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Abstract
In this study, styrax liquidus (sweet gum balsam) extracted from Liquidambar orientalis Mill. incorporated PCL fibrous 
scaffolds were prepared using the electrospinning method. The effects of the styrax liquidus content on the prepared scaffolds 
were investigated using different physico-chemical and morphological analyses. Then, the styrax-loaded nanofibers were 
examined for their antioxidant activity, anti-biofilm, metal chelating, antimicrobial and DNA cleavage properties. The results 
obtained from these studies showed that the nanofibers exhibited effective biological activity depending on the weight ratio of 
the styrax liquidus. In light of the data obtained from the characterization and biological studies, a sample with high ratio of 
balsam was built for determining the cytocompatibility analysis in vitro. The cytotoxicity studies of the selected membrane 
were conducted using mouse embryonic fibroblast cells. The fibrous scaffolds lead to increase the cell number as a result of 
high viability. According to the results, we propose a novel biocompatible electrospun hybrid scaffold with antioxidant and 
antimicrobial properties that can be used as wound healing material for potential tissue engineering applications.

Keywords Poly (ε-caprolactone) · Styrax · Liquidambar orientalis Miller · Nanofiber · Wound dressing · Tissue 
engineering

Introduction

Donor waiting list have more than 100,000 patients at any 
given time and an average of 22 people die each day while 
waiting for organ or tissue transportation [1]. One of the 
aims of tissue engineering is to produce organs or tissues in 
laboratory conditions to solve this problem with the com-
binations of biomaterials, cells, and/or bioactive molecules 
[2, 3]. Materials prepared with the approach of tissue engi-
neering called scaffolds can be used for tissue regeneration, 
wound healing and drug delivery applications and these 
biomaterials can be produced by using biodegradable and 
biocompatible polymers. Chitosan, collagen, starch, hyalu-
ronic acid, laminin, etc. are the natural and biodegradable 
polymers commonly used in the regeneration of tissues [4, 
5]. Synthetic polymers [poly (ε-caprolactone), poly (l-lactic 
acid), polyurethane, polytetrafluoroethylene or teflon, etc.] 
are commonly produced from non-renewable resources by 
using chemical process such as petroleum. Synthetic or natu-
ral polymers have been used in different combinations with 
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ceramics or essential oils of medical plants to mimic the 
targeted tissue in various studies [6–9]. By incorporation of 
these materials into the polymeric scaffolds, an ideal bioma-
terial can be obtained via mimicking the both physical and 
chemical properties of the natural extracellular matrix which 
is the important step of the production process [10, 11]. In 
a study, natural biosilica was isolated and incorporated with 
Poly (dl-lactide-co-glycolide) (PDLGA) polymer to com-
pare the degradation profile of pure biosilica and biosilica 
with PDLGA [12]. Tanaka et al. produced chitosan loaded 
with dibasic calcium phosphate anhydrous for dental appli-
cations [13].

Poly (ε-caprolactone) (PCL) based biomaterials are 
commonly used as scaffold in various tissue engineering 
applications such as nerve tissue engineering, skin tissue 
engineering and bone regeneration. However, biologically 
biodegradable PCL scaffold requires improving the various 
limited characteristic properties such as hydrophobic nature, 
low stiffness and cell affinity to obtain optimum scaffold 
[14]. These drawbacks are accomplished in different studies 
by incorporating silicon dioxide  (SiO2) and hydroxyapatite 
(HAp) [11], chondroitin sulphate and gelatin [14], aleo-vera 
and collagen [15] into the PCL matrix. Recently, incorpora-
tion of medicinal plants into bioactive scaffolds and their 
controlled release in the damaged tissue is a novel approach 
to prevent infections, control the inflammation, as well as 
accelerate the skin tissue regeneration such as ulcers and 
burns healing [9]. In addition to acceleration wound healing, 
an ideal skin tissue engineering scaffold enables to protect 
wound from infection, fluid loss and provide a stable tem-
plate for the synthesis of neo- dermal tissue [16].

