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ABSTRACT
ELECTROSPINNING LIVING BACTERIA INTO ALGINATE-BASED
NANOFIBERS FOR BIOMEDICAL APPLICATIONS
FEBRUARY 2024
EMILY DIEP, B.S., RUTGERS UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Jessica D. Schiffman
Bacteria play a pivotal role in daily life: from digesting nutrients to fighting off
infections in the human body to degrading pollutants in the environment. In order to
exploit the benefits that bacteria have to offer, the encapsulation systems are needed to
keep bacteria alive and deliver them to various environments. Alginate is a
polysaccharide derived from seaweed and a commonly used biomaterial. In particular,
alginate nanofibers would be beneficial for the encapsulation and release of probiotic
bacteria due to the biocompatibility of the biopolymer and high surface area to volume
ratio of the nanofiber mat. Additionally, the flexible and porous nature of the nanofiber
mat can easily be integrated into biomedical technologies like wound dressings. In my
dissertation, | have developed probiotic-loaded, alginate-based nanofibers mats and
demonstrated their use as an oral probiotic delivery and as an antimicrobial wound
dressing.
The electrospinning of aqueous alginate solution into polymer nanofibers is
challenging due to their high viscosity, surface tension, and conductivity; these factors
were overcome using a biocompatible carrier polymer, polyethylene oxide (PEO), and an

FDA-approved surfactant, polysorbate 80 (PS80). The effects of including PEO and PS80



in the precursor electrospinning solutions were systematically investigated to determine
the influence of precursor solution properties on the formation and morphology of the
electrospun nanofibers. The formation of smooth nanofibers was confirmed by scanning
electron microscopy while Fourier transform infrared spectroscopy and
thermogravimetric analysis were used to determine the chemical and mass composition
of the electrospun fibers which differed from the composition of the precursor solution
due to carrier polymer enrichment during electrospinning.

With the confirmation of alginate content in the electrospun nanofibers, |
proceeded to crosslinking the alginate using calcium ions to create water-stable,
biocompatible nanofibers. Aqueous and glycerol-based calcium crosslinking systems
were explored as an alternative co-solvent to ethanol to create chemically resilient,
alginate-based nanofibers. The alginate-to-carrier polymer and surfactant content in the
nanofibers was influenced by the crosslinking solutions used. Furthermore, the nanofibers
were generally stable in acidic environments and swelled in higher pH environments
indicating their potential use in gut delivery.

A probiotic, Lactococcus lactis, was encapsulated within the alginate-based
nanofibers using a coaxial electrospinning setup to achieve high bacteria loading (>10°
colony forming units/g of as-spun electrospun mat). The aqueous and glycerol-based
crosslinking systems allowed the encapsulated bacteria to survive. The encapsulated
bacteria in these crosslinked alginate fibers were able to inhibit the growth of pathogenic
Staphylococcus aureus for wound dressing applications. For the delivery of probiotics
into the gut, antacid was formulated into the fibers to reduce acidic insult in a simulated

stomach phase and demonstrate the targeted release of bacteria into the intestines.



Overall, this work provides important insights into the development and understanding of
calcium crosslinked alginate nanofiber scaffolds while showing potential applications of

such nanofibers for the encapsulation and delivery of beneficial biological materials.
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CHAPTER 1
INTRODUCTION
Adapted from:
Diep, E.; Schiffman, J. D. Electrospinning Living Bacteria: A Review of Applications
from Agriculture to Health Care. ACS Appl. Bio Mater. 2023, 6 (3), 951-964.

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

1.1 Motivation

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 temperatures during transport and long-term
storage is a costly challenge.” Dried bacteria can be used as powders that facilitates their
transport, storage, and processing into various supplements.>® Conventional drying
methods lead to bacterial death due to heat and dehydration® whereas freeze drying or
spray drying allow the bacteria to go into a dormant state while maintaining higher
viability.® For freeze drying or spray drying, bacteria can be suspended in a solution with
polymers or polysaccharides that form a protective encasing around bacteria cells to
further improve their viability. Cell encapsulation technologies have been explored to

address many of the aforementioned bacteria viability challenges.


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

Bacterial encapsulation is a technique that protects the bacteria by forming a
physical barrier around the cell to support its structure and reduce contact with damaging
agents.'® For example, during freeze-drying, bacteria that were encapsulated within rice
proteins had higher viability after processing, during storage at various temperatures, and
in simulated gastrointestinal tract environments. While 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 1%

Alternatively, electrospinning allows live bacteria to be encapsulated within
multifunctional, polymer nanofibers at room temperature.'®-2° The electrospinning
process does not require the use of heating, freezing, or organic solvents which can harm
encapsulant materials. Thus, suspensions of bacteria are blended into solutions
compromised of various synthetic and naturally-derived polymers for electrospinning.
Biopolymers dissolved in aqueous solutions are commonly used as they promote the
viability of encapsulated cells within the fibers.?! Thus, biologicals like cells,'82223
proteins,?* antibiotics,?>2® and drugs?’° have been encapsulated via electrospinning; the
high surface area of the cargo-loaded nanofiber mats enabled excellent delivery
characteristics.3! In conjunction with their excellent flexibility and porosity, nanofiber
mats with encapsulated biologics hold great potential in wound dressing, protective
coatings, and biological scaffolds.

1.2 Electrospinning

1.2.1. Basic setup and mechanism
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.3? As such, the
electrospinning setup (Figure 1) often consists of a 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.®*3* 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 which helps to expel solvent from the nanofiber.
Eventually, randomly collected nanofibers are deposited onto the collector plate as a

nonwoven mat.

