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Background: An ideal wound dressing should exhibit good biocompatibility, minimize pain 

and infection, absorb excess exudates, and maintain a moist environment. However, few clinical 

products meet all these needs. Therefore, the aim of this study was to fabricate a multifunctional 

double layer nanofibrous scaffolds (DLS) as a potential material for wound dressing.

Materials and methods: The scaffold was formed from mupirocin and lidocaine hydrochloride 

homogeneously incorporated into polycaprolactone as the first layer of scaffolds and chitosan 

as the second layer of scaffolds nanofibers through electrospinning. The fabricated nanofibrous 

scaffolds were characterized by scanning electron microscopy, Fourier transform infrared spec-

troscopy, thermogravimetric analysis, differential scanning calorimetry, and measurement of 

swelling ratio, contact angle, drug release, and mechanical properties. Furthermore, antibacterial 

assessment, live/dead cell assays, and MTT assays were used to investigate the antibacterial 

activity and cytotoxicity of the nanofibrous scaffolds.

Results: The morphology of the nanofibrous scaffolds was studied by scanning electron 

microscopy, showing successful nanofibrous scaffolds. Fourier transform infrared spectroscopy 

demonstrated the successful incorporation of the material used to produce the produced nano-

fibrous scaffolds. Thermal studies with thermogravimetric analysis and differential scanning 

calorimetry indicated that the DLS had high thermal stability. The DLS also showed good in vitro 

characteristics in terms of improved swelling ratio and contact angle. The mechanical results 

revealed that the DLS had an improved tensile strength of 3.88 MPa compared with the second 

layer of scaffold (2.81 MPa). The release of drugs from the scaffold showed different profiles 

for the two drugs. Lidocaine hydrochloride exhibited an initial burst release (66% release within 

an hour); however, mupirocin exhibited only a 5% release. Furthermore, the DLS nanofibers 

displayed highly effective antibacterial activities against Staphylococcus aureus, Escherichia 

coli, and Pseudomonas aeruginosa and were nontoxic to fibroblasts.

Conclusion: The fabricated DLS exhibited excellent hydrophilicity, cytocompatibility, 

sustained drug release, and antibacterial activity, which are favorable qualities for its use as a 

multifunctional material for wound dressing applications.

Keywords: electrospinning, chitosan, PCL, multifunction, wound dressing, nanofiber

Introduction
The skin is the largest organ in the human body, with an important role in homeostasis 

and prevention of invasion by microorganisms.1 Patients suffering from burns, 

trauma, or other conditions such as diabetic foot ulcers can experience acute soreness 
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and serious infections, as well as major medical burdens.2 

Therefore, a wound dressing, as a skin barrier, is essential 

for wound healing.3,4 An ideal wound dressing should exhibit 

good biocompatibility, minimize pain and infection, and 

facilitate patient compliance and comfort. In addition, dress-

ings should absorb excess exudates and maintain a moist 

environment on the wound surface.5–8 Although clinical 

products exist that can meet these needs, no single dressing 

addresses all the above issues.9,10 Therefore, in this work, 

an antimicrobial agent in a double layer nanofibrous wound 

dressing was developed and investigated.

