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Abstract

This study aimed to investigate parameters affecting the electrospinning of poly (vinyl alcohol) (PVA)/kefiran composite
nanofibers. Accordingly, PVA/kefiran composite nanofibers were produced using the electrospinning of PVA, kefiran blend
solutions under various electrospinning parameters (such as applied voltage, nozzle-to-collector distance, and polymer injec-
tion rate), and solution parameters (such as the ratio of polymers). PVA and kefiran solutions were prepared in 8% and 6%
w/w, respectively. Kefiran was blended with PVA solution in different proportions: 70:30, 60:40, 50:50, 40:60, and 30:70.
According to the scanning electron microscope (SEM) images, kefiran mixed with PVA in 40:60 ratios produced the best
result in nanofiber production. Then, device parameters such as voltage (12, 15, 18, and 20 kV), distance (120, 150, 170,
and 200 mm), and polymer injection rates (1, 1.5, 2, and 2.5 mL/h) were changed. The investigation of SEM images showed
that the optimal condition for the fabrication of nanofibers was 18 kV, 200 mm, and 1 mL/h. The nanofibers produced in the
optimal condition were uniform without knots or adhesion in a small diameter. It was also found that concentration can be
regarded as the most effective parameter affecting the diameter of nanofibers. Moreover, the transmission electron microscopy
(TEM) image proved that phase separation did not occur between the two polymers.
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1 Introduction

The electrospinning technique has attracted considerable
attention in academic and industrial societies due to its
easy and efficient capacity to produce nanofibers [1-3].
Obtained nanofibers from this technique have different
uses in medical, tissue engineering, drug delivery, filtra-
tion, preservative coatings, catalytic reactions, sensors, and
lithium-ion batteries [4—12]. Different types of polymers
are electrospinned to nanofibers, but the replacement of
raw materials of petrochemical products with agricultural
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and microbial products is highly desirable due to health
and environmental issues. Many biopolymers, such as cel-
lulose, chitosan, and collagen, have been electrospinned
successfully [13—16]. Many biopolymers have been dis-
solved and electrospuninned with harmful solvents such
as hydrochloric acid and chloroform. As a result, the pres-
ence of harmless solvents that are in good agreement with
biopolymers is required for fiber production. Hence, in line
with the goals of green chemistry, we decided to use poly.
(vinyl alcohol) (PVA) and kefiran mixture as soluble poly-
mers in water for the first time.

Kefir is edible acid-alcohol fermented milk that can be
easily produced from mixing kefir grains and yeasts with
fresh milk at room temperature. The antimicrobial com-
position and anti-inflammatory action of kefir can make it
a good inhibitor of the “cytokine storm” and thus protect
us from the COVID-19 disease [17]; hence, further modi-
fication of kefir and the fabrication of different materials
and composites can be important to the development of a
suitable efficacious antiviral drug to treat infected patients
[18]. Kefir grain consists of water-soluble exopolysaccharide
kefiran, which consists of equivalent amounts of galactose
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and glucose [19]. Kefiran is a green and pharmaceutical
biopolymer which has an immune system modification with
antibacterial, antifungal, antitumor, and anti-inflammatory
activities [20, 21]. Kefiran nanofibers have been previously
electrospinned singly, and the electrospinnability of different
solutions of kefiran has been discussed [22]. But it seems
that due to the high solubility of produced kefiran nanofibers
in water and their frangibility, it is essential to combine it
with other polymers and prepare suitable composites.

The studies thus far have proved that biodegradable
polymer-based composite structures are best to be used in
food industries and medical applications [23]. Composite
polymer nanofibers have attracted a lot of interest for use
in various biomedical and food packaging applications in
the last decade [24, 25]. Owing to the abundance and low
cost of polysaccharides, the composite nanofibers, made
out of these natural polymers (e.g., cellulose, chitosan)
together with biodegradable synthetic polymers (e.g.,
PLA, PVA), are suitable to be used in food packaging
materials [26, 27]. For instance, Jenab et al. fabricated
kefiran/polyethylene oxide nanofibers for food packaging
[28]; however, to the best of our knowledge, other com-
posite nanofibers of kefiran have not been fabricated so far.