Syringe

l1
11
Voltage Supply ===

Figure 1: lllustration of the single needle electrospinning setup where an electric field is
used to draw polymer nanofibers from a precursor solution. Adapted with permission
from ref. 35. Copyright 2023 American Chemical Society.

1.2.2. Brief overview of electrospinning parameters
Both precursor solution components and properties as well as experimental parameters
(needle tip-to-collector distance, needle diameter, humidity, temperature, etc.) influence
the diameter and morphology of electrospun nanofibers.?333343637 These electrospinning

factors are summarized in Table 1. Generally, each precursor solution depending on the



polymer(s) and solvent(s) used have a set of optimal conditions under which fibers can
form.®® That is to say, there is no set numerical value of concentration, viscosity,

conductivity, etc. under which all precursor solutions can be electrospun.



Table 1: Electrospinning parameters and properties summary

Contribution to electrospinning Effect of parameter or property Ref
Viscoelastic nature allows the precursor Low polymer concentration may not have enough | 344
solution to be deformed by the electric polymer to form nanofiber
Polvmer field into a stable electrospinning jet and High polymer concentration leads to thicker
y subsequent nanofiber fibers until extremely high concentrations leads
to high viscosity, surface tension, and needle
clogging that prevents fiber formation
Influences intermolecular interactions and/ | Low molecular weight is challenging to a4z
or entanglement electrospun due to lack of intermolecular
Molecular . .
. interactions
weight . Lo .
High molecular weight increases intermolecular
interaction but increases viscosity
2 Can be used to solvate polymer Influences polymer behaviors (entanglement, 8743
‘éi Solvent flexibility, etc) and affect solution properties
a (viscosity, surface tension, conductivity, etc)
§ Measurement of internal friction in the Nanofibers do not typically form without 4446
= L polymer solution which has been entanglements or intermolecular interactions
3 Viscosity S -
correlated to the amount of polymer High viscosities are difficult to overcome by the
entanglements in solution electric field
Surface tension must be overcome by the Low surface tension cannot stabilize the jet 4
electric field force for polymer chains to allowing too much solution to be pulled from the
Surface be pulled from solution droplet
Tension High surface tension forces pull the
electrospinning jet into spherical shapes which
cause beading along the fiber
A measurement of free charges in the Strong repulsive charges can prevent polymer 4546
L solution that can carry the force of the entanglement and break the electrospinning jet
Conductivity e L .
electric field Low conductivity solutions are unaffected by the
electric field
Dictates the amount of polymer solution Beading can be caused when insufficient aaar
introduced to the electrospinning system amounts of polymer
High flow rates can increase fiber diameter or
Flow rate & .
. lead to wet fibers
Needle size . .
Needle diameter can be correlated to fiber
diameter size and affects clogging or lack thereof
o during pumping
(5]
g Distance over which entangled polymer Wet fibers form at close distances due to 4647
I Tip-to- chains are bent, whipped, and dried into a incomplete drying
=y collector solidified nanofiber Far distances increase the amount of whipping
£ Distance and stretching but also decrease the strength of
z the electric field
*§ Driving force that draws entangled Must provide sufficient force for pulling polymer | 394
w Voltage polymer chains from the electrospinning chains from solution without breaking the 4
droplet electrospinning jet
Determine drying conditions that are Faster drying can truncate an electrospinning jet, | 484
dependent on the solvent used leading to a thicker fiber
Temperature & . _— .
L Slow drying rates can lead to thin fibers as the jet
Humidity . ; . .
can stretch thinner. However, if the drying rate is
too slow, fibers may never solidify

1.3

Encapsulation of bacteria via electrospinning

In the next sections, encapsulation of live bacteria cells due to the sink-like flow

(illustrated in Figure 2) that forms during electrospinning is explained for two types of




electrospinning setups. It is important to note that electrospinning factors like polymer
selection, solvent selection, bacterial precursor solution concentration, applied voltage,
and electrospinning environment are electrospinning parameters that have been found to
influence either the loading or viability of electrospun bacteria, which will also be

discussed.

\
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Figure 2: lllustration of sink-like flow forms during electrospinning that leads to the
encapsulation of bacteria. This illustration was adapted with permissions from ref. 50.
Copyright 2022 John Wiley & Sons, Inc.

1.3.1. Sink-like flow encapsulation using single needle electrospinning
Drug molecules,® proteins,?**° and DNA* cannot be electrospun on their own due to
lack of entanglement and/or viscoelastic behavior. Instead, a carrier polymer can be used
in the precursor solution wherein the polymer helps “carry along” the “non-
electrospinnable” molecules during electrospinning. Larger materials like pigments,
particles, and cells are pulled into a sink-like flow *8 that forms when the electrospinning
jet is ejected from the precursor solution to be enveloped within the polymers during fiber
formation. The concentration of encapsulants are usually directly proportional to the
initial loading of encapsulants in the precursor solution.®**2 For a more direct flow of

encapsulants into the polymer solution, a more complex, coaxial electrospinning setup

can be used.



