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The increasing intensity of coronavirus (COVID-19) spreading emphasizes the significant development in home food production
to reduce the incoming socioeconomic impact from soaring food prices, supply chain fragility, and severe economic crisis. This
preliminary study was initiated to demonstrate the possibility of using electrospun fibers as a potential substrate in the
application of seed germination activity. The drive of this preliminary study was to integrate the electrospun nanofiber-based
material in exploring the current surge in home food production via seed germination in order to introduce cheap source of
food without being distracted by the pandemic impact in general. Mung bean (Vigna radiata L. Wilczek) was chosen as it is
easy and fast to sprout. Four samples of poly (ε-caprolactone)- (PCL-) based fibers were prepared by means of electrospinning
technique, with the optimized flow rate between 0.05 and 0.20ml/min at a fixed distance of 10 cm needle tip to collector.
Mung bean seeds were allowed to germinate on the fabricated electrospun PCL fibers for 96 hours. Our observations include
germination percentage, seedling weight, radicle length, and plumule growth. The highest radicle length and plumule length of
seedlings were 27.8mm and 6.7mm, respectively. There were no inhibitory effects on seed germination and minimal structural
fragmentation of smaller diameter electrospun fibers as revealed by FESEM. These results show that the seeds were able to
germinate on electrospun PCL fiber substrate, owing to the properties of high surface area and excellent fluid water uptake of
PCL fibers.

1. Introduction

As of December 2019, the entire world has been shocked by
the outbreak of the novel coronavirus (COVID-19) pan-
demic which has delivered the fastest, deepest global eco-
nomic crisis in history [1]. The occurrence of the COVID-
19 has affected people in the world, as they lost their income
and the limited access to a nutritious diet of whole grains,
lean meats, and fresh vegetables and fruits [2]. In addition,
most countries have encountered a huge issue of the food
supply shortage as most nations enforce the COVID-19
lockdown. Dietary choice limitation and soaring food prices

pose significant barriers for many people who are trying to
balance good nutrition with affordability amidst the current
pandemic [3]. Mung bean (Vigna radiata L. Wilczek), a
grain legume crop that belongs to the Fabaceae botanical
family, is one of the easiest and fastest to sprout. They are
cheap, abundant, and reliable, offer roughly 20.97-31.32%
of protein, and have been widely consumed as a meat-
alternative protein source in most developing and underde-
veloped countries [4, 5]. They are considered as nutrient-
rich foods as they are high in dietary fibers, antioxidants,
and resistant starch and low in calories [6, 7]. Mung bean
has been extensively cultivated and is often used as an
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ingredient in daily meals since ancient times especially in
China, India, and Southeast Asia. These sprouts could be
served in many ways, such as fried and boiled, and could
also be enjoyed raw. It is reported that the nutritional value
per 100 g of mung bean sprout contains 7 g protein, 18 g car-
bohydrate, 24 g fat, 0.026 g sodium, 0.06 g potassium, 0.02 g
iron, 0.029 g calcium, 103.5 calories of energy, and other
important vitamins [8].

According to Faisal et al., seed germination and growth
of mung beans were found to significantly depend on
the relative humidity of the air [9]. Other important vari-
able factors for mung bean germination include optimum
temperature, oxygen, and clean water. In addition, it also
requires suitable substrates to promote germination and
seedling growth [10]. In this preliminary work, the novel
application was to imply the electrospun fibers fabricated
from electrospinning technique, as a potential substrate for
mung bean seed germination, which was explored for the
first time. Electrospinning is a facile applied technique, which
uses an electrical potential to convert droplets of a polymer
solution into fibers of nanometers in diameter that can be
collected in the form of a fibrous mat [11, 12]. These fibrous
mats consist of ejected polymer fibers, which are deposited
on a grounded collector in a random (nonwoven) arrange-
ment. Electrospun fibers with remarkable properties, such
as high specific surface area, flexibility, variety of morphol-
ogy, surface roughness, superior directional strength, excel-
lent pore interconnectivity, and ease of functionalization,
have been extensively employed in diverse applications; how-
ever, it was limited to filtration [13–15], scaffolds [16–18],
and biosensors [19]. Despite the exponentially growing liter-
ature on electrospinning for diverse applications, the studies
into the functional application of electrospun fibers towards
plant growth are scarcely reported [20, 21]. As of this writing,
there are few articles that reported on the application of elec-
trospun polycaprolactone (PCL) nanofibers as a substrate for
an artificial system of soilless medium in seed germination.
The selection of PCL in this research was due to its biode-
gradable and biocompatible properties, which are reported
as an ideal polymer for agricultural mulch films, controlled
or slow release agrochemical, and also attributed to a suitable
super absorbent material [22–24]. This present study was car-
ried out to evaluate the response of mung bean seed early
growth, seed viability, germination activity, morphological
changes, fluid water uptake, and water vapor permeability
properties of PCL fibers with the aim of developing electro-
spun fiber material as a substrate for germinating seeds.

