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To improve the survivability of probiotics under the harsh conditions, a novel double-layered vehicle, which was
developed by a one-step coaxial electrospinning procedure, was here used to encapsulate the probiotics. The
morphology characterization analysis revealed that the electrospun fiber had a beaded morphology and core-
shell structure. Probiotic cells were successfully encapsulated in the fibers (107 CFU/mg) and exhibited an
oriented distribution along the fiber. Additionally, the encapsulation of core-shell fiber mat enhanced the tol-
erance of probiotic cells to simulated gastrointestinal conditions and no significant loss of viability was found

(p > 0.05). Besides that, the encapsulated cells exhibited better thermal stability under heat moisture treat-
ment, lower loss of viability (0.32 log CFU/mL) was occurred when compared with the free cells or encapsulated
cells in uniaxial fiber mat. In conclusion, this double-layered vehicle presents a great potential in probiotic
encapsulation and improving their resistant ability to the harsh conditions.

1. Introduction

Advances in the biotechnology have promoted the deep under-
standing of metabolic interactions between the host and microbiome.
Recently, increased studies have highlighted the important role of the
gut microbiome in regulating the human health and disease (Lee &
Hase, 2014). Specifically, the supplementary of probiotics could po-
tentially influence the microbiome composition, and thus conferring
several health benefits to the host, such as modulation of immune
system, prevention of diarrhea, reduction of lactose intolerance, alle-
viation of gastrointestinal complaints, etc. (Martinez, Bedani, & Saad,
2015; Sanders et al., 2013; Aureli et al., 2011). However, challenges
associated with the consumption of probiotics were existed owing to: (i)
harsh food processing and storage conditions (pH, temperature, oxi-
dation content, osmotic pressure, etc.), (ii) harsh gastrointestinal con-
ditions (high acid, digestive enzymes, bile salt, etc.) and (iii) successful
colonization in the colon (Tripathi & Giri, 2014; Holkem et al., 2016; Li
et al., 2019). To exert their functions, the probiotics should survive the
above adverse conditions and maintain a high bacteria survival rate.

Herein, microencapsulation has proven to be a promising approach for
addressing these challenges.

In recent years, various studies have been performed to investigate
the protective role of different encapsulation vehicles against the harsh
conditions that to which probiotic cells should be exposed (Sipailiené &
Petraityte, 2018). Specifically, the multilayer structured vehicle has
been considered to be more effective in improving the survivability of
encapsulated probiotic cells (Laelorspoen, Wongsasulak, Yoovidhya, &
Devahastin, 2014; Anselmo, Mchugh, Webster, Langer, & Jaklenec,
2016). However, most of these carriers were hydrogel beads or capsules
fabricated by repeated and complex coating process. Therefore, other
types of encapsulation vehicles with multilayer structure developed by
some simple and new methods are necessary to be explored for pro-
tecting the probiotic cells.

Electrospinning, which is a mild and facile technique, has achieved
increased interest in bioactive compounds encapsulation (Wen, Zong,
Linhardt, Feng, & Wu, 2016). Recently, it was taken as an emerging
approach for probiotic encapsulation; however, most studies just pre-
liminarily encapsulated the probiotic cells by uniaxial electrospinning
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and the ability of the uniaxial fiber mat to help the probiotics to resist
the harsh environmental conditions has not been explored yet (Feng
et al., 2018; Amna, Hassan, Pandeya, Khil, & Hwang, 2013). In our pre-
test study, we found that the capability of the obtained uniaxial fiber for
protecting the probiotics from the harsh gastric condition was poor and
almost all of the cells lost their viability. In regarding to this, coaxial
electrospinning is one simple and direct method for developing vehicles
with double-layered structure and recent reports have demonstrated
that the core-shell electrospun fiber mat has more advantages over
uniaxial electrospun fiber in encapsulation and controlled release of
drugs (Feng et al., 2019; Yang et al., 2018). However, few studies have
been performed on double-layered encapsulation of probiotic cells by
coaxial electrospinning and its efficacy in providing protection to the
encapsulated probiotic cells under the harsh conditions was unknown.
Hence, the double-layer structured vehicle fabricated just through one
step by coaxial electrospinning was here considered and we hypothe-
sized that this distinct vehicle maybe a good alternative for en-
capsulating probiotic cells and conferring protections to them.

