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Infection is one of the major factors affecting wound healing. The use of polymeric fibrous con-
structs or scaffolds with encapsulated biologically active components has shown great potential in
topical wound care as wound dressings to expedite wound healing process; however, there is a lim-
itation in precise control over the release of active components. Therefore, in this study, the authors
developed a facile method for controlled fabrication of poly(�-caprolactone) (PCL) microfibrous con-
structs with silver (Ag) nanoparticles as antibacterial agent by single capillary electrospinning. By
optimizing spinning parameters, the PCL microfibrous constructs were fabricated. The encapsula-
tion of Ag nanoparticles within the PCL microfibers was confirmed using microstructural analysis.
The encapsulation efficacy and release profile of Ag was evaluated in vitro. The diffusion study fur-
ther revealed the controlled release and optimal bioavailability of Ag during the experimental period.
In vitro assessment of antibacterial activity of electrospun hybrid constructs showed a high antibac-
terial activity and an inhibitory effect on the growth of both staphylococcus aureus and escherichia
coli bacteria when compared to PCL and their efficiency of antibacterial activity also varied with
respect to the percent of encapsulated Ag nanoparticles. This kind of Ag nanoparticles-loaded PCL
microfibrous constructs may be considered for wound care applications.

Keywords: Polymeric Construct, Silver Nanoparticle, Electrospinning, Antimicrobial, Controlled
Release, Wound Care.

1. INTRODUCTION
Infection is a common problem associated with wounds
and skin injuries. Up to 75% of deaths happen because
of severe infection. Wound infection often occurs by the
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growth of microorganisms and the most commonly caused
by staphylococcus aureus and pseudomonas aeruginosa.1–3

The global wound care dressing market is expected to
reach $4.4 billion by 2019 from $3.1 billion in 2012, grow-
ing at an average annual rate of 5.7% from 2012 to 2019.4

The statistical data suggest that wound care market forms
a large sector of total biomedical market. However, there
are still many problems that health care professionals are
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currently encountering with rising number of patients suf-
fering from microbial infections and injuries related to
wounds and burns.
Bacteria, fungi, and parasites often cause skin infec-

tion on the human body. Among them, staphylococcus
aureus and trichophyton rubrum are the most common
pathogens that are responsible for skin and nail infections.5

Some wounds and burns damage the underlying tissues
or organs, such as bone, muscle, tendon, arteries, and
nerves, which are deeper and need medical attention to
prevent infection and loss of function.6 There are many
ointments, topical gels, and creams available in the mar-
ket for the treatment of microbial infection and wound
healing, but the most common disadvantage of these treat-
ments is the easy washing out of the medicament from
the site, which ultimately results in failure of therapeutic
activity.7 In addition, patient compliance also is a matter,
which results in therapeutic failure. Hence, there is a need
to develop biomaterial-based systems, such as polymeric
scaffolds encapsulating therapeutic drugs, which are able
to stay on the wound area providing continuous release of
drugs with desired therapeutic activity.
One of the known therapeutic agents to prevent infec-

tion is silver (Ag), which has widely been used in
wound dressings. Ag has an excellent antimicrobial with
broad-spectrum activity on gram-positive, gram-negative
bacteria, and fungal strains.8–11 Therefore, Ag is being
considered as an excellent antimicrobial candidate in
wound healing and burn management.12–14 However, effect
of Ag concentration and its releasing profile have less
been studied in the context of electrospun fibrous con-
structs. Electrospinning is a simple and versatile method
for fabrication of polymeric fibrous constructs, with or
without the incorporation of biologically active agents,
for various biomedical applications, including wound
dressing.15–20 Poly(�-caprolactone) (PCL) is a semicrys-
talline aliphatic polyester that has been widely used in var-
ious biomedical applications.21–23 Therefore, in this study,
the authors have made an attempt to develop a facile
method for controlled fabrication of PCL microfibrous
constructs with Ag nanoparticles by single capillary elec-
trospinning. The effect of Ag concentration encapsulated
into the PCL microfibers, their diffusion/release profiles,
and their antimicrobial activities have been systematically
investigated.

2. MATERIAL AND METHODS
2.1. Electrospinning of Ag-Encapsulated

PCL Constructs
PCL with 80000 Da molecular weight (Sigma, USA),
chloroform, methanol, and Ag nanoparticles (∼100 nm
diameter) were used as received. The PCL was dissolved
in the mixture of chloroform/methanol at a volume ratio of
7:1. Ag nanoparticles at concentrations of 15%, 10% and
5% (w/w) were blended with PCL as detailed in Table I.