Liquidambar orientalis Miller, also called as Anatolian 
sweet gum, a medical plant is an endemic tree species in 
the Mediterranean region [17, 18]. Liquidambar orientalis 
Mill. is known to have cosmetic and medicinal properties 
and used for the treatment of some skin diseases in Turkish 
folk medicine [19]. The styrax liquidus is a plant secondary 
metabolite that possess several biological effects including 
antibacterial, antifungal, antioxidant, nematocidal activi-
ties as well as inhibitory effect on the central nervous sys-
tem [19–24]. These properties of the styrax liquidus can be 
illustrated from main components of L. orientalis such as 
styrene, terpinen-4-ol, α-terpineol, α-pinene and veridiflorol 
[25, 26]. Different scientific studies of research areas have 
shown the L. orientalis effects on disabilities. For example, 
Sağdıç et al., investigated the antimicrobial properties of sty-
rax against 20 different strains of bacteria using an agar dif-
fusion method [27]. Moreover, studies have shown that sty-
rax has an inhibitory effect for different types of pathogens, 
as well as exhibiting high antioxidant activity [19, 28]. In 
addition to this, Gürbüz et al., presented the anti-ulcerogenic 
activity of styrax [20]. Phenolic compounds and antioxidant, 

mutagenic and antimutagenic activities were also studied by 
Saraç et al. [18].

To our knowledge, there is no scientific study about of the 
characteristic properties, biological and cytotoxicity activi-
ties of the styrax or styrax combined with polymeric scaf-
folds. Herein, we report for the first time a simple method 
for processing traditional electrospun PCL nanofiber mem-
branes incorporating styrax liquidus for skin tissue engi-
neering applications. Characterization properties, detailed 
biological evaluation (DPPH radical scavenging assay, 
ferrous ion chelating activity, biofilm inhibition activity, 
DNA cleavage and antimicrobial activity) and cytotoxic-
ity investigations were reported. Based on our results, the 
styrax liquidus incorporated electrospun hybrid membrane 
with tailorable characteristics might be used as an alterna-
tive candidate for skin tissue engineering applications as a 
wound healing material.

Materials and Methods

Materials

PCL with an average molecular weight of 80  kDa was 
supplied from Sigma-Aldrich, United Kingdom. The sol-
vents, chloroform and dimethylformamide, were obtained 
from Tekkim (Turkey) and Carlo Erba Reagents (France), 
respectively. The styrax liquidus was purchased from a local 
herbalist in Muğla Province, Turkey. 2,2-diphenyl-1-picryl-
hydrazyl (DPPH), ascorbic acid, trolox and pBR322 plasmid 
DNA were purchased from Sigma Aldrich, USA to be used 
in antimicrobial studies.

Electrospinning Process for Preparation of Neat 
and Styrax Liquidus Loaded PCL Nanofibers

Nanofibrous scaffolds were manufactured via electrospin-
ning method by using a high voltage power supply (Gamma, 
ES40P, USA) as previously described in our studies [29, 30]. 
Briefly, a PCL solution with a concentration of 13% (w/v) 
was prepared by dissolving the calculated amount of poly-
mer in a solvent mixture containing 30:70 volumetric ratio 
of CH and DMF, respectively. 2 mL of the prepared solution 
was placed into a plastic syringe and the syringe was placed 
horizontally on a syringe pump (New Era, NR-300, USA) 
The 1 mL/h feed rate and 13 kV voltage were applied for 
30 min to produce the nanofibers. Distance from tip to the 
collector was set to 10 cm.

The hybrid nanofibers were prepared with different 
weight ratios of styrax liquidus based on the polymer weight 
(25, 50 and 100%, wt). The abbreviated names of the blank 
PCL and different amounts of styrax liquidus added samples 
are shown in Table 1. The determined weight of styrax added 
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PCL solutions were stirred at 750 rpm at room temperature 
until a homogeneous polymer-styrax mixture was obtained. 
Then, the blend solution was used for the preparation of 
composite nanofibers according the electrospinning process 
conditions described below for preparation of neat PCL fib-
ers. The basic experimental set-up for the electrospinning 
of neat PCL and or styrax liquidus loaded PCL composite 
nanofibers was illustrated in Fig. 1.

Characterization Studies

The chemical characterization of the samples was conducted 
by FTIR (PerkinElmer 400 FT-IR/FT-FIR). The spectra were 
obtained over the range 400–4000  cm−1 at a resolution of 
4  cm−1. The morphological appearance of the nanofibers 
was evaluated by SEM (SUPRA 55, Carl Zeiss, Germany). 
Prior to SEM imaging, the samples were coated with a thin 
layer of platinum using a sputter coater. Samples were then 
analyzed using a voltage of 5 kV at different magnifications. 
The fiber diameter histograms were created using the meas-
urement data obtained by Image-J Software by measuring 
100 fiber diameters for each sample. To evaluate the effect 
of different amounts of styrax liquidus on the hydrophilic-
ity of PCL nanofibers, water contact angles were measured 
using a contact angle analyser by the sessile drop method 
(Attension, Biolin Scientific, Sweden). Measurements were 

