
OR I G I N A L A R T I C L E

Comparing the wound healing effect of a controlled release
wound dressing containing curcumin/ciprofloxacin and
simvastatin/ciprofloxacin in a rat model: A preclinical study

Parisa Heydari1 | Anosheh Zargar Kharazi1,2 | Seddigheh Asgary3 | Shokoh Parham1

1Biomaterials Nanotechnology and Tissue

Engineering Faculty, School of Advanced

Technologies in Medicine, Isfahan University

of Medical Sciences, Isfahan, Iran

2Applied physiology research center, Isfahan

university of medical sciences, Isfahan, Iran

3Isfahan Cardiovascular Research Center,

Cardiovascular Research institute, Isfahan

University of Medical Sciences, Isfahan, Iran

Correspondence

Anosheh Zargar Kharazi, Biomaterials

Nanotechnology and Tissue Engineering

Faculty, School of Advanced, Medical

Technology, Isfahan University of Medical

Sciences, Isfahan, Iran.

Email: a_zargar@med.mui.ac.ir

Seddigheh Asgary, Department of

Pharmacognosy Isfahan Cardiovascular

Research Center, Isfahan University of Medical

Sciences, Isfahan, Iran.

Email: sedighehasgary@gmail.com

Funding information

National Institute for Medical Research

Development, Grant/Award Number: 963505

Abstract

Inflammation and infection are two main factors predisposing a wound to become a

chronic one. Degradable wound dressings involving the controlled release of suitable

drugs at the ulcer site are one of the solutions to make wounds healing progress

smoothly and rapidly. In this research, biodegradable dressings made of polyglycerol

sebacate/polycaprolactone (PGS/PCL) containing curcumin/ciprofloxacin (CUR/CIP)

and simvastatin/ciprofloxacin (SIM/CIP) were prepared by using the coaxial

electrospinning method. Transmission electron microscopy for uniform core/shell

structure, swelling ratio, and drug release pattern of the wound dressings were evalu-

ated. At the in vivo study, histometric, histopathologic, and collagen expression study

was performed. The PGS/PCL samples containing SIM/CIP showed a burst release

pattern of CIP with a delay in the release of SIM; meanwhile, in the samples con-

taining CUR/CIP, both drugs showed a burst release behavior. No cytotoxicity

response was observed in the study groups. The in vivo study showed that wound

closure was almost completed only in the SIM/CIP group after 14 days. After

14 days, in the wound treated with SIM/CIP dressing, the amount of collagen deposi-

tion and angiogenesis was higher than that of the others. These results clearly

showed the effect of SIM/CIP on the improvement of the wound healing efficiency

in the long term (14 days) and the effect of CUR/CIP on wound contraction in the

short term (4 day). It seems, therefore, that the use of SIM and CUR simultaneously

in a wound dressing could cause a synergistic effect in the wound repair.
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1 | INTRODUCTION

Generally, the largest organ of the human body is the skin tissue. Skin

is the first defense barrier of the human body against pathogenic,

physical, chemical, and mechanical assaults. Therefore, it is regularly

subjected to several damages including trauma, burns, chronic ulcers,

and diabetic ulcers; also, the effects of sunlight are more on the skin

than other human organs.1,2 According to the report developed by the

World Health Organization, 300,000 people die from burn injuries

annually.3 In the last decade, one of the common methods used to

treat the burn and diabetic wounds is the autograft method. This

technique has many drawbacks, such as extended treatment periods,

increased treatment costs, aggravated inflammation, and, in some

cases, damage to other parts of the human body.4 Another method to

treat the burn wounds is to use silver wound dressing. These wound

dressings generate reactive oxygen species (ROS). ROS free radical is
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more toxic to the human skin cells, thus causing delay in the healing

wound process.1

Recently, some natural polymers such as chitosan, collagen,

cellulous, gelatin, and hydrogel have been used to fabricate wound

dressings. In other research studies, synthetic polymers such as poly-

lactic acid, polyglycolic acid, and the combination of natural and syn-

thesis polymer have been used to fabricate the ideal wound

dressing.5-7 However, this research is still in progress to achieve the

ideal and suitable wound dressing.8 Nowadays, new approaches such

as the electrospinning technique have been used for the design and

fabrication of biological wound dressings.9

Electrospinning process has shown some advantages. One is tun-

able porosity and the other one is that it can mimic the extracellular

matrix of the skin and ensure a high surface-to-volume ratio; there-

fore, it can lead to cytocompatibility, with a strong ability for absorb-

ing the microenvironment moisture and the exudates from the

wound. This process produces fibers with an appropriate diameter by

using an electric field and a polymer solution.10 The most important

parameters of this process are the suitable polymer, an appropriate

solvent, and good environmental conditions for fabricating the ideal

membranes and skin wound dressing.11

The core–shell system is one of the important electrospinning

techniques.12 This method, using electrospinning materials with

encapsulating different drugs, can generate a nanofiber with two parts

in one structure. These two are the inner (core) and outer (shell) parts.

