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Gut bacteria influence human health by digesting nutrients, modulating immune responses, and commu-
nicating with the nervous system. Orally delivered probiotics must survive the harsh environment of
stomach acid to reach the gut microbiome and incur a health benefit. Here, the probiotic Lactococcus
lactis was encapsulated via coaxial electrospinning into alginate-based nanofibers containing the antacid
calcium carbonate. Though the high molecular weight polyethylene oxide was used to facilitate fiber for-
mation, crosslinking the nanofibers in an aqueous solution allowed the polyethylene oxide to diffuse out
of the nanofiber to form a safe for oral consumption formulation. The antacid protected the encapsulated
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living bacteria against acidic insults; thus, bacteria remained viable and encapsulated during submersion
in a simulated stomach model. After transfer to the intestinal phase, up to 120 000 viable probiotic cells
were released per gram of nanofibers demonstrating the pH-dependent delivery of the electrospun algi-
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Introduction

In the gut, a community of bacteria influences human health
by converting food into nutrients, defending the body against
pathogenic infection, and communicating with the immune
and nervous systems.'” Researchers have found that a
balanced and diverse community is key to the regulation of
immune responses.”® Thus, the delivery of bacteria through
probiotic supplements can be used to modulate the gut com-
munity to produce biotherapeutic effects.®” Bacteria cells can
be freeze-dried to increase their shelf-life, while also forming
them into a powder that can be incorporated into an oral
supplement.®® While the processing conditions, low tempera-
ture, and pressure used during free drying can be harmful to
cells, the encapsulation of bacteria within materials like, pro-
teins, carbohydrates, or polymers protects the cells from
damage during processing. Other technologies - spray drying,
emulsions, microfluidics, 3D printing, extrusion, etc. - have
also been used to encapsulate bacteria in a variety of polymers
to improve cell viability during processing, storage, and
usage.e’lo_ls

Recently, electrospinning has been used to encapsulate bac-
teria cells into multifunctional polymer nanofibers.”**> The

Department of Chemical Engineering, University of Massachusetts Amherst, Amherst,
Massachusetts 01003-9303, USA. E-mail: schiffman@umass.edu

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d41p00023d

© 2024 The Author(s). Published by the Royal Society of Chemistry

high surface area-to-volume matrix makes electrospun nano-
fiber scaffolds ideal for rapid release from oral dosages, such
as oral probiotic supplements. Encapsulated bacteria remain
viable for weeks at room temperature and months under
refrigeration while encapsulated in the nanofibers.'® Various
bacterial strains have been encapsulated using electro-
spinning, primarily using biocompatible, synthetic polymers
like polyethylene oxide and polyvinyl alcohol.**° While syn-
thetic polymers can be easily electrospun, natural polymers
provide biocompatibility and additional functional benefits.

For example, the natural polymer alginate, composed of
1,4-linked a-L-guluronic acid and p-p-mannuronic acid groups,
can be ionically crosslinked with biocompatible calcium ions
and has pH-dependent behavior for the targeted delivery of
cargo into the intestines.”’* In acidic environments, proto-
nated alginate chains are held together by hydrogen bonding
to maintain the encapsulation mechanism. In higher pH
environments, like that of the intestines where the gut bacteria
reside, the alginate chains are deprotonated and repel each
other which causes the structure to swell and release encapsu-
lants. Though the formation of alginate nanofibers from
aqueous solutions has been challenging, the use of biocompa-
tible carrier polymers and Food and Drug Administration
(FDA)-approved surfactants has been shown to facilitate nano-
fiber formation and safely encapsulate viable bacteria.>*

In this work, probiotic-loaded nanofibers were coaxially
electrospun, crosslinked, and used to deliver live bacteria cells
into a simulated gastrointestinal tract. Coaxial electrospinning
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allowed high concentrations of the probiotic Lactococcus lactis
to be drawn into a precursor solution containing alginate and
antacid. Crosslinking methods, which were previously explored
for alginate solutions electrospun using single-nozzle electro-
spinning, were used to chemically stabilize the coaxial fibers
while maintaining the viability of encapsulated bacteria.
Crosslinking in aqueous solution would also allow the carrier
polymers and surfactants required for electrospinning to
diffuse out of the nanofiber forming a safe, oral delivery
system. The pH-dependent behavior of these crosslinked algi-
nate nanofibers carries bacteria through the stomach and
releases them to the bacterial gut community located in the
intestines. For the first time, it was demonstrated that for the
probiotics to survive in the harsh stomach acid environment,
an antacid, calcium carbonate, was needed in the nanofiber
formulation.

