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Abstract
Herein, we fabricated polycaprolactone/gelatin electrospun membranes possessing different amounts of Viburnum Opu-
lus extract (0, 25, 35, 50%, w/v) as an antibacterial wound dressing. We investigated chemical, morphological, physical, and 
mechanical properties as well as in vitro degradation behavior of the electrospun membranes. The antibacterial activities of 
membranes were evaluated against gram-positive Staphylococcus aureus (S. aureus) and gram-negative Escherichia coli (E. 
coli). The membranes containing Viburnum Opulus exhibited excellent antibacterial activity with the formation of inhibition 
zones of 25 mm to 36 mm against Escherichia coli and 14 mm to 25 mm against Staphylococcus aureus. The fiber diameters 
rose from 591 to 1222 nm after adding Viburnum Opulus extract. The extract-containing membranes displayed superior 
swelling, cell viability, and proliferation properties to neat membranes. Our results showed that the polycaprolactone/gelatin 
electrospun membranes containing Viburnum Opulus could be a suitable material for wound dressing applications.
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1  Introduction

The skin is the largest organ in the body serving as an obsta-
cle that protects tissues or organs from mechanical, chemi-
cal, and biological external factors, especially microbial 
pathogens [1]. Since the skin is directly in contact with these 
factors, it may be impaired and injured by some agents, such 
as physical, chemical, and thermal, or some diseases, includ-
ing diabetes and surgery [2]. Every year, 8.2 million people 
suffer from acute and chronic skin wounds, and medical care 
costs ranged from $28.1 billion to $96.8 billion in 2014 [3, 
4]. Wound healing has gained significant attention since mil-
lions of patients suffer from acute or chronic skin wounds. 
It is a complex process that aims to repair the anatomic 
structure and function of the skin [5, 6]. The wound healing 
process includes the inflammation/homeostasis phase, the 
proliferation phase, protein synthesis and wound contrac-
tion, and the remodeling phase, respectively [7]. However, 
the wound healing process may be restricted due to infec-
tion by microorganisms such as bacteria [8, 9]. That is why 

there is a massive need for a wound dressing material that 
has an antibacterial effect of preventing the growth of bac-
teria effectively and can accelerate the healing, mimic the 
skin and be safe for human use [10]. The traditional wound 
dressing materials cannot fulfill the clinical requirements for 
wound healing [2]. Electrospinning is a unique and effective 
technique to produce uniform fibers with diameters rang-
ing from micro-meters to nano-meters [11, 12]. Although 
many fabricating fibrous matrices processes have already 
been known, the electrospinning technique is admired for its 
cost-efficiency, simplicity, and versatility [13, 14]. A wound 
dressing material must provide physical protection, prevent 
bacterial invasion, and allow wound exudate absorption and 
exchange of gas and fluids [15]. Therefore, the electrospun 
membranes gain considerable interest due to their large 
surface-area-to-volume ratio, high permeability for gas and 
fluids such as wound exudate, and suitable mechanical prop-
erties [11]. Besides, electrospun wound dressing membranes 
have many advantages over conventional materials, such as 
being adjustable pore structure, mimicking the ability to 
ECM, providing liquid and gas permeability, and keeping 
the wound area moist [16, 17]. In addition, due to their high 
surface area to volume ratio, electrospun membranes allow 
cell adhesion and proliferation and prevent fluid collection 
by absorbing the exudate fluid in the wound area [18].
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Poly(caprolactone) (PCL), polylactic acid, polyglycolic 
acid, poly-hydroxy acids, and their copolymers are well-
known synthetic polymers for the production of wound 
dressing material using the electrospinning technique [2]. 
PCL, an FDA-approved biodegradable and biocompatible 
polyester with a semi-crystalline structure, is a highly pre-
ferred polymer for electrospinning because of the tailorable 
mechanical and structural properties, degradation kinetics, 
and ease of shaping and manufacture, enabling appropri-
ate pore sizes [19]. Especially, electrospun PCL membranes 
allow gas exchange and absorb the exudate in the wound 
area, thanks to its elastic morphology with interconnected 
porous structure. In addition, this elastic structure provides 
the comfort of movement in the wound area [20]. However, 
despite the many features mentioned above, PCL membranes 
negatively affect wound healing. Furthermore, PCL is highly 
hydrophobic like other aliphatic polyesters, which limits its 
use alone as a dressing material [21, 22]. Therefore, it has 
been shown that wound dressing materials obtained from 
electrospun membranes, in which synthetic or natural poly-
mers are used as a mixture, have a synergistic effect and 
contribute positively to the wound healing process compared 
to the use of the polymers mentioned above alone [23].

