hydrogel
with PVA gave no intrinsic peak (Fig. 4a). However, the broad
endothermic peak was observed at about 80–90°C in the
hydrogels with PVA and dextran. However, these peaks showed

Fig. 2. SEM micrographs of the cross-section of hydrogels: a hydrogel with only PVA; b hydrogel with 0.56% dextran and no drug; c hydrogel

with 1.13% dextran and no drug; d hydrogel with 0.56% dextran and 0.1% drug; e hydrogel with 1.13% dextran and 0.1% drug

Fig. 3. Effect of dextran and drug on the elongation at a break, bmaximum strength, and cYoung’s modulus. Each value represents the mean ± SD

(n=3). *P<0.05 compared with the hydrogel without drug
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a similar pattern, suggesting that substantial modification did not
occur in the nature of PVA crystallites because of their biological
components (21). Moreover, the hydrogel with drug gave a
similar pattern of endothermic curve compared to the hydrogel
without drug. Furthermore, the effect of dextran and drugs on
the thermal stability of hydrogels was shown in Fig. 5. As both
dextran and drugs increased, the weight loss increased. Thus,
they improved the thermal stability of gels because the hydroxyl
groups of dextran and drugs might form hydrogen bonding with
the hydroxyl groups of PVA (26).

From these findings, the wound dressing developed with
PVA and dextran was more swellable, flexible, and elastic
than that with only PVA because of its cross-linking
interaction with PVA. In particular, the hydrogel composed

of 2.5% PVA, 1.13% dextran, and 0.1% drug could provide
an adequate level of moisture and build up the exudates on
the wound area. Thus, it was selected as a formulation of
gentamicin-loaded wound dressing for further study.

Adsorption of Proteins onto the Hydrogel Surfaces

The blood compatibility of the hydrogel was evaluated
by the amount of plasma protein adsorbed onto the hydrogel
surface. When foreign material was placed in contact with
blood, the adsorption of protein onto the surface occurred,
leading to platelet adhesion and activation (29,40). Because
the albumin adsorption on the synthetic surfaces could inhibit
platelet activation, it did not promote clot formation.

All the hydrogels with PVA and dextran gave higher
HSA/HPF ratio than did the hydrogel with only PVA (Fig. 6).
The other hydrogels gave about 1.2-fold higher HSA/HPF
ratio than that with 0.38% dextran. However, they showed no
significant changes in HSA/HPF ratios. Furthermore, the
hydrogels with drug gave a higher HSA/HPF ratio than did
the hydrogel without drug. Generally, as the albumin/
fibrinogen adsorption ratio was higher, the number of
adhering platelets was lower (41). Thus, dextran and drug
gave less adhesion of platelets to artificial surfaces.

In Vivo Wound Healing

To estimate the wound healing ability of the hydrogel for
the acceleration of wound repair, the PVA/dextran hydrogels
were applied to wound spots in the rat dorsum. In the
preliminary study, to investigate the location of the wound
spots in the rat dorsum on the healing effects, four wound
spots in different locations (see Fig. 7a) were covered with

Fig. 4. DSC thermogram of PVA and PVA/dextran mixed hydrogels:

a hydrogel with only PVA; b hydrogel with 0.56% dextran and no

drug; c hydrogel with 1.13% dextran and no drug; d hydrogel with

0.56% dextran and 0.1% drug; e hydrogel with 1.13% dextran and

0.1% drug

Fig. 6. Effect of dextran and drug on the HSA/HPF ratio. Each value

represents mean ± SD (n=3)

Fig. 5. TGA thermogram of PVA and PVA/dextran mixed hydrogels:

a hydrogel with only PVA; b hydrogel with 0.56% dextran and no

drug; c hydrogel with 1.13% dextran and no drug; d hydrogel with

0.56% dextran and 0.1% drug; e hydrogel with 1.13% dextran and

0.1% drug
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sterile gauze (control) followed by fixing with an elastic
adhesive bandage. When they were observed for 15 days
post-operation, their macroscopic appearances and relative
size reductions and histological appearances were not signifi-
cantly different. Thus, in this study, their healing effects were
not dependent upon the location of the wound spots in the rat
dorsum.