Nanofibers can be fabricated using a number of pro-

cessing techniques, such as emulsion freeze drying,11 self-

assembly,12,13 and phase separation.14 However, not all these 

techniques are ideal for wound dressing fabrication, as the 

produced nanofibers have large diameters and consequently 

low porosity.15 In addition to these manufacturing methods, 

the electrospinning technique is ideal for wound dressing 

fabrication, as electrospun nanofibers show large surface 

area to volume ratios and high porosity with small pores.16 

Additionally, electrospinning is a facile, cost-effective, and 

versatile technique to fabricate nanofibers from natural and 

synthetic polymer composites.17

Recently, a variety of natural and synthetic polymer com-

posites have been electrospun successfully for wound healing 

applications. Poly(vinyl alcohol),18 poly(lactic acid),15,19 poly-

caprolactone (PCL),20,21 and poly(ethylene oxide)22 are some 

of the synthetic polymers used for this application. Synthetic 

polymers have great flexibility in synthesis and modification, 

but they lack cell-binding sites and biomolecular signatures 

that can mimic natural tissue.21,23 Compared with synthetic 

polymers, natural polymers exhibit low immunogenicity and 

better biocompatibility and can mimic the native extracellular 

matrix (ECM) of biological tissue.14,21,24 Widely used natural 

polymers for wound healing include chitosan,1,16 collagen,25,26 

alginate,27 gelatin,28 chitin,29 and silk fibroin.30 However, 

wound dressings prepared from natural polymers are unable 

to retain their structural stability,31 while those from synthetic 

polymers usually have good mechanical properties.14,21 

Interestingly, a nanofibrous scaffold achieved by combining 

natural and synthetic polymers is expected to exhibit physi-

cochemical properties of both components.16,24

Chitosan, the most important derivative of chitin, has been 

extensively studied for biomedical applications owing to its 

highly porous structure, biocompatibility, and intrinsic anti-

bacterial nature.32,33 Furthermore, composites of chitosan have 

been proven to enhance tissue regeneration. Previous studies 

showed that chitosan nanofibrous scaffolds could be applied 

as a biomimetic ECM to support the proliferation of smooth 

muscle cells, neural cells, and fibroblasts.16,32,34 However, 

chitosan alone cannot be used for this purpose, owing to its 

poor mechanical properties.35 Hence, to obtain nanofibrous 

scaffolds, chitosan must be combined with synthetic electro-

spun polymers such as PCL. PCL has been widely used as a 

synthetic polymer owing to its excellent electrospinnability 

and favorable mechanical properties.8,36,37

There are several reports in the literature of efforts to 

produce multifunctional wound dressings. For example, 

some researchers developed multifunctional and biomimetic 

fish Col/BG nanofibers, which had the ability to induce skin 

regeneration with adequate tensile strength and contained a 

certain degree of antibacterial activity against Staphylococcus 

aureus. The Col/BG nanofibers not only had high effective 

surface area, good water absorbability, and the ability to 

absorb wound exudates efficiently but the porous structure 

and small pore size of the electrospun nanofibers could also 

meet the requirement for high gas permeation and protect 

the wound from bacterial infection.38 Furthermore, other 

researchers have fabricated multifunctional wound dressings 

based on electrospun fibers, which were capable of achieving 

wound debridement and wound healing simultaneously as 

well as multidrug loading suitable for various stages of the 

healing process.14

In this study, the main objective was to fabricate and char-

acterize a chitosan/PCL double layer nanofibrous scaffold 

for multifunctional wound dressing applications. Initially, 

chitosan/PCL was blended with lidocaine hydrochloride 

(LID)/mupirocin and successfully fabricated into a double 

layer nanofibrous scaffolds (DLS) using an electrospinning 

technique. The first layer of scaffolds (FLS), which was 

exposed to the environment, consisted of PCL with the 

addition of mupirocin to impart antimicrobial activity to the 

developed wound dressing. The second layer of scaffolds 

(SLS), which had indirect contact with the wound site, was 

composed of electrospun chitosan nanofibers incorporated 

with LID as a model pain-relieving compound. Then, the 

physical–chemical properties (morphology, porosity, pore 

size, Fourier transform infrared [FTIR] spectra, water uptake, 

contact angle, thermal stability, tensile strength, and drug 

release) were comprehensively analyzed. The nanofibrous 

scaffolds were also evaluated for their cytocompatibility 

using human dermal fibroblasts in vitro. Finally, the anti-

bacterial activity of the nanofibrous scaffolds was studied on 

S. aureus, Escherichia coli, and Pseudomonas aeruginosa.
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Materials and methods
Materials
Chitosan (medium molecular weight), PCL, PBS solu-

tion, and MTT were purchased from Sigma-Aldrich Co., 

St Louis, MO, USA. Trifluoroacetic acid (TFA), LID, and 

mupirocin were purchased from Sangon Biotech, Shanghai, 

China. Dichloromethane (DCM) and hexafluoroisopropanol 

(HFIP) were purchased from Aladdin Reagent Co., Ltd, 

Shanghai, China. DMEM and penicillin–streptomycin were 

purchased from HyClone, Logan, UT, USA. The live/dead 

viability/cytotoxicity assay kit, FBS, and Luria–Bertani (LB) 

medium were purchased from Thermo Fisher Scientific, 

Waltham, MA, USA.

Human dermal fibroblasts were obtained from the Depart-

ment of Dermatology, Daping Hospital, Army Medical 

University, Chongqing, China. The Ethics Committee of 

Army Medical University approved the study, and all experi-

ments were performed in accordance with relevant guidelines 

and regulations (2017-28). All the patients whose tissue 

samples were used had provided written informed consent. 

Bacterial strains of S. aureus (ATCC 29213), E. coli (ATCC 

25922), and P. aeruginosa (ATCC 27853) were obtained 

from the Department of Laboratory Medicine, Daping 

Hospital, Army Medical University, Chongqing, China.

Preparation of electrospinning solutions
FLS
Five hundred milligrams of PCL was dissolved in 5 mL 

HFIP/DCM at a volume ratio of 1:3 by magnetic stirring for 

24 hours at room temperature to obtain a homogeneous solu-

tion of concentration 10% (w/v). Subsequently, mupirocin 

was slowly added to the PCL solution at a ratio of 2% (w/v), 

under rigorous stirring for 24 hours.

