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1 | INTRODUCTION

Covering an area of about 2 m? and representing approximately one-
tenth of the body mass, skin is the largest body organ.! It protects the
body against a wide range of physical, mechanical, chemical, and patho-
genic attacks. However, it is inevitably and frequently subjected to vari-
ous injuries, such as burns, trauma, and chronic and diabetic ulcers.?®

Partial-thickness wounds naturally heal without the need for any
special treatment. However, burns and chronic diabetic ulcers as the
most common causes of major losses (ie, full-thickness wounds) do not
heal naturally but require external and long-standing treatments.**The
conventional golden standard method so far is to treat those severe inju-
ries by skin grafting. The limitations are not, however, only restricted to
donor site shortage, scar formation, pain, tissue contracture, and other
long-term complications.®

The healing process can be promoted by using biocompatible
wound dressing materials. An ideal wound dressing should prevent
dehydration of the wound and retain a favorable moist environment
at the wound interface, allowing gas permeation as a barrier against
dust and microorganisms. Furthermore, it should be nonadhesive, able
to be easily removed without trauma, accelerate the wound healing
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Biodegradable wound dressing of poly glycerol sebacate/poly hydroxy butyrate was fabricated via
the coaxial electrospinning process. Simvastatin and ciprofloxacin were loaded in the core and
shell of the fibers, respectively. Scanning electron microscopy and transmission electron micros-
copy images showed a uniform core/shell structure. Introducing drugs into the polymers would
cause the dressing samples to become more hydrophilic and degradation to occur faster. Drugs
release would face no interventions, in which, approximately 60% of ciprofloxacin was released
during the first 24 hours. Simvastatin exhibited a slower and controlled release behavior, with
its release peak recorded after 2 days. The drug-containing samples showed a proper bactericidal
activity against both Gram-positive and Gram-negative bacteria. It may be concluded that the
drug-laden wound dressing fabricated in this study is capable of releasing the 2 drugs sequentially

and that it is the ideal conditions for controlling infections and reducing wound healing duration.

antibacterial, anti-inflammatory, coaxial electrospinning, drug delivery, PGS/PHB

process, and deliver a nearly instantaneous initial dosage of drugs at
optimum therapeutic concentrations.”®

Natural materials extensively used to fabricate wound dressings
include collagen,9 chitosan,© silk fibroin,** alginate,12 and hyaluronic
acid.?® In several studies, such synthetic polymers as polylactic acid,*
polycaprolactone,*®> polyethylene glycol,*® polyvinyl alcohol,*” and
poly hydroxyl butyrate (PHB)'® have been used to fabricate wound
dressings.

The high importance attached to developing means to improve the
wound healing process and to prevent infections simultaneously
encouraged Unnithan et al'? to produce dextran/polyurethane as a
ciprofloxacin (CIP) HCI antibiotic carrier and Sh. Tohidi et al?® to
fabricate poly (lactic-co-glycolic acid)/chitosan electrospun mem-
branes containing amoxicillin-loaded halloysite nanoclay for wound
healing. Xiaolan Zhang et al® used porous poly (glycerol sebacate)
(PGS) elastomer scaffolds for skin tissue engineering and showed the
excellent biocompatibility of the polymer for use in wound dressings.

The electrospinning technique used in wound dressing fabrication
is associated with such varied advantages as high surface-to-volume
ratio, tunable porosity, and ability to mimic the extracellular matrix of
the tissue. These properties not only lead to a high potential for
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absorbing wound exudates and keeping the moisture microenviron-
ment of the wounds but also enhance cytocompatibility.?*

Among the electrospinning techniques, the core-shell systems are
considered to have a multifaceted nature. For one thing, the technique
is capable of producing a continuous double layer of nanofibers by
electrospinning 2 materials encapsulating different kinds of drugs
through a facile 1-step procedure.??2® Creating structures with 2 dis-
tinct parts, an inner one called the “core” and an outer one called the
“shell” that completely encloses the inner core,2* the technique has pro-
vided on-demand biomaterial platforms for drug delivery and tissue
engineering.?>2¢ The porous structure thus produced creates a poten-
tially useful morphology for both drug delivery and use as wound dress-
ng.2” In full thickness wounds, the blood supply faces obstructions due
to the destruction of local vessels. This, therefore, postpones wound
healing and drug delivery.®2® Furthermore, the polymers used in wound
dressings should have the ability to load and release drugs in a con-
trolled manner while they also have the same flexibility as the skin.?’

