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ABSTRACT: Living bacteria are used in biotechnologies that lead to
improvements in health care, agriculture, and energy. Encapsulating
bacteria into flexible and modular electrospun polymer fabrics that
maintain their viability will further enable their use. This review will
first provide a brief overview of electrospinning before examining the
impact of electrospinning parameters, such as precursor composition,
applied voltage, and environment on the viability of encapsulated
bacteria. Currently, the use of nanofiber scaffolds to deliver live
probiotics into the gut is the most researched application space;
however, several additional applications, including skin probiotics
(wound bandages) and menstruation products have also been
explored and will be discussed. The use of bacteria-loaded nanofibers
as seed coatings that promote plant growth, for the remediation of
contaminated wastewaters, and in energy-generating microbial fuel
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cells are also covered in this review. In summary, electrospinning is an effective method for encapsulating living microorganisms into
dry polymer nanofibers. While these living composite scaffolds hold potential for use across many applications, before their use in
commercial products can be realized, numerous challenges and further investigations remain.
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1. INTRODUCTION

Bacteria, while infamously known for pathogenic infections,
play a major positive role in everyday life from helping with
digestion to creating electricity. In general, bacteria grow
easily in nutrient-rich liquid media or in fermented foods like
yogurt, kombucha, sauerkraut, kimchi, etc.” While ideal for
bacterial growth, liquid cultures are only viable for a few days
and tend to be difficult to maintain and transport.” Smaller
frozen stocks of bacteria are easier to transport than liquid vats,
remain viable for up to 3 years, and reduce chances of
contamination.” Unfortunately, ice formation can puncture
and kill bacterial cells. Moreover, maintaining low temper-
atures during transport and long-term storage is a costly
challenge.é Dried bacteria can be used as powders that
facilitates their transport, storage, and processing into various
supplements.”” Conventional drying methods lead to bacterial
death because of heat and dehydration,* whereas freeze drying
or spray drying allow the bacteria to go into a dormant state
while maintaining higher viability.” To overcome these
aforementioned obstacles, cell encapsulation technologies
have been explored.

Bacterial encapsulation is a technique that protects the
bacteria by forming a physical barrier to support the cell
structure and reduce contact with damaging agents.” For
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example, during freeze-drying, bacteria that were encapsulated
within rice proteins had higher viability after processing, during
storage at various temperatures, and in simulated gastro-
intestinal tract environments. While numerous different
approaches—spray drying, extrusion, emulsion, microfluidics,
and 3D printing—are effective methods of encapsulating living
microbes into polymer materials, additional drying can be
required to store the bacteria over long periods of time.”'*~"*

Alternatively, electrospinning allows live bacteria to be
encapsulated within multifunctional, polymer nanofibers at
room temperature.”>”'” The electrospinning process does not
require the use of heating, freezing, or organic solvents that can
harm encapsulant materials. Thus, suspensions of bacteria are
blended into various synthetic and naturally derived polymer
solutions for electrospinning. Biopolymers dissolved in
aqueous solutions are commonly used as they promote the
viability of encapsulated cells within the fibers.”” Thus,
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biologicals like cells, proteins,23 antibiotics, and
drugs™®~*’ have been encapsulated via electrospinning; the
high surface area of the cargo-loaded nanofiber mats enabled
excellent delivery characteristics.”® In conjunction with their
excellent flexibility and porosity, nanofiber mats with
encapsulated biologics hold great potential in wound dressing,
protective coatings, and biological scaffolds.

In this review, we will first provide an overview of the
electrospinning process while highlighting the key parameters
involved with the electrospinning of living bacteria, such as
polymer selection, solvent choice, bacteria loading, applied
voltage, and electros?inning environment. Notably, since
several reviews”'”?' ™’ have covered the encapsulation of
bacteria for the delivery of probiotics, we will focus on
discussing only bacteria encapsulated within nanofibers during
electrospinning (as opposed to bacteria inoculated onto
electrospun structures after spinning), as well as recent
innovations for the delivery of electrospun probiotics and
emerging environmental applications that demonstrate the
advantages of these bacteria-loaded nanofibers.

2. BRIEF OVERVIEW OF ELECTROSPINNING

The term “electrospinning” comes from a combination of the
words “electrostatic” and “spinning” where “electrostatic”
refers to the application of an electric field onto a precursor
polymer solution to “spin” or form a polymer fiber.”* As such,
the electrospinning setup (Figure 1) often consists of a
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1*Convenient for transport/delivery of cells
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like wound dressing, product packaging,
or filtration membranes
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Electrospinning setup

Figure 1. Illustration of the single-nozzle electrospinning setup and
the sink-like flow that encapsulates living bacteria cells into the
polymer nanofibers. The inset (left) fluorescent and (right) SEM
micrographs show the successful encapsulation of live, green-
fluorescent protein-producing Escherichia coli in electrospun algi-
nate-based nanofibers. The arrows show the location of the cells.
Electrospinning safely encapsulates bacteria within a polymer matrix
that can deliver the cells to various environments and can easily be
incorporated into technologies like wound dressing, product pack-
aging, and filtration membranes. The micrographs are reproduced
with permission from ref 22. Copyright 2021 The Royal Society of
Chemistry.

