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Objective(s): Nanofibrous scaffolds have been considered for biomedical 
applications due to their structural and functional versatility. Polyvinyl alcohol 
(PVA) is frequently used in electrospinning, and its characteristics can be 
enhanced by adding substances. This study aimed to produce the fabrication 
of PVA-based nanofibers functionalized with vinyl phosphonic acid (VPA) and 
aloin as bioactive agents and evaluate their physicochemical, mechanical, and 
biological characteristics. 
Methods: Nanofibrous scaffolds were produced through electrospinning using 
optimized conditions of voltage and distance. The scaffolds were analyzed through 
scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy 
(FTIR), water contact angle measurements, tensile strength testing, and BET/BJH 
surface analysis. cell viability was assessed by using MTT assays. The influence of 
VPA (5%) and different aloin concentrations (3 mg and 6 mg) was systematically 
evaluated.
Results: SEM analysis confirmed that the optimized PVA/VPA (5%) nanofibers 
were smooth and bead-free, while the addition of aloin significantly altered 
fiber diameter. FTIR spectra validated the integration of VPA and aloin into 
the nanofibers. Measurements of the water contact angle indicated improved 
hydrophilicity. Mechanical testing revealed that VPA improved tensile strength, 
while aloin reduced it slightly at higher concentrations. BET/BJH analysis indicated 
that VPA increased porosity, whereas aloin's incorporation reduced porosity. MTT 
assays demonstrated enhanced cell viability with optimized aloin concentrations.
Conclusions: The PVA/VPA/Aloin nanofibrous scaffolds demonstrated adaptable 
properties ideal for biomedical uses, with VPA enhancing morphology, strength, 
and hydrophilicity, while aloin contributes bioactive effects dependent on 
its concentration. These scaffolds are promising for nanomedicine, tissue 
engineering and drug delivery.
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INTRODUCTION
Tissue engineering offers a promising 

alternative by employing biomaterials, cells, and 
bioactive substances to repair and regenerate 
injured skin tissue, providing innovative solutions 

to overcome the limitations of traditional 
treatments [1, 2]. Skin tissue traumas, such as 
burns, wounds, surgical incisions, limb ischemia, 
and chronic wounds, pose important challenges 
in clinical practice. Clinical treatments such as 
skin tissue transplantation create an economic, 
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physiological and psychological burden on 
patients, as they often face limitations in efficacy 
due to poor survival rates, especially in extensive 
wounds that require multiple surgeries [3, 4]. On 
the other hand, systemic antibiotics cannot provide 
sufficient local drug concentrations and may cause 
systemic side effects. In addition, conventional 
gauze dressings lack essential properties such as 
gas-liquid exchange, wetting ability, and sustained 
drug release [5-7]. Hence, finding multifunctional 
skin substitutes that combine the properties of 
biocompatibility, biodegradability, breathability, 
water absorption, antibacterial properties, and 
resistance to external stimuli, while enabling easy 
removal without causing tissue damage, is of great 
importance. It is of great importance. One of the 
excellent candidates for engineering skin tissue 
scaffolds to be used for complex drug delivery 
systems is nanofibers [8].

Nanofibers have beneficial features that 
make them highly suitable for wound-healing 
applications. Their framework resembles the 
natural extracellular matrix (ECM), offering 
excellent water uptake, interlinked porosity, airflow, 
and moisture passage, fostering an ideal setting 
for hemostasis, infection control, cell movement, 
growth, respiration, and fluid absorption [9-
11]. The porous network of nanofibers facilitates 
oxygen diffusion to the wound site, while their 
excellent moisture retention ensures a moist 
wound environment, minimizing adhesion to 
damaged tissues. Compared to bulk materials like 
hydrogels, nanofibers’ high porosity and large 
surface area enhance cell activity. In addition, 
their unique physicochemical properties can make 
them powerful drug carriers, capable of delivering 
active substances such as growth factors, cytokines, 
and antimicrobial agents. These drug-loaded 
nanofiber scaffolds promote enhance cellular 
proliferation and migration, hemostasis, stimulate 
angiogenesis, reduce chronic inflammation, inhibit 
scar formation, combat bacterial infections, and 
ultimately accelerate wound healing [12-14].

Natural and synthetic biopolymers are usually 
used to make electrospinning polymer nanofibers 
used in biomedicine. Common synthetic 
biopolymers include PVA, polylactic acid (PLA), 
polylactic-co-glycolic acid (PLGA), and VPA, while 
natural compounds such as chitosan, collagen, and 
cellulose also play significant roles [15]. meanwhile, 
multicomponent nanofibers, created by blending 
distinct polymer solutions, provide perfect 

properties and are fabricated using single-nozzle 
electrospinning systems. These fibers, such as PVA/
hyaluronic acid composites and cellulose/nano-
hydroxyapatite scaffolds, are extensively utilized in 
therapeutic fields, which shows their compatibility 
and effectiveness in various biomedical applications 
[16]. PVA is a synthetic, biocompatible polymer 
with widespread applications in tissue engineering, 
drug delivery, and regenerative medicine due to its 
excellent mechanical properties and mimicry of the 
extracellular matrix (ECM) [17-19]. However, pure 
PVA nanofiber membranes face challenges such 
as low strength, limited cell adhesion, and rapid 
dissolution in aqueous environments, prompting 
the need for modifications through polymer 
composites [18-21].