SLS
Initially, 5 mL chitosan solution (8% w/v) was prepared by 

dissolving the required amount of polymer in 30% DCM 

and 70% TFA, with magnetic stirring for 48 hours at room 

temperature to obtain a homogeneous solution. Subsequently, 

LID was slowly added to the chitosan solution at a ratio of 

1% (w/v), with stirring at room temperature until a clear 

solution was formed.

Electrospinning
The electrospinning setup used in this study consisted of 

three major components: a high-voltage power supply that 

could generate a voltage of up to 30 kV (Dongwen High-

Voltage Power Supply Plant, Tianjin, China), a 10 mL 

syringe with a metallic needle of 0.25 mm inner diameter 

that could control the flow rate of a syringe pump (Longer 

Precision Pump, Baoding, China), and a collector made from 

aluminum foil for fiber collection. In the electrospinning 

process, the FLS, containing PCL/mupirocin, was followed 

by the deposition of LID-loaded chitosan in the SLS. The 

detailed parameters are listed in Table 1. All electrospin-

ning experiments were performed at room temperature 

and a relative humidity of 30%–40%. The obtained PCL/

mupirocin, chitosan/LID, and DLS scaffold dressings were 

labeled as FLS, SLS, and DLS, respectively. The prepared 

fibrous scaffolds were dried in a vacuum oven for 1 week 

at room temperature to remove residual solvent before 

subsequent use.

Characterization of nanofibrous scaffolds
The fiber diameter and the morphology of the electrospun 

scaffolds were studied using a Zeiss scanning electron 

microscopy (SEM, Crossbeam 340) unit. Before imaging, 

the nanofiber samples were sputter coated with gold, and 

the micrographs were captured at magnifications of 1,000×, 

3,000×, and 10,000×. The diameter size distribution in the 

fabricated membranes was determined using the ImageJ 

(National Institutes of Health, Bethesda, MD, USA) soft-

ware, by measuring at least 100 individual fibers randomly. 

A histogram illustrating the diameter distribution was 

Table 1 Parameters for the electrospinning of drug–polymer solutions

Sample Solvent Concentration 
w/v%

Voltage 
(kV)

Flow rate 
(mL/h)

Distance 
(cm)

Needle 
gauge

Rotation
(RPM)

SLS TFA/DCM
7:3

Chitosan/LID
8:1

17 1 13 25G 150

FLS HFIP/DCM
1:3

PCL/mupirocin
10:2

15 1 15 25G 150

Abbreviations: DCM, dichloromethane; FLS, first layer of scaffolds; HFIP, hexafluoroisopropanol; LID, lidocaine hydrochloride; PCL, polycaprolactone; SLS, second layer 
of scaffolds; TFA, trifluoroacetic acid.
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also generated using the OriginPro 9 software (OriginLab 

Corporation, Northampton, MA, USA).

The mechanical characterizations were performed using 

an ElectroForce 3330 (Bose, Framingham, MA, USA) 

according to method ASTMD 882-02. Before testing, the 

cuboid-like shape scaffolds (6,010×0.2 mm2) were con-

ditioned for 48 hours at 50%±3% relative humidity and 

25°C±2°C. The initial distance of separation and loading 

velocity were fixed at 35 mm and 0.2 mm/s, respectively.

Chemical analyses of the FLS, SLS, and DLS were per-

formed by FTIR spectroscopy over a range of 4,000–400 cm−1. 

FTIR spectra of different samples were obtained by a Nicolet 

spectrometer (System 2000, PerkinElmer, Waltham, MA, 

USA) with a DTGS KBr detector. Approximately 1 mg 

of dried sample was mixed with 100–120 mg of KBr and 

compressed into pellets.

The thermal stability of the FLS, SLS, and DLS were 

studied using a PerkinElmer thermogravimetric analysis 

(TGA) 4,000 unit (PerkinElmer). Samples of total mass 4 mg 

were placed in an aluminum pan, and the experiment was car-

ried out under a dry nitrogen atmosphere in the temperature 

range 30°C–600°C at an ascending rate of 10°C/min. The 

remaining weight of the sample was recorded at each tem-

perature point, and the values were exported in an Excel 

sheet. Thermal properties of the FLS, SLS, and DLS were 

studied using differential scanning calorimetry (DSC; Q20, 

TA Instruments, New Castle, DE, USA). Five milligrams of 

each sample was heated up to 120°C at a rate of 10°C/min 

in the presence of nitrogen as an inert carrier gas flowing at 

a rate of 25 mL/min.

