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ABSTRACT: This study explored the potential of soluble dietary fiber (SDF) from agrowastes, okara (soybean solid waste), oil
palm trunk (OPT), and oil palm frond (OPF) obtained via alkali treatment, in the nanoencapsulation of Lactobacillus acidophilus.
SDF solutions were amended with 8% poly(vinyl alcohol) to produce nanofibers using electrospinning technology. The spinning
solution made from okara had a higher pH value at 5.39 = 0.01 and a higher viscosity at 578.00 & 11.02 mPa-s (P < 0.05), which
resulted in finer fibers. FTIR spectra of nanofibers showed the presence of hemicellulose material in the SDF. Thermal behavior of
nanofibers suggested possible thermal protection of probiotics in heat-processed foods. L. acidophilus was incorporated into the
spinning solution to produce nanofiber-encapsulated probiotic, measuring 229—703 nm, visible under fluorescence microscopy.
Viability studies showed good bacterial survivability of 78.6—90% under electrospinning conditions and retained viability at

refrigeration temperature during the 21 day storage study.
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B INTRODUCTION

Oil palm and soybean are the two largest oil crop commodities
in the world, both cumulatively contributing more than half of
the world’s total oil production of 163.9 million tonnes in 2009."
Indonesia and Malaysia are the largest oil palm producers,
whereas the United States and Brazil are the largest producers
of soybean." However, the expansion of these commodities is
resulting in overproduction of biomass wastes, because only a
small fraction of the plants is commercially valuable. Up to 90%
of the oil palm is constituted of oil palm trunk (OPT) and oil
palm frond (OPF), among other fibrous wastes, which contain
lignin, cellulose, and hemicelluloses. Okara is the main solid
waste from soy- and tofu- processmg industries, which contains
up to 49% total dietary fiber.” In view of sustainable development,
there is aggressive research in transforming the high-volume wastes
which cause disposal and environmental problems to natural
resources for the production of sustainable products, such as liquid
biofuel,® fertilizer, fodder, and even human food products.4

Increasing awareness in health and nutrition has promoted
consumption of dietary supplements and nutraceuticals to im-
prove health. Probiotics are viable gut microorganisms, which
symbiotically exert beneficial effects to the host's physiology
when ingested and sustained in adequate amounts. Although the
minimum therapeutic dose is not specifically determined, the
usual recommended oral administration generally exceeds 10
CFU/day.® Probiotics have well-established therapeutic effica-
cies against various gut disorders such as diarrhea, lactose
intolerance, and inflammatory bowel diseases; recent findings
suggest potential roles of probiotics in alleviating hypercholes—
terolemia, hypertens1on, and postmenopausal symptoms and in
anticarcinogenesis.” Various strains of species of lactobacilli and
bifidobacteria have been identified as probiotics and incorpo-
rated into food products and supplements. However, the in-
corporation of the beneficial bacteria is often challenged with the
preservation of v1ab111ty during processing, storage, and gastro-
intestinal transit.®
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Strategies to improve the stability of probiotics in food
products include product fortification with probiotic substrate,
pH ad}ustment aseptic packaging, freeze-drying, and refrigerated
storage.” Encapsulation has also been applled to enhance the
delivery of probiotics into the intestines' and acts as a protective
carrier, which is robust against processing conditions and gastro-
intestinal transit for selective release at targeted area such as the
colon. Major challenges faced in bacterial encapsulation include
(1) thermal insulation to preserve stability in heat-processed
products and (2) suitable capsule size for optimal cell loading
without compromising the textural and organoleptic properties
of food products.'' Microencapsulation involves carriers measur-
ing several micrometers to 1 mm, whereas nanoencapsulation
falls within submicrometer levels. Conventional microencapsula-
tion such as spray-drying suffers from high mortahty due to
simultaneous dehydration and thermal inactivation."" Nanoen-
capsulation offers advantages such as immobilization efficiency
due to increased surface area to volume ratio, robust protection
due to flexibility in selection of encapsulant and its properties,
and minimized sensorial effect when incorporated into food
matrices due to the diminutive size. In addition, the amplified
surface area to volume ratio in nanofibers may confer protection
against heat processing due to reduced thermal conductivity with
volume, as observed by Wu et al.">