2. Materials and Methods

2.1. Electrospinning Process. Poly (ε-caprolactone) (PCL)
granules with the molecular weight average 80,000 g/mol
(Mw) were dissolved in dichloromethane (DCM), anhy-
drous, ≥99.8% solution and stirred 24 hours at room tem-
perature. The prepared PCL solution of 10wt% was then
loaded into a plastic syringe equipped with a 0.4mm internal
diameter of a blunt needle, with a needle-collector distance
of 10 cm, attached to a high-voltage power supply and the
ground connected collector. A high-voltage value of 15 kV

was applied to an end of the needle to create voltage differ-
ences between the needle and a ground collector. A syringe
pump was used to deliver the polymer solution from a
syringe to the needle at a distinctive flow rate of 0.05, 0.10,
0.15, and 0.20ml/min. All the electrospinning processes
were performed using a custom-built electrospinning reactor
in a dedicated cabin, outfitted with a control operating panel,
to protect the user from a number of risks. All four samples
of electrospun PCL fibers were collected and stored in a
desiccator until further evaluation.

2.2. Fiber Characterization. The surface morphology of the
fabricated electrospun fibers was characterized using the Field
Emission Scanning ElectronMicroscope (FESEM) (Carl Zeiss,
Supra 40vp). Electrospun fiber specimens were gold coated
using a sputter coater (Sputter Coater 108; Cressington Scien-
tific Instruments) to obtain an electrically conductive surface,
before being subjected to the FESEM analysis. The average
diameter and standard deviation (SD) of the electrospun fibers
were determined. The fiber diameters of 50 points were taken
randomly and measured using an image analysis software
(ImageJ, National Institutes of Health, USA).

For the properties of fluid uptake ability, a section of
electrospun fiber mat for each of the fiber specimen was
cut and dried at room temperature. It was then immersed
into a beaker filled with distilled water for 30 minutes. The
wet electrospun fiber mat specimens were taken out and
placed on a clean absorbing paper for 30 seconds, and the
measurements of their final weight were recorded. The fluid
uptake ability (FUA) of the electrospun fibers was calculated
as a percentage of water loss per unit weight:

FUA %ð Þ = Ws −Wd
Ws

× 100%, ð1Þ

whereWs is the wet weight of the electrospun fibers andWd
is the dry weight of the electrospun fibers [25, 26].

The determination of water vapor permeability proper-
ties of electrospun fibers was performed using the Upright
Cup Method principle using the SDL Atlas M21 Water Vapor
Permeability Tester, as per instructed in the ASTM E96 in
Textile Fabric Testing Standard. The performance of water
vapor transmission of the electrospun fibers was evaluated in
the following approach. Containers filled with 3ml distilled
water were covered with the electrospun fiber mat of the four
samples, respectively. The covered containers were placed in
an airtight environment chamber. The weight of the con-
tainers was measured once every hour over a period of 8
hours. The difference of the measured weight was divided by
the cross-sectional area of the container. The water vapor
transmission rate (WVTR) was calculated as

WVTR = ΔW
Δt · A

mgh−1 cm−2, ð2Þ

where ΔW/Δt is the amount of water loss (milligram) per unit
time (hour) of moisture transfer and A is the evaporation
exposure area in cm2 [27, 28].