Table I. Composition of samples in this work.

Sample no. Composition

Sample 1 PCL
Sample 2 PCL+15% Ag nanoparticles
Sample 3 PCL+10% Ag nanoparticles
Sample 4 PCL+5% Ag nanoparticles

The solutions were then stirred overnight at 1,100 rpm at
room temperature. Each of PCL-Ag nanoparticles blended
solution was loaded into a 10 mL syringe with 14.43 mm
inner diameter and the solution was pumped at a con-
stant rate (0.25 mL/m) via a syringe pump at distance of
15 cm from the needle tip. An electric voltage (15 kV)
was applied from a high voltage power supply to fabri-
cate thick microfibrous constructs on aluminum foil. The
schematic representation of the electrospinning process is
shown in Figure 1.

2.2. Fourier Transform Infrared (FT-IR) Analysis
Chemical functional groups of electrospun polymeric con-
structs were characterized using a FT-IR spectrophotome-
ter (Thermo Scientific™ Nicolet iS50, USA) over ATR
mode in the range between 4000 and 400 cm−1 at 2 cm−1

resolution with an average of 100 scans.

2.3. Contact Angle Measurement
Contact angle of water on electrospun polymeric con-
structs was measured according to sessile drop method
using a tensiometer (Attension Theta Lite, Finland). For
this purpose, 4 �l of distilled water droplet was dropped
onto the surface of constructs using a syringe. At least four
drops were placed on each surface and photographed to
measure the contact angle values.

2.4. Scanning Electron Microscopy (SEM)
The structural morphology of electrospun polymeric
costructs was studied using a SEM (ZEISS EVO 40XVP)
with an accelerating voltage of 15 kV. The constructs
were coated with gold using a sputter coater (BAL-TEC

Figure 1. Schematic illustration of electrospinning process to fabricate
PCL-Ag microfibers.
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SCD005) before the observation. The diameter of fibers
was measured from the SEM micrographs using an image
analysis software (Image J, National Institutes of Health,
USA).

2.5. X-ray Photoelectron Spectroscopy (XPS)
XPS measurements on electrospun polymeric constructs
were performed using a SCIENCE SES 2002 instrument.
This analysis method postulates the energy distribution of
electrons emitted as a result of interaction between the
material and incident X-rays allowing us to determine the
existence of Ag nanoparticles in PCL fibrous constructs.
The experiments were carried out in an ultra-high-vacuum
system with a base pressure of about 6× 10−10 Pa. The
XPS spectra were recorded in normal emission mode and
evaluated.

2.6. Diffusion Study
In vitro Ag release of microfibrous scaffolds were stud-
ied using a dialysis membrane consisted of two chambers,
the donor and the receptor compartments. The receptor
compartment was maintained at 37± 10 �C by means of
placing the assembly with an arrangement for water circu-
lation on magnetic stirrer. The receiving compartment was
filled with 20 mL of the phosphate buffer (pH= 6.8) and
was continuously stirred at 100 rpm by means of mag-
netic stirrer. The donor compartment and the sampling port
were sealed with paraffin. Aliquots were removed from the
receptor compartment for 41 days.

2.7. Antibacterial Activity of Ag
Microfibrous scaffolds were tested against two microor-
ganisms; Escherichia coli (ATCC 35218, Gram-negative
bacteria) and Staphylococcus aureus (ATCC 6853, Gram-
positive bacteria). The antibacterial efficacies of the
samples were quantitatively evaluated with ASTM 2149
Standard Dynamic Contact Conditions test method. In
this test, the suspension of bacteria was prepared in
nutrient broth and a standardized concentration of about

Figure 2. Infrared spectrum of PCL microfibers including sample 1 (a), sample 2 (b), sample 3 (c), and sample 4 (d).

Table II. Characteristic infrared bands of PCL-Ag samples.

Position (cm−1) Vibrator

2945 Asymmetric CH2 stretching
2865 Symmetric CH2 stretching
1720 Carbonyl stretching
1294 C–O and C–C stretching in the crystalline phase
1240 Asymmetric COC stretching
1165 Symmetric COC stretching

106 cfu/mL was exposed to samples for the antibacte-
rial testing. All samples were incubated at 37 �C and
shaken in a wrist-action shaker for 24 hours. Serial dilu-
tions were prepared and plated on Muller-Hinton II agar
plate. After incubation, bacteria colonies of each plate
were counted and reduction in bacteria population was cal-
culated according to the equation below;

Reduction �%�� �CFU/mL�=
(
B−A

B

)
∗100

where A is the number of bacteria recovered from the inoc-
ulated treated sample in the jar incubated for 24 hours and
B is the number of bacteria recovered from the inoculated
treated sample at ‘0’ contact time. The peptone water with-
out any sample was used as the control sample and treated
in the same manner.