1.3.2. Encapsulation via coaxial electrospinning
The coaxial electrospinning setup (Figure 3) extrudes two or more solutions from
needles coaxially aligned and nested within each other.> During electrospinning, the
polymer solutions may mix at the needle tip to create a blended fiber or be electrospun
together into a layered fiber. Similar to the carrier polymer, the outer needle solution
(also called the shell or sheath solution) is recommended to be an “electrospinnable”
solution (discussed in the next section) such that the inner solution (also called the core
solution) is carried along using interfacial forces. Not only is this an acceptable method
for the encapsulation of materials, but control of respective flow rates also enables the
controlled loading/ release of materials from the nanofibers.>* Layered encapsulations,
like coaxially electrospinning can provide, have led to improved stability and gastric

survival of microencapsulated probiotics.>

Sheath solution

Core solution
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Figure 3: Illustration of coaxial electrospinning setup where a core solution and sheath or
shell solution are drawn into a singular polymer nanofiber by the electric field. Adapted
with permission from ref. 35. Copyright 2023 American Chemical Society.

1.3.3. Polymer and solvent selection

The most common way of fabricating nanofiber mats that contain bacteria is to blend the

bacteria into the precursor solution that will be electrospun.®3® As such, the bacteria



come into direct contact with the components of the precursor solution. Biocompatible
polymers dissolved in aqueous solutions are often used for the electrospinning of bacteria
as these components support bacteria viability. Synthetic, natural, and mixture of
synthetic and natural polymer solutions have been used to encapsulate live bacteria using
electrospinning.?* While natural polymers can have inherent biocompatible properties,
synthetic polymer are superior for mechanical properties leading to a grow field of
electrospun composite fibers. As for solvents, most bacteria electrospinning studies use
water.1®3%:57 One study encapsulated live bacteria into an organic solvent-based
precursor solution using a coaxial electrospinning setup.®® It was still necessary to
suspend the bacteria in an aqueous solution to support their viability before being
extruded into the core needle. A polymer dissolved in organic solvent was extruded from
the sheath needle that encased the core solution. While some bacteria viability was
detected, the researchers incubated the nanofibers in a nutrient-rich broth to regenerate

the bacterial activity which was reduced after contact with the organic solvent.

1.3.3.1. Alginate

Alginate, a copolymer of B-(1-4) linked p-mannuronic acid units and a-(1-4)-linked .-
guluronic acid units, is a polysaccharide primarily derived from algae but also produced
by bacteria that is particularly advantageous for the encapsulation of bacteria due to its
biocompatibility and for delivery into the gut due to its pH-controlled crosslinks and
mucoadhesive properties.>®*% Multivalent ions form a complex with the carboxylic acid
groups along the alginate chain as shown in Figure 4. In fact, food grade alginate has
been used as packaging for electrolyte drinks for runners in place of paper cups, as well

as in cocktails and desserts as bursting favor bubbles.®*%2 For the delivery of specific



materials like drugs into the intestines, calcium alginate structures remain stable in low
pH environments like that of the stomach and swell in high pH environments like that of

the intestines for targeted release.®354

Figure 4: Schematic of egg-box model representing the ionic crosslinking of alginate
chains with calcium ions.

Typically, alginate solutions are extruded into calcium-based gelling solutions to
form calcium alginate hydrogel capsules. For drug delivery systems, the drug is blended
into the alginate solution before gelation.®*%5 For example, a drug used for the treatment
of hypertension, nicardipine HCI, was incorporated into the alginate solution before
gelling to create drug-loaded calcium alginate beads.®® The study showed that alginate
gels can swell slightly at low pH allowing some of the drugs to diffuse out of the gel.
However, the drug is completely released at pH > 7 due to both swelling and then erosion
of the beads. Calcium alginate structures have also been used for the “triggerable”
delivery of an antimalarial drug in the gastrointestinal tract of a Yorkshire pig model.
Ethylenediaminetetraacetic acid (EDTA), a chelation agent, was used to release
crosslinks in vitro in simulated gastric fluid and in vivo in pig model simulations and
trigger the release of the drug.®’

While calcium alginate can be processed into various form factors, the spherical
particle or bead morphology has been widely used for biomedical and pharmaceutical

applications including the encapsulation of proteins, drugs, and live cells.*1%6° Beads



vary in size from a few microns to several nanometers in diameter usually formed by
extrusion, emulsion, or aerosolization.”® Larger microbeads affect sensory perception
during ingestion and also may burst during mastication leading to a search for smaller
encapsulation methods.®® Drying these hydrogel capsules lower water content while
increasing shelf life and stability.”"?> However, drying can cause bacteria to die either by
dehydration or injury.>"® Furthermore, spherical beads have a limited surface area to
volume ratio compared to other morphologies.’* Nanomaterials like electrospun
nanofibers have been explored for drug delivery purposes due to their higher surface area
to volume ratio.

Alginate is challenging to electrospin due to its charge, rigidity, and high
viscosity. Organic solvents help to increase alginate chain flexibility to enable
electrospinning. However, organic solvents tend to be toxic and are typically avoided for
the encapsulation of live cells. Instead, several studies have electrospun alginate from
aqueous solutions by using carrier polymers and surfactants. Carrier polymers like PEO
and polyvinyl alcohol (PVA) form entanglements between and around alginate chains to
carry the alginate along during electrospinning.*"" Surfactants lower surface tension and
alter the conductivity of the precursor solution to produce smooth nanofibers.?®7® After
electrospinning, the alginate-based nanofibers can be ionically crosslinked with
biocompatible calcium ions thus avoiding the use of damaging agents like free radicals or
UV light. Typically, an ethanol co-solvent systems prevent the dissolution of the
nanofibers during crosslinking in aqueous solutions.*>"":"® Thus, the research of

