
Morphology, drug release, antibacterial, cell proliferation, and histology
studies of chamomile-loaded wound dressing mats based on
electrospun nanofibrous poly(E-caprolactone)/polystyrene blends

Behrooz Motealleh,1 Payam Zahedi,1 Iraj Rezaeian,1 Morvarid Moghimi,1 Amir Hossein
Abdolghaffari,2,3 Mohammad Amin Zarandi1

1Department of Polymer, School of Chemical Engineering, College of Engineering, University of Tehran, Tehran, Iran
2International Campuses, Tehran University of Medical Sciences, Tehran, Iran
3Pharmacology and Applied Medicine Department of Medicinal Plants Research Centre, Institute of Medicinal Plants,

ACECR, Karaj, Iran

Received 20 July 2013; revised 30 October 2013; accepted 4 November 2013

Published online 00 Month 2013 in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/jbm.b.33078

Abstract: For the first time, it has been tried to achieve opti-

mum conditions for electrospun poly(e-caprolactone)/polysty-

rene (PCL/PS) nanofibrous samples as active wound

dressings containing chamomile via D-optimal design

approach. In this work, systematic in vitro and in vivo studies

were carried out by drug release rate, antibacterial and anti-

fungal evaluations, cell culture, and rat wound model along

with histology observation. The optimized samples were pre-

pared under the following electrospinning conditions: PCL/PS

ratio (65/35), PCL concentration 9%(w/v), PS concentration

14%(w/v), distance between the syringe needle tip and the

collector 15.5 cm, applied voltage 18 kV, and solution flow

rate 0.46 mL h21. The FE-SEM micrographs showed electro-

spun PCL/PS (65/35) nanofibrous sample containing 15% cha-

momile had a minimum average diameter (�175 nm)

compared to the neat samples (�268 nm). The drug released

resulted in a gradual and high amount of chamomile from

the optimized PCL/PS nanofibrous sample (�70%) in respect

to PCL and PS nanofibers after 48 h. This claim was also con-

firmed by antibacterial and antifungal evaluations in which

an inhibitory zone with a diameter of about 7.6 mm was

formed. The rat wound model results also indicated that

the samples loaded with 15% chamomile extract were

remarkably capable to heal the wounds up to 99 6 0.5% after

14 days post-treatment periods. The adhesion of mesenchy-

mal stem cells and their viability on the optimized samples

were confirmed by MTT analysis. Also, the electrospun nano-

fibrous mats based on PCL/PS (65/35) showed a high effi-

ciency in the wound closure and healing process compared

to the reference sample, PCL/PS nanofibers without chamo-

mile. Finally, the histology analysis revealed that the forma-

tion of epithelial tissues, the lack of necrosis and collagen

fibers accumulation in the dermis tissues for the above opti-

mized samples. VC 2013 Wiley Periodicals, Inc. J Biomed Mater Res

Part B: Appl Biomater 00B: 000–000, 2013.
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INTRODUCTION

The use of herbal extracts as biocompatible and nontoxic
drugs without side effects in wound healing are highly
favored compared to chemical and synthetic drugs. Since
ancient times, a suitable material was used to cover a
wound in order to prevent infections. Historically, honey
pastes, plant fibers, and animal fats have been used as
wound dressing materials.1

In recent years, electrospun nanofibrous mats have
shown a great promise for the development of modern
wound dressing materials.2,3 This is due to their high spe-
cific surface area, excellent fluid drainage and a gradual drug
release rate. There are limited research works on the use of

electrospun biodegradable and biocompatible polymeric
nanofibrous mats containing herbal extracts as wound dress-
ing materials.4–7 Karami et al.8 investigated the effects of an
herbal drug, thymol loaded poly(e-caprolactone)/poly(lactic
acid) (PCL/PLA) (50/50) as wound dressing samples. The
results of this study showed that the nanofibrous mats con-
taining 1.2% (v/v) thymol had a higher efficiency in the
wound closure (�92.5%) compared to the commercial
wound dressing, ComfeelVR Plus, and gauze bandages (con-
trol) after 14 days post-treatment periods. In our previous
work,9 the use of a chemical drug, phenytoin sodium (PHT-
Na) loaded poly(vinyl alcohol) (PVA) indicated that it was
good candidate for cultivating mesenchymal stem cells and
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had remarkable effects on decreasing the wound area per-
centage (�3%) after 2 weeks. Also, the wound treated with
PVA nanofibers containing PHT-Na, had a large number of
myofibroblast and minimized necrosis in epidermis tissues.