Using herbs in wound dressing materials accelerates the 
wound healing process and reduces the necessity for demand 
medical drugs such as antibiotics [9, 24]. Significantly, the 
electrospun membranes containing plant extracts are state-
of-the-art for wound dressing applications. Many plants, 
such as Henna, curcumin longa, moringa, honey, ginger, and 
propolis, have been studied with electrospun membranes for 
wound dressing and other biomedical applications [24–30]. 
Viburnum Opulus is also known as Gilaburu, Gileburu, 
Guelder-rose, Snowball Bush, European Cranberry, High 
Bush Cranberry, Stagbush, and Cranberry Viburnum [31]. V. 
Opulus is extremely important for traditional medicine treat-
ments due to its antioxidant, antibacterial, hepatoprotective, 
high blood pressure-lowering, and anti-inflammatory prop-
erties [32]. In addition, it contains vitamin C, carotenoids, 
triterpenes, iridoids, saponins, flavonoids, and phenolic 
compounds such as hydroxybenzoic acids, tannins, antho-
cyanins, chlorogenic acid, ( +)-catechin, ( −)-epicatechin, 
cyanidin-3 glucoside, cyanidin-3-rutinoside, and querce-
tin [31–34]. In addition, phenolic compounds, especially 
quercetin, have good antibacterial properties against gram-
negative and gram-positive bacteria [30].

There are several studies about the antibacterial and anti-
oxidant effects of V. Opulus and its extracts in the litera-
ture. However, there is no study about V. Opulus containing 
electrospun wound dressing membranes. Our study prepared 
PCL/gelatin membranes containing V. Opulus extract using 
the electrospinning technique and characterized their struc-
tural and morphological properties. Antibacterial activity 
of V. Opulus-containing membranes was shown by disc 

diffusion technique against E. coli and S. aureus bacteria. 
Additionally, in vitro cell viability and cell proliferation 
behavior of membranes were investigated using a fibroblast 
cell line, and this study reported the results.

2 � Materials and Methods

2.1 � Materials

The polycaprolactone (PCL, average Mn = 80,000; CAS No. 
24980–41-4), gelatin (derived from bovine skin, CAS No. 
9000-70-8) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) 
(CAS No. 920–66-1) were purchased from Sigma-Aldrich. 
Methanol and agar were obtained from Merck. Inovenso 
NE100 (İstanbul, Turkey) model electrospinning device 
was used to fabricate nanofiber membranes. Cell viability 
was analyzed by CellTiter 96® AQueous One Solution 
Cell Proliferation Assay. Cell proliferation attachment was 
determined by DAPI (4',6-Diamidino-2-phenylindole dihy-
drochloride, Sigma-Aldrich). DMEM (Dulbecco's Modi-
fied Eagle Medium High Glucose) and PBS (Dulbecco's 
Phosphate Buffer Saline) were purchased from Biological 
Industries (USA). FBS (Fetal Bovine Serum), penicillin/
streptomycin, and LB Broth were purchased from Gibco 
(USA). The fermented V. Opulus fruits were obtained from 
Kayseri, Turkey. The human fibroblast cells, Escherichia 
coli, and Staphylococcus aureus were donated from Erciyes 
University, Kayseri/Turkey (Fig. 1).

2.2 � Extraction of Viburnum Opulus

The fermented fruits of Viburnum Opulus were extracted 
by Soxhlet extraction techniques. Initially, the fermented V. 
Opulus fruits were dried in an incubator at 40 °C. Next, 25 g 
of V. Opulus were extracted in 500 ml methanol at 100 °C 
for six h. Finally, the excess methanol was removed by a 
rotary evaporator (Buchi, Rotavapor R300). The final extract 
was stored at −20 °C for further experiments.

2.3 � Fabrication of Electrospun Membranes

The neat PCL/gelatin membrane and PCL/gelatin mem-
branes with V. Opulus extract were fabricated by electro-
spinning technique. Briefly, 8% (w/v) PCL/gelatin with the 
ratio of 9:1 (w/w) was dissolved in HFIP and stirred for 8 h. 
Then, different amounts of V. Opulus extracts (25, 35, 50%, 
w/v) were added to the solution. The final solutions were 
stirred for 12 h and were poured into a syringe. 21G needle 
was used for the electrospinning process, and the distance 
between the tip and the collector was adjusted to 15 cm. 
The solution flow rate was 1 m/h; the voltage was applied at 
15 kV. The neat PCL/gelatin membrane was labeled as AY1, 
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and the membranes with V. Opulus extract were labeled 
AY2, AY3, and AY4, as shown in Table 1.

2.4 � Characterization of Electrospun Membranes

2.4.1 � Chemical Characterization

The chemical structure of the V. Opulus extract and electro-
spun membranes were characterized using Fourier Trans-
form Infrared Spectrometer (F-TIR, Thermo Scientific Nico-
let 6700) in the range of 400–4000 cm−1 [35].

2.4.2 � Morphological Characterization

The fiber orientation and diameters were examined by Scan-
ning Electron Microscope (SEM, Carl Zeiss EVO LS10, 
Germany) at magnifications 1000X, 2000X, and 3000X. The 
Image J software (National Institutes of Health, Bethesda, 
MD) was used to calculate the fiber diameters and average 
pore sizes of membranes from SEM images [36].

2.4.3 � Contact Angle Measurement and Swelling Test

A swelling test was applied to determine the water adsorp-
tion capacity of membranes. Briefly, the membranes were 
immersed in distilled water for 30 min. Every 5 min, all 
membranes were weighed after removing the surface water 
with filter paper. The membranes' water adsorption percent-
ages were calculated as shown in the below equation.

where Wo is the first weight of membranes, W is the weight 
of the membranes after immersion, and Ws is the water 
adsorption capacity percentage of membranes [35].

