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ARTICLE INFO ABSTRACT

Keywords: This work reports on the development of fibers based on natural mango kernel starch (MKS) with diameters in
Mango kernel starch the nanoscalse by means of the electrospinning technique. MKS was extracted from mango kernels and two
PVA synthetic polymers, namely polyvinyl alcohol (PVA) and polyvinylpyrrolidone (PVP), were blended with MKS in
E;ﬁtmspinning order to improve its spinnability, obtaining MKS/PVA and MKS/PVP fibers with a 10 wt% of total polymer
Nanofibers concentration. Several electrospinning conditions (voltage and flux) were tested in solutions of MKS concen-

trations ranging from 0 to 5 wt% for both group of fibers. The morphology of all the fibers was evaluated by field
emission scanning electron microscopy (FESEM) and their topography was analysed by means of atomic force
microscopy (AFM). MKS/PVA nanofibers were obtained with a diameter range from 0.146 to 0.315 pm, with a
“smooth fiber concentration threshold” of 3 wt%, while MKS/PVP, fibers with diameters from 0.080 to 0.339 pm
were produced, but 5 wt% MKS concentration fibers were beaded fibers, as a result of an excess in starch
concentration. Finally, the roughness of the optimal fibers showed quite a similar trend to that of fiber diameter,

presenting roughnessess between 80 and 343 nm.

1. Introduction

In the last decade, nanomaterials have attracted great attention, as
they have allowed to improve and modernize all sorts of industries,
including food, medicine, pharmaceutical, cosmetics, electronics, en-
ergies, etc. [1-4]. Among all the nanostructures available in the field of
nanomaterials, nanofibers are especially interesting due to their excel-
lent mechanical performance, encapsulation efficiency, high surface
area and ease of processability [5]. There are several methods to pro-
duce nanofibers, namely rotary spinning, self-assembly, electrospinning
or wet spinning, which have been used to obtain fibers in the micro or
nano scale [6]. In this context, electrospinning is the most common and
effective methodology to fabricate nanofibers due to its simplicity and
its ability to control the morphology of the fibers depending on the
application they are destined for.

In this sense, the popularity of the electrospinning process has
increased in recent years. The electrospinning technique makes use of
electrostatic forces to produce electrically charged jets from viscoelastic
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polymer solutions that upon drying, by the evaporation of the solvent [7,
8]. It is a process that allows to produce fibers in the submicron range,
this feat would be rather difficult by using standard mechanical
fiber-spinning techniques [9,10]. The properties of the electrospun
nanofibers such as diameter and shape can be manipulated through the
variation of the parameters of the electrospinning process. These fibers
have great potential to be used in technological fields such as analytical
chemistry, tissue engineering and drug delivery, among others [11-13].
This technique has proved to be especially useful in the fabrication of
polymer scaffolds, and it has explored several avenues regarding the use
of both synthetic and natural polymers. Particularly, natural polymers
are of great interest as a result of their intrinsic properties in terms of
biocompatibility, biodegradability, non-toxicity and efficient bioactivity
responses towards several animal models [14], which makes them very
attractive for biomedicine. These polymers are generally derived from
animal and plant sources [15]. Polymers such as starch, xylan or cellu-
lose [16] are plant-derived polymers, while chitin/chitosan, collagen or
hyaluronan are animal-derived polymers [17]. Lately, the use of starch
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Fig. 1. Morphology of the mango kernel starch (MKS): a) FESEM image at 1000x magnification of the mango kernel starch particles; b) Histogram of the length of

the MKS particles; ¢) Histogram of the diameter of the MKS particles.

in electrospinning has increased, especially in combination with syn-
thetic polymers.

Starch is one of the most important natural polymers, being the
second largest source of biomass just after cellulose [17]. It is a
homo-polysaccharide which is compounded of glucose molecules linked
by glycosidic bonds [18], whose main constituents are amylose and
amylopectin. This polymer has been widely used in lots of industries
thanks to its renewability, biodegradability, biocompatibility and its low
cost [19]. It can be obtained from several vegetal sources, such as potato
[20], rice [21], maize [22], pea [23] and other several fruits and veg-
etables like cassava [24].

Among all tropical fruits, mango is one of the most popular [25]. The
processing of this fruit generates 25-40% of waste [26], considering
peels and kernels, which stands for a great opportunity of reutilizing
them under a circular economy concept. Mango kernels from different
cultivars have been reported to possess a 74-75% content in poly-
saccharides, being 60% starch, 9-13% fat content, 6-9% proteins and
2-3% ash [27]. This makes mango kernel the optimal source from which
starch can be extracted. Mango kernel starch (MKS) has been reported to
present amylose contents between 15 and 30 wt% [28].