The chamomile plant, chamomilla recutita (L.) Rauschert,
is one of the Asteraceae family and a common medicinal
plant. The therapeutic activity of chamomile belongs to dif-
ferent effective substances such as phenolics and flavonoids
apigenin, quercetin, patuletin, luteolin, and their glucosides.
Apigenin is quantitatively the most abundant flavonoid
found in chamomile flower and shows a remarkable effect
on the healing process of a wound10 (Figure 1). A few
research works has been reported on the effect of chamo-
mile on the wound healing process and its unique proper-
ties for the promotion of the wound area closure. Jarrahi.11

studied the effects of matricaria chamomilla extract on
burned wound healing in albino rats. He showed that there
was a significant difference between the animals of control
groups, which received no treatment and those of treatment
groups which treated with the extract dissolved in olive oil.
The results indicated a complete wound healing after 61
days post-treatment periods. In another research work, Mar-
tins et al.12 carried out a comparative analysis between cha-
momilla recutita and corticosteroid on wound healing. Their
studies revealed that all the animal’s wounds treated with
chamomile extract exhibited a complete wound healing 9
days earlier before the triamcinolone acetonide and clobeta-
sol propionate drugs. Subsequently, the histology observa-
tions showed that the wound treated with chamomile
represented a total epithelium reparation and underneath
connective tissues containing fibrosis and noninflammatory
cells. The last evaluations on chamomile effects on rat
wound healing were fully studied by Duarte et al.13 They
concluded that animal wounds treated with chamomile
extract had the best results based on epithelialization and
percentage of collagen fibers accumulation after 10 days
post-treatment periods.

The use of chamomile extract in the above research
works was mainly as an ointment or a pure extract directly
deposited on the wound area. So far, a fully and systematic
study of chamomile loaded electrospun polymeric nanofi-
brous mats as an active wound dressing material has not
been ever reported in the literature.

Response surface methodology (RSM) is a collection of
statistical and mathematical techniques useful for develop-

ing and optimizing processes.14 This technique is an effec-
tive method for optimizing several variable parameters.
Sukigara et al.15 used RSM for modeling and optimizing
electrospinning parameters in order to get nano-silk fibers
and used regeneration method from domestic silkworm,
Bombyx mori. Electrical field and silk concentration were
used as variables for the control of fibers diameter in the
distance between the syringe needle tip and the collector.
Gu et al.16 used polyacrylonitrile/N,N-dimethylformamide
(PAN/DMF) solution as a precursor of carbon nanofibers
and obtained electrospun nanofibers with diameters ranging
from 200 to 1200 nm. They concluded that the concentra-
tion of polymeric solution played a key role in the average
diameter of nanofibers. In our previous work,17 developing
a biomedical electrospun nanofibrous mats based on a PVA/
PCL (80/20) hybrid with a defined drug release rate using
tetracycline hydrochloride as a model drug was studied. The
electrospinning conditions of these samples were optimized
by D-optimal experimental design method. The drug loaded
nanofibrous samples had a reduction in the average diame-
ter (�200 nm) compared to the neat samples (�315 nm).
Also, tetracycline hydrochloride release profiles in the nano-
fibrous and cast films samples revealed that Fickian diffu-
sion was a dominant mechanism for electrospun PVA/PCL
(80/20) hybrid samples.

Amorphous polystyrene (PS) being a transparent and
colorless material. It has very high electrical resistance and
low dielectric loss. Also, PS is a hard, stiff, and very brittle
polymer with remarkable water vapor permeability (WVP).
On the other hand, PCL is a semicrystalline biodegradable
polymer, belongs to the family of a-hydroxyl polyesters.
This polymer has a suitable electrospinnability, very high
mechanical properties, and biodegradability with low WVP.2

As a result, blending PCL and PS with an optimum ratio and
their electrospinning leads to a new product with interest-
ing characteristics, which can be very valuable for using as
active nanofibrous wound dressing materials.