Water contact angle values of membranes were investi-
gated by the sessile drop technique. It is based on the time-
dependent analysis of the shape and volume of the water 
droplet image formed, using the Young–Laplace equation 
as a reference. In this analysis, the contact angle values of 
the membranes were determined by Contact Angle-Sessile 
Drop (Biolin Scientific Attention Theta Lite) measurement 
and compared with each other.

2.4.4 � In Vitro Degradation Study

In vitro degradation study of the membranes was performed 
by mimicking the physiological environment of the human 
body. Firstly, the membranes were placed in 15 ml PBS solu-
tion and kept at 37 °C in a 100-rpm shaker incubator. After 
7, 14, and 21 days, membranes were taken from PBS solu-
tion and dried to measure weight loss. The below equation 
calculated weight loss percentages of membranes.

where Mo is the first weight of samples, Mt is the final 
weight of the samples after incubation, and W is the weight 
loss percentage of samples [36].

2.4.5 � In Vitro Extract Release Study

To determine V. Opulus release from membranes, we fol-
lowed the V. Opulus absorbance. Firstly, V. Opulus were 
dissolved as 0.2, 0.1, 0.05, 0.025, 0.0125 mg/ml in water 
and scanned between 200 and 700 nm by UV spectropho-
tometer. The 323 nm was chosen as a specific nm value for 
V. Opulus. Secondly, V. Opulus-containing membranes were 
placed into a 15 ml PBS solution. Then, on 1, 2, 3, 4, 5, 6, 

(1)Ws(%) =
W −Wo

Wo
x100

(2)%W =
(Mo −Mt)

Mo
×100

Fig. 1   Schematic representation 
of the membranes’ fabrication

Table 1   The combination of electrospun membranes

Membrane PCL/gelatin (%, w/v) Viburnum Opu-
lus extract (%, 
w/v)

AY1 8 –
AY2 8 25
AY3 8 35
AY4 8 50
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12, 24, 48, and 72 h 1 ml sample was withdrawn from the 
PBS solution, and 1 ml fresh PBS was added to the medium. 
The absorbance of the withdrawn samples was measured at 
323 nm. The cumulative release of V. Opulus was calculated 
using the following equation.

where Vm is the volume of release medium, C(n) is the 
extract amount at time n, C(n-1) is the cumulative extract 
amount at a time (n-1), and Wo (mg) is the amount of loaded 
extract on the membrane [35–37].

2.4.6 � In Vitro Antibacterial Activity Test

The antibacterial activity of membranes was evaluated by 
the Kirby–Bauer disk diffusion test against E. coli and S. 
aureus bacteria. Firstly, the bacteria solution was streaked 
using a sterile swab on the LB agar plate. Next, membranes 
and ampicillin antibiotic discs were located on the agar 
plate. After incubation for 16 h at 37 o C, zone diameter 
was measured to show the antibacterial activity of the mem-
branes [37].

2.4.7 � Mechanical Characterization

The uniaxial tensile tests were applied to analyze the 
mechanical properties of membranes. Firstly, each mem-
brane was cut with 20  mm width, 60  mm length, and 
0.02 mm thickness. Tensile strengths and elongation at the 
break of membranes were determined by tensile test using 
an Autograph AGS-X 10 kN (Shimadzu, Japan) device. The 
strain rates of 1 × 10–2 s−1 were applied to the tensile tests 
at room temperature [38]. The stress–strain curve, tensile 
strength, elongation at the break, and Young's modulus were 
calculated from Force–Stroke results given by the TRAPE-
ZIUM X program.

2.4.8 � In Vitro Cell Viability, Attachment, and Proliferation 
Study

The electrospun membranes' cell viability (%), attach-
ment, and proliferation assessments were investigated 
using a human dermal fibroblast cell line (ATCC PCS-
201–012™) with in vitro assays. The cell viability of the 
human fibroblast cells on the electrospun membranes 
with and without V. Opulus were investigated by MTS 
assay (Cell Titer 96® AQueous One solution; G3581, 
Promega, USA). This MTS assay is a colorimetric assay 
which is determine the number of viable cells in prolif-
eration or cytotoxicity assays. The MTS reagent contains 

(3)
Cumulative release (%) = 100×

(Vm×C(n)) + (1ml×
∑

C(n − 1))

Mo

a tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium]. The working principle of the MTS assay is that 
yellow tetrazolium transforms into purple formazan crys-
tals only in living cells and absorbance records at 490 nm 
in 96-well plate. First, the fibroblast cells were cultured 
in cell culture plates with DMEM-High Glucose medium 
supplemented with 10% FBS and 1% penicillin/streptomy-
cin in an incubator at 37 °C with 5% CO2. The membranes 
were cut and sterilized with 70% ethanol overnight and UV 
light for 1 h. After sterilization, membranes were kept in 
DMEM-High Glucose media for 15 min. Then, the mem-
branes were placed into 96 well plates, and 104 cells were 
seeded on the membranes. After the incubation for 24 h, 
48 h, and 72 h, membranes were removed from each plate. 
20 µl MTS reagent was added to each plate and incubated 
for 2.5 h. Then, absorbance was measured at 490 nm using 
a microplate reader (Varioskan, Thermo Scientific) [36].

