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Abstract

Background: In this study, the chronic wound healing ability of PLA-based electrospun nanofibers loaded with
hyaluronic acid, valsartan, and ascorbic acid is explored. PLA-based scaffolds were fabricated by electrospinning,
followed by loading the scaffolds with different concentrations of hyaluronic acid, valsartan, and ascorbic acid
hydrogels. The produced formulations were characterized by scanning electron microscopy imaging (SEM), tensile
strength testing, Fourier-transform infrared spectroscopy (FTIR), and differential scanning calorimetry (DSC). An

in vitro drug release study was conducted to monitor the release of valsartan from the different formulations. This
was followed by exploring the wound healing effects of the scaffolds in alloxan-induced diabetic rats and
comparing the wound healing effects with positive and negative controls.

Results: The average diameter of the fibers was in the range of 300 to 490 nm with high porosity in the range of
63.90 to 79.44%, offering a large surface area-to-volume ratio, enhanced drug solubility, oxygen permeability, and
fluid uptake. The presence of valsartan significantly impacted on the re-epithelization rate. Percentage re-
epithelization rate was 31.2% + 1.77% in the absence of treatment. Histologic section of tissue showed skin with
underlying loose fibro-collagenous stroma (dermis) containing sebaceous glands and hair follicles for animals
treated with VA, VB, VC, and VD. All the scaffolds reduced the number of inflammatory cell infiltrates at the wound
site compared to the no treatment and conventionally treated groups. Conventional antibiotic treatment and VD
(electrospun biomimetic scaffolds containing ascorbic acid) had % re-epithelization rates of 59.45% + 1.69% and
62.01% + 1.68% which were significantly lower than the PLA/HA-valsartan hydrogel scaffolds with VB having the
highest % re-epithelization rate of 85.5% + 1.7% (Figure 4B & 5Q).

Conclusion: This study explored the use of biomimetic polylactic acid-based electrospun fiber and HA-valsartan
hydrogel scaffold incorporating topical angiotensin receptor blockers to successfully accelerate wound healing. The
novel PLA-based electrospun fibers loaded with hyaluronic acid-valsartan hydrogels were stable and possessed
proven diabetic wound healing property. This was as a result of the known biomimetic effect of the fibers and
increased re-epithelization facilitated by the hydrogels containing valsartan.
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1 Background

Chronic non-healing wounds are wounds that have
failed to progress through a timely sequence of repair or
that proceeds through the wound healing process with-
out restoring anatomic and functional results [1, 2]. A
physiologic impairment is usually responsible for slowing
or preventing the wound healing process. Chronic
wounds include but are not limited to pressure ulcers,
diabetic foot ulcers, venous ulcers, and arterial insuffi-
ciency ulcers. Chronic wounds share similar characteris-
tics which include high level of proteases, elevated
inflammatory markers, low growth factor activity, and
reduced cellular proliferation [3]. The presence of meta-
bolic conditions in the patients as well as infections also
result in chronic wounds. Antibiotic-based dressings,
like neomycin, silver, and iodine, have been developed to
avoid infections in wounds, which have been noted as
one of the main causes of delayed wound healing. How-
ever, there is a risk of allergy and microbial resistance in
the use of these antibiotic-based dressings [1]. Advances
in wound management have also led to the development
of active dressings that facilitate the wound healing
process as well as techniques such as vacuum-assisted
closure to remove cytokines and proteases [2]. Problems
with the cost of wound healing therapies, wound reoc-
currences, poor absorption, and the difficulties in healing
chronic wounds have presented serious obstacles in the
management of chronic wounds. Electrospinning is an
effective technique used to fabricate a nanofiber similar
to the natural ECM by simply supplying an electric field
to a polymer. In addition, electrospun matrices have a
large specific surface area-to-volume ratio, high porosity,
and ease of control over the diameter, composition, and
morphology of the constituent fibers [3—5]. Electrospun
materials containing natural polymers like hyaluronic
acid have been used as wound dressing materials. In
addition, electrospun scaffolds can be incorporated with
dermal and epidermal cell lines, and it has been reported
that collagen and PCL (poly (e-caprolactone) electrospun
scaffolds with dermal fibroblast promoted better wound
healing than acellular scaffolds [3]. Electrospun scaffolds
have also been used for controlled release of drugs [4],
herbal extracts [5], and growth factors like EGF (epider-
mal growth factor) [5] which have shown successful im-
provements in chronic wound healing. Studies have also
shown the effective use of valsartan topical formulations
in animal models in the treatment of chronic diabetic
wounds by aiding angiogenesis, increased fibroblast pro-
liferation, re-epithelization, reduced oxidative stress, and
increased blood flow to the site of injury [6].

Excellent wound dressings maintain a warm and moist
environment that accelerates wound healing [7]; how-
ever, traditional dressings such as gauze and cotton wool
are neither able to maintain an optimal moist wound
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environment nor have biological activity on the wound
healing process. Thus, the modern concept of moist
wound dressings is employed to design the wound care
products [8—11], and hydrogels have shown promise as
wound dressing materials as they are able to create a hy-
drated environment to help promote the body’s wound
healing response [12]. A previous study showed that the
Astragalus polysaccharide-loaded poly(lactic-co-glycolic
acid) (PLGA) fibrous mats accelerate diabetic wound
healing by enhancing the restoration of skin microcircu-
lation [10, 11].