In spite of their great advantages, some of the main drawbacks of
natural polymers are their poor solubility, poor tensile strength and high
surface tension [29,30], which makes starch a poor electrospun fiber
forming agent, being its fibers brittle and water-sensitive [17,31]. In
order to overcome this problem, there are two main available paths. On
the one hand, modifying chemically and physically native starch by
reactions like crosslinking or substitutions with reporter molecules and
biomolecules, which result in pre-gelatinization [32]. On the other
hand, blending starch with linear-chain synthetic polymers is another
approach that can improve the spinnability of the solutions [17]. Some
of the polymers that have been explored in combination with starch are
poly(caprolactone) [33], poly(ethylene oxide) [34], poly(lactic acid)
[35], poly(lactide-co-glycolide) [36] or poly(vinyl alcohol) [37].

Polyvinyl alcohol (PVA) is a hydrophilic semi-crystalline synthetic
polymer which has great application in the fabrication of fibers for food

industry [23,38] and biomedical issues such as tissue engineering or
drug delivery due to its chemical and thermal stability, biocompatibility
and hydrophilicity [39]. Furthermore, it presents great processability,
nontoxicity and water-solubility, providing it with excellent spinn-
ability, which is perfect for enhancing the poor spinnability of natural
polymers like starch. Milasius et al. [40] investigated the production of
composite fibers made of potato starch and PVA by electrospinning
using water and ethanol as solvents. Woranuch et al. [41] studied the
synthesis of rice starch/PVA nanofibers by electrospinning in alkaline
solution conditions, obtaining very thin fibers of diameters between 36
and 151 nm.

Polyvinylpyrrolidone (PVP) is another synthetic polymer that has
been gaining importance over the years in the production of nanofibers.
PVP possesses amphiphilicity, thanks to the polarity of its lactam group,
making it hydrophilic, and the chemical nature of its non-polar methy-
lene moiety, providing it with lipophilicity [42]. This polymer has found
utility in several “biocompatible” applications, such as several drug
delivery systems, as a result of its solubility in water and different
organic solvents, wide availability, chemical stability, nontoxicity and
biocompatibility [43]. PVP has also received great attention from the
food, cosmetic and textile industries [44]. Dai et al. [45] blended PVP
with emodin, an extract of polygonum cuspidate, a medicinal plant, to
make drug carrier nanofibers by electrospinning and use them as a novel
drug delivery system.

The aim of this study is to produce totally biocompatible nanofibers
with great natural content, based on starch extracted from mango kernel
coming from wastes of the mango industry. These fibers will be produces
by electrospinning. Interestingly, there has not been any research study
regarding the use of mango kernel starch (MKS) for electrospinning of
nanofibers. Considering the low spinnability of MKS, two synthetic
polymers will be used to produce blend solutions, namely PVA and PVP.
On the one hand, different solutions of MKS/PVA,with distilled water as
a solvent in order to make them as natural as possible, varying the
concentration of starch from 0 to 5 wt%, will be electrospun under
several electrospinning conditions. On the other hand, another set of
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Summary of compositions, experiment conditions and evaluation of the electrospun nanofibers preliminary studies according to the composition of the fibers, voltage
(V), distance between the injector and the collector (D) and flux (F).

Sample Starch (wt.%) PVA (wt.%) PVP (wt.%) Solvent V (kV) D (cm) F (mL/h) Fiber evaluation
P1 2 8 0 Water 25 15 0.2 Smooth fibers
P2 2 8 0 Water 27 15 0.15 Smooth fibers
P3 2 8 0 Water 30 15 0.15 Smooth fibers
P4 2 8 0 Water 30 18 0.15 Poor fibers
P5 8 2 0 Water/ethanol” 20 15 0.45 -

P6 8 2 0 Water/ethanol” 20 18 0.75 Particles

P7 8 2 0 Water/ethanol” 25 15 0.35 Particles

P8 10 0 0 Water/ethanol” 18 15 0.55 Particles

P9 10 0 0 Water/ethanol” 20 18 0.75 Particles

P10 10 0 0 Water/ethanol” 23 13 0.45 -

P11 0 0 10 Water 20 15 0.15 Beaded fibers
P12 0 0 10 Water 24 15 0.15 Beaded fibers
P13 0 0 10 Water 29 15 0.15 Beaded fibers
P14 2 0 8 Water 30 15 0.05 Beaded fibers

2 (50%/50%).

Table 2

Summary of compositions and experiment conditions of the electrospun nano-
fibers according to the weight content (wt.%) of mango kernel starch (MKS) and
PVA (distilled water as solvent), voltage (V), distance between the injector and
the collector (D) and flux (F).