The core–shell method has demonstrated the unique platform of bio-

materials for use in tissue engineering and drug delivery.13 On the

other hand, the porous structure can provide a potential morphology

for using wound dressing with drug delivery at the same time. Addi-

tionally, polymers used to fabricate wound dressings should have

some abilities. The first one is that they can be loaded, releasing the

drugs in a controlled behavior; the other one is that it has the same

flexibility as the skin.14 This method can solve the problem selecting

the suitable solvents; also, by applying this method, two drugs can be

loaded and released without any interference, depending on the type

of the wound and skin injury. The controlled release of drugs can pre-

vent their destructive effects.15

In this research study, the core–shell electrospinning method was

used to produce the wound dressing of polyglycerol sebacate/poly-

caprolactone (PGS/PCL) with the potential of releasing curcumin/cip-

rofloxacin (CUR/CIP) and simvastatin/ciprofloxacin (SIM/CIP) at the

wound site. PGS is a polyester polymer prepared from glycerol

(C3H8O3) and sebacic acid (C10H18O4) by using polycondensation.

This tough and biocompatible elastomer has some linear hydrolytic

degradation. So, this polymer is appropriate for drug release.16 It

exhibits behaviors similar to collagen and elastin. Therefore, it is more

suitable for engineering soft tissues.17 Polycaprolactone (PCL) is a

polymer displaying biocompatibility, biodegradability, and low toxicity.

Therefore, it is suitable for tissue engineering. PCL is a semicrystalline

and hydrophobic polymer.18 The unique properties of PCL are excel-

lent mechanical properties, flexibility, biocompatibility, low antigenic-

ity, low melting point (about 60�C), and nontoxicity.19 In the last

decade, some research studies have demonstrated that the main

factors in the delayed wound healing are chronic inflammation and

bacterial infection due to impeding, proteolysis, angiogenesis, and oxi-

dative stress.20 CIP is one of the antibacterial agents that can be

effective on both Gram-negative and Gram-positive bacteria in

wounds and improve the wound healing process.13,21 Statins are

drugs that show various effects such as antioxidant, anti-inflamma-

tory, and immunomodulatory properties.22 Several studies have also

suggested that they can help with wound healing in various animal

models.23,24 Topical use of statins to a wound can help with angiogen-

esis, lymphangiogenesis, oxidative stress reduction, and immunologi-

cal modulation. SIM is one of the most frequently used statins, and it

has just been discovered to aid wound healing.25 Nevertheless, due to

its limited water solubility and substantial first-pass hepatic metabo-

lism, SIM has very poor oral bioavailability (about 5%). SIM may cause

a variety of adverse effects on liver issues when taken orally. As a

result, the local delivery of SIM in the wound region decreases the

side effects.23 On the other hand, CUR is a natural polyphenol mole-

cule that has anti-inflammatory and antioxidant properties.26 CUR can

decrease the expression of pro-inflammatory cytokines including IL-6,

TNF-α, and so on.27,28 CUR has recently been proven to be useful in

the treatment of wound healing, endothelial damage, and mucosal

damage in a number of investigations.29

In this study, the fabrication of PGS/PCL composite membranes

was investigated by using the core–shell electrospinning method in

two different groups based on the drugs loaded into the system con-

sisting of SIM/CIP and CUR/CIP, respectively. The first group was

PGS with SIM in the core, and PCL with an appropriate solvent and

CIP in the shell part. The second group was PGS with CUR in the core

and PCL with CIP in the shell. In both groups, the aim was to evaluate

the wound healing effects of natural and synthetic anti-inflammatory

drugs (SIM and CUR), and the antibacterial properties were standard-

ized by using CIP.

2 | MATERIALS AND METHODS

The materials used in this study were phosphate-buffered saline (D-

PBS, Sigma-Aldrich), chloroform (Merck), dimethyl formamide (DMF,

Merck), acetone (Merck), PCL (Sigma-Aldrich), glycerol (99%, Merck),

sebacic acid (99%, Merck), CIP powders (Alborz Pharmaceutical Com-

pany), SIM powders (Alborz Pharmaceutical Company), and CUR

(Sigma-Aldrich).

2.1 | Polymer preparation

According to previous studies, the PGS prepolymer was synthesized

by applying the condensation polymerization method.13,30,31 There-

fore, the sebacic acid (99%) and glycerol (99%) were mixed with the

molar ratio of 1:1. Then, the mixture was heated at 120�C in the N2

atmosphere for 24 h. Then, the reactant was kept under vacuum

(at 40�C for 24 h).32 Finally, a viscous and white PGS prepolymer was

obtained.
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2.2 | Wound dressing preparation via core–shell
electrospinning

For preparation of wound dressing membrane without drugs, PCL

(12% wt/vol) was dissolved in the chloroform (CHCl3) and acetone

(C3H6O) (8:2 vol/vol) to prepare the solution of the shell part at 40�C.