crosslinked alginate nanofibers for encapsulation of live cells has been limited.?*7°
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1.3.4. Bacterial loading in the precursor solution
The concentration of bacteria in the precursor solution can influence the encapsulant
concentration in the final fiber. For the encapsulation of Lactobacillus plantarum in
polyethylene oxide,> increasing the bacteria loading in the precursor solution (colony
forming units or CFU/mL) by 10-fold led to 1000-fold increase in the bacteria
concentration of the nanofiber mat (CFU/mg). Similarly, Kure¢ié et al.®° found that
increasing the bacterial loading of Staphylococcus epidermis from 1.1 x 10° CFU/mL to
1.6 x 10° CFU/mL lead to the bacteria loading increasing from 6.9 + 1.8 x 10° CFU/g to
2.0 = 0.3 x 10® CFU/qg of their carboxymethylcellulose and PEO 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 should be studied regarding
their effects 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.®

1.3.5. Influence of the electric field on bacterial viability
The cells are pulled into a sink-like flow by the electric field during the formation of the
electrospinning jet.'®22-25 Despite the high voltage, multiple studies have shown high
bacteria viability after electrospinning. During electrospinning, the current or flow of
electrons traveling through the precursor solution, polymer nanofiber, and encapsulated
bacteria remains low due to the high resistivity of the polymer and allow some bacteria to
survive.>*8! Some amount of cell death can still be expected due to osmotic stresses as

moisture is wicked away as the fiber is whipped.®2 A handful of studies attempted to
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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 to theoretical loading. However, other studies®®#* showed that applied voltage
did not significantly affect the viability of Escherichia coli (E. coli) Nissle electrospun
into polyethylene glycol-polylactide and Lactobacillus plantarum in PVA. The effect of
electrospinning voltage on the viability of bacteria may depend on the strain of bacteria
and/or components of the precursor solution. Additional concerns surrounding death
caused by the electric field, which applies a radial force causing the fiber to bend and
whip.34 Reznik et al.& determined this whipping force to be 5 x 10° g cm™ s which is
smaller than the force a cell of E. coli can withstand which was determined to be 3 x 10°
gcmls2is

1.3.6. Electrospun bacteria — a short literature review
Electrospun nanofibers have shown excellent capabilities for encapsulation high loading
of probiotic bacteria and keeping viability throughout storage. The largest area of
research for electrospun bacteria is intended for the gut delivery of probiotic bacteria.
However, there is a rising interest in the delivery of beneficial bacteria to other areas of
the body like the skin or the vagina as well as the encapsulation of bacteria for
environmental uses like water purification, plant growth promotion, and alternative
electricity production. A summary of electrospun bacteria for these various applications
is provided in Table 2.

Table 2: Summary of electrospun bacteria. This table is reproduced with permission from
ref. 35. Copyright 2023 American Chemical Society.

Bacterial loading in
Probiotic strain Precursor solution(s) nanofibers Ref

Oral Probiotic Applications
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Bifidobacterium animalis

Sheath: PVA in water
*Core: Skim milk

Not quantified

22

Escherichia coli K12

SA/PEO/PS80 in water

2.74 x 10° CFU/g

23

Escherichia coli Nissle

Sheath: Polyethylene glycol-
polylactide in
dichloromethane/dimethylformamide
*Core: Polyvinylpyrrolidone or
glycerol

5 x 10° CFU/mg

83

Lactobacillus plantarum

PVA and fructoolgiosaccharides in
water

8.88 log(CFU/mL)

84

Clostridium butyricum

Hydroxypropyl-beta-cyclodextrin

>108 CFU

86

Lactobacillus acidophilus
Lactobacillus rhamnosus
Bifidobacterium bifidum

Bifidobacterium animalis

SA and corn starch in water

>9 log(CFU/mL) starting
loading in gastric fluid

87,88

Lactobacillus acidophilus

Gum arabic and PVA in water

>9.97 log(CFU/qg)

89

Lactobacillus paracasei

SA and PVA in water

8.57 log(CFU/qg)

79

Wound dressing applications

Staphylococcus
epidermidis

Carboxymethylcellulose and PEO in
water

6.9+1.8x105-2.0%0.3x
105 CFU/g

80

Enterococcus mundtii

PVA/ polyvinylpyrrolidone/ glycerol
in water

>8 log(CFU/qg)

90

Vaginal probiotic application

Lactobacillus acidophilus

PVA and polyvinylpyrrolidone in
water

8.87 —9.28 log(CFU) per g
of fiber

17

Lactobacillus acidophilus  PEO in water 9.18 £ 0.21 log (CFU/mg) 19
Lactobacillus delbrueckii 5.91 £ 0.15 log (CFU/mg)

ssp. Bulgaricus

Lactobacillus casei 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  PEO in water 7.6 x 105 CFU/mg 52
Lactobacillus gasseri PVA in water >107 CFU/g ol

Lactobacillus rhamnosus

Lactobacillus crispatus
Lactobacillus gasseri
Lactobacillus jensenii

PEO and sucrose in water

>10 log(CFU/g)

92

Seed coatings

Methylobacterim
aminovorans

PVA in water

6.6 x 105 CFU/g

93
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Pantoea agglomerans
I1SIB55

Burkholderia caribensis
1S1B40

PVA in water with and without
glycerol

>7.42 + 0.02 log (CFU/qg)

>7.23 % 0.02 log (CFU/g)