obtained at five in- dependent points and presented as mean 
standard deviation. The photographs were taken at the end 
of the 5 s after contact of the water droplet with the nanofi-
brous membrane by a camera levelled with the surface. To 
reveal the wettability properties of the produced nanofibrous 
scaffolds, the gravimetric measurements of water uptake 
capacity analysis were done after immersion of samples in 
distilled water at pre-determined time intervals (1, 5, 15 and 
30 min). Before the analysis, dry weights of the samples 
were recorded  (M0). Then, samples were immersed into dis-
tilled water. At certain times, the membranes were taken out 
and excess water from the surface of the membranes was 
removed with filter paper and samples were weighed  (Mt). 
The capacity of water uptake (w/w, %) was calculated for 
each sample using the following equation:

Biological Evaluation

DPPH Radical Scavenging Assay

Antioxidant activities of plain PCL and different weight 
ratios of styrax loaded PCL nanofibers were determined 
through the removal of the free DPPH (2,2-diphenyl-1-pic-
rylhydrazyl) radical according to the Blois method [31]. 
0.1 g of sample from each fibrous scaffold was suspended 
in 50 mL of dimethylformamide solution and then sonicated 
for 60 min and stored at room temperature for overnight. 
Different concentrations of the supernatant were prepared. 
Then, 0.5 mL of these and 2 mL of DPPH radical solution 
were mixed. After 30 min of incubation in a dark place, 
the measurement was accomplished in a spectrophotometer 
(Shimadzu UV-1800, Japan) using 517 nm as wavelength. 

(1)Water uptake capacity, % =
[(

Mt −M0

)

∕M0

]

× 100.

Table 1  Abbreviations of blank PCL sample and styrax loaded PCL 
samples according to the amount of styrax liquidus added based on 
PCL weight

Sample 
name

PCL (100:0) PCL:ST 
(100:25)

PCL:ST 
(100:50)

PCL:ST 
(100:100)

Styrax 
amount 
(wt, %)

0 25% 50% 100%

Fig. 1  Schematic illustration of the experimental set-up for the fabrication of neat PCL and styrax liquidus loaded PCL composite nanofibers
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The results were recorded as a percentage of inhibition of 
DPPH free radical as described below.

Ferrous Ion Chelating Activity

The metal chelating potency of plain PCL and different 
weight ratios of styrax loaded PCL nanofibers were studied 
according to the method [32]. The  Fe2+ chelating ability of 
nanofibers was monitored by measuring the absorbance of 
the magenta color of ferrous-ferrozine complex. The reaction 
mixture, containing 1 mL nanofibers of different concentra-
tion, 0.1 mL  FeCl2.H2O (2 mM), 0.2 mL ferrozine-1,2,4-
triazine (5 mM), was completed to a total volume of 5.0 mL 
with the solvent used. This solution was mixed and kept for 
10 min at room temperature. The same protocol was applied 
to EDTA as a positive control. The activities were recorded 
spectrophotometrically at 562 nm. The ability of ferrous ion 
chelating was calculated using the following formula:

Biofilm Inhibition Activity

S. aureus (ATCC 6538) and P. aeruginosa (ATCC 9027) 
were used for the biofilm inhibition. The test compounds 
were added to the wells (250 mg/mL and 500 mg/mL) and 
then microorganisms were incubated in the oven at 37 °C for 
48 h. After the incubation time, the medium was removed 
from the plates and the wells were washed 2 times with dis-
tilled water. The plates were left to dry at 80 °C for half an 
hour and then crystal violet was added to each well and held 
for 60 min. After 60 min, the crystal violet was removed 
from the wells and each well was rinsed 2 times with dis-
tilled water. Then, alcohol was added to each well and the 
measurement was taken on a spectrophotometer at 595 nm. 
The wells with no compound were used as a control. Biofilm 
inhibition was calculated according to the formula below.

DNA Cleavage Activity

The DNA cleavage activity of nanofibers was monitored by 
agarose gel electrophoresis on pBR 322 plasmid DNA. pBR 
322 DNA (0.1 μg/μL) in Tris–HCl 50 mM and NaCl buffer 
(18 mM; pH:7.2) was reacted with test samples. All sample 
mixtures were incubated at 37 °C for 90 min and then loaded 
with loading dye on a 1% agarose gel containing ethidium 

(2)
DPPH free radical activity, % =

[(

Abscontrol− Abssample

)

∕Abscontrol
)

] × 100.

(3)
Ferrous ion chelating effect, % =

[(

Abscontrol − Abssample

)

∕Abscontrol
]

× 100.