Experimental
Materials

All chemicals were used as received without further purifi-
cation. Low-viscosity alginic acid sodium salt from brown
algae (SA, v = 4-12 cP, 1 wt% in H,O at 25 °C, MW = 58.9 kDa,
M/G ratio = 2.65)*® was purchased from Sigma Aldrich
(St Louis, MO). Brain heart infusion (BHI), calcium carbonate
(CaCOg), calcium chloride (CaCl,), glutaraldehyde, poly(ethyl-
ene oxide) (PEO, M,, = 600 kDa), polysorbate 80 (PS80), potass-
ium phosphate (KH,PO,), sodium chloride (NaCl), sodium
phosphate dibasic (Na,HPO,) were purchased from Sigma
Aldrich (St Louis, MO). Agar, hydrochloric acid (HCI, percent
purity: 36.5-38.0%), potassium chloride (KCl), and sodium
hydroxide (NaOH) were purchased from Fisher Scientific
(Hampton, NH). Deionized (DI) water was obtained from a
Barnstead Nanopure Infinity water purification
(Thermo Fisher Scientific, Waltham, MA).

system

Preparation of Lactococcus lactis

Lactococcus lactis (L. lactis) 11454 was grown overnight (16 h) in
BHI media (37 g L™" in DI water autoclaved at 120 °C, 1 bar,
for 15 min) in an incubator (37 °C) on a shake plate (250 rpm).
Centrifugation (2500g at 25 °C, Sorvall™ ST 40R, Thermofisher
Scientific, Waltham, MA) for 5 min was used to pelletize the
cells. Pellets were washed thrice with phosphate buffered
saline (PBS, 8 ¢ L™ NaCl, 0.2 g L' KCl, 1.44 g L™" Na,HPO,,
0.24 g L' KH,PO, in DI water, adjusted to pH 7.4 using HCI)
before resuspension in sterile DI water.

Preparation of coaxially electrospun L. lactis in alginate-based
nanofibers

The core precursor solution was made by dissolving 5 wt% of
SA in sterile DI water. The SA solution was mixed in a 1:1
ratio with the bacteria suspension via solution rotation (20
rpm) in a Roto-Therm™ Incubated Tube Rotator (Benchmark
Scientific, Sayreville, NJ) for 1 h before electrospinning. The
final core precursor solution contained 2.5 wt% SA with 5 x
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10° colony forming units (CFU) mL™". To create the shell pre-
cursor solution, SA and PEO were dissolved in sterile DI water,
respectively, and mixed via rotation for 24 h. SA, PEO, PS80,
and CaCO; were then rotated together for 24 h to create a final
concentration of 2.5/1.5/3/2 wt% SA/PEO/PS80/CaCOs;.

Electrospinning was conducted in an environmental box
kept at 23 °C and 20-30% relative humidity. Both core and
shell solutions were loaded into 5 mL syringes and connected
to a homemade coaxial needle with a blunt 20-gauge inner
needle and a blunt 14-gauge outer needle. Three core/shell
flow rate combinations (0.35/0.70 mL h™', 0.70/070 mL h™,
and 0.70/0.35 mL h™') were used in this study. Horizontal
syringe pumps advanced the solutions from the syringes to
specified rates. Aluminum covered copper collector plate
(15 cm x 15 cm x 0.32 cm) was used for sample collection. A
high voltage supply connected to the coaxial needle and the
collector plate via alligator clips which applied 17.5 kV over a
tip-to-collector distance of 18 cm.