After that, PGS (30% wt/vol) was dissolved in chloroform (CHCl3) and

DMF (C3H7NO) (8:2 vol/vol) solvents were added to prepare the core

part at around 30�C. This scaffold was prepared via core-shell

electrospinning with the initial selection parameters (tip-to-collector

distance (18 cm), voltage (30 to 35 kV), feed flow rates (PGS

(0.2 ml/h) and PCL (1 ml/h), temperature (25�C) and humidity (around

30%)). After selection of the best electrospinning parameters, separate

the wound dressing membrane with drugs into two groups. The solu-

tion of PGS/PCL with SIM/CIP shows that PCL (12% wt/vol) and CIP

(10% vol/vol of PCL) dissolve in the chloroform (CHCl3) and acetone

(C3H6O) (8:2 vol/vol) solvent to prepare the solution of the shell part

at 40�C. Similarly, the PGS (30% wt/vol) and SIM powders (5% vol/vol

of PGS) were dissolved in chloroform (CHCl3) and DMF (C3H7NO)

(8:2 vol/vol) to prepare the core part at around 30�C; then, PGS/PCL

with SIM/CIP membrane was prepared via core–shell electrospinning

with parameter information such as collector distance (18 cm), voltage

(35 kV), and feed flow rates (core [0.2 ml/h]/shell [1 ml/h], tempera-

ture [25�C], and humidity [around 30%]). The second group of wound

dressing was prepared in the same way by applying PCL (12% wt/vol)

and the CIP powder (10% vol/vol of PCL) dissolved in the chloroform

(CHCl3) and acetone (C3H6O) (8:2 vol/vol) to prepare the shell solu-

tion at 40�C. PGS (30% wt/vol) and the CUR powder (5% vol/vol of

PGS) were dissolved in chloroform (CHCl3) and DMF (C3H7NO)

(8:2 vol/vol) to prepare the solution of the core part at around 30�C.

Figure 1 shows the schematic of the preparation of the wound dress-

ing containing SIM/CIP and CUR/CIP for the in vivo test.

2.3 | Characterization of the drug-loaded PGS/PCL
wound dressing

2.3.1 | Chemical characterization

Fourier transform infrared (FTIR) spectroscopy (JASCO 6300) in the

range of 400–4000 cm�1 was applied to stabilize the chemical charac-

teristics of the drug-containing and drug-free wound dressings, as well

as the PGS prepolymer.

2.3.2 | Morphology

TEM (Zeiss-EM10C, Germany) was applied to study the core/shell

structure of the coaxially electrospun fibers. The samples were pre-

pared based on the TEM sample preparation protocol.33

2.3.3 | Swelling ability

To measure the swelling ability of the samples, they were prepared in

a suitable size (20 � 5 mm2). Before the fibers were immersed in PBS

F IGURE 1 Schematic of the preparation and morphology structure of the PGS/PCL with SIM/CIP and PGS/PCL with CUR/CIP for in vivo
wound healing process. CIP, ciprofloxacin; CUR, curcumin; PCL, polycaprolactone; PGS, polyglycerol sebacate; SIM, simvastatin
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for 60 h, the wet weight (mw) of the fibers was recorded; then, their

dry weights (md) were calculated.34-37 After that, the swelling ability

was measured by using the following equation:

Swelling%¼mw�md

md
�100: ð1Þ

In this equation, mw is the wet sample mass and md is the dry sample

mass. The test was repeated for the two groups of wound dressings

three times (n = 3).

2.3.4 | Drug release assay

To analyze the drug release assay from the fibers containing

SIM/CIP and CUR/CIP, the samples (2.5 � 2.5 cm2) were put in

10 ml of PBS (n = 3). Then, the samples were moved into a shaker

incubator to evaluate the drug entrapment efficiency (at around

37�C, 24 h). Also, the samples (in PBS) were moved into an incuba-

tor (at around 37�C, 150 h). Then, after immersion in PBS different

times including 15 min, 30 min, 1, 2, 4, 6, 12, 24, 48, 72, and 96 h,

a known volume of the solution of the samples in PBS was used to

determine the release kinetics of CIP, CUR, and SIM by using UV–

VIS spectrophotometry (Shimadzu, Japan). The absorbance peaks of

the drugs at 249, 271, and 360 nm wavelengths for SIM, CIP, and

CUR were recorded.

2.3.5 | Cell viability

Human skin fibroblast (HSF 1184, Pasteur Institute of Tehran, Iran)

cells were cultured in Dulbecco's modified Eagle's medium (DMEM,

Sigma) supplemented with 10% fetal bovine serum (Gibco), penicillin/

streptomycin mixture (1%, Sigma) in a 5% CO2 environment at 37�C

for 5 days, and the culture medium was changed every days.