Water contact angle measurements
The contact angles for a drop of distilled water on electrospun 

membranes were measured using a contact angle instrument 

(Future Scientific Ltd. Co., Taiwan, China) at room tempera-

ture. A single drop of 5 µL deionized water was dropped on 

the surface of a flat 10×10 mm2 membrane using a syringe 

perpendicular to the surface, and an image was captured 

less than 1 second after the water droplet became stable on 

the surface. This process was repeated six times on each 

membrane. The contact angles were analyzed using software 

supplied by the manufacturer.

Porosity and pore size
The porosity of the prepared nanofibrous scaffolds was 

determined using a previously reported method.1 Briefly, 

the scaffolds were immersed in absolute ethanol until it was 

saturated. The scaffolds were weighed before and after the 

immersion in alcohol. The porosity was calculated using 

the equation:

	

P
W W

V
100%1

1

=
−

ρ
×2

�

where W
1
 and W

2
 indicate the weights of the scaffolds before 

and after immersion in alcohol, respectively; V
1
 is the volume 

before immersion in alcohol; and ρ is a constant (the density 

of alcohol). All samples were tested in triplicate.

Moreover, the pore size and porosity distribution of the 

nanofibrous scaffolds were measured using ImageJ, and a 

graphical representation of pore size distribution was pre-

pared using OriginPro 9.

Swelling ratio of nanofibrous scaffolds
Nanofibrous scaffolds were cut into small pieces of equal 

weight and immersed in PBS (pH 7.4, 37°C) for 24 hours. 

Water that adhered to the surface was removed by gently 

blotting with filter paper, and the scaffolds were immediately 

weighed.

	

DS
W W

W
100%=

−
×w d

d �

In this equation, DS is the degree of swelling, and W
w
 and 

W
d
 represent the wet and dry weights of the scaffolds, respec-

tively. All measurements were performed in triplicate.

Cell culture, MTT, and live/dead cell assays
Human dermal fibroblasts were cultured in DMEM supple-

mented with 10% (v/v) FBS, 100 U penicillin/mL, and 100 µg 

streptomycin/mL in a humidified atmosphere of 5% CO
2
 

and 95% air at 37°C. The cell culture medium was replaced 

every 3 days. Subculture was performed by digestion with 

0.25% trypsin/0.02% EDTA when the cells were nearly 

confluent and the fourth to eighth passage fibroblasts were 

used for the seeding.

Human dermal fibroblasts were used to study cell 

viability on the scaffolds using the MTT assay. Nanofibrous 

scaffolds were punched (0.6 cm in diameter) and placed in 

sterile 96-well plates; 200 µL samples of a cell suspension 

of 1×105 count were planted along with each type of scaffold 

individually per well. After incubation, 0.2 mL of 5 mg/mL 

MTT was added to the surface of scaffolds, and incubation 

was continued for another 4 hours. Then, 1 mL of DMSO 

was added to each well and further incubated for 10 minutes. 
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The cell viability was determined by measuring the absor-

bance at 490 nm on a microplate reader (BioTek, Winooski, 

VT, USA). Cells without scaffolds served as a control. All 

the experiments were performed in triplicate.

Cell viability was assessed by live/dead staining at 

24 hours. According to the manufacturer’s protocol, samples 

were washed with PBS and stained with 100 µL of a solution 

of 2 µM calcein-AM and 4 µM propidium iodide in PBS. 

After 15 minutes of incubation at 37°C, the scaffolds with the 

fluorescently stained cells were viewed under a fluorescence 

microscope (Olympus Corporation, Tokyo, Japan).

Drug release
The nanofibrous scaffolds were incubated in 20 mL of PBS 

at 37°C. At predetermined time intervals, 1 mL PBS was col-

lected for testing and replaced with 1 mL of fresh PBS. The 

amount of drug released from the scaffolds was determined 

via ultraviolet spectrometry (NanoDrop 2000 spectrophotom-

eter, Thermo Fisher Scientific) at 263 nm (LID) and 218 nm 

(mupirocin). Serial dilutions of the drugs were measured to 

obtain standard curves used to calculate the amount of drug 

released from scaffolds. LID release was linear between 1 

and 10 mg/mL (y = 0.1235x + 0.0308, R2 = 0.9955), and 

mupirocin release was linear between 1 and 15 mg/mL (y = 
0.9606x + 0.1445, R2 = 0.9984).

Antibacterial activity
Drug-sensitive strains of S. aureus, E. coli, and P. aeruginosa 

were used to evaluate the antibacterial activity of the scaffolds 

by an inhibition zone method. First, 100 µL of 108 CFU/mL 

bacteria suspension was spread on an LB agar plate, then a 

scaffold sample with a diameter of 0.9 cm was placed on the 

surface of the agar. After 24 hours incubation at 37°C, the 

diameter of the inhibition zone was measured.