Sodium alginate (SA), which is a pH-responsive polymer, was ex-
tensively used as the wall material for probiotic encapsulation (Burgain,
Gaiani, Linder, & Scher, 2011). But most of the SA-based solid vehicles
were fabricated by crosslinking with Ca2* (Li et al., 2018; Li et al.,
2017). However, to date, there is no report considering the potential of
the SA-based core-shell fiber for probiotic protection. Hence, the aim of
this study is to construct a novel double-layered encapsulation vehicle
for Lactobacillus plantarum (L. plantarum) through the one-step coaxial
electrospinning procedure. The feasibility of this vehicle for improving
their survivability under simulated gastrointestinal conditions and heat
moisture treatment was investigated.

2. Materials and methods
2.1. Materials

Sodium alginate (SA, from brown algae) and Rhodamine 123
(=98%) were from Sigma-Aldrich company (Shanghai, China); Poly
(vinyl alcohol) (PVA, 98-98.8% hydrolysis) was purchased from
Sinopharm Chemical Reagent Co., Ltd. (Beijing, China); pepsin (3000
U/mg) and trypsin (250 U/mg) were obtained from Aladdin biological
technology Co., LTD (Shanghai, China); L. plantarum was kindly do-
nated by Prof. Jiguo Yang’s laboratory belonging to School of Food
Science and Engineering, South China University of Technology.

2.2. Preparation of electrospinning solutions

A tube of stock culture was inoculated into the sterile de broth
(MRS) and activated twice at 37 °C. Then the cells were harvested at
stationary phase (18 h) by centrifuging at 5000 rpm, 4 °C for 5 min and
subsequently washed with sterile water. The obtained cell pellets were
then diluted to get a bacterial concentration of 10'° GFU/mL by sterile
water and then used either for the encapsulation process or the survi-
vability assay.

PVA solutions (6% and 8%, w/w) were prepared by adding PVA into
the deionized water and stirred at 80 °C for 2 h with a magnetic stirrer
(RT5, IKA, German). SA solution (2%, w/w) was prepared by dissolving
SA in deionized water and stirred until complete dissolution for over-
night. All the solutions and the glass wares used in this experiment were
autoclaved at 121 °C for 15 min to achieve sterility. The shell solution
was prepared by blending PVA (8%, w/w) and SA solution at a weight
ratio of 80:20. The mixture of 20 L of cell pellet suspension and 10 g of
6% PVA solution was served as the core solution. The stirring process
was performed under sterilized conditions.

2.3. Double-layered encapsulation of probiotic cells by electrospinning

Electrospinning process was carried out by applying a homemade
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spinneret with two concentric needles (17 gauge and 21 gauge, re-
spectively). The rate of the shell and core solutions were both con-
trolled at 0.4 mL/h by two syringe pumps (NE-300, USA). And the
spinneret was connected with the positive electrode of a power supply,
which generate a voltage of 16 kV. The prepared fiber was collected at
one grounded plate coated with the aluminum foil, the distance be-
tween the needle tip and the plate was kept at 14 cm. During the
electrospinning process, the temperature and relative humidity were
maintained at 25 °C and 40%, respectively.

2.4. Characterization and measurement

The morphologies of the obtained electrospun fiber sample were
observed by SEM (EVO18, Germany) at an accelerating voltage of
15 kV. Prior to observation, electrospun fiber mat was coated with Pt
for 40 s using a sputter coater (K550, Emitech, UK) under vacuum. Then
the distribution of the fiber diameter was analyzed by Nano Measure
1.2 software.

The core-shell structure observation was performed using the TEM
(JEM-2010, Japan); electrospun fibers were collected on the copper
grid which was previously put on the aluminum foil.

The viability and distribution of probiotic cells were evaluated by
fluorescence microscopy. Cells were firstly stained with Rhodamin 123,
and then the stained cells encapsulated fiber was fabricated by the
method described in Section 2.2. Then a layer of the fiber on the mi-
croscope slide was prepared by putting the slide on the aluminum foil
before electrospinning. Then the nanofibers containing stained pro-
biotic cells was observed by an inverted fluorescence microscope (IX73,
Olympus, Japan), which was fitted with a digital camera (Olympus,
Japan). Then the pictures were processed with the Olympus cellSens
Standard software.