Polymers like polyvinyl alcohol (PVA) and hyaluronic
acid are commonly used in the fabrication of hydrogels
for wound healing [13]. Studies have shown that hydro-
gels composed of hyaluronic acid and chitosan have
been used to deliver the angiogenic promoting growth
factor, possess antibacterial property, and promote blood
clotting [14]. Utilization of animal models becomes crit-
ical in measuring histomorphometric parameters of heal-
ing which would justify utilization of hyaluronic acid
and valsartan in the proposed formulation. Cell-line
based studies are limited in this regard. The aim of the
study is to develop and characterize a biomimetic PLA-
based electrospun fibers loaded with HA-valsartan
hydrogels for chronic wound healing evaluation in an
animal model.

2 Method

2.1 Materials

The materials are as follows: polylactic acid (PLA 250,
000 g/mol is ~20wt %) (Merck KGaA, Darmstadt,
Germany), dichloromethane (Merck KGaA, Darmstadt,
Germany), glutaraldehyde (Merck KGaA, Darmstadt,
Germany), valsartan (Analytical Standard N-(1-Oxopen-
tyl)-N-[2"-(2H-tetrazol-5-yl)[1,1 -biphenyl]-4-yl]methyl]-
L-valine, Sigma-Aldrich, St. Louis, USA), Valsartan
Pharmaceutical Grade (CAS Number 137862-53-4
Shanghai Macklin Biochemical Co. Ltd, China) and 99%
absolute ethanol (Sigma-Aldrich, St. Louis, USA), ascor-
bic acid (Merck KGaA, Darmstadt, Germany), sodium
metabisulphite, alloxan monohydrate (Sigma-Aldrich, St.
Louis, USA), hyaluronic acid (HA), sodium salt powder
(Sigma-Aldrich St. Louis, USA), and phosphate-buffered
saline (Quality Biological, USA). The water used in the
experiment was Milli-Q water (Millipore, USA). All
other chemical reagents were of analytical grade and
were used without further purification.

2.2 Electrospun scaffolds design and fabrication

Twenty percent w/v of the PLA polymer was dissolved
in 100 mL dichloromethane; 0.2% v/v of glutaraldehyde
was introduced into the solution with stirring at 150
rpm at 25°C for 4h, until complete dissolution of the
polymer was obtained [15]. Electro-spinning of the
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prepared solution was carried using 20 mL plastic syrin-
ges equipped with 21 G gauge needles. The loaded syr-
inge was placed in a syringe pump and operated at a
flow rate of 0.1 mL/min. The solution was then electro-
spun at a voltage of 25kV onto a static collector
wrapped with aluminum foil paper. A polyethylene capil-
lary tube was used to connect the syringe and the needle
which was set up vertically to the collector. The col-
lector was a rectangular copper plate covered with
aluminum foil and located 37 cm from the needle tip for
the deposition of scaffolds [15].

2.3 Formulation of HA-valsartan hydrogel scaffold

The HA-valsartan hydrogel was prepared as described in
previous literature [6, 16]. Hyaluronic acid (HA) sodium
salt powder (1g) was dissolved in 100 mL double-
distilled water. 2.7% w/v sodium periodate solution and
0.2% w/v sodium metabisulfite was gradually introduced
into the hydrogel mix in a 0.5:0.5:1 ratio, and the mix-
ture was left to oxidize for 24 h after which it was dia-
lyzed. The varying concentrations of ascorbic acid and
valsartan added to the hydrogel mixture as shown in
Table 1. The formulated hydrogel was then dissolved
overnight in phosphate-buffered saline (pH7.4) to 6%
(w/v). This formulated hydrogel was then loaded on the
surface of the electrospun PLA scaffold (in a weight ratio
of 4:1) and allowed to dry in a desiccator at 25 °C + 0.5
°C.

2.4 Morphological and chemical characterization

2.4.1 Scanning electron microscopy

The surface morphology of the fabricated nanofibrous
scaffolds was determined via field emission scanning
electron microscopy (FEG-SEM) using a Phenom World
Eindhoven Phenom ProX scanning electron microscope.
The scaffolds were cut into small pieces of 5mm x 5
mm. Before observation, each sample was coated using a
gold sputter coater for 2min. The 5mm x 5mm cut
samples were then mounted over the studs using a car-
bon tape and analyzed at 15kV. All samples were ana-
lyzed in triplicates [15].

2.4.2 Fourier-transform infrared spectroscopy (FTIR)
The chemical structure or presence of functional groups
present in the scaffolds was confirmed by FTIR using an
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Agilent Technologies Cary 630 spectrophotometer. The
spectra were recorded in the range of wave numbers
from 4000 to 500 cm™* to characterize the absorption
bands of the nanofibers of PLA. Samples of nanofibrous
scaffolds were dehydrated by vacuum drying by vacuum
drying at 45 °C and later placed over the diamond crystal
for the FTIR analysis. Twenty scans were recorded for
each spectrum. Smoothing was done where necessary to
reduce the noise without loss of any peak [17].