Sample Starch (wt.%) PVA (wt.%) vV (kV) F (mL/h)
1 0 10 25 0.15
2 0 10 27 0.15
3 0 10 29 0.15
4 2 8 25 0.15
5 2 8 27 0.15
6 2 8 30 0.15
7 3 7 25 0.15
8 3 7 27 0.15
9 3 7 29 0.15
10 4 6 32 0.06
11 4 6 34 0.06
12 4 6 36 0.06
13 5 5 30 0.1
14 5 5 32 0.07
Table 3

Summary of compositions and experiment conditions of the electrospun nano-
fibers according to the weight content (wt.%) of mango kernel starch (MKS) and
PVP (using metoxyethanol as solvent), voltage (V), distance between the injector
and the collector (D) and flux (F).

Sample Starch (wt.%) PVP (wt.%) V (kV) F (mL/h)
15 0 10 18 0.2
16 0 10 20 0.2
17 0 10 22 0.2
18 2 8 18 0.2
19 2 8 20 0.2
20 2 8 22 0.2
21 3 7 18 0.2
22 3 7 20 0.2
23 3 7 22 0.2
24 4 6 16 0.2
25 4 6 18 0.2
26 4 6 20 0.2
27 4 6 22 0.2
28 5 5 16 0.2
29 5 5 18 0.2
30 5 5 20 0.2
31 5 5 22 0.2

solutions of MKS/PVP, dissolved in methoxyethanol due to the ineffec-
tivity of distilled water tested in preliminary studies, with concentra-
tions of starch ranging from 0 to 5 wt% will also be electrospun under
varying electrospinning conditions. The morphology and diameter of
the fibers has been characterized by field emission scanning electron

microscopy (FESEM) and atomic force microscopy (AFM). This
completely biocompatible nanofibers could prove to be especially useful
for drug delivery applications and food packaging [46], with the pos-
sibility of reconducting mango wastes into the same industry that pro-
duced them (circular economy).

2. Materials and methods
2.1. Materials

Mangoes from the osteen variety were purchased from the local
market in Alcoy, Spain. The fruits were chosen for absence of mechan-
ical damage or any kind of infection.

Polyvinyl alcohol was provided by Sekisui Specialty Chemicals
Europe, S.L. (Product Code: Selvol E325 L-0000003310), Poly-
vinylpyrrolidone (PVP) was also provided by Sigma-Aldrich with an
average M,, of 1300000 (Product Code: 1003139835). Finally, 2-
Methoxyethanol ReagentPlus was also purchased from Sigma Aldrich
(Product Code: 185469).

2.2. Methods

2.2.1. Mango kernel starch isolation

Mango kernel starch was extracted following the modified method of
Nawab et al. [47]. Mango kernels were first decorticated and cut into
small pieces (of about 1 cm?®). The kernels were then immersed into a
sodium metabisulfite 0.16 wt% solution (kernel: solution weight ratio,
1:2) for 48 h to avoid browning of the kernels. Then the kernels were
washed with distilled water using a 70 pm mesh screen until the filtrate
reached neutral pH (7). After that, the kernels were ground in distilled
water with an homogenizer (Daihan Scientific, model HG-15A with
direct controller, Corea) for 5 min at 5000 rpm. The resultant slurry was
then screened through a 100 pm mesh sieve followed by a 70 pm mesh
sieve and was decanted for 12 h in a refrigerated environment (4 °C) to
avoid enzymatic or fermentative processes. The supernatant was dis-
carded and the starch was dried at 45 °C for 2 h, then the brownish layer
was eliminated and the white layer was dried at 45 °C for 22 h. There-
after, the white layer was resuspended in distilled water and centrifuged
at 4500 rpm for 10 min, this process was repeated until the precipitate
had the typical color of starch. Finally, the extracted starch was dried at
45 °C for 24 h and then pulverized. The average starch extraction yield
in relation to the weight of dried mango kernels was 8.12 + 2.86%.

The morphology of the extracted mango kernel starch was analysed
by means of scanning electron microscopy (SEM). Fig. 1 gathers the
morphology of the MKS particles at 1000x magnification and a histo-
gram of the length of the particles. MKS presents the typical morphology
of starch, in form of smooth, spherical and ellipsoidal granules with



J. Gomez-Caturla et al.

Polymer Testing 106 (2022) 107462

Fig. 2. FESEM images at 1000 x magnification of all the fibers developed during preliminary studies specified in Table 3.

lengths between 8 and 26 pm (average length: 15 pm) and diameters
between 6 and 16 pm (average diameter: 11 pm). The morphology
herein observed is very similar to most of the starches observed by Jane
et al. [48], who studied the morphology of 54 different starches from
several plant materials, namely potato, lotus root, arrow root, loly bulb,
ginger, wheat and yucca, among others.

