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The purpose of this study was to develop an efficient wound healing PVA-biopolymer composite hydrogel using
the polysaccharide derived from Egyptian Avena sativa L. The prepared polysaccharide showed high β-glucan
content which accelerates wound healing. The β-glucan content was 13.28% and GC analysis revealed that glu-
cosewas themajor sugar component (71.19%). Different PVA-polysaccharide hydrogels combinedwith different
polymers and loaded with 0.3% bacitracin zinc were developed using the freezing-thawing method. The used
polymers were; polyvinylpyrrolidone (PVP), Carbopol 940 (CP), hydroxyethylcellulose (HEC), hydroxypropyl
methylcellulose (HPMC), and sodium carboxymethylcellulose (Na CMC). The prepared hydrogels were charac-
terized by determination of gel fraction, swelling ratio, mechanical and bioadhesive properties. The results re-
vealed that hydrogels prepared using anionic (NaCMC and CP) and more hydrophilic (HEC) polymers showed
better swelling ratio, bioadhesive and mechanical characters compared with hydrogels prepared using cationic
(PVP) or less hydrophilic (HPMC) polymers. For two selected formulations containing HEC (F7) and NaCMC
(F9), disk diffusion method and In vitromicrobial penetration were performed for microbiological assessment.
In addition, In vivo evaluation of the anti-inflammatory and wound healing activity comparedwith conventional
products were performed on rats. The results showed higher anti-inflammatory activity of F7 (21.4% edema re-
duction) compared with F9 (19.8% edema reduction). Similarly, F7 showed better healing (99% relative wound
size reduction) than F9 (75%). The current study revealed the potential of using the prepared Egyptian Avena
sativa L. polysaccharide and HEC for development of an efficient wound healing dressing with antimicrobial
and anti-inflammatory activities.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Wounds represent a significant burden on patients & health profes-
sionals. Effective woundmanagement will decrease complications, pre-
vent chronicwound formation, reduce costs and allow rapid healing [1].

Hydrogel wound dressings resemble the natural living tissue due to
their high-water content and soft consistency. They are biocompatible
and have all properties of ideal dressing, including absorption of excess
exudates, protection against infection and external factors, provision of
optimal pH, that promote rapid wound healing, in addition they could
be easily removed without trauma [2,3]. Polysaccharide-based
ilding 1165, Apartment 404, 6th

l-Mancy).
hydrogels have received considerable interests referring to their excel-
lent properties, cost, and sustainability [4]. However, polysaccharide
hydrogels show mechanical weakness and physicochemical problems.
To overcome these problems, polysaccharides were mixed with differ-
ent hydrophilic polymers like PVA, sodium alginate, chitosan, etc. [5,6].

β-Glucan is a glucose polymer polysaccharide, enhances wound
healing by stimulating tissue granulation, human dermal fibroblast col-
lagen biosynthesis and deposition, and finally re-epithelialization, as
previously reported [7]. The common oat (Avena sativa L.) is the richest
andmost economical source of β-glucan. However, there are still major
problemswith its extraction as low yield, low purity and polysaccharide
de-polymerization are main challenges [8].

Few studies have been found regardingwoundhealing activity of oat
and there is a lack of knowledge about thewound healing effect of poly-
saccharide derived from Egyptian oat. In this work the polysaccharide
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Table 1
The composition of PVA-Avena sativa L. polysaccharide-based hydrogels.

Formula Ingredient (%)a

Polysaccharide PEG 6000 PVP Carbopol HEC HPMC NaCMC

F1 – – – – – – –
F2 2 – – – – – –
F3 2 1 – – – – –
F4 2 – 1 – – – –
F5 2 – – 0.50 – – –
F6 2 – – 1 – – –
F7 2 – – – 1 – –
F8 2 – – – – 1 –
F9 2 – – – – – 1