Electrospinning is a nanofiber fabrication technique that
applies high voltage to draw a polymer solution from a spinneret
tip to a grounded collector. Upon charging, a jet of polymer
solution emerges from the needle tip, forming a cone known as
the Taylor cone, which breaks out into a jet when the critical
voltage is achieved. The electrical potential between the tip and
the grounded collector draws the jet in a whipping motion and
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stretches it into continuous fibers of nanosized diameter as a
nonwoven mat on the grounded collector. Electrospinning has
produced nanofibers from various synthetic and biopolymers for
applications including tissue engineering and drug delivery.'?
The size and properties of nanofibers can be designed to suit
specific applications by modifying the parameters of the spinning
process (voltage, spinning distance, flow rate) and those of the
spinning solution (viscosity, conductivity, surface tension).14
Biopolymers that are biocompatible, biodegradable, and non-
toxic are favored for nanoencapsulation of bioactives for food and
biomedical applications aimed at immobilization, protection
from adverse environments, and preservation of stability.®

Our previous research showed that agrowastes from oil palm
and soybean contained dietary fibers that could be spun into
nanofibers using electrospinning technology."> The present
study aimed to develop and evaluate agrowaste-based nanofibers
as encapsulants of a probiotic, Lactobacillus acidophilus. To our
knowledge, this is the first study to investigate the potential of
agrowaste fibers as functional nanomaterials, which may provide
some indications for a potential alternative encapsulation tech-
nique for the selected beneficial bacteria, L. acidophilus.

Bl MATERIALS AND METHODS

Production of Nanofibers from OPT, OPF, and Okara.
Soluble dietary fiber (SDF) fractions from OPT, OPF, and okara were
obtained as previously described.'> SDF solutions were amended with
poly(vinyl alcohol) (PVA, average M,, 85,000—124,000, 87—89%
hydrolyzed; Sigma-Aldrich, Steinheim, Germany) at a concentration
of 8% (w/v) and stirred at 100 °C using a magnetic stirrer until complete
dissolution. The spinning solutions from okara, OPT, and OPF were
characterized by measuring the viscosity (A&D Vibro Viscometer SV-
10, Tokyo, Japan), conductivity, and pH (Mettler Toledo $47 Seven-
Multi dual meter pH/conductivity, Columbus, OH).

The solutions were autoclaved to achieve sterility and electrospun at
25 °C to produce nanofibers. The grounded collector was lined with
aluminum foil to collect spun fibers. Electrospinning parameters were set
as follows: flow rate, 0.1 mL/h; tip-collector distance, 15 cm; and voltage,
12 kV. The collected nanofibers were dried under vacuum (Binder VD,
Tuttlingen, Germany) at 40 °C for 24 h and vacuum-packed until further
analyses.

Characterization of Nanofibers. Scanning Electron Micro-
scopy (SEM). The morphology of electrospun nanofibers were assessed
using SEM. Samples were affixed to sample stubs and subsequently gold-
coated using a Polaron SC515 SEM Coating System voating dystem (Bio-Rad
sputter coater, Hemel Hempstead, U.K.). The samples were then viewed
and photographed using a Leo Supra SOVP Ultrahigh Field Emission
scanning electron microscope (FESEM; Carl Zeiss, Oberkochen,
Germany). Fiber size distribution was determined using a desktop SEM
(Phenom, Phenom-World, The Netherlands) complemented with Phe-
nom ProSuite—Fibermetric software.