PVA is one of the first artificial test polymers used to
make artificial cartilage, implants, artificial cornea, wound
healing, artificial skin, and controlled release drugs [29-31].
This polymer is a biocompatible, biodegradable, and non-
toxic polymer; it is a carrier for medication and has a good
chemical and biological resistance, high tensile strength,
hydrophilicity, and high ability to form fibers [9]. Different
composite nanofibers of PVA with natural structure such
as gum [32], chitosan [33], cellulose [34], collagen [35],
and keratin [36] have been fabricated by the electrospinning
method in order to improve mechanical properties, elec-
trospinability, tensile strength, and chemical resistance of
biopolymers [37]. Nano-structures such as nano-films from
PVA and kefiran polymer mixtures have been also synthe-
sized [38]; yet, a study on the preparation of kefiran/PVA
composite nanofibers was conducted by our research group
for the first time promising to introduce novel antibacterial
and antiviral coating and films based on kefiran nanofibers
for application in the medicine, drug, and food industries
especially milk packaging industry [39]. Following our pre-
vious work, we planned to examine the effect of different
parameters on the fabrication and morphology of kefiran/
PVA composite nanofibers. Various parameters are effective
in converting polymer to nanofibers via the electrospinning
method, including (1) solution parameters such as concen-
tration, molecular weight, viscosity, elasticity, conductivity,
and surface tension; (2) device parameters (variables) such
as high voltage, the distance between the tip of the nozzle,
injection rate of polymer, and drum speed; and (3) environ-
mental parameters such as temperature, humidity, and air

velocity in the device [40, 41]. Herein, different effective
parameters in the production of nanofibers, three parame-
ters of the process (voltage, distance, injection rate), and the
mixing ratio of two polymers as solution parameters were
investigated. The aim of verifying parameters is to produce
the finest nanofibers possible without knot or adhesion and
achieve the lowest diameter of nanofibers.

2 Experimental
2.1 Activation of kefir grains

Kefir grains were bought from a household shop in Tehran,
Iran. One hundred grams of kefir grains was cultured in
800 mL skimmed milk in a glass container with a closed
sealed door at room temperature in the dark for 24 h.
Afterwards, the milk which was fermented by kefir was
separated from grains. The grains were washed in water
and cultured in fresh milk again. This procedure was done
several times for 15 days in order to activate grains.

2.2 Extraction, purification, and isolation of kefiran

A weighed amount of cultured kefir grains was treated in
boiling distilled water with the weight ratio of 1:10 for
30 min with continuous stirring. The obtained mixture
was centrifuged (at 10,000 rpm) for 20 min at 20 °C. The
polysaccharide in the supernatant was precipitated by add-
ing two volumes of cold ethanol (96%, Merck) and left
overnight at 20°C. After 24 h, the obtained mixture was
centrifuged for 20 min at 4°C. Thereafter, the pellets were
dissolved in hot water and the precipitation process was
repeated twice. Finally, the precipitate was heated at 60 °C
in the oven for 48 h to obtain dried kefiran.

2.3 Preparation of kefiran solution

Dried kefiran polymer (0.15 g) was added to 5 mL boiling
distilled water and was stirred by a magnetic mixer for 3 h at
90 °C in order to achieve a homogeneous solution of kefiran.
Then, 3% w/w of kefiran solution was obtained. The other
concentrations of kefiran solution were prepared in the same
method.

2.4 Preparation of blended PVA/kefiran polymeric
solution

PVA powder (Mw = 88,000 g mol~", 88% hydrolyzed) was
purchased from Sigma. Eight grams of the PVA powder was
dissolved in 100 mL distilled water (8% w/w) at 60°C and
was stirred to obtain a homogeneous solution. PVA solution
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and kefiran solutions (in different concentration) were mixed
together slowly using a magnetic stirrer at 100 °C for 3 h in
different proportions. Also, 4% w/w Tween 80 surfactant
was added to these mixtures in order to gain a homogenous
solution, to decrease the surface tension of obtained mix-
tures, to have a continuous electrospinning process, and to
create fine and smooth fibers.

2.5 Electrospinning process

The electrospinning process was carried out using Electro-
ris (Fanavaran Nano Meghyas Ltd., Co., Tehran, Iran). This
machine includes controllable high-voltage power supply
with output capability 0-35 kV direct current (DC) and
0-2 mA to charge the polymer solution across the needle, a
syringe pump with a precision of 0.01 pL/h injection rate,
and a stainless-steel collector with a rotation speed up to
3500 rpm wrapped by aluminum foil during the electrospin-
ning process. A typical syringe (5 mL) was used to inject
the polymer solution, and the 18-gauge needle was used as a
nozzle. Different electrospinning conditions were conducted
by changing the main parameters including polymer/kefiran
proportion, applied voltage, nozzle-to-collector distance,
and injection rate.