2 Advances in Polymer Technology



2.3. Seed Germination Activity. Fresh mung bean seeds used
in the experiment were purchased from the local market.
Approximately uniform mung beans based on weight were
selected for the experiment. Analytical grade chemicals and
distilled water were used in the study. The experiment was
conducted using electrospun fibers as a germination sub-
strate for the growth of mung bean seeds as shown in
Figures 1(a)–1(d). The seeds were placed into each of the
moistened electrospun fibers in four individual Petri dishes
and kept for germination process in a dark place at ambient
temperature (27°C) [10]. One to 3ml of distilled water was
added in the interval of 24 hours to keep the electrospun
fiber substrate moistened throughout the process of seed
germination. The status of seed germination was observed
between 0 hours and 96 hours. The observations include
seed coat rapture, radicle length, plumule growth, and per-
cent germination. The percentage of germination was calcu-
lated by the following formula:

V =
NSp
NSd

× 100%, ð3Þ

where V is the viability level, NSp is the number of sprouting
seed, and NSd is the number of seeds [8]. The weight of the
seeds was determined gravimetrically every 24 h for 96 h
after unbound moisture had been removed from the seed
surface with a laboratory wipe.

3. Results and Discussion

3.1. Seedling Growth. This work describes the results of study
undertaken to evaluate the role of the electrospun fiber sub-
strate to support the germination of seeds. In this study, the
response of germinating mung bean seeds on electrospun
PCL fibers was assessed. The observation shows that a hun-
dred percent of mung bean seeds were successfully germi-
nated on each of the germinating Petri dishes under
certain controlled conditions. Seed germination parameters
of mung bean seeds are presented in Figure 2.

One of the seedling growth parameters was indicated by
an increase in seedling weight as compared to the weight of
dry seeds. The increment of seedling weight was recorded
over 100% in the first 24 hours of the germinating period
(see Figure 2(a)). It was observed that the size of the seeds
was increased to triple due to the water imbibition process,
where the water molecule penetrates the seed coat and began
to soften the hard and dry tissues inside. The water uptake
had initiated the seed to swell up, which then resulted in
the rupture of the seed coat between 0 hours and 24 hours
of the germinating period. The color of mung beans was
observed in light yellow as the seed coats were removed.
Similar to other types of seeds, mung bean has a small life-
support system as the sources of initial nutrition for their
early growth [28]. The growth of quiescent embryos within
the seed began as a consequence of the triphasic process of
water imbibition in the seeds that finally shedded off the
seed coat, and the radicle emergence started between 24
hours and 48 hours during the germination period.
Hydrated enzymes in the mung bean seed were activated,
and the seed increased its metabolic activities to produce
energy for the growth process [29]. In addition, the water
imbibition increased the turgor pressure within the cell
walls of the seed and continually expanded during the
growth [30]. The imbibition of the seed coats then resulted
in the emergence of the plumule, and the cotyledons
unfolded after 72 hours of the germinating period. Then,
it was observed that the development of radicle and plu-
mule started to elongate upon the indirect pathways to light
[31]. The color of cotyledons changed from light yellowish
to green as they were exposed to light. The measurement of
the radicle length and plumule growth at various time
points is presented in Figures 2(a) and 2(b). In this present
result, the increase in mass of mung bean seedlings was
attributed to a faster water uptake, as noted by Krawiec
et al. [32, 33]. These results are in line with Akhalkatsi
and Lösch who observed that any deficiency in water
uptake induced to delay the initiation of the germination
process [34]. In this study, it was revealed that the growing
mung bean seedlings were ready to be replanted outdoors,
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Figure 1: (a–d) The optical photographs of as-synthesized electrospun PCL fiber membrane at distinctive flow rates of 0.05, 0.10, 0.15, and
0.20 without and with seed placement at 0 hours, respectively.
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into the soil medium after 96 hours of germination period.
Figure 3 depicts the optical photographs of mung bean seed
germination on electrospun PCL fibers within 24- to 96-
hour period.

3.2. Morphological Changes of PCL Fibers. The changes on
the morphological studies of PCL fiber structures before
and after the germination of seeds are shown in Figures 4

and 5, respectively. From the FESEM images, the nonwoven
fibers are in the nonuniform diameter size. The formation of
these nonuniform fibers was probably due to the high vola-
tility of solvent (dichloromethane) used to dissolve the PCL.
Due to the low boiling point of dichloromethane (DCM)
(approximately at 40°C), the DCM was expected to evapo-
rate faster at room temperature, which resulted in the non-
uniform PCL fibers as well as pores on fiber structures.