polymer solution or melt contained within a syringe with a
metallic needle tip, a pump used to extrude the polymer at a
constant rate, a metallic collector plate, and a voltage supply
connecting the needle tip to the collector plate.**® When the
electric field is applied, the precursor solution becomes
charged.* A buildup of charges on the surface of the polymer
solution causes the droplet of the precursor to deform into a
Taylor cone and eject a jet of polymer. Stabilizing forces, such
as the viscosity of the precursor solution, prevent the
electrospinning jet from fracturing into beads. The radial
electric forces cause the jet to bend, which evolves into coiling
and whipping of the jet that helps to expel solvent from the

952

nanofiber. Eventually, randomly collected nanofibers are
deposited onto the collector plate as a nonwoven mat.

Many electrospinning parameters, including precursor
solution properties (polymer, solvent, surface tension, etc.)
and experimental parameters (needle tip-to-collector distance,
needle diameter, humidity, temperature, etc.), affect the
diameter and morphology of the electrospun nanofibers, as
covered in depth by other publications.”””**~** This review will
focus on the parameters that potentially influence either the
loading or viability of electrospun bacteria, including polymer
selection, solvent selection, bacterial precursor solution
concentration, applied voltage, and electrospinning environ-
ment.

3. EFFECTS OF ELECTROSPINNING PARAMETERS ON
THE ENCAPSULATION OF LIVING BACTERIA

The most common way of fabricating nanofibers that contain
bacteria is to blend the bacteria into the electrospinning
precursor solution. During the formation of the electrospinning
jet, the bacteria are pulled into a sink-like flow (Figure 1),
which encapsulates them within individual fibers that are
collected as a nonwoven mat.'”*'~>* An example of bacteria
encapsulated in electrospun nanofibers is shown in the inset of
Figure 1. Fluorescence microscopy was used to detect and
visualize the live, green fluorescent protein (GFP)-producing
bacteria.”” The bacterial cell presents as a bulge along the
nanofiber in the scanning electron microscopy (SEM) image
because the diameter of the cell is larger than that of the
electrospun nanofiber.

Another popular approach used to encapsulate bacteria cells
within fibers is the use of coaxial electrospinning (Figure 2) to

Sheath solution

Core solution | Bacteria-loaded

nanofiber
]L
1!
Voltage Supply

=

Figure 2. Illustration of the coaxial electrospinning setup for the
encapsulation of living bacteria cells within nanofibers. The inset
image highlights that the two nozzles become concentrically aligned.
The outer precursor solution can entrain and/or protect the bacteria
cells, which are typically loaded into the precursor solution that is
advanced from the inner nozzle.

simultaneously administer two solutions from concentric
needles that are drawn into a singular electrospun nanofiber
mat. A carrier precursor solution can be extruded from the
outer needle to entrain a potentially “non-electrospinnable”
inner solution, or a carrier inner solution can pull along the
outer solution because of internal viscous and viscoelastic
forces, which is a method typically referred to as liquid-assisted
electrospinning.’”*’ Coaxial electrospinning is extremely
beneficial for the encapsulation of cargo, like drugs and cells,
which cannot be solely electrospun. For example, poorly water-
soluble drugs, like flurbiprofen axetil”' and dexamethasone,*
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have been encapsulated and released by optimizing the inner
and/or outer solution flow rates and polymer composite
systems.”' ~*

3.1. Polymer and Solvent Selection. For the precursor
solution, the use of biocompatible polymers is recommended
because they are nontoxic and promote bacteria viability.
Poly(ethylene oxide) and poly(vinyl alcohol) are synthetic
linear polymers commonly electros{pun into fibers because of
their ease of electrospinning.'”*>***> When dry, these
polymers also have a high oxygen barrier that can protect
oxygen-sensitive bacteria after encapsulation in the polymer
nanofibers. Natural polymers are also advantageous materials
for bacteria electrospinning because of their biocompatibility.
In particular, the biopolymer alginate is compatible with
bacteria because it is a polysaccharide produced by bacteria to
make up their protective biofilm.***” Other natural polymers,
like chitosan, have antibacterial properties.”® Therefore,
polymer choice should be carefully considered in terms of
compatibility with bacteria cells and the environment of its
intended use.”

Aqueous solutions are preferred over other solvent systems
when electrospinning bacteria to maintain their viability.”!
Though organic solvents can be used to influence the flexibility
and electrospinnability of polymers, they are generally avoided
in cell electrospinning because of their toxicity.”> One study
encapsulated live bacteria into an organic solvent-based
precursor solution using a coaxial electrospinning setup.’’
The bacteria were suspended in an aqueous solution that was
extruded into the core needle, whereas a polymer dissolved in
organic solvent was extruded from the sheath needle. The
researchers incubated the nanofibers in a nutrient-rich broth to
regenerate the bacteria activity after contact with the organic
solvent.