(4)
Biofilm inhibition =

[(

Abscontrol− Abssample

)

∕Abscontrol
]

× 100.

bromide. The gel electrophoresed for 120 min at 80 V in 
Tris/Borate/EDTA buffer. The bands formed were monitored 
by UV-A light and photographed.

Antimicrobial Activity

Antimicrobial activity of nanofibrous scaffolds was tested 
against one yeast (Candida albicans), and six bacterial strain 
(Enterococcus hirae (ATCC 10541), Bacillus cereus, Staph-
ylococcus aureus (ATCC 6538), Pseudomonas aeruginosa 
(ATCC 9027), Legionella pneumophila subsp. Pneumophila 
(ATCC 33152) and Escherichia coli (ATCC 10536)). These 
microorganisms (about  108–109 colony forming units, CFU/
mL) were inoculated in Nutrient broth medium containing 
different concentrations of nanofibers. Culture media were 
then incubated at 120 rpm for a day in a shaker at 37 °C [33]. 
Antibacterial activities were evaluated by determined the 
minimum inhibition concentrations (MICs) of the samples.

Cytocompatibility Studies

Cell Culture Conditions

The cytotoxicity studies of the styrax loaded PCL fibrous 
scaffold were performed with MEF (CF-1) (ATC-
C1SCRC-1040™) cell line. The cells were incubated at 
37 °C in a humidified atmosphere of 95% air and 5%  CO2 
in a humidified incubator (NUAIRE, NU-5800, USA) with 
high-glucose Dulbecco’s-modified Eagle’s medium (DMEM, 
Lonza, Belgium) supplemented with 10% fetal bovine serum 
(FBS, Lonza, Belgium) and 55  µM β-mercaptoethanol 
(Merck, Germany).

Direct and Indirect Test

To determine the cytocompatibility of the fibrous scaffold 
with MEF cells, PCL:ST (100:100) nanofiber scaffolds was 
chosen, because of its good physical properties in terms of 
hydrophilicity. In vitro cytotoxicity study of the scaffolds 
was carried out by two assays, direct and indirect assay, 
respectively. For the direct assay, scaffolds were cut into 
1 × 1  cm2 square pieces, sterilized in 70% ethanol for 2 h and 
then washed with phosphate buffer saline (PBS). After that 
process, the cultured MEF cells were seeded on the mem-
branes (3 ×  104 cells/membrane) in 24-well plates. In case 
of direct contact assay, the scaffold samples with cells left 
in the incubator for 1, 3 and 5 days. Viability of cells on 
scaffolds was determined using the 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay after 
the incubation times.

In-direct assay of the scaffolds was carried out by 
two groups. For the control group, standard medium 
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(DMEM—10% FBS and 55  µM β-mercaptoethanol) 
medium were given to the cells. For the test groups, the 
fibrous scaffolds incubated (DMEM—10% FBS and 55 µM 
β-mercaptoethanol with degradation products of mem-
branes) medium were given to test groups. The membranes 
prepared in 1 × 1  cm2 square pieces were sterilized in 70% 
ethanol for 2 h, washed with PBS and transferred to the 
medium. For the indirect assay, 15,000 MEF cells were 
seeded into the 6-well plates and incubated at 37 °C in a 
humidified 5%  CO2. The cell viability of control and test 
groups was compared at end of the 1, 3 and 5 days by per-
forming MTT assay. The assays were performed in triplicate 
[34].

Statistical Analysis

Statistical analyzes were conducted using Origin Pro 2019 
software (OriginLab Corporation, Northampton, USA). 
Analysis of variance (ANOVA) with Tukey test error rate of 
5% was used to evaluate the statistical significance between 
selected groups. p < 0.05 was considered as statistically 
significant.

Results and Discussion

Characterization of Plain PCL and Styrax Loaded PCL 
Nanofibers

The FTIR spectroscopy presented in Fig. 2A was employed 
to reveal the presence of styrax in the structure of PCL 
nanofibers and the effect of different amounts of styrax on 

the chemical characteristics of nanofibers. When the spec-
tra of electrospun membranes prepared at different propor-
tions of content are examined, it was seen that there was no 
significant change in the basic functional groups of PCL 
after being loaded with styrax. The nanofibrous membranes 
exhibited characteristic peaks of PCL located at 2940, 2865 
and 1722  cm−1 attributed to the stretchings of –CH3, –CH2 
and C=O, respectively [35, 36]. In addition, the spectra 
showed the other absorption bands of PCL located at 1296 
(C–O stretching), 1245 (asymmetric C–O–C strecthing) 
and 1190  cm−1 (asymmetric O–C–O strecthing) [37, 38]. 
Although these signals were displayed by all samples and no 
changes in the positions of these peaks were noted (includ-
ing the spectrum of PCL-styrax composites), a significant 
increase in the intensity of the peaks was observed with 
the increasing amount of styrax. Nevertheless, a new peak 
around 1640  cm−1 corresponding to the double bond stretch-
ing vibration of C=C group of styrene, the main component 
of styrax shown in Fig. 2B, was observed in composites 
with high rates of styrax (PCL:ST (100:50) and PCL:ST 
(100:100)) [20, 39]. These changes show that styrax is suc-
cessfully dispersed in nanofiber composites.