For the fibroblast cell attachment and proliferation 
assessments, membranes were placed into 96 well plates, 
and 104 cells/well were seeded onto the membranes and 
incubated for 24 h, 48 h, and 72 h. Following days, the 
membranes were removed from the plate and rinsed with 
PBS to remove the non-attached cells. Then the cells on 
the membranes were fixed with glutaraldehyde solution 
(2.5%, v/v) and washed in PBS solution. To determine 
the cell nuclei on membranes DAPI staining was used 
(DAPI Dye, Thermo Fisher Scientific, D1306). The 20 µl 
DAPI dye solution (300 Nm) was added to each membrane 
surface and incubated for 5 min with protection from the 
light. After washing with PBS, membranes were investi-
gated under the fluorescence microscope [37].

2.4.9 � BET Surface Area Analysis

The Brunauer–Emmett–Teller (BET) surface area of 
membranes were investigated with a surface area analyzer 
(Micromeritics, Gemini VII Surface Area and Porosity). 
The physical adsorptions and desorption of nitrogen gas 
were calculated at 77 K. The membranes were degassed 
in a vacuum at room temperature for 24 h before the BET 
analysis. The BET surface area and pore volume of mem-
branes were determined by the BET analyzer.

2.4.10 � Thermal Analysis

To determine the thermal properties of membranes, the 
thermal analysis (TGA, Perkin Elmer, USA) analysis was 
applied between 30 and 400 °C at a heating rate increased 
to 100C in a minute.
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3 � Results and Discussions

3.1 � Chemical Characterization

Figure 2 indicates the FT-IR spectra of membranes and V. 
Opulus fruit extract. The broad absorption peak nearly at 
3315 cm−1 corresponds to the stretching vibration of the 
OH in H-bonded alcoholic and phenolic compounds [39]. 
Additionally, the C-O stretching vibration of the phenolic 
compounds was observed at 1236 cm−1. The peaks at 2917, 
1717, and 1600 cm−1 correspond to the vibration of C-H 
stretching, carbonyl group vibration, and C = C stretching 
vibration, respectively [40, 41]. According to the literature, 
the FT-IR result showed all characteristics peak of V. Opu-
lus. On the other hand, PCL characteristic peaks appeared 
at 2942 cm−1 and 2863 cm−1 from asymmetric and sym-
metric CH2 stretching, respectively. PCL also includes car-
bonyl stretching at 1727 cm−1, C–O and C–C stretching at 
1293 cm−1, and asymmetric COC stretching at 1240 cm−1 
[42]. Gelatin includes amide I-II proteins which attribute 
C = O stretching at 1650 cm−1 and coupling of bending of 
N–H bond and stretching of C–N bonds at 1540 cm−1. Addi-
tionally, a random coil and a-helix conformation of gelatin 
attribute the amide I band at 1650 cm−1 [43]. The increase 
of V. Opulus concentration in membranes shows a more sig-
nificant change in the broad absorption peaks.

3.2 � Morphological Characterization

The morphology of electrospun membranes was investigated 
using SEM, where the representative images are given in 

Fig. 3. Since the electrospinning solution was a homogene-
ous extract-polymer mixture, the extract was embedded into 
the fibers. This is demonstrated by FTIR analysis and SEM 
images in Figs. 2 and 3. According to the SEM images, PCL/
gelatin electrospun membranes have uniform fiber distribu-
tion with no bead formation [42]. The average fiber diam-
eters and pore sizes were calculated from SEM images using 
ImageJ software and indicated as a bar chart in Fig. 4a and 
b. There is a continuous rise in the diameter of nanofibers 
by increasing the concentration of V. Opulus. As shown in 
Fig. 4a, the fiber diameter of AY1 was calculated as 591 nm, 
while the average fiber diameters of AY2, AY3, and AY4 
containing 25, 35, and 50% (w/v) V. Opulus, were calcu-
lated as 647 nm, 1014 nm and 1222 nm, respectively. The 
rising average fiber diameter may be due to the increased 
viscosity of the polymer solution [43–45]. The electrospin-
ning process is sensitive to solution viscosity. The increase 
in solution viscosity resulted in a larger fiber diameter [43, 
44]. According to the literature, the electrospun PCL/gelatin 
fibers' diameters range from approximately 300 to 600 nm. 
Chong et al.'s study showed that the average fiber diam-
eter of PCL/gelatin electrospun membrane is 470 ± 120 nm 
[46]. Another study mentioned that 440 ± 170 nm fiber 
diameter was measured from 6% (w/v) PCL/gelatin elec-
trospun membrane [47]. Zhang et al.'s study showed that 
the addition of Quercetin extracts increased fiber diameters 
of PCL/gelatin membrane from 312.02 nm to 365.33 nm 
[48]. Amna et al. mentioned that the fiber diameter of PCL 
membranes increased from 300 ± 50 nm to 500 ± 20 nm by 
loading Camptothecin. They highlighted that the enlarge-
ment of fibers is an evidence for Camptothecin integration 
inside the PCL nanofibers [49]. Khan et al.’s study showed 