a All formulations contain 10% PVA and 0.3% bacitracin zinc.
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isolated fromEgyptianAvena sativa L. grains represented a good yield, in
addition a new HPLCmethod was adopted for qualitative and quantita-
tive assay of the isolated polysaccharide. The study aimed to develop
PVA-biopolymer composite hydrogels using the prepared polysaccha-
ride and different hydrophilic polymers. Bacitracin zinc was added as
an antimicrobial to accelerate wound repair. The study focused on com-
prehensive evaluation and comparison of the effect of combining differ-
ent hydrophilic polymers to improve the characters of the prepared
PVA-polysaccharide hydrogels, such as gel fraction, swelling ratio, me-
chanical and bioadhesive properties. The present study is an attempt
to explore the potential to develop efficient and economicwound dress-
ings using biocompatible and natural ingredients. It integrates
multifunctionality such as mechanical properties and bioadhesion in
the moist environment of the wound of polymers, the anti-
inflammatory effect of the isolated β-glucan, and antimicrobial effect
of bacitracin zinc which are the main requirements of efficient wound
healing process. Different in vitro and in vivo testswere performed to se-
lect the most efficient wound dressing formula.

2. Material and methods

2.1. Materials

Avena sativa L. grainswere collected fromNODCARKafr-Algabal gar-
den, El-haram, Egypt. Starch standard was purchased from Fin Chem,
China,β-glucan standardwas purchased fromAlfa Chemistry, USA. Bac-
itracin zinc was kindly donated by Medical Union Pharmaceuticals,
Cairo, Egypt. Polyvinylalcohol (PVA 10-98) was purchased from Fluka,
Switzerland. Sodium carboxymethylcellulose (Na CMC, average Mw
~90,000), Hydroxypropyl methylcellulose (HPMC E15) &
Hydroxyethylcellulose (HEC, average Mwt ~720,000) were purchased
from Sigma-Aldrich, USA. Carbopol 940 (CP) and polyvinylpyrrolidone
K30 (PVP) were purchased from Loba Chemicals, India. Polyethylene
glycol 6000 (PEG 6000) was obtained from Merck, Germany. The used
conventional wound healing product was Mebo® ointment, Julphar.
All other chemicals were of analytical grade.

2.2. Preparation of Avena sativa L. polysaccharide

The dried powdered grains of Avena sativa L. (200 g) were exhaus-
tively extracted with boiling distilled water and filtered. The aqueous
extract was collected and concentrated under reduced pressure at 70
°C using a rotary evaporator (Buchi, Germany). The polysaccharide
was precipitated by the addition of absolute alcohol to the extract in
the ratio (4:1). The precipitatewas left to settle,filtered throughmuslin,
washed many times with absolute alcohol, then dried at 40 °C to con-
stant weight and finally stored in tightly closed dark container [9,10].

2.3. Quantitative estimation of the prepared polysaccharide using spectro-
photometric method, gas chromatography (GC) and HPLC analysis

The percentage of total polysaccharide was determined by the
phenol-sulphuric method and was calculated as glucose spectrophoto-
metrically using the predetermined glucose calibration curve at λmax

of 490 using spectrophotometer (Shimadzu 1601, Japan) [9].
For GC analysis, 100 mg of the dried polysaccharide was refluxed

using10ml of 0.1 NHCl for 8 h, then neutralizedwith Ba(OH)2. The neu-
tralized mixture was filtered, concentrated under reduced pressure at
45 °C, then it was analyzed and identified using GC (HP6890, Agilent,
Germany) connected to flame ionized detector (FID) and ZB-1701,
30 m × 0.25 m X0.25μm, 14% cyanopropyl phenyl methyl column. The
sample was dissolved in 0.5 ml isopropanol, completely dried, then
derivatized using 0.5 ml of 2.5% hydroxylamine hydrochloride in pyri-
dine with heating for 30 min at 80 °C, then allowed to cool. Silylation
was done using 1 ml of trimethylchlorosilane; N, O-bis-(trimethylsilyl)
acetamide, 1:5 by volumewith heating for 30min at 80 °C, then allowed
to cool. A volume of 1 μl was injected into helium carrier gas injector and
detector temperature was maintained at 270 °C [11].