In this study, the coaxial electrospinning technique was used to
produce a PGS/PHB wound dressing with the capability of releasing
simvastatin (SIM) and CIP drugs at the wound site.

Poly glycerol sebacate is a polyester prepared by poly condensation
of glycerol and sebacic acid. It is a tough, biocompatible elastomer with a
linear hydrolytic degradation that makes it suitable for drug release.*°
Moreover, PGS exhibits behaviors similar to elastin and collagen that
make it appropriate for engineering soft tissues such as the skin.3!

Poly hydroxy butyrate is a biocompatible thermoplastic polyester
with a high crystallinity of 50% to 70%.%? Electrospun PHB fiber
meshes have shown some success in wound dressing applications
due to their high hydrophobicity and mechanical strength.®

Recent studies have revealed that bacterial infection and chronic
inflammation are important factors in delayed wound healing due to
oxidative stress, proteolysis, and impeding angiogenesis.>3

Local release of SIM plays a crucial role in the regulation of angio-
genesis and the treatment of acute inflammation.3* Jun Asai®® studied
the topical application of SIM to observe that it would accelerate dia-
betic wound healing as a result of enhanced angiogenesis and
lymphangiogenesis.

Ciprofloxacin released in the wound serves as an antibacterial
agent. It is claimed to be effective on a wide range of infections caused
by a large spectrum of gram-positive and gram-negative bacteria in
both humans and animals.2?3¢

The PGS/PHB wound dressings containing anti-inflammation and
antibacterial drugs have been claimed to be effective in the treatment
of deep wounds. Using a hydrophobic polymer in the shell section and
a hydrophilic polymer (PGS) in the core part of the fibers impart proper
mechanical properties to the wound dressing to help the local release

of drugs in a controlled manner.

2 | EXPERIMENTAL

21 |

Chloroform, dimethyl formamide (DMF), and trifluoroacetic acid (TFA)
were purchased from Merck (Germany). Poly hydroxyl butyrate and

Materials and synthesis of PGS

phosphate buffered saline (D-PBS) were purchased from Sigma-
Aldrich (USA). Ciprofloxacin and simvastatin powders were purchased
from Alborz Pharmaceutical Company (Iran).

Briefly, the PGS prepolymer was synthesized via condensation
polymerization as described in the literature.3**” Sebacic acid (purity
99%) and glycerol (purity 99%) were purchased from Merck (Germany).
A mixture of sebacic acid and glycerol at a molar ratio of 1:1 was
heated at 120°C for 24 hours under the N, atmosphere and the reac-
tant was kept under vacuum at 40°C for 24 hours.2%%8 Finally, a white
and viscous PGS prepolymer was obtained.

2.2 | Wound dressing preparation via coaxial
electrospinning

Poly hydroxyl butyrate 7% w/v and CIP powder 10% v/v were dis-
solved in the trifluoroacetic acid solvent independently from each
other before they were combined to make the shell solution. Similarly,
PGS 30% w/v and SIM 5% v/v powder were dissolved in chloroform/
dimethyl formamide (8:2 v/v) solvents to form the core part. Figure 1
presents a schematic diagram of the coaxial electrospinning process.
Coaxial electrospinning needle consists of an inner tube 1.6 mm in
diameter and an outer one 2 mm in diameter. A voltage ranging from
30 to 35 kV was applied at the tip of the spinneret. The feed flow rates
to the core and the shell ranged from 0.1 to 1 mL/h, 0.2 to 1 mL/h, and
0.3 to 1 mL/h. The tip-to-collector distance was kept at 18 cm. All the
electrospinning process was conducted at a temperature of around
25°C and at a humidity of less than 30%. All the electrospun wound
dressings thus prepared were vacuumed and dried at room tempera-
ture before the remaining solvents were removed.