2.2.2. Solution preparation method

2.2.2.1. Starch/PVA fibers. In the case of starch/PVA fibers, PVA was

dissolved in hot distilled water at 95 °C and stirred for about 15 min.
Then it was cooled at 65 °C and the starch was added to the solution,
stirring it for about 30 more min. Once starch and PVA were correctly
dissolved, the solution was cooled to room temperature and ready to use
in the electrospinning process.

2.2.2.2. Starch/PVP fibers. For the starch/PVP fibers, methoxyethanol
was used as the solvent [49]. PVP and starch were dissolved in metox-
yethanol under constant stirring for about 40 min according to the
established compositions. Then the solution was prepared for the
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Fig. 3. FESEM images at 2500x magnification of all the MKS/PVA fibers specified in Table 3.

electrospinning process.

2.2.3. Electrospinning process

The electrospinning process was carried out using a Fluidnatek LE-50
benchtop line with a variable high-voltage 0-35 kV power supply. The
system was equipped with a motorized injector able to scan towards a
metallic collector (20 x 20 cm?) that allows to obtain an homogeneous
electrospun deposition. The corresponding solution (starch/PVA or
starch/PVP) was first placed into a 3 mL syringe, connected by poly-
tetrafluoroethylene (PTFE) tubes to a stainless-steel needle of 0.7 mm of
diameter. The needle tip was connected to the positive terminal of the
power supply, while the metal collector was connected to the negative
one. A piece of aluminum foil was placed on the collector and the

solution was electrospun for about 5-10 min under a steady flow rate in
the range 0.06-0.2 mL/h, depending on the sample, using the motorized
injector. The distance between the needle tip and the collector was 15
cm (based on preliminary tests), and the voltage was varied for each
sample depending on its properties. Pure PVA and PVP solutions were
also electrospun under the same conditions that have been described
above. The process was conducted at 25 °C and at 40% relative humidity
(RH). All the solutions prepared for electrospinning were fixed to pre-
sent a 10 wt% composition of polymer, either natural, synthetic or in
combination of both of them according to the study carried out by Liu
et al. [50].
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Table 4
Diameter of the electrospun nanofibers made of MKS/PVA solution and their
evaluation according to their morphology.

Sample Diameter (pm) Fiber Evaluation
1 0.315 + 0.061 Smooth fibers

2 0.276 + 0.047 Smooth fibers

3 0.280 + 0.094 Smooth fibers

4 0.297 + 0.048 Smooth fibers

5 0.233 + 0.069 Fair fibers

6 0.189 + 0.042 Fair fibers (beaded fibers)
7 0.250 + 0.058 Smooth fibers

8 0.228 + 0.056 Smooth fibers

9 0.191 + 0.058 Smooth fibers
10 0.187 + 0.038 Beaded fibers

11 0.180 + 0.028 Beaded fibers
12 0.146 + 0.018 Beaded fibers
13 0.163 + 0.044 Beaded fibers
14 0.147 + 0.053 Beaded fibers

2.2.4. Preliminary studies

Due to the fact that mango kernel starch had never been studied in
the electrospinning field, some preliminary studies were carried out
before defining the definitive experimental of this work, where different
compositions, voltages, distances and solvents were tested. In order to
justify the selection of the conditions in Table 2 and Table 3, this pre-
liminary research is presented here. Table 1 gathers all the electrospun
nanofibers in this study, while Fig. 2 shows their FESEM morphologies at
1000x magnification.

Samples P1, P2 and P3 showed excellent fiber formation while P4
presented very poor fiber formation, which is ascribed to an excessive
distance between the collector and the needle (18 cm). This first samples
demonstrate that it is possible to obtain fibers successfully at 2 wt%
starch combined with 8 wt% PVA and water as solvent.

On the other hand, P5, P6 and P7 did not gave successful electro-
spinning results, obtaining particles rather than fibers (electrospraying)
[51]. This was ascribed probably to an excessive proportion of starch in
the samples (8 wt%), making the blends too fluid to be electrospun. The
solvent was changed to a mixture of 50%water/50%ethanol, but it did
not make any positive effect. Similarly, samples P8, P9 and P10 were
tested in different conditions for 10 wt% starch solutions (without any
synthetic polymer), but the obtained results were not evaluable.

Finally, samples of 10 wt% PVP solutions were tested (P11, P12 and
P13), in order to know if it would be possible to electrospun MKS/PVP
fibers with water as solvent. The morphologies obtained indicate the
presence of highly beaded fibers, which are not optimal for fiber ap-
plications and are considered “defective” [52]. 2 wt% starch and 8 wt%
PVP were tested in sample P14, obtaining the same results as with pure
PVP fibers.

From this study it can be concluded that the proportion of starch in
the blend must not be excessive (below 8 wt%) to obtain smooth fibers,
that 15 cm of D seems to be the optimal parameter in this experimental
setup and that the optimal voltage for MKS/PVA fibers in water seems to
be between 25 and 30 kV.