2.4.3 Differential scanning calorimetry

Analysis of any possible polymer interaction and the
thermal transitions was recorded using differential can-
ning calorimetry via Mettler Toledo® Differential Scan-
ning Calorimeter DSC-2/700/214 at 37 °C to 450 °C.
Five milligrams of the scaffolds was taken into aluminum
pans and was then hermetically sealed. A controlled
heating and cooling rate was maintained at 10 °C/min in
nitrogen atmosphere [17].

2.5 Mechanical characterization

2.5.1 Measurement of the mechanical strength of the
hydrogel-loaded electrospun scaffolds

The tensile or mechanical strength of the nanofibrous
scaffolds were measured using a universal testing ma-
chine. The cross-linked scaffolds were cut into tapered
“dog bone” sections of dimensions 50 mm x 10 mm and
tested at an ambient temperature of 25 °C + 0.5 °C and
humidity of 60%. The resulting scaffolds were then
mounted between two clamps and stretched at a rate of
50 mm/min with an applied load range of about 50 N
and gauge length of 50 mm [18]. The tensile strength
was recorded in triplicate.

The pH, viscosity, and gel index of the hydrogel for-
mulations were determined at 25 °C + 0.5 °C. The viscos-
ity was determined at 20-60 rpm using spindle 4 of a
cone and plate viscometer (DV-E Digital viscometer,
Brookfield Engineering Laboratories Middleboro, MA,
USA) at 25°C + 0.5 °C. This was evaluated exponentially
using the power law according to Eq. 1.

T =K Dn (1)

where T is shear stress, K is gel index (GI), D is shear
rate, and 7 is flow index.

Table 1 Composition of polylactic acid-based electrospun fiber and HA-valsartan hydrogel scaffold

Formulation  Hydrogel component Electrospun component
Hyaluronic acid (%w/v)  Valsartan (%w/v)  Ascorbic acid (%w/v)  Sodium metabisulfite (Jow/v)

VA 0.1 1.5 0.5 0.2 20% w/v PLA cross-linked using

VB 02 10 075 02 0.2% v/v glutaraldehyde

VC 03 1.5 0.5 0.2

VD 04 - 0.75 02
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2.5.2 In vitro release study

The release of valsartan from the PLA/HA-valsartan
hydrogel scaffold was measured using UV spectroscopy by
placing 2.5 x 25cm?® of scaffolds in 20mL of release
medium, phosphate-buffered saline (PBS), at a pH of 7.4.
The temperature was maintained at 37 °C + 0.5 °C and
stirring of the system at 50 rpm. One milliliter of aliquot
sample was withdrawn, at fixed time intervals, and the
same amount of fresh solution was added back to the re-
lease medium to maintain sink conditions. The samples
were analyzed using an UV spectrophotometer at 250 nm.

2.6 In vivo wound healing

2.6.1 Determination of skin irritancy via patch test

0.5 g of polylactic acid-based electrospun fiber and HA-
valsartan hydrogel scaffolds were applied to the shaved
dorsal surface (3 cm?) of male Wistar rats (n = 3/treat-
ment). The skin was visually examined for erythema and
edema 1 h after application to check for skin irritation.

2.6.2 In vivo wound healing study

Forty male healthy treatment naive rats aged 12 weeks
old weighing 140-150 g and purchased from Joss Rat-
tery® breeds Ibadan Oyo State Nigeria were used in this
study. They were allowed to acclimatize in their new en-
vironment for 7 days before the start of the study. The
animals were maintained under controlled temperature
(28 £ 2°C), relative humidity (45 + 10%), and a 12 h light
and dark cycle; lights went off at 7 pm. They had access
to a standard 2016 diet, i.e., Harlan Teklad Diet (Harlan
Teklad Bircester U.K.) and clean drinking water ad libi-
tum. The animals were kept in 600x 390 x 200 mm
polycarbonate cages housed in well-aerated rooms with
a 12 h light/12 h dark cycle at 28 °C + 2°C and fed with
standard rodent diet and water ad libitum. This study
followed the National Institutes of Health guide for the
care and use of laboratory animals (NIH Publication No.
8023, revised in 1978) [19]. All the experiments abided
by the institutional guidelines approved by author’s insti-
tutions’ Health Research Ethical Committee CMUL/
HREC/07/19/564. As shown in the experimental time-
lines in Fig. 1, diabetes was induced using the method of
Mendes et al. [20], by giving two intra-peritoneal injec-
tions of alloxan monohydrate (150 mg/kg body weight)
at 48-h intervals in rats fasted overnight. Alloxan causes
an insulin-dependent diabetes mellitus also called “al-
loxan diabetes,” in these animals, with characteristics like
type 1 diabetes in humans [20]. The blood sample was
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obtained by tail clipping method, and glucose levels were
checked using pre-calibrated Accu-Chek Active®
glucometer.

The average random blood glucose level of normal rats
was found to be 136 mg/dL whereas the fasting blood
glucose level (after overnight fasting) was 92.7 mg/dL.
However, 48 h after alloxan administration, the fasting
blood glucose level was found to be 187.3 mg/dL,
whereas the random blood glucose levels were 442.3 mg/
dL. Such animals were considered severely diabetic and
selected for wound healing studies [20].