VPA, a phosphonate compound, complements 
PVA by offering antimicrobial properties, similarity 
to phosphate groups in hydroxyapatite, and 
compatibility for bone tissue engineering [15, 22]. 
VPA and its derivatives have emerged as promising 
compounds in medical research, particularly 
due to their significant antiviral characteristics. 
VPA-based copolymers have demonstrated 
notable effectiveness against viral infections, 
such as influenza, with certain derivatives 
exhibiting potent antiviral efficacy combined 
with minimal cytotoxicity [23]. VPA copolymers 
with 4-acryloylmorpholine significantly reduced 
virus-related mortality in animal studies, 
highlighting their therapeutic potential.  VPA 
polymers have been widely employed in drug 
delivery systems and as functional coatings for 
medical equipment. Their ability to serve as 
carriers for biologically active molecules enhances 
drug efficacy and facilitates controlled release 
mechanisms. Poly (vinylphosphonic acid) also 
exhibits favorable mechanical strength and film-
forming characteristics, making it suitable for 
hydrogel applications in medical delivery systems. 
Additionally, in bone and dental medicine, VPA-
based bisphosphonates have been employed 
as coatings to enhance the integration and 
performance of implants [24, 25].

To further extend the performance of these 
nanofibers, Aloin, a bioactive compound derived 
from Aloe vera, was incorporated into the PVA/
VPA nanofiber system. Research has shown its 
anti-inflammatory properties, as it successfully 
decreased inflammation, supporting its application 
in the treatment of arthritis and other inflammatory 
ailments [26]. Moreover, aloin exhibits strong 
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antimicrobial characteristics, demonstrating 
effectiveness against multiple pathogens, which 
supports its role in wound healing and infection 
prevention [27]. Notably, its anticancer potential has 
garnered significant interest, with research indicating 
that aloin can inhibit tumor growth, making it a 
promising candidate for cancer treatment strategies 
[28].

 The therapeutic potential of aloin is further 
highlighted by its clinical applications. Its capability 
to enhance rapid wound healing is linked to its role 
in stimulating cell proliferation and tissue repair, 
rendering it essential in injury management [27]. 
In gastrointestinal health, aloin functions as a 
laxative and aids in managing digestive disorders, 
while its role in blood sugar regulation suggests 
potential benefits for diabetes management [26, 
27]. Also, it accelerates fibroblast proliferation and 
collagen synthesis, making it a valuable addition to 
tissue engineering [29, 30]. Aloin, has been utilized 
in various pharmaceutical formulations, with 
polymer matrices like PVA, alginate, and chitosan 
demonstrating controlled release capabilities [26, 
31, 32]. By integrating aloin into the electrospun 
PVA/VPA nanofibers, this study aims to develop 
a multifunctional scaffold combining advanced 
structural and bioactive features for therapeutic 
applications. 

This study introduces a novel PVA/VPA 
nanofibrous membrane, that represents the 
first successful synthesis of VPA nanofibers. 
On the other hand, this study also shows the 
first application of VPA in the medical field. 
Combining the strengths of both polymers, the 
research explores the enhanced properties of 
these hybrid membranes. Also, different gelatins 
of aloin extract were loaded in various matrices 
produced by electrospinning solutions containing 
PVA and VPA polymer compounds. The aim of 
this study is to characterize several electrospun 
nanofiber membranes based on PVA and VPA 
loaded with aloin. Types of electrospun VPA/PVA 
nanofiber membranes and types of electrospun 
VPA/PVA nanofiber membranes containing aloin 
in laboratory conditions by SEM, FTIR, Contact 
Angel, Tensile Strength, Brunauer–Emmett–
Teller (BET) are characterized. Finally, MTT was 
performed using Rat L-929 cells to investigate the 
application potential of synthesized nanofibers in 
medical settings and tissue engineering.

MATERIALS AND METHODS
I. Material

Aloin AR grade, was purchased from Sigma-
Aldrich Chemie GmbH, MO, USA and was used as 
a model drug. Polyvinyl alcohol, with a molecular 
weight 72,000 g/mol (99% hydrolyzed), was 
purchased from Siheung, Republic of Korea. N,N-
Dimethylformamide (DMF) and  Vinyl phosphonic 
acid (VPA) (97%) was purchased from TCI Ltd., 
UK. Deionized and distilled water was purchased 
from the local market.

II. Preparation of PVA/VPA/Aloin nanofiber
This study focused on the preparation and 

characterization of PVA, PVA/VPA, and PVA/
VPA/Aloin nanofibers, as summarized in Table 1. 
During the preparation of nanofibers, according 
to the following instructions, VPA and aloin were 
added or removed as needed. PVA powder was 
dissolved in distilled water, while VPA was dissolved 
in deionized water, resulting in two homogeneous 
solutions. The PVA concentration was set at 10% 
w/v, based on prior research, beacuse it provides an 
optimal viscosity for the electrospinning process 
and resulting in smooth and bead-free nanofibers 
[33]. VPA concentrations of 2.5% and 5% w/v were 
used, marking the initial results of fabricating VPA 
nanofibers. These concentrations may be optimal 
for improving mechanical strength or introducing 
specific functional groups without significantly 
altering the fiber formation process. Key parameters 
for the electrospinning process, including a voltage 
of 10 kV and a nozzle-to-collector distance of 10 
cm, were obtained from earlier studies [34]. 