94

Bradyrhizobium
japonicum SEMIA 5079
and Bradyrhizobium
elkanii SEMIA 587

PVA in water

4.29 x 10° CFU/seed

95

Bifidobacterium subtilis
and Serratia marcescens

PVA, polyvinylpyrrolidone, and
glycerol in water

5.7 £ 0.48 log (CFU/seed)

96

Bioremediation

Pseudomonas aeruginosa

Sheath: Polyvinylpyrrolidone and
polyvinylidene fluoride-co-
hexafluoropropylene in
tetrahydrofuran and
dimethylformamide

*Core: Water

Not quantified

58

Pseudomonas aeruginosa

PVA or PEO in water

107-108 CFU/mL per 10 mg
of polyvinyl alcohol web
108 CFU/mL per 10 mg of
polyethylene oxide web

97

Lysinibacillus sphaericus

Cyclodextrin in water and skim milk

6.0 x 102 CFU/mL after
storage at 4 °C for 24 hr

98

Microbial Fuel Cells

Electroactive consortia

PEO in water

Not quantified

99

Shewanella oneidensis

Sheath: Poly(g-caprolactone) in
chloroform/dimethylformamide
*Core: PEO in phosphate buffer
saline

Not quantified

100

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

Few studies have investigated the gut fate of probiotic-loaded nanofibers. PEO

and PVA are commonly electrospun for the encapsulation of bacteria.>® As water-soluble

polymers, the release of the bacteria from these polymer nanofibers would occur rapidly

in aqueous environments like that of the internal human body. Other functional polymers

can be incorporated into the precursor solution to affect the release of probiotics from the

fibers. Lactobacillus acidophilus encapsulated within a mixture of gum arabic and PVA

electrospun nanofibers showed survivability after exposure to simulated gastric fluid for

150 min.® 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
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into the intestines.541°%:192 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 due to higher pH releases encapsulants.®%193104 Several
strains of bacteria have been electrospun into alginate-based nanofibers.?"°878 Alginate-
based encapsulations improved the acid tolerance and viability of probiotics in simulated
gastrointestinal systems as compared to free cells.’®®” Furthermore, alginate favorably

binds with the intestinal mucosa to prolong the delivery of drugs.>®%°
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CHAPTER 2
DISSERTATION OBJECTIVES

2.1  Broad Scope

Living bacteria are used in biotechnologies that lead to improvements in healthcare,
agriculture, and energy. Electrospinning bacteria into flexible and functional
electrospun polymer fabrics maintain their viability and enable further use.®® Blending
bacteria into the polymer solution allows the bacteria to be encapsulated within the
nanofiber during electrospinning without the use of extreme heat or temperature
differences typically used to store bacteria for long periods of time. Research!’3 has
shown that electrospinning is effective for encapsulating large quantities of viable
bacteria in dry, stable fibers. Several polymers, both synthetic and natural, have been
electrospun.?! Alginate is a fascinating polymer favored for its biocompatibility and
gelatin under mild conditions using calcium ions. Furthermore, alginate exhibits pH-
dependent behavior which can control the delivery of viable bacteria directly to the gut
microbiota.%3®* | electrospun bacteria into alginate-based nanofibers for biomedical
applications through four objectives briefly summarized below. Materials and methods
are outlined in Chapter 3. Subsequent Chapters contain results, discussion, and future
work.

2.2 Objective 1: Formation of alginate-based electrospun nanofibers

First, the formation of alginate-based nanofibers was initiated using a carrier polymer and
surfactant. Alginate has a rigid structure that makes it a challenge to electrospin from
aqueous solutions. | proposed using biocompatible polyethylene oxide as a carrier
polymer and FDA-approved polysorbate 80 as a surfactant to electrospin high content

alginate nanofibers. Solution characteristics were monitored to determine their effects on
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the fiber formation, diameter, and morphology of electrospun fibers. Scanning electron
microscopy (SEM) was used to image the fibers. Fourier transform infrared (FTIR)
analysis and thermogravimetric analysis (TGA) confirmed the chemical composition of
the nanofiber.

2.3  Objective 2: Encapsulation of live bacteria into alginate-based nanofibers

Second, live bacteria were introduced into the system for encapsulation. The bacterial
suspension changes the properties of the precursor solution requiring the system to be
reoptimized. Once the bacteria are encapsulated, the bacterial loading within the
nanofiber can be determined. Both single needle and coaxial electrospinning setup were
employed to maximize the bacteria loading in the electrospun fiber. Furthermore, a few
strains were encapsulated including the lab standard E. coli K12 and probiotics E. coli
Nissle and Lactococcus lactis (L. lactis).

2.4 Objective 3: Calcium crosslinking of alginate-based nanofibers

Third, the alginate-based fibers can be crosslinked with calcium ions to stabilize the
nanofiber structure in aqueous environments. Since current methods of crosslinking
alginate nanofibers require the use of ethanol, ethanol-free crosslinking systems were
explored in order to support the viability of encapsulated bacteria. The challenge in this
objective was preventing dissolution of the water soluble alginate chains out of the
electrospun nanofiber during crosslinking in aqueous solutions while using only generally
regarded as safe (GRAS) agents. Both crosslinking pH and a glycerol co-solvent were
explored. After crosslinking, the stability of the nanofiber structure was determined in

pure water, acidic buffer, and phosphate buffer saline.
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2.5  Objective 4: Applications of bacteria-loaded fibers

After confirming the viability and loading of probiotics in the electrospun and crosslinked
nanofibers, applications of these bacteria-loaded nanofibers were explored. L. lactis has
been shown to inhibit the growth of methicillin-resistant S. aureus (MRSA). By
electrospinning L. lactis into polymer nanofibers, the antimicrobial functionalities can be
incorporated into wound dressings to prevent pathogenic infection. The antimicrobial
activity of electrospun L. lactis was demonstrated using an overlay assay against three
different strains of S. aureus including clinically relevant MRSA.