A new HPLC method was adopted for qualitative and quantitative
assay of the isolated polysaccharide following the instructions for
Agilent metacarb Pb plus carbohydrate column. This method is specifi-
cally designed for the separation of polysaccharides, monosaccharides
and sugar alcohols in a single chromatographic profile. Individual com-
ponents were identified, and their concentrations were calculated as
percent.

2.4. Hydrogels preparation

Hydrogels were prepared by the freezing-thawingmethod using the
specified compositions recorded in Table 1. A solution of PVA in distilled
water was prepared by stirring for 1 h at 80 °C, then the polysaccharide
was added, and stirringwas continued for further 30min at 50 °C. A so-
lution of polymer and bacitracin zinc was prepared in distilled water,
added to the previous mixture and mixed to form a homogenous
blend at room temperature. Themixturewas sonicated for 10min to re-
move air bubbles, poured into Petri dishes and finally subjected to five
freeze-thaw cycles, each of 16 h freezing at −8 °C and 8 h thawing at
room temperature [12].

2.5. Characterization of the prepared hydrogels

2.5.1. Visual inspection and surface pH determination
Hydrogels were examined for color, homogeneity, and phase sepa-

ration. For each formula, 1 cm2 was soaked in 1 ml of distilled water
for 5min. The pH of thewet surfacewas determined by placing the elec-
trode of the pHmeter (Jenway 3510, U.K.) in contact with hydrogel sur-
face till reaching equilibrium within 1 min.

2.5.2. Determination of gel fraction
Pieces of hydrogels (2 cm × 2 cm) were dried in an oven (50 °C) for

6 h, then weighed (Wo). Afterward, they were soaked in distilled water
for 24 h to remove the soluble parts until reaching a constant weight.
The hydrogels were dried again at 50 °C in an oven and weighed
(We). The gelation percentage (%) was calculated as follows [13]:

Gf %ð Þ ¼ We=Wo � 100

2.5.3. Determination of equilibrium swelling ratio
Pieces of hydrogels (2 cm× 2 cm)were dried at 40 °C under vacuum

until obtaining constantweights, and then theywere soaked inwater at
25 °C. The weights of the swollen hydrogels were measured in an
equilibrium-swollen state after 24 h. Swelling ratio (SR) was calculated
using the following equation:

SR %ð Þ ¼ Ws=Woð Þ � 100;
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whereWo andWs are weights of hydrogel before and after swelling, re-
spectively [14].

2.5.4. Water-vapor permeability
Round pieces of hydrogels were put on the top of open vials (1.5 cm

diameter) filledwith 5 g of anhydrous CaCl2. All vialswere kept in a des-
iccator, containing a saturated solution of NaCl at 37 °C (approximately
70% R.H.). Water vapor transmission rate (WVTR) was determined as
follows:

WVTR g=m2−day
� � ¼ W2−W1ð Þ=Sð Þ � 24

where,W1 andW2 are theweights of thewhole vial at the first and sec-
ond hours, respectively, and S represents the transmitting area of the
sample [15,16].

2.5.5. Determination of mechanical properties
The tensile strength and elongation at break of the hydrogels were

determined using Hydraulic tensile tester (Tinius Olsen H1KS, England).
Hydrogels were cut into dumbbell shapes with a length of 60 mm, a
width of 10 mm in the middle and 20 mm at the ends. The mechanical
analysis was carried out at a stretching speed of 20mm/minwith a pre-
load of 0.5 N. To evaluate tensile properties, hydrogels were stretched
between two tensile grips till breaking. Breaking force of hydrogel
(mN) and extension to break (mm) were measured and the elongation
at break percent and the tensile strength were calculated [17].