Fig. 2   FT-IR spectra of V. Opulus extract and the electrospun membranes
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that the addition of Phoenix dactylifera L. extracts increased 
fiber diameters [50]. In another study, Tecomella Undulata 
extract increased fiber diameters of PCL/PVP membranes 
as 0.35 μm to 0.65 μm [51]. The average pore sizes of mem-
branes are 10.128 ± 6.7 µm, 8.303 ± 3.4 µm, 7.262 ± 3.1 µm, 
and 8.362 ± 2.8 µm for AY1, AY2, AY3, and AY4 as seen 
Fig. 4b, respectively. The V. Opulus narrowed the pores in 
membranes due to the presence of extract between fibers 
as seen in SEM images in Fig. 3. Also, the increasing fiber 
diameters decrease the pore sizes [49, 50]. According to 

Balaji et al. 4–50 µm pore size is effective for the infiltration 
of nutrients and gas exchange in wound area [52]. Accord-
ing to the literature, it was concluded that the morphology, 
average fiber diameters and pore sizes of PCL/gelatin mem-
branes given herein are consistent with the literature.

3.3 � Contact Angle Measurement and Swelling Test

Figure 4c and 4d represent the membranes' contact angle 
measurements and swelling test results. Contact angle values 

Fig. 3   SEM images of a AY1, b AY2, c AY3, and d AY4, magnification of 1000X, 2000X and 3000X, respectively
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were measured as 119°, 115°, 106°, and 95° for AY1, AY2, 
AY3, and AY4, respectively. The increasing V. Opulus con-
centration improved the hydrophilicity of membranes thanks 
to the phenolic compounds in its structure. The phenolic 
compounds include hydrophilic side chains such as gal-
loyl, hydroxyl, glucoside, and gallate [34]. Similar behavior 
shown in Khan et al.’s study, the hydrophilicity of electro-
spun membranes improved by the addition of the Ajwa-
Dates extract as 143° to 84° [50].

Membranes showed the 22,84%, 39,63%, 48,71% and 
57,75% swelling behaviors, AY1, AY2, AY3, and AY4, 
respectively. The increasing V. Opulus concentration sig-
nificantly increased the water adsorption capacity compared 
to the neat membrane. The high porosity of the electrospun 
nanofibers resulted in a high swelling capacity [42, 46]. Sim-
ilar swelling behavior was observed on the PLGA/gelatin 
membrane containing Hypericum plant extract. The swell-
ing ratio increased by adding Hypericum plant extract [37]. 
Swelling capacity and hydrophilicity are important criteria 
for wound dressing materials [53]. According to the swell-
ing test, all membranes showed suitable water adsorption 
capacity.

3.4 � In Vitro Degradation Study

Figure 4e represents the in vitro degradation results of mem-
branes. Membranes lost their weights by 13,7%, 46%, 59%, 

and 72% within 21 days, respectively, AY1, AY2, AY3, and 
AY4. The weight loss of membranes corresponding to PCL/
gelatin hydrolytic degradation due to hydrolytic cleavage 
of ester groups on PCL [19]. Also, gelatin degrades under 
physiological conditions because it contains degradable sites 
[54]. V. Opulus extract containing membrane's degradations 
ratio is higher than AY1. The high-water uptake capacity can 
be explained by resulting in more cleaved bonds. After the 
first week, membranes exhibited a stable weight loss due to 
their completed water uptake and dissolved extract into the 
water. The phenomenon knowns as 'burst release' causes a 
high amount of drug release the first time due to the burst 
effect [55]. V. Opulus extract containing membranes could 
be more susceptible to burst effect due to high water uptake 
capacity, which correlated swelling result in Fig. 4d. Hadisi 
et al. observed that adding the henna extract to a membrane 
increased the degradation rate of electrospun membranes 
[56]. Degradation rates of membranes attribute to the V. 
Opulus containing membranes, which are suitable for wound 
dressing materials.

3.5 � In Vitro Extract Release Study

Figure 4f indicates that V. Opulus extract released approxi-
mately 22%, 35%, and 39% from AY2, AY3, and AY4 in 
the first hour, respectively. The release curve can be divided 
into two parts, a burst release phase and a stagnant release 

(a) (b) (c)

(d) (e) (f)

Fig. 4   a The average fiber diameters, b average pore sizes, c contact angle, d swelling test, e weight loss study, and f cumulative release studies 
of membranes
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phase [57]. Within the first hour, the burst effect caused 
the burst release of extract from membranes. After the first 
hour, the extract is released steadily in the stagnant release 
phase. There are no significant differences between AY2, 
AY3, and AY4. A similar result was shown in Canga et al.'s 
study. The rapid initial release of the V. Opulus was shown 
from the electrospun Cellulose Acetate/Gum Arabic mem-
brane. Approximately 30% of the V. Opulus extract was 
released in the first 1 h, 60% was released in the first 10 h, 
then stabilized after 10 h [45]. Aksit et al. observed that 
the Hypericum extract was released 80% from electrospun 
PLGA/gelatin membranes in the first 24 h. The absorption 
of extract content on this membrane surface causes a rapid 
dissolution in the PBS [37]. In another study, Curcumin 
was shown to have a % 40 initial burst release in the first 
hours and followed slow release up to %85 within 10 days 
[58]. Furthermore, a %80 burst release of Garcinia Mango-
stana extract was seen in the first hour due to swelling of 
the electrospun membrane in water [59]. In the literature, 
Camptothecin drug released as 55% within 70 h from the 
PCL membrane [49]. In Suganya et al.’s study, Tecomella 
Undulata extract was released as 40% within 24 h from 
the PCL/PVP membrane [51]. In Cortez et al.’s study, the 
embelin released 80% within 8 h from PCL membranes [60]. 
According to Khan et al. the release behavior depends on 
some parameters such as the fiber diameters, hydrophilicity 
of membranes, and the drug or extract distribution inside 
fibers. The drug migrates towards the fiber surface and may 
cause the rapid-release profile [50]. The release behavior 