The main purpose of this work was systematically to
study and evaluate the PCL/PS blend nanofibrous mats con-
taining chamomile extract for the wound healing accelera-
tion. The electrospinning conditions for PCL/PS nanofibrous
samples were determined by D-optimal design method.
Moreover, the performance of the optimized samples in
terms of drug release rate and wound healing process were
analyzed using in vitro cell culture and in vivo experimental

FIGURE 1. Chamomile flower and its flavonoid apigenin structure produced by extraction process. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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rat wound model. Interesting results on the promoted rat
wound healing process and skin regeneration were obtained
for chamomile loaded electrospun PCL/PS (65/35) nanofi-
brous mats. These results are discussed in detail and useful
suggestions have been proposed.

MATERIALS AND METHODS

PCL (biodegradable, weight average molecular weight of 90
kDa), was obtained from Sigma-Aldrich, Pillsburg, The Neth-
erlands. PS (grade ST 316310, a synthetic polymer, weight
average molecular weight of 70 kDa) was provided from
Goodfellow Cambridge, Huntingdon, United Kingdom. Cha-
momile extract (purity about 99.9%, dark green to brown
color) received from institute of medicinal plants (ACECR),
Karaj, Iran. All the other chemicals were analytical reagent
grades and used without further purification.

The electrospun PCL/PS nanofibrous samples were pre-
pared with different ratios (30/70), (50/50), and (70/30) in

a 7/3 solvent mixture of chloroform/DMF at different elec-
trospinning conditions via D-optimal experimental design
method. PCL and PS solution concentrations ranging 8–12
and 10–20% (w/v) were, respectively, made and 36 sam-
ples were electrospun via Design Expert V.8 (Stat-Easy, Min-
neapolis, MN) (Table I). On this basis, the effects of all the
parameters, such as PCL/PS ratio (X1), PCL concentration
(X2), PS concentration (X3), solution flow rate (X4), distance
between the syringe needle tip and the collector (X5), and
applied voltage (X6) on the average nanofibers diameters
(Y), were investigated.

In order to prepare neat PCL/PS blend nanofibrous sam-
ples [Figure 2(a)], weighed PCL and PS granules were dis-
solved in a mixture of chloroform/DMF (7/3) as a solvent
system and were stirred for about 2 h at room temperature.
To prepare nanofibrous samples containing chamomile
[Figure 2(b)], the weighed polymers and the drug were dis-
solved in 7 mL chloroform and then 3 mL DMF was added

TABLE I. D-Optimal Experimental Design to Study the Effects of PCL/PS ratio (X1), PCL Concentration (X2), PS Concentration

(X3), Flow Rate (X4), Distance Between the Syringe Needle Tip and the Rotating Collector (X5), and Applied Voltage (X6) on

the Nanofibers Diameter (Y) of Electrospun PCL/PS Blends

Run
X1: Ratio
(PCL/PS)

X2: PCL
%(w/v)

X3: PS
%(w/v)

X4: Flow Rate
(mL h21)

X5: Distance
(cm)

X6: Voltage
(kV)

Y: Diameter
(nm)

1 3 8 10 0.4 18 20 472.3
2 7 12 20 1 18 10 403.7
3 7 10 20 0.4 10 20 705.5
4 3 8 20 0.7 10 20 792.6
5 7 8 20 1 14 20 578.5
6 7 8 10 0.4 18 15 323.7
7 7 8 20 0.4 18 10 1203
8 7 12 10 0.7 10 20 627.9
9 5 10 15 0.7 14 10 939.4
10 7 8 10 1 18 10 724.6
11 3 12 10 1 10 10 1056.6
12 5 12 10 1 18 20 699.2
13 3 12 20 0.4 18 15 1909.1
14 5 8 20 1 18 20 453
15 7 8 10 1 18 10 730.4
16 3 12 20 0.4 10 10 2825.8
17 7 12 15 0.4 18 20 1053
18 3 8 10 0.4 10 10 1067.3
19 3 12 10 0.7 18 10 822.3
20 7 12 20 0.4 10 15 611.5
21 3 12 10 0.4 10 20 537.6
22 3 8 15 0.4 18 10 1856.8
23 3 8 20 1 14 10 384.4
24 3 8 20 1 14 10 380.8
25 7 8 10 0.4 10 20 410.7
26 7 10 10 1 18 20 399.3
27 3 8 10 1 10 20 1553.7
28 5 12 20 1 10 20 1217.6
29 7 12 10 0.4 14 10 1064.5
30 5 8 20 0.4 18 20 453.9
31 3 8 10 0.4 10 10 1168.3
32 3 12 10 0.7 18 10 830.4
33 5 10 15 0.7 14 20 501.9
34 7 12 10 0.4 14 10 1148.6
35 7 8 20 1 10 10 905.1
36 3 12 15 1 18 20 2070.4
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later to the solution. The final concentration of the chamo-
mile in the polymer solution was made to about 15%.18,19