Attenuated Total Reflectance Infrared Spectroscopy (ATR-FTIR).
The nanofibers were characterized using FTIR spectroscopy to study
the chemical composition and bonding present. The ATR-FTIR spectra
of nanofiber samples were recorded using the Thermo Nicolet Nexus
FTIR spectrometer coupled with an ATR detector (Thermo Nicolet,
Madison, WI). All spectra were recorded in the mid-IR region 4000—
400 cm ™ at a resolution of 4 cm™ ' with 32 scans. Analysis of the spectral
data was performed by using OMNIC version 6.0 (Thermo Nicolet)
software.

Thermal Characterization. Thermal characterization of nanofibers
was performed using differential scanning calorimetry (DSC) and ther-
mogravimetric analysis (TGA). Glass transition temperature (Tg) and

melting temperature (T,,) were determined using DSC (DSC-6, Perkin-
Elmer, Waltham, MA). The nanofiber samples were heated from 40 to
400 °C at a heating rate of 10 °C/min in a nitrogen atmosphere. TGA of
the electrospun nanofibers was performed using a thermal analyzer
(Pyris 1 TGA, Perkin-Elmer). Samples were heated from 25 to 700 °C at
a heating rate of 10 °C/min to investigate the weight loss behavior and
degradation temperature.

Production of Nanofiber-Encapsulated L. acidophilus
FTDC 8933. Preparation of Stained Bacterial Suspension. L. acid-
ophilus FTDC 8933 was obtained from the Culture Collection Centre of
Universiti Sains Malaysia. The stock culture was stored at —20 °C in
40% (v/v) sterile glycerol. The cultures were activated three successive
times in sterile de Mann, Rogosa, and Sharpe (MRS) broth (Hi-Media,
Maharashtra, India) supplemented with 0.15% (w/v) filter-sterilized
(0.45 um) vr-cysteine hydrochloride (MRS-LC, Hi-Media) prior to
experimental use. Activated cells were cultured and collected by centrifuga-
tion at 2330g for 15 min at 4 °C, washed twice, and resuspended in
phosphate-buffered saline (PBS, pH 7.4). The cells were stained with
fluorescein diacetate (FDA) using the method described by Corich et al.'®

The sterile spinning solutions were inoculated with the prepared cells
and electrospun in the dark to preserve the fluorescing FDA dye. Some
samples were collected on microscope slides for fluorescence micro-
scopy imaging. Samples of L. acidophilus encapsulated in nanofibers
from okara, OPT, and OPF were collected, vacuum-packed, and stored
at 4 °C until further analyses.

Characterization of Nanofiber-Encapsulated L. acidophi-
lus. Viability of L. acidophilus FTDC 8933. The viability of encapsulated
cells was assessed using fluorescence microscopy. Nanofibers containing
L. acidophilus that were collected on microscope slides were observed
using an Olympus BH2 fluorescence microscope (Olympus Optical,
Tokyo, Japan) fitted with a Progres C10+ Image Capture and VideoTest
5.0 image analysis system.

The viability of cells was also determined using the pour-plate assay.
This was conducted to determine the viability of cells in the spinning
solution prior to electrospinning, and the survival of cells upon encap-
sulation in nanofibers over a storage period of 21 days at 4 °C. Briefly,
1 mL of inoculated spinning solution was serially diluted, plated using
MRS-LC agar (Hi-Media), and incubated at 37 °C. The viability of
L. acidophilus FTDC 8933 in spinning solutions and encapsulated in
nanofibers was determined as log(cfu/g) nanofibers. Nanofibers were
weighed and dissolved in peptone at 25 °C to release the encapsulated
cells, prior to serial dilutions and pour-plating. The viability assay was
performed for samples at intervals of £ = 01 (spinning solution) and t =0,
1,3, 5,7, 14, and 21 (t = number of days stored at 4 °C).

Statistical Analysis. Data analysis was performed using SPSS Inc.
software (version 15.0; Chicago, IL). One-way ANOVA was used to
evaluate the significant differences between sample means, at a signifi-
cance level of 0. = 0.05. Mean comparisons were assessed by Tukey’s test.

