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ABSTRACT

Antibiotic resistance has emerged as a critical global health challenge, complicating the 
treatment of infectious diseases. The bioactive compounds present in plants offer promis-
ing avenues for addressing antibiotic resistance, particularly when combined with advanced 
biotechnological approaches. This study aimed to develop plant extract-loaded electrospun 
nanofibers for preventing biofilm-associated infections, with a focus on the antimicrobial and 
antibiofilm properties of Astragalus lusitanicus subsp. orientalis. Phytochemical analysis of the 
plant extract was conducted using liquid chromatography-electrospray tandem mass spec-
trometry, identifying hesperidin (7864 µg/g) as the most abundant compound, followed by 
quercetin (2223 µg/g) and hyperoside (1804 µg/g). Electrospun nanofibers were successfully 
fabricated, incorporating the plant extract, and characterized using scanning electron mi-
croscopy, and Fourier-transform infrared spectroscopy. In vitro tests revealed the nanofibers’ 
favorable properties, including uniform morphology, flexibility, and ease of handling. Anti-
microbial activity was evaluated via disc diffusion and broth microdilution assays, demon-
strating significant effects against Klebsiella pneumoniae (24±1.25 mm zone of inhibition) and 
other pathogens at varying concentrations. Notably, Staphylococcus aureus ATCC 25923 and 
Bacillus subtilis NRS 744 were resistant. Antibiofilm assays showed that plant extract-loaded 
nanofibers and the plant extract inhibited biofilm formation by 96% and 82%, respectively, 
against biofilm-producing Staphylococcus aureus ATCC 25923, as confirmed by SEM. This 
study highlights the potential of Astragalus lusitanicus subsp. orientalis as a source of antimi-
crobial agents and demonstrates the synergistic benefits of integrating its extract into nanofi-
bers. The findings provide a foundation for industrial applications in antimicrobial therapies 
and tissue engineering, emphasizing the high biocompatibility and controlled release prop-
erties of the nanofiber system. For the first time, the antibiofilm effects of this plant species 
are reported, underscoring its potential in accelerating the healing process and combating 
biofilm-associated infections.
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INTRODUCTION

Antibiotics are typically employed in the treatment of 
infectious diseases. However, the emergence of antibiotic 
resistance has emerged as a significant global concern. 
Therefore, the treatment of infectious diseases by these 
microorganisms has become difficult. In addition, some 
microorganisms produce biofilm and researchers have 
determined that biofilm-producing bacteria can be 100-
10000 times more antibiotic-resistant to planktonic forms 
[1]. 

A biofilm is defined as an aggregated community of bac-
terial cells, encased in an extracellular matrix comprising 
various types of extracellular polymeric substances. These 
include exopolysaccharides, proteins, lipids, biosurfactants, 
and extracellular DNA. Biofilm-producing bacteria exhibit 
resistance to antimicrobial agents, antibiotics, and harsh 
environmental conditions due to their protected, sessile 
state [2]. This biofilm-associated infection affects millions 
of people worldwide. Previous reports have highlighted the 
relationship between biofilm formation, antibiotic resis-
tance, and the use of antibiofilm agents to prevent biofilm 
formation [3]. In recent years, there has been a notable 
interest in the investigation of natural and synthetic antimi-
crobial and antibiofilm compounds [4].

It has been documented that the therapeutic effects of 
plants are due to the synergistic effect of many components 
rather than a single active ingredient and that they pro-
vide a more effective treatment by resisting the resistance 
of microorganisms that are difficult to kill with antibiotics 
[5, 6]. This situation leads researchers to search for natural 
antimicrobial agents obtained from plant extracts [7-9]. 

The members of the genus Astragalus have a great inter-
est in traditional drugs in Turkish folk medicine. Astragalus 
is a large genus of vascular plants from the Legominales 
tribe and Fabaceae family [10]. Astragalus species are a 
source of polysaccharides, phenolic, and saponins and they 
are usable for applications in the food, cosmetic, and phar-
maceutical industries [11].

The formulation of nanofibres loaded with bioactive 
ingredients for biomedical purposes has recently attracted a 
great deal of attention [12,13]. The integration of bioactive 
components into delivery systems have been modified to 
facilitate the enhancement of the following qualities: solu-
bility, bioavailability, stability, pharmacological activity, and 
protection from both physical and chemical degradation. 
A variety of novel herbal drug delivery systems have been 
developed recently [14-16]. Electrospinning is a versatile, 
simple, effective, and widely used technique for generating 
nanosized fibers [17]. Electrospun nanofibers are used as 
wound dressings, scaffolds, and drug release systems due 
to their resemblance to the natural extracellular matrix, 
high surface area, and improved mechanical performance 
[18]. The researchers have revealed that nanofibers can be 
used as drug delivery systems in various disease treatments. 
Particularly, nanofibers obtained by using the electrostatic 

spinning method are advantageous in terms of loading 
the desired amount of drug and controlling the release of 
hydrophilic drugs. In this study, nanofibers were obtained 
from polymer blends of polycaprolactone, sericin, and gela-
tin using electrostrospinning. Polycaprolactone is biocom-
patible, biodegradable, non-toxic, electrostatic spinnability, 
and similar to extracellular matrices. This makes them 
advantageous for nanofiber production. Sericin and gelatin 
are hydrophilic, biocompatible, important biomaterials that 
can be used in medical and cosmetic fields [19]. There are 
a limited number of studies on extract-loaded electrospun 
nanofibers for biomedical applications [20]. Therefore, it 
is important to determine the chemical contents and bio-
logical activities of plants and reveal their potential for use 
in biotechnological studies. To the best of our knowledge, 
no previous investigation has been reported regarding the 
chemical composition, biological activity, and potential 
biotechnological applications of Astragalus lusitanicus 
subsp. orientalis. The objective of this study is to ascertain 
the chemical composition of the methanol extract from 
Astragalus lusitanicus subsp. orientalis and to investigate 
its in vitro antimicrobial and antibiofilm activities, to assess 
its potential for biotechnological applications.