FTIR spectrophotometer (Bruker Model Equinox 55, Germany) was
utilized to investigate the interactions between the components in the
obtained fiber mat. ATR-FTIR spectra were recorded using the FTIR
spectrometer coupled with an ATR detector. All the measurements were
performed in the mid infrared region with a resolution of 4 cm ™! and
scanning wave number of 500 to 4000 cm ~'. The analysis of obtained
spectra data was performed by the OPUS spectroscopic software.

The crystal structure of the fiber mat and the relevant constitutes
were measured by using an X-ray diffractometer (model D8 Advance,
Germany) with a scanning rate of 0.02° per 0.5 s using Cu-Ka radiation.
The XRD patterns were obtained in the 26 range of 5-60°.

The thermal behavior of the fiber mat and the related constituents
was investigated using thermal gravimetric analysis (TGA-Q5000,
USA). It was carried out at the temperature range from 37 to 700 °C at a
heating rate of 10 °C/min under nitrogen atmosphere.

2.5. Survival of free and encapsulated probiotic cells in simulated
gastrointestinal condition

In order to fully exert their health benefits to the host, the probiotics
should be protected from the destruction of the harsh environment of
upper gastrointestinal tract. Therefore, the effectiveness of the core-
shell vehicle for the probiotic under simulated acidic and bile condition
were investigated. The survival efficiency of the encapsulated cells in
the simulate fluids was carried out according to Rajam’s methods with
some modification (Rajam, Karthik, Parthasarathi, Joseph, &
Anandharamakrishnan, 2012).

2.5.1. Survival of encapsulated probiotic cells in simulated gastric condition

The pepsin was dissolved in sterile water (pH 2.0) followed by fil-
tering with a 0.22 um sterile membrane filter and the simulated gastric
fluid (SGF) was prepared by adding the pepsin suspension to the sterile
water to get a final concentration of 0.3% (w/v, pH 2.0). 100 mg of the
core-shell fiber mat was added into 5 mL SGF and incubated in a shaker
incubator (37 °C, 100 rpm) for 2 h. Meanwhile, 100 pL of free cell
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suspension was addressed in the same condition and served as the
control. After that, the fiber mat or 100 pL of free cell contained solu-
tion was harvested from the above SGF, respectively, subsequently
transported to the 5 mL of MRS broth and then the microorganisms
were activated at 37 °C for 24 h. After that, the medium was spread on
the MRS agar plate and incubated at 37 °C for 48 h before colony
counting.

2.5.2. Survival of encapsulated probiotic cells in simulated intestinal
condition

To examine the bile tolerance of the encapsulated cells, 2% bile salt
solution was prepared by adjusting pH to 7.0 with 1 M NaOH and
sterilized at 121 °C for 20 min. The trypsin was dissolved in sterile
water and filtered. Then the simulated intestinal fluid (SIF) was pre-
pared by suspending trypsin in sterile bile solution (2%, w/w). 100 mg
of the core-shell fiber mat or 100 pL of free cell suspension (control)
was added into 5 mL SIF and incubated in a shaker incubator (37 °C,
100 rpm) for 2 h. After that, the fiber mat or 100 pL of free cell sus-
pension harvested from the above SIF were transported to 5 mL of MRS
broth and then the microorganisms were activated at 37 °C for 24 h.
Then the medium was spread on the MRS agar plate and incubated at
37 °C for 48 h before colony counting.

2.6. Thermal stability of free and encapsulated cells

The stability of free and encapsulated cell under heat moisture
treatment was carried out according to the previous study (Feng et al.,
2018). Briefly, the free cell suspension (control) and the cell loaded
core-shell fiber mat were added into the sterile tubes, followed by in-
cubating in the water bath with different temperatures (45 °C, 60 °C,
and 70 °C) for 30 min. For the uniaxial fiber mat, its efficacy for pro-
tecting the loaded probiotic cell from the moist-heat condition has been
investigated in the previous work (Feng et al., 2018). Therefore, in this
study, the uniaxial PVA/L. plantarum fiber mat was also prepared and
processed in the same condition, to compare with the core-shell fiber
mat. After the treatment, the cells in different samples were activated in
anaerobic atmosphere at 37 °C for 24 h; the numbers of viable cells
were then determined as aforementioned in Section 2.4.