Electrospun PGS/PCL core–shell nanofibers, PGS/PCL with SIM/CIP,

and PGS/PCL with CUR/CIP were sterilized for 2 h with UV radiation,

washed three times with PBS, and then submerged in culture media

overnight before cell seeding. Confluent cells were trypsinized, and

dissociated cells were centrifuged and seeded at a density of 6 � 104

cells on electrospun scaffolds and tissue culture polystyrene as a con-

trol. The cell viability was evaluated through the reduction of (3-[4,5

dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) (MTT) into a

formazan dye by live cells. According to the protocol of the MTT

assay, cell-seeded scaffolds were washed with PBS after 1, 3, and

5 days and treated with MTT solution (5 mg/ml of MTT reagent

[Sigma-Aldrich] in PBS) for 4 h. The solution was then removed, and

100 μl of DMSO was added to each well for 2 h to dissolve the

formazan crystals. A microplate reader (BioTek, FLX800) was used to

measure the optical density of each well at 560 nm (n = 3). In general,

it can be said that with increasing the number of cells and their metab-

olism, the amount of formazan changes in such a way that the optical

density increases, which in fact indicates an increase in cell viability.

The morphology and attachment of the HSF cells on the wound

dressing were investigated by scanning electron microscopy (SEM)

after the 5 days cell culture. Cell cultured samples were washed in

PBS, fixed for 3 h with 3% glutaraldehyde (4%, Sigma), rinsed with dis-

tilled water, and dehydrated using a graded series of ethanol solutions

(50%–100% [vol/vol]). SEM was used to examine completely dried

specimens that had been sputter coated with platinum.

2.3.6 | Wound healing assay

The in vivo wound healing was evaluated by using the 15 adult female

rats with an average weight of 240–280 g and 4 months old. The rats

were taken from the Basic Medical Science Research Center His-

togenotech. Animals were kept at a suitable temperature (27�C) and

humidity (40%). At first, the rats were anesthetized by the injection of

50 mg/kg body weight ketamine (10%) and 5 mg per kg body weight

zeylerin (2%). After that, the hair of the back area of the animals was

shaved. The skin area was disinfected with alcohol, and a wound

(1 � 1 cm2 and full thickness) was produced on the back (lumbar dor-

sum) of each rat. The animals were randomly divided into three

groups with five rats in each group. In the control group, the wounds

were not treated (group A). The second group was treated with a

wound dressing containing SIM/CIP (group B) and the third group was

treated with a wound dressing containing CUR/CIP (group C). Animals

were caged individually and provided free access to food and water.

All animal experiments were performed according to the guideline

approved by the Animal Use and Care Administrative of the Isfahan

University of Medical Science.

2.4 | Histometric evaluation

To evaluate the histometry, after the ulcers were created on the days

0, 4, 7, and 14, the rats were anesthetized. After that, the digital cam-

era was used to take the related images. The wound size and rate of

wound healing were evaluated. The ImageJ 2017 software was used

to measure the size of the wound. Then, the percentage of the wound

size was calculated by using Equation (2):

Wound size¼A0

At
�100, ð2Þ

where A0 is the wound size at the initial time and At is the wound size

at time t.

2.5 | Histopathology evaluation

To analyze the wound histology, on Day 14 of the experiment, the

wounds healed on the back of the animals in each group were cut

with some healthy tissue surrounding the wound. The samples were

fixed in 10% formalin and then fixed in paraffin. Then, the microtome-
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cutting machine was used to prepare the molded tissues with the

following sections and a suitable thickness (5 μm). The cuts were

done transversely; they contained the restored skin. Then hematoxy-

lin and eosin (H&E) was used to stain the cuts of the samples. After

that, they were dehydrated and mounted. After that, a digital light

microscope (Olympus, Japan) was used to take the histological

photographs.

2.6 | Evaluation of collagen levels

Collagen levels were measured in each group by using the real-time

PCR. Primer design was first performed; then the total RNA was

extracted from the tissues and transformed into cDNA by using the

reverse transcriptase (RT) enzyme. The resulting cDNA was treated

with the DNase I enzyme to remove the genomic DNA; then cDNA

was replicated by applying the PCR real-time method. Therefore,

cDNA was amplified by the PCR method and then analyzed based on

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression.

2.7 | Statistical analysis

Test results were presented as means ± SD. The one-way analysis of

variance was used, and differences were considered statistically sig-

nificant at p < .05.

3 | RESULTS

3.1 | Chemical characterization of PGS/PCL
wound dressings

Figure 2 shows the FTIR spectra of all samples. The spectrum (a) is

related to the PGS/PCL wound dressing. The peak around 3458 cm�1

was related to the hydroxyl group and those around 2925 and

2853 cm�1 could be attributed to methyl and alkane groups of PGS.