Statistical analysis
The data are represented as mean±SD. The statistical analyses 

to compare the results between two groups were conducted 

using the paired Student’s t-test, and a value of P,0.05 was 

considered statistically significant.

Results and discussion
Morphology and diameter distribution
The morphology and nanofiber diameter distributions for the 

FLS, SLS, and DLS are presented in Figure 1. The structure 

of SLS consisted of randomly oriented uniform and homo-

geneous fibers (Figure 1A and B), whereas FLS exhibited a 

nonhomogeneous structure (Figure 1D and E). Figure 1G–I 

presents the surface and cross-section SEM photographs of 

the DLS. It can be seen that both the surface and the interior 

of the DLS exhibited a double layer nanofiber structure. 

Moreover, the contact between SLS and FLS was observed 

to be excellent on the surface and in the interior of the DLS. 

From the SEM images, the fiber diameters were calculated as 

the mean value of 100 measurements at various locations. The 

mean fiber diameter obtained for the SLS was 735±152 nm 

(Figure 1C), while in the case of the FLS it was 1,031±227 nm 

(Figure 1F). The diameters of nanofibers were distributed in 

the range 420–1,390 nm in SLS and 440–1,580 nm in the 

FLS; this difference in fiber diameters was likely due to the 

method of preparation. It should be noted that in electrospin-

ning, the fiber diameter is influenced by the distance between 

syringe and collector, the electric field, and the flow rate 

properties of the solution (conductivity, concentration, and 

viscosity).21 SLS fibers showed smaller diameters than FLS 

fibers, likely owing to the lower concentration of the SLS 

solution. Typically, when the concentration is increased, the 

diameter increases proportionally.39

Mechanical properties
The mechanical properties (peak load, tensile strength, 

Young’s modulus, and elongation at break) of the FLS, 

SLS, and DLS are summarized in Table 2. PCL scaffolds 

are known to be highly flexible and elastic,14 whereas chito-

san scaffolds have been reported to be brittle and weak.35,40 

Higher peak load values were observed for both the FLS 

(7.57 N) and the DLS (4.31 N) than for the native polymer 

scaffolds (SLS, 3.12 N). The tensile strengths of the DLS 

(3.88 MPa) and FLS (6.82 MPa) were significantly increased 

in comparison with SLS (2.81 MPa), although the SLS 

scaffolds possessed a tensile strength of 2.81 MPa, which is 

higher than that of the reported lyophilized chitosan dressing 

(0.48 MPa).1 The elongation at break values (FLS, 68.31%; 

DLS, 14.93%) were also greater than those of the native 

polymers (SLS, 12.37%). Moreover, the Young’s moduli of 

the SLS, FLS, and DLS were 37.98, 2.99, and 25.47 MPa, 

respectively. Therefore, the DLS showed intermediate tensile 

properties between those observed for FLS and SLS. All these 

observations of mechanical properties suggest that a nano-

fibrous scaffold combining natural and synthetic polymers 

can demonstrate appreciable mechanical strength compared 

with natural polymer scaffolds similar to the observations 

made by Fu et al.36

Porosity and pore size
The porosity and pore size distribution of the scaffolds are 

shown in Figure 2. SLS had a porosity of 74% of the total 
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scaffold volume (Figure 2A), and there was a significant 

difference compared with FLS (86%). However, with the 

addition of SLS to the FLS sample, the porosity decreased 

to 71%–86%, slightly higher than that reported for cationic 

chitosan-graft-poly(ε-caprolactone)/PCL (40/60) hybrid 

scaffolds (77%).37 Compared with other methods, scaffolds 

produced by electrospinning have higher porosity. For 

example, a chitosan sponge prepared by a lyophilization 

process showed porosity in the range of 63%–68%.1 The high 

porosity of the scaffolds is beneficial in a wound dressing not 

only to promote moisture and prevent infection but also for 

the transfer of nutrients and oxygen exchange.2,31

In SLS, the pore size was distributed between 1 and 

7 µm with a mean value of 4.19±1.02 µm. FLS exhibited 

a minor increase in mean pore size (7.05±1.87 µm), and 

the distribution fell in the range 3–11 µm as illustrated in 

Figure 2B and C. However, when comparing the pore 

size with that determined by SEM of lyophilized chito-

san, an increased pore size (20–100 µm) was observed 

in the AgNPs/chitosan dressing.1 Furthermore, the pore 

size distribution was narrow and sharp for SLS and 

became broader for FLS with increasing fiber diameters. 