Figure 7 shows the macroscopic appearance of wounds
treated with a sterile gauze, the hydrogel with drug, the
hydrogel without drug, and the conventional products at
various days of post-operation. In this experiment, a sterile
gauze was used as a control. The hydrogel without or with
drug were the hydrogel with 1.13% dextran and no drug and
the hydrogel with 1.13% dextran and 0.1% drug, respectively.

Each wound was observed for a period of 3, 6, 9, 12, and
15 days post-operation. All rats survived throughout the
postoperative period until killing. There were no evidences of
necrosis. At 3 days post-operation, little discrete inflamma-
tion was visibly observed in all rats. The conventional product
and the hydrogels with and without drug induced no infection
or contraction of the wound, whereas the control group
showed a scabbed wound spot. At 6 days post-operation, the
gauze control showed hemorrhage by second damage. How-
ever, the hydrogels hardly induced hemorrhage. From 9 days
post-operation, the majority of the wounds appeared to be
healed and almost completely sealed.

The relative size reduction of the wounds treated with
various materials is illustrated in Fig. 8. At 3 days post-

Fig. 7. Photographs of macroscopic appearance of wounds treated with (i) sterile gauze, (ii) hydrogel with 1.13% dextran

and no drug, (iii) conventional product, and (iv) hydrogel with 1.13% dextran and 0.1% drug at a 0 day, b 3 days, c 6 days, d

9 days, e 12 days and, f 15 days of post-operation
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operation, the hydrogel with drug showed a significantly
greater wound size reduction compared with the other
materials. At 6 days, the wound size reduction was signifi-
cantly greater in the order of the hydrogel with drug > the
hydrogel without drug = conventional product > gauze
control. Furthermore, from 9 days, the hydrogels and conven-
tional product significantly reduced the wound size compared
to control group. In particular, the hydrogels and conven-
tional product gave about a 95–100% wound size reduction at
15 days of post-operation. Our results suggested that the
hydrogel with drug significantly improved wound healing
compared with conventional product.

Histological Examination

Wound healing is a fundamental response to tissue
injury. It involves overlapping steps of inflammation, cell
migration and proliferation, angiogenesis, neovascularization,
extracellular matrix production, and remodeling (42,43).
Inflammation followed by tissue repair is a complex physio-
logical process of epithelialization, the formation of granula-
tion tissue, and tissue remodeling (42–45). Moreover, the
collagen is a major component of the extracellular matrix
(43).

As shown in Fig. 9a, the re-epithelialization rate (%) of
the control group was 43±6%. The conventional product and
hydrogels gave significantly higher re-epithelialization rate
than did the gauze control. The re-epithelialization rate was
significantly higher in the order of the conventional product
(74±14%) < hydrogel without drug (91±2%) < hydrogel with
drug (98±2%). Thus, the hydrogel with drug greatly
enhanced the re-epithelialization rates.

The hydrogels and conventional product significantly
decreased the granulation tissue areas compared with the
gauze control (Fig. 9b). Moreover, the hydrogels significantly
decreased the granulation tissue areas compared with the
conventional product.

The percentages of collagen-occupied regions in gran-

ulation tissues, number of infiltrated inflammatory cells,

numbers of microvessels, and length of desquamated epithe-

lium regions in granulation tissues detected in this study are

shown in Fig. 9c–f, respectively. The hydrogels and conven-

tional product significantly increased collagen fibers, but

dramatically decreased the number of infiltrated inflamma-

tory cells, numbers of microvessels, and length of desqua-

mated epithelium regions in granulation tissues compared

with the gauze control. Furthermore, the hydrogel with drug

significantly increased collagen fibers, but decreased the

others compared with the conventional product and the hydro-

gel with drug. Thus, the hydrogels facilitated the disappearances

of granulation tissues and changed the wound to normal skin

tissues (46,47).
The thicknesses of central regions of granulation tissues

were increased in the hydrogels and conventional product
(Fig. 9g). However, compared with the gauze control, there
was no significant difference.

The representative histological profiles of groups were

given in Fig. 10. Re-epithelialization of desquamated epithe-

lial regions (panels a, d, g, and j; asterisk) was more

extensively observed in the hydrogel and conventional

product compared with the gauze control. The hydrogel and

conventional product gave less inflammatory cell infiltrations

and neovascularization (arrows) in granulation tissues (panels

b, e, h, and k) and more numerous collagen proliferations

(panels c, f, i, and l; green colors) than did the gauze control.
The hydrogel without and with drug more favorably

facilitated the re-epithelialization and reconstruction of skin

tissues on the full-thickness wounds than did the conventional

product. They contained more collagen tissues and less

inflammatory cells compared with the conventional product.