Also, the peak at around 1171 cm�1 from C O and the peak around

1731 cm�1 from the C═O functional group were related to PGS

(Figure 2(A)).13,38 Some peaks including 1060 cm�1 (C O), 1238 cm�1

(C O C), and 1722 cm�1 (C═O) belonged to PCL.39

Figure 2(B) shows the spectra of the wound dressing containing

SIM/CIP. The peak around 1464.67 cm�1 from the C H bending

vibration of methyl and methylene was related to SIM; the peak

around 1624 cm�1 belonged to CIP.40,41 Figure 2(C) shows the peaks

related to the wound dressing containing CUR/CIP. The peak around

1277 cm�1 revealed the bending vibration of the C O phenolic band

of CUR; the peak around 1624 cm�1 belonged to CIP.40,42

3.2 | Morphology

Figure 3 shows the TEM images of the PGS/PCL wound dressing con-

taining CUR/CIP (a) and the SIM/CIP (b) core/shell structure. A

F IGURE 2 Fourier transform
infrared (FTIR) spectra in the
range of 400–4000 cm�1 of
(A) PGS/PCL, (B) PGS/PCL with
SIM/CIP, and (C) PGS/PCL with
CUR/CIP samples. CIP,
ciprofloxacin; CUR, curcumin;
PCL, polycaprolactone; PGS,
polyglycerol sebacate; SIM,

simvastatin

F IGURE 3 Transmission electron
microscopy (TEM) images for identifying
the morphology and core–shell structure
in wound dressing containing (A) SIM/CIP
and (B) CUR/CIP. CIP, ciprofloxacin; CUR,
curcumin; SIM, simvastatin
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previous study had shown the major role of the flow rate in the

electrospinning process of the polymer solutions.13 The suitable flow

rate for electrospinning the drug-containing PGS/PCL fibers is

0.2:1 ml/h. According to Figure 3, a separate core and shell structure

was created in the structure of both electrospun wound dressings. It

could be clearly observed that the core was completely encapsulated

in the shell. Therefore, the electrospun fibers were able to load two

different drugs (CUR/CIP and SIM/CIP) at the same time. On the

other hand, the average diameter of PGS/PCL containing SIM/CIP

(Figure 3(A)) was about 530 ± 40.6 nm; in PGS/PCL containing CUR/-

CIP (Figure 3(B)), this was about 575 ± 81.4 nm. It was, therefore,

despite the changes in the drugs in the core of the fibers, the fiber

diameters did not differ significantly (p > 0.05).

3.3 | Water uptake (swelling) ability of wound
dressing

The capacity of water absorption is one of the factors that determine

the appropriate polymeric materials for the fabrication of wound

dressing.43 This parameter showed the amounts of absorbed exudates

in the wound site.44 The degree of swelling in wound dressing was

analyzed after removal from PBS to determine the increasing weight.

Figure 4 shows the water absorption results in the PGS/PCL groups.

After measuring the water uptake of the samples, the results demon-

strated that in the first 20 h, the weight of the membrane in three

groups was significantly increased. In addition, in the first 24 h, the

rate of water absorption by the wound dressing containing the drugs

was higher than that of the control group (PGS/PCL). The percentage

of the swelling ability of the wound dressing containing SIM/CIP was

121% and 132%, respectively, in 24 h. It seems that the presence of

CUR compared to SIM has caused more water absorption, so that

after 60 h, the fastest swelling rate is related to the membrane con-

taining CUR/CIP and then the SIM/CIP group.

3.4 | Drug release studies of the wound dressing

The absorption spectra of CIP, SIM, and CUR in the PBS medium were

in the range of 200–600 nm, and the maximum absorption was

270, 249, and 360 nm, respectively. Depending on the absorption rate

of each drugs at the specified concentration, the drugs loading of the

wound dressing made CIP, SIM, and CUR equal to 30.25, 25.58, and

29.52 μg/ml, respectively. The drug release of the wound dressing in

the PBS medium has been shown in Figure 5. The drug release rate of

CIP was 65% in the first 24 h; therefore, based on the drug release

rate, it could be appropriate for treating the wound and preventing

the infection at the wound site. On the other hand, the drug release

rate of SIM was slow at the first 24 h; then, after 3 days, the highest

drug release was observed.

Therefore, the wound dressing containing SIM/CIP showed the

controlled drug release; so, at first, CIP was released, preventing

the infection at the wound site; then the SIM was released, reducing

the wound inflammation.

In the wound dressing containing CUR/CIP, the drug release rate

of CIP was 60% in the first 24 h, while that of CUR was 70% after

24 h. Compared to SIM in the first group of the known wound

F IGURE 4 Degree of swelling ratios (%) of the membranes
(PGS/PCL, PGS/PCL with SIM/CIP, and PGS/PCL with CUR/CIP)
related by time (n = 3). CIP, ciprofloxacin; CUR, curcumin; PCL,
polycaprolactone; PGS, polyglycerol sebacate; SIM, simvastatin

F IGURE 5 In vitro drug release profiles of wound dressing containing (A) SIM/CIP and (B) CUR/CIP in PBS (pH = 7.4) at 37�C (n = 9). CIP,
ciprofloxacin; CUR, curcumin; PBS, phosphate-buffered saline; SIM, simvastatin
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dressing, the drug release rate of CUR was faster given the hydrophi-

licity of CUR.