The prepared PVA and VPA solutions were 
combined in a 70:30 ratio and stirred thoroughly 
to achieve a homogeneous polymer blend with 
appropriate concentration at room temperature. 
Then, resulting solution was put into a 5 mL 
syringe with a metallic blunt-ended 18G needle 
as a nozzle using an electrospinning machine 
(FANAVARAN NANO MEGHEIAS, Iran), which 
was connected to a high voltage power supply an 
optimization process was performed to identify the 
optimal electrospinning parameters for PVA/VPA 
nanofiber production. The optimization focused 
on varying voltage levels (18, 20, and 22 kV) and 
the distance between the nozzle and collector (8, 
10, and 12 cm), as detailed in Table 1. Fibers were 
generated at a controlled flow rate of 1 mL/h, with 
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voltage applied to the collector and tip of the device. 
The nanofibers were collected on the collector of 
the device under different voltage and distance 
conditions.

After determining the ideal electrospinning 
conditions, the model drug aloin was included 
in the PVA/VPA polymer solution at different 
concentrations was dissolved in DMF (Table 1). 
The use of two different concentrations allows 
for the optimization and comparison of the 
nanofiber properties such as fiber diameter, 
while maintaining the structural integrity of the 
nanofibers. The polymer solution containing aloin 
was then electrospun under optimized conditions: 
20 kV voltage and 10 cm nozzle-to-collector 
distance. Using the same settings and parameters 
as electrospinning, PVA/VPA/Aloin fibers were 
extruded at a flow rate of 1 ml/h and collected 
on the device’s collector. This process ensured 
the successful fabrication of PVA/VPA/Aloin 
nanofibers, which were subsequently subjected to 
further characterization.

III. Tensile strength
The mechanical properties of the fibers were 

evaluated using a uniaxial tensile strength tester 
(Shimadzu Co., EZ-LX, Kyoto, Japan) following 
the ASTM D3822 standard. Each patch was cut 

with a die of 5 cm length and 1 cm width. The 
thickness of each nanofiber sample was measured 
with a digital micrometer (Mitutoyo, Santa Ana, 
CA, USA). For the test, the sample was secured 
between two clamps, with one clamp fixed and the 
other movable, maintaining a 10 mm gauge length. 
A force of 10 N was applied, and the movable clamp 
was driven at a constant extension rate (CRE) of 15 
mm/min [35, 36].

IV. Contact Angle Measurement
The hydrophilicity of the nanofiber membranes 

was Measured by the contact angle measurement 
technique with the non-settling drop method 
(TGX) at room temperature. Three microliters of 
distilled deionized water droplets were placed on 
the surface of nanofiber fragments, and the contact 
angle was determined with a contact angle meter 
(Digidrop, GBX, Whitestone Way, France). The 
water contact angle values were automatically 
calculated using the software[36, 37].

V. Brunauer-Emmett–T (BET)
In the BET method for physical characterization, 

adsorption-desorption isotherms are used to 
measure surface area, pore size distribution, pore 
volume, pore size and other pore characteristics 
of nanofiber membranes. In this study, surface 

Table 1) Nanofibers synthesis parameters  
 

 
  

Flow 
rates(ml/h) 

Distance (cm)  
Voltage 

(kV)  
aloin 
(mg)  

VPA 5% 
(ml)  

VPA2.5% (ml) PVA 10% (ml) No.  

1 10 10  _  _  _  7.1 1  
1 8 18 __2.1 5 2 
1 10 18 _  _  2.1 5 3 
1 12 18 __2.1 5 4 
1 8 20 __2.1 5 5 
1 10 20 _  _  2.1 5 6 
1 12 20 __2.1 5 7 
1 8 22 __2.1 5 8 
1 10 22 _  _  2.1 5 9 
1 12  22  _  _  2.1  5  10  
1 8 18 _  2.1  _ 5 11 
1 10 18 _  2.1 _  5 12  
1 12 18 _  2.1  _ 5 13 
1 8 20 _  2.1  _ 5 14 
1 10 20 _  2.1 _  5 15  
1 12 20 _  2.1  _ 5 16 
1 8 22 _  2.1  _ 5 17 
1 10 22 _  2.1 _  5 18  
1 12  22  _  2.1  _  5  19  

Optimized parameters of nanofiber  
1 10  20  3  2.1  _  5  20  
1 10  20  6  2.1  _  5  21  

Table 1. Nanofibers synthesis parameters
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and size analyzer with nitrogen (N2) adsorption-
desorption isotherms at 77K under high vacuum 
(NOVA 3200e, Quantachrome Instruments) was 
used [35, 38].

VI. Scanning electron microscope (SEM)
The surface morphology of electrospun 

nanofibers was analyzed by a SEM (JSM-5300, JEOL 
Ltd., Tokyo, Japan). For this purpose, the nanofibers 
were first coated with gold for 30 seconds. In all 
SEM observations, incident electrons from a 10 kV 
high vacuum electron gun were used in the 800x 
magnification range. Image J software (National 
Institutes of Health, USA, version 1.65) was used 
to determine the average diameter and diameter 
distribution of nanofibers [35, 39, 40].

VII. Fourier transform infrared spectroscopy (FTIR)
Chemical interactions within PVA, PVA/VPA, and 

drug-loaded PVA/VPA nanofibers were investigated 
using Fourier transform infrared spectroscopy (FT-
IR, Spectrum GX, PerkinElmer, Inc., Billerica, MA, 
USA) in transmittance, with a range of 400–4000 
cm−1 and a resolution of 1 cm−1 [35, 38].