SEM was performed for accounting any difference in 
morphology of the PCL nanofiber blends with different 
amounts of styrax liquidus as compared to neat PCL fibers. 
With this approach, the morphological changes and size dis-
tribution histograms of the samples are presented in Figs. 3 
and 4, respectively. All nanofibrous scaffolds had uniform 
and bead-free network structure with good continuity and 
smoothness. The morphological evaluation indicated that the 
structure of the electrospun nanofibers depended on the bal-
sam concentration. As the weight ratio of balsam based on 

Fig. 2  Chemical analysis: A FTIR spectrum of plain PCL and styrax loaded PCL nanofibers and B Main components of styrax and general 
structure of PCL polymer (Color figure online)
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Fig. 3  SEM micrographs and fiber diameter distributions of neat PCL and different amounts of styrax loaded PCL nanofibers: A, E PCL 
(100:0); B, F PCL:ST (100:25); C, G PCL:ST (100:50) and D, H PCL:ST (100:100)

Fig. 4  Fiber size distribution histogram graphs of produced neat PCL and different amounts of styrax loaded composite PCL fibrous membranes
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the polymer weight increased to 25, 50 and 100%, nanofibers 
started to be heterogeneous in structure. On the other hand, 
the mean fiber diameter obviously increased with the addi-
tion of styrax in the recipe. The average diameter for neat 
PCL (100:0) fibers was calculated to be ~ 188.75 ± 44.54 nm. 
The styrax loaded hybrid fibers showed the diam-
eters of around 192.70 ± 58.33, 316.11 ± 102.29, and 
371.27 ± 108.61 nm for PCL:ST (100:25), PCL:ST (100:50) 
and PCL:ST (100:100), respectively. These differences in 
mean fiber diameter may be attributed to the encapsulation 
of styrax in PCL fibers. According to this change, when the 
high-magnification SEM images of high balsam content 
nanofibers examined, the styrax loaded capsules indicated 
by yellow arrows can clearly be seen in Fig. 3G and H. This 
similar structural change occurring in fiber morphology 
were also observed in the Hypericum perforatum oil-loaded 
fibrous membranes developed by Eğri and Erdemir [40].

Hydrophilicity and wettability of the membranes which 
are the important features for wound dressings were evalu-
ated by determining the contact angle and water uptake 
capacity, respectively. From Fig. 5A, the contact angle of 
all samples is found to be > 90°, showing the hydrophobic 
nature of the nanofibrous scaffolds. The pristine PCL (100:0) 
mat is more hydrophobic (127.07 ± 1.03°) than the PCL:ST 
(100:25), PCL:ST (100:50) and PCL:ST (100:100) samples 
and their contact angle are 124.02 ± 0.69, 118.01 ± 0.73 
and 113.66 ± 2.38, respectively. In different research arti-
cles, similar to hydrophobic nature of PCL, polyurethane-
turmeric oil [41], and polyurethane-grape seed oil/honey/
propolis incorporations resulted contact angle decrease com-
pared with pure polyurethane scaffold [42]. The change in 
hydrophilicity as a result of adding a plant-based oil to the 
PCL synthetic polymer was evaluated in the study conducted 
by Ünalan et al. and they showed that loading of increasing 

amounts of peppermint essential oil on electrospun PCL 
fiber mats decreased the contact angle of the plain PCL 
fibrous mat [43].

On the other hand, to determine the water uptake abil-
ity of the scaffolds, gravimetric measurements were per-
formed after immersion of samples in distilled water until 
the equilibrium water uptake capacity is reached. According 
to the results shown in Fig. 5B, the water uptake capacity 
of high amounts of styrax liquidus incorporated nanofibers 
(PCL:ST (100:50) and PCL:ST (100:50))was significantly 
different than the neat PCL (100:0) fibrous sample. This 
result is dependent on the hydrophilic/hydrophobic nature 
of the materials as well as on the morphological properties 
of the nanofibers [44]. As we mentioned above, the surface 
of membranes have acquired a little hydrophilic property 
with the addition of styrax liquidus and consequently, their 
water uptake capacity may have increased. Additionally, the 
increase in pore size (Fig. 3) with the addition of styrax may 
have also affected the swelling capacity because the high 
porosity can be defined as the presence of more free space 
available for water uptake [45].