2.2.5. Final conditions

Once the preliminary studies were carried out, the final conditions
were chosen. Table 2 gathers the compositions and the electrospinning
conditions of all the MKS/PVA based nanofibers, while Table 3 gathers
all the compositions and electrospinning conditions for the MKS/PVP
based nanofibers.

2.2.6. Morphological characterization of nanofibers

The morphology of the electrospun nanofibers was observed by field
emission scanning electron microscopy (FESEM) in a ZEISS ULTRA 55
from Oxford Instruments (Abingdon, United Kingdom). The samples
were directly placed in the vacuum chamber, as they were electrospun in
aluminum foil. An extra high tension (EHT) of 1.5 kV was applied to the

Polymer Testing 106 (2022) 107462

electron beam. The average fiber diameter was determined via ImageJ
Launcher v 1.41 software using, at least, 20 FESEM images.

The roughness profile of some of the obtained nanofibers was studied
using an atomic force and scanning tunnel microscope (Bruker, Multi-
mode 8, Massachusetts, EEUU). The Antimony (n) doped Si cantilever
had a tip of 3 pm radius. Surface roughness was evaluated using
Nanoscope Analysis software and the arithmetic mean value (R,), which
is related to the integral of the absolute value of the roughness profile
height over the analysed length approximated by a trapezoidal rule, was
calculated.

3. Results and discussion
3.1. MKS/PVA nanofibers

FESEM images for each sample of electrospun MKS/PVA nanofibers
are presented in Fig. 3, while Table 4 gathers the diameter of the fibers in
each sample and a short evaluation of the morphology of the fibers. They
have been classified as smooth, fair of beaded fibers.

Samples 1, 2 and 3 are made of pure PVA, which exhibited an
excellent fiber formation and homogeneity. These results were expected,
as PVA has been widely studied in the field of electrospinning and its
effectiveness has already been proven [53,54]. The fiber diameter
decreased from 0.315 pm in sample 1 to 0.276 pm and 0.280 pm in
samples 2 and 3, respectively. This trend is related to an increase in the
applied voltage, which results in fibers with smaller diameters due to a
higher compression of the fibers exerted by higher electrostatic forces in
the tip of the needle when conducting electrospinning [55]. The fiber
diameters obtained for these samples are in accordance with the range
observed by Koski et al. [54], who studied electrospun fibers of pure
PVA of different molecular weights, ranging from 0.25 to 2 pm. The
addition of 2 wt% of MKS and 8 wt% PVA leads to the formation of fibers
of samples 4, 5 and 6. Sample 4 presented quite good copolymer
nanofibers with some droplets, while samples 5 and 6 showed fibers not
as homogeneous as sample 4 and with a higher concentration of drop-
lets, which can be attributed to an excess of the applied electric poten-
tial, as it was observed by Fong et al. [56] when they studied the
formation of beaded fibers in poly(ethylene oxide) solutions. Again, a
decrease in fiber diameter is observed from 0.297 pm in sample 4 to
0.233 and 0.189 pm in samples 5 and 6, respectively, which is also
attributed to an increase in the applied potential (from 25 to 30 kV). It
could be inferred that at this concentration, 25 kV are optimal with
regard to fiber morphology. Samples 7, 8 and 9 correspond to the
addition of 3 wt% of MKS and 7 wt% of PVA. In all three copolymer
samples, smooth and uniform fibers were obtained, again experiencing a
decrease in diameter (from 0.250 to 0.191 pm) with the applied voltage
(from 25 kV to 29 kV), as it has been aforementioned. A similar exper-
iment was carried out by Sukyte et al. [40], who developed nanofibers
based on potato starch (3 wt%) and PVA (7 wt%), with fiber diameters of
0.275 pm approximately. Totally in contrast, the samples containing 4
wt% of starch and 6 wt% of PVA (samples 10, 11 and 12) show a clear
detriment in the nanofibers, producing poor beaded fibers in the three
cases. This beaded morphology is ascribed to a reduction in the viscosity
of the solution [17], which is a direct consequence of the decrease in the
PVA content and the increase in starch content. Nonetheless, the fiber
diameters have been measured and they follow the same trend as before,
decreasing the diameter from 0.187 pm to 0.146 pm for an increase in
voltage from 32 to 36 kV. An increase in voltage in relation to the pre-
vious samples was needed in order to produce evaluable fibers, as the
low viscosity of the solution required a higher electrostatic force to
evaporate the solvent. Finally, samples 13 and 14 contained 5 wt% of
MKS and 5 wt% of PVA. Similar to what has been observed for the
previous samples, these are beaded fibers, as a result of the increase of
starch content and decrease of PVA content, thus demonstrating that
mango kernel starch is generally detrimental for the electrospinnability
of polymer blends, as it has been reported in other studies [57]. In this
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Fig. 4. FESEM images at 2500x magnification of all the MKS/PVP fibers specified in Table 5.
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Table 5
Diameter of the electrospun nanofibers made of MKS/PVP solutions.