3.2. Bacteria Concentration within the Precursor
Solution. The concentration of bacteria loaded in the
precursor solution influences the encapsulant concentration
in the final fiber. For the encapsulation of Lactobacillus
plantarum in poly(ethylene oxide),”’ the increase of the
bacteria loading in the precursor solution (colony forming
units/mL or CFU/mL) by 10-fold led to a 1000-fold increase
in the bacteria concentration in the nanofiber mat (CFU/mg).
Similarly, KureGic et al.>* found that increasing the bacterial
loading of Staphylococcus epidermis from 1.1 X 10° to 1.6 X 10°
CFU/mL led to the bacteria loading increasing from 6.9 + 1.8
X 10° to 2.0 + 0.3 X 10° CFU/g of their carboxymethylcellu-
lose and poly(ethylene oxide) composite nanofiber. They also
reported that the higher bacterial suspension led to a change in
solution viscosity and conductivity. While solution properties
are known to influence the formation and morphology of
electrospun fibers,””” more studies should investigate the
effects of solution properties on the encapsulation of materials
during electrospinning. Additionally, viability likely depends on
the strain of bacteria encapsulated because some strains of
bacteria could be more resistant to mechanical or oxidative
stresses.'”

3.3. Applied Voltage. The major reasons for cell death
during electrospinning are attributed to cell rupture because of
electrical forces, mechanical forces, and dehydration.17’18’53
However, numerous studies have shown that bacteria cells
survive the applied voltages used during electrospin-
ning.17’51’54_56 During electrospinning, the current or flow of
electrons traveling through the precursor solution, polymer
nanofiber, and encapsulated bacteria remains low because of
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the high resistivity of the polymer.””>® Therefore, the current
does not disrupt the cell membrane of the bacteria, which
would lead to cell death. Additional concerns surround death
caused by the electric field, which applies a radial force that
causes the fiber to bend and whip.*® Reznik et al.*” determined
this whipping force to be 5 X 10° g cm™" s72, which is smaller
than the force a cell of E. coli can withstand, determined to be 3
x 10° g cm™ s

A handful of studies attempted to correlate applied voltage
with bacteria viability in the encapsulated nanofiber. When
Skrlec et al.’' used an applied voltage of 15 kV (with a
separation distance of 15 cm), the cells had a higher viability
than when 20 kV was used, which led to a 2-log reduction
compared with theoretical loading. However, other studies®**°
showed that voltage did not significantly affect the viability of
E. coli Nissle electrospun into polyethylene glycol—polylactide
and Lactobacillus plantarum in poly(vinyl alcohol). The effect
of electrospinning voltage on the viability of bacteria may
depend on the strain of bacteria and components of the
precursor solution.

3.4. Electrospinning Environment. As the electrospun
nanofiber is whipped, excess water is expelled from the
nanofiber. For encapsulated bacteria, the expulsion of water
can lead to the dehydration of cells.””" Electrospinning
typically occurs within a controlled environmental chamber
where the relative humidity is ideally controlled. High
humidity during electrospinning can hinder the drying process
and, in some cases, cause the production of a wet fiber.
However, high relative humidity can be favorable to bacteria:
in a study that electrospun Lactobacillus plantarum cells in
poly(ethylene oxide) nanofibers at 20%, 35%, and 55% relative
humidity, the highest humidity resulted in the highest viability
of encapsulated bacteria.”'

Aerobic bacteria that prefer oxygen-rich environments and
anaerobic bacteria that are sensitive to oxygen have both been
successfully electrospun in aerobic environments. Poly(vinyl
alcohol) has a high oxygen barrier, thereby making it an ideal
material for the encapsulation of anaerobic bacteria.'®* In the
electrospinning of anaerobic Lactobacillus acidophilus, higher
viability was demonstrated by using poly(vinyl alcohol) [9.28
log(CFU/mg) or 68% viability] compared with polyvinylpyr-
rolidone [8.65—8.78 log(CFU/mg) or 34—40% viability],
which the authors attributed to the oxygen exclusion properties
of poly(vinyl alcohol).'® Other anaerobes, including Clostri-
dium butyricum® and Bifidobacterium animalis”' have also
been incorporated into poly(vinyl alcohol) electrospun
nanofibers. Pullulan is another polymer with oxygen exclusion
properties that has been used to encapsulate oxygen-tolerant,
anaerobe Lactobacillus rhamnosus into electrospun pullulan
nanofibers. Additionally, the layering of the bacterial-loaded
pullulan nanofibers between two layers of poly(p,L-lactide-co-
glycolide) nanofibers increased the viability from 4 X 10°
CFU/g in the single-layer system to 2.4 X 10° CFU/g in the
multilayer system, which could provide additional support and
protection to the bacteria-loaded fibers.”” Overall, electro-
spinning in an oxygen-rich environment is an effective method
to encapsulate live bacteria in polymer nanofibers, though
electrospinning in an inert (nitrogen environment) may
provide further opportunities to improve the viability of
bacteria that are sensitive to oxygen. The next section will
focus on the applications of these bacteria-loaded nanofibers.