Diabetic rats were taken and distributed in six differ-
ent groups with each group containing four diabetic rats
(n = 4). The distribution of the diabetic rats was done
via simple randomization. All the diabetic rats in all ex-
perimental groups were exposed to the same environ-
mental conditions. Thee rats had a mean body weight of
147.43 + 3.2 g at the start of the experiment. The rats
were anesthetized by giving 0.1 mL of ketamine-xylazine
(50 mg ketamine/ kg body weight and -5 mg xylazine/
kg body weight) intraperitoneally. Hair was removed by
using hair removing cream; disinfection was carried out
which precluded the creation of full-thickness wounds
extending through the panniculus carnosus using a
punch biopsy instrument (diameter 5 mm, accu® punch)
after which the various dressing materials were applied.
Ibuprofen suspension was administered to all the ani-
mals to control pain [20]. Treatment commenced 24 h
after the wound was created; all formulations (4 cm x 4
cm scaffolds) including the controls were fixed on the
surface of the wounds. At predetermined intervals, the
wound size was examined using a digital camera with
image calibration capacity. Treatment was performed
daily by the same person at the same time. The relative
wound size reduction at treatment time ¢ in days was
calculated according to Eq. 2; Ao is the wound diameter
(mm) at time ¢ = 0 and At is the wound diameter at time
L.

Relative wound size reduction (%) = [Ao-At/Ao] x 100

(2)

2.6.3 Histological test

After the 14-day wound healing examination period, the
rats were humanely euthanized, and the wounded area
was sampled by trimming to include the dermis and hy-
podermis. The trimmed skin layers were fixed in 10%

TIMELINE FOR DIABETIC WOUND HEALING STUDY

Acclimation

lmlnn‘iona[rlinlmrml Wound healing study
I

Histology I

I
DAY -7 2

Fig. 1 Experimental timelines

16 17-19




llomuanya et al. Beni-Suef University Journal of Basic and Applied Sciences

neutral buffered formalin. After paraffin embedding, 3—
4 um sections were prepared. Representative sections
were then stained with hematoxylin and eosin (H&E). The
light microscopic examination for histological profiles of
individual rat skin sections was then performed [15].

2.6.4 Histomorphometry

Using a digital image analyzer (DMI-300, DMI, South
Korea), the histological skin samples were evaluated
for the numbers of micro vessels in granulation tis-
sues (vessels/mm? of field), percentages of collagen-
occupied regions in granulation tissues (%/mm?* of
field), the desquamated epithelium regions (mm),
numbers of infiltrated inflammatory cells in granula-
tion tissues (cells/mm? of field), and thicknesses of
central regions of granulation tissues (mm from epi-
dermis to dermis). Re-epithelization was calculated as
in Eq. 3.

Re-epithelization (%)
_ Total wound length (mm)-Desquamated epithelium region (mm) x 100
N Total wound length (mm)
(3)

2.7 Statistical analysis

The data was presented as mean * standard deviation of
more than three experimental values for every variable
and analyzed by one-way ANOVA followed by Dunnett’s
test using GraphPad Prism version 5. P value of less than
0.05 was considered statistically significant.

3 Results

3.1 Morphological and chemical characterization

The HA-valsartan hydrogel exhibited pH between
5.67 and 5.83, which put the hydrogels in the acidic
range hence its suitability for chronic wound care.
The gel index was above 1 hence its ability to be
easily loaded unto the electrospun PLA scaffold.
Both the hydrogel and the PLA/HA-valsartan hydro-
gel scaffold showed no skin irritancy when applied
(Table 2). The skin irritancy test showed that both
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the HA-valsartan hydrogels as well as the PLA/HA-
valsartan hydrogel scaffold was tolerable to the skin.
There were no signs of erythema and edema
observed.

3.2 Scanning electron microscopy

The scanning electron microscopy (SEM) results of
the hydrogel-loaded nanofibers gave a clear view of
the fibers with variation in fiber morphology due to
respective PLA/HA-valsartan hydrogel scaffold consti-
tution. The SEM images showed non-uniform ribbon-
like nanofibrous membranes embedded with pores
were fabricated (Fig. 2). There was an indicative ab-
sence of beading in the fibers, showing that the elec-
trospinning parameters were well optimized. The
smooth surface of the fibers seen in Fig. 2 VA, VB,
VC, and VD will ensure that there is no risk of the
dressing adhering to the wound surface as seen with
traditional cotton gauze dressings. This is especially
critical in excess wound drainage, where wound re-
dressing can cause tissue injury thus slowing down
the wound healing process [21].