Crosslinking of L. lactis-loaded, alginate-based nanofibers

Crosslinking solutions were sterilized in Stericup® Quick
Release Vacuum Driven Disposable Filtration System,
(MiliporeSigma, Burlington, MA) before use. After electro-
spinning, as-spun nanofibers were removed from aluminum
foil, crosslinked in either 2 wt% CaCl, in 1:1 glycerol : water
for 1 min (CLNF-G) or 2 wt% CaCl, in DI water (CLNF-W), and
rinsed in sterile DI water for 1 min to remove excess calcium
ions. Sample names and crosslinking methods are outlined in
Table 1.

Scanning electron microscopy of bacteria cells and electrospun
nanofibers

For SEM imaging of bacteria cells, overnight cultures of
L. lactis in BHI media were incubated. The bacterial suspen-
sion was adjusted to OD600 = 0.3-0.4 by diluting with BHI
media, inoculated onto filter paper (10 pL), and dried at room
temperature for 1 h. The bacteria-loaded filter paper was fixed
using 2.5 w/v% of glutaraldehyde in PBS for 2 h at room temp-
erature®® and then rinsed in DI water twice. After fixation,
samples were dehydrated in 30%, 50%, 75%, 85%, 95%, and
100% alcohol-water gradients for 5 min in each solution.*°
Samples were oven-dried at 70 °C before being mounted to
SEM stubs with carbon tabs for analysis.

Bacteria and nanofiber samples were sputter-coated
(Cressington208 Sputter Coater, Watford, UK) with 3 nm of
platinum before imaging with FEI Magellan 400 XHR-SEM
(ThermoFisher Scientific, Hillsboro, OR). The diameters of 50
random fibers from five micrographs were measured using

Table 1 Sample names and crosslinking method

Name Crosslinking solution Rinsing
As-spun  n/a n/a

CLNF-G 1 minin 2% CaCl, in 1:1 glycerol : water 1 min in water
CLNF-W 1 min in 2% CacCl, in water 1 min in water

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Image] 1.52a software (National Institutes of Health, Bethesda,
MD) to determine the average fiber diameter.>' Fiber diameter
was measured as consistent widths across fibers excluding
bulges that might have been bacterial cells.

Thermogravimetric analysis (TGA) of L. lactis-loaded
nanofibers

For characterization, nanofibers using the 0.35/0.70 mL h™"
core/shell flow rate were utilized to maximize sample pro-
duction per volume of precursor solutions. As-spun nanofibers
and crosslinked nanofiber samples (5-10 mg) were weighed
while heating from 20-600 °C at a scan rate of 10 °C min~" in
nitrogen gas (25 mL min~') using Q50 Thermogravimetric
Analyzer (TA Instruments, New Castle, DE).>>** Mass loss per
step was determined as the difference is mass (%) between
local minima using first derivative thermograms.

Bacterial loading tests

The bacterial loading within as-spun nanofibers was deter-
mined by dissolved nanofibers in DI water and performing
single plate-serial dilution spotting (SP-SDS) drop plate
method on BHI agar plates.®® For crosslinked samples,
additional steps of suspending in BHI, vertexing (1 min), and
incubating (37 °C, 250 rpm, 1 h) were used to release bacteria
from the nanofibers prior to serial dilution. The plates were
incubated for 16 h to allow cells to develop into visible colo-
nies which were used to directly calculate the number of
colony forming units (CFU) per g of as-spun nanofiber mat
(XP204 Analytical Balance, Mettler Toledo, Vernon Hills, IL).

Release of L. lactis into a simulated gastrointestinal tract (GIT)

The gastrointestinal tract (GIT) model used in this study con-
sists of the nanofiber mats being incubated in a solution that
mimicked the “stomach” followed by incubation in a solution
that mimicked the “intestines”. Specifically, L. lactis was coaxi-
ally electrospun into alginate-based nanofibers, as previously
described. As-spun fibers (5-10 mg) were crosslinked as pre-
viously described and outlined in Table 1. Next, the nanofiber
mats were sequentially incubated at 37 °C for 2 h in the solu-
tion that mimicked the (1) stomach then (2) the intestines. To
prepare the acidic stomach solution (2 mL), HCl was added
dropwise to DI water until a pH value of 2.5 was obtained. The
neutral intestinal stage (2 mL) was prepared by dissolving
NaOH in water and diluting with DI water until a pH value of
7.0 was obtained.?® Each solution was freshly prepared before
each experimental replicate. The nanofiber mats were blotted
on the sides of the wells to remove excess solution before
transfer to the next stage. At predetermined time points, the
simulated stomach solution or the simulated intestinal solu-
tion was sampled (20 pL) and plated on BHI agar. After plates
were incubated for 24 h, colony counts were used to determine
the number of viable bacteria cells released per gram of as-
spun nanofiber throughout the model. The pH value of the
simulated stomach phase and intestinal phase was also
measured using the Fisherbrand™ accumet™ Benchtop pH
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meter (Hampton, NH) after samples had been removed from
each stage.