of V. Opulus from membranes can be explained by these 
hypotheses. As a result, the cumulative release behavior of 
V. Opulus from electrospun PCL/gelatin membrane was cor-
related with the literature.

3.6 � In Vitro Antibacterial Activity

The antibacterial activity test results against gram-positive 
and gram-negative bacteria were summarized in Fig. 5. 
According to the results, no bacterial activity was observed 
for AY1 against both bacteria types. After adding V. Opu-
lus to membranes, the inhibition zone for E. coli rose to 
25 mm in AY2, 30 mm in AY3, and 36 mm in AY4. Similar 
behavior was observed for S. Aureus. The inhibition zones' 
sizes increased with the content of V. Opulus, starting at 
14 mm in AY2, 18 mm in AY3, and 25 mm in AY4. Our 
results showed that adding V. Opulus to the membranes pro-
vides antibacterial properties against E. coli and S. aureus. 
Laima et al. demonstrated that the fruit juice of V. Opulus 
showed 22 mm and 24 mm zone inhibition against E. coli 
and S. aureus bacteria, and the ethanol extract of V. Opulus 
showed 18.8 mm and 18.6 mm zone inhibition against E. 
coli and S. aureus bacteria [61]. Also, the methanol extract 
of V. Opulus has been proven to have an antibacterial effect 
against gram-negative and positive bacteria in literature [30, 
62]. As mentioned in the introduction section, V. Opulus 
contains abundant bioactive compounds such as vitamin 
C, carotenoids, triterpenes, iridoids, saponins, flavonoids, 
and phenolic compounds which are hydroxybenzoic acids, 

Fig. 5   Antibacterial activity of AY1, AY2, AY3, and AY4
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tannins, anthocyanins, chlorogenic acid, ( +)-catechin, 
( −)-epicatechin, cyanidin-3 glucoside, cyanidin-3-rutino-
side, and quercetin [31–34]. The presence of these bioac-
tive compounds provides the antibacterial and antioxidant 
property as known in the literature [32]. The presence of 
bioactive phenolic compounds such as chlorogenic acid 
and procyanidins, provide antibacterial effect by effecting 
on bacterial cell wall membrane [32]. Also, the polyphenols 
include hydroxyl groups which have a high binding affinity 
with bacterial cell membrane proteins. Therefore, phenolic 
compounds provide antibacterial activity by interacting with 
bacterial cell wall membranes and changing the membrane 
rigidity, permeability, and integrity [63]. In this study, the 
antibacterial activity of membranes containing V. Opulus 
was proven against E. coli and S. aureus due to its com-
ponents, such as phenols, flavonoids, chlorogenic acid, and 
procyanidins [32–34, 64–66].

3.7 � Mechanical Characterization

Figure 6 indicates the engineering stress–strain curves, 
Young's modulus, ultimate tensile strength, and strain 
at breaks of membranes. There was a linear increase 
of Young's modulus value of membranes AY1 to AY4. 
Electrospun PCL/gelatin membrane without V. Opulus 
showed 43,352 MPa Young's modulus value. The addi-
tion of V. Opulus extract increased Young's modulus value 
to 44.94 MPa, 46.509 MPa, and 59.6 MPa. The addition 
of V. Opulus extract to PCL/gelatin membrane increased 

the average fiber diameters and can result in increasing 
mechanical properties. Adding 25% and 35% of V. Opulus 
extract to PCL/gelatin membranes decreased its ultimate 
tensile strength to 0,782 MPa and 0,821 MPa. However, 
the 50% amount of V. Opulus extract containing membrane 
increased its tensile strength to 1,8676 MPa. Elongation 
(%) of AY1 was about 124.9%, and it was the maximum 
ductility compared to AY2, AY3, and AY4. Like ultimate 
tensile strength, the ductility percentage decreased when 
adding V. Opulus extract. The possible reason can be due 
to the nature of V. Opulus extract. Several factors, such 
as composition, fiber diameter, structure, and interaction 
between nanofibers, are of great importance in determin-
ing the mechanical properties of electrospun membranes 
[67]. The obtained results agreed with Hadizadeh et al., 
when they added 3% and 5% Curcumin extract to PCL/
gelatin, they found the tensile strength value to be 0.83 
and 0.6 MPa, which are very close to our values of AY2 
and AY3 [68]. A study observed a similar behavior; adding 
Calendula officinalis extract and Gum Arabic decreased 
the flexibility and elongation of PCL nanofibers [69]. 
Also, Rad et al. mentioned that the suitable tensile strength 
range for nanofibrous membranes is 0.8 -18.0 MPa for 
skin applications [70]. In another study, adding Biophytum 
sensitive extract into PCL nanofibers reduced the elonga-
tion at break (%) by 2.3 times [71]. When we compared 
membranes used for wound healing material in the litera-
ture, the whole samples' mechanical property values were 
suitable for wound dressing material [72].