2.5.6. Bio-adhesion studies
Bio-adhesive properties of hydrogels were investigated using Tex-

ture Analyzer (Stable Micro Systems TA-XT plus, U.K.) equipped with
50 kg. Rabbit small intestine was washed thoroughly with saline solu-
tion and used to represent the mucous-like texture of a fresh wound.
The texture analyzer was programmed to work in tension mode, with
applied force 0.1 N, trigger force 0.025 N and contact time 600 s. The
probe was detached at a pre-test speed of 0.5 mm/s, and a test speed
of 0.1 mm/s. The stickiness was measured by the maximum force
(Fmax) required to detach the hydrogel from the mucosal membrane,
total work of adhesion (WOA) was defined as the area under the force
versus distance curve, while cohesiveness was represented by the dis-
tance traveled by hydrogel till detached [3].

2.6. Characterization of the selected hydrogels

2.6.1. FTIR spectroscopy
FTIR spectra for samples of bacitracin zinc, F7, F9, and the polysac-

charide were recorded over a spectral region from 4000 to 400 cm−1

using a Shimadzu FTIR spectrophotometer (Prestige21, Japan).

2.6.2. Assessment of the microbiological activity

2.6.2.1. Disk diffusion method. The antimicrobial activity of the polysac-
charide and the selected hydrogels was tested against four bacterial
strains using the disk diffusion method [18]. The tested strains included
two gram-positive [Staphylococcus aureus (S. aureus) ATCC 297373 and
Micrococcus leutus (M. leutus) ATCC 10240] and two gram-negative
[Escherichia coli (E. coli) ATCC 10536 and Pseudomonas aeruginosa
(P. aeruginosa) ATCC 25619]. The antimicrobial activity was evaluated
by measuring the inhibition zone around each disk after incubation. A
disk of bacitracin zinc free hydrogel was used as a control [19].

2.6.2.2. In vitro microbial penetration. The test was done according to
Wittaya-Areekul & Prahsarn [6] to evaluate the resistance of the se-
lected hydrogels against microbial transmission from the environment.

2.6.2.3. Microbial limit test. The test was performed according to the
method described by Ahmed et al. [12] to verify the requirements of
official monographs of the British Pharmacopoeia for the absence of
both P. aeruginosa and S. aureus.

2.6.3. In vivo evaluation of wound healing and anti-inflammatory activity
The in vivo studies were performed in accordance with the ARRIVE

guidelines and approved by the institutional review board of the Na-
tional Research Center.Male rats (250–280 g)were used and all animals
had free access to water and food and kept under specified conditions
(22 ± 2 °C at 40–60% R.H. & 12 h. light-dark cycle).

2.6.3.1. Anti-inflammatory activity: carrageenan-induced rat paw edema.
The method was performed as described by Amin & Abdel-Raheem,
[20]. Thirty rats were distributed over five groups (n = 6). The first
group (control) was injected subcutaneously with 0.1 ml of 1% carra-
geenan solution into the plantar side of the left footpad of the rats to in-
duce edema. For other groups II, III, IV, and V, the plantar side of the left
hind pawwas covered, 30min before carrageenan injection, with crude
polysaccharide (50 mg on a wetted gauze), 0.5 g/inflamed area of the
selected hydrogels F7, F9 and a commercial product (1% indomethacin
gel), respectively. The non-treated right foot of the same animal was
used as a reference. The size (mm)of foot from a lateral viewwas deter-
mined by amicro caliper directly after injection (0 h) and then after 1, 2,
3 and 4 h. Edema inhibition (EI) was measured by comparing the paw
thickness for treated groups to the thickness of the control group at
each time as follows [21]:

EI %ð Þ ¼ 1− ETt=ETcð Þ½ � � 100

where ETt is the thickness of the treated left paw, and ETc is the thick-
ness of the control left paw.