The deposition of the hydrogels loaded on the fibers
can be clearly seen as a dense white opacity within the
fibers (Fig. 2 SEM photographs of formulations VA, VB,
VC, and VD). However, this dense white opacity was not
pronounced in VA due to its lower concentration of
hyaluronic acid and ascorbic acid. The scaffolds, though
fabricated using the same concentration of polylactic
acid (20% w/v), exhibited clear differences in the average
diameter and porosity due to the presence of other addi-
tives which varied across VA, VB, VC and VD (Table 1).
The average diameters of scaffolds VA, VB, VC, and VD
were 490 + 54 nm, 300 + 56 nm, 360 + 78 nm, and 370
+ 98 nm respectively (Fig. 2e). VA had the highest aver-
age diameter. The average porosity of the scaffold VA,
VB, VC, and VD were 76.73 + 0.95%, 79.43 + 1.18%,
63.90 + 1.07, and 65.76 + 1.42% respectively. Scaffolds
VC and VD exhibited the lower average porosity than
VA and VB. Hyaluronic acid concentration influenced
scaffold porosity, with higher concentration of HA pro-
ducing scaffolds with lower average porosity.

Table 2 Physicochemical characterization of PLA/HA-valsartan hydrogel scaffolds

PLA/HA-valsartan  HA-valsartan hydrogel characterization PLA/HA-valsartan hydrogel scaffold characterization

?g:f;g%e‘ pH Viscosity Gel skin Skin % drug Kinetic model elaboration of valsartan release from scaffolds
(MPa) index irritancy iritancy content Zero order First order Higuchi Korsmeyer-

(Ko) (Kp) (Kn) Peppas (K

VA 567+£009 1200+ 1.1 1.12  Nil Nil 91.92 £ 0.76 0.964 0.812 0.996 0.976

VB 566 £ 0.1 1099 + 09 124  Nil Nil 90.37 £ 1.16  0.980 0.904 0.998 0.998

VC 568+0.1 1150+05 133 Nil Nil 90.55 + 1.09 0970 0.874 0.997 0.995

VD 583+008 1210+06 145  Nil Nil - - - - -
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Percentage porosity of the scaffolds

Fig. 2 Scanning electron microscopy of the PLA/HA-valsartan hydrogel scaffold VA, VB, VC, and VD. E Average diameter of the scaffolds. F
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3.3 Fourier-transform infrared spectroscopy (FTIR) and
differential scanning calorimetry (DSC) of the PLA/HA-
valsartan hydrogel scaffold
3.3.1 Fourier-transform infrared spectroscopy (FTIR)
Figure 3a shows the FTIR spectra in the region 4000—
500 cm ™" of the hydrogel scaffolds. From the FTIR spec-
tra of VA, the peaks at 2948 and 2870 cm™ are attrib-
uted to C-H stretching from the —CH2 group. The
absorption bands at 1454 and 1383 cm ™ originated from
C-H stretching from the —CH3 group. The absorptions
at 1454 cm™ are attributed to C—H deformation from —
CH2. The bands at 1182, 1129, and 1081 cm™* originated
from C-O-C bending vibrations. The bands at 865 and
757 cm™" are due to C—C stretching vibrations. The ab-
sorption bands of pure valsartan indicating N—H stretch-
ing were seen to shift to higher wave numbers of 3432,
3448, and 3444 cm™" in VA, VB, and VC, respectively.
The recorded characteristic absorption peaks the C=0
stretching vibration at 1750 cm™" for neat PLA [22] is
seen to slightly shift in all hydrogel scaffolds. This ab-
sorption peak is seen to shift to 1751 cm™, and this peak
position shifted slightly to lower wave numbers of 1744,
1744, and 1748 cm™' in VB, VC, and VD, respectively,
where the samples contained higher concentrations of
hyaluronic acid and ascorbic acid in the hydrogels. This

suggests some interaction between the PLA and the
compounds in the hydrogels exists.

3.3.2 Differential scanning calorimetry (DSC)

The DSC graph of heat flow (mW) versus temperature
(°C) for the hydrogel-loaded fibers is shown in Fig. 3b.
The spectra showed four features typical of semi-
crystalline thermoplastics like heat flux at glass transi-
tion temperature (Tg), crystallinity, a melting endo-
therm, and decomposition. The Tg of VA, VB, VC, and
VD at 70.02, 74.05, and 71.60 °C, respectively, is slightly
higher than that of normal recorded values for PLA (50—
60 °C) [22], while the Tg of VC at 60.19 °C was within
expected values, indicating a correlation between glass
transition temperature and the hydrogel loading. The
decomposition temperatures of VA, VB, VC, and VD
were recorded at 319.56, 325.36, 329.18, and 285.45 °C,
respectively.

3.4 Mechanical characterization

3.4.1 Measurement of the mechanical strength of the
hydrogel-loaded electrospun scaffolds

The mechanical properties of nanofibers are dependent
on factors like the polymer used, fiber orientation, fiber
length, fiber surface morphology, and the cohesion
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frictional forces between the fibers. The tensile strength
and elastic modulus graphs for the hydrogel-loaded scaf-
folds (Fig. 4a, b) showed that the scaffolds possessed ad-
equate strength for utilization as a wound dressing
material. VA, VB, VC, and VD scaffolds exhibited tensile
strength of 0.92 + 0.007, 1.12 + 0.04, 1.12 + 0.21, and
0.63 + 0.12 MPa, respectively, and elastic modulus of
47.99 + 3.76, 48 + 1.72, 55.33 + 13.8, and 4691 + 8.59
MPa respectively. This is consistent with literature for
desired tensile strengths of wound dressing materials ob-
tained via electrospinning [3, 22].