Sample Diameter (pm) Fiber evaluation

15 0.339 + 0.050 Smooth fibers

16 0.282 + 0.076 Smooth fibers

17 0.241 + 0.069 Smooth fibers

18 0.316 + 0.073 Smooth fibers

19 0.299 + 0.067 Smooth fibers

20 0.260 + 0.069 Smooth fibers

21 0.243 + 0.104 Smooth fibers

22 0.216 + 0.057 Smooth fibers

23 0.174 + 0.039 Smooth fibers

24 0.079 + 0.036 Smooth fibers

25 0.110 + 0.039 Smooth fibers (beaded fibers)
26 0.105 + 0.052 Fair fibers (beaded fibers)
27 0.099 + 0.031 Smooth fibers

28 0.071 + 0.021 Fair fibers (beaded fibers)
29 0.121 + 0.049 Fair fibers (beaded fibers)
30 0.073 + 0.037 Fair fibers (beaded fibers
31 0.080 + 0.040 Fair fibers (beaded fibers)

case, the fiber diameters are practically the lowest of all MKS/PVA
nanofibers, being 0.163 and 0.147 pm, respectively. Interestingly, fiber
diameter seems to decrease as the content of starch increases, wich could
be probably ascribed to the lower viscosity of the solutions with higher
content in starch, as they flow more easily from the injector to the col-
lector. A similar phenomenon was observed by Kong et al. [58].

From these results it can be concluded that 3 wt% MKS/7 wt% PVA is
the optimal combination for obtaining smooth nanofibers with true
applicability in fields such as biomedicine or food industry [59]. These
fibers are quite similar to those of pure PVA, whose effectivity has been
widely proven, and with lesser diameters, which could prove to be really
useful in applications that require great interfacial area. Moreover, 3 wt
% of starch seems to be the concentration threshold in which good
nanofibers are obtained in combination with PVA, as at higher con-
centrations of starch, the fibers turn to beaded fibers with too many
droplets in their morphology.

All in all, successful MKS/PVA starch nanofibers have been obtained,
with a relatively wide range in electric voltage that allows to modify
their diameter according to the function they will be destined for,
maintaining the homogeneity of the fibers.

3.2. MKS/PVP nanofibers

Fig. 4 shows the FESEM morphologies of all the electrospun MKS/
PVP fibers, while Table 5 gathers the average diameter of all the samples
and their corresponding evaluation according to the quality of the ob-
tained fibers. Samples 15, 16 and 17 are related to neat PVP nanofibers
using methoxyethanol as solvent at different voltages (18, 20 and 22 kV,
respectively). In spite of having some droplets, quite homogeneous and
smooth fibers have been obtained with diameters ranging from 0.339 to
0.241 pm, respectively. Similarly to what was observed in the case of
PVA fibers, the diameter of the fibers diminishes as the voltage in-
creases, due to an electrostatic compression phenomenon in the tip of
the needle [60], which makes the fiber thinner with the increase in the
electrostatic potential. Vongsetskul et al. [61] also observed this effect in
pure PVP fibers when varying the applied electrical voltage. The di-
ameters observed are similar to the ones obtained by Holopainen et al.
[49], who used 10 wt% PVP solutions to obtain nanofibers with hy-
droxyapatite. Next, samples 18, 19 and 20 correspond to MKS/PVP so-
lutions with 2 wt% of MKS and 8 wt% of PVP. These prove to be
homogeneous fibers without the presence of droplets, with diameters
ranging from 0.316 to 0.260 pm, for a change in voltage from 18 to 22
kV, respectively. Interestingly, the morphology is quite similar to the
morphology of pure PVP fibers, which demonstrates in this case that it is
possible to successfully obtain functional starch/PVP nanofibers at this
composition. Considering that there is hardly any information regarding
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the combination of starch with PVP to obtain fibers by electrospinning,
it is an intriguing finding. In a similar manner, samples 21, 22 and 23
show nanofibers with 3 wt% of MKS and 7 wt% of PVP. The diameter
also descends with the increase of potential in this case from 0.243 to
0.174 pm. There seems to be some concentration of droplets in sample
22, but it does not affect the homogeneity of the fibers, which are quite
good in general terms. The observed diameters are lower than those of
the higher concentration of PVP, which again seems to indicate that the
higher the concentration of starch, the lower the diameter of the fibers.
This fact is directly related to a decrease in the viscosity of the solution.
The following samples, 24, 25, 26 and 27 correspond to fibers with 4 wt
% of MKS and 6 wt% of PVP, with applied potentials of 16, 18, 20 and
22 kV, respectively. In this case, 16 kV was added because the fibers did
not seem to be homogeneous and due to the change in starch concen-
tration, another potential was considered. Samples 24, 25 and 26 pre-
sented some droplets, especially sample 26. On the other hand, sample
27 presented quite homogeneous fibers. This seems to point out to the
fact that when the concentration of starch increases in the solution, a
higher voltage is needed to avoid the formation of beaded fibers, which
could be ascribed to the need of a higher evaporation rate of the solvent
in the tip of the needle [59]. Diameters ranging from 0.079 to 0.110 pm
have been obtained, which turn to be considerably smaller than the ones
obtained for the previous solutions with lower concentration of starch.
This reduction in diameter could be related to a marked decrease in the
viscosity of the solution when going from 3 up to 4 wt% of MKS, at the
same time that PVP is decreased from 7 to 6 wt%. Finally, samples 28,
29, 30 and 31 stand for solutions with 5 wt% and 5 wt% of PVP. As it was
expected, beaded fibers were obtained, being the worst results for
MKS/PVP nanofibers, and again demonstrating that starch is not
optimal for electrospinning at high concentrations, as it has been also
reported by Hemamalini et al. [15]. Diameters of 0.071, 0.121, 0.073
and 0.08 pm were obtained, which are the smallest diameters obtained
for nanofibers in this study, although these nanofibers are not optimal
for actual applications, due to their high concentration of beads. Thus, 4
wt% could be considered the concentration threshold from which total
homogeneous nanofibers cannot be developed and beaded fibers appear.