2.6.3.2. Excision wound healing model and histological study. Thirty rats
were anesthetized, and then their backs were shaved using an electric
razor. The skin was excised in the dorsal interscapular region (1.5
× 1.5 cm2). The rats were randomly distributed over five groups (n =
6). Group I; served as control (untreated, the wounds were covered
with sterile gauze), group II were treatedwith the crude polysaccharide,
while rat wounds in groups III, IV and V were treated with the selected
hydrogels F7, F9, and Mebo®, respectively. Each group was separately
kept in an individual cage. The dressings were changed daily, and the
wounds were inspected and photographed using a digital camera at
the 2nd, 4th and 10th day. The size of each wound was measured, and
the average size of the six wound areas in each group was calculated
and represented as mean ± S.E. The progress of wound healing was
assessed by calculating the relative wound size reduction (%) as follows
[22]:

Relative wound size reduction %ð Þ ¼ WSo−WStð Þ=WSo½ � � 100;

whereWSo andWSt are thewound size at the initial time and after time
‘t’, respectively. Finally, the animals were sacrificed by cervical disloca-
tion, and sections for histopathological investigation were prepared ac-
cording to the method described by Jin et al. [23].

2.6.4. Scanning electron microscopy (SEM)
The topographic characteristics &morphology of the hydrogel of en-

hanced wound healing activity was investigated by Analytical-SEM
(JEOL, JSM-6360LA, Japan). One of the specimens was not coated
while the other was sputter-coated with the gold-caladium alloy in a
sputter coater model CS 7620 in 2 min [24].

2.7. Statistical analysis

Unless stated otherwise, all determinations weremeasured in tripli-
cate and the values are represented as the mean ± S.D. The data were
analyzed by ANOVA (one-way analysis of variance) test followed by
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Tukey's method for multi-comparison test among groups of three or
more. Student's t-test was used for the comparison of two groups. All
statistical analysis was conducted using Minitab (VER.18). p b 0.05
was considered statistically significant.

3. Results & discussion

3.1. Polysaccharide characterization and composition

The obtained polysaccharide was off-white dried powder. The spec-
trophotometric analysis revealed that the percentage of the total poly-
saccharide isolated form Avena sativa L. grains was 23.11%. GC analysis
revealed that glucose was the major sugar component of oat polysac-
charide (71.19%) followed by arabinose, ribose, xylose, and fructose
(0.319, 0.266, 0.096 and 0.053%, respectively).

HPLC analysis declared that themajor component of the polysaccha-
ride was starch (63.31%) and β glucan (13.28%). β-Glucan content was
found to be higher than that reported for non-Egyptian species [25–27].

3.2. Characterization of the prepared hydrogels

Visual inspection of hydrogels showed either opaque or translucent
appearance. All hydrogels showed good homogeneity and consistency
except F3 and F6 where phase separation and sticky consistency were
detected, so they were excluded. Physicochemical characteristics of
the hydrogels are recorded in Table 2. pH values were in the range of
5.8–6.8 which is acceptable to avoid skin irritation.

3.2.1. Determination of gel fraction
The gel fraction activity reached the highest value at 97.27% for F1

-containing only PVA- indicating complete crosslinking of PVA [13,16].
The presence of polysaccharide does not significantly affect the gel frac-
tion. However, the presence of polymers showed lower gel fraction
values indicating interactions between polymers and PVAwhich affects
the cross-linking and crystallinity of the hydrogel [12]. As a rule, as the
gel fraction decreased, the flexibility & gel strength were weakened
and elasticity increases [16,20]. Gel fraction values were increased in
the following order: F1 N F2 N F7 N F5 N F4 N F8 N F9 as shown in Table 2.

3.2.2. Equilibrium swelling ratio
The higher the SR, the higher the ability of the formula to absorb ex-

udate from the wound which improves healing [12]. The order of in-
creasing SR was as follows F9 N F5 N F7 N F8 N F2 N F4 N F1 as recorded
in Table 2. F1 containing only PVA, had the lowest SR, due to a higher de-
gree of crosslinking and least available OH groups. Addition of polysac-
charide (F2) increases SR due to a higher degree of polysaccharide
hydration. The rest of hydrogels showed different SR according to the
difference in the structure and degree of hydration of the used polymer;
lesser cross-linked hydrogels tended to show a higher water uptake.
The highest SR value was observed for F9 containing NaCMC because
ionic groups tend to increase osmotic pressure inside the hydrogel
due to increasing the number of counter ions which leads to higher
swelling capacity [24,28]. It also provides the hydrogel with
Table 2
pH, gel fraction, swelling ratio and water vapor transmission rate for the prepared hydrogels. A