FIGURE 1 Schematic of the coaxial electrospinning process. CIP,
ciprofloxacin; PGS, poly glycerol sebacate; PHB, poly hydroxyl
butyrate; SIM, simvastatin [Colour figure can be viewed at
wileyonlinelibrary.com]
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2.3 | Characterization of drugs loaded PGS/PHB
wound dressing

231 |
Fourier-transform infrared spectroscopy (JASCO6300) in a range of 400

Chemical characterization

to 4000 cm™* was used to stabilize the chemical characteristics of the

drug-containing and drug-free wound dressings also PGS prepolymer.

23.2 |
Scanning electron microscopy (SEM, SU3500, Hitachi, Japan) was used

Morphology of fibers

to evaluate the fiber diameter and porosity of the woven wound dress-
ing structure. Prior to the process, the samples were coated with a thin
layer of gold to produce a conductive surface. The surface of the sam-
ples was scanned at 15 kV. The mean pore diameter of the scaffolds
was calculated using Image J software (National Institutes of Health,
USA). The porosity of the wound dressing in SEM images was mea-
sured using the Matlab software (R 2012 a, The Mathworks Inc.) and
expressed in percents.

233 |

The core/shell structure of the coaxially electrospun fibers was

The core-shell structure

studied using transmission electron microscopy (TEM, Zeiss-EM10C,
Germany). Briefly, samples were prepared for TEM observation by put-
ting carbon-coated copper grids on the collector where a very thin
layer of electrospun fibers would be directly deposited. The copper
grids containing nonstained fibers were then used to take TEM images

by passing a beam of electrons through.?®

234 |

The dynamic contact angle of the PGS/PHB wound dressing was mea-

Contact angle measurement

sured using an optical contact angle measuring device. The tests were
conducted under the contact angle drop model at a dosing volume of
4 pl. The timer was started when the drop first touched the sample
surface and separated from the needle. Pictures were captured by
Charge Coupled Device (CCD) camera and the Image j software was
used to determine contact angles. The reported values were

mean = standard deviation (n = 3).

235 |

To study the swelling kinetics, the membranes were cut into pieces

Water uptake ability (swelling)

20 x 5 mm? in size and the dry weights (Wd) of the samples were
recorded. The sample fibers were then immersed in the phosphate buff-
ered saline (PBS) and their real-time wet weights (Ws) were recorded.

The degree of swelling was calculated using Equation 1 below:

Degree of swelling’% = [(Ws-Wd)/(Wd)]x00. (1)

236 |

The degradation behavior of the samples was evaluated based on their

Degradation studies

mass loss. The specimens were cut to pieces 1 x 1 mm? in size. The dry
weights of the samples were then measured before being immersed in
PBS at 37°C and monitored up to 3 weeks. At different time intervals
(1,4, 7, 14, and 21 days), the specimens were removed out of the PBS,
rinsed with distilled water, and dried in a vacuum oven at room

technologies
temperature for 24 hours. Finally, the mass of each membrane was

measured to determine degradation rate using Equation 2 below:
Weight loss% = [(W1-W3)/(W1)]x100, 2

where W, and W, represent the initial weight of the sample and the
real-time dry weight of the degraded samples, respectively (n = 3, for

each group).

2.4 | Drug entrapment efficiency

Using ultraviolet-visible spectroscopy (UV-VIS, Shimadzu, Japan), the
amounts of the drug samples (SIM/CIP) dissolved in PBS were measured
and compared with those loaded during the electrospinning process.
Drug entrapment efficiency of the wound dressings prepared with the
polymers in fiber meshes was calculated using Equation 3 below:

%Entrapment efficiency = (Estimated percent drug content/
theoretical percent drug content)x100.
(3)

2.5 | In vitro drug release studies

To measure drug release from the electrospun PGS/PHB wound dress-
ings containing SIM/CIP, a known area of (2.5 x 2.5 cm?) the sample
was immersed in 10 mL of PBS (n = 3). The samples soaked in PBS
were then transferred into a shaker incubator where they were shaken
at 37°C for 150 hours. At given intervals after immersion in PBS
(namely, 15 minutes, 30 minutes, 1, 2, 4, 6, 12, 24, 48, 72, and
96 hours), a known volume of the solution was taken to determine
the release kinetics of SIM and CIP using UV-VIS spectrophotometry.
The absorbance peaks were recorded at 271 and 249 nm wavelengths

for CIP and SIM, respectively.