According to these results, smooth MKS/PVP nanofibers have been
successfully produced at different concentrations of starch and PVP,
which is quite interesting given the fact that there are no publications of
starch/PVP fibers obtained by electrospinning technique, especially
referring to MKS. Moreover, smooth fibers in a wide range of diameters
have been reported, even reaching less than 100 nm, which could be of
special use in applications were high interfacial area may be needed.
Particularly, in terms of starch fibers, fibers from 2 wt% and 3 wt%
starch have shown very positive results, as well as sample 27, corre-
sponding to a 4 wt% starch solution electrospun at 22 kV, which pre-
sents very thin smooth fibers.

3.3. AFM analysis of the MKS/PVA nanofibers and MKS/PVP nanofibers

After evaluating all fibers by field emission scanning electron mi-
croscopy (FESEM), the optimal solutions have been selected for a deeper
analysis by means of atomic force microscopy (AFM). Two samples from
the 3 wt% starch 7 wt% PVA solution have been selected (samples 7 and
9, electrospun at 25 and 29 kV, respectively). On the other hand, sample
20, electrospun at 22 kV, has been chosen from the 2 wt% starch 8 wt%
PVP solution, sample 21, at 18 kV, from the 3 wt% starch 7 wt% PVP
solution and sample 27, at 22 kV, from the 4 wt% starch 6 wt% PVP
solution. Fig. 5 shows FESEM images of these samples at 5000x
magnification as well as AFM images with a scan size of 4 pm. Addi-
tionally, Fig. 6 gathers the fiber diameter distribution of the selected
nanofibers, where it can be seen how the average diameter coincides
with the diameter showed in Tables 4 and 5

AFM is a very useful technique to study the topography of the fibers.
As it can be observed, the AFM images are in good agreement with the
FESEM images. First, sample 7 and 9, which correspond to MKS/PVA
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Fig. 5. FESEM images at 5000 x magnification and AFM images at a scan size of 4 pm of the optimal electrospun MKS/PVA and MKS/PVP obtained fibers (samples 7,
9, 20, 21 and 27).
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Fig. 6. Fiber diameter distributions of the optimal electrospun MKS/PVA and MKS/PVP fibers (samples 7, 9, 20, 21 and 27).

Table 6
Roughness measurements of the MKS/PVA and MKS/
PVP electrospun nanofibers.