MATERIALS AND METHODS

Preperation of Methanol Extract 
The aerial parts of Astragalus lusitanicus Lam. subsp. 

orientalis Chater & Meikle were collected during the flow-
ering period from a rocky area alongside the roadside in 
Sakar Tepe province, Muğla/Turkey (37° 03’ 67” N 28° 21’ 
45” E) at an altitude of 450 meters. These collected sam-
ples were subjected to drying in a controlled environment 
with low humidity, good airflow, and protection from direct 
sunlight, after which they were finely powdered. For the 
preparation of a methanol extract of A. lusitanicus subsp. 
orientalis (AL-MeOH), a modified ultrasonic extraction 
method was employed [21]. 

Determination of Phenolic Contents of Methanol Extract
The total phenolic and flavonoid contents of the meth-

anol extract were initially determined spectroscopically. 
Subsequently, the presence of 30 phenolic compounds 
in the extract was investigated using a previously vali-
dated method [22] employing Liquid Chromatography-
Electrospray Tandem Mass Spectrometry (LC–ESI–MS/
MS).

Fabrication of Electrospun Nanofiber
The electrospinning processes were carried out by the 

Electrospinning System (Idasonic, Ave Spn L30, Turkey). 
The electrospinning condition consists of polymer solu-
tions as shown in Table 1. Polycaprolactone (PCL), seri-
cin, gelatin, and all other solvents were purchased from 
Sigma-Aldrich. In the electrospinning procedure: PCL was 
dissolved in trifluoroethanol (TFE) and sericin and gelatin 
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were dissolved in distilled water (dH2O) by mixing with 
a magnetic stirrer at 50°C and 35°C, respectively until a 
homogeneous mixture was obtained [23]. Then polymer 
blends were prepared (Table 1).

Characterization of Nanofıber Structure
The nanofiber structures’ images underwent analy-

sis through scanning electron microscopy (SEM). Before 
imaging with an LEO 1430 VP SEM (Carl Zeiss AG, Jena, 
Germany) at an accelerating voltage of 20 kV, the samples 
underwent sputter-coating with gold for 30 s at 100 mA. 
The ImageJ program was used to determine the nanofibers’ 
diameters.

For Fourier transform infrared spectroscopy (FTIR) 
analysis (Perkin Elmer Spectrum Two spectrometer), each 
sample was pulverized and mixed with potassium bromide 
(KBr). The suspension was pressed into a transparent pellet 
and analyzed in absorbance mode within the range of 400-
3600 cm-1.

The nanofiber samples were analyzed using a Bruker 
D8 Advance diffractometer (Cu Kα radiation) with a scan-
ning rate of 0.025°/s over a 2θ range of 2° to 60°, at 30 kV 
and 40 mA.

Fabrication of Astragalus Lusıtanıcus Extracts Loaded 
Nanofiber

Among the electrospun formulas in Table 1, the N6 
formula was evaluated more suitable formula by SEM 
analysis therefore, the fabrication of A. lusitanicus extracts-
loaded nanofiber was carried out with the N6 formula. The 

N6 formula was prepared as shown in Table 1 and 1% A. 
lusitanicus extracts were added polymer solution.

In Vitro Release Test
Firstly, plant extracts were dissolved in phosphate-buff-

ered saline (PBS) at two-fold serial dilutions concentrations 
(0.78 to 100 mg/mL), and the absorbances were measured 
with a spectrophotometer at 520 nm and a standard cal-
ibration curve was prepared. To examine the release pro-
files of nanofiber (N6) and AL-MeOH loaded nanofiber 
(N6-AL-MeOH), the samples were cut into 1 cm x 1 cm and 
placed into tubes that contained PBS buffer (pH:7,4) and 
incubated in a water bath at 37°C. Samples were taken from 
the medium at certain time intervals (0, 3, 5, 10, 20, 30, 40, 
60, 80, 100, and 120 min) and absorbance was measured by 
spectrophotometer [24]. 