VIII. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide)

MTT test was used to evaluate cell viability in 
rat fibroblast cell suspension (L929) treated with 
the nanofibers. The nanofibers were sterilized via 
UV light exposure for 2 hours. Sterilized samples 
were placed in 96-well plates, and 100 µL of a cell 
suspension (3 × 10³ cells/well) prepared in cell 
culture medium (DMEM supplemented with 10% 
FBS and 100 U/mL penicillin/streptomycin) was 
seeded onto each well. The samples were incubated 
at 37°C, 5% CO2 and 95% relative humidity, and the 
culture medium was changed every 48 hours after 
incubation for 1, 3 and 7 days. Then, cell viability 
was measured using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-2 H-tetrazolium bromide (MTT) 
assay after 2 h. The absorbance was measured at 560 
nm and the reference wavelength at 630 nm using 
a microplate reader (BioTek, United States). The 
control sample consists of wells without nanofibers 
[41, 42]. This experiment was repeated three times.

RESULTS AND DISCUSSION
A. Characterization of nanofibrous scaffolds
i. SEM

Scanning electron microscopy characterized 
the prepared fibers’ morphology and diameter. 

The diameters of the nanofibers were recorded and 
calculated for 100 randomly selected nanofibers 
from the images using Image J software. In this 
study, the SEM was performed twice. The first time 
was done to determine the proper concentration 
of VPA, the appropriate distance and the proper 
voltage, and the second time was done to determine 
the proper concentration of aloin. In the first SEM, 
it was found that the nanofiber containing 2.5% 
VPA was not completely smooth and had much 
more grains than the nanofiber containing 5% 
VPA. Therefore, the concentration of 5% VPA was 
chosen. These observations are consistent with 
reports that the choice of VPA concentration played 
a critical role in determining the uniformity and 
smoothness of the nanofibers [43]. In other words, 
the addition of charged functional groups, such as 
VPA, improves fiber morphology by enhancing the 
solution’s conductivity and charge density during 
electrospinning.

 PVA/VPA nanofibers (5%) were examined at 
voltages of 18, 20, and 22 and distances of 8, 10, 
and 12 in terms of morphology and lack of grain 
formation in nanofibers, and finally, voltage of 20 
and distance of 10 was selected. Similar studies 
have demonstrated that such parameters critically 
influence fiber morphology, with inappropriate 
settings often leading to bead formation or 
irregular diameters [44].In a comparative analysis 
of various polymers, Leung, L.M. et al  highlight 
that the geometry of the electrospinning setup, 
particularly the nozzle-to-collector distance, 
plays a significant role in fiber formation. Their 
results corroborate earlier findings by indicating 
that increased distances can lead to more chaotic 
fiber deposition and larger fiber diameters, which 
negatively impacts both aesthetic and mechanical 
properties[43].Additionally, many studies support 
the observation that increasing the applied 
voltage reduces fiber diameter due to enhanced jet 
elongation and increased drawing forces .This is 
aligns with the results for fibers produced at 18 kV 
and 22 kV (panels E and F), where thinner fibers 
were observed[44]. The optimized conditions 
in this study further confirm the importance 
of carefully tuning these parameters to achieve 
smooth, uniform fibers

PVA(10%)/VPA (5%) /Aloin nanofibers were 
also made with a voltage of 20 and a distance of 10. 
All the produced samples were cleaned with Aloin 
(3mg), Aloin (6mg), PVA and VPA nanofibers. The 
surface morphology was examined through SEM 
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analysis of the cleaned samples. Five pictures from 
various spots of the same sample were analyzed 
and verified that all fibers were smooth and no 
beads were present, as shown in Fig 1. According 
to the obtained results, it seems that both samples 
containing Aloin (3mg) and Aloin (6mg) are 
suitable for making PVA/VPA (5%)/Aloin 
nanofibers. In the rest of the study, wherever VPA 
is mentioned, it means 5% concentration.

As shown in Fig 1-F, the addition of VPA to 
PVA increases the diameter of nanofibers, but it 
is not significant. On the other hand, adding aloin 
to PVA/VPA significantly increased the diameter 
of nanofibers. This finding was consistent with 
Hikmawati D, et al. study conducted in 2018, 
and the incorporation of aloin in the PVA matrix 
significantly increased the diameter of nanofibers. 
[45]. This can be because the addition of some 
bioactive compounds increases the diameter 
of the fiber due to the change in the viscosity 
of the solution. According to previous articles, 
increasing the amount of aloin reduces the 
diameter of nanofibers [45], and in our study, the 
diameter of PVP/VPA/Aloin (6mg) nanofibers was 
significantly reduced compared to PVP/VPA/Aloin 

(3mg) nanofibers. In this study, due to the toxicity 
of aloin, other amounts of aloin were spared. The 
results indicate that the incorporating aloin into 
electrospun nanofibers significantly affects the 
morphology and diameter of the fibers, leading 
to enhanced functional properties crucial for 
biomedical applications. However, the dual nature 
of aloin as both a beneficial and potentially toxic 
agent underscores the importance of optimizing its 
concentration for safe use. 