2.7. Statistical analysis

The statistical analyses were performed by employing a One-way
ANOVA procedure in a SPSS Statistics Software 16.0. All the experi-
ments were carried out in triplicate and resulted data was displayed as
mean =+ standard deviation. P < 0.05 was considered statistically
significant.

3. Results and discussion
3.1. Fabrication of the double-layered vehicle

The goal of this study was to construct a suitable carrier to en-
capsulate the probiotic cells and protect them from the harsh conditions
of upper gastrointestinal tract. SA, as a pH-responsive polymer, has
been widely used in the field of encapsulation (Alfatama, Lim, & Wong,
2018). However, as an ionic polysaccharide, its application in electro-
spinning was limited due to its low viscosity and high conductivity. In
this regard, the extra polymer should be added to improve the elec-
trospinnability of SA (Safi, Morshed, Ravandi, & Ghiaci, 2007). On basis
of our previous study, the fiber with good morphology could be formed
by blending the PVA and SA at suitable mass ratio. In this study, the
mixture of PVA (8%, w/w) and SA (2%, w/w) with the mass ratio of 4:1
was served as the shell solution and the probiotic cells suspended in 6%
(w/w) PVA solution composed the core solution. The scheme of the
encapsulation of probiotic cell in nanofibers by coaxial electrospinning
was depicted in Scheme 1. The SEM morphology of the obtained fiber
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was shown in Fig. 1A, it can be seen that the addition of probiotic cells
into the spinning solution resulted in beaded fiber morphology, leading
to a local widening of the electrospun fiber. Moreover, the beads ap-
peared as approximately oblong and were distributed along the fiber;
the similar phenomenon has been reported by previous study (Feng
et al.,, 2018; Fung, Yuen, & Liong, 2011). We hypothesize that the
probiotic cells were successfully enclosed within the nanofiber, and
more interestingly, the encapsulated cells were oriented in the fiber due
to the sink-flow at the Taylor Cone (Dror et al., 2003; Wu et al., 2011).
The obtained fiber possessed an average fiber diameter of
270 *= 64 nm, and the collected fiber mat was presented in Fig. 1C. In
this study, coaxial electrospinning technique was utilized to develop the
core-shell structured fiber to provide the probiotic cells a more pro-
tective layer. Herein, TEM was applied to observe the fiber mat since it
was a widely used technique for characterizing the core-shell structure
(Zhang et al., 2019). The TEM image of the obtained SA/PVA/L. plan-
tarum fiber mat was shown in Fig. 1D. It can be seen that the electro-
spun fiber exhibited an obvious core-shell structure. Besides the SEM,
the fluorescence microscopy was further performed to provide the di-
rect evidence that whether the probiotic cells were encapsulated in the
core-shell fiber. As depicted in Fig. 1E, the encapsulated cell exhibiting
green color were evenly distributed in the electrospun fibers and the
oriented distribution phenomenon could be also observed in this figure.
Furthermore, as shown in Fig. 1F, the beaded fiber morphology could
be clearly seen in the enlarged figure, which further supported the re-
sults of the SEM analysis.