2.6 Characterization

The nanofibers obtained on the aluminum foil mounted
on the rotating drum were used for further analysis. Foil
(3 mm x 3 mm pieces) was cut and coated with gold (sput-
ter coater Bal-Tech, 005 SCD, USA). The pieces were
sandwiched with carbon adhesive on a sample holder using
a scanning electron microscope (Philips XL30 model,
USA) at an accelerating voltage of 25 kV. Microstructure
Measurement Software was used to measure the diame-
ters of 20 nanofibers of each SEM image. The obtained
information was entered into the 2010 Microsoft Office
Excel and Origin program to draw the distribution diagram
of nanofibers. An optical microscopy image of solution
was obtained by an Optical microscope (Labomed Lx500,
USA). The homogeneity of the structure was character-
ized by transmission electron microscopy (TEM, EM10C,
Zeiss). The samples for TEM observation were prepared
in the following manner. First, nanofibers were collected
on a glass slide ensuring that fibers were fluffily placed
on the glass slide instead of winding firmly. Second, the
carbon-coated copper grids were gently held with delicate
tweezers on the collector to directly obtain a thin layer of
fibers while rubbing back and forth on it.

Table 1 The effect of different

- Sample SEM Voltage (k)  Injection Kefiran/PVA pro- Nozzle to drum  Nanofib-
parameters on diameters of image rate (mL/h) portion (% w/w)  distance (mm) ers diameter
panoﬁbers extracted from SEM (Fig.) (nm + SD)
images

a 1. a. 15 2 30/70 150 475+45
b 1.b. 15 2 40/60 150 50055
c l.c. 15 2 50/50 150 538+58
d 1.d. 15 2 60/40 150 653+42
e l.e. 15 2 70/30 150 766 +43
f 2. a. 12 2 40/60 150 646 +49
g 2.b. 15 2 40/60 150 500+55
h 2.c. 18 2 40/60 150 482+ 57
i 2.d. 20 2 40/60 150 452 +44
j 3.a. 18 2 40/60 120 488 +45
k 3.b. 18 2 40/60 150 482+ 57
1 3.c. 18 2 40/60 170 398+42
m 3.d. 18 2 40/60 200 385+56
n 4. a. 18 1 40/60 200 305+35
o 4.b. 18 1.5 40/60 200 343+29
p 4.c. 18 2 40/60 200 385+56
q 4.d. 18 2.5 40/60 200 12+459

SD standard deviations
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3 Result and discussion
3.1 Electrospinning of kefiran/PVA nanofiber

To prepare an electrospinning solution, a PVA solution
(8% w/w) was prepared. For this purpose, the polymer
was dissolved in water as a green solvent along with stir-
ring in high temperature to obtain a uniform and homog-
enous solution. According to our previous study, 8% w/w
of PVA in water is the most appropriate concentration for
PVA electrospinning [39]. The electrospinning of this
polymer solution was done successfully in electrospin-
ning conditions as follows: nozzle-to-collector distance of
120 mm, voltage of 12 kV, and injection rate of 1 mL/h.
The obtained nanofibers were continuous and uniform with
the average diameter of 254 nm. The sole purpose of the
PVA electrospinning was to study the effect of kefiran addi-
tion to the morphology and mean diameter of PVA nanofib-
ers. Faridi et al. electrospinned kefiran singly and studied
the effects of parameters on the electrospinning of kefiran
[22]. Their study showed that by increasing the kefiran
concentration up to 4% wt, beadless and uniform fibers
were formed, so in order to produce a polymer mixture
with a suitable concentration for electrospinning, 8% PVA.