Formula pH Gel fraction (%) Swelling ratio in water after 24 h (%) Water

F1 6.08 ± 0.02 97.27 ± 1.78 230.52 ± 5.35 1770.8
F2 5.83 ± 0.03 96.43 ± 0.42 237.92 ± 11.29 1755.7
F4 6.37 ± 0.02 89.34 ± 0.84 232.67 ± 5.92 2571.7
F5 6.11 ± 0.01 92.81 ± 0.39 379.05 ± 1.51 2344.3
F7 6.79 ± 0.01 93.25 ± 0.81 305.36 ± 4.87 2748.8
F8 6.29 ± 0.03 88.55 ± 0.51 267.63 ± 6.48 2556.4
F9 6.44 ± 0.02 79.56 ± 0.59 552.78 ± 58.62 2133.6

a Not determined as the hydrogel was easily broken.
electrostatic charges anchored to the network, which have a double ef-
fect on the swelling capability [29].

3.2.3. Water-vapor permeability
An effective wound dressing must control the water loss from a

wound at an optimal rate. It was reported that WVTR of
2000–2500 g/m2 per day would provide appropriate level of moisture
to the wound. A higher WVTR leads to excessive dehydration, while
lower WVTR leads to accumulation of exudates that could delay the
healing process and increase the risk of infection [14,16]. The lowest
values of WVTR were recorded for F1 and F2, while all other hydrogels
recorded higher values.

3.2.4. Mechanical properties
A good wound dressing must have good mechanical properties to

withstand handling. The highest tensile strength and % elongation
values were recorded for F1 containing only PVA. All other hydrogels
containing polysaccharide and polymers showed lower values with
less stiff and more elastic characters as cited in Table 2. This could be
due to the decrease in chain length, formation of hydrogen bonding
and the increase of chainmobility due to the presence of polysaccharide
and the hydrophilic polymers [5,30]. The obtained values were higher
than that reported for human skin (11.5 MPa), so the prepared
hydrogels can be used effectively for wound dressing.

3.2.5. Bio-adhesion studies
WOA, maximum detachment force (stickiness) and cohesiveness

were determined and depicted in Fig. 1. Generally, the formulae had
stronger bioadhesion in the following order: F9 N F5 N F7 N F2 N F1
N F4 N F8. The bioadhesive characters depend on the strength of the
formed bonds between the hydrogel and mucosal membrane. Both F9
an F5 showed the highest values due to their anionic nature and numer-
ous hydrogen bonding groups of NaCMC & CP. Conversely, F4 and F8
prepared using cationic PVP and neutral HPMC, respectively contained
no functional groups for binding with the mucosal membrane [31].

Among the tested hydrogels, F7 (contains HEC) and F9 (contains
NaCMC) showed good SR, WVTR, mechanical and bioadhesive proper-
ties which are necessary to aid in the enhancement of the wound
healing activity, so they were selected for further investigations.

3.3. Characterization of the selected hydrogels

3.3.1. FTIR
FTIR spectra of the tested samples revealed that there is neither ap-

pearance of new peaks nor disappearance of existing peaks, which indi-
cated that there are no interactions between the drug, the
polysaccharide and the used polymers.

3.3.2. Assessment of the microbiological activity
F7 and F9 showed inhibition zones due to the activity of the drug,

while the polysaccharide and the control (bacitracin zinc free hydrogel)
showed no activity. Inhibition zones were observed only against gram-
positive bacterial strains (Fig. 2); this is attributed to the bilayer struc-
ture of the cell wall of gram-negative bacteria which acts as a potential
ll data are expressed as the mean ± standard deviation, (n = 3).

vapor transmission rate (g.m−2.day−1) Tensile strength (MPa) % elongation (%)

2 ± 27.02 29.40 ± 0.69 64.13 ± 0.51
7 ± 30.75 28.19 ± 0.37 52.65 ± 2.83
8 ± 17.21 N.D.a N.D.a