Scaffolds with smaller fiber diameters have been widely 

reported to have smaller pore sizes and narrower pore size 

distributions.20,37,41

Figure 1 Nanofiber morphology and diameter distribution of fabricated nanofibrous scaffolds.
Notes: Representative SEM images of SLS (A, B), FLS (D, E), and DLS (G–I). The surface morphologies were observed and photographed at 1,000× (A, D, G) and 10,000× 
(B, E). The fracture surface morphologies were observed and photographed at 1,000× (H) and 3,000× (I). Diameter distribution histogram of SLS (C) and FLS (F) nanofibrous 
scaffolds.
Abbreviations: DLS, double layer nanofibrous scaffolds; FLS, first layer of scaffolds; SEM, scanning electron microscopy; SLS, second layer of scaffolds.

Table 2 Mechanical properties of scaffolds

Sample Peak 
load Fb/N

Tensile 
strength 
σb/MPa

Young’s 
modulus 
E/MPa

Elongation 
at break 
δ/%

SLS 3.12 2.81 37.98 12.37
FLS 7.57 6.82 2.99 68.31
DLS 4.31 3.88 25.47 14.93

Abbreviations: DLS,  double layer nanofibrous scaffolds; FLS, first layer of scaffolds; 
SLS, second layer of scaffolds.
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FTIR
FTIR spectroscopy was used to assess the physical and 

chemical interaction of the polymers.25 Figure 3 shows 

the FTIR spectra of LID, chitosan, SLS, mupirocin, PCL, 

FLS, and DLS. As shown in Figure 3A, LID showed two 

characteristic bands around 3,385 and 1,686 cm−1 that could 

be attributed to N–H stretching and C=O stretching.42 In the 

spectrum of chitosan (Figure 3B), the characteristic bands of 

saccharine appeared 889 and 1,147 cm−1. The absorbances 

of amide I, II, and III bands in chitosan were observed at 

1,653, 1,420, and 1,320 cm−1, respectively. In addition, the 

spectra showed characteristic absorption peaks at around 

1,071 and 1,155 cm−1, which were assigned to the C-O 

stretching vibration. On the contrary, the spectrum of chi-

tosan demonstrated two characteristic bands at 3,369 and 

2,874 cm−1, attributed to amine N–H symmetrical vibration 

and the typical C-H.16,37 These characteristic bands were 

also observed in the spectra of LID and chitosan physical 

mixtures (Figure 3C), indicating the absence of chemical 

interactions between chitosan and LID during the manu-

facturing process.

The FTIR spectrum of mupirocin (Figure 3D) showed 

characteristic bands at 1,712 cm−1 corresponding to C=O 

stretching, at 2,859 and 2,929 cm−1 corresponding to C-H 

deformation, at 1,150 cm−1 corresponding to the C-O-C 

stretching vibration, and at 1,052 cm−1 corresponding to the 

C-C skeleton.43 PCL (Figure 3E) showed a strong charac-

teristic band at 1,734 cm−1 corresponding to C=O stretching 

and two bands at 2,859 and 2,929 cm−1 due to -CH
2
 group 

stretching.45 The FTIR spectra of FLS (Figure 3F) exhibited 

absorbance bands at 1,150, 1,052, and 1,734 cm−1, which 

were assigned to the characteristic bands of C-O-C in mupi-

rocin, the C-C skeleton, and C=O in PCL, respectively. This 

indicates that mupirocin was successfully grafted onto PCL. 

The FLS and SLS characteristic bands were also observed in 

the spectrum of the DLS (Figure 3G), indicating the absence 

of chemical interactions between FLS and SLS during the 

manufacturing process.

Thermal stability
Following FTIR analysis, DSC and TGA were used to further 

explore the interactions between the drug and the polymer 

Figure 2 Porosity and pore size distribution of the nanofibrous scaffolds.
Notes: Porosity percentage (A). Pore size distribution of SLS (B) and FLS (C). *The difference in mean is significant (P,0.05) with respect to chitosan. #The difference in 
mean is significant (P,0.05) with respect to PCL.
Abbreviations: DLS, double layer nanofibrous scaffolds; FLS, first layer of scaffolds; PCL, polycaprolactone; SLS, second layer of scaffolds.
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within the polymeric matrix. The recorded TGA and DSC 

curves are shown in Figure 4. SLS had three distinct weight 

loss stages. The first occurring at about 40°C was ascribed 

to the vaporization of bound water. The second stage of 

weight loss began at 130°C and was related to the thermal 

decomposition of LID. In the third stage, the weight loss at 

about 250°C was primarily attributed to the decomposition 

of chitosan. Notably, SLS showed increased weight loss 

compared with chitosan, which could be attributed to the 

fact that LID decomposes to a greater degree than chitosan 

under the same conditions. It could also be inferred from the 

TGA curves that the FLS and DLS underwent three stages 

of weight loss owing to the loss of absorbed water and the 

thermal decomposition of the polymer.