In Vitro Swelling Test
The dry weight of the N6 and N6-AL-MeOH was mea-

sured for the determination of swelling (%). The nanofi-
bers were placed in tubes that contained PBS (pH 7.4) and 
incubated in a water bath at 37 °C. The nanofiber samples 
were removed from the PBS at specific time intervals (0, 10, 
20, 30, 40, 60, 80, 100, 120, 140, 180, and 220 min). Excess 
water was removed using filter paper, and the samples were 
reweighed. The percentage swelling of the nanofiber was 
calculated using equation (1) [25]:

	 	 (1)

Table 1. Electrospinning conditions and preparation of polymer solutions

Formula 
code

The concentration of 
polymer (w/v)

Electrospinning process parameters

Flow rate 
(mL/h)

Voltage (kV) Spinerette-collector 
distance (mm)

Drum
speed (rpm)

Oscillation range 
(mm)

N1 10% PCL, 8% sericin and 
5% gelatin (7:2:1)

0.30 20 150 50 15

N2 10% PCL, 6% sericin and 
5% gelatin (7:2:1)

0.25 15 150 50 15

N3 12% PCL, 8% sericin and 
5% gelatin (6:3:1)

0.50 20 150 50 15

N4 12% PCL, 8% sericin and 
5% gelatin (7:2:1)

0.70 15 150 50 15

N5 12% PCL, 8% sericin and 
5% gelatin (7:2:1)

0.30 20 150 50 15

N6 12% PCL, 8% sericin and 
5% gelatin (7:2:1)

0.30 20 100 50 15

N7 12% PCL, 10% sericin and 
5% gelatin (7:2:1)

0.50 15 150 50 15

N8 12% PCL, 10% sericin and 
5% gelatin (7:2:1)

0.50 20 100 50 15
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Ww and Wd represent the wet and dry nanofibers 
weight, respectively.

In Vitro Biodegradation Test
The N6 and N6-AL-MeOH samples were cut into 2.5 cm × 

2.5 cm pieces. The initial weight of each specimen was mea-
sured before being placed in test tubes containing 30 mL 
of PBS (pH 7) for an in vitro degradation study. The tubes 
were then incubated at 37°C and 150 rpm and observed for 
14 days. Triplicate specimens for each sample condition 
were removed from the tubes at different time intervals. 
The samples were rinsed with distilled water two to three 
times and dried using filter paper followed by vacuum for 
three days. The percentage of nanofiber biodegradation 
was determined using equation (2) [26]: 

	 	 (2)

W1 and W0 are the weight of samples after degradation 
and the initial weight before degradation, respectively.

Evaluation of In Vitro Antimicrobial Activity
The antimicrobial activities were examined against 

Listeria monocytogenes ATCC 19115, Staphylococcus 
aureus ATCC 25923, Klebsiella pneumoniae NRRLB 4420, 
Pseudomonas aeruginosa ATCC 11778, Bacillus subti-
lis NRS 744, Escherichia coli ATCC 35218, Enterococcus 
faecalis ATCC 51289, Escherichia coli ATCC 25922. Test 
microorganisms were obtained from the bacterial culture 
collection of the Faculty of Pharmacy, Afyonkarahisar 
Health Sciences University (Afyonkarahisar, Turkey), and 
used in this study. The antimicrobial of AL-MeOH extract 
was evaluated by disc diffusion and broth microdilution 
assay [27, 28]. For the broth microdilution test, a stock solu-
tion of each extract was diluted in the Mueller Hinton Broth 
(MHB) in two-fold serial dilutions to obtain concentrations 
from 1.56 to 100 mg/mL at a total volume of 100 μL per well 
in 96-well microtiter plates. 100 μL of each pathogen test 
microorganism was added to each well at a final concentra-
tion of 1 × 106 cfu/mL and incubated at 37°C, for 24 h. The 
medium, 0.1% (w/v) penicillin, and dH2O were used as the 
non-treated, positive, and negative controls, respectively. 

In disc diffusion assay; bacteria cultured prepared in 
MHB at 37°C, 24 h, and then its turbidity was adjusted 
to equal to 0,5 Mc Farland turbidity. 10 μL of each extract 
(10 mg/mL and 100 mg/mL concentrations of AL-MeOH 
dropped on sterile discs (zone diameter 6 mm) under asep-
tic conditions. 0,1 mL of each bacteria culture was spread 
on Mueller Hinton Agar (MHA) and then discs were placed 
on petri dishes and incubated at 37°C for 24 h. After the 
incubation period, inhibition zone diameters were mea-
sured and evaluated in comparison with the control group. 
10 mg/mL of penicillin G and dH2O were used as a positive 
and negative control, respectively. The diameter of growth 
inhibition zones was measured in millimeters. In addition, 

N6 and N6-AL-MeOH samples were cut into 1 cm × 1 cm pieces 
and the same procedure was carried out for nanofibers.

Investigation of Antibiofilm Effects Against 
Staphylococcus Aureus

The biofilm inhibition effects of AL-MeOH extract were 
evaluated by a 3-[4,5-dimethyl-2-thiazolyl]-2, 5-diphe-
nyl-2H-tetrazolium-bromide (MTT) colorimetric method 
with modification [29]. In this procedure; 1000 μL of each 
½ x MIC, MIC, and 2 x MIC concentration of AL-MeOH 
were added to 24-well microtiter plates. N6 and N6-AL-MeOH 
were cut into 1 x 1 cm pieces and placed into 24-well micro-
titer plates. Penicillin G (30 mg/mL) was used as the posi-
tive control and the medium was used as a negative control. 
An equal volume of the S. aureus ATCC 25923 (1×106 cfu/
mL) which was determined biofilm producer in the previ-
ous study was added to 24-well microtiter plates except in 
the well with medium alone and incubated at 37°C for 6 
and 24 h. The supernatants were discarded, and the cells 
were washed three times with PBS. Next, 1500 µL of PBS 
and 500 µL of MTT (0.3%) were added to each well, and the 
plate was incubated for 2 hours at 37°C. After incubation, 
the MTT solutions were removed, and 1500 µL of Dimetil 
sülfoksit (DMSO) and 250 µL of 0.1 M glycine buffer (pH 
10.2) were added to each well to dissolve the formazan crys-
tals. The plate was then incubated for 15 minutes at ambient 
conditions. Finally, the optical density was measured at a 
wavelength of 570 nm using a microplate spectrophotom-
eter. The experiment was conducted in triplicate. To cal-
culate the percentage of biofilm inhibition, the following 
equation (3) was used [29].