2.6 | Antibacterial testing

The antibacterial activity of the drug-containing and drug-free PGS/
PHB samples was evaluated using the disk diffusion method.'? Both
gram-negative Escherichia coli and gram-positive Staphylococcus aureus
bacteria were used in the nutrient Hinton agar environment. Briefly,
the specimens were cut into small circular disks of around 7 mm in
diameter and placed on the surface of the Petri dishes. The antibacte-
rial activity plates were incubated at 37°C, and the diameter of the

inhibition zone on each plate was measured after 24 hours.

2.7 | Statistical analysis

Test results were presented as means + standard deviation. The
one-way analysis of variance was used, and differences were declared

statistically significant at P < .05.

3 | RESULTS AND DISCUSSION

3.1 | Chemical characterization of PGS and PGS/PHB
wound dressings

The Fourier-transform infrared spectrum of the PGS obtained shows a

1

broad absorption peak of hydroxyl groups at 3458 cm™* and sharp
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peaks of methyl and alkane groups at 2925 and 2853 cm™!
tively. The peaks at 1731 and 1171 cm™
C—O stretching vibrations confirm the formation of ester bonds and

reveal the successful synthesis of PGS (Figure 2A).1%27

respec-
originating from C=0 and

The chemical composition of PGS/PHB core-shell structure is pre-
sented in Figure 2B. The measurement peaks included 1044 cm™
(C—CH, stretching), 1054 cm™* (C—0), 1130 cm *CH; rocking),
1224 cm™! (C—O—C stretching), 1287 cm™ (CH), 1380 cm™* (CHa),
and 1450 cm™! (C=0 stretching), all belonging to PHB.%? It should be
noted that all the PGS peaks shown in Figure 2A were also observed.
This means that neither did any change occur in the chemical structure
of the polymers nor were any new bands created in their structures.

The spectrum of SIM presented characteristic sharp peaks at
3550.31 cm™? (alcoholic O—H stretching vibration), 2875.34 cm™
(methyl and methylene C—H asymmetric and symmetric stretching
vibration), and 1464.67 and 1388.50 cm ! (methyl and methylene
C—H bending vibration).“° In another site, bands at 1707, 1624, and
1268 cm™! were assigned for CIP to the C=0 stretching vibration of
the carboxyl group, the ketone C=0 stretching vibration, and coupling
of the carboxyl C—O stretching and O—H deformation vibrations,
respectively.** Figure 2C shows the peaks of the 2 polymers and the
2 drugs in the wound dressing structure. It is seen that no change
occurred in the chemical structure of the 2 polymers and that the drugs

were located separately in the core and in the shell.

3.2 | Morphology of the PGS/PHB core/shell fibers

The morphologies of the coaxially electrospun PGS/PHB fibers with
and without the drugs are shown in Figure 3A-E. The presence of
drugs in the structure and the different core-to-shell flow rates of
electrospinning are the 2 factors that bring about morphological
changes in the fibers. The results of electrospinning PGS/PHB at a flow
rate of 0.1:1 are provided in Figure 3A. Figure 3B shows the same
fibers when the drugs were added, but no change was made in the
feeding rate. Clearly, the structure was twisted, and the fibers were
ill-formed. Figure 3C shows the morphologies of the samples fabri-
cated at a flow rate of 0.2:1; adding drugs led to a smooth surface
and a uniform structure while adding no drugs led to the formation
of beads (Figure 3D).

Figure 3E, F presents the results for a flow rate of 0.3:1 with and
without drugs, respectively. Clearly, these fibers were sticking and

exhibited undesirable conditions. Thus, a flow rate of 0.2:1 was chosen
for the fabrication of fibers.

The challenge in electrospinning of PGS lies in the low viscosity of
the polymer solution that makes it difficult to form continuous fibers.!
In this study, it was observed that insertion of PHB in the shell made it
easier to form continuous PGS fibers using the coaxial electrospinning
method. The average diameter and porosity of the fibers thus formed
were measured and reported in Table 1.