Fig. 6   Stress–Strain Curves and 
data summary of the tensile test 
analysis of AY1, AY2, AY3, 
and AY4
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3.8 � In Vitro Cell Viability, Attachment 
and Proliferation Studies

Cell viability of human dermal fibroblast cells on mem-
branes was investigated by MTS assay at 24, 48, and 72 h 
are given in Fig. 7. The figure shows that the cell viability 
was over 95% for all membranes at 24, 48, and 72 h. Also, 
the cell viability ratios of V. Opulus-containing membranes 
are higher than AY1 and control plates. In 24 h incubation, 
AY4 had high viability of 132%, while AY1 had a viabil-
ity of 95%. The hydroxyl groups of V. Opulus neutralize 
the free radicals in the cell environment by transferring the 
hydrogen atoms to free radicals. The neutralizing of free 
radicals decreases the oxidative stress around the cells [73]. 
The antioxidant activity of V. Opulus was proved in literature 
against hydroxyl, peroxyl, and superoxide free radicals [33, 
34, 74]. The improving cell viability on membranes contain-
ing V. Opulus can be explained by the antioxidant effect of 
V. Opulus [34]. Altun et al. demonstrated the antioxidant 
effect of V. Opulus by scavenging free radicals [75]. Zakłos-
Szyda et al. supported that using 10% and 25% of V. Opulus 
extract increased the cell viability up to 100% [34]. In Jafari 
et al.’s study, electrospun PCL/gelatin/ZnO2 membranes rep-
resented higher cell viability than their control plate. It can 
be explained by the physical and biological properties of the 
membrane, such as high porosity, microstructural similarity 
to native ECM, and bioactivity [44]. Finally, these results 
showed that adding V. Opulus extract to electrospun mem-
branes had no toxic effect on fibroblast cells. Therefore, the 
PCL/gelatin electrospun membranes containing V. Opulus 
have great potential to wound dressing applications.

The human dermal fibroblast cells adhesion and prolif-
eration on the membranes at 24, 48, and 72 h was investi-
gated by DAPI staining in Fig. 8. DAPI staining is an easily 
applicable technique to visualize cell nuclei under fluores-
cence microscopy. Basically, 4′,6-diamidino-2-phenylindole 
(DAPI) is a fluorescence dye and can pass from the cell 
membrane and strongly bind to Adenozine-Thimine regions 
of DNA via electrostatic interactions. The DAPI-stained 

cells can be investigated under fluorescence microscopy 
in terms of the adhesion and proliferation behavior of cells 
[76]. As clearly observed from the images, adding V. Opulus 
to the membrane significantly increased cell proliferation 
and adhesion on the membranes. While the spread and adhe-
sion of fibroblast cells to the membranes were weak at 24 h, 
their adhesion and spread increased at 48th and 72nd hours. 
Additionally, increasing the concentration of V. Opulus 
increased cell adhesion. The increases in cell adhesion can 
be explained by due to the presence of functional groups into 
V. Opulus and more hydrophilicity than neat membrane [77]. 
Hadisi et al. mentioned that the Henna extract-containing 
membranes increased fibroblast proliferation due to contain-
ing flavonoids which promotes fibroblast proliferation [52]. 
Also, Bashur et al. reported that an increased diameter and 
degree of orientation of electrospun fibers contributed to 
the enhanced adhesion and aspect ratio of fibroblasts [78]. 
The increased hydrophilicity of membranes by Ajwa-Dates 
extract, improved the cell proliferation of PCL membranes 
in the literature [50]. Kim et al. Mentioned that the increas-
ing hydrophilicity improves the cell adhesion on membranes 
[79]. Therefore, the membranes both effect of containing V. 
Opulus and hydrophilicity created a synergistic effect, and 
increased cell adhesion and viability.

3.9 � BET Surface Area

The BET surface area and porosity analysis of membranes 
were presented in Table 2. The AY1 has 3.3071 ± 0.1481 
(m2/g) BET surface area while AY2, AY3, and AY4 has 
1.1557 ± 0.0525, 0.3728 ± 0.0393 and 0.9221 ± 0.0400, 
respectively. The pore volumes of membranes are 0.001874 
cm3/g, 0.001694 cm3/g, 0.001166 cm3/g and 0.001500 cm3/g 
for AY1, AY2, AY3, and AY4, respectively. The V. Opulus 
decreased the BET surface area and pore volumes of PCL/
gelatin electrospun membranes. It can be explained by the 
extract embedded between fibers and resulted decrease in 
BET surface area and pore volumes. Also, the fiber diam-
eters of extract-containing membranes are higher than neat 