For gut delivery, the survivability of the encapsulated bacteria against acid insult
was improved by formulating antacid into the nanofibers. In acidic environments like the
stomach, protonated carboxylic acids along the alginate chain form hydrogen bonds
causing alginate hydrogels to contract. In higher pH environments like the intestines
where the gut microbiota resides, the alginate structures tend to swell releasing any
encapsulants. The pH-dependent release of probiotics from the alginate nanofibers was

demonstrated using a simulated gastrointestinal tract.
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CHAPTER 3
MATERIALS AND METHODS

3.1 Materials

All chemicals were used as received without further purification. Low viscosity alginic
acid sodium salt from brown algae (SA, v =4-12 cP, 1 wt% in H20 at 25°C) was
purchased from Sigma Aldrich (St. Louis, MO). The molecular weight (MW) and ratio of
mannuronic acid to guluronic acid (M/G ratio) were reported to be 58.9 kDa and 2.65,
respectively.1% Brain heart infusion (BHI), calcium carbonate (CaCOs), calcium chloride
(CaCly), carbenicillin, glutaraldehyde, glycerol, Mueller Hinton Broth (MHB),
poly(ethylene oxide) (PEO, Mw = 600 kDa), polysorbate 80 (PS80), potassium
phosphate (KH2PO4), propidium iodide (PI), sodium chloride (NaCl), sodium phosphate
dibasic (Na2HPOg), tryptone, yeast extract, were purchased from Sigma Aldrich (St.
Louis, MO).

Hydrochloric acid (HCI; percent purity: 36.5-38.0%), agar, 200 proof ethanol,

potassium chloride (KCI), and sodium hydroxide (NaOH) were purchased from Fisher
Scientific (Hampton, NH). Deionized (DI) water was obtained from a Barnstead
Nanopure Infinity water purification system (Thermo Fisher Scientific, Waltham, MA).

3.2 Bacteria

E. coli K12 MG1655 with GFP, E. coli Nissle with YFP, L. lactis ATCC 11454, S.

aureus 12600, S. aureus SH1000 also known as methicillin-sensitive S. aureus (MSSA),
MRSA IDRL-6169 were kindly gifted by Dr. Lauren Andrews (Department of Chemical
Engineering, University of Massachusetts Amherst, Amherst, MA) and Dr. Robin Patel

(Infectious Disease Research Laboratory, Mayo Clinic, Rochester, MN).
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3.3 Creation of Precursor Solution

To create the SA/PEO/PS80 electrospinning solution, separate SA and PEO solutions
were gently dissolved into sterile DI water by rotation (20 rpm) in the Roto-Therm™
Incubated Tube Rotator (Benchmark Scientific, Sayreville, NJ) for 24 hr at room
temperature (25°C). Precursor solutions were made by mixing combinations of SA, PEO,
PS80, and/or CaCOs together using the Roto-Therm™ (20 rpm, 24 hr, 25°C) to ensure
even mixing.

3.4 Single electrospinning setup

The precursor solution was then loaded into a 5 mL Luer-Lock syringe (Norm-Ject
Tuttligen, Germany) capped with an 18-gauge hypodermic needle (Exelint, Redondo
Beach, CA) secured to a horizontal syringe pump (Cole Parmer, Vernon Hills, IL).
(Figure 1) Alligator clips connected the high voltage supply (Gamma High Voltage
Research, Ormond Beach, FL) to the metallic syringe needle and a copper collector plate
(15 cm x 15 cm x 0.32 cm) covered in aluminum foil for easy sample removal. Unless
otherwise stated, fibers were electrospun using a solution flow rate of 2 mL/hr, applied
voltage of 17.5 kV, tip-to-collector distance of 18 cm, temperature of 25°C, and relative
humidity of 20-30%.

3.5  Coaxial electrospinning setup

Both core and shell solutions were loaded into 5 mL syringes and connected to a
homemade coaxial needle with a blunt 18-gauge inner needle and a blunt 14-gauge outer
needle. (Figure 3) Horizontal syringe pumps were used to advance the solution from the
syringes. The copper collector plate (15 cm x 15 cm x 0.32 cm) which was covered in
aluminum foil for ease of sample removal was placed 18 cm from the tip of the coaxial

needle. A high voltage supply connected to both the metallic needle and the collector
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plate via alligator clips applied 17.5 kV to the system. Solution flow rates of core and
shell solutions were varied. The temperature and relative humidity were kept constant
across all experiments at 25°C and 20-30%, respectively.

3.6  Characterization of electrospinning solutions

Surface tension measurements were made using a tensiometer (Optical Contact Angle 20,
Dataphysics Inc., GmbH, Germany) that utilized the drop pendant method. Droplets of
either SA, PEO, SA/PEO, SA/PEO/PS80, or SA/PEO/PS80 with bacteria solutions were
suspended in air from an 18-gauge needle. The needle gauge was selected because it
matches that used for electrospinning. The droplet was recorded until reaching
equilibrium; analysis of surface tension was conducted using the integrated system
software (SCAZ20, Dataphysics Inc., GmbH, Germany). Conductivity was measured using
a conductivity probe (Tetracon 325, Vernon Hills, IL). Surface tension and conductivity
experiments were conducted in triplicate.