3.5 | Cell viability

The results of the MTT assay demonstrated the cell viability and pro-

liferation of the known wound dressing. Figure 6(A) shows the MTT

results of the control and wound dressing with or without drugs.

According to this figure, the wound dressing in three groups including

PGS/PCL, PGS/PCL, which contained SIM/CIP, and PGS/PCL with

CUR/CIP did not show any cytotoxicity on the HSF cells because the

amount of the HSF cells was increased after 3 and 5 days of the cell

culture (Figure 6(A)).

Finally, Figure 6(B,C) shows the SEM images of the PGS/PCL

wound dressing containing CUR/CIP (B) and SIM/CIP (C). The HSF

cells were attached on both wound dressings after 5 days of the cell

culture because these two had high hydrophilicity for the

cell adhesion.

3.6 | Wound healing

The process of the wound healing by the given wound dressing was

observed for 14 days. Their related images were taken upon 0, 4,

8, and 14 days after operation of the wound (Figure 7 shows that dur-

ing the first 4 days, in the CUR/CIP group, the wound healing area

was markedly larger than in control and no significant difference was

observed between SIM/CIP and CUR/CIP groups.

The process of the wound closure by the wound dressing con-

taining CIP and SIM was almost completed in 14 days, while the mean

wound closure area was about 65% of the wound in the same time.

There was a significant difference between SIM/CIP (96% ± 4%) and

the control groups (73% ± 6%).

3.7 | Histopathological evaluation

Histological analysis of the wounds was performed on Day 14 after

the operation of the wound. The results have been shown in Figure 8.

In the CUR/CIP group, the epidermis was a thin layer in the wound

area. Collagen was observed normally in some areas of the dermis;

however, there were no collagen layers in all areas; so, it was not

possible to separate the dermis layer from the hypodermis in the

most damaged areas. The thickness of the epidermal layer was non-

uniform, and no hair, sweat glands, and fat could be found in the

wound area.

In the SIM/CIP group, skin layers including epidermis, dermis, and

hypodermis were observed separately. In this group, the thickness of

the epidermis layer was observed uniformly. In the dermis region, the

collagen layers were observed in a parallel arrangement with the pres-

sure level in the skin area, which was similar to the healthy skin. In the

hypodermis section, fat vacuoles, blood vessels, and subcutaneous

muscle were observed (Figures 8).

F IGURE 6 HSF cells' viability
expressed by the optical density
of the cells using the MTT assay
for control, PGS/PCL, PGS/PCL
with SIM/CIP, and PGS/PCL with
CUR/CIP groups after 1, 3, and
5 days cell culture (n = 3,
*p < .05) (A). The proliferation and
SEM images of HSF after 5 days
culturing on wound dressing
containing CUR/CIP (B), and
SIM/CIP (C). CIP, ciprofloxacin;
CUR, curcumin; HSF, human skin
fibroblast; MTT, 3-[4,5
dimethylthiazol-2-yl]-2,5 diphenyl
tetrazolium bromide; PCL,
polycaprolactone; PGS,
polyglycerol sebacate; SEM,
scanning electron microscopy;
SIM, simvastatin
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F IGURE 7 The wound healing effect in vivo (n = 5): (A) macroscopic appearances of the treated wounds at the 0, 4, 8, and 14 days after
creation of the wound, (B) histograms comparing the wound size percentages of the wound dressings at the end of 4, 8, and 14 days after
creation of the wound in three groups (control, wound dressing containing SIM/CIP, and wound dressing containing CUR/CIP). CIP, ciprofloxacin;
CUR, curcumin; SIM, simvastatin

F IGURE 8 The histology analysis of the wound area (epidermis, dermis, hypodermis, fat vacuoles, blood vessels, and subcutaneous muscle) at
different groups SIM/CIP, CUR/CIP, and control group after 14 days. CIP, ciprofloxacin; CUR, curcumin; SIM, simvastatin
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3.8 | Evaluation of the collagen content

Figure 9 represents the normalized collagen expression level in the

wound during the wound healing process in SIM/CIP and CUR/CIP

groups after 14 days. The results well demonstrated that there was

significant difference between the two groups (wound repaired by the

dressing containing SIM/CIP and the one repaired by the one con-

taining CUR/CIP) in the level of collagen (p < .05), while no significant

difference was found between the control and SIM/CIP groups.

4 | DISCUSSION

In this research, biodegradable dressings made of PGS/PCL containing

CUR/CIP and SIM/CIP (as anti-inflammation/anti-infection factors)

were prepared by applying the coaxial electrospinning method.