1 ± 10.4 18.78 ± 0.68 28.62 ± 0.96
8 ± 37.5 15.03 ± 0.72 58.34 ± 1.38
4 ± 9.64 15.20 ± 0.21 39.55 ± 3.20
7 ± 19.5 17.96 ± 0.35 47.50 ± 2.32



Fig. 1. Bioadhesive properties of the prepared hydrogels. Data are expressed as the mean ± standard deviation, (n = 3).
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barrier against foreignmolecules as stated by Kong et al. [32]. The crude
polysaccharide showed mild activity against Candida albicans (48.39%;
unpublished data).

Presence of inhibition zones was only observed in case of bacitracin
zinc loaded hydrogels (F7 and F9) due to the activity of the drug, while
the polysaccharide and the control (bacitracin zinc free hydrogel)
showed no activity. Inhibition zones were observed only against
gram-positive bacterial strains (Fig. 2); this is attributed to the bilayer
structure of the cell wall of gram-negative bacteria which acts as a po-
tential barrier against foreign molecules as stated by Kong et al. [32].
The crude polysaccharide showedmild activity against Candida albicans
(48.39%; unpublished data).

The in vitromicrobial penetration results showed that bacterial con-
tamination occurred only in the positive control test tubes, whereas,
neither negative control nor the selected hydrogels had shown visible
microbial penetration. The negative control was a test tube closed
with a tightly packed, while the positive control was an open test
tube. Microbial impermeability of the hydrogels will reduce the chance
of secondary bacterial infection in the wounds [3].

Themicrobial limit test showed nomicrobial growth for the selected
hydrogels and the control plates. Thus, the hydrogels compliedwith the
specifications of official monographs of the British Pharmacopoeia for
the absence of both S. aureus and P. aeruginosa.
3.3.3. Anti-inflammatory activity
Applying the crude polysaccharide, the selected hydrogels (F7 & F9)

and the commercial product to different rats' groups significantly
Fig. 2. Inhibition zones of selected hydrogels F7 and F9 against different bacteria strains.
inhibited the edema when compared with control group (p b 0.05)
after 4 h. The data revealed that there is no significant difference be-
tween the anti-inflammatory effect of crude polysaccharide and F9 de-
spite the lower polysaccharide content in F9 (five times lower). F7
showed higher anti-inflammatory activity comparable to the commer-
cial product as illustrated in Fig. 3. The anti-inflammatory activity of
both F7 & F9 was attributed to the release of their polysaccharide
content.

3.3.4. Wound healing activity and histological study
Visual inspection among groups revealed that the healing process

for all treated groups progressed satisfactorily. Conversely, wounds in
the control group were inflamed and wet, indicating contamination.
All rats survived throughout the study period until sacrifice. Wound
areas were measured, and the relative wound size reduction (%) was
calculated for each group after 2, 4, and 10 days post operation and com-
pared across groups (Fig. 4). The healing of wounds treated with crude
polysaccharide and F9 was slower than those treated with F7 and
Mebo®. The results showed that F7 significantly improved wound
healing compared withMebo®. After 10 days the wound size reduction
percentageswere 68.4, 72.5, 99, 95.4%, for groups treatedwith the poly-
saccharide, F9, and F7, and Mebo®, respectively compared with 25.5%
for the control group. The wound healing activity in all treated groups
is attributed to the β-glucan content in Avena sativa L. polysaccharide,
as β-glucan wound healing effect was previously reported [4,30,33].
The superior healing activity of F7 may be due to the presence of HEC
which has a protective colloidal action [34], in addition to its higher
Fig. 3. Edema Inhibition percent of polysaccharide, selected hydrogels (F7 & F9) and a
commercial product (1% Indomethacin gel), a: indicates statistically different from the
commercial product at (p b 0.05).