Based on the SEM images, the average diameter of PGS/PHB
fibers fabricated at the ideal rate of 0.2:1 was about 745+70.2 nm
and that of PGS/PHB fibers containing drugs (SIM/CIP) was about
575+40.6 nm. It is clear that fiber diameter depends directly on
solution viscosity so that higher viscosities led to larger fiber diame-
ters. Moreover, it is seen that viscosity declined when drugs were
added to the polymer solution, which resulted in reduced fiber
diameter.®

Porosity is also found to be an important parameter as it possibly
causes gas permeation in the wound dressing and cell cultures.®® The
mean pore size of the samples was measured to be about 84%, and
no significant differences were observed when the drugs were intro-

duced into the structure.

3.3 | Core/shell structure of PGS/PHB fibers

As already seen, flow rate plays a major role in the electrospinning of
the
appropriate flow rate for the drug-containing PGS/PHB fibers is
0.2:1 mL/h. Figure 4 shows TEM images of the PGS/PHB with SIM/
CIP core/shell structure. Clearly, separate shell and core were created

polymer solutions.*> Based on the above observations,

in the structure with the core completely encapsulated in the shell so
that the fibers thus formed were able to load 2 different drugs

simultaneously.

34 |

The contact angles of pure PHB, PGS/PHB, and drug-laden PGS/PHB

core-shell electrospun samples were measured (Figure 5).

Contact angle of the samples

Poly
hydroxyl butyrate fibers exhibited a hydrophobic nature with a contact
angle of 116.56 * 5.1° (Figure 5A). Based on Figure 5B, the contact
angle of PGS/PHB reached 53.2 # 3.6° probably due to the increasing
diameter of the fibers since the core-shell method increased surface

roughness that, in turn, made the specimen more hydrophilic. When
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100 FIGURE 2 Fourier-transform infrared spectra
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0 fibers loaded with simvastatin (SIM)/
ciprofloxacin (CIP) [Colour figure can be
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http://wileyonlinelibrary.com

HEYDARI ET AL.

WI LEY_gglyamngg%_ s

technologies

FIGURE3 Scanning electron microscopy images of electrospun fibers from PGS/PHB core-shell prepared at different inner solution flow rates and
with or without drugs: A, 0.1 mL/h, B, 0.1 mL/h with drugs, C, 0.2 mL/h, D, 0.2 mL/h with drugs, E, 0.3 mL/h, F, 0.3 mL/h with drugs. PGS, poly
glycerol sebacate; PHB, poly hydroxyl butyrate [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Electrospun fiber diameter and porosity

Sample Flow Rate, mL/h

0.1:1

0.2:1

0.3:1

0.1:1 with ciprofloxacin and simvastatin

0.2:1 with ciprofloxacin and simvastatin

o LA WN

0.3:1 with ciprofloxacin and simvastatin

the drugs were added to these polymers, the contact angle declined to
24.67 * 6.02° due to the presence of the hydrophilic CIP drug in the
shell of the fibers (Figure 5C).

Average Fibers Diameter, nm Porosity, %
648 + 58.5 84.7
745 +70.2 83.0
1161 £ 279.9 85.2
448 + 88.5 86.1
575 + 40.6 84.5
1427 + 258.2 85.4

By using the coaxial electrospinning method of PGS/PHB and the
addition of drugs to this structure, the fibers got more hydrophilic,

which is an ideal characteristic of a wound dressing.*®
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Mug = 27.800 KX

FIGURE 4 Transmission electron microscopy images of the coaxially
electrospun composite fibers of the PGS/PHB loaded with SIM/CIP.
CIP, ciprofloxacin; PGS, poly glycerol sebacate; PHB, poly hydroxyl
butyrate; SIM, simvastatin [Colour figure can be viewed at
wileyonlinelibrary.com]

contact angle [ °)

(A) (B) (€)

FIGURE 5 Water contact angles for A, PHB, B, PGS/PHB, and C,
PGS/ PHB-SIM/CIP. CIP, ciprofloxacin; PGS, poly glycerol sebacate;
PHB, poly hydroxyl butyrate; SIM, simvastatin [Colour figure can be
viewed at wileyonlinelibrary.com]