3. RESULTS AND DISCUSSION
By optimizing the electrospinning parameters, PCL and
Ag nanoparticles-loaded PCL microfibrous constructs
were fabricated. The physicochemical properties and
antimicrobial activity of the electrospun hybrid constructs
have been assessed.

3.1. FTIR
A transmission spectrum of neat PCL microfibers was
given in the 400–4000 cm−1 region in Figure 2. Also, it
can be seen that Ag nanoparticle did not make any signifi-
cant difference in the peak values in the spectrum. Accord-
ing to the spectrum (Fig. 2), asymmetric and symmetric
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Figure 3. Micrographs on water contact angle on PCL and PCL-Ag samples.

Table III. Hydrophobic activity of PCL-Ag microfibers according to
the contact angle measurements.

Sample 1 Sample 2 Sample 3 Sample 4

Water contact 121.59 109.02 128.26 89
angle (deg.)

(a) (b)

(c) (d)

Figure 4. SEM pictures of PCL microfibers ranging from sample 1 (a), sample 2 (b), sample 3 (c), to sample 4 (d).

C–H stretching vibrations of PCL microfibers appeared
at the peaks of 2945 cm−1 and 2865 cm−1 confirming
the presence of CH2 groups.24 Also, carbonyl stretching
peak around 1720 cm−1 can be identified from the spec-
trum. The band at 1294 cm−1 is assigned to the back-
bone C–C and C–O stretching modes in the crystalline
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Table IV. Surface elemental concentration results of samples measured
by XPS.

C1s = carbon,
O1s =Oxygen Position FWHM R.S.F. Area % At.Conc.

Sample 1 C 1s 285�13 3�111 1 230�82 99�51
O 1s 532�33 3�16 137.62 157�78 0�49

Sample 2 C 1s 284�68 2�98 1 256�51 99�55
O 1s 531�88 3�192 137.62 159�99 0�45

Sample 3 C 1s 284�8 2�643 1 346�62 99�81
O 1s 532�8 3�358 137.62 92�53 0�19

Sample 4 C 1s 284�89 2�705 1 328�61 99�82
O 1s 532�89 3�248 137.622 82�16 0�18

Table V. Maximum amount of Ag in the samples.

Amount Ag Ag weight Ag weight
[wt.%] Decimal [g] [�g] �g/ml Ag

Sample 1 0 0 0 0 0
Sample 2 15 0.15 0.003375 3375 675
Sample 3 10 0.10 0.002170 2170 434
Sample 4 5 0.05 0.001075 1075 215

PCL.25 The strongest band and their assignments are given
in Table II. These results indicate that the presence of Ag
nanoparticles up to 15% did not significantly affect the
molecular components and structure of PCL.

3.2. Water Contact Angle Measurements
Contact angle of water on the samples measured with
a surface-analysis instrument is given in Figure 3. In
wettability studies, the measurement of contact angles
is often considered as the primary data to investigate
the degree of wetting when a solid and liquid interact.
Small contact angles (<<90�) correspond to high wetta-
bility, while large contact angles (>>90�) correspond to
low wettability.26 The hydrophobic behavior of PCL was
changed as Ag nanoparticles were added to the polymer
(Table III). However, there was no obvious trend as a result
of adding Ag nanoparticles to the PCL. The Ag nanopar-
ticles changed both roughness and hydrophobicity of PCL
and these parameters were effective on the contact angle
measurements.

3.3. SEM Results
Figure 4 shows the SEM micrographs PCL and PCL-
Ag samples and it is clearly observed that the electro-
spun hybrid constructs are made up of microfibers. The

Table VI. Percentage of Ag release [%].