DPPH Radical Scavenging Activity

It is generally known that the wound healing properties of 
plant derivatives are significantly associated with their anti-
oxidant activities. Therefore, the antioxidant activity deter-
mined by measuring the DPPH radical scavenging activity 
of PCL (100:0) and styrax loaded PCL (PCL:ST (100:25), 
PCL:ST (100: 50), and PCL:ST (100:100)), nanofibers was 
evaluated and the results were represented in Fig. 6A. It 
was shown that plain PCL and different amounts of styrax 
loaded PCL nanofibers exhibited well antioxidant activity 
in comparison with the positive controls trolox and ascorbic 

Fig. 5  Measurement of hydrophilicity and wettability of neat PCL and composite nanofibers: A Droplet profiles and contact angle evaluation of 
samples and B water uptake capacity values of samples in distilled water after 3, 5, 15 and 30 min (Color figure online)
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acid. When the concentration of nanofibers was increased 
from 25 to 500 mg/L, the DPPH radical scavenging activities 
were significantly increased from 26.4 to 71.4%, from 33.6 
to 78.5%, from 54.4 to 82.7%, and from 63.5% to 86.7%, 
respectively (p < 0.05). PCL:ST (100:100) sample was found 
to has a more effective DPPH radical scavenging ability at 
all concentrations. According to the results, radical scaveng-
ing potencies were concentration-dependent. It was observed 
that the antioxidant effect increased as the proportion of the 
styrax in PCL nanofibrous samples increased. The results 
are compatible with the literature [46]. Furthermore, this 
study results indicated that the styrax-PCL hybrid nanofi-
brous membrane could be used as a potential antioxidant 
biomaterial for future wound healing applications.

Metal Chelating Activity

Ferrous ion chelating activities of plain PCL (100:0), and 
PCL:ST (100:25), PCL:ST (100: 50), and PCL:ST (100:100) 
samples were studied by the ferrozine test. In the presence 
of chelating agents, the formation of ferrous-ferrozine com-
plex is inhibited so that the magenta color of the complex is 
bleach. The results of the test prove that all samples exhib-
ited chelating activities as seen in Fig. 6B, chelating activi-
ties also were concentration-dependent. A significant differ-
ence was observed for all samples when the concentration 
increased from 10 to 100 mg/L (p < 0.05). The ferrous ion 
chelating activities at 100 mg/L were 50.7%, 55.2%, 59.0%, 
and 63.0%, for PCL (100:0), PCL:ST (100:25), PCL:ST 

Fig. 6  A DPPH radical scavenging activities of compounds and 
standards, B ferrous ion chelating activities of compounds and 
standard, C biofilm inhibition activities of compounds and D DNA 
cleavage activity of neat PCL and styrax loaded composite nanofib-
ers. (Lane 1) pBR 322 DNA, (Lane 2) pBR 322 DNA + 250  μg/
mL PCL (100:0), (Lane 3) pBR 322 DNA + 250 μg/mL of PCL:ST 
(100:25), (Lane 4) pBR 322 DNA + 250 μg/mL of PCL:ST (100:50), 
(Lane 5) pBR 322 DNA + 250  μg/mL of PCL:ST (100:100), (Lane 

6) pBR 322 DNA + 500  μg/mL of μg/mL PCL (100:0), (Lane 7) 
pBR 322 DNA + 500  μg/mL of PCL:ST (100:25), (Lane 8) pBR 
322 DNA + 500  μg/mL of PCL:ST (100:50), (Lane 9) pBR 322 
DNA + 500  μg/mL of PCL:ST (100:100). Statistical analysis was 
performed using one-way ANOVA followed by Tukey test. Let-
ters indicate significant differences between bacterial species, while 
*indicates different samples of the same bacteria and concentration 
(p < 0.05, n = 3) (Color figure online)
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(100: 50), and PCL:ST (100:100), respectively. According 
to method applied tested nanofibers also exhibited chelating 
ability in the order of PCL:ST (100:100) (71.7%) > PCL:ST 
(100:50) (66.6%) > PCL:ST (100:25) (63.7%) > PCL (100:0) 
(57.9%) at concentration of 200 mg/L. Metal ion chelating 
capacity is important since it reduces the concentration of 
the transition metal that catalyzes lipid peroxidation [47]. 
The metal chelating capacity of the styrax in PCL nanofiber 
is not good as the standard EDTA, but the decrease in con-
centration-dependent color formation in the presence of 
nanofibrous membranes indicates that it can be used as a 
metal chelator.