B RESULTS AND DISCUSSION

Characterization of Spinning Solutions. The process of
electrospinning can be manipulated by a number of variables
including solution properties, such as conductivity, viscosity, and
surface tension, and process parameters, such as voltage, tip-
collector distance, and flow rate.'* Thus, the properties of
different spinning solutions were measured to evaluate their
influence on the diameter of nanofibers produced (Table 1). A
spinning solution made from SDF of okara had a higher pH value
(P <0.05) at 5.39 =+ 0.01, followed by OPF and OPT. Although
agrowastes were treated at pH 9 to yield SDF, the pH values of
SDF decreased upon autoclaving. Our preliminary data ruled out
the effect of PVA addition, as the pH of the PVA solution before
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Table 1. Measurements of pH, Conductivity, and Viscosity of
Spinning Solutions Prepared from Addition of Poly(vinyl
alcohol) into Soluble Dietary Fiber (SDF) Fractions of
Okara, Oil Palm Trunk (OPT), and Oil Palm Frond

(OPEF)*

SDF pH conductivity (mS/cm) viscosity (mPa-s)
okara 5394001 A 8.514+0.04B 578.00+11.02 A
OPT 4.60+0.01C 948 +0.03A 168.00 £4.58 C

OPF 5234+0.01B 7.85+0.02C 293.67 +13.50 B

“Means in the same column with different letters are significantly
different (P < 0.05).

autoclaving was 5.60 £ 0.01, whereas after autoclaving it was
5.24 £ 0.01. Thus, we believe that the reduction in pH was not
contributed by any chemical interaction of PVA, but may be
caused by autoclaving, which caused chemical degradation of the
cellulose cell wall and the interaction of cellulose fibers with
alkali.'” Depolymerization of cellulose produces a mixture of
carboxylic and hydroxyl carboxylic acids, which leach into and
reduce the pH of spinning solutions. The released cellulose
degradation products tend to have strong metal-complexing
ability in high-pH conditions, leading to displacement of car-
boxylic acid hydrogen ions by free metal ions in the solution,
which further decrease the pH. Our previous study quantified
various minerals in the agrowaste fiber materials including calcium
and iron, which could leach into the SDF."® Calcium is known to
be present in high amounts due to its role in binding pectin and
maintaining the integrity of cell walls.'® Carbohydrate-derived
carboxyhc acids have been studied as sequestering agents for
calcium.'® The culmination of studies suggested the possibility of
initial pH decrease from the release of carboxylic acids and
minerals during treatment, followed by further pH decrease from
complex formation between the degradation products and free
mineral, leading to the drastic drop in pH from pH 9 before
autoclaving to the range of 4.6—S5.4 after alkali and heat treatment.

The lower pH (4.60 =+ 0.01) and viscosity (168.00 + 4.58
mPa-s) (P < 0.05) of SDF from OPT resulted in higher conduc-
tivity (9.48 £+ 0.03 mS/cm) compared with SDF from OPF
(7.85 £ 0.02 mS/cm) (P < 0.05). The viscosity of a solution
dictates the mobility of the ions, thus directly influencing
conductivity. The lower solution viscosity of OPT resulted in
higher conductivity as compared with OPF, which possessed
higher solution viscosity (293.67 & 13.50 mPa-s), resulting in
lower conductivity at 7.85 £ 0.02 (P < 0.05). Although the okara
solution had higher viscosity (578.00 £ 11.02 mPa-s), the
conductivity (8.51 £ 0.04 mS/cm) was higher compared
with the OPF solution (P < 0.05). This could be due to a higher
concentration of free ions from dissociation reaction which could
have resulted in higher conductivity.”® Son et al.*' noted that the
conductivity of PVA solutions was also strongly dependent on
the pH, with higher conductivities observed in low-pH regions.
OPT with lower pH compared with OPF (523 + 0.01)
possessed higher conductivity (P < 0.05). Higher conductivities
of okara (8.51 £ 0.04 mS/cm) and OPT in turn increased the
charge densities of the spinning solution, thus imposing stronger
elongation forces to eject ]ets under electric field, resulting in
fibers with smaller diameters.*" As a result, the nanofibers spun
from SDF of okara (Figure 1A) and OPT (Figure 1B) were
observed to be finer than nanofibers spun from SDF of OPF
(Figure 1C) under SEM.