https://doi.org/10.1021/acsabm.2c01055
ACS Appl. Bio Mater. 2023, 6, 951-964
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Table 1. Summary of Electrospun Encapsulated Probiotics for Oral Delivery

bacterial loading in

probiotic strain precursor solution(s) electrospinning conditions nanofibers ref
Bifidobacterium sheath: polyvinyl alcohol in water sheath inner needle diameter: 1.5 mm not quantified 21
animalis core:” skim milk core inner needle diameter: 0.8 mm
flow rate: 0.06—0.3 mL/h
applied voltage: 11 kV
tip-to-collector distance: 13 cm
Escherichia coli sodium alginate/poly(ethylene oxide)/ 18-gauge hypodermic needle 2.74 x 10° CFU/g 22
K12 polysorbate 80 in water flow rate: 2 mL/h
applied voltage: 17.5 kV
tip-to-collector distance: 17 cm
temperature: 23 °C
relative humidity: 20—30%
Escherichia coli sheath: polyethylene glycol-polylactide in sheath solution flow rate: 6 mL/h 5 X 10° CFU/mg 55
Nissle dichloromethane/dimethylformamide
core:“ polyvinylpyrrolidone or glycerol core solution flow rate: 1 mL/h
applied voltage: 20 kV
tip-to-collector distance: 15 cm
Lactobacillus polyvinyl alcohol and fructoolgiosaccharides in ~ 20-gauge needle 8.88 log(CFU/mL) 56
plantarum water flow rate: 0.3—0.6 mL/h
applied voltage: 16 kV
tip-to-collector distance: 14 cm
temperature: 25 + 1 °C
relative humidity: 40—50%
Clostridium hydroxypropyl-f-cyclodextrin high-speed electrospinning setup using 34 mm >10® CFU 61
butyricum diameter spinneret with 330 ym orifices
flow rate: 300 mL/h
applied voltage: 40 kV
airflow: 120 m*/h
room temperature
relative humidity: 40—45%
Lactobacillus corn starch and sodium alginate in water flow rate: 1.5 mL/h >9 log(CFU/mL) starting 70, 71
acidophilus loading in gastric fluid
Lactobacillus current: 10 pA
rhamnosus
Bifidobacterium applied voltage: 24 kV
bifidum
Bifidobacterium tip-to-collector distance: 12 cm
animalis temperature: 25 + 1 °C
Lactobacillus gum arabic and polyvinyl alcohol in water NS Lab-fluinateke100 nanospider machine >9.97 log(CFU/g) 72
acidophilus carriage rate: 90 mm/s
applied voltage: 16.8 kV
carriage to collector distance: 15 cm
Lactobacillus sodium alginate and polyvinyl alcohol in water flow rate: 1.2 mL/h 8.57 log(CFU/g) 73
paracasei applied voltage: 22 kV

current: 10 pA

tip-to-collector distance: 10 cm

temperature: 25 °C

“The probiotic strain was blended into the core precursor solution during coaxial electrospinning.

4. APPLICATIONS OF BACTERIA-LOADED,
ELECTROSPUN NANOFIBERS

4.1. Gut Probiotics. The gut is home to a community of
bacteria that can influence human health by aiding in digestion,
controlling immune responses, and influencing brain func-
tion.”*~® Probiotics, or bacteria that can provide beneficial
health effects to a host, can be administered orally to modulate
the gut community.**~*” However, the probiotics must survive
the harsh environment of the gastrointestinal tract to reach the
gut microbiota. Electrospinning can be used to encapsulate
high loadings of bacterial cells such that enough cells are
delivered into the gut. Additionally, electrospun nanofibers
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have a high surface-area-to-volume ratio for the rapid and
sustained release of encapsulants.”” Several probiotic bacteria
have been electrospun into a variety of polymer nanofibers, as
summarized in Tables 1 and 2.

Few studies have investigated the gut fate of probiotic-
loaded nanofibers. The human gastrointestinal tract consisting
of the mouth, stomach, and intestinal phases are equipped with
chemicals and mechanisms meant to break down food.”* In
particular, the low pH value of the stomach can be detrimental
to bacteria.”” Lactobacillus acidophilus encapsulated within a
mixture of gum arabic and poly(vinyl alcohol) electrospun
nanofibers showed improved survivability after exposure to
simulated gastric fluid for 150 min compared with free

https://doi.org/10.1021/acsabm.2c01055
ACS Appl. Bio Mater. 2023, 6, 951-964
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Table 2. Summary of Electrospun Encapsulated Probiotics for Non-Oral Delivery