3.7 Fourier-Transform Infrared (FTIR) Spectroscopy & Thermogravimetric
Analysis (TGA)

A Bruker Alpha Il FTIR spectrometer (Bruker Optics, Billerica, MA) was used to
determine the functional groups present in fiber samples. Spectra of electrospun fibers
were compared to spectra acquired from dried SA films, dried PEO dry films, liquid
PS80, and dried SA/PEO/PS80 (2.8/1.2/3 wt%) mixture films. The mass composition of
samples was analyzed by Q50 Thermogravimetric Analyzer (TA Instruments, New
Castle, DE).1% 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).1%
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3.8 Scanning Electron Microscopy of electrospun nanofibers

As-spun and crosslinked fibers 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 ImageJ 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
(length ~ 1-2 um & width ~ 0.5 um) which were previously measured. The change in the

average fiber diameter post-crosslinking was determined using Equation 1:

Relative fiber diameter (%) = ddcﬁ * 100% Equation 1

As—spun
where dea-x and das—spun represent the average fiber diameter of crosslinked and as-
spun fibers, respectively.

3.9  Preparation of bacteria

Overnight cultures of E. coli K12 MG1655, E. coli Nissle, or L. lactis were grown in
Luria Bertani (LB) broth (10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast extract in DI water)
with carbenicillin (1 pg/mL), LB broth with kanamycin (50 pug/mL), or BHI broth,
respectively, for 16 h at 37 °C. Cells were harvested by centrifugation at 25009 for 5 min
at 25 °C (Sorvall™ ST 40R, ThermoFisher Scientific, Waltham, MA). Bacteria pellets
were washed three times with phosphate buffer saline (PBS, 8 g/L NaCl, 0.2 g/L KClI,
1.44 g/L NazHPOQOg4, 0.24 g/L KH2PO4 in DI water, adjusted to a pH of 7.4 using HCI)

before being resuspended in sterile DI water to a desired concentration.
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3.10 Fluorescence Microscopy of bacteria

Visualization of the fluorescent proteins produced by the encapsulated bacteria or
fluorescent beads was captured using a Zeiss Axio Imager A2 M Microscope (Carl Zeiss
Microscopy, White Plains, NY). Additionally, dead bacteria were revealed by dead
staining with P1 before imaging. Bacteria viability was calculated by the following

equation:

Bacteria viability (%) = —— x 100% Equation 2
live dead

where A, and Age.qq represent the area coverage of live bacteria and dead bacteria,
respectively.

3.11 Determination of bacteria loading in solutions and as-spun fibers

The single plate-serial dilution spotting (SP-SDS) drop plate method was used to
determine cell viability within the precursor solutions and fiber mats.%® To determine
bacterial loading of a solution, solutions were serial diluted. To determine bacterial
loading within as-spun nanofibers, the fibers were dissolved in the relevant bacterial
media before serial dilution. Samples of 20 uL from dilutions were plated on agar plates.
Plates were incubated for 16 h at 37 °C. Each bacterium that grew into a distinct, visible
colony was counted as a colony forming unit (CFU).

3.12 Fixation of bacteria

For SEM imaging of bacteria cells, overnight cultures of bacteria were incubated. The
bacterial suspension was adjusted to OD600 = 0.3-0.4 by diluting with respective media,
inoculated onto filter paper (10 pL), and dried at room temperature for 1 hr. The bacteria-
loaded filter paper was fixed using 2.5 w/v% of glutaraldehyde in PBS for 2 hr at room

temperature!® and then rinsed in DI water twice. After fixation, samples were dehydrated
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in 30%, 50%, 75%, 85%, 95%, 100% alcohol-water gradients for 5 min in each
solution.™! Samples were oven dried 70°C before mounting to SEM stubs with carbon
tabs.

3.13  Crosslinking of electrospun nanofibers

As outlined in Table 3, five crosslinking systems were evaluated. Electrospun nanofibers
were submerged in acidic (pH 3.0), neutral (pH 7.0), or basic (intrinsic pH 10.3) solutions
containing 2 wt% CaCl> (aq) for 60 s followed by rinsing in sterile DI water for 60 s to
remove excess salt. The resulting crosslinked fibers were designated as CA-3, CA-7, and
CA-10 to denote calcium ion crosslinked alginate nanofibers and their respective
crosslinking solution pH value.

Table 3: Names and crosslinking compositions used to create the five crosslinked

alginate nanofibers explored in this study, as well as the as-spun fibers. This table is
reproduced with permission from ref. 112, Copyright 2023 American Chemical Society.

Sample | Pretreatment | Pretreatment Composition of the Crosslinking Crosslinking
name time (s) crosslinking solution solution pH time (s)
As-spun? n/a n/a n/a n/a n/a
CA-3 n/a n/a 2 wt% CacCl, (aq) Adjusted to pH 60
3 using HCI
CA-7 n/a n/a 2 wt% CaCl; (aq) Adjusted to pH 60
7 using HCI
CA-10 n/a n/a 2 wt% CaCl; (aq) Intrinsic pH 60
10.3
CA-PEP Ethanol 60 2 wt% CaCl, in 1:5 Intrinsic pH 10
ethanol:water 10.4
CA-E n/a n/a 2 wt% CaCl, in 1:5 Intrinsic pH 60
ethanol:water 10.4
CA-G n/a n/a 2wt% CaCl,in 1:1 | Intrinsic pH 7.8 60
glycerol:water

3 Altered from previous work?®
b Literature control?14175.78.113

As a literature control, as-spun fiber samples were pretreated in 100% ethanol for 60 s

followed by crosslinking in 2 wt% CacCl, in 1:5 ethanol:water for 10 s before being rinsed

24



for 60 s in DI water.** These samples were named CA-PE fibers to denote the
pretreatment and use of ethanol as a co-solvent. As an alternative co-solvent system, 2
wt% CaCl, was dissolved in a 1:1 glycerol:water solution. These samples, referred to as
CA-G fibers, were crosslinked in the glycerol co-solvent for 60 s followed by rinsing in
DI water for 60 s.