3.2. Characterization of the electrospun fiber mat

The possible interactions between the chemical constituents in the
fiber mat were examined by ATR-FTIR. The spectra of pure PVA, SA, L.
plantarum, and SA/PVA/L. plantarum fiber mat were depicted in Fig. 2A.
The characteristic absorption peak for the PVA, SA and L. plantarum
appeared at 3471, 3464 and 3418 cm ! was assigned to the stretching
vibrations of O—H group (Feng et al., 2017; Larosa et al., 2018).
However, the O—H stretching peak in the spectrum of SA/PVA and SA/
PVA/L. plantarum fiber mats shifted to the lower wavenumber, de-
monstrating that more hydrogen bonds were formed between SA and
PVA. Furthermore, the characteristic peak of SA at the regions of
900-1200 cm ™! was attributed to the vibrations of carbohydrate ring.
This band also appeared in the spectrum of SA/PVA fiber mat, which
provided evidence that the existence of SA in this fiber mat (Tam et al.,
2006). The spectrum of L. plantarum in the range of 900-1300 cm™*
indicated the bacterial proteins and nucleic acids (Shah, Gani, Ahmad,
Ashwar, & Masoodi, 2016). For the spectrum of the SA/PVA/L. plan-
tarum fiber mat, this region changed greater in intensity and narrower
in width and also showed a blue shift, which was in accordance with the
previous study (Vodnar, Socaciu, Rotar, & Stanila, 2010), demon-
strating the existence of cells in the fibers. Therefore, this result to-
gether with the SEM as well the fluorescence microscopy analysis all
confirmed that the probiotic cells were successfully encapsulated in the
core-shell fiber mat.

The XRD patterns of PVA, SA, L. plantarum and SA/PVA/L. plan-
tarum fiber mat were displayed in Fig. 2B. For the PVA, it was clearly
seen that a significant crystalline peak was existed at around 19.6°,
which was attributed to the strong intermolecular and intramolecular
hydrogen bonding (Shalumon, Anulekha, Nair, Chennazhi, &
Jayakumar, 2011; Zhang et al., 2007). In addition, SA exhibited a sharp
crystalline peak at 13.40°, and it was one typical peak of SA that was
reported in the previous literature (Rathna, Birajdar, Bhagwani, & Paul,
2013). As shown in the pattern of SA/PVA/L. plantarum fiber mat, the
intense peak in PVA had a significant influence on the formation of the
crystalline nature fiber mat. However, the intensity of the diffraction
peak at 19.6° of the pure PVA became lower and broader, thus resulting
in a broader peak at 19.86°. The possible reason behind this phenom-
enon was that the hydrogen-bonding interactions were formed between
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Fig. 1. SEM image (A), fiber diameter distribution (B), photograph (C), TEM image (D) and inverted fluorescence microscopy image (E, F) of the SA/PVA/L.

plantarum fiber mat.

the carboxyl of hydroxyl groups of SA and the hydroxyl groups of PVA
(Islam & Karim, 2010). On the other hand, the broad peak in the core-
shell fiber mat indicated the decrease of crystallinity during the elec-
trospinning process; the polymers had less time to crystallize due to the
immediately evaporation of solvent and the solidification of the fiber
(Rathna et al., 2013). Apart from that, the molecular interactions and
crystalline structure of SA were hindered by the added PVA due to the
hydrogen-bonding interactions between the PVA and SA, the similar
phenomenon was reported by Islam (Islam & Karim, 2010).

The weight loss and related derivate curves of different samples
were depicted in Fig. 2. For all the samples, the first degraded stage
below 100 °C was attributed to the evaporation of water. As for the TGA

curve of SA/PVA/L. plantarum fiber mat depicted in Fig. 2C, it degraded
mainly in three steps which were evidenced by its DTG curve. Clearly,
intensive reaction peaks were presented at 52 °C, 278 °C and 444 °C,
respectively. In particular, as shown in Fig. 2D, the second degradation
temperature at the maximum degradation percentage for the SA
(241 °C) was lower than that of PVA (289 °C). Moreover, it was inter-
esting to see that this temperature for the core-shell fiber mat was lower
than that of PVA due to the incorporation of SA. This phenomenon was
similar to the previous report and could further demonstrated that the
existence of SA in the core-shell fiber mat (Yang, Wang, & Chiu, 2014).
Finally, the third degradation step occurred at 400-500 °C was mainly
due to the degradation of PVA byproducts which was previously
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Fig. 2. FTIR spectra, XRD patterns, TGA (A) and DTG (B) curves of different samples.

reported by other study (Chen, Wang, Mao, & Yang, 2007).