	 	 (3)

Determination of Biofilm Structure by Scanning 
Electron Microscope 

For this procedure, ½ x MIC, MIC, and 2 x MIC concen-
trations of AL-MeOH were added to the 24-well flat-bot-
tom plate containing 14 x 14 mm polylysine slides. The 
N8 and N8-AL-MeOH structures were cut into 1 x 1 cm and 
placed into 24-well microtiter plates. Then 1000 μL of S. 
aureus ATCC 25923 cultures (1 × 106 cfu/mL) were added 
to 24-well microtiter plates and incubated for 6 and 24 h at 
37°C. At the end of the application periods, the incubation 
was stopped and the materials were left in the primary fixa-
tive (2.5% glutaraldehyde solution prepared in PBS) at 4°C 
for 24 h. The samples were washed three times with PBS 
for 15 minutes, then removed from the fixative and kept 
in the dark in the rotator for 1 hour in the secondary fixa-
tive containing Osmium tetroxide (OsO4). Then they were 
washed with PBS and the samples were dehydrated with 
ethyl alcohol (50%, 70%, 90%, 95%, and 100%) by Polaron 
CPD Critical Point Dryer. Finally coated with gold-palla-
dium using the Polaron SC7620 Sputter Coater. The sam-
ples were imaged by a SEM. (JEOL JSM-5600LV) [30].
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Statistical Analysis
The experiments were performed three times, and the 

outcomes were presented as the average and standard devi-
ation of three parallel measurements.

RESULTS AND DISCUSSION

Determination of the chemical compositions and bio-
logical activities of the medicinal and aromatic plants is very 
important in terms of revealing their potential to treat var-
ious diseases. In addition, these plants can be used together 
with biotechnological studies to increase their efficiency 
[31]. Plants are a source of many chemical compounds with 
antimicrobial activity and the potential to have the poten-
tial to treat antimicrobial-resistant infections. In recent 
years, health concerns related to the side effects of synthetic 
compounds and the emergence of antibiotic resistance in 
pathogens have led to the development of electrospinning 
research towards the development of plant extracts loaded 
nanofibers [32]. Thus, in the present study, the chemical 
content and biological activity of the methanol extract of A. 
lusitanicus were determined and plant extract-loaded nano-
fiber was obtained, successfully. The anti-biofilm effect of 
plant extract and extract-loaded nanofiber was investigated 
for the first time. The methanol extract from A. lusitani-
cus subsp. orientalis was obtained using ultrasound-assisted 
extraction, and the extract yield was found to be 8.7%. 
Subsequently, the total phenolic and flavonoid contents of 
the methanol extract were determined spectroscopically as 
26.5 mg gallic acid equivalents (GAEs)/g and 25.0 mg rutin 
equivalents (REs)/g, respectively (Figure 1). 

To identify and quantify the presence of 30 phytochem-
icals in the extract, LC–ESI–MS/MS was utilized, and the 
main components identified were hesperidin, quercetin, and 
hyperoside (Table 2). Hesperidin was found to be the most 
abundant compound, with a concentration of 7864 µg/g, fol-
lowed by quercetin (2223 µg/g) and hyperoside (1804 µg/g).

Table 2. Concentration of selected phenolic compounds in 
the methanol extract

Compound Concentration 
(µg/g extract)

Gallic acid 326 ± 4
Protocatechuic acid 617 ± 7
Pyrocatechol nd
3,4-Dihydroxyphenylacetic acid 0.96 ± 0.14
(+)-Catechin nd
2,5-Dihydroxybenzoic acid 11.4 ± 0.5
Chlorogenic acid 244 ± 2
3-Hydroxybenzoic acid 9.16 ± 0.21
4-Hydroxybenzoic 190 ± 1
(-)-Epicatechin 1.76 ± 0.07
Caffeic acid 98.7 ± 0.8
Syringic acid 3.99 ± 0.40
Vanillin 12.1 ± 0.5
Verbascoside nd
Taxifolin nd
p-Coumaric acid 71.6 ± 0.6
Sinapic acid 2.49 ± 0.23
Ferulic acid 39.7 ± 1.2
Luteolin 7-glucoside 6.96 ± 0.44
Hesperidin 7864 ± 100
Hyperoside 1804 ± 22
Rosmarinic acid 11.7 ± 2.8
Apigenin 7-glucoside 17.9 ± 0.7
Pinoresinol 14.0 ± 0.5
2-Hydroxycinnamic acid nd
Eriodictyol nd
Quercetin 2223 ± 55
Luteolin 0.78 ± 0.03
Kaempferol 85.9 ± 0.4
Apigenin nd
 nd: Not detected.