Days 1 2 6 7 8 9 10 13 14 16 20 22 41

Sample 1 0 0 0 0 0 0 0 0 0 0 0 0 0
Sample 2 5.9 12.4 33.2 35.8 40.0 41.6 43.5 40.2 36.6 40.6 44.0 44.3 26.0
Sample 3 0.0 0.0 24.0 28.2 31.2 30.5 32.3 41.7 44.4 48.3 59.7 64.5 71.3
Sample 4 0.0 0.0 26.0 24.9 28.3 32.4 30.9 38.1 42.6 37.4 61.0 65.3 68.0

0.0
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Figure 5. Ag release (%) versus time for underlying samples.

measured average fiber diameters for sample 1 to sample
4 are 2, 3.6, 2.6, and 2.25 �m, respectively. These results
showed the formation of microfibers in all samples and
there was no significant difference in the fiber diameter
among the samples tested.

3.4. Surface Elemental Concentration
Surface elemental concentration for all samples was mea-
sured using XPS as shown in Table IV. No Ag nanopar-
ticles were noticed at the surface (10 nm depth), which
proves that the Ag nanoparticles were encapsulated within
the fibers. Therefore, it is expected that the Ag nanoparti-
cles would be able to have a sustained release over long
time.

3.5. Diffusion Study
The in vitro Ag release from the samples was studied using
diffusion cell and aliquots were removed from the receptor
compartment over 41 days of culture. The samples were
analyzed spectrophotometrically at 254 nm. The release of
Ag nanoparticles was calculated from standard calibration
curve as shown in Tables V, VI, and Figure 5.
The in vitro diffusion results showed significant Ag per-

meation across the dialysis membrane. The PCL films
loaded with 5%, 10%, and 15% Ag nanoparticles resulted
in 68%, 71.3%, and 26% Ag release, respectively. These
results confirm the biodegradation of PCL samples over
time and sustained Ag release from them. The PCL plays
a significant role as the scaffold for Ag nanoparticles and
avoids the burst release of Ag nanoparticles.

3.6. Antibacterial Activity of Ag
Antibacterial activity of Ag nanoparticles determined by
ASTM 2149 test method are shown in Tables VII, VIII,
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Table VII. Antibacterial activities against S. aureus.a

Antibacterial activity after 24 hours

% log

Sample 1 −94�71 −1�28
Sample 2 −100�00 −6�15
Sample 3 −100�00 −6�15
Sample 4 −100�00 −6�15

Note: aThe concentration of bacteria was adjusted to 1.41×106 (log 6, 15) cfu∗/mL
for each sample.

Table VIII. Antibacterial activity of samples against E. coli.a

Antibacterial activity after 24 hours

% log

Sample 1 36�67 0�14
Sample 2 −100�00 −6�13
Sample 3 −100�00 −6�13
Sample 4 −100�00 −6�13

Note: aThe concentration of bacteria was adjusted to 1.36×106 (log 6, 13) cfu∗/mL
for each sample.

and Figures 6 and 7. According to the test results, the PCL
surface, which contained no Ag nanoparticles exhibited
moderate biocidal activities (−94.71%) against S. aureus.
On the other hand, the addition of Ag nanoparticles even at
the lowest concentration (5%) into PCL showed a signif-
icant antibacterial activity (−100%). Similar results were
obtained with the test conducted against the Gram-negative
bacteria. As shown in Table VIII, PCL surface without Ag
nanoparticles exhibited no antibacterial activities (36.67%)
against E. coli. The antibacterial activities were dramati-
cally increased (from 36.67% to −100%) after combining
Ag nanoparticles with PCL.
Note: The positive values of bacterial reduction (%)

demonstrate an increase in the bacterial growth, while the
negative values of bacterial reduction (%) demonstrate a
decrease in the bacterial growth. The value of (−) 100%
indicates that all bacteria on the surface were killed.

Figure 6. Antibacterial activity of samples against S. aureus.

Figure 7. Antibacterial activity of samples against E. coli.

4. CONCLUSIONS
A facile method has been developed for controlled fab-
rication of PCL microfibrous constructs with/without
Ag nanoparticles by single capillary electrospinning.
The encapsulation of Ag nanoparticles within the PCL
microfibers was confirmed using microstructural analysis.
Furthermore, the surface elemental concentration results
measured by XPS showed that there was no Ag at the
surface of films. Therefore, Ag was successfully encapsu-
lated within the fibers, which supports a sustained release
of Ag from the microfibers. The in vitro diffusion study
clearly exhibited controlled release of Ag nanoparticles
from the hybrid constructs. Also, the in vitro assessment
of antibacterial activity of electrospun hybrid constructs
demonstrated a high antibacterial activity and an inhibitory
effect on the growth of both staphylococcus aureus and
escherichia coli bacteria, which further encourages their
application as wound dressing material.
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