Sample Roughness R, (nm)
7 339

9 343

20 286

21 260

27 80

fibers, seem to maintain the same fiber diameter relation as in the pre-
vious section, although sample 9 presents a smaller diameter as a result
of having been electrospun at 29 kV, while sample 7 was electrospun at
25 kV. Similarly, samples 20, 21 and 27 also seem to match the previ-
ously analysed results. Those samples presented fiber diameters of 260,
243 and 99 nm, respectively. It can be seen how AFM images show that
sample 27 has a considerably smaller diameter than the rest of the
samples, while sample 21 has also a clearly smaller diameter than fibers
in sample 20. However, the diameter observed in AFM images seems to
be larger than in FESEM, this is because the scan size in AFM was quite
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limited due to cantilever and tip sensibility. Thus, very few fibers could
be observed by AFM at the same time. Nonetheless, the diameter rela-
tion is clearly observed. Additionally, the scale in the right of the AFM
images is representative for the height of the image, obtained from the
oscilation of the tip of the microscope. Observing this scales it can be
observed how sample 27 presents a less profound scale (from —300 nm
to 500 nm approximately) in terms of depth, which is another indicative
of the smaller diameter of the MKS/PVP fibers at 4 wt% of MKS and 6 wt
% of PVP, as this scale is quite lower than that of the rest of the samples.
AFM allowed to measure the roughness of the samples, measured as R,,
which is the arithmetic average of the absolute values of the roughness
profile ordinates [62]. It can be observed how the roughness of
MKS/PVA fibers is quite higher than that of MKS/PVP fibers, which
could be ascribed to the difference in fiber diameter previously com-
mented, as it was also reported by Adeli et al. [63] in a study about
PVA/chitosan/starch electrospun nanofibers by AFM. Particularly in the
case of sample 27, showing a roughness of 80 nm, while the rest of the
samples exhibited roughnesses in the range 260-343 nm (see Table 6).

The results presented here suggest that MKS/PVP nanofibers present
lower roughnesses than MKS/PVA nanofibers, and that increasing the
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concentration of MKS in MKS/PVP fibers up to 4 wt% allows to obtain
especially thin fibers. Interestingly, this fact makes the obtained fibers
suitable for applications in tissue engineering for cell attachment and
cell growth. The roughness range aforementioned proves to be favour-
able for osteoblast proliferation [64] and endothelial [65] and neuronal
cells growth and proliferation [66] according to several studies.

4. Discussion and conclusions

In this study, smooth ultrathin fibers in the nano scale based on
starch extracted from mango kernel and PVA and PVP were successfully
obtained by means of the electrospinning technique and evaluated by
FESEM and AFM. Several experimental conditions were tested for MKS/
PVA and MKS/PVP fibers. MKS/PVA nanofibers’ diameter ranged from
0.146 to 0.315 pm, while MKS/PVP nanofibers’s diameter ranged from
0.08 to 0.339 pm. It was observed how the diameter of the electrospun
nanofibers decreased with an increase in the applied voltage, as a result
of higher compression electrostatic forces in the tip of the needle.
Additionally, it was demonstrated that in general, starch is detrimental
for the electrospinning technique, establishing a concentration
threshold for which smooth fibers are obtained in each blend. In the case
of MKS/PVA fibers, starch concentrations superior to 3 wt% provoked
the appearance of droplets in their morphology, leading to beaded fi-
bers. On the other hand, MKS/PVP fibers with starch concentrations
higher than 3 wt% also caused the appearance of beaded fibers,
although there was one sample at 4 wt% of starch that exhibited smooth
and homogeneous fibers at a voltage of 22 kV. MKS/PVP nanofibers
proved to be considerably thinner than MKS/PVA nanofibers when 4 wt
% or superior concentrations of starch were added. This fact could prove
to be quite interesting from a scientific point of view for certain appli-
cations, were higher interfacial area is required. AFM analysis allowed
to determine the topologhy of the optimal nanofiber samples, which
were 3 wt% starch solutions electrospun at 25 and 29 kV, respectively,
for MKS/PVA blends and 2, 3 and 4 wt% starch concentration solutions
electrospun at 22, 18 and 22 kV, respectively. The roughness of the
samples followed a similar trend compared to fiber diameter, being the
MKS/PVP sample with 4 wt% of starch the one with the lowest rough-
ness (R, = 80 nm). AFM images confirmed the results observed by
FESEM.

All in all, the results obtained in this work proved that it is possible to
obtain completely natural, biocompatible and biodegradable electro-
spun mango kernel starch nanofibers in combination with PVA and PVP
with great potential in applications related to food industry or the
biomedical field, such as tissue engineering. Moreover, the diameter of
the fibers can be controlled within a wide range varying the conditions
of the electrospinning setup, thus allowing to adjust the morphology of
the fibers depending on the application they will be destined for. The
high natural content of the fibers presented here makes them environ-
mentally friendly and quite cost effective, as starch is extracted from
mango, water is used as a solvent and electrospinning is a relatively
simple technique. Considering that mango kernel starch has never been
previously tested in electrospinning, and that PVP has not been used in
combination with starch in this technique, this work opens a whole new
path towards the development of novel mango kernel starch fibers with
other synthetic polymers or even with other natural polymers. The next
steps of the investigation could be centered in optimizing the electro-
spinning conditions of MKS/PVA and MKS/PVP nanofibers and giving
them an actual application, such as tissue regeneration or drug delivery
systems for example, given their biocompatibility.
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