Figure 1. Total phenolic and flavonoid contents of the methanol extract (GAEs and REs: Gallic acid and rutin equivalents, 
respectively).
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The methanol extract exhibited significant levels of total 
phenolic and flavonoid contents. These findings indicate 
that the extract possesses a high concentration of pheno-
lic compounds and flavonoids, which are well-known for 
their potential health benefits. Phenolic compounds and 
flavonoids are known for their antioxidant properties and 
have been associated with various biological activities, such 
as anti-inflammatory, antimicrobial, and anticancer effects 
[33]. The observed levels of total phenolic and flavonoid 
content in the methanol extract suggest its potential as a 
valuable source of natural bioactive compounds, which 
could be explored for various applications in the fields of 
pharmaceuticals, nutraceuticals, and functional foods.

The LC-MS/MS analysis revealed the presence of 
prominent components in the methanol extract including 
hesperidin, quercetin, and hyperoside. As far as our liter-
ature survey could ascertain, no study has been found on 
the chemical composition of A. lusitanicus subsp. orienta-
lis. However, there are phytochemical studies conducted 
on other Astragalus species. It has been reported that the 
methanol extract from the aerial parts of Astragalus gym-
nolobus is rich in hesperidin and hyperoside [34]. Haşimi 
et al. [35] conducted studies on other Astragalus species 
to identify a total of twenty-four phenolic compounds and 
three non-phenolic organic acids in three Astragalus spe-
cies, wherein varying amounts of hesperidin and hyper-
oside were found to be the most abundant flavonoids. 
Moreover, Sarikurkcu and Zengin [36] detected hypero-
side, apigenin, p-coumaric acid, and ferulic acid as the main 
compounds in different parts of A. macrocephalus subsp. 
finitimus. Similarly, Arumugam et al. [37] identified seven 
phytochemicals (syringe acid, p-coumaric acid, o-coumaric 
acid, luteolin, ferulic acid, hesperidin, and benzoic acid) in 
methanolic extracts obtained from various parts of A. pon-
ticus. The results of this study are consistent with the liter-
ature data regarding the phytochemical composition of A. 
lusitanicus subsp. orientalis.

The electrospun nanofibers of PCL/sericin/gelatin, 
which are biocompatible, biodegradable, and non-toxic, 
were obtained successfully and AL-MeOH loaded nanofi-
ber was developed for a novel material for biomedical appli-
cations such as tissue engineering scaffolds, drug delivery, 
wound dressings, separation membranes, antibacterial 
coatings, regenerative medicine, and sensing/biosensing 
[38].

In this context, the electrospinning parameters, which 
include flow rate, voltage, spinnerette-collector distance, 
drum speed, oscillation range, and polymer blending ratio, 
were optimized. After optimization of conditions, the PCL/
chitosan/sericin electrospun nanofiber, which is bead-free 
fiber with minimum diameter and homogeneously distrib-
uted was successfully obtained.

The needle’s electrospun parameters were determined 
as 0.30 mL/h flow rate, 20 kV voltage, 100 mm spinner-
ette-collector distance, 50 rpm drum speed, 15 mm oscil-
lation range, and a blend of 12% PCL, 8% sericin and 5% 

gelatin (7:2:1), 1% AL-MeOH were found to be suitable. 
Polymeric materials, becoming smaller in scale with a large 
surface area to volume ratio, can provide improved biolog-
ical properties of plant extracts. The primary advantage of 
plant-loaded nanofibers is their straightforward production 
and handling. They can be designed in a variety of sizes and 
shapes, are easily foldable, cut, shaped, rolled, or stored, and 
are relatively inexpensive [39].

The images of the SEM analyses of the electrospun 
nanofibers obtained are shown in Figure 2. The most suit-
able formula was determined as the N6 formula, which 
has the lowest average fiber diameter, the most uniform 
morphological structure, and no beads structure observed 
(Table 1). The fiber diameter of N6 was determined as aver-
age 110-150 nm.

AL-MeOH-loaded nanofiber was carried out with the 
N6 formula and N6-AL-MeOH is shown in Figure 3. The fiber 
diameter of N6-Al-MeOH was determined as an average of 
110-200 nm.

The N6 possesses the features of being a nanosized 
and thin fiber structure with a smooth surface. Due to the 
incorporation of AL-MeOH, the formation of branching 
of fiber structure increased and the uniform fiber surface 
seems it did not change the fiber diameter of the N6-AL-MeOH 
nanofiber, significantly. The bioactive compounds present 
in the AL-MeOH extract occupied the porous surface of the 
electrospun nanofiber [20]. The diameter of N6-AL-MeOH has 
been slightly increased due to swelling. It is concluded that 
the morphology of the nanofibers was slightly affected by 
the plant extract. 

The FTIR spectrum of N6 and N6-AL-MeOH nanofibers 
are shown in Figure 4. The FTIR spectrum presents several 
bands at curve regions from about 3000 to 400 cm–1. The 
bands observed at approximately 1600, 1300, and 1100 cm-1 
in the FTIR spectrum are attributed to an aliphatic C-H, 
amide I (NH deformation–NHCOCH3), amide II, amide 
III, and C-O vibrational tensional bonds, respectively. The 
spectrum of pure PCL nanofibers displays a prominent 
C=O (carbonyl) stretching band at 1723 cm-1, a character-
istic peak that can be observed in the spectra of other PCL-
related compounds. We can observe bands corresponding 
to N6 when analyzing the N6-AL-MeOH curve, which is indic-
ative of the lack of any chemical reactions between extracts 
and polymers.