The electrospinning device used for the preparation of
the samples was a model eSpinner NF-CO EN/II from Asian
Nanostructures Technology, (Tehran, Iran). The electrospin-
ning conditions for PCL/PS nanofibrous samples were as
follows: PCL/PS ratio5 (65/35), PCL concentration5 9%
(w/v), PS concentration5 14% (w/v), distance between the
syringe needle tip and the collector5 15.5 cm, applied
voltage518 kV and solution flow rate50.46 mL h21. In
order to achieve fully dried electrospun nanofibrous sam-
ples and to insure the evaporation of the organic solvents
from the spun fibers, the samples were dried at room tem-
perature for about 12 h until a constant weight was
attained.

The electrospun fibers were coated with a thin layer of
gold using a Bio-Rad E5200 auto sputter coater (Agar Scien-
tific, Essex, United Kingdom). The morphology of the sam-
ples were observed by a field emission scanning electron
microscopy (FE-SEM; Hitachi model SU8040, Krefeld, Ger-
many), at 50003 magnification. The mean values of the
nanofibers diameters from five different sections were
measured and recorded.

An ultraviolet spectrometer (X-ma model 2000, Japan)
was used for the determination of chamomile extract (a fla-
vonoid apigenin) release rate. The maximum wavelength for
apigenin in chloroform solvent was about 319 nm.20 The cali-
bration curve, with an r2 value of 0.9981, was obtained from
Beer–Lambert law according to the following linear equation:

A5 E 3 13 c52:983 c; (1)

where, “A” is the absorption percentage, “c” is the con-
centration of the drug, “l” is the distance the light which
travels through the material, and “e” is the extinction coeffi-
cient of chamomile extract.

The degree of swelling, weight loss, water uptake, and
WVP of PCL, PS, and PCL/PS nanofibrous samples were
determined according to the following equations. These
tests are fully explained in the literature.2,8

Degree of swelling %ð Þ5M2Md

Md
(2)

Weight loss %ð Þ5Mi2Md

Mi
(3)

Water up-take capacity %ð Þ5Ms2Mi

Mi
(4)

WVP mg :cm22:h21
� �

5
DW
A3Dt

(5)

where, “M” is the weight of swollen samples that were drip-
dried with paper filter, “Md” is the weight of the dried sam-
ples in an oven at 40�C until a constant weight was
obtained, “Mi” is the initial weight of the samples, “Ms” is the
weight of the sample after immersion in phosphate buffered
saline (PBS), “DW” is the weight variations of the samples at
every 1 h, “Dt” is the time interval and is equal to 1 h and
“A” is the effective surface area of the nanofibrous samples
in contact with water vapor and a humid environment.

The antibacterial and antifungal properties of the elec-
trospun PCL/PS mat samples with and without chamomile
were determined against a Gram-positive bacterium, Staphy-
lococcus aureus (S. aureus) and a fungi, Candida albicans
(C. albicans),21 respectively. The antimicrobial and antifungal
activities of the electrospun mat samples were studied by
the disc diffusion method. This method performed in a
Luria-Bertani medium solid agar Petri-dish.22 The samples
were cut into disc shapes 1 cm in diameter, sterilized under
UV light for 2 h and placed on S. aureus and C. albicans cul-
tured agar plates. Then, they were incubated for 24 h at
37�C, and the inhibitory zone was recorded.