ii. FTIR
The FTIR analysis provided insights into the 

chemical interactions within the nanofiber systems. 
The result FTIR of   PVA, PVA/VPA, PVP/VPA/
Aloin (3mg) and PVP/VPA/Aloin (6mg) is shown 
in Fig 2. PVA is produced from the hydrolysis of 
poly (vinyl acetate) and is a copolymer of repeating 
units of vinyl alcohol and vinyl acetate. Although 
hydrolyzed PVA is used to make nanofibers, some 
of the unhydrolyzed acetate groups remain in 
the polymer. In Fig 2-A, the peak at 1728.50 cm-1 
corresponds to the stretching vibrations of the C=O 
groups of the remaining vinyl acetate repeat units 
in PVA. The peak at 2918.42 cm-1 corresponds 

 

Figure 1) SEM. A) PVA. B) nanofiber with a distance of 8 cm  .C) nanofiber with a distance of 10 cm. D) nanofiber with a distance 
of 12 cm. E) nanofiber with a voltage of 18 kV. F) nanofiber with a voltage of 20 kV. G) nanofiber with a voltage of 22 kV. H) 
PVA/VPA (2.5%). I) PVA/VPA (5%). J) PVP/VPA (5%)/Aloin (3mg). K) PVP/VPA (5%)/Aloin (6mg). L) Diameter of nanofibers, 
Polyvinyl alcohol (PVA), vinyl phosphonic acid (VPA), (n = 5, significance level ∗p < 0.5, ∗∗p < 0.01, ∗∗∗p < 0.001). 

Fig. 1. SEM. A) PVA. B) nanofiber with a distance of 8 cm. C) nanofiber with a distance of 10 cm. D) nanofiber with a distance of 12 cm. 
E) nanofiber with a voltage of 18 kV. F) nanofiber with a voltage of 20 kV. G) nanofiber with a voltage of 22 kV. H) PVA/VPA (2.5%). I) 
PVA/VPA (5%). J) PVP/VPA (5%)/Aloin (3mg). K) PVP/VPA (5%)/Aloin (6mg). L) Diameter of nanofibers, Polyvinyl alcohol (PVA), 

vinyl phosphonic acid (VPA), (n = 5, significance level ∗p < 0.5, ∗∗p < 0.01, ∗∗∗p < 0.001).
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Fig. 2. FTIR spectra of A) PVA. B) PVA/VPA. C) PVP/VPA/Aloin (3mg). D) PVP/VPA/Aloin (6mg).
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Fig. 2. FTIR spectra of A) PVA. B) PVA/VPA. C) PVP/VPA/Aloin (3mg). D) PVP/VPA/Aloin (6mg).
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to the antisymmetric stretch of CH2 in the PVA 
sample [46]. In the region of 3500-2750 cm-1, both 
samples with aloin exhibit a significant band linked 
to hydroxyl groups found in phenolic substances 
like anthraquinones [45, 47].  It can be seen that 
there are characteristic signals between 2800 and 
2400 cm-1 in all nanofibers containing VPA, which 
indicates the presence of phosphonic acid. C-H 
stretching and bending signals are observed at 
3000-2800 and 1500-1375 cm-1, respectively [48]. 

In the figure 2-C, the intensity of the -OH peak 
has increased in the region of 3400 cm-1, which 
confirms the presence of Aloin in the nanofiber 
[49]. This can be ascribed to the establishment 
of hydrogen bonds among the elements, and 
when compared to the hydrogen bond in the 
same polymer, two distinct macromolecules will 
generate more robust hydrogen bonds. Our results 
show that the compounds used in the fabrication of 
nanofibers are well integrated into the structure of 
nanofibers.

Moreover, the interaction between aloin and the 
polymer matrix may lead to improved mechanical 
properties and biocompatibility of the nanofibers. 
These findings underscore the role of aloin not only 
as a functional additive in the nanofiber fabrication 
process but also as a crucial factor in modifying 
the molecular interactions within the material, 
resulting in enhanced properties useful in various 

biomedical applications. Overall, the incorporation 
of aloin into PVA-based nanofibers demonstrates 
its capacity to influence the chemical structure 
and improve the interactions within the polymer 
matrix, as visualized through FTIR spectroscopy. 
This insight is essential for optimizing the design 
and functionality of biomaterials employed in 
tissue engineering and drug delivery systems [50].

iii. Tensile strength
The tensile properties of the nanofiber were 

evaluated using a uniaxial tensile strength tester, 
and the stress-strain behavior is presented in Fig 
3. Samples included pure PVA, PVA+VPA, and 
PVA+VPA with Aloin at two concentrations (3 mg 
and 6 mg). The stress-strain curves demonstrated 
significant differences in the mechanical behavior 
of the various formulations. Pure PVA showed a 
gradual increase in stress with strain, reaching a 
maximum stress of approximately 6 MPa at a strain 
of around 25%. This behavior reflects the elastic and 
ductile nature of PVA which can be attributed to the 
polymer ‘s molecular structure and alignment of 
polymer chains during the electrospinning process. 
Koski, A., et al reported that   electrospun pure PVA 
nanofiber exhibited high elongation at break along 
with moderate tensile strength [51]

The addition of VPA significantly increased 
the mechanical properties. The PVA+VPA sample 

 

Figure 3) Tensile strength curves of nanofiber:  PVA, PVA/VPA, and PVA/VPA/ Aloin (3 mg) and (6 mg).  