The viscosities of spinning solutions, as controlled by polymer
concentration, are important determiners of fiber size and
morphology in the spinning of polymeric fibers.'* High solution
viscosities present a predomlnant entanglement effect which, in
turn, produce stable fiber jets.”> The SDF of okara had higher
initial viscosity; thus, after the addition of PVA, it had a higher
viscosity (P < 0.05) at 578.00 £ 11.02 mPa-s compared to SDF of
OPT (168.00 =+ 4.58 mPa-s) and OPF (293.67 & 13.50 mPa-s).
Our previous study also showed that okara possessed higher
soluble dietary fiber content," which leached into the soluble
fiber fraction durmg autoclavmg, thus contributing to higher
viscosity. Toda et al.”® also showed that okara, which contains
heat-extractable proteins and polysaccharides, increased the
viscosity of soy milk processed with okara. The higher viscosity
of SDF from okara also contributed to finer fiber size as observed
under SEM (Figure 1).

Characterization of Nanofibers. SEM. The spinning solu-
tions were successfully spun into nanofibers measuring 200—
400 nm with generally uniform sizes (Figure 1). With the aim of
producing smooth nanofibers with consistent diameters, preli-
minary electrospinning with lower concentrations of PVA pro-
duced defects such as beads and junctions (data not shown).
Increasing the concentration of PVA to 8% (w/v) resulted in
uniform, smooth, and bead-free nanofibers. Son et al.*! noted
that the viscosity of solution rapidly increased with the addition
of PVA beyond 7 wt %, which was the minimal concentration for
a stabilized jet with consistent whipping and consequently form-
ing long uniform PVA fibers, due to the onset of chain entangle-
ment. Sufficient chain entanglement in spinning solution allows
better spinning of continuous nanofibers.

Attenuated Total Reflectance Infrared Spectroscopy (ATR-
FTIR). The molecular structure of electrospun agrowaste-based
nanofibers was evaluated using ATR-FTIR, which is a powerful tool
to study the conformational properties of polysaccharides and also
the chemical constituents present in the nanofibers.***>5

The ATR-FTIR spectra of okara, OPT, and OPF nanofibers
corresponded to the spectrum of PVA nanofiber with major
peaks related to the hydroxyl and acetate groups associated with
neat PVA*® (Figure 2). The large band between 3700 and 3000 cm ™'
indicated O—H stretching from inter- and intramolecular hy-
drogen bonds.*® The other major peak observed between 2935
and 2943 cm ™" was attributed to vibrational bands due to C—H
stretching from alkyl groups in PVA, whereas the peak at 1733 cm ™'
was assigned to the C=0O and C O stretching from residual
acetate groups in the PVA matrix.”® Another prominent peak at
1094 cm ™ represented the C—O stretchlng and O—H bending
in PVA. An intense peak at 1648 cm ™' commonly associated with
adsorbed water molecules in fibers** was notably absent in the
spectra, suggesting the removal of water from nanofibers during
electrospinning.