Statistical analysis

Significant differences between samples were determined
using one-way ANOVA with Tukey post-hoc test on OriginPro
2022 (OriginLab, Northampton, MA) between multiple
samples. Fiber diameters are expressed as mean * standard
deviation. Bacteria loading and pH values of the GIT model
are reported as mean + standard error. Standard deviation and
standard error are represented as error bars in figures.
Statistical significance was set to p < 0.05.

Results and discussion

Coaxial electrospinning of L. lactis in alginate-based
nanofibers

Here, we report the encapsulation of L. lactis into alginate
nanofibers with CaCO; antacid using coaxial electrospinning.
A schematic of the coaxial electrospinning setup, as well as
SEM micrographs of free and electrospun L. lactis are included
in Fig. 1. A concentrated suspension of bacteria mixed with
alginate solution was loaded into the inner needle, which was
electrospun at the same time as the alginate/antacid precursor
solution that was loaded into the outer needle. Flowing algi-
nate in the core needle helped to reduce interfacial tension
variance that can occur where both solutions meet at the
coaxial needle tip.***” “Electrospinnable” solutions are pre-
ferred for the shell solution in coaxial electrospinning to carry
along the core solution.’®*® Specifically, our shell solution
consisted of a 2.5/1.5/3% mixture of SA/PEO/PS80 which was
selected because it formed uniform nanofibers when electro-
spun using a single nozzle set up in a previous study.>*

For the first time, 2% CaCO; was mixed into the shell solu-
tion to improve the acid survivability of encapsulated bacteria.
Varying coaxial flow rates of 0.35/0.70, 0.70/0.70, and 0.70/
0.35 mL h™" produced statistically different average fiber dia-
meters of 220.43 + 83.76 nm, 120.39 + 39.34 nm, and 137.61 +
37.14 nm, respectively. The 0.35/0.70 mL h™" flow rate system
may maximize the flow of the more “electrospinnable” outer
solution relative to the core solution during electrospinning
allowing more polymer to be drawn into the nanofiber. Unless
otherwise stated, the 0.35/0.70 mL h™" core/shell flow rate was
used throughout the remainder of this study.

Chemical composition of coaxially as-spun and crosslinked
nanofibers

Crosslinking alginate with calcium ions improves the chemical
stability of alginate structures in different environments,
including aqueous solutions. For alginate nanofibers, different
co-solvent systems have been studied to prevent the dis-
solution of the alginate chains from the nanofiber into
aqueous crosslinking solution.*** In this study, we explored
crosslinking the fibers with CaCl, in either a water/glycerol
mixture (CLNF-G) or water (CLNF-W) solution. Based on pre-
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Fig. 1 Schematic (a) of coaxial electrospinning for the encapsulation of bacteria in alginate-based nanofibers. (b) Unencapsulated L. lactis and (c)
alginate-based nanofibers with encapsulated L. lactis that were coaxially electrospun using a 0.35/0.70 mL h™* core/shell flow rate. Other electro-
spinning conditions are listed in the methods section. The arrow indicates the location of an L. lactis cell.

vious studies,® these crosslinking methods may cause
diffusion of the water-soluble carrier polymer, PEO, and/or the
surfactant, PS80, out of the nanofiber and into the aqueous-
based crosslinking solutions.