Fig. 3. Tensile strength curves of nanofiber:  PVA, PVA/VPA, and PVA/VPA/ Aloin (3 mg) and (6 mg).
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reached a peak stress of approximately 28 MPa at a 
lower strain (~6%), followed by a rapid decrease in 
stress, indicating brittle behavior compared to pure 
PVA. This brittleness increases with the addition of 
VPA, contrasting with the ductility of pure PVA. 
Additionally VPA might be acting as a reinforcing 
agent, enhancing strength. This phenomenon can 
be explained by formation of hydrogen bonds 
between the phosphonic acid groups of VPA and 
the hydroxyl groups of PVA. Similar effects have 
been observed in other studies involving acid-
modified PVA nanofibers. Ding ,B,. et al found 
that incorporating phosphonic acid into PVA 
nanofibers enhanced their mechanical strength due 
to increased intermolecular interactions [52].

The PVA+VPA+Aloin (3 mg) sample showed 
peak stress of ~18 MPa at ~9% strain, followed 
by gradual stress relaxation. In contrast, the 
PVA+VPA+Aloin (6 mg) sample showed a peak 
stress of ~15 MPa at ~6% strain but displayed 
a sharp decline in post-peak stress, indicating 
higher aloin content reduces mechanical stability. 
The result demonstrates that the  increased aloin 
concentrations may lead to reduced tensile strength, 
likely due to the combined effects of plasticizing and 
possible disruption of intermolecular interactions 
within the polymer matrix [53]

This is well consistent with the behavior 
reported in the study of Sosiati H, et al. they have 
stated that PVA nanofibers with optimal aloe vera 
concentration (4%) show the highest strength and 
tensile modulus, while at higher concentrations 
(6%) these properties decrease [54]. These 
findings emphasize that choosing the appropriate 
concentration of additives can be very important 
to achieve optimal mechanical properties. Also, 
Jegina S, et al and Kakroodi S, et al confirmed 
that adding compounds such as aloe vera can 
increase the tensile strength and elongation at 
break of PVA nanofibers [53, 55]. However, the 
Aloin-containing samples maintained reasonable 
mechanical properties, with the 3 mg formulation 
demonstrating a balanced combination of strength 
and elongation.The observed mechanical behavior 
can be explained by the interactions between aloin 
and the PVA/VPA matrix. At lower concentrations, 
aloin may enhance the fiber’s ductility and 
flexibility, contributing to improved tensile 
properties. However, at higher concentrations, the 
potential cytotoxic effects of aloin and its influence 
on the viscosity of the electrospinning solution 
may lead to reduced fiber uniformity and increased 

brittleness [56].

iv. Contact angles
The water contact angle measurements 

demonstrate that combining PVA with VPA and 
aloin significantly enhances hydrophilicity in the 
synthesized nanofibers. The reduction in contact 
angle, from 54.8° for pure PVA to 39.7° for PVA/
VPA nanofibers, highlights the hydrophilic nature 
of VPA (Fig 4 A, B). It can be seen that combining 
PVA with VPA can increase the amount of 
hydrophilicity. This improvement can be attributed 
to the presence of phosphonic acid groups within 
VPA, which are known for their ability to form 
strong hydrogen bonds with water molecules, 
thus facilitating enhanced wetting and absorption 
[57]. Also, additional decrease in water contact 
angle for PVA/VPA/Aloin nanofibers (47.6° for 3 
mg and 44.3° for 6 mg) indicates that aloin further 
enhances hydrophilic properties. This observation 
is consistent with previous research showing that 
aloe vera-derived extracts, such as aloin, contribute 
phenolic hydroxyl groups that improve surface 
wettability[58]. 

The results of water contact angle measurements 
showed that PVP/VPA/Aloin (6 mg) is more 
hydrophilic than the other synthesized nanofibers, 
producing a fiber surface that optimized water 
interaction. The increased wettability can facilitate 
better cellular interactions and tissue integration, 
thereby enhancing the overall effectiveness of 
biomaterials in medical applications. Previous 
studies have demonstrated that increased 
wettability not only enhances cell adhesion but also 
promotes nutrient and oxygen diffusion, which 
are critical for tissue regeneration and healing 
[59,60]. Thus, the development of PVA/VPA/Aloin 
nanofibers holds significant promise for advancing 
the field of biomaterials, where surface properties 
play a critical role in determining the performance 
and efficacy of the materials used.

v. BET Surface Area and Pore Characteristics
The surface area and pore characteristics of 

the nanofiber membranes were analyzed using 
nitrogen (N2) adsorption-desorption isotherms 
at 77 K, as shown in Fig. 5. The isotherms for all 
groups demonstrated Type IV behavior, typical 
of mesoporous materials, with a pronounced 
hysteresis loop, indicating capillary condensation 
within the pores. This observation announced that 
the nanofiber membranes contain interconnected 
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Figure 4) Contact angles. A) PVA. B) PVA/VPA. C) PVP/VPA/Aloin (3 mg). D) PVP/VPA/Aloin (6 mg). 
Fig. 4. Contact angles. A) PVA. B) PVA/VPA. C) PVP/VPA/Aloin (3 mg). D) PVP/VPA/Aloin (6 mg).