3.4.2 In vitro release study

The in vitro drug release profile was evaluated using dif-
ferent correlation coefficient (+?) of varying mathemat-
ical models. The mathematical model with the highest
degree of correlation coefficient 7> determined the
mechanism of drug release [23]. Higuchi square root
model showed highest r* value compared to other
models (0.998, 0.998, and 0.998 for VA, VB, and VC re-
spectively as shown in Table 1). The release of valsartan
from the scaffold involved the simultaneous penetration
of surrounding liquid and dissolution and leaching out
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of valsartan, through channels or pores on the hydrogel
scaffolds due to the high porosity of the formulation.
The Korsmeyer-Peppas slope exponent (1) was between
1.94 and 2.0, which confirmed that valsartan release was
characterized by super case II transport where an in-
crease in valsartan release was observed with a higher
drug diffusion coefficient [23].

The PLA/HA-valsartan scaffolds exhibited desired
drug content after the hydrogel was loaded on the elec-
trospun fiber (Table 1). The SEM showed even distribu-
tion of the hydrogels within the fibers hence facilitating
a graded release of valsartan during the in vitro release
study. There was a cumulative valsartan release of 11.56
+ 0.76 to 24.67 + 0.46% from the samples in 60 min.
This could be as a result of the interaction or binding of
the compounds in the hydrogels to the nanofibers, as
confirmed in the FTIR result. At 120 min, VB showed
the highest amount of drug release with a cumulative re-
lease of 43.75% compared to VA and VC with 26.45%
and 32.56% respectively (Fig. 4c). Cumulative release of
over 70% of valsartan from the scaffolds occurred at 350
min with VB. This singular result significantly shows
that the sustained release of valsartan occurred over a
period of 6h, and permanent entrapment of valsartan
did not occur within the electrospun scaffold.

3.4.3 In vivo wound healing study and histopathology

The macroscopic presence of wounds treated with sterile
gauze, hydrogel-loaded nanofiber wound dressing, and
non-treated wounds on several post-operative days are
illustrated in Fig. 5a. Each wound was studied for a time
period of 14 days post-operation. There was no indication
of necrosis, except for the non-treated wounds. At the on-
set of the experiment when the injury was inflicted, there
was an outpouring of lymphatic fluid and blood. Both the
extrinsic and intrinsic coagulation pathways were acti-
vated and played a role in stopping the loss of blood, thus
the absence of bleeding at the end of day O (Fig. 5a, day 0).
This hemostasis marked the onset of the wound healing
cascade. By day 7, the inflammatory phase of wound heal-
ing had commenced and was characterized by infiltration
of the white blood cells and thrombocytes. These cells
sped up the inflammatory process by releasing more me-
diators and cytokines [3, 22]. The presence of valsartan in
the scaffolds ensured collagen degradation, transformation
of fibroblasts, growth of new vessels, and commencement
of re-epithelialization [22]. Figure 5c showed the compara-
tive size reduction of the wounds treated with the scaf-
folds and controls indicating an onset of the proliferation
stage of wound healing which occurred from day 8 to day
14. The proliferative or granulation phase does not occur
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at a discrete time but concurrently with wound bed mat-
uration [7]. By days 6 to 8, the animals experienced an ini-
tiation of collagen out lay via fibroblast activity; this was
evidenced by the percentage occupied by collagen in
granulation tissue (%/mm? of field) (Fig. 6d) which was
measured by day 14. Re-epithelialization starts to occur
with the migration of cells from the wound periphery and
adjacent edges. Initially, only a thin superficial layer of epi-
thelial cells is laid down, but with time, a thicker and more
durable layer of cells was seen to act as a bridge across the

wound bed and this was seen on days 7-9. In the animals
treated with VA and VB, maturation and re-modeling
phase occurred by day 13. Neovascularization which is the
formation of new blood vessels from existing vessels was
still occurring by day 13 in animals treated with VC, VD,
and control hence the presence of open wound and re-
duced wound bed closure as shown in Fig. 5, day 14. The
onset of both proliferation and modeling phase varied in
all the study animals depending on the treatment protocol
applied. Maturation was evident with complete wound
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and VD is provided in Table 1

Fig. 6 Histomorphometrical values showing a thickness of central region (mm from epidermis to dermis), b microvessels in granulation tissue
(vessels/mm? of field), ¢ number of inflammatory cells (cell/mm? of field), d percentage occupied by collagen in granulation tissue ©%/mm? of
field), e re-epithelization rates (%), and f desquamated epithelial region (mm). Treatments were compared with control (conventional drug
Sofratulle® containing 1% framycetin sulfate) (a reflects significance, “p < 0.05. n = 4). The composition of PLA/HA-valsartan scaffolds VA, VB, VC,

contraction and skin remodeling by day 14 in animals
treated with VA and VB (Fig. 5a). The rats in the no-
treatment group did not exhibit the proliferation and mat-
uration stage of wound healing. The normal wound heal-
ing process was disrupted via induction of diabetes, and
the presence of necrosis was observed in Fig. 5a, day 14
for this group.