TGA was used to determine the mass composition of the as-
spun nanofibers. Bacteria, alginate, and glycerol degrade at
lower temperatures (<300 °C)** > compared to the degradation
temperatures of PEO and PS80 (>300 °C) as shown in
Fig. S1.7*** As-spun nanofibers displayed two major degra-
dation steps indicative of alginate/bacteria and PEO/PS80
within the nanofiber (Fig. 2). Though TGA cannot distinguish
between the degradation of alginate from bacteria or PEO from
PS80 due to similar degradation temperature ranges, the com-
position of the as-spun nanofibers was determined to be
17.7% alginate/bacteria and 42.7% PEO/PS80 based on mass
loss in each temperature range with 33.8% of residue com-
monly associated with organic materials.

The thermogram of CLNF-G contained two degradation
steps similar to thermograms of as-spun nanofibers; however,
more mass loss occurred in the lower temperature range due
to the additional presence of glycerol. In alginate materials,
glycerol forms hydrogen bonding between alginate chains
which may hinder the diffusion of PEO and PS80 out of the

100 A

259 ——As-spun
—CLNF-G
0 —CLNF-W
0 100 200 300 400 500 600

Temperature (°C)

Fig. 2 TGA thermograms of coaxially electrospun L. lactis into alginate-
based nanofibers also containing CaCOs as as-spun (solid, black line),
CLNF-W (solid, blue line), and CLNF-G (solid, green line) nanofiber
samples.
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fiber during crosslinking.”**> The thermogram indicates the
CLNF-G nanofiber composition is 42.6% alginate/glycerol/bac-
teria and 25.7% PEO/PS80.

Alternatively, CLNF-W only showed one degradation step in
the lower temperature range indicating only the presence of
bacteria and alginate. In the aqueous crosslinking system, algi-
nate materials swell due to the pH of the solution (10.3) allow-
ing water-soluble PEO and PS80 to diffuse out of the nanofiber
and into the crosslinking solution.>* While PEO is biocompati-
ble, high molecular weights are not suitable for renal clearance
in the body.** Thus, the removal of the carrier polymer from
the nanofiber is beneficial for the development of oral
formulations.

Bacteria loading in crosslinked, coaxially electrospun
nanofibers

To study the effects of core/shell flow rate on bacteria loading,
the flow rate systems 0.35/0.70 mL h™" and 0.70/0.70 mL h™"
were tested. Bacteria loading in the as-spun nanofibers using
these flow rates were statistically equivalent with over 10° CFU
¢~ ! encapsulated cells (Fig. 3 & Table S11). These studies were
conducted with the 035/0.70 mL h™" core/shell flow rates. The

12
%'7 A 00.35/0.70 m0.70/0.70
L]
S 8 - :
o
(@]
2
TS
©
9O 4 A
o ]
S
(\u -
\j e
0 T T
As-spun CLNF-G CLNF-W

Fig. 3 L. lactis loading of coaxially electrospun L. lactis into alginate-
based nanofibers containing antacid before (as-spun) and after cross-
linking (CLNF-G and CLNF-W) using 0.35/0.70 (green outline, white fill)
and 0.70/0.70 mL h™! (black outline, green fill) core/shell flow rates.
Other electrospinning conditions are reported in the Methods Section.
All values are statistically equivalent. (n = 3; p < 0.05).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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glycerol/water and pure water as the crosslinking solvent
enabled the encapsulated bacteria to survive the crosslinking
process. The bacteria loading after crosslinking was found to
be statistically equivalent to as-spun loading which could allow
between 1.33 x 10°® and 3.79 x 10® CFU per g of electrospun
mat to be delivered depending on the flow rate and cross-
linking method used. In the gastrointestinal tract, adequate
amounts of released probiotics are necessary to incur biothera-
peutic effects.>*

Release of L. lactis from nanofibers in a simulated
gastrointestinal tract

Next, a gastrointestinal tract model®® was used to highlight the

pH-dependent behavior of the bacteria-loaded, electrospun
alginate nanofibers. Initially, electrospun L. lactis without
antacid was subjected to the simulated gastrointestinal tract.
However, viable bacteria were not detected in the stomach
phase or the intestinal phase. Without antacid, protons can
penetrate the alginate encapsulation to deactivate bacteria.
Thus, an antacid was formulated into the shell solution
prior to electrospinning. Again, no viable bacteria were
detected in the stomach phase after two hours of submersion
of the fibers containing both L. lactis and antacid (Fig. 4).
However, as desired, over 10° CFU was released per g of mat
after transfer into the intestinal phase. The concentration of
bacteria remained steady for the remaining duration in the
intestinal tract. This behavior is consistent with our previous
study** on the pH-dependent behavior of alginate nanofibers,
which is stable in acidic environments and swells in higher pH
environments. In a study by Zhang et al.,*® alginate microgels
containing antacid maintained a neutral pH during submer-
sion in an acidic environment. This suggested the antacid
could neutralize protons that penetrate the alginate structure
and reduce damage to encapsulated bacterial cells.*” The pH