Especially, the hydrogel with drug gave more rapid regener-

ation of wounds compared to the hydrogel without drug.

Furthermore, the hydrogel with drug significantly improved

wound healing compared with the hydrogel without drug

because of the potential healing effect of gentamicin (20).

Further study on its microbial inhibition after microbial

infection on the wound spots in the rat dorsum will be carried

out.
PVA is a biodegradable and nontoxic polymer. As PVA

and dextran gave a high aqueous solubility, they needed
cross-linking to be applied to the human body as a wound
dressing system. The PVA hydrogels prepared by the F–T
method formed physically cross-linked polymer chains con-
taining uncross-linked polymer and water. These gels were
non-toxic and biocompatible (12, 13). In this work, the cross-
linked hydrogels were prepared at various proportions of
dextran to PVA. Dextran decreased the gel fraction, max-
imum strength, and thermal stability of hydrogels. However,
it increased the swelling ability, water vapor transmission rate,
elasticity, porosity, and protein adsorption. The drug gave
little positive effect on the gel properties of hydrogels. Thus,
the gentamicin-loaded wound dressing with PVA and dextran
was more swellable, flexible, and elastic than that with only

Fig. 8. Relative size reduction of wound treated with sterile gauze,

conventional product, hydrogel with 1.13% dextran and no drug, and

hydrogel with 1.13% dextran and 0.1% drug in rat dorsum. Each

value represents the mean ± SD (n=5). *P<0.05 compared with the

sterile gauze, conventional product, and the hydrogel with 1.13%

dextran and no drug. **P<0.05 compared with the sterile gauze and

the conventional product. ***P<0.05 compared with the sterile gauze
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Fig. 9. Histomorphometrical values: a Re-epithelialization rates. All data are P<0.05 versus other groups. b

Granulation tissue areas in central regions of prepared crossly trimmed wounds. c Percentages of collagen

occupied regions in granulation tissues. d Number of infiltrated inflammatory cells. e Numbers of

microvessels in granulation tissues. f Desquamated epithelium regions. All data are P<0.05 versus other

groups. g Thicknesses of central regions of granulation tissues. After wound healing test of 15 days post-

operation, the wounded area of skin containing dermis and hypodermis was sampled. Each value represents

mean ± SD (n=5). The control, conventional product, and the hydrogel without drug and with drug were

the group treated with gauze control and conventional product, hydrogel with 1.13% dextran and no drug,

and hydrogel with 1.13% dextran and 0.1% drug, respectively. *P<0.05 compared with the gauze control.

**P<0.05 compared with the gauze control and the conventional product. ***P<0.05 compared with the

gauze control, conventional product, and the hydrogel with no drug
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PVA because of its cross-linking interaction with PVA.
Furthermore, it gave a greater healing effect than did the
hydrogel without drug and conventional product because of
the potential healing effect of gentamicin. Compared to the
conventional product, the gentamicin-loaded wound dressing
could provide an adequate level of moisture and build up the
exudates on the wound area. It gave excellent elasticity and
enhanced wound healing.

CONCLUSION

In conclusion, the gentamicin-loaded wound dressing
developed using the freezing–thawing method with PVA and
dextran was more swellable, flexible, and elastic because of its
cross-linking interaction with PVA. The hydrogel composed
of 2.5% PVA, 1.13% dextran, and 0.1% drug significantly
improved the wound healing effect compared with the gauze

Fig. 10. Representative histopathological profiles of skin wounds (granulation tissues) of a–c gauze control, d–f conventional product, g–i

hydrogel with 1.13% dextran and no drug, and j–l hydrogel with 1.13% dextran and 0.1% drug treated groups. After wound healing test of

15 days post-operation, the wounded area of skin containing dermis and hypodermis was sampled. DE dermis, EP regenerated epithelium,

squares mean the enlarged areas in right columns. a, b, d, e, f, h, j, and k H&E stain. c, f, i, and l Masson’s trichrome stain. Scale bars = 80 μm
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control, the hydrogel without drug, and the conventional
product. Thus, it is a potential wound dressing with excellent
forming and improved healing effect in wound care.
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