XRD patterns of N6 and N6-AL-MeOH nanofibers are 
shown in Figures 5 and 6. According to the test result, there 
was a significant weakening of characteristic peaks of PCL 
at 20-23°. As can be noted, there are two distinct peaks in 
the PCL curve; by observing the XRD pattern, the load-
ing of AL-MeOH extract into the PCL nanofiber has been 
verified.

The XRD of N6 nanofibers (Fig. 5) shows peaks at 
20-23° indicating the crystallinity of the PCL nanofibers. 
The increase in intensity indicates the increased degree of 
crystallinity. The XRD pattern implies that the AL-MeOH 
was successfully loaded in nanofiber. 
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Figure 2. The images of the SEM analysis of the electrospun N1-N8 nanofibers (Table 1).
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Also in this study, N6 and N6-AL-MeOH nanofibers were 
analyzed for in vitro swelling, extract release, and biodeg-
radation tests. The wettability rate of nanofibers increased 
rapidly in the 20 minutes then the swelling rate of nanofi-
bers increased more slowly and the swelling rate was fixed 
in 140-220 min (Fig. 7).

The swelling behavior of nanofibres is a crucial aspect 
of biomedical applications. The percentage of swelling in 
nanofibrous scaffolds is highly dependent on their poros-
ity and surface area. The N6-AL-MeOH nanofiber showed 
about 89% of swelling behavior, which slightly increased 
when compared with N6 nanofiber (67%). Generally, the 
water-absorbing capability is directly related to the sam-
ple’s hydrophilicity, surface property, and porosity. In this 
case, sericin, and gelatin are hydrophilic and PCL is less 

Figure 5. XRD pattern of N6 nanofiber.

Figure 3. The SEM image of N6-AL-MeOH.

Figure 4. The FTIR spectra of N6 and N6-AL-MeOH.
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hydrophilic, though N6-AL-MeOH nanofiber has shown an 
increased swelling percentage.

The in vitro extract release was calculated using the 
standard calibration curve (R2 = 0.9781). The rapid release 
of the extract of N6-AL-MeOH was determined for 40 min-
utes then it decreased (Fig. 8). The continuous plant extract 
release indicates that this nanofiber could be used in patho-
gen test microorganisms.

According to the in vitro biodegradation analysis, N6, 
and N6-AL-MeOH nanofiber biodegraded 29.5% and 38.91%, 
respectively for the 14th day (Fig. 9)

The N6-AL-MeOH nanofiber shows progressive weight loss 
probably due to the hydrophilicity that will contact easily 
with PBS and degrade faster if the same conditions exist.

The results of in vitro extract release test the rapid release 
of extract of N6-AL-MeOH was determined for 40 minutes 
then it decreased. It can be seen that the N6 and N6-AL-MeOH 
nanofibers have almost certainly constant weight because 
of their very slow degradation rate of 29.5% and 38.91%, 
respectively for the 14th day.

Al-Kaabi et al. [31] developed electrospun/polycaprolac-
tone nanofibers loaded with Inula graveolens extract, which 
exhibit potential for biomedical applications. Another 
study by Suryamathi et al. [20] focused on the development 
of a novel wound dressing material using electrospun PCL 
nanofibers loaded with Tridax procumbens extracts. The 
findings from these studies support the notion that such 
scaffolds have the potential to enhance wound healing and 

Figure 7. The results of the swelling ratios of nanofibers.

Figure 6. XRD pattern of N6-AL-MeOH nanofiber.
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effectively address surfaces contaminated with pathogenic 
microorganisms, especially within hospital environments.

In this study, MIC values of AL-MeOH against patho-
genic test microorganisms were determined and are given 
in Table 3. The MIC value of AL-MeOH was determined as 
50 mg/mL against S. aureus ATCC 25923 and, it was deter-
mined as 6.25 mg/mL against E. faecalis ATCC 51289, P. 
aeruginosa ATCC 11778, E. coli ATCC 35218, E. coli ATCC 
25922, B. subtilis NRS 744. In addition, it was determined 
as 3.12 mg/mL against L. monocytogenes ATCC 19115 and 
K. pneumoniae NRRLB 4420. 

In addition, the antimicrobial effect of AL-MeOH on 
pathogen test microorganisms was determined by disc dif-
fusion assay and is shown in Table 4. It was determined that 
there was an increase in antimicrobial activity in parallel 

Table 3. MIC values ​​of AL-MeOH against pathogenic test 
microorganisms

Pathogen Test 
Microorganisms

 MIC values of AL-MeOH 
(mg/mL)

L. monocytogenes ATCC 19115 3.12

S. aureus ATCC 25923 50.00

K. pneumoniae NRRLB 4420 3.12

P. aeruginosa ATCC 11778 6.25

E. faecalis ATCC 51289 6.25

E. coli ATCC 35218 6.25

B. subtilis NRS 744 6.25

E. coli ATCC 25922 6.25

Figure 8. In vitro extract release of N6-AL-MeOH.