Apart from the chemical composition of PVA, peaks were also
attributable to the soluble-fiber components in the spinning
solution. The peak observed at 1732 cm™' was indicative of
acetyl and uronic ester groups of hemicelluloses. They can also be
attributed to the carboxyl groups in the acids and esters of acetic,
p-coumaric, ferulic, and uronic acids, which are the main
constituents of extractives and hemicelluloses.”” In addition,
prominent peaks at 1427, 1375, and 1253 cm ™' represented
C—H,O—H, or CH, bending,24 whereas the peak at 1250 cm”!
can be assigned to C—O stretching vibrations of aliphatic
primary and secondary alcohols associated with the hemicellu-
lose material removed from insoluble fibers.>®
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Figure 2. ATR-FTIR spectra of electrospun nanofibers from poly(vinyl
alcohol) (PVA), okara, oil palm trunk (OPT), and oil palm frond (OPF).

Thermal Characterization. Thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) were used to thermally
characterize the nanofibers. The weight loss of nanofibers as a func-
tion of degradation temperature was as shown in the TGA thermo-
gram of the first-order derivatives (Figure 3). The thermogram of
PVA nanofiber showed two regions of maximum weight loss,
whereas nanofibers produced from soluble fibers with PVA additive
showed three regions of major weight loss. The weight loss of the
partially acetylated PVA nanofiber, at onset temperatures around
295 and 437 °C, corresponded to the release of acetyl groups
that were transformed to acetic acid molecules with subsequent
in situ chain stripping (295 °C), following which chain scission and

2
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Figure 3. TGA thermogram of electrospun nanofibers from poly(vinyl
alcohol) (PVA), okara, oil palm trunk (OPT), and oil palm frond (OPE).

decomposition (437 °C) occurred.”® Peresin et al.*® also noted that
the electrospinning process did not affect the structure of the matrix
polymer when thermograms of PVA before and after electrospin-
ning were compared.

The agrowaste-based nanofibers with added PVA showed
comparable thermograms. Thermogravimetric curves exhibited
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Figure 4. DSC thermogram of electrospun nanofibers from poly(vinyl
alcohol) (PVA), okara, oil palm trunk (OPT), and oil palm frond
(OPF).

first weight loss at 157 °C (okara nanofiber) and 164 °C (OPT
and OPF nanofibers), due to loss of adsorbed water. Maximum
weight loss was recorded at 273.1, 284.1, and 282.9 °C for
nanofibers from okara, OPT, and OPF, respectively, attributable
to the structural decomposition of the PVA side chain. This was
followed by a third degradation point at 426.0, 425.0, and
427.9 °C for nanofibers from okara, OPT, and OPF, respectively,
which accounted for the decomposition of the PVA main chain.
The degradation temperatures of blend fibers were between the
two temperatures of each material’s onset of degradation, a trend
that was also observed by Zhang et al.,”® who evaluated PVA—
soy blend nanofibers.

DSC curves of nanofibers (Figure 4) showed that the max-
imum peak corresponding to melting temperature was at
186.8—200.53 °C, with the higher melting enthalpy recorded
for the OPT nanofiber at 183.7 J/g, whereas the lower melting
enthalpy was at 37.3 J/g for the PVA nanofiber (Table 2).
Because the spinning solutions were prepared with the addition
of 8% PVA, nanofibers fabricated from agrowaste soluble fiber
had greatly increased melting enthalpies, compared with nano-
fibers fabricated from plain PVA (dissolved in water). The degree
of crystallinity ().) calculated from the melting enthalpy was
higher in nanofibers prepared from agrowaste soluble dietary
fiber fractions (Table 2). Higher maxima of melting and melting
enthalpy are indicative of more perfect molecular orientation and
higher crystallinity, as more energy will be required to disrupt the
higher molecular orientation.® Thus, the addition of agrowaste
solubilized fiber improved the crystallinity or molecular orientation
in nanofibers, compared with plain PVA (dissolved in water). The
high melting temperature of nanofibers indicated potential incor-
poration in heat-processed foods such as baked food, where it can
remain stable at working temperatures of 50—180 °C.