These drugs were selected to control inflammatory mediators and

in order to improve the wound healing process. Results of in vitro

and in vivo consideration showed that in the CUR-treated wounds,

faster wound closure occurred; however, after 14 days, in the wound

treated with SIM, the amount of collagen deposition and angiogenesis

was higher, such that wound was closed almost completely and the

skin layers in this group were formed normally and uniformly.

The FTIR results showed that all drugs of the two wound dress-

ings were located in the core and shell portion, separately, without

any changes in the chemical structure of PGS/PCL. Using the core–

shell technique can well provide the ability to load two drugs without

interfering in one system.13,45

The results of fiber morphology evaluation (TEM) showed the for-

mation of two core and shell regions separately. Also, it was clear that

despite the changes in the drugs in the core of the fibers, the fiber

diameters did not differ significantly (p > .05).

An ideal wound dressing requires absorption and high swelling in

order to absorb skin secretions and exudates.46,47 In this study, the

percentage of the swelling ability of the wound dressing containing

SIM/CIP and CUR/CIP was 121% and 132%, respectively, in 24 h. In

general, the inner core of the sample is made up of a hydrophilic poly-

mer (PGS), while the outside shell is made up of a hydrophobic

polymer (PCL). The electrospun PGS/PCL wound dressing has a

porous structure with a large specific surface area, allowing liquids to

permeate and produce swelling. So that, the reason of increasing

water absorption by the drug-containing wound dressing was the

placement of the molecules of water in the structure when the drug

was released. Comparing the two groups containing the drugs and the

drug-free sample, it can be said that the presence of a hydrophilic

drug such as CIP in the fiber shell has increased water penetration

compared to the drug-free sample. On the other hand, the presence

of hydrophobic drugs such as SIM in the fiber core between the two

groups containing drugs has slowed the decreasing degree of the

swelling process compared to CUR. According to the previous studies,

when the percentage of the swelling ability of the wound dressing is

in the range of 100%–900% during 24 h, the wound dressing

is ideal.48 Therefore, based on the previous study, the wound dressing

containing SIM/CIP and CUR/CIP could be regarded as the ideal for

the wounds with none to low exudates.49

Other important factors for wound dressing are antibacterial

properties. Bacterial wound infection is destructive to wound healing,

and severe bacterial infections can lead to systemic problems. As a

result, avoiding wound infection by wound dressings with

antibacterial activity is critical to complete wound regeneration. CIP is

a powerful antibacterial drug that may be used to treat a variety of

skin defects and accelerate wound healing process.50-52 On the other

hand, angiogenesis and inflammation are other problems in wound

healing process that needed external drugs or factors to promoting

wound healing. SIM is an anti-inflammatory and antioxidant drug that

has a critical function in the control of angiogenesis, treatment of

acute inflammation, improving diabetic wound healing, and increasing

the formation of new blood vessels when it is released locally.53 After

that, one of the natural materials more effective on wound healing is

CUR, which has anti-inflammatory and antioxidant effects.54 One of

the most important results of this study is the process of releasing

drugs from the fibers. The release rate of CIP was 65% in the first

24 h and the release rate of SIM was slow at the first 24 h. Therefore,

the wound dressing containing SIM/CIP showed the controlled drug

release; so, at first, CIP was released, preventing the infection at the

wound site; then the SIM was released, reducing the wound inflam-

mation. The location of the SIM in the core portion could be taken as

the first reason for the controlled drug release of the fibers (wound

dressing); another reason is the hydrophobicity of the SIM. Moreover,

polymer degradation rate is an important parameter that affects the

drug release rate. In hydrolytic degradation process of the PGS, water

molecules attract to the amorphous region and cause hydrolytic scis-

sion of the ester groups.55 The release of shortened chains from the

structure causes more water penetration and leads to the release of

even hydrophobic drug molecules from the fibers. Replacement of

F IGURE 9 Effects of the wound dressing containing SIM/CIP and
wound dressing containing CUR/CIP on collagen mRNA expression
after 14 days (*p < 0.05). CIP, ciprofloxacin; CUR, curcumin; SIM,
simvastatin
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PGS polymer containing the hydrophobic drug SIM in the core and

covering it with the hydrophobic shell of PCL can be one of the rea-

sons for the delay in the release of SIM.

In the wound dressing containing CUR/CIP, the drug release rate

of CIP was 60% in the first 24 h, while that of CUR was 70% after

24 h. Compared to SIM in the first group of the known wound dress-

ing, the drug release rate of CUR was faster given the hydrophilicity

of CUR. The previous studies have also shown that the anti-

inflammatory drug can control the process of recovery and treatment

of the wound, when it is released slowly within 2 days. The fast

release of the anti-inflammatory drugs could show an adverse effect

and delay the wound healing process.56,57 Accordingly, the wound

dressing containing SIM/CIP could well control the infection at the

wound site in the first 24 h; after that, it can improve the healing pro-

cess by releasing 60% of SIM in 48 h. On the other hand, in the

wound dressing containing CUR/CIP, CUR was released in the highest

level after 36 h. The faster release of the CUR, as compared with the

SIM, could be due to the more solubility of CUR in water

(as compared to the lipophilic SIM).