Figure 9. Biodegradation of N6 and N6-AL-MeOH nanofibers.
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with the increase in the concentration of plant extracts. The 
results of zone diameters of the disk diffusion test evaluated 
as resistant ≤ 14, moderately sensitive 15-18, and suscepti-
ble ≥19 mm. The highest antimicrobial activity (24±1.25) 
was found in 100 mg/mL concentration of AL-MeOH 
against K. pneumoniae NRRLB 4420. P. aeruginosa ATCC 
11778, E. faecalis ATCC 51289, E. coli ATCC 35213, E. coli 
ATCC 25922 were determined to be sensitive to 100 mg/mL 
Al-MeOH. S. aureus ATCC 25923 and B. subtilis NRS 744 
were found to be resistant. All test microorganisms were 
found resistant to N6 nanofiber. S. aureus ATCC 25923, 
and E. faecalis ATCC 51289 were determined as sensitive 

and the other microorganisms were found to moderate for 
N6-AL-MeOH.

The results of the biofilm inhibitions of S. aureus ATCC 
25923 are shown in Figure 10. The most effective N6-AL-

MeOH group was determined as 96% inhibition for biofilm 
inhibitions of S. aureus ATCC 25923. Following this 2 x 
MIC of the AL-MeOH group was determined 82% biofilm 
inhibition. 

The images of the biofilm structure are shown in Figure 
11. It was determined that the bacteria were attached to the 
N6 nanofiber and did not form a biofilm structure but the 
N6-AL-MeOH nanofiber was not attached for the 6th and 24th h. 

Figure 10. Biofilm inhibition of Staphyllococcus aureus ATCC 25923.

Table 4. The results of the disc diffusion assay

Pathogen Test 
Microorganisms

NC PC N6 N6-AL-MeOH AL-MeOH
(10 mg/mL)

AL-MeOH
(100 mg/mL)

L. monocytogenes 
ATCC 1911

- 25±0.00 10±0.25 15±0.50 12±0.25 19±1.22

S. aureus 
ATCC 25923

- 29±0.95 12±0.20 19±0.75 - 14±0.00

K. pneumoniae 
NRRLB 4420

- 30±1.25 11±0.50 17±1.00 14±0.50 24±1.25

P. aeuruginosa 
ATCC 11778

- 29±1.50 14±0.50 20±0.50 13±0.50 22±0.55

E. faecalis 
ATCC 51289

- 30±0.55 10±0.30 19±0.75 13±0.25 21±0.72

E. coli 
ATCC 35213

- 30±1.52 12±0.20 17±0.50 11±0.75 18±0.5

E. coli 
ATCC 25922

- 31±1.75 11±0.25 16±0.50 14±0.85 21±1.47

B. subtilis 
NRS 744

- 30±0.75 9±0.50 15±0.75 10±0.25 15±1.25

PC: Penicilin G (10 mg/mL). NC dH2O. Resistant ≤ 14. Moderate 15-18. Sensitive ≥ 19
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Akpınar et al. [40] investigated the antibacterial and 
antibiofilm activity of cinnamaldehyde-poly (lactic acid)/
gelatin electrospun nanofibers. The antibacterial activ-
ity of the PLA-Gel-CA nanofibers against S. aureus and 
P. aeruginosa, along with their antibiofilm activity against 
P. aeruginosa, were evaluated. PLA-Gel-CA3 nanofibers 
demonstrated notable antibacterial efficacy against S. 
aureus (31.0 ± 1.20 mm) and P. aeruginosa (16.0 ± 1.20 
mm), along with a significant inhibition of P. aeruginosa 
biofilm formation by 72.2%. These findings indicate the 
potential of cinnamaldehyde-loaded nanofibers for wound 
application owing to their antibacterial and antibiofilm 
activity, as well as their rapid dissolution characteristics.

The application of ½ x MIC of the AL-MeOH group the 
structural integrity of bacterial cells is preserved for 6th h 
but it was determined that the bacterial cell morphology 
was disrupted, the cells shriveled and there was biofilm 
inhibition for 24th h. It was determined that the cells were 
damaged and the cavity formation, fusion of cells, and bio-
film inhibition occurred in the treatment of MIC of the 
AL-MeOH group for 6th h. In addition, it was determined 
that this situation increased even more, cellular structures 
were disrupted and cytoplasm loss was observed in the cell 
at the 24th h. The application of 2 x MIC concentration of 
the AL-MeOH group resulted in a decrease in the number 
of cells, disruption of structural integrity, cell fusion, and 
inhibition of biofilm formation at the 6th h. Moreover, this 
effect intensified, leading to complete deterioration and 
indistinguishability of cellular structures. In contrast, the 
control group exhibited a well-preserved biofilm structure 
in the exopolysaccharide layer at the 6th hour, and a dense 
biofilm structure with cell adhesion was observed at the 24th 
hour.

Bacterial infections are a leading cause of morbidity and 
mortality worldwide. Significant progress is being made in 
microbiological research to control many diseases caused by 
infectious organisms. The MIC value of AL-MeOH deter-
mined against pathogen test microorganisms and antibac-
terial activity has been studied by the disc diffusion assay. 
In addition, it is generally desired that biomedical materials 
have antimicrobial properties against bacterial infections. 
Therefore, the antimicrobial effect of N6 and N6-AL-MeOH 
nanofibers was tested by disc diffusion test. According to 
the test results, the highest antimicrobial activity was found 
in 100 mg/mL concentration of AL-MeOH against K. pneu-
moniae NRRLB 4420. P. aeruginosa ATCC 11778, E. fae-
calis ATCC 51289, E. coli ATCC 35213, and E. coli ATCC 
25922 were determined to be sensitive to 100 mg/mL 
AL-MeOH. S. aureus ATCC 25923 and B. subtilis NRS 744 
were found to be resistant. In the present study, antibiofilm 
activities of Al-MeOH, N6, and N6-AL-MeOH nanofibers were 
tested against biofilm producer S. aureus ATCC 25923. 
Antibiofilm test results revealed that the N6-AL-MeOH and 2 
x MIC concentration of the AL-MeOH group were deter-
mined as 96% and 82% biofilm inhibition, respectively.