 

Figure 5) BET Adsorption/desorption of Group 1) PVA , Group 2) PVA /VPA , Group 3: PVA / VPA /  Aloin (3 mg),  Group 4: PVA 
/ VPA / Aloin (6mg) 
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Fig. 5. BET Adsorption/desorption of Group 1) PVA , Group 2) PVA /VPA , Group 3: PVA / VPA /  Aloin (3 mg),  Group 4: PVA / VPA 
/ Aloin (6mg)
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porous structures Table 2. In group 1 with PVA 
10%, the baseline membrane showed the lowest 
surface area and pore volume among the groups, 
consistent with the absence of VPA or Aloin, which 
can influence the polymer structure and porosity. 
In group 2 with PVA 10% / VPA 5%, the addition 
of VPA resulted in a noticeable increase in surface 
area and pore volume, attributed to its role as a 
crosslinking agent, which enhances the porosity of 
the membrane. For Group 3 by PVA 10% /VPA 5% 
/ Aloin 3 mg, the incorporation of 3 mg of Aloin 
slightly reduced the surface area and pore volume 
compared to Group 2, which indicated a partial 
blockage of pores or structural compaction due to 
the incorporation of aloin in the polymer matrix. 
And Group 4 with PVA 10% / VPA 5% /Aloin 6 
mg showed at higher Aloin concentration (6 mg), a 
further reduction in surface area and pore volume 
was observed, likely due to excessive incorporation 
of Aloin, which disrupts the porous structure and 
decreases the overall void space.

 These findings showed that the addition of 
VPA significantly enhances the surface area and 
pore characteristics of the membranes, while the 
inclusion of Aloin results in a trade-off between 
functional modification and porosity [38]. In 
a study by Saravanan, A., et al. it was stated that 
adding natural biomaterials can change the surface 
topography in PVA nanofibers. They acknowledged 
the addition of 5-Fluorouracil increased the 
specific surface, but the addition of composite 
biomaterials decreased the specific surface [61]. 
This behavior is similar to the decrease of the 
specific surface due to the addition of Aloin, which 
can be related to the compaction of the structure. 
The results show that the samples of groups 1 
and 2, which are basic polymers, are mesoporous 
and heterogeneous, and after adding 3 mg and 
6 mg of aloin, the specific surface area increased 
and changed from mesoporous to microporous. 
Almeida, V., et al. discovered that the manipulation 
of additive concentrations in polymer matrices 
could indeed lead to transformations in pore size 
distributions, directly correlating with increased 

functionality while altering the pore characteristics, 
thereby transitioning between mesoporous and 
microporous structures, as observed in their PVA-
alumina composite studies [62].

The pore size distribution of the nanofiber 
membranes was evaluated using the BJH method, 
which analyzes desorption data from nitrogen 
(N₂) isotherms at 77 K. Fig 6 shows the BJH pore 
size distribution curves for the four groups. In 
Group 1 with PVA10%, The baseline membrane 
demonstrated a relatively broad distribution of 
pore sizes focused on smaller diameters. This 
indicates an irregular porous structure due to 
the lack of additives like VPA or Aloin that could 
modify the pore network. In Group 2 with a PVA 
10% / VPA 5%, the incorporation of VPA resulted 
in a noticeable shift in the distribution toward more 
defined mesopores. The pore network became more 
organized, featuring a greater pore volume and an 
enhanced peak in the mesopore range (2–50 nm). 
This behavior can be attributed to the crosslinking 
action of VPA, which improves the interconnected 
porous structure. in Group 3 with PVA 10% /VPA 
5% / Aloin 3 mg, With the addition of 3 mg of 
Aloin, the pore size distribution became narrower, 
and the peak shifted slightly toward smaller pore 
sizes. This indicates that there may be some pore 
obstruction or increased density resulting from 
the integration of Aloin molecules into the pore 
structure. And Group 4 containing PVA 10% / VPA 
5% / Aloin 6 mg, showed an additional decrease in 
both pore volume and size at the concentration of 
6 mg Aloin.

The distribution curve shows diminished 
mesoporosity, likely due to excessive Aloin 
incorporation, which disrupts the porous matrix 
and leads to a denser, less porous structure. in 
this study, the BJH analysis complements the BET 
results, demonstrating the dual role of VPA and 
Aloin in modifying the nanofiber membranes. 
While VPA enhances mesoporosity through 
crosslinking, Aloin’s influence depends on its 
concentration, balancing functional modification 
and structural densification. The maximum pore 

Table 2) The result of BET analysis 
 

  as BET c Total pore volume Vp rP ap 
PVA 8/5043 9/26 0/022042 0/023389 1/85 10/78 
PVA/VPA 13/703 7/8257 0/027723 0/030593 1/85 18/231 
PVA/VPA/Aloin (3mg) 17/351 19/18 0/046778 0/047785 1/21 19/644 
PVA/VPA/Aloin (6mg) 27/006 32/564 0/07145 0/072358 1/85 30/776 

 

Table 2. The result of BET analysis
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Figure 6) BJH pore size distribution curves. Group 1)PVA , Group 2)  PVA / VPA ,  Group 3) PVA / VPA / Aloin (3 mg),  and Group 
4) PVA / VPA / Aloin (6 mg). 

dimensions and their distributions validate the 
existence of mesoporous characteristics across 
all groups, consistent with Type IV isotherms. 
Also, another study conducted by Bozorgi M, 
et al, which was conducted on PVA/Chitosan 
nanofibers with different contents of ZnO-NH2 
nanoparticles, showed that the surface area and 
cavity volume increased with the addition of ZnO-
NH2 nanoparticles up to a concentration of 10% 
by weight [63]. The nanometer dimensions of these 
particles and the improvement of porosity were 
attributed. However, at concentrations higher than 
10% by weight, the surface area decreased, which 
was caused by the accumulation of ZnO-NH2 
nanoparticles and the decrease in the availability 
of active sites, which led to the compaction of 
the structure. Also, the addition of ZnO-NH2 
nanoparticles initially increased the mesopores.