'——Stomach —"— Intestines _|

| —*—Release from

=) crosslinked fiber

561  w antacid

L P

O 7 &

D4 —eo—Release from

o crosslinked fiber

T ] w/o antacid

©

=2

~J

0 T T T 4
0 1 2 3 4
Time (hr)

Fig. 4 L. lactis was coaxially electrospun in alginate-based nanofibers
containing 2% CaCOsz as an antacid. The bacteria-loaded nanofibers
were crosslinked in 2 wt% CaCl, (aq). The bacterial release from cross-
linked nanofibers in a simulated gastrointestinal tract (green) was
reported as mean + standard error from technical triplicates. For refer-
ence, nanofibers without antacid (purple) did not release any viable bac-
teria in either phase as shown on the plot.
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Fig. 5 The pH values of the stomach phase before treatment (Initial),
after 2 h incubation without samples (Control), after 2 h incubation with
L. lactis-loaded nanofibers without antacid, and after 2 h incubation
with L. lactis-loaded nanofibers with 2% CaCOs antacid. All pH values
were statistically different from each other as indicated by the different
letters above each bar (p < 0.05).

value of the stomach phase was measured after submersion of
bacteria-loaded, alginate-based nanofibers electrospun with
and without CaCO; to determine the effects of the antacid-
loaded nanofibers on the pH of the stomach (Fig. 5). It was
determined that the initial pH of the stomach (2.5 + 0.0), the
pH after treatment with nanofibers without antacid (2.9 + 0.1),
and the pH after treatment with fibers containing antacid (3.0
+ 0.0) were all statistically different from each other. The
increase in pH can be attributed to both the presence of the
fiber and antacid delivered from the electrospun nanofibers
that likely dissolved into the stomach phase.”” Overall, these
pH values are well within the normal pH range of the stomach
(2.5-3.0), and the antacid enabled the survivability of encapsu-
lated bacteria in the stomach.

Conclusion

Encapsulation systems can protect probiotics against the
harsh, acidic environment of the stomach and deliver probio-
tics to the gut community in the intestines to influence
human health. In this study, a combination of alginate and
the antacid, CaCO;, were used to encapsulate probiotic bac-
teria for targeted delivery in a simulated gastrointestinal tract.
Coaxial electrospinning enabled the encapsulation of high
loadings of the probiotic L. lactis into alginate-based nano-
fibers. While the carrier polymer, polyethylene oxide, and a
surfactant, polysorbate 80, helped facilitate alginate nanofiber
formation, the high molecular weight of PEO is not ideal for
ingestion. The nanofiber composition was altered during
crosslinking of the alginate chains in an aqueous solution.
TGA revealed the diffusion of PEO and PS80 out of the nano-
fibers leaving behind a calcium alginate nanofiber. The
aqueous crosslinking systems also supported the viability of
encapsulated bacteria.
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Without antacid, no viable bacteria were detected in the
simulated gastrointestinal solutions. The formulation of 2%
calcium carbonate (antacid) into the outer precursor solution
proved imperative for the survival of the encapsulated L. lactis
in a simulated gastrointestinal tract. Adding the antacid did
not impact bacterial loading within the nanofibers. No viable
bacteria were released in the simulated stomach phase due to
hydrogen bonding between protonated alginate chains
whereas encapsulated bacteria were released into the simu-
lated intestinal phase due to swelling of the alginate nano-
fibers in higher pH environments. After the delivery to the gut
community, the probiotics can promote various health
benefits. While this work exemplifies one application of elec-
trospun probiotics, it may help to motivate future research of
beneficial bacteria-loaded nanofibers.
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