The cell culture protocol in this work was based on our
previous work.9 Briefly, when accumulation of mesenchymal
stem cells obtained from the human umbilical cord matrix
(hUCM) reached to about 80% or in other words 1 3 106

hUCM cells mL21 were cultured in each dish, they were
seeded on the neat PCL/PS blend nanofibrous samples and
the blend nanofibrous samples containing chamomile for
evaluating in vitro cell adhesion and morphology studies
after 6 days. In order to observe the cell morphologies on

FIGURE 2. Schematics of electrospun neat and chamomile loaded

optimized PCL/PS (65/35) blend nanofibrous wound dressings. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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the nanofibrous samples, FE-SEM investigation with 10003

magnification at 6-day intervals after culture times were
studied. Cytocompatibility of the nanofibrous samples were
characterized by using 3-4,5-dimethylthiazol-2-yl-2,5-diphe-
nyltetrazolium bromide (MTT) after 3 and 6 days. The opti-
cal density of the formazan solution was detected using an
ELISA reader (Dana 3200, Iran) at 540 nm.

On the basis of ref. 9, a full-thickness square wound
(2 3 2 cm2) was cut from the back of each rat. The wounds
were covered with a neat and chamomile loaded nanofi-
brous mats. The area of the wounds was measured every
day up to 14 days. The percentage of the wound closure is
defined by Eq. (6):

Wound closure %ð Þ5 Ai

A0
3100; (6)

where “Ai” and “A0” are the wound area after the fixed time
interval and initial wound area, respectively. For histology
observations of re-epithelialization and granulation, the
wound tissues samples were dissected at day 1, day 7, and
day 14, fixed with 10% formalin and then stained with
hematoxylin and eosin (H&E) reagents.

RESULTS AND DISCUSSION

Optimization of electrospun PCL/PS nanofibrous mats
via D-optimal experimental design method
In order to achieve the minimum average nanofibers diame-
ters for the electrospun PCL/PS samples, six different varia-
bles such as X1: PCL/PS ratio (30/70, 50/50, and 70/30),
X2: PCL concentration (8–12% w/v), X3: PS concentration
(10–20% w/v), X4: solution flow rate (0.4–1 mL h21), X5:
distance between the syringe needle tip and the collector
(10–18 cm), X6: applied voltage (10–20 kV), and (Y) as
average nanofibers diameters were considered. According to
Table I, a number of 36 runs were taken via D-optimal
design approach. The analysis of variance (ANOVA) showed
that the results were fitted with a quadratic polynomial
equation as follows:

Y517039:723081:1X121820:2X21645:1X32981:7X4
2119:6X521508X62706:1X1X22160:8X1X3
22388:8X1X42277:4X1X52250:6X1X6131:1X2X3
19:3X2X62116:2X3X414:5X3X513:1X3X61258X4X6

111:4X5X6120814:8X2
1183:2X2

2228:7X2
3138:3X2

6 ;

(7)

After analyzing the Eq. (7), the minimum diameter for
PCL/PS nanofibrous samples was about 268 nm. The opti-
mized conditions for X1, X2, X3, X4, X5, and X6 were 65/35,
9% (w/v), 14% (w/v), 0.46 mL h21, 15.5 cm, and 18 kV,
respectively. The regression coefficient (r2) for the Eq. (7)
was calculated about 0.91. Generally, every parameter that
was eliminated in the above equation was because of their
unimportance effects on the answer, had a p>0.05.

Figure 3(a–l) shows 3D graphs of optimized effective
parameters on the diameter of PCL/PS nanofibers. As it can

be seen in Figure 3, the interactions of all the variables on
the nanofibers diameters were nonlinear.

Morphology of the neat and drug loaded electrospun
PCL/PS mats
Figure 4(a,b) shows the FE-SEM micrograph images of neat
and drug-loaded electrospun PCL/PS (65/35) nanofibrous
samples. The uniformity and smooth surface of the nanofi-
brous samples was an indication of a good compatibility
between chamomile and polymer-solvent system.23 Similar
to many other drugs, the results revealed that the addition
of chamomile relatively reduced the average diameter of the
nanofibers about from 268 to 175 nm. Similar results have
been reported for tetracycline hydrochloride and PHT-Na
loaded PCL/PLA (50/50) and PVA nanofibers, respec-
tively.2,9 This was attributed to viscosity reduction of poly-
mer solution due to plasticizing role of chamomile in these
polymeric chains.24 Porosity and solid-state connectivity can
also affect the cell adhesion and proliferation, the influence
of which has been extensively reported in literature.25,26