However, at higher concentrations, the porosity 
decreased due to particles’ accumulation in the 
present study, VPA improved the mesopores (type 
IV isotherm) with a prominent hysteresis loop. 

At the same time, the addition of aloin in high 
concentrations caused a change in micropores. 
Also, the size distribution of the pores changed 
with the addition of ZnO-NH2, and initially, larger 
pores were observed, and high concentrations of 
nanoparticles caused an irregular pore structure 
due to the accumulation of particles [63]. However, 
in the present study, BJH analysis showed that 
VPA caused a more regular pore network with 
mesopores, while Aloin caused a narrower 
distribution and reduced pore size due to partial 
blockage or condensation.

vi. MTT
In this study, the cell viability in the 3D 

environment of PVA/VPA nanofibers was 
investigated as the control group, PVP/VPA/
Aloin (3 mg) and PVP/VPA/Aloin (6 mg). 
According to Fig 7-A. On the 6h, PVP/VPA/Aloin 
(3 mg) nanofibers showed improved cell viability 
compared to PVA/VPA nanofibers, likely due to 
the bioactive properties of aloin, which promote 

Fig. 6. BJH pore size distribution curves. Group 1)PVA , Group 2)  PVA / VPA ,  Group 3) PVA / VPA / Aloin (3 mg),  and Group 4) 
PVA / VPA / Aloin (6 mg).
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initial cell proliferation. This observation aligns 
with previous research highlighting aloin’s role in 
enhancing cellular activity in low concentrations 
[64, 65]. Also, in a study conducted by Ghosh, T., 
et al. different concentrations of aloe vera were 
used in PVA nanofibers, and the cytotoxicity 
examination of these nanofibers did not show any 
toxicity for HDF cells [66]. In a study conducted 
by Rafieian, S., et al. they used aloe vera, chitosan, 
and electrospun PVA nanofibers for wound 
dressing applications. They acknowledged that all 
concentrations used in the study were nontoxic to 
fibroblasts. And in most cases, they caused little 
cell proliferation. Although chitosan is non-toxic, it 
cannot significantly increase cell activity, while the 
presence of aloe vera can improve this activity to 
some extent [29] and This can be consistent with 
the results of our study.

 However, the 24h results reveal a nonsignificant 
decline in cell viability in PVP/VPA/Aloin (6 
mg) nanofibers, which can be attributed to aloin’s 
cytotoxic effects at higher concentrations. This 
is consistent with studies by Rajashekar, C.B., et 
al. 2023, showing that elevated levels of phenolic 
compounds can induce oxidative stress and 
cytotoxicity in cell cultures [67]. The slight decline in 
cell viability in PVP/VPA/Aloin (3 mg) nanofibers 
on 24h, though not statistically significant, suggests 
that even moderate aloin concentrations may 
exert cumulative effects over time. The underlying 
mechanisms by which aloin enhances cell viability 
may be attributed to its antioxidant properties, 
which help reduce oxidative stress in cells. This is 

particularly important in the context of cytotoxicity, 
where reactive oxygen species (ROS) can negatively 
impact cell viability[68]. By scavenging these free 
radicals, aloin can protect cells and promote a 
more favorable environment for growth. These 
findings highlight the need to carefully balance 
aloin concentrations in nanofiber formulations 
to harness its bioactive benefits while minimizing 
cytotoxic risks.

CONCLUSION 
This study effectively showed the fabrication 

and enhancement of nanofibrous scaffolds 
containing PVA, VPA, and aloin, attaining a 
balance among structural, mechanical, and 
biological characteristics. The addition of 
VPA significantly improved fiber morphology, 
mechanical strength and hydrophilicity. While 
aloin offered bioactive features with concentration-
dependent effects on fiber diameter, porosity, and 
biocompatibility. Significantly, the addition of 
aloin enhanced initial cell viability but required 
careful concentration control to reduce cytotoxic 
effects. These nanofibrous scaffolds offer promising 
potential for applications in wound healing, tissue 
engineering, and controlled drug delivery systems. 
Future studies should further explore the long-
term in vivo effectiveness and adjustment of aloin 
levels to maximize therapeutic efficacy and safety.

ABBREVIATIONS
PVA: Polyvinyl alcohol 
VPA: vinyl phosphonic acid

 
Figure 7) Cell viability. A) 1th. B) 3th. C) 5th. PVA 10%, VPA  5%, PVA 10%, VPA  5%, Aloin (3 mg), PVA 10%, VPA 5%, Aloin 
(6 mg). (n = 5, significance level ∗p < 0.5, ∗∗p < 0.01, ∗∗∗p < 0.001). 

Fig. 7. Cell viability. A) 1th. B) 3th. C) 5th. PVA 10%, VPA  5%, PVA 10%, VPA  5%, Aloin (3 mg), PVA 10%, VPA 5%, Aloin (6 mg). 
(n = 5, significance level ∗p < 0.5, ∗∗p < 0.01, ∗∗∗p < 0.001).
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SEM: scanning electron microscopy
FTIR: Fourier-transform infrared spectroscopy
ECM: Extracellular matrix
PLA: Polylactic acid
PLGA: Polylactic-co-glycolic acid
BET: Brunauer–Emmett–Teller
DMF: N, N-Dimethylformamide 
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