application probiotic strain precursor solution(s) electrospinning conditions bacterial loading in nanofibers  ref
wound Staphylococcus epidermidis ~ carboxymethylcellulose and Nanospider NS500 69 + 1.8 X 10° — S2
dressings poly(ethylene oxide) in water electrode distance: 170 mm 2.0 + 0.3 X 10° CFU/g
electrode spin velocity: 3.8 rpm
applied voltage: 60 kV
temperature: 23.9 °C
relative humidity: 33%
Enterococcus mundtii polyvinyl alcohol/polyvinylpyrrolidone/  25-gauge needle >8 log(CFU/g) 84
glycerol in water 0.6 mL/h
applied voltage: 16 kV
tip-to-collector distance: 15 cm
vaginal Lactobacillus acidophilus polyvinyl alcohol and applied voltage: 35 kV 8.87—9.28 log(CFU) per g of 16
probiotics polyvinylpyrrolidone in water tip-to-collector distance: 15 cm fiber
temperature: 25 °C
relative humidity: 35%
Lactobacillus acidophilus poly(ethylene oxide) in water flow rate: 0.4 mL/h 9.18 + 0.21 log (CFU/mg) 18
Lactobacillus delbrueckii ssp. applied voltage: 15 kV 5.91 + 0.15 log (CFU/mg)
Bulgaricus
Lactobacillus casei tip-to-collector distance: 15 cm  7.33 + 0.19 log (CFU/mg)
Lactobacillus gasseri 9.20 + 0.11 log (CFU/mg)
Lactobacillus paracasei 8.02 + 0.18 log (CFU/mg)
Lactobacillus plantarum 8.70 + 0.38 log (CFU/mg)
Lactobacillus reuteri 9.32 + 0.04 log (CFU/mg)
Lactobacillus rhamnosus 7.41 £ 0.16 log (CFU/mg)
Lactobacillus salivarius 6.75 + 0.07 log (CFU/mg)
Lactococcus lactis 8.19 + 0.33 log (CFU/mg)
Lactobacillus plantarum poly(ethylene oxide) in water flow rate: 0.4 or 0.5 mL/h 7.6 X 10° CFU/mg S1
applied voltage: 10, 15, or 20 kV
tip-to-collector distance: 15 cm
temperature: 24 + 2 °C
relative humidity: 20, 35, or 55%
Lactobacillus gasseri polyvinyl alcohol in water 22-gauge needle >107 CFU/g 85
Lactobacillus rhamnosus flow rate: 0.4 mL/h
tip-to-collector distance: 12 cm
applied voltage: 12 kV
temperature: 24 + 2 °C
relative humidity: 40%
Lactobacillus crispatus poly(ethylene oxide) and sucrose in flow rate: 150—250 uL >10 log(CFU/g) 86

Lactobacillus gasseri water

Lactobacillus jensenii

applied voltage: 10—13 kV
tip-to-collector distance: 15 cm
temperature: ~ 20 °C

relative humidity: ~ 30%

bacterial cells.”* While typically used as an emulsifier or
thickening agent in food products, gum arabic has been used in
a variety of encapsulation technologies for delivery into the gut.
Other polymers, like alginate, have proven useful for the
delayed release of materials into the intestines.””~"” More
specifically, alginate hydrogels contract in acidic environments
to protect encapsulants from acid damage in the stomach. In
the intestines, swelling of the alginate structure because of a
higher pH releases encapsulants.”*™*" Several strains of
bacteria have been electrospun into alginate-based nano-
fibers.””’%”"”>  Alginate-based encapsulations improved the
acid tolerance and viability of probiotics in simulated
gastrointestinal systems compared with free cells.”””® Fur-
thermore, alginate favorably binds with the intestinal mucosa
to prolong the delivery of drugs.*"*> As gut simulation
becomes more complex, the interactions between bacteria-
loaded nanofibers and the gut mucosa, the gut microbiota, and
the bodily systems that influence human health can be studied.
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4.2. Skin Probiotics. The skin is the body’s largest organ,
which oversees protecting all the other internal organs. Being
exposed to the environment, the skin begins to accumulate a
microbiome after birth that changes over time.*> Various
injuries like cuts and burns damage the skin, as well as its
microbiome, which can hinder healing.48 Furthermore, without
protection from commensal bacteria on the skin, abrasions are
inclined toward infections by pathogenic bacteria. A
commensal skin bacteria, Staphococuss epidermis, was electro-
spun into carboxymethylcellulose and poly(ethylene oxide)
nanofibers for the treatment of diabetic foot ulcers.”> The
fibrous electrospun scaffold could easily be incorporated inside
of socks and replaced as needed.

Enterococcus mundtii, a probiotic beneficial for the skin
because of its production of the nutrient folate and the
antibiotic mundticin, was encapsulated into poly(vinyl
alcohol) /polyvinylpyrrolidone/glycerol nanofiber bioscaffolds
as a dermal patch to promote wound healing after burn
wounds.** Wound closure percentage over time was improved

https://doi.org/10.1021/acsabm.2c01055
ACS Appl. Bio Mater. 2023, 6, 951-964
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Figure 3. Probiotic Enterococcus mundtii was electrospun into poly(vinyl alcohol)/polyvinylpyrrolidone/glycerol bioscaffolds for the treatment of
burn wounds on mice models. (Top) The bacteria-loaded bioscaffold showed improved wound closure compared with the electrospun
nanoscaffold without bacteria. (Bottom left) The size, shape, and depth of burn wounds (bottom right) were measured over 18 days to determine
the wound closure percentage for (A) an untreated wound, (B) a wound treated with a suspension of Enterococcus mundtii in biopolymer
dispersion, (C) a wound treated with topical antibiotic cream, (D) a wound treated with electrospun scaffold without probiotics, and (E) a wound
treated with the bioscaffold containing Enterococcus mundtii. Reproduced with permission from ref 84. Copyright 2019 American Chemical Society.