The drug release rate of electrospun PCL, PS and
optimized PCL/PS nanofibrous mats containing
chamomile
As indicated in Figure 5, the release profiles of chamomile
with a concentration of 15% loaded electrospun PCL, PS,
and PCL/PS (65/35) nanofibrous mats were plotted. As a
result, the electrospun PS sample containing the drug shows
a lower release amount compared to of the electrospun PCL
and blend samples. It was due to the chamomile incompati-
bility with PS molecular structure, which resulted in the
minimum drug release rate in PBS. On the other hand, PCL
is an amorphous polymer and has a good compatibility with
chamomile similar to tetracycline hydrochloride loaded PCL
which had a higher release rate than that of tetracycline
hydrochloride loaded poly(lactic acid) (PLA) as a crystalline
polymer.2 Therefore, the electrospun PCL sample containing
chamomile exhibited a burst and sharp release before 10 h.
The release profile of chamomile loaded PCL nanofibrous
sample tend to become plateau with a constant slope by
immersing in PBS after 10 h. It means that there was no
released drug for electrospun PCL nanofibrous sample con-
taining chamomile from 10 to 48 h. The chamomile release
profile for PCL/PS nanofibrous sample was gradual through-
out the release time. It can be concluded that a sufficient
amount of chamomile (�70%) always existed on the wound
area, which can promote the wound healing process. How-
ever, the higher accumulative drug release cannot always
confirm the efficiency of the nanofibrous samples in the
wound dressing application because having a gradual drug
release is a more significant parameter when the wound is
covered during post-treatment period.

Degree of swelling, weight loss, water uptake, and
water vapor permeability of the optimized samples
Degree of swelling and weight loss are two important
parameters for controlling the drug release rate from elec-
trospun nanofibers. Figure 6(a,b) shows the swelling and
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FIGURE 3. Effect of different electrospinning process variables on average nanofibers diameters for PCL/PS mats. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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weight loss for neat PCL, PS, and 65/35 PCL/PS nanofibrous
samples in the release environment (PBS) at 37�C for 1, 6,
24, and 48 h. As it can be seen in Figure 6(a), the order of
swelling percentages for these samples is as follows: PCL
nanofibers>PCL/PS nanofibers>PS nanofibers. It means
that PCL nanofibrous samples due to their amorphous struc-
ture have the highest swelling than that of the blend and PS
nanofibrous samples. Figure 6(b) shows that PCL nanofi-
brous samples have the highest weight loss about of 0.6%
after 48 h. However, although these polymeric nanofibrous
samples have a little weight loss but it is not significant due
to their hydrophobic molecular structures.

One of the effective methods for increasing WVP of PCL
is its blending with PS. In this work, the WVP of electrospun
PCL/PS nanofibers was increased up to 7.9 mg cm22 h21

(Table II). In our previous work, it was reported that the
value of WVP for an effective polymer wound dressing must
be in the range of 8.3–10.4 mg cm22 h21.3 On the other
hand, a high value of water uptake for an electrospun
wound dressing material due to fluid absorption of a wound

FIGURE 5. Release profiles of chamomile (15%) from (•) PCL nanofib-

ers, (~) PCL/PS (65/35) nanofibers, and (�) PS nanofibers during

48 h. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

FIGURE 6. (a) The degree of swelling (%) and (b) the weight loss (%)

of PCL, PS, and 65/35 PCL/PS for nanofibrous mat samples. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 4. FE-SEM micrographs of electrospun polymeric solution

optimized by D-optimal design method: (a) neat PCL/PS (65/35) nano-

fibers, (b) PCL/PS (65/35) nanofibers with 15% chamomile (PCL con-

centration 9% (w/v), PS concentration 14% (w/v), distance between

the syringe needle tip to the collector 15.5 cm, flow rate 0.46 mL h21

and applied voltage 18 kV) (the scale bars are 0.5 mm).
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surface is essential. The results after 48 h showed that PCL
as an amorphous polymer and PCL/PS nanofibrous samples
have water uptake percentages of about 500 and 220%,
respectively.