Fig. 7   Cell Viability of AY1, AY2, AY3, and AY4 at 24 h, 48 h, and 72 h
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membrane. The increasing fiber diameter decreases the 
BET surface area and pore volumes of electrospun mem-
branes [80]. In the literature, PCL/gelatin has approximately 
3.274 m2/g BET surface area and 0.011 cm3/g pore volume 
[81]. AY1 showed a very similar BET surface area with 
the literature’s PCL/gelatin membranes. In the Can-Herrera’ 
study, the fiber diameters of PCL membranes increased from 
775 nm to 1376 nm approximately, resulted in a decrease 
in BET surface area from 6 m2/g to 3.8 m2/g. They dem-
onstrated the increasing fiber diameters corresponding to 
decreasing in the BET surface area [82]. In Wei et al.’s study, 
when the drug particle size increased, the BET surface area 
decreased due to the particle occupied the pore space [83].

3.9.1 � Thermal Analysis

The thermal properties of PCL/gelatin electrospun mem-
branes with and without V. Opulus were investigated by 
using TGA as seen in Fig. 9. TGA thermograms showed 
that AY1 started to degrade at about 338.72 °C, associated 

with the PCL/gelatin degradation. The V. Opulus-containing 
membranes were shown two degradation peaks which are 
approximately at 170 °C and 360 °C in TGA thermograms. 
At the end of 450 °C AY1 degraded approximately %86. 
AY2, AY3 and AY4 showed similar degradation behavior as 
30–35% at 150–200 °C, and 40–45% at 250–450 °C. It may 
be explained by secondary metabolites especially phenolic 
compounds into V. Opulus extract [84]. In addition, a simi-
lar degradation behavior was seen in Suganya et a.’s study. 
The Tecomella Undulata extract containing PCL/PVP mem-
brane showed two degradation peaks between 212–281 °C 
and 385–413 °C in TGA thermograms. They explained that 
the interaction between the Tecomella Undulata extract and 
polymer changed the PCL/PVP membrane’s thermal stabil-
ity [51]. In another study, Doostmohammadi et al. showed 
that PCL/gelatin started to degrade at nearly 300 °C accord-
ing to its TGA thermogram [85]. When compared with the 
literature, plant extract generally shows similar behavior 
associated with the thermal decomposition of extract com-
pounds such as carbohydrates and organic compounds [86]. 
Fernandes et al. mentioned that the reproducible peaks of 
plant extracts in thermal analysis are very difficult due to the 
interaction of extract presence substances. The degradation 
products of extract may be formed with different concentra-
tions by the heating process [84]. In addition, the impurity 
of the extract is another difficulty for thermal analysis of the 
extract due to its directly affected the enthalpy [86]. Bar-
bosa et al. mentioned that the Aloe Vera extract crosslinked 
membranes started the thermal degradation at 150°C due to 
formed decomposition from breaking of molecular structure 

Fig. 8   DAPI staining of AY1, AY2, AY3, and AY4 at 24 h, 48 h, and 72 h

Table 2   BET surface area of membranes

Membranes BET Surface Area (m2 /g) Pore Volume by 
BET (cm3/g)

AY1 3.3071 ± 0.1481 0.001874
AY2 1.1557 ± 0.0525 0.001694
AY3 0.3728 ± 0.0393 0.001166
AY4 0.9221 ± 0.0400 0.001500
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and disintegration between the intermolecular bonds [87]. 
As a result, V. Opulus-containing membranes are stable 
enough to withstand heat exposure during decontamination 
processes in medical applications.

4 � Conclusion

This study investigated the PCL/gelatin electrospun mem-
branes containing V. Opulus extract possessing different 
amounts (25, 35, 50%, w/v) as an antibacterial wound dress-
ing. We fabricated novel V. Opulus containing electrospun 
membranes with bead-free and uniform fiber structure, 
appropriate porosity, and mechanical strength. The average 
fiber diameters of neat and extract-containing membranes 
were measured as 591 nm (neat), 647 nm (25%, w/v), 1014 
nm (35%, w/v), and 1222 nm (50%, w/v) showing that an 
increase in V. Opulus amounts increased fiber diameters of 
the membranes. Adding V. Opulus extract into the PCL/
gelatin membranes increased the water adsorption capac-
ity from 22.84% to 57.75%, and reduced the contact angle 
values from 119° to 95°. The degradation ratio of V. Opu-
lus-containing membranes was higher than the neat mem-
brane due to the release of V. Opulus from the membrane 
caused a reduction of membranes’ weight, 72%, 59%, 46%, 
and 13,7%, respectively. According to the release study 
results, approximately 40% of V. Opulus was released from 

membranes in the first 24h. Membranes containing V. Opu-
lus showed excellent antibacterial activity with the formation 
of inhibition zones of 25 mm to 36 mm against E. coli and 
14 mm to 25 mm against S. aureus. The biocompatibility 
of membranes was evaluated by MTS assay, and V. Opulus 
extract did not show any toxic effect on fibroblast cells. The 
fibroblast proliferation and adhesion of extract-containing 
membranes are higher than the neat membrane. Our results 
significantly approve that V. Opulus containing electrospun 
PCL/gelatin membranes can be a promising material for 
wound dressing applications.
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