with the addition of the bacteria-loading wound dressing
compared with both untreated wounds and wounds treated
with a topical antibiotic cream, as seen in Figure 3. Though the
nanofiber structure experienced significant swelling and loss of
structure in a simulated wound fluid, the moist environment is
essential for the reactivation and release of encapsulated
bacteria. Additionally, the bioscaffold showed antibacterial
activity against S. aureus ATCC 25923, a model pathogenic
bacterium.

4.3. Vaginal Probiotics. Vaginal probiotics can be
administered orally or vaginally. Electrospun vaginal bacteria
could be administered similarly to a tampon or hy§ienic towel
to treat bacterial vaginosis or other infections. ®'%"%57%
Since the vaginal microbiota is primarily composed of
Lactobacillus strains, ZupanGic et al."® evaluated the viability
of nine Lactobacillus strains and one Lactococcus strain when
electrospun separately into poly(ethylene oxide) nanofibers
(Figure 4). Each strain demonstrated high viability [>5.9 log
(CFU/mg)]. Another study®® encapsulated and tested the
antimicrobial activity of a Lactobacillus strain in poly(vinyl
alcohol) nanofibers. Of the five urogenital pathogens tested,
the electrospun Lactobacillus rhamnosus strain exhibited
significant antimicrobial abilities against Staphylococcus aureus
and Escherichia coli even while encapsulated within the polymer
nanofiber for the treatment or prevention of urologic or
vaginal-localized ailments.

As far as the authors are aware, the in vivo application of
probiotic-loaded nanofibers to the vaginal area has not been
demonstrated to date. However, electrospun products hold the
potential to be an effective and convenient intravaginal drug
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delivery device.**®” A focus-group-based study found that a
fabric-like nanofiber mat was perceived favorably over gels or
films.”"~"* On top of being easy to transport and store because
of the size of the mat, the flexible nature also allows
electrospun nanofiber mats to be formed into a capped tube
shape (Figure 5) for easy insertion.”"

4.4. Seed Coatings. In the agricultural industry, electro-
spun nanofibers have been used to deliver various biocontrol
agents to the soil.”> However, the electrospun bacteria could
further promote plant growth by enriching the rhizopheres,
that is, the area around the plant root associated with
microorganisms, as well as providing antifungal protection.
Encapsulated bacteria are easily electrospun onto seeds
without harming the seed or the bacteria; after planting, the
bacteria will be released into the soil environment.
Methylorubrum aminovorans was electrospun into poly(vinyl
alcohol) nanofibers and onto groundnut (Arachis hypogaea)
seeds, as seen in Figure 6.”* The biocompatibility of poly(vinyl
alcohol) is especially important for Arachis hypogaea,
commonly known as peanuts, as the fruit is grown under the
soil. As a hydrophilic polymer, poly(vinyl alcohol) aids in
germination and plant growth by uptaking water and retaining
high moisture levels. Table 3, which summarizes all electro-
spun bacteria for environmental uses, lists other strains of
bacteria that have been incorporated in poly(vinyl alcohol) for
seeding coating and plant-growth-promoting applications.”>*®

Other than promoting growth, bacteria can exhibit
antifungal activity to protect the seed. Bacillus subtilis and
Seratia marcescens were electrospun together into poly(vinyl
alcohol) and polyvinylpyrrolidone. In a disk diffusion assay,
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Figure 4. Several strains of vaginal probiotics electrospun into poly(ethylene oxide). These nanofibers can be delivered orally or vaginally.
Reproduced with permission from ref 18. Copyright 2019 Zupandic et al.

Figure 5. A focus-group-based study found that electrospun fabric
shaped into a capped tube are promising materials because of its ease
of use and insertion for vaginal delivery. Ideally, a mat of electrospun
bacteria could be inserted as easily as a tampon for the regulation of
the vaginal microbiome. Reproduced with permission from ref 91.
Copyright 2018 Laborde et al.

their antifungal properties were determined against Macro-
phomina phaseolina, Rhizoctonia solani, and Fusarium oxy-
sporum, as shown in Figure 7.%7 Indeed, the bacteria-loaded
fibers inhibited the growth of the fungus (dark, opaque
portions of the agar plate), as evidenced by the zones of
inhibition (transparent zones) around the electrospun mats
(white disks). Coating canola seeds with antifungal, bacteria-
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Figure 6. (a) Arachis hypogaea seeds were (b) coated with
electrospun nanofibers containing Methylorubrum aminovorans bac-
teria cells. Through comparison of the seedlings grown from (c)
uncoated and (d) coated seeds, coating the seeds leads to a longer
root and shoot lengths. Reproduced with permission from ref 94.
Copyright 2022 Mukiri et al,, Springer Nature.

loaded nanofibers can help to meet the high demand for
canola, which is harvested and processed into food grade oil,
feed for livestock, and biofuels, while also reducing the use of
environmentally hazardous fungicides.