According to previous research studies, if the concentration of

CUR, SIM, and CIP is more than 35, 40, and 60 μg/ml, respectively,

it leads to cytotoxicity.13,52,58,59 In the present study, the amount of

each drug in the structure was less than these values. For this rea-

son, no toxicity was shown in all samples and wound dressing in

the three groups; so, they could improve cell growth and prolifera-

tion. Also, there was no significant difference between the cell's via-

bility of the two wound dressings with different drugs. As a result,

these wound dressings could improve the attachment and prolifera-

tion of the HSF cells. This agrees with other studies that showed

the pore size and surface area of the PCL-based membranes lead to

initial cell attachment and restrict by the hydrophobicity of the PCL

fibers.60,61

In vivo study showed that the better response of the wound

closer in the wound dressing containing SIM/CIP and CUR/CIP, as

compared with the control, was due to the anti-inflammatory effect

of CUR and SIM. SIM has been shown to increase angiogenesis via

the vascular endothelial growth factor (VEGF) and reduction of

chronic inflammation in the wound area.62 Yen et al. also reported

that CUR treatment increased the expression of TNF-α and protein

levels, consequently accelerating wound healing in the early phase of

treatment.63 Moreover, SIM is known as one of the best anti-

inflammatory drugs.62 These results clearly showed the effects of CIP

and SIM on the improvement of the wound healing efficiency of the

wound dressing containing CIP and SIM after 14 days of treatment.

On the other hand, in the hypodermis section, fat vacuoles, blood ves-

sels, and subcutaneous muscle were observed in the SIM/CIP group.

The effective healing was, therefore, demonstrated by the appearance

of the hair follicles.64 According to Mun et al., SIM could suppress the

TGF-β1-induced production of Type I collagen and prevent the exces-

sive scar formation.65

The major structural protein present in the dermal layer of the

skin is collagen.66 Liu et al. also revealed that the collagen deposition

was enhanced in the granulation tissue of the wounds treated with

SIM.67 The results obtained in the present research were in agree-

ment with those of Asai et al.68 They reported that histologic wounds

treated with SIM showed significantly higher degrees of the matura-

tion of the granulation tissue, collagen deposition, and re-epithelializa-

tion, in addition to neovascularization.68

Many efforts have been made to improve the wound healing pro-

cess by modifying the various stages of wound healing. These include

protecting wound tissue from bacterial infection, reducing long-term

inflammation, and differentiating fibroblasts for wound regeneration

and wound closure.63

Various research studies have revealed that SIM and CUR could

accelerate wound healing via different pathways. CUR is usually

released in the wound site with a burst pattern, affecting the inflam-

matory process and increasing the differentiation of fibroblasts to

myofibroblasts. These cells play a major role in the contraction and

proliferation phases of wound healing.63 SIM is an anti-inflammatory

agent showing a beneficial role in wound healing via its angiogenic,

antifibrotic, and immunomodulatory effects, as well as accelerating

the wound healing process.69

A comparison of the results obtained by wound treatment using

the dressing containing CUR and SIM was done in this study as well.

Since the control of bacterial infection in the wound area is one of the

important factors affecting wound healing, CIP was added to both

dressings to standardize the control of this parameter. Our previous

research studies had demonstrated that the release of CIP from the

electrospun wound dressing could successfully prevent the gram-

positive and gram-negative bacterial activities.13,43,70

The results of the present study showed that in the CUR-treated

wounds, a faster wound closure occurred; however, after 14 days, in

the wound treated with SIM, the amount of collagen deposition and

angiogenesis was higher, such that wound was closed almost

completely and the skin layers in this group were formed normally

and uniformly. It seems, therefore, that the use of SIM and CUR in a

wound dressing could simultaneously play a synergistic role in the

wound repair and remodeling, thus improving the new tissue

formation and healing time, and preventing scar formation. This could

be considered as a topic in the future for the in vitro and in vivo

studies.

5 | CONCLUSION

To summarize, novel electrospun PGS/PCL wound dressings with

SIM/CIP and CUR/CIP were prepared successfully by using the core–

shell electrospinning method. Both of these wound dressing were

suitable for low exuding wounds. CUR showed burst release and cau-

sed a faster wound contraction while SIM showed a slow release pat-

tern with at least 24 h delay. In the in vivo study, wound healing was

almost completed during 14 days, only in SIM/CIP groups. Comparing

the wound healing process in these two dressings, it could be con-

cluded that the simultaneous use of CUR and SIM may lead to faster

and more effective wound healing, which should be more considered

in future studies.
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