Characterization of Nanofiber-Encapsulated L. acidophi-
lus. SEM. The incorporation of L. acidophilus into spinning
solutions resulted in beaded fiber morphology (Figure S). The
L. acidophilus cells were entirely enclosed within the nanofibers,
forming local widening of the fiber that was almost spherical in
shape, and were distributed along the nanofibers. The bacteria,
which were initially dispersed in the polymer solution in random
orientation, were gradually oriented along the stream lines due to
sink-like flow at the Taylor cone.”

In addition to SEM imaging, the presence of L. acidophilus was
further supported by fluorescence microscopy images (Figure 6).
FDA is a nonfluorogenic molecule that permeates cells to serve as

Table 2. DSC Maximum of Melting (T,,,), Melting Enthalpy
(AH,,), and Degree of Crystallinity ().) of Electrospun
Nanofibers from Okara, Oil Palm Trunk (OPT), Oil Palm
Frond (OPF), and Poly(vinyl alcohol) (PVA)

nanofiber T." (°C) AH," (J/ g) 1
okara 186.30 167.90 121
OPT 190.46 183.70 1.32
OPF 200.53 126.30 091
PVA 195.40 37.30 0.27

“ T, (°C) is the DSC maximum melting temperature. "AH, (J/ g) isthe
melting enthalpy. “y. = (AH,,)/[(AH,° x w)]; AH,.° is the heat of
fusion for the 100% crystalline polymer, estimated to be AH,,” = 139 J/
gi*® w is the weight fraction of polymeric material in the respective
composite.

a substrate for nonspecific esterases, leading to an activation of
fluorescence.'® Hence, the presence and distribution of viable
cells in nanofibers were observed as bright green fluorescence.
The green fluorescence appeared within the beaded structures of
PVA nanofibers, indicating the encapsulation of cells within the
structures, which appears evenly distributed along the nanofibers.

The distribution of nanofiber sizes was also evaluated (Figure S).
Tubular nanofibers showed smaller diameter sizes, ranging from
229 to 272 nm, whereas bundles containing encapsulated probio-
tics presented a broader size distribution of 422—703 nm, with a
high frequency of fibers measuring around 425 nm.

Viability of L. acidophilus FTDC 8933. We also evaluated the
survivability of L. acidophilus upon electrospinning and its
storage stability under refrigeration temperature (4 °C). The
viability of L. acidophilus in spinning solution was also measured
to compare the viability of the bacteria before and after electro-
spinning. The viability of electrospun nanofiber-encapsulated
L. acidophilus generally decreased (P < 0.05) upon electrospinning
(Table 3). Bacteria encapsulated in OPF nanofiber showed a
higher survival percentage at 90%, followed by bacteria encapsu-
lated in OPT and okara nanofibers at 85.3 and 78.6%, respec-
tively. The decrease in probiotic viability after electrospinning
can be attributed to a drastic change in the osmotic environment
due to the rapid evaporation of water upon electrospinning.® The
sustained viability indicated the stability of the probiotic against
high voltage and shear stress during electrospinning. Our results
are comparable with nanoencapsulated L. plantarum in electro-
spun poly(ethylene oxide) nanofibers, which showed survival
rates of 83.7% following the electrospinning process,*® whereas
other methods of preserving L. acidophilus such as freeze-drying
revealed lower survivability of 72.85—73.88% after the freeze-
drying process.”"

The nanofiber-encapsulated probiotics were stored for evalua-
tion of storage stability at 0, 1, 3, S, 7, 14, and 21 days. The
stability of the probiotic in OPF nanofiber was most prominent,
retaining viable counts with no significant difference (P < 0.05)
until day 14 and by the end of the study showed a survival of 72%
(Table 3). OPT nanofiber retained 49% of bacterial viability by
the end of the study, whereas okara nanofiber retained only
37.7% bacterial viability after 21 days.

The spinnability of the agrowaste soluble dietary fiber fraction
and the properties of resulting nanofibers were complemented
with the addition of PVA, a biocompatible hydrophilic polymer
that can confer high oxygen barrier when dry, without affecting
the bioactivity of bacteria.® Freeze-dried L. acidophilus has been
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Figure S. SEM micrographs and corresponding size distribution histograms of nanofibers containing L. acidophilus from (A) okara, (B) oil palm trunk
(OPT), and (C) oil palm frond (OPF).