4.5. Water Remediation. Pollutants, like dyes, herbicides,
and heavy metals, are harmful to the environment and its

https://doi.org/10.1021/acsabm.2c01055
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Table 3. Summary of Electrospun Encapsulated Probiotics for Environmental Applications
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“The probiotic strain was blended into the core precursor solution during coaxial electrospinning.

https://doi.org/10.1021/acsabm.2c01055

958

ACS Appl. Bio Mater. 2023, 6, 951-964


https://pubs.acs.org/doi/10.1021/acsabm.2c01055?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c01055?fig=tbl3&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c01055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

EVIE

Figure 7. Zones of inhibition produced by a mixture of Bacillus subtilis
and Seratia marcescens cells electrospun into poly(vinyl alcohol) and
polyvinylpyrrolidone nanofibers (white disks) proved the antifungal
properties of the mats against (a) Macrophomina phaseolina, (b)
Rhizoctonia solani, and (c) Fusarium oxysporum. As a seed coating, this
mat can protect the seed against fungal infestation. Reproduced with
permission from ref 97. Copyright 2019 American Chemical Society.

. . . . . 50,99,102
inhabitants, even causing mutations in some cases.” "’

While the removal of these chemicals can be challenging or
costly, bacteria are able to degrade certain pollutants. For
example, Pseudomonas aeruginosa showed a methylene blue
(MB) removal of 57% when electrospun into poly(vinyl
alcohol) or 76% when electrospun in poly(ethylene oxide)
(Figure 8a).”® Since the immobilization of bacteria poses a
concern for the availability of nutrients for the bacteria, San
Keskin et al.”’ electrospun Lysinibacillus sphaericus in cyclo-
dextrin, an oligosaccharide that can be used by bacteria as a
carbon source. The encapsulation of bacteria in this nutrient-
rich nanofiber improved the removal efficiency of nickel ions
by 70% compared with free bacteria (removal efficiency
25.5%). The nanofibers from the previously mentioned
studies”®”” were successful in delivering live bacterial cells to
pollutant-containing solutions, though the fibers dissolved
upon being added to the solution.

To produce water-insoluble “microtubes” containing bac-
teria, a core solution of Pseudomonas aeruginosa suspension in
an aqueous solution of polyvinylpyrrolidone was coaxially
electrospun with a sheath solution of polyvinylidene fluoride-
co-hexafluoro-propylene dissolved in tetrahydrofuran and
dimethylformamide.50 Though live, fluorescent bacteria
(Figure 8b) were detected in the electrospun microtubes, the
biodegradation activity of the bacteria was reduced by contact
with organic solvents. Submerging the water-insoluble
structure in growth media regenerates atrazine degradation
activity. Furthermore, the degradation of atrazine occurred
more rapidly after regeneration than without regeneration.
Effective bioremediation of atrazine (0.29 mg/day) was carried
out over 50 days in a continuous reactor.

4.6. Fuel Cells. Microbial fuel cells utilize the energy
producing capabilities of bacteria as a sustainable energy
source. Figure 9a depicts a single chamber microbial fuel cell
where bacteria are loading into the chamber containing the
anode.'”” While suspended bacteria can naturally adhere to the
surface of the anode, the encapsulation of bacteria onto the
anode would allow for more direct interaction between the
electrons produced by the bacteria and the fuel cell. Massaglia
et al.'% electrospun an electroactive consortia of bacteria
derived from seawater sediment within poly(ethylene oxide)
nanofibers (bio-NFs) that were directly collected on carbon
paper to be used as the anode. The bio-NF anode produced
double the maximum power density (~7 mW/m?), a higher
short circuit current (~33.75 mA/m?), and comparable
current density (250 mA/m’ after 4 days) compared with
the carbon paper anode used as a control, as shown in Figure
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Figure 8. (a) Methylene blue (MB) dye removal by free Pseudomonas
aeruginosa (free bacteria), control electrospun poly(vinyl alcohol)
mats (Pristine PVA web), control electrospun poly(ethylene oxide)
web (Pristine PEO web), electrospun Pseudomonas aeruginosa in
poly(vinyl alcohol) web (bacteria/PVA web), and electrospun
Pseudomonas aeruginosa in poly(ethylene oxide) web (bacteria/PEO
web). Reproduced with permission from ref 98. Copyright 2017
Elsevier. (b) Live, CTC-stained (red) Pseudomonas aeruginosa were
immobilized in water-insoluble electrospun microtubes stained with
STYO-9 (green) such that the bacteria could easily be delivered to
wastewaters and degrade pollutants. Reproduced with permission
from ref 50. Copyright 2017 Elsevier.