3.3. Survival of free and encapsulated probiotic cells in simulated gastric
condition

For the encapsulation of probiotic cells, the ability to tolerate the
harsh conditions of the upper gastrointestinal tract was an important
factor for evaluating the protective efficacy of the obtained vehicles. As
for probiotic cell electrospinning, our previous study has approved that
the applied voltage had no significant influence on the viability of the
encapsulated cell (Feng et al., 2018). However, we found that the en-
capsulation of probiotic cells in the uniaxial electrospun fiber mat could
not help the cells to resist the harsh acid condition and almost all of the
cells lost their viability in our preliminary study. Thereby, a novel
double-layered encapsulation vehicle for probiotic cells fabricated by a
simple coaxial electrospinning was employed to improve the surviva-
bility of the loaded cells in the adverse conditions. SA, as a pH re-
sponsive polysaccharide, has been utilized for microencapsulation of
probiotics and its ability to improve the survivability of the encapsulate
cells in SGF has been proved (Tao et al., 2019). Therefore, the double-
layered vehicle was prepared with SA as the shell layer, and its efficacy
for protecting the encapsulated cells was investigated in this study. The
survivability of free and encapsulated cells in SGF was shown in
Table 1. It was obviously seen that the free cells (control) suffered a
significant loss of viability after exposure to SGF (> 3 log CFU/mL),
however, no obvious changes for the viability of encapsulated cells in
the core-shell fiber mat was found (p > 0.05). The increased SGF
tolerance was bestowed by the double-layered encapsulation. In addi-
tion, it was known that the growth of probiotic cell could generate
short-chain fatty acids and other organic acids, which would result in
the decrease of pH value of the MRS broth (Sangalis & Shah, 2010).
Hence, the pH values of MRS broth cultured with different samples
could from one side reflected the concentration of the probiotic cells.
Considering the free and encapsulated cells untreated with SGF, there
was no significant for the pH values of the culture media (P > 0.05). In
particular, the pH of the culture medium for the encapsulated cell

Table 1
Survivability of free cells and encapsulated cells in SA/PVA/L. plantarum core-
shell fiber mat after exposure to simulated gastric condition.

Sample No. of viable cells (log CFU/ pH
mL)
Encapsulated Cell 9.45 = 0.3a 3.75 = 0.03b
Encapsulated Cell (SGF 9.39 = 0.1a 3.76 = 0.03b
treated)
Free Cell 9.81 = 0.la 3.69 = 0.06b
Free Cell (SGF treated) NP 6.02 = 0.02a

Note: Different letters in the individual column indicate the significant differ-
ence between each sample tested (p < 0.05); NP, not probiotic enumeration
(minor than 6 log CFU/mL).

treated with SGF displayed a similar value to the untreated group,
which was consistent with the result of colony counting. However, the
pH value of MRS broth cultured with the treated free cell was obviously
higher than other groups, and almost similar to that of the control MRS
broth (pH 6.2), indicating the great loss of the viability of free cells due
to the destruction of the SGF condition (P < 0.05). These results both
revealed that the double-layered encapsulation of probiotic cells in the
core-shell structured fiber mat conferred protection to the encapsulated
cells against the destruction of simulated gastric condition. This was in
agreement with other reports, they also proved that the application of
SA could improve the survivability of the encapsulated probiotic cells in
the simulated gastric condition, while the free cells were absolutely
destroyed (Goderska, Zybals, & Czarnecki, 2003; Holkem et al., 2016).
In terms of cell encapsulation by SA, hydrogel bead was the widely
studied formulation; however, other types of carrier prepared with SA
were less explored. Herein, this study preliminarily evaluated the effi-
ciency of the SA based core-shell nanofiber for protecting the en-
capsulated probiotic cells.
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Table 2
Survivability of free cells and encapsulated cells in SA/PVA/L. plantarum core-
shell fiber mat after exposure to simulated intestinal condition.

Sample No. of viable cells (log CFU/ pH
mL)
Encapsulated Cell 9.45 = 0.31ab 3.72 + 0.13b
Encapsulated Cell (SIF 8.39 = 0.13b 4.35 + 0.2l1a
treated)
Free Cell 10.42 * 0.10a 3.66 = 0.02b
Free Cell (SIF treated) 7.82 + 0.07c¢ 458 + 0.11a

Note: Different letters in the individual column indicate the significant differ-
ence between each sample tested (p < 0.05).
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Fig. 3. Survivability of free cells and encapsulated cells in SA/PVA/L. plantarum
nanofibers after exposure to heat moisture treatments. Values with different
letters (a, b, and c) represent significant differences for the samples under
different temperatures (p < 0.05).