3.5 | Water uptake ability (swelling) of the fibers

The degree of swelling of a wound dressing plays an important role not
only in the loading and release behavior of drugs but also in the
amount of wound exudates absorbed. According to Figure 6A, Equa-
tion 1 yielded swelling degrees of 83.09 + 4.9%, 104.45 + 6.3%,
115.25 £ 9.91%, and 122.53 + 12.45% for the PGS/PHB electrospun
samples for time intervals of 18, 24, 36, and 60 hours, respectively.
Poly glycerol sebacate is a hydrophilic polymer forming the inner core
of the sample while PHB is a hydrophobic one forming the outer shell
of the fibers. The electrospun PGS/PHB wound dressing has a porous
structure with a high specific surface area into which liquids can pene-
trate to cause it to swell. An ideal dressing is normally characterized by
a water absorption rate of 100% to 900%, a high wettability, and a
contact angle lower than 90°.4% Wang et al** showed that the high
absorption of collagen/hyaluronic acid/gelatin samples was suitable
for skin regeneration.

—e—PGS/PHB —e—PGS/PHB-SIM/CIP

Degree of swelling(%)
8

o 10 20 30 40 50 60 70
time(h)

FIGURE 6 Swelling degree in PBS for PGS/PHB and PGS/PHB-SIM/
CIP. CIP, ciprofloxacin; PGS, poly glycerol sebacate; PHB, poly
hydroxyl butyrate; SIM, simvastatin [Colour figure can be viewed at
wileyonlinelibrary.com]

In the electrospun PGS/PHB sample containing SIM and CIP, the
swelling degrees in the PBS were obtained to be 122 * 9.96%,
121.32 *+ 10.49, 107.45 + 6.45%, and 96.39 * 16.02% for the above
time intervals (Figure 6B). In the drug-containing samples, the degrada-
tion onset combined with the drug release had an escalating effect on
weight loss after the first 18 hours.

3.6 | Wound dressing degradation test

Degradation behavior was also evaluated for PGS/PHB samples with
and without drugs. The results showed that degradation takes a faster
rate in samples containing drugs than in those without drugs (Figure 7).
The presence of drugs in the structure and their release in the PBS
facilitated water penetration into the structure, which resulted in
accelerated degradation. At the end of the first 21 days, the drug-con-
taining PGS/PHB and those lacking drugs lost around 45% and 28% of
their weights, respectively. The samples disintegrated after 21 days,
and the degradation test was consequently terminated.

Moreover, severe weight losses were observed due to the synergic
effect of drug release and polymer chain degradation during the first
4 days. From day 5 onwards, however, only the polymers underwent

degradation so that a decline was observed in the degradation rate.

40 —e—PGS/PHB
=—gr— PGS/PHB with drugs

WEIGHT LOSS{%)
&

DEGRADATION TIME {DAYS)

FIGURE 7 Degradation curves following soaking in PBS for PGS/PHB
and PGS/PHB with drugs. PGS, poly glycerol sebacate; PHB, poly
hydroxyl butyrate [Colour figure can be viewed at wileyonlinelibrary.
com]


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

HEYDARI ET AL.

WI LEy—Mggsd_ I

3.7 | Drug entrapment efficiency of wound dressing

Drugs loading of the core-shell electrospun samples led to CIP and SIM
entrapment efficiencies of 96% and 85%, respectively. Normally,
electrospinning allows the polymer solution to contain maximum drug
loading. The difficulties faced with in electrospinning PGS, however,
lead to a reduced SIM entrapment efficiency. For this reason, release

kinetics studies were simultaneously conducted for both drugs.

3.8 | In vitro drug release studies

The rates of CIP and SIM release from electrospun samples (PGS/
PHB) in PBS are presented in Figure 8. The release of hydrophilic

drugs from the samples takes place in 3 steps: water diffusion into

120
100 ——SIM  —a—CiP
o
& 80
®
60
£
5 a0
F]
£
g 2
*
0
9 20 40 60 80 100 120 140 160
20
Time(hour)

FIGURE 8 Ciprofloxacin and simvastatin release profiles from the
electrospun poly glycerol sebacate/poly hydroxyl butyrate fibers in
PBS at 37°C. CIP, ciprofloxacin; SIM, simvastatin [Colour figure can be
viewed at wileyonlinelibrary.com]

technologies

the fiber, drug dissolution, and drug diffusion out of the sample into
PBS.** In the PGS/PHB core-shell fibers, the PBS initially enters the
fiber shell and dissolves CIP before the release period starts. It can be
seen that the CIP in the wound dressing was associated with a fast
release (ie, ~60% in 24 hours). This abrupt release is due to the
hydrophilic nature of CIP which causes it to be stored in the shell
of the fibers.