Table 3. Viability of L. acidophilus FTDC 8933 in Spinning Solutions (¢ = 01) and in Nanofibers from Okara, OPT, and OPF at
Time Intervals t = 0, 1, 3, 5, 7, 14, and 21 Days"

viability (log cfu/g)
spinning solution time (days)
nanofiber containing 01 0 1 B S 7 14 21
L. acidophilus
okara 9.564+0.06Ba 7.51 £0.18Bb 723£001Cb 7.10£0.03Cb 512+£0.10Bc 527 £0.08B,c 3.90+0.09Cd 3.60 £021Cd
OPT 11.01+0.50Aa 9.39+0.09Ab 9.14+ 003Ab 893+0.04Bb 8724+ 023Ab 544+0.11B,d 673+ 0.27B,c 540£0.05B,d
OPF 991+0.03Ba 892+ 0.02Ab 880+£0.65Bb 9.03+£0.02Ab 872+£044Ab 896+ 0.03Ab 7.96£0.04Ac 7.13+0.04A,d

“ Means in the same row with different lower case letters are significantly different (P < 0.05). Means in the same column with different upper case letters
are significantly different (P < 0.05).

noted to lose stability and viability in the presence of elevated storage stability.*” Thus, the process of electrospinning, which
moisture content and oxygen level. Increased water activity de- completely removes the fiber solvent (water), and the protective
creased bacterial survival, whereas a reduced oxygen level improved nanofiber encapsulant, which excludes environmental oxygen,
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Figure 6. Optical micrograph of FDA-stained L. acidophilus-encapsu-
lated within nanofibers electrospun from okara SDF solution. Fluorese-
cence illumination revealed live bacteria within the fibers.

can contribute to the stability of L. acidophilus, possibly offering
potential in extending the shelf life of probiotic products. In
addition, the use of the agrowaste soluble fiber fraction as
probiotic carrier may contribute to increased dietary fiber con-
sumption in conjunction with probiotic encapsulation.

Nanoencapsulation of probiotics in nanofibers offers advan-
tages in the incorporation of probiotics in food products, with
reduced undesirable sensory effects, such as graininess or off-
flavors often associated with consuming fibers, due to its minute
size, and increased protection against heat treatment due to
insulation properties, which are enhanced with decreasing fiber
diameter."* Reduced fiber radius has been observed to reduce
radiative heat flux or heat transfer via radiation through fiber
insulations using electrospun superfine fibers.'> Thus, probio-
tics encapsulated in electrospun nanofibers may have higher
survival rates in thermal processing compared with microcar-
riers, presenting a potential of nanofibers for probiotic incor-
poration in heat-processed food, a long-standing challenge in
bacteria encapsulation.

In summary, nanofibers were successfully produced from the
soluble dietary fiber fractions of okara, OPT, and OPF. Thermal
analysis suggested potential thermal protection of nanofibers for
encapsulation of L. acidophilus in heat-processed food due to
nanosize dimensions and high melting temperatures of at least
180 °C. Cells of L. acidophilus survived the electrospinning con-
ditions of high shear stress and high voltage, retaining viability
during storage at refrigeration temperature (4 °C). The flexibility
of the electrospinning process in the modification of parameters
may enable further improvements to increase the viability of
encapsulated bacteria and serve as an alternative for bacterial
protection. The agrowaste-based soluble dietary fiber fraction
showed good potential as a nanoencapsulant for probiotics with
concomitant supplementation of dietary fiber. Further research
may be warranted to improvise nanofibers with controlled
release properties for the controlled release of probiotics in the
intestines, increased encapsulation efliciency, and probiotic
stability while also evaluating the in vivo release and efficacy of
nanoencapsulated probiotic.
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