Biofilm Inhibition Activity

Biofilm formation as a result of bacterial infections is one 
of the most important and undesirable parameters that delay 
wound healing [48]. Biofilm-forming cells exhibit greater 
resistance to antibiotics, biocides, and extreme conditions 
than planktonic cells. In addition, biofilm cells are more dif-
ficult to remove or inactivate [49, 50]. In this method, the 
effect of PCL (100:0), PCL:ST (100:25), PCL:ST (100:50) 
and PCL:ST (100:100) at 250 mg/L and 500 mg/L concen-
trations against the P. aeruginosa and S. aureus biofilm 
formed on polystyrene microplates was estimated by meas-
uring the population of viable cells. P. aeruginosa and S. 
aureus are bacteria colonizing around the chronic wounds 
[48]. Looking at Fig. 6C, when the concentration of PCL 
(100:0), PCL:ST (100:25), PCL:ST (100:50), and PCL:ST 
(100:100) is increased from 250 to 500 mg/L, the biofilm 
inhibition activities against P. aeruginosa ranged from 59.4 
to 68.3%, 76.5 to 78.9%, 83.0 to 85.0%, and 86.5 to 90.6%, 
respectively. Similar results were obtained against the S. 
aureus and PCL:ST (100:100) showed the highest activ-
ity (93.3%) at 500 mg/L concentration. Although there is a 
concentration-dependent increase in both bacterial species, 
there is no significant difference according to the statistical 
analysis results. On the other hand, it is seen that there is a 
significant difference between the biofilm inhibition values 
of different styrax additives (p < 0.05). As a result of this, 
obtained results prove that styrax in PCL nanofibers have the 
potential to be applied as an antibacterial and anti-biofilm 
agent to combat P. aeruginosa and S. aureus which are the 
most commonly encountered bacterial species in infected 
chronic wounds.

DNA Cleavage Activity

To determine the functionality of neat PCL and different 
amounts of styrax incorporated PCL nanofibers as DNA 
cleavage agents, the materials were investigated using super-
coiled pBR322 plasmid DNA. The efficiency of the samples 
was tested by agarose gel electrophoresis. The results of the 

study are depicted in Fig. 6D. At 250 μg/mL concentration, 
neat PCL did not exhibit cleavage activity (lane 2). Whereas, 
PCL:ST (100:25), PCL:ST (100:50) and PCL:ST (100:100) 
demonstrated single-strand cleaved DNA activities in lane 3, 
lane 4, and lane 5, respectively. At 500 μg/mL concentration, 
PCL:ST (100:25), PCL:ST (100:50) and PCL:ST (100:100) 
successfully cleaved DNA and double-strand DNA occurred 
in lane 7, lane 8, and lane 9, respectively. Generally, the 
results suggest that Liquidambar orientalis Miller in PCL 
nanofibers have the potential as functional materials for 
medicine industries after further studies.

Antimicrobial Activities

In vitro antimicrobial potentials of PCL (100:0), PCL:ST 
(100:25), PCL:ST (100:50) and PCL:ST (100:100) were 
scrutinized in terms of minimum inhibition concentration 
(MIC) value against Gram-positive, Gram-negative bacteria 
and a fungal strain. MIC values obtained from the study 
are presented in Table 2. As can be seen, PCL (100:0) and 
PCL:ST (100:25) were exhibited weak antimicrobial activity 
against all tested microorganism. Whereas PCL:ST (100:50) 
and PCL:ST (100:100) were shown well antimicrobial activ-
ity ranging from 16 to 64 μg/mL against tested Gram-neg-
ative bacteria E. coli, L. pneumophila, and P. aeruginosa. 
In addition to this, they were exhibited moderate antimicro-
bial activity ranging from 16 to 128 μg/mL against tested 
Gram-positive bacteria B. cereus, S. aureus, E. hirae, and 
fungus C. albicans. The neat PCL nanofibers did not display 
significant antibacterial activity. Similarly, a novel active 
film made of PCL containing sage extract was developed by 
Salevic et al. and they reported that plain PCL has no anti-
bacterial effect [51]. In our study, styrax in PCL nanofiber 
samples (PCL:ST (100:50) and PCL:ST (100:100))showed 
good antimicrobial activity. These results are in agreement 
with the other studies [19, 21]. The mechanism of biocidal 
action of plant-derived compounds is based on the degrada-
tion of the cell wall, damage to cytoplasmic membrane and 