solution and 6% kefiran solutions were provided. At first,
these polymers were mixed with a weight ratio of 50:50
under stirring to obtain a uniform solution. The resulting
blends were tested in an Electroris device for spinning in the
reference condition that PVA electrospinned (D =120 mm,
V=12 kV, IR=1 mL/h). In these conditions, no electro-
spinning jet was formed and nanofibers did not appear,
although after a few minutes, the phase separation between
the polymers was observed in the syringe. For this reason,
to reduce the surface tension of the resulting mixture and to
have a homogenous solution, 4% wt Tween 80 surfactant was
added to the PVA/kefiran solution. After mixing the poly-
mers with the surfactant, the nanofibers were formed, but
the polymer jet was not continuous. Rising the temperature
to 40 °C improved the nanofibers production. To evaluate
the effect of different parameters such as the mixing ratio
of two polymers, voltage, nozzle-to-collector distance, and
the rate of polymer injection on the nanofibers morphology
and diameters, experiments were designed on at a time. For
this purpose, one of parameters was changed in five differ-
ent levels and other parameters were fixed in the reference
condition. Table 1 (samples a—q) summarizes experiments
conducted in this study to investigate the electrospinnability
of PVA/kefiran solution in different conditions. All experi-
ments produced nanofibers and were characterized with
SEM analysis. The SEM image of nanofibers was opened in
Microstructure Measurement Software. Then, the diameters
of about 20 nanofibers were measured one by one in each

Fig. 1 SEM image of kefiran/PVA nanofiber in different proportions: »
a 30/70, b 40/60, ¢ 50/50, d 60/40, and e 70/30% W/W in 15 kV volt-
age, 2 mL/h injection rate, and 150 mm nozzle-to-drum distance

image. The produced data were transferred to Origin soft-
ware, and the histogram of diameter distribution was drawn.
The mean nanofiber diameters (nm) and standard devia-
tions (SD) that were extracted from SEM images using the
abovementioned software are presented in Table 1. Optimal
conditions were determined based on the morphology and
diameter of nanofibers in SEM images. The best nanofibers
have a fine and smooth morphology and lowest diameter
with narrow distribution and without any adhesion or knots.

3.2 Effect of kefiran/PVA proportion

In order to study the effect of kefiran proportion on
nanofiber morphology, 6% concentration of kefiran was
prepared in water and mixed with 8% PVA in different
proportions (30/70, 40/60, 50/50, 60/40, 70/30% w/w kefi-
ran/PVA). The obtained solutions were introduced into
the syringe and placed in an electrospinning apparatus.
Electrospinning conditions in all experiments (Table 1
(a—e)) were as follows: the nozzle-to-collector distance
of 150 mm, the voltage of 15 kV, and the injection rate
of 2 mL/h.

As can be seen in Fig. 1, nanofibers were produced
successfully in different proportions of PVA/kefiran.
Nanofiber diameter increased with the increase of kefi-
ran proportion from 475 to 766 nm (Table 1 (a—e)).
When the PVA/kefiran proportion was 70/30, the thick-
est nanofibers with some knots were produced. While in
60/40, adhesions between nanofibers were seen clearly
in a large amount. The proportion of 50/50 and 30/70
also had some adhesions. Therefore, we decided to use
40/60 proportion as optimum kefiran/PVA proportion in
the subsequent experiments.

3.3 Effect of applied voltage on nanofiber diameter

Considering the impact of the voltage on the diameter
of the nanofibers, it was decided to investigate the effect
of voltage on the diameter of the kefiran/PVA compos-
ite nanofibers. To do so, different amounts of voltages
(12, 15, 18, and 20 kV) were applied between nozzles
and collectors. Figure 2 a—d show the SEM images of
these nanofibers respectively, and the mean diameter of
nanofibers are presented in Table 1 (f—i). Figure 2 proves
that the diameter of nanofibers decreased as the voltage
increased. The lowest diameter of kefiran/PVA compos-
ite nanofibers was related to 20 kV, but these nanofibers
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Fig.2 SEM image of kefiran/PVA nanofiber in different voltages: a 12, b 15, ¢ 18, and d 20 kV in 40/60% w/w, 2 mL/h injection rate, and

150 mm nozzle-to-drum distance
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Fig.5 Optical microscopic image of PVA/kefiran solutions with different magnification

had irregular diameter distributions and some very thick
nanofibers were produced. Thus, 18 kV was the optimum
voltage for the production of kefiran/PVA composite
nanofibers.

3.4 Effect of tip-to-collector distance on nanofibers
diameter

One of the factors affecting the diameter of nanofibers and
their morphology is the distance between the nozzle and
collector. The nozzle-to-collector distance was changed
from 120 to 200 mm in a concentration of 6% kefiran,
a mixing ratio of 40/60 kefiran/PVA polymers, applied
voltage of 18 kV, and the injection rate of 2 mL/h SEM
images; the diameter distributions of these nanofibers
are shown in Fig. 3. And their mean diameter is shown
in Table 1 (j—m). Figure 3 shows that in all conditions,
soft, homogenous, and uniform nanofibers were produced.
Moreover, the diameter of the nanofibers reduced as the
distance increased.