The researchers have demonstrated a relationship 
between polyphenols of plant extract with anti-inflamma-
tory, antimicrobial, and antioxidant activity and they stim-
ulate the proliferation and migration of fibroblast cells [30, 
41]. It was suggested that a bioactive substance is responsi-
ble for the antimicrobial properties of AL-MeOH extracts. 
Although the exact mechanisms of its antibacterial action 
are not fully known, several mechanisms have been pro-
posed, including activation of the host immune system, 
rupture of bacterial membranes, and microbial enzyme 
interference [42]. According to the SEM images of the bio-
film structure, bacteria were attached to the N6 nanofiber 
and did not form a biofilm structure but the N6-AL-MeOH 
nanofiber was not attached for the 6th and 24th h. The appli-
cation of extract groups the structural integrity of bacterial 
cells bacterial cell morphology was disrupted and shriveled 
depending on the concentration rate. It was determined that 
the cells were damaged and the cavity formation, fusion of 
cells, and biofilm inhibition occurred in the treatment of 
MIC and 2x MIC of the AL-MeOH group. In addition, it 
was determined that this situation increased even more, 
cellular structures were disrupted and cytoplasm loss was 
observed in the cell at the 24th h. The application of 2 x MIC 
of the AL-MeOH group was observed which decreased 
the number of cells, disruption of structural integrity, the 
fusion of cells, and inhibition of biofilm for 6th h, and this 
situation increased, cellular structures completely deteri-
orated and became indistinguishable. When the control 
group was evaluated, a very well-preserved biofilm struc-
ture was observed in the exopolysaccharide layer.

In a previous study, Hadisi et al. [43] investigated elec-
trospun gelatin-oxidized starch nanofibres containing 
henna extract for the treatment of second-degree burn 
wounds This study demonstrated that the antimicro-
bial activity of the nano matrix can be attributed in part 
to the presence of various phenolic compounds, such as 
2-hydroxy-1,4-naphthoquinone, in the henna extract, 
which can interact with the bacterial cell wall and inactivate 
its function, thus inhibiting microbial growth. Furthermore, 
other studies have demonstrated the efficacy of chemical 
compounds in inhibiting biofilm formation [4]. The anti-
microbial and antioxidant status of four Astragalus species 
were determined [44]. Based on the results of the study, the 
extracts exerted moderate antioxidant and reducing activ-
ity with low phenolic content. The major constituent of the 
extracts was determined to be ferulic acid. The extracts did 
not show any antibacterial activity except P. aeruginosa. In 
another study, Adeli-Sardou et al. [45] investigated the anti-
bacterial and antibiofilm effects of electrospun PCL/gela-
tin/lawsone nanofibres against biofilm-producing bacteria. 
The results of the study demonstrated the favorable anti-
bacterial and antibiofilm properties of lawsone-containing 
scaffolds. Similarly, the results of the present study demon-
strated that AL-MeOH, when loaded into a nanofiber, had 
a marked effect on biofilm inhibition. The findings of the 
present study indicate that the antimicrobial activity of the 
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Figure 11. SEM images of antibiofilm assay against S. aureus ATCC 25923 at 6 and 24 h.
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nanofiber can be attributed, to the presence of various phe-
nolic compounds such as hesperidin, quercetin, and hyper-
oside in the AL-MeOH. These compounds are capable of 
interacting with the bacterial cell wall, thereby inactivating 
its function and inhibiting microbial growth.

CONCLUSION

Astragalus lusitanicus subsp. orientalis plant extract’s 
therapeutic potential in biofilm-associated infections has 
not yet been explored. To our knowledge, this is the first 
report on the biological and chemical study of A. lusitani-
cus subsp. orientalis. Hesperidin, quercetin, and hyperoside 
were determined as the major constituents of plant extract. 
Polycaprolactone/sericin/gelatin and plant extract-loaded 
nanofibers were developed using an electrospinning tech-
nique. Characterization analyses and the in vitro swelling, 
biodegradation, and extract release assays revealed that 
nanofiber and plant extract-loaded nanofiber are useful 
the biomedical applications. Both plant extract and extract-
loaded nanofiber showed antimicrobial activity against 
pathogen test microorganisms. The results showed that 
the nanofibres loaded with the plant extract and the plant 
extract exhibited strong biofilm inhibition of 96% and 82%, 
respectively. Additionally, the results of this work indicate 
that the nanofibers act as promising agents for enhancing 
wound healing and treating surfaces contaminated with 
pathogenic microorganisms. Consequently, this study 
holds promise for the development of novel materials with 
potential antimicrobial properties derived from natural 
sources, thereby offering potential biomedical applications. 
Further studies are required to identify the active com-
pounds responsible for the observed antimicrobial activity. 
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