A24 hr B24 hr C24 hr D24 hr

A48 hr B48 hr C48 hr D48 hr

A72 hr B72 hr C72 hr D72 hr

A96 hr B96 hr C96 hr D96 hr

Figure 3: The optical photographs of seed germination on electrospun PCL fibers within 24, 48, 72, and 96 hours, respectively.
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Figure 2: (a) Bar graph of seedling weight versus germinating period. (b) Linear graph of seedling growth versus germinating period.
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The average fiber diameter decreased from 3:807 ± 2:97μm to
2:95 ± 5:28μm as the flow rate increased from 0.05ml/min to
0.2ml/min. The decrease in fiber diameter was most likely
caused by an unstable polymeric jet at a high flow rate, result-
ing in nonuniform fibers with a combination of fine fibers.
The details of the fiber diameter distributions and fiber thick-
ness properties of as-synthesized PCL fibers were reported in
our previous works [35, 36]. For spent electrospun PCL
fibers, there are no significant changes in the fiber diameter
recorded upon the seed germination process. The fiber struc-
tures with larger diameters remained intact; however, a min-
imal structural breakage of ultrathin fibers was observed. The
phenomenon is possibly due to the slight degradation of the
PCL fibers in wet conditions. Poly (ε-caprolactone) (PCL)
is one of the synthetic biodegradable polymers with consider-
able degradation in aqueous media. In the study, the PCL
fibers were moistened to allow the germination of the seed.
This has resulted in fiber fragmentation as observed in
Figures 5(e)–5(h). Other studies have also observed the frag-
mentation of the PCL fibers after the fibers were immersed in
water [37, 38]. On the contrary, the higher number of entan-
glements between fibers sustained the structural integrity
among the larger fibers [39, 40].

This study shows that there are no inhibitory effects on
the mung bean seedling growth that were observed during
the germinating period. The interconnected pores within
electrospun PCL fibers show the ability to absorb and store
water molecules due to the higher capillary forces from the
fiber structures [41] to keep the moisture content and pro-
vide an excellent germinating substrate for the seeds to grow
throughout the germinating period. The intact nonwoven
fibrous structure of PCL fibers kept the roots from growing
into the interconnected fiber web, which allows the growing
seedlings to be easily transferred to the soil medium upon
the completion of the germinating period. The germinating
method of using electrospun fibers as initiated in this study
was useful to easily observe the seed growth indoors on a
soilless medium.

3.3. Fluid Uptake Ability (FUA). In this study, several impor-
tant features of the electrospun fibers for the novel applica-
tion in seed germination were considered, such as the fluid
uptake ability (FUA) and the water vapor transmission rate
(WVTR). Such properties are significant as the electrospun
fibers were used as functional scaffolding material to support
the process of seed growth. The FUA experimental data of
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SUPRA 40VP‑31‑31 Noise redution = frame avg Vac status = ready Time : 14:47:52
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Figure 4: FESEM of electrospun PCL fibers at the flow rates of (a) 0.05, (b) 0.10, (c) 0.15, and (d) 0.20ml/min.
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the electrospun fiber sample are given in Figure 6(a). The
results were compared with those of laboratory grade cel-
lulose wipes, denoted as E (diameter of the sample is
10mm). The result shows that all electrospun fibers have a
higher percentage value of FUA than cellulose wipes. The
large surface area of electrospun fibers and the presence of
pores on the fibers favor fluid absorption as compared to cel-

lulose wipes. On average, electrospun fibers can take approx-
imately 19% more water than cellulose wipes per unit weight.
Among the electrospun fiber samples, sample D has the high-
est FUA at 80:29 ± 0:03%, while sample A has the lowest
value of 76.33%. It is proposed that sample D is the most suit-
able substrate for mung bean seed germination and appears
to suggest that the electrospun fibers with a larger pores

(a)

NMUD6.5 x500 200 𝜇m NMUD6.5 x1.0k 100 𝜇m

NMUD6.5 x500 200 𝜇m NMUD6.6 x1.0k 100 𝜇m
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Fiber breakage

Fiber breakage

Fiber breakage

(e)

(b) (f)

(c) (g)

(d) (h)

Figure 5: FESEM of spent electrospun PCL fibers at the flow rates of 0.05, 0.10, 0.15, and 0.20ml/min at a (a–d) magnification of 500x and
(e–h) magnification of 1000x, respectively.
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diameter will lead to a higher FUA. In addition, the fiber
diameter may also affect the fluid uptake. Fibers with larger
diameters have larger interfiber capillary radii, which will
provide a higher FUA. The effects of pores and fiber diameter
on fluid absorption and wettability have been reported else-
where [42].