The scaffolds considerably reduced the wound size in
comparison with the antiseptic gauze, as the difference
in the healed areas between the different hydrogel-
loaded nanofiber samples and the sterile gauze was sta-
tistically significant. Histologic section of tissue shows
skin with underlying loose fibro collagenous stroma

(dermis) containing sebaceous glands and hair follicles
for VA, VB, VC, and VD. No abnormalities were seen in
the sections for VA, VB, VC, and VD (Fig. 5b). However,
in the conventional treatment, there was an increased
number of inflammatory cells observed in both control
(without treatment) and with conventional treatment
(Fig. 6¢). Histomorphometrical values showed a statisti-
cally significant difference in the healing response of the
animals, i.e., a variation for the onset of proliferation,
maturation/remodeling phase of the wound healing cas-
cade. The concentration of valsartan incorporated into
the formulation was not a determinant of the rate of
wound closure. The presence of valsartan significantly
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impacted on the re-epithelization rate. Percentage re-
epithelization rate was 31.2% + 1.77% in the absence of
treatment (Fig. 6e). The dermis of all the subject animals
was infiltrated by dense aggregates of inflammatory red
cells (Figs. 5b and 6¢). However, all the scaffolds irre-
spective of whether they contained valsartan or not re-
duced the number of inflammatory cell infiltrates at the
wound site compared to the no treatment and conven-
tionally treated groups. Conventional antibiotic treat-
ment and VD (electrospun biomimetic scaffolds
containing ascorbic acid) had % re-epithelization rates of
59.45% + 1.69% and 62.01% + 1.68% which were signifi-
cantly lower than the PLA/HA-valsartan hydrogel scaf-
folds with VB having the highest % re-epithelization rate
of 85.5% + 1.7% (Figs. 5b and 6¢)

4 Discussion

Hydrogels have shown promise as wound dressing materials
as they are able to create a hydrated environment to help
promote the body’s wound healing response [12, 16, 24].
This research studied the development and characterization
of PLA-based electrospun nanofibers loaded with hyaluronic
acid hydrogel containing valsartan and ascorbic acid for
chronic wound healing. The use of nanofibers has gained
importance in wound healing in the health industry due to
its ability to mimic the human extracellular matrix. Nanofi-
bers can deliver various agents to local tissues at the wound
site, like drugs, herbal extracts [5], and growth factors, ie.,
EGF (epidermal growth factor) [4]. Electrospun matrices
also have a large specific surface area-to-volume ratio, high
porosity, and ease of control over the diameter, composition,
and morphology of the constituent fibers [11]. The renin-
angiotensin system is involved in the inflammatory response,
collagen deposition, and transforming growth factor-beta
(TGEP) signaling necessary for wound healing [25]; hence,
this study seeks to explore the use of biomimetic electro-
spun fibers incorporating a topical angiotensin receptor
blocker to accelerate wound healing. Chronic wounds ex-
hibit a pH around 7.15-8.90 at the wound bed, creating a
slightly basic environment [26]. Metalloproteinase enzymes
degrade proteins more rapidly in basic conditions, consum-
ing more oxygen from the tissue to speed up the process.
Therefore, the hyaluronic acid hydrogel formulated with an
acidic pH when incorporated into the PLA backbone has
the potential to slow metalloproteinase enzyme degradation
rates hence decreasing abnormal collagen in the wound bed.
This will increase fibroblast activity and enhance the toxicity
of the environment to bacteria, thus enabling effective
wound healing. This was acutely observed in the electrospun
fiber VD, which did not contain valsartan but still actively
increased re-epithelization rate (Fig. 6e) and reduced the
number of micro-vessels in the granulation tissue of the dia-
betic rats utilized in this study (Fig. 6b) [26]. The effective
use of valsartan containing hydrogel in animal models in the
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treatment of chronic diabetic wounds has also been demon-
strated to aid angiogenesis, increased fibroblast proliferation,
re-epithelization, reduced oxidative stress, and increased
blood flow to the site of injury [6].

The small fiber diameters inherent in the fabricated
electrospun fibers offer large surface area-to-volume ra-
tio resulting in high porosity, enhanced drug solubility,
and versatile surface functionalization, unlike conven-
tional sterile gauze dressings that have a diameter of 25—
100 mm [7]. Wound healing dressings possessing small
fiber diameters also ensure protection against bacterial
contaminants hence the reason why VD, which did not
contain either valsartan or an antibiotic agent, was able
to have comparable wound healing activity with the con-
ventional wound dressing. The presence of PLA as the
nanofiber backbone which was loaded with hydrogel
matrix containing an antioxidant provided an excellent
biomimetic matrix for wound healing. The high porosity
of the scaffolds VA-VD ensured excellent oxygen per-
meability, which is essential to generate energy for the
wound healing process including matrix synthesis, cell
migration, and proliferation while also promoting body
fluid absorption and diffusion of waste [27].