Table 2  The minimum inhibition concentration of tested microorgan-
isms

*mg/L

Bacteria Series*

PCL PCL25% PCL50% PCL100%

E. coli 128 64 32 16
B. cereus 256 256 128 128
Legionella 128 64 32 16
S. aureus 128 64 32 16
P. aeruginosa 256 128 64 32
E. hirae 256 128 64 64
C. albicans 512 256 128 64
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membrane proteins, leakage of content out of the cell, and 
coagulation of the cytoplasm [51, 52]. The different anti-
microbial activity of our samples against microorganisms 
can be attributed to the differences in the cell wall structure 
of Gram-positive and Gram-negative bacteria. According to 
our results, styrax loaded PCL nanofibrous membranes can 
be used as antimicrobial materials.

Cell Viability

In vitro cellular response to PCL:ST (100:100) nanofibers is 
presented in Fig. 7. Direct test shows that PCL:ST (100:100) 
nanofiber scaffolds showed better cell viability compared 
to the control group. As it can be seen, there is difference 
between the cell viability of control group and PCL:ST 
(100:100) nanofiber samples at different days (Fig. 7A). The 
PCL:ST (100:100) nanofiber showed cell proliferation rate 
65.76 ± 0.62%, 299.25 ± 2.2%, and 497.48 ± 0.37%, at 1, 3 
and 5 day, respectively. When analyzed statistically, there is 
a significant difference between these values, which increase 
over time (p < 0.05). The PCL:ST (100:100) nanofiber 
showed better cell proliferation rates than the control group. 
It was reported that the membrane with styrax enhanced 
adhesion and proliferation of MEF cells. The addition of 
styrax increased the hydrophilic nature of the pristine PCL 
membrane which might have favoured the enhanced MEF 
cell viability. In addition to this, styrax includes also active 
compounds such as; terpinen-4-ol, α-terpineol, sabinene, 
α-pinene, veridiflorol and p-cymene which are known to 
promote cell proliferation and have an antimicrobial activ-
ity on bacteria and fungi [20, 23]. However, the indirect 
cell proliferation rates for control group (standard medium) 
were higher compared to the PCL:ST (100:100) nanofiber 

(medium with PCL:ST (100:100) nanofiber degradation 
products) (Fig. 7B). Such a behaviour has been reported 
before and needs further investigations. This might be due to 
the long term incubation of PCL:ST (100:100) nanofiber in 
medium (7 day) as described in different study [53]. Various 
investigations presents that PCL scaffold incubated one or 
three day in medium and results show that cell viability value 
was lower than the control group with this medium [54, 55].

Conclusions

Electrospun neat PCL and novel hybrid PCL fibers prepared 
with different amounts of styrax liquidus were developed 
and characterized. The obtained membranes possessed 
a homogeneous morphology with smooth and uniform 
nanofibers. FTIR analysis confirmed the presence of styrax 
in PCL nanofibers. In addition, electrospray encapsulated 
styrax droplets were imaged on the fibers presented in SEM 
images. Neat PCL membranes, which are in hydrophobic 
nature, have gained a slightly hydrophilic feature with the 
additive of styrax. Furthermore, the biological evaluation of 
electrospun fiber mats was evaluated in detail using DPPH 
radical scavenging, metal chelating, biofilm inhibition and 
DNA cleavage activities, and antimicrobial studies against 
gram-positive, gram-negative bacteria and a fungal strain. 
Our results showed that the styrax loaded fibrous membranes 
could be used as potential antioxidant and antimicrobial bio-
material that do not allow biofilm formation for accelerate 
wound healing applications. For biocompatibility evaluation, 
the selected membrane with high ratio of styrax content was 
studied with MEF cells. The cell viability results indicated 
that the addition of styrax and degradation products of the 

Fig. 7  In vitro cytotoxicity assay results of styrax loaded PCL nanofi-
brous membrane in comparison with control group. A Direct viabil-
ity and B indirect viability results. Statistical analysis was performed 

using one-way ANOVA followed by Tukey test. Symbols above bars 
indicate statistically significant differences (p < 0.05, n = 3) (Color 
figure online)
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membrane did not induce cytotoxicity, although it enhanced 
the cell adhesion and proliferation. Overall, our results indi-
cate that the styrax loaded hybrid nanofibrous mats have 
potential to be used as a new antibiotic-free bacterial infec-
tion treatment for wound healing applications.
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