Fig. 4.Wound healing effect of polysaccharide, selected hydrogels (F7 & F9) and a conventional product (Mebo®), a: indicates significantly different from Mebo® at p b 0.05.
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anti-inflammatory activity illustrated in the previous section, as the in-
hibition of inflammation is essential for wound treatment [35].

Histological samples are illustrated in Fig. 5. A photomicrograph of a
skin section from a rat on the same day of wounding (Fig. 5A) shows
abrupt detachment of epidermal layer leaving the connective tissue of
dermis uncovered. After 10 days without treatment (Fig. 5B) a very
thin layer of the squamous epithelial layer covered the site of the
wound, the lower right part of the figure shows the ballooning of
keratinocytes.Wounds treatedwithMebo® (Fig. 5C) showsmassive in-
flammatory cell infiltration in the dermis with hypertrophy of the epi-
dermal layer on the left side, while the right side of the figure shows a
marked increase of epidermal layer thickness due to hypertrophy of ep-
ithelial cells with abnormal vascularization at the bottom of the
Fig. 5. A photomicrograph of a rat skin section at the same day of wounding (A), after 10 days o
treated with F7 (E).
epidermal layer. The dermal layer shows massive interstitial hemor-
rhage and inflammatory cell infiltration (arrowhead). Fig. 5D of wounds
treated with F9 shows fibrous replacement in the dermal layer (on the
left) where no structures (glands, hair follicles….) can be seen, with
an absence of epidermal layer. The right side shows the regeneration
of collagen fibers with dilated capillaries (arrow), but no regeneration
of epithelial cells of the epidermis is observed. For wounds treated
with F7, Fig. 5E shows a thick epidermal layer (on the left) with focal
gaps underneath filled with connective tissue and inflammatory cells.
The middle section shows the basal layers of the regenerated epidermis
where fine vascularization is observed (arrow). The right section shows
the upper layers of the epidermis where mild ballooning of
keratinocytes is observed.
f wounding without treatment (control) (B), treatedwithMebo® (C), treated with F9 (D),



Fig. 6. SEM surface image for F7, (A) without staining and (B) with gold staining.
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3.3.5. Scanning electron microscopy (SEM)
The study of surfacemorphological was performed using SEM to de-

tect the cross-linking pattern of the selected formula F7. Fig. 6 shows
that F7 had a well-organized three-dimensional network and strong
cross-linking structure.

PVA is a water-soluble polymer produced by the free radical poly-
merization of vinyl acetate to poly(vinyl acetate) (PVAc) followed by
the hydrolysis of PVAc to produce PVA. The hydrogel composite is
formed by physical cross linking and hydrogen bonding formation as
PVA-OH groups can be a source of hydrogen bonding (H-bonding)
and hence aid in the formation of the hydrogel. This is supported by
the SEM and the FTIR spectra of the tested samples which indicated
that therewere no chemical interactions between the drug, the polysac-
charide and the used polymers [36,37].

4. Conclusion

The polysaccharide isolated from the Egyptian grains of Avena sativa
L. had higher β-glucan content than reported for other non-Egyptian
species. PVA-biopolymer composite wound dressing hydrogels loaded
with bacitracin zinc were developed using the isolated polysaccharide.
Different hydrophilic polymers were screened for improvement of
swelling, WVTR, bioadhesion and mechanical properties. All hydrogels
containing polymers (F4, F5, F7, F8 & F9) showed a significant higher
swelling ratio and WVTR. The hydrogels prepared using HEC (F7) and
NaCMC (F9) were selected as they showed significant better
bioadhesive andmechanical characters than others. F7 & F9 showed an-
timicrobial activity against S. aureus andM. leutus and preventedmicro-
bial penetration. The in vivo data revealed a significant anti-
inflammatory and wound healing activity for the crude polysaccharide
and both F7 & F9. Histology study proved the healing activity of the
tested hydrogels. The in vivo results confirmed that F7 showed better
wound healing activity when compared with F9 and a conventional
product. Further investigation could be performed to optimize the for-
mula of efficient wound dressing using biocompatible and natural in-
gredients; PVA, polysaccharide and HEC.
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