The tensile strength and elastic modulus of the human
skin has been recorded as 1-32 MPa and 15-150 MPa
respectively [28]. This suggests that the mechanical
properties of the formulation can closely match the
mechanical properties of the human skin. This also sug-
gests that there is effective attachment of the com-
pounds in the hydrogels and the PLA chains. The
melting temperature (Tm) of sample VA, VB, VC, and
VD at 171.61, 158.10, 156.57, and 133.06 °C, respectively,
also showed a slight variation from normal values for
PLA (173-178 °C) [22]. Differences in these values may
be due to the difference in concentrations of hydrogels
loaded into the fibers. Comparisons between VA, VB,
and VC showed that there was no statistically significant
difference between the cumulative release of valsartan
from VA and VC and that there is a statistically signifi-
cant difference in the cumulative release of valsartan
from VB compared to VA and VC. However, VB showed
a higher cumulative release of valsartan from the hydro-
gel scaffolds than VA and VC. The results suggest that
valsartan release from the scaffolds is controlled. This
thus offers numerous advantages, like maintenance of an
optimum drug concentration and increased duration of
therapeutic effect. The formulations containing valsartan
(VA, VB, and VC) also showed better wound closure
than VD which did not contain valsartan. Valsartan-
mediated wound healing was seen to accelerate healing
rate via increased wound blood flow, collagen depos-
ition, and re-epithelialization hence increase remodeling
which led to increased tensile strength of healing skin.
These results are consistent with prior reports on the
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effects of the RAS on skeletal muscle repair and demon-
strate the efficacy of topical ARBs in chronic wound
healing [6]. The hydrogel-loaded nanofiber scaffolds pro-
moted growth and migration of healthy cells in wound
bed of the diabetic rats. Bioactive wound dressings have
the ability to excessively absorb water at the wound bed,
thus providing a suitable environment for bacterial
growth [5, 7, 9]. However, our results indicated that this
was an unjustified concern as the hydrogel scaffolds
were able to inhibit bacterial growth and proliferation
due to the presence of acid groups in their structure and
creation of an environment with an appropriate pH.
Histological analysis was conducted to investigate the
diabetic wound healing activity of the formulations more
specifically. Faghih et al. [29] showed that there was a
significant increase in angiotensin type 1 receptors and
tissue-related growth factor f1 and B2 expression during
the proliferative and remodeling phases in angiotensin
type 1 receptor mice. Despite the accelerated closure
rate, angiotensin type 1 receptor mice had more fragile
healed skin. This is not in consonance with studies by
Abadir et al. [6] who postulated that utilization of valsar-
tan 1% gel had the ability to regenerate collagen in aged
skin suggesting age-related skin fragility may be reversed
and may prove useful in other diseases. This result is in
consonance with the present study where the histo-
pathological images of the treated rat skin revealed a
continuous and thick epithelial layer with underlying
loose fibro-collagenous stroma (dermis). The epithelial
layer contained sebaceous glands and hair follicles in all
groups, with VA, VB, and VC showing a complete epi-
thelization and good collagen deposition. The group
treated with VC however showed a thin epithelial layer
due to the absence of valsartan from this scaffold. Dense
aggregates of inflammatory red cells can also be seen in
the groups treated with the conventional treatment. This
heightened inflammatory phase characterized by abun-
dant neutrophil infiltration to the site of injury could ex-
plain the slower wound contraction rate observed in the
groups treated with the conventional treatment, com-
pared to the groups treated with the hydrogel scaffolds.
A short wound closure time may not necessarily coin-
cide with complete maturation and wound remodeling
[29-32]. The activity of polylactic acid-based electrospun
fiber and HA-valsartan hydrogel scaffold on the quality
of wound repair was most significant in the scaffolds
containing valsartan. Wound healing was greatly acceler-
ated with the presence of valsartan in the scaffolds with
the thickness of the central region of the epidermis to
the dermis being the highest in the PLA/HA-valsartan
treated scaffolds (VB 2.8 mm + 0.02 vs. no treatment 1.2
mm * 0.04 and conventional treatment of 1% framycetin
2mm + 0.01 “P < 0.05). HA-valsartan hydrogel scaffold
treatment yielded significantly stronger healing skin with
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visible hair regrowth suggestive of a deterrent against
wound dehiscence which is critical in diabetic wound
care. Our research demonstrates that the PLA/HA-val-
sartan-treated scaffold VB increased the rate of a chronic
wound healing in diabetic rats. The accelerated healing
rate was associated with increased wound blood flow
due to the presence of valsartan, increased percentage
occupied by collagen in granulation tissue, and increased
re-epithelialization and led to a full wound closure which
is consistent with the results from pig models of Rodgers
et al. [33], which demonstrated increased collagen de-
position with topical valsartan treatment. The PLA/HA-
valsartan-treated scaffold VB which enhanced collagen
deposition may be applied as a novel treatment manage-
ment option for the use of topical ARBs in skin wrink-
ling and maxillofacial reconstructive surgery.

5 Conclusion

This study explored the used of biomimetic polylactic
acid-based electrospun fiber and HA-valsartan hydrogel
scaffold incorporating a topical angiotensin receptor
blocker to successfully accelerate wound healing. PLA-
based electrospun fibers loaded with hyaluronic acid
hydrogel containing valsartan were stable and possessed
diabetic wound healing property. This was as a result of
the known biomimetic effect of the fibers and increased
re-epithelization facilitated by the hydrogels containing
valsartan. The controlled release of valsartan from the
scaffold VB facilitated improved blood flow to the
wound site hence ensuring complete remodeling of the
wound area.
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