3.4. Survival of free and encapsulated probiotic cells in simulated intestinal
condition

To confer the health benefits in the colon, the probiotic cell should
avoid the destruction of the harsh condition of upper gastrointestinal
tract and reach the colon in enough quantities. Hence, besides the
tolerance of encapsulated cells to the SGF, the survival of the en-
capsulated and free cells in the SIF condition was also essential to in-
vestigate. As shown in Table 2, no significant loss of the viability was
found for the encapsulated cells after 120 min of incubation in SIF
(p > 0.05). In contrast, the number of free cells declined significantly
during the incubation time, approximately 2.6 log CFU/mL of reduction
was observed after exposure to the bile condition. Mandal et al. also
reported that the free cells suffered a decrease of 2.2-3.7 log CFU/mL
after exposure to the bile sat with different concentration, while the
encapsulation of probiotic cell by SA could improve the viability of the
encapsulated cell in bile salt (Mandal, Puniya, & Singh, 2006). Ad-
ditionally, the pH values of the culture media for free and encapsulated
cell groups that were treated or untreated with SIF were shown in
Table 2. It can be clearly seen that the pH values for all the groups were
much less than 6.0, suggesting the proliferation of the probiotic cells.

3.5. Thermal stability of free and encapsulated cells

Besides the adverse digestive condition, the product processing was
another crucial factor that would significantly influence the viability of
the probiotic cell. As one unit of the food processing, the heat treatment
was easily resulted in the loss of viability of probiotic cells. For the
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probiotic cells, the suitable temperature for growth was at the ranges of
37-43 °C (Tripathi & Giri, 2014). The protection efficiency of the core-
shell fiber for the encapsulated cells under the heat moisture treatment
was investigated and the free cells were also treated with the same
temperature and served as the control. The relevant results were dis-
played in Fig. 3, and it was noticed that there was no significant change
of the viability of free and encapsulated cells treated at 45 °C when
compared with the control group. However, the number of the free cell
was gradually decreased with the increase of temperature, while the
free cells almost lost all of their viability when the temperatures were
60 °C and 70 °C. In our previous study, the encapsulation of L. plantarum
in the uniaxial fiber mat could protect the cell from the higher tem-
perature and improve its viability to some extent. Hence, in this study,
the PVA/L. plantarum uniaxial fiber mat was also prepared and its
capability for resisting the high temperature was compared with that of
the core-shell fiber mat. Results demonstrated that both the uniaxial
and core-shell fiber mat could improve the stability of the encapsulated
cells under the heat moisture treatment. The viable number of the en-
capsulated cell treated with 70 °C for 30 min were all above 6 log CFU/
mL. However, the probiotic cells encapsulated in core-shell fiber mat
suffered a lower loss of viability (0.32 log CFU/mL) than that of en-
capsulated cell in uniaxial fiber mat (2.28 log CFU/mL), demonstrating
that the obtained core-shell fiber mat seems to provide a better pro-
tection for the encapsulated probiotic cells.

4. Conclusions

In this study, a novel double-layered encapsulation vehicle was
successfully fabricated though a one-step coaxial electrospinning pro-
cedure. The resulting electrospun nanofiber showed a beaded mor-
phology and core-shell structure. SEM results indicated that the pro-
biotic cells were successfully encapsulated in the fiber and displayed an
oriented distribution along the fiber, which was further confirmed by
the results of inverted fluorescent microscopy as well as the FTIR
analysis. Additionally, the encapsulation of probiotic cells in the core-
shell fiber mat enhanced its tolerance to simulated gastric conditions
and no significant loss of viability was found (p > 0.05). Apart from
that, the thermal stability of encapsulated cells in the core-shell fiber
mat under the heat moisture treatment was obviously better than those
of the free cells or the encapsulated cells in the uniaxial fiber mat.
Therefore, the obtained results confirmed that this core-shell fiber mat
was a promising vehicle for encapsulating probiotic cells and conferring
protections to them. This study could not only provide an alternative
approach for the encapsulation of probiotics, but further promote the
application of electrospinning technique in the field of food industry.
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