Antibacterial and antifungal activities of PCL/PS
nanofibrous samples with and without chamomile
The antibacterial and antifungal properties of chamomile
loaded PCL/PS nanofibrous mats against two different

microorganisms, S. aureuas as a bacteria and C. albicans as
a fungi were evaluated. As it can be seen in Figure 7(a,b),
chamomile has a good effect on inhibition of S. aureus [Fig-
ure 7(a)] and C. albicans [Figure 7(b)] growth. The results
also revealed that this herbal drug has the same efficiency
on the extent of inhibitory zones for both S. aureus and C.
albicans (�7.6 mm). The reason for this inhibitory behavior
refers to the flavonoid, apigenin, which displays a key role
for antifungal properties against C. albicans.27

In vitro cell adhesion and proliferation
In vitro cytotoxicity test is usually carried out on a wound
dressing to evaluate its nontoxicity. Figure 8 shows a UV
absorbance at 540 nm illustrating the viability of mesenchy-
mal stem cell on the neat and 15% chamomile-loaded
PCL/PS (65/35) blend electrospun nanofibrous samples.
After 3 days, the UV absorbance (quantity) of the cell seed-
ing on the neat and drug-loaded nanofibrous samples as
well as control (cells in the culture environment DMEM-
F12) were 0.13 (0.05 3 106), 0.5 (0.22 3 106), and 2.25
(1 3 106), respectively. The viability and proliferation of
stem cells produced similar results for the above samples
after 6 days as follows: 0.2 (0.09 3 106), 1.95 (0.9 3 106),
and 2.5 (1.1 3 106), respectively. It can be concluded that
the cell viability capacity of the nanofibrous sample contain-
ing chamomile reached to 90% that of control.

The morphology of seeded stem cells on the neat and
drug loaded samples after day 6 incubation time was
observed by FE-SEM and the results are shown in Figure
9(a,b). Figure 9(a) shows the cells’ proliferation on the neat
PCL/PS nanofibrous sample. Figure 9(b) demonstrates the
cell growth on the PCL/PS nanofibrous sample containing
15% chamomile. Comparing these figures resulted in the
accumulation of stem cells at day 6 on the sample with the
drug is about 10 times higher than that of the neat sample.
Finally, it can be concluded that chamomile was a more
effective cell proliferation drug compared to PHT-Na.9

TABLE II. WVP and Water Uptake of the PCL, PS, and PCL/

PS (65/35) Electrospun Nanofibrous Samples

Sample

Property

PCL
Nanofibrous

Mat

PS
Nanofibrous

Mat

PCL/PS
(65/35)

Nanofibrous
Mat

Water vapor
permeability
(WVP)
(mg cm22 h21)

3.6 6 0.2 8.5 6 0.7 7.9 6 0.4

Water uptake
(%) after 48 h

500 6 50 50 6 5 220 6 25

FIGURE 7. Antibacterial and antifungal activities of the electrospun

PCL/PS (65/35) nanofibrous mats containing 15% chamomile against

(a) S.aureus and (b) Candida albicans (the scale bars are 20 mm).
FIGURE 8. The effect of chamomile (15%) on PCL/PS nanofibers viabil-

ity after 3 and 6 days.
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In vivo rat wound model and histology investigation
The biologic sustainability of neat and 15% chamomile loaded
electrospun PCL/PS nanofibrous samples were assessed using
a wound-healing wistar rats. Figure 10 exhibits the photo-

graph pictures of wound healing procedure, which were
treated with neat and drug loaded PCL/PS nanofibrous mats
for 1, 7, and 14 days post-treatment periods. All the wound
surfaces were 100% at the first day and reduced in about 40
and 15% when the wound treated with neat and chamomile
loaded PCL/PS blend nanofibrous mats at day 7, respectively.
This trend seemed interesting when examined after 14 days
showing satisfactory results in Figure 11. The wound closure
percentage for the above samples was about 10 and 0.5%,
respectively. Additionally, the wound closure efficiency of
65/35 (PCL/PS) nanofibrous mats containing chamomile com-
pared with a commercial wound dressing, ComVR feel (without
silver particles) and/or gauze bandage (control) was eval-
uated. According to reference,9 it can be concluded that the

FIGURE 9. FE-SEM micrographs of mesenchymal stem cells after six

days seeded on (a) neat PCL/PS nanofibers, (b) PCL/PS nanofibers

containing 15% chamomile (the scale bars are 1 and 10 mm).