9b,c. Sanchez and Laberty-Robert'*' (Figure 9d,e) were able
to increase current density by coaxially electrospinning
Shewanella oneidensis into an “integrated bioanode.” The
bacteria were suspended in poly(ethylene oxide) as the core
solution, and carbon black was mixed into a poly(e-
caprolactone) solution in chloroform/dimethylformamide as
a shell solution. Additionally, a conductive scaffold consisting
of polyacrylonitrile and carbon black dissolved in dimethyl-
formamide were simultaneously electrospun onto the same
collector. As a conductive material, carbon black promotes
electron percolation to enable extracellular electron transfer
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Figure 9. (a) Diagram of microbial attachment to the anode of a single chamber microbial fuel cell. Redrawn with permission from ref 103.
Copyright 2018 Society of Chemical Industry. Electrical properties of microbial fuel cells developed by (b,c) Massaglia et al.'> and (d,e) Sanchez

and Laberty-Robert.""’

(b,d) Polarization curves showing potential (V) and powder density vs current density. (c,e) Current density of respective

microbial fuel cells over time. Panels (b) and (c) are reproduced with permission from ref 100. Copyright 2021 Massaglia et al. Panels (d) and (e)
are reproduced with permission from ref 101. Copyright 2021 The Royal Society of Chemistry.

between the bacteria and the anode. The integrated bioanode
had a maximum power density of 30 mW/m” and a maximum
current density of 1350 mA/m? after 8 days. Additionally, a
maximum current density of 700 mA/m?* was observed after
cryodesiccation of the bacteria-loaded nanofibers for long-term
storage. Microbe-powered fuel cells can be combined with
environmental remediation, water remediation, and environ-

. . 100—102
mental sensing technologies.

5. PERSPECTIVE

Bacteria offer a wide range of beneficial functions, from
producing chemicals like various nutrients to degrading
harmful agents like toxins found in waste waters. Commer-
cially, encapsulation technologies are often used to protect
probiotic bacteria during their processing, storage, and delivery
to various environments where the bacteria will be useful. As
discussed in this review, electrospinning has proven to be an
effective method for encapsulating high loadings of bacteria in
the laboratory setting. The nanofiber structure formed by
electrospinning protects the microbes and is convenient for
probiotic delivery, wound dressings, feminine hygiene
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products, water filtration membranes, coatings, and even
microbial fuel cells.

While promising, bacterial electrospinning still faces a
number of challenges. Several strains of bacteria exhibit
varying tolerance for electrospinning. Though Gram-negative,
Gram-positive, aerobic, and anaerobic bacteria of various
shapes and sizes have been successfully electrospun, it is
unclear how and by what other properties, like electroactivity,
one strain of bacteria can be more robust toward electro-
spinning than another strain. However, it is known that
biocompatible polymers and aqueous solvents are generally
safe for the electrospinning of the cells. Much research has
been conducted encapsulating bacteria into poly(vinyl alcohol)
and poly(ethylene oxide) nanofibers. Bacteria encapsulated
within water-soluble, biocompatible polymers are quickly
released upon contact with moisture for the treatment of an
open wound or to rebalance the vaginal microbiome. However,
research studies are also shifting toward other polysaccharide
polymers, like gum arabic and alginate, which can provide
controlled delivery of the bacteria.

Coaxial electrospinning is also very promising for creating
water-stable, bacteria-loaded nanofibers; the bacteria sus-
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pended in biocompatible solvents in the inner needle is
simultaneously extruded with a spinnable precursor solution in
the outer needle. The bacterial suspension is then “pulled
along” by the spinnable precursor, thereby allowing for the
formation of the electrospun fiber. Notably, a polymer
dissolved in an organic solvent has been used to create a
water-insoluble fiber containing living bacteria cells. For
significant advances toward “real-world” applications, the
performance of the bacteria or the physical properties of the
fibers might need to be improved by the incorporation of
additives, such as pharmaceuticals or other functional agents.
Despite the availability of commercial probiotics for gut and
even plant health, the translation of electrospun bacteria into
commercial products has yet to be realized. The gastro-
intestinal tract models and mice models are often used for the
delivery of gut and skin probiotics, respectively, and have not
moved on to clinical trials, much less commercial production.
Electrospun vaginal probiotics have not yet been demonstrated
in any animal models or simulated vaginal environments.
Fewer researchers have focused on environmental applications,
such as plant growth. Antifungal, plant-growth-promoting
technology is encouraging. It will be interesting to see how
electrospun bacteria can evolve for the coating of grown plants
or even food products. Perhaps, future fibers engineered for
environmental applications will explore multishell fibers that
can uptake toxins while releasing nutrients that will repair the
soil. Barely any attention has explored bioremediation and
microbial fuel cell applications. Additionally, in the future, a
life-cycle analysis of these materials will be needed to
determine the influence of the encapsulated bacteria on the
soil microbial communities and the reusability of bacteria-
loaded fibers in bioremediation and microbial fuel cell
applications. In tandem with the enormous efforts being
made to develop permeable, porous, and stable polymer
nanofiber scaffolds that provide an optimized environment for
microorganisms, exciting developments in synthetic biology
have been emerging; we are excited to learn about future
bacteria-loaded polymer fibers biotechnologies.
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