3.5 Effect of polymer injection rate on nanofiber
diameter

The effect of injection rate of polymer from nozzle to drum
is shown in Fig. 4. Also, the mean diameters of nanofibers
obtained from SEM images are shown in Table 1.

These images show that an increase in the mean diameter
of the nanofibers occurred by increasing the injection rate.
When the rate (polymer outlet speed) increased, the polymer
jet had less time to be thrown from the nozzle to the drum

@ Springer

as well as to dry up; thus, the diameter of the nanofibers
increased. When the rate was the lowest, the polymer jet had
enough time to be created; hence, thinner fibers with larger
surface-to-volume ratio were produced.

3.6 Preparation of optimum kefiran/PVA composite
nanofibers

By exegesis of SEM images, we can conclude that the
optimum conditions of electrospinning parameters for the
fabrication of kefiran/PVA nanofibers include the optimum
voltage of 18 kV, the optimal distance of 200 mm, and the
injection rate of 1 mL/h when the concentrations of kefiran
and PVA are 6% and 8%, respectively, with a mixing ratio

Fig. 6 Macroscopic image of kefiran/PVA nanofibers
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Fig.7 Transmission electron microscopy (TEM) image of kefiran/PVA nanofibers with different magnification

of 40/60 w/w of kefiran/PVA polymers and the rotation of
the drum in 375 rpm rotary speed.

In this concentration, a homogenous solution was
prepared with the addition of 4% w/v of Tween 80. The
homogeneity of PVA/kefiran blend solution was examined
by optical microscope (Fig. 5). As is shown in Fig. 5, the
40/60 w/w of kefiran/PVA blend solution is fine, homog-
enous, and transparent without phase separation. On these
conditions, the finest, homogenous, soft nanofibers with a
mean diameter of 305 nm (Table 1 (n)) were fabricated. Not
any knot or adhesion could be seen in the morphology of
nanofibers. In addition, uniform distribution of nanofibers
was observed. The nanofibers were collected for 4 h on foil
and then removed from the foil. Figure 6 represents a mac-
roscopic image of obtained nanofibers. As can be seen, it is
stable, freestanding with a membrane-like appearance. The
thickness of membrane was about 240 +2 micron. These
nanostructures can be used as a coating on the food package,
drugs, fabric, wound adhesive, carrier of medicine, patches,
and filter. The transmission electron microscopy (TEM)
image of kefiran/PVA composite nanofibers is shown in
Fig. 7. The TEM image proves the homogeneity of nanofib-
ers without any phase separation (Fig. 7).

4 Conclusion

The fabrications of kefiran/PVA composite nanofibers
were carried out using the electrospinning method, and
the effective parameters such as polymers mixing ratio,
voltage, distance, and injection rate of the solution were
changed to study their effects on the morphology and

diameters of nanofibers. All conditions were character-
ized using SEM and size distributions, and diameters
were calculated using Origin and Microsoft Measure-
ment software. The results showed that the common
solvent of PVA and kefiran was distilled water, so a
blend solution was prepared by mixing PVA and kefiran
polymers in water as a green solvent. Different propor-
tions of polymers were examined for the electrospinning
process. Adding kefiran solution to PVA solution up to
70% w/w was possible. Thus, increasing the tempera-
ture of the chamber makes it easy to produce kefiran/
PVA nanofibers through the electrospinning process.
Electrospun kefiran/PVA composite nanofibers had an
average diameter of about 305 nm. Results showed that
the diameter of kefiran/PVA nanofibers was higher than
pure PVA nanofibers. The diameter of kefiran/PVA com-
posite nanofibers increased as the content of kefiran in
the spinning solution rose. Moreover, an increase in the
applied voltage led to a decrease in the diameter of the
nanofibers, and excessive overvoltage resulted in the for-
mation of adhesion, knot creation, and a lack of uniform
distribution of the diameters. Finally, it was observed
that increasing the injection rate of polymer solution
significantly increased the diameter of polyvinyl alco-
hol/kefiran nanofibers. The TEM image also proved that
phase separation between two polymers did not occur.
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