FIGURE 10. Photographic images from skin wounds treated with neat PCL/PS nanofibers and PCL/PS nanofibers containing chamomile at day 1,

day 7, and day 14 post-treatment periods. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 11. The surface area of wounds treated with neat PCL/PS

nanofibers and PCL/PS nanofibers containing chamomile during 14

days post-treatment time. (Faster wound healing and its surface

reduction is clearly observed for PCL/PS nanofibers containing cha-

momile in different days). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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chamomile loaded PCL/PS sample had a higher percentage
than that of ComVR feel and the control on wound healing
which were calculated about 11 and 19%, respectively, after
14 days post-treatment time.

In order to study the effect of neat and chamomile
loaded PCL/PS nanofibrous samples, (H&E) staining was
carried out. Figure 12(a–d) shows a histology study for the
treated wounds. Also, Figure 12(a,c) demonstrates the
wounds treated with neat and the drug loaded samples at
day 7. These results indicated that the inflammatory phase
with no epithelial tissues were existed [Figure 12(a)], and
this trend changed to the presence of collagen fibers accu-
mulation in dermis tissues with a weak formation of re-
epithelialization when the wound treated with electrospun
PCL/PS nanofibrous sample containing chamomile [Figure
12(c)]. The wound healing effects after 14 days for nanofi-
brous sample containing chamomile showed remarkable
results in re-epithelialization process along with formation
of granulating tissues in the dermis layer [Figure 12(d)]. It
means that healing process of the wound treated with
PCL/PS nanofibrous sample containing chamomile with no
necrosis was accomplished and covered by fibroblast cells.
Moreover, the wound histology treated with PCL/PS (65/
35) nanofibers containing chamomile exhibited a complete
epithelial tissue as far as it was enabled to connect the two
edges of the opened wound and contracted the granulation

tissue. Consequently, the wound area was smaller and mito-
sis cells were formed upon the basal layer.

CONCLUSIONS

PCL/PS (65/35) nanofibrous mat samples containing 15%
chamomile extract were prepared as an active wound dress-
ing by an electrospinning process under optimum condi-
tions. In order to evaluate and characterize the efficiency of
these samples, a series of systematic tests including in vitro
release rate and cell culture as well as in vivo animal model
along with histology observation were carried out. FE-SEM
morphology studies revealed that chamomile has a good
compatibility with the polymer-solvent system. The obtained
average nanofibers diameter after addition of the drug was
decreased from 2686 3 to 1756 2 nm. UV–vis spectroscopy
results showed that PCL/PS nanofibrous mats containing an
herbal drug, chamomile extract had the best release behav-
ior compared to PCL and PS nanofibrous samples. This
trend was due to a gradual and continuous release rate of
chamomile from the electrospun PCL/PS nanofibers into
PBS after 24 h. Mesenchymal stem cells culture on PCL/PS
nanofibrous mats showed that chamomile drug had excep-
tional properties as a cell growth agent, increased cell accu-
mulation and a compatible environment for their viability
and proliferation. In vivo studies on rat wound for PCL/PS

FIGURE 12. Representative histology (H&E staining, 1003) after day 7 (a, c) and day 14 (b, d), after day 7 post-treatment, the wounds treated by

PCL/PS nanofibers containing chamomile have new epidermis and necrosis. Also, granulating tissue is observed (c); after day 14 post-treatment,

the wound healing trend is very suitable for the dressing (b, d) and formation of new epidermis for wounds treated by PCL/PS nanofibers con-

taining chamomile is remarkable. Some strong dermis also shows the skin has no damage in the dissected tissues samples from the back of

the rats. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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nanofibrous wound dressing samples with and without drug
loading exhibited that simultaneous use of chamomile drug
and PS as a tissue cultured polystyrene (TCPS) with a nano-
fibrous structure can produce an increased rate of re-
epithelialization and collagen fibers accumulation in dermis
and finally an increased rate of granulation tissue formation
after 14 days post-treatment periods.
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