In the case of SIM, the release of the drug begins after 24 hours at
a low delivery rate. The reason for the slow and controlled release of
SIM is its storage in the core portion of the fibers and the sheathing
of the hydrophobic PHB polymer. In addition, SIM is a hydrophobic
drug, which causes it to enter the PBS only after the onset of the poly-
meric chain degradation. Based on the results of the degradation test,
it may be claimed that the slow release of this drug is due to the linear
degradation behavior of PGS.%°

The differences between the release and delivery rates of CIP and
SIM offer the potential for achieving improved wound healing, reduced
inflammation, and prevention of infections at the wound site. These

advantages make this sample an ideal wound dressing.

3.9 | Antibacterial test

Antibacterial test results can be beneficially exploited in fabricating
wound dressings as wounds often get infected with bacterial species,
especially during the first 24 hours, which inevitably adds to complica-
tions and makes the treatment procedures more complex, thus slowing
down the healing process. It would be, therefore, desirable to fabricate
wound dressings with antibacterial properties.*® Figure 9 shows the
antibacterial test results for the PGS/PHB wound dressing, indicating

PGS/PHB with drugs

(E. Coli)

™)

PGS/PHB with drugs
(S. areus)

FIGURE 9 Antibacterial activity of PGS/PHB fibers loaded with SIM/CIP against A, E. coli, B, S. aureus, and C, sizing of the inhibition zone. The (*)
shows statistically significant differences in n = 3 (P < .05). CIP, ciprofloxacin; E. coli, Escherichia coli; PGS, poly glycerol sebacate; PHB, poly hydroxyl
butyrate; SIM, simvastatin; S. aureus, Staphylococcus aureus [Colour figure can be viewed at wileyonlinelibrary.com]
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significant differences between the 2 drug-containing and drug-free
samples with respect to their inhibition zones against E. coli (Figure 9
A). Figure 9B shows the significantly large inhibition zone against
S. aureus in samples containing drugs. Clearly, drug-containing wound
dressings exhibited significantly large inhibition zones as compared to
the drug-free PGS/PHB control fibers.

Figure 9C presents the sizes of the inhibition zones against
different bacteria in these wound dressings. Drug loading was clearly
effective against gram-negative (E. coli) and gram-positive (S. aureus)
bacteria with inhibition zones of 49.93 + 3.34 mm and 30.95 #2 mm,
respectively, indicating the efficacy of the wound dressings in
preventing infections with both types of bacteria.

In fact, it may be concluded that CIP is a drug that showed excel-
lent bactericidal activity against the wide range of bacteria, therefore
avoiding exogenous infections effectively.?? The results showed that
our sample is a proper antibacterial wound dressing and it can be
applied as a perfect wound dressing material.

4 | CONCLUSIONS

In the present study, a novel biodegradable PGS/PHB wound dressing
containing SIM/CIP was successfully fabricated by coaxial
electrospinning. The physicochemical properties of the PGS/PHB
samples with and without drugs were evaluated. The results showed that
better core-shell fibers could be fabricated via the electrospinning pro-
cess at a flow rate of 0.2:1 mL/h for both PGS and PHB. Introducing
the SIM/CIP drugs into the structure was observed to reduce fiber diam-
eters and make the wound dressing to become more hydrophilic.

Ciprofloxacin loaded in the shell part (PHB) of the fiber exhibited a
bursting abrupt release, which facilitated the control of wound infec-
tions during the first 24 hours. Simvastatin, loaded in the core part of
the fibers (PGS), however, exhibited a slow release rate, which allowed
enough time for the wounds to heal. Investigation of the degradation
process revealed that the release of SIM is affected by the linear deg-
radation of PGS. The controlled release of CIP and SIM showed that
the proposed wound dressing was not only able to contribute to the
better prevention of infections but also to reduce inflammation at
the wound site. Finally, the high antibacterial activity (large inhibition
zones) against both gram-positive and gram-negative bacteria in the
PGS/PHB laden with SIM/CIP, as compared with the PGS/PHB sam-
ples, confirm the capability of these samples for application in wound
healing treatment.
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