The DSC thermograms of chitosan, PCL, SLS, FLS, and 

DLS are shown in Figure 4B. The endothermic peak occurred 

at 50°C for chitosan, whereas it shifted slightly to 51°C for 

SLS composites. For PCL, an endothermic peak at 58°C was 

observed, while for the FLS and DLS it was observed at 63°C; 

this shift could be attributed to the chemical linkage between 

mupirocin and PCL, resulting in a higher endothermic peak. 

The higher endothermic peak suggests that the DLS has high 

stability in high-temperature environments.44

Contact angles and swelling ratio
Wettability is a major criterion for a wound dressing mate-

rial, as it affects cell adhesion, proliferation, and the ability 

to absorb exudates.1,36 The water contact angle can be used 

to evaluate wettability. Water contact angles of the FLS, 

SLS, and DLS are shown in Figure 5A. The average contact 

angles of the SLS (24.9°±2.5°), FLS (56.3°±2.3°), and DLS 

(34.6°±4.6°) reflect the hydrophobic behavior of the FLS as 

well as the role of the SLS in bestowing hydrophilicity on 

the DLS. Moreover, the SLS was highly hydrophilic with a 

contact angle of 24.9° owing to the presence of hydrophilic 

amino groups and hydroxyl groups on its surface.37

Figure 3 FTIR spectrum of LID (a), chitosan (b), SLS (c), mupirocin (d), PCL (e), 
FLS (f), and DLS (g).
Abbreviations: DLS, double layer nanofibrous scaffolds; FLS, first layer of scaffolds; 
FTIR, Fourier transform infrared spectra; LID, lidocaine hydrochloride; PCL, 
polycaprolactone; SLS, second layer of scaffolds.

° °
Figure 4 Thermal stability of chitosan and PCL nanofibrous scaffolds.
Notes: TGA graph (A) and DSC graph (B).
Abbreviations: DLS, double layer nanofibrous scaffolds; DSC, differential scanning calorimetry; FLS, first layer of scaffolds; LID, lidocaine hydrochloride; PCL, polycaprolactone; 
SLS, second layer of scaffolds; TGA, thermogravimetric analysis.
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The swelling ratio is another criterion that can be used 

to assess wound dressings.31,45 Figure 5B shows the swelling 

behaviors of the FLS, SLS, and DLS in PBS. All the scaffolds 

possessed a high swelling capacity after saturation with PBS. 

Swelling ratio analysis revealed that the SLS had a swelling 

ratio of 793%, while the DLS showed a lower swelling ratio 

of about 622%. The reduced swelling ratio could be attributed 

to the reduction of hydrophilic groups in the FLS (505%). 

This observation is in agreement with the water contact angle 

study, in which the SLS had a decreased contact angle when 

in composite with the FLS. The highly hydrophilic and good 

swelling property of the DLS enables it to absorb exudates 

at the wound site to maintain a moist environment.1

Cytotoxicity test
In order to differentiate live/dead cells from fibroblasts, we 

used the live/dead cell assay, in which green fluorescence is 

observed in live cells, while dead cells show bright red fluo-

rescence. Figure 6A–D shows the fluorescence microscopy 

images of the control, FLS, SLS, and DLS after 24 hours 

incubation, it was also possible to observe the morphology 

of fibroblasts, in which all the samples presented green fluo-

rescent staining, without any toxicity. The cytotoxicity of the 

FLS, SLS, and DLS with respect to the growth of fibroblasts 

was also analyzed by MTT assay. As illustrated in Figure 6E, 

although cell viability was inhibited by FLS after 72 hours 

incubation, the viability of cells treated with the SLS and 

DLS was not inhibited at all for the predetermined time of 

incubation. Moreover, chitosan is a natural material that 

supports cell growth.46 Therefore, after addition of chitosan 

to the samples, the scaffolds become more cytocompatible 

compared with PCL nanofibers. Thus, the prepared DLS 

wound dressing was considered to be a suitably nontoxic 

scaffold for wound healing.

°

Figure 5 Water contact angles and swelling ratio of nanofibrous scaffolds.
Notes: Water contact angles of nanofibrous scaffolds (A). Swelling ratio of nanofibrous scaffolds (B). *The difference in mean is significant (P,0.05) with respect to SLS. 
#The difference in mean is significant (P,0.05) with respect to FLS.
Abbreviations: DLS, double layer nanofibrous scaffolds; FLS, first layer of scaffolds; SLS, second layer of scaffolds.