3.4. Water Vapor Transmission Rate (WVTR). The perme-
ability rate indicates the condition where the applied water
vapor is capable of moving through an electrospun fiber
mat. In the case of excessive water loss via permeation
through the electrospun fiber mat, the seed may get drowned
or rot and this will retard the germinating process. There-
fore, the electrospun fiber mat must be permeable to the
moisture to an extent that there should neither be excessive
loss of moisture to result in a dry surface nor should there be
such a low permeability, which may cause the seeds to fail to
germinate [43]. The WVTR of the electrospun fiber mats
were determined at the RH of 50 percent, and the results
of moisture gain versus time profiles are shown in
Figure 6(b). The WVTR of electrospun fibers were found

to be increased gradually for the first 3 hours and the mois-
ture permeated rapidly. As more moisture replaced the air in
the pores, the moisture permeated more slowly and eventu-
ally reached a steady state. In between 4 and 8 hours, the
decrement in WVTR of electrospun fibers was observed,
which may be attributed to high moisture content due to
the filled interfacial gap. On the other hand, the WVTR of cel-
lulose wipe was lower than that of the electrospun fibers due to
the hydrogen bonding properties. It is reported that cellulose
has a strong affinity toward itself and materials containing
hydroxyls, especially water molecules due to its open structure
containing hydroxyl (OH) and acetyl (C2H3O) groups [44].
Based on the surface affinity to hydroxyl functional groups,
cellulosic-based polymer is very reactive to water, due to the
intermolecular hydrogen bonding interaction between water
and the hydroxyl groups of the cellulose [45–47]. On the other
hand, polycaprolactone (PCL) is a relatively hydrophobic type
of polymer. The active group, which binds water molecules to
the PCL surface, is ester bonds. Based on the thermodynamics
study of water sorption in PCL reported by Scherillo et al., they
conclude that a PCL film is exposed to water vapor at different
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Figure 6: (a) The fluid uptake ability of the electrospun fibers (A–D) and cellulose wipe (E). (b) Changes of WVTR of electrospun fibers (A–
D) and cellulose wipe (E) versus time profiles.

H H
O

H H
O

H
O

H
O

Cellulosic fibers surface

H
O H

O

H H
O

H H
O H H

O

(a)

PCL fibers surface

H

H
O H

H
O

H

H
O

(b)
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relative pressures and temperatures. As a result, several types
of hydrogen bond (HB) interactions have emerged, such as
the HB link between sorbed water molecules (self-HB) and
HB interactions between sorbed water molecules and proton
acceptor groups on polymer backbone. The concentration of
self-HB on a PCL surface shows an upward concavity, reflect-
ing the assembling tendency of water molecules as water con-
centration increases [48]. The comparison of hydroxyl group
interaction onto cellulose fiber and PCL fiber surfaces, respec-
tively, is illustrated in Figure 7. Based on the results of WVTR,
the ability to absorb and release moisture possessed by electro-
spun fiber mat has complied with the requirement to support
seed germination. The permeability rate of electrospun fiber
mat is higher compared to that of the cellulose wipe due to
the difference in the chemical interaction involved with water
molecules [49, 50].

4. Conclusions

This preliminary work demonstrates that the electrospun
fibers are one of the substrate tolerant varieties for seed
germination of mung beans. From the current study, it is
concluded that electrospun PCL fibers support the early
seedling growth of mung beans, owing to the properties of
good fluid uptake ability and high surface area with intercon-
nected pores of PCL fibers. The use of PCL fibers as a germi-
nating medium has significantly increased the growth of
radicle, plumule, and root length of mung bean seeds within
96 hours of the germinating period. The electrospun fiber-
based materials have shown a considerable amount of success
as the promising alternative to soilless medium for germinat-
ing seeds indoors. A very minimal structural fragmentation
of smaller diameter electrospun fibers had occurred upon
the seed germination period, which was due to the tension
generated as a result of the water uptake by the seeds. By
adjusting the electrospinning processing conditions, the elec-
trospun fibers that are more uniform in diameter can be con-
trolled to improve the structural integrity of electrospun
fibers for future applications in seed germination. In addi-
tion, the assessment of appropriateness of the hypotheses
adopted in this study shall be further testified by an examina-
tion in an aeration capacity, seed physiology quality, adverse
environmental conditions, and susceptibility to fungi. To this
aim, a valuable characterization from the FTIR spectroscopy,
porosity, and surface area analysis would be an interesting
continuation of this work.
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