Figure 6 Comparative cytotoxicity of nanofibrous scaffolds.
Notes: Cell viability was determined by live/dead cell assay using calcein-AM (live) and propidium iodide (dead) (A–D). Representative images of control (A), SLS (B), FLS (C), 
and DLS (D). The viability of human dermal fibroblasts was evaluated using MTT assay (E). Scale bar denotes 1 µm.
Abbreviations: DLS, double layer nanofibrous scaffolds; FLS, first layer of scaffolds; SLS, second layer of scaffolds.
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Drug release
Modulation of drug delivery is among the most promising 

biomedical applications of electrospun materials. Electrospun 

medicated fibers with a multilayer structure provide multiple 

opportunities to control release time profiles. The drug release 

profiles of LID and mupirocin from the DLS are illustrated 

in Figure 7. The calibration curves of LID at 263 nm and 

mupirocin at 218 nm were done with R2 = 0.9955 and 0.9984, 

respectively. LID showed a two-stage release (Figure 7A), 

with an initial rapid release followed by a slower sustained 

release. Approximately 66% of LID was released from the 

DLS in the first hours. The cumulative drug release increased 

gradually to 85% in the following 6 hours. From a clinical 

point of view, an initial rapid release in the early stages is ben-

eficial because it helps achieve a therapeutic concentration 

of the drug in minimal time, followed by sustained release 

to maintain a minimal effective concentration.47 Figure 7B 

shows the results of a prolonged release study of mupirocin 

from the DLS for 5 days. As is apparent from the figure, the 

DLS showed a sustained release of mupirocin, similar to the 

two-stage release profile of LID. The initial rapid release 

of mupirocin from the DLS resulted in the release of 57% 

of the total mupirocin content in the first 6 hours. With the 

sustained release, another 30% was released from the DLS 

in the following 114 hours. Although similar drug release 

profiles were observed for LID and mupirocin, 66% of the 

LID was burst released in the first hour, while only 30% of 

the mupirocin diffused from the DLS in the same time. This 

was attributed to the strong chemical linkage interactions of 

PCL and mupirocin conjugated to the fiber, resulting in a 

lower release ability of mupirocin compared with LID.

Antibacterial activity
For antimicrobial assessment, the prepared scaffolds were 

tested against three microorganisms, S. aureus (Gram-positive 

cocci), E. coli, and P. aeruginosa (Gram-negative rods), 

using the agar diffusion method to assess their antimicrobial 

activity. The inhibition zone produced by each sample was 

measured. Figure 8 shows filter paper control, PCL, FLS, and 

DLS against S. aureus, P. aeruginosa, and E. coli. Growth of 

S. aureus (18 mm) and P. aeruginosa (12 mm) was inhibited 

by PCL scaffolds. Similar to the control group, the growth of 

E. coli was not inhibited by PCL scaffolds. By contrast, PCL 

scaffolds loaded on mupirocin showed antibacterial inhibi-

tion against all tested microorganisms. The strongest activity 

was against S. aureus (34 mm), followed by P. aeruginosa 

and E. coli (31 mm). Mupirocin is an effective antibacterial 

agent and is often used in clinical practice as topical oint-

ment to treat a wide variety of topical wounds.8,43 Mupirocin 

works against a broad spectrum of bacteria by reversibly 

inhibiting isoleucyl-transfer RNA, thereby inhibiting bacte-

rial protein and RNA synthesis.48 The DLS showed excellent 

activity against all tested microorganisms, with the strongest 

activity against S. aureus (35 mm), followed by P. aeruginosa 

(30 mm) and then by E. coli (28 mm). Overall, the DLS 

exhibited significant activity against S. aureus, E. coli, and 

P. aeruginosa. Therefore, the scaffold developed here could 

be more effective for treating infected wounds.

Conclusion
In summary, LID and mupirocin were successfully grafted 

onto a DLS to fabricate a multifunctional scaffold material 

as a novel wound dressing. The multifunctional scaffolds 

Figure 7 Release profiles of LID and mupirocin into PBS from DLS nanofibrous scaffolds.
Notes: LID eluted from DLS (A). Mupirocin eluted from DLS (B).
Abbreviations: DLS, double layer nanofibrous scaffolds; LID, lidocaine hydrochloride.
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displayed optimum porosity and swelling behaviors, which 

are beneficial for absorbing excess exudates and maintain-

ing a moist environment on the wound surface. Both the 

tensile strength and Young’s modulus of the DLS nanofi-

bers increased dramatically. The DLS was more thermally 

stable than SLS and FLS. Moreover, the multifunctional 

DLS showed highly effective antibacterial activities against 

S. aureus, E. coli, and P. aeruginosa and was nontoxic to 

fibroblasts. All these results demonstrate that the multifunc-

tional DLS nanofibers have great potential for use as a wound 

dressing. However, these results need to be substantiated by 

in vivo studies to further investigate the real-world applica-

tions of the scaffold material as a wound dressing.
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