3.14 Mass loss analysis of crosslinked nanofibers

To calculate the change in mass that resulted from crosslinking, as-spun fibers and
crosslinked fibers were lyophilized (FreeZone 2.5 Plus, Labconco, Kansas City, MO) for
16 hr before being weighed (AX105 Analytical SemiMirco balance, Mettler Toldeo,
Vernon Hills, IL). The fiber mass retained after crosslinking was calculated using

Equation 3:

Fiber mass retention (%) = nllncﬁ * 100% Equation 3
As spun

where mg,_x and mys_ ., represent the mass of crosslinked fibers and as-spun fibers,
respectively.

3.15 Stability of crosslinked nanofibers in various environments

To test their stability in different pH values and salt environments, crosslinked fibers
were submerged in DI water, potassium chloride acid buffer (HCI/KCI acid buffer; 7.45
g/L KCI, 772 mg/L HCI in DI water adjusted to pH 2.0 using HCI), and phosphate-
buffered saline (PBS). Samples were removed at 1 min, 60 min, and 120 min and dried at
room temperature before SEM imaging.

3.16 Determining bacterial viability after crosslinking via fluorescence
microscopy

Bacteria were electrospun directly onto 22 x 22 glass coverslips attached to the aluminum

foil and collector plate using tape. Excess nanofiber mats from the aluminum foil could
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also be peeled from the foil and layered on top the electrospun mat on glass to increase
the sample size/mass. As-spun fiber mats on glass slips were submerged in a PI stain (30
M) for 15 min. If needed, mats were crosslinked in respective crosslinking solutions
also containing Pl stain (30 uM). As a control, overnight cultures of bacteria were
incubated at 37°C. The overnight culture (250 uL per well) was added to a 6-well plate
containing a glass coverslip (Fisherfinest Premium Cover Glass, Fisher Scientific,
Pittsburgh, PA) and M9 solution (4.750 mL per well) and incubated for 2 hr such that
bacteria could adhere to the coverslip. After incubation, the coverslips with bacteria were
either submerged in PI stain or crosslinking solution containing Pl stain. The samples
were imaged using fluorescence microscopy of 15 random images per sample to
determine the area coverage of live, fluorescent cells compared to the area coverage of Pl
dead-stained cells. Bacteria viability was calculated using Equation 2,

3.17 Determining bacteria loading after crosslinking

After electrospinning, bacteria-loaded nanofibers were weighed (2-5 mg) and
crosslinked. The crosslinked fibers were then submerged in centrifuge tubes containing
bacteria media, vortexed for 1 min, and incubated (37°C, 250 rpm, 1 hr) to release the
bacteria from crosslinked fibers. The media was sampled, diluted, and plated to
determine the amount of encapsulated bacteria from the original weight of fibers before
crosslinking.

3.18 Overlay assay for the determination of antimicrobial activity of L. lactis
against S. aureus strains

The overlay assay is based off a method described by Fleming et al.1** and adapted by
Millette et al.*® but adjusted for a 6-well plate setup. First, 5 mL of BHI agar was added

to each well in a 6-well plate. After electrospinning, several layers of bacteria-loaded
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nanofiber mats were sandwiched between autoclave sterilized Whatman Grade 3 filter
paper and hole punched into 6 mm diameter circles. Punched nanofiber mats were
separated from the filter paper and crosslinked if necessary. The nanofiber mats were
then placed on the agar surface in separate wells. The well plate was incubated for 24 hr
prior to overlay. For the overlay, S. aureus strains were grown overnight in MHB. Soft
agar made of 0.5% of agar with 2.1 w/v% of MHB was autoclaved at 15 min at 120°C
and 1 bar and then cooled to 50°C in a water bath. The soft agar was inoculated with 20
pL of the overnight culture of S. aureus per mL of soft agar. Each well is then overlaid
with 1 mL of bacteria suspended in agar before being incubated at 37°C. After 24 hr of
incubation, positive inhibition is recognized as a clear zone around the sample.

3.19 Release of fluorescent beads in a simulated gastrointestinal tract (GIT)

Green fluorescent beads were encapsulated in the alginate-based nanofibers to investigate
the release of cargo from the crosslinked nanofibers. Green fluorescent beads (5 mg/mL)
were blended into the previously described precursor solution (2.5 wt% SA, 1.5 wt% PEOQ,
and 3 wt% PS80), and the solution was electrospun using the aforementioned parameters.
Approximately 20 mg (XP204 Analytical Balance, Mettler Toledo, Vernon Hills, IL) of
as-spun fibers were loaded into a stainless steel mesh (Smelishark, Zhengzhou City, CN),
crosslinked as described in Table 1, and submerged sequentially in the GIT solutions
consisting of an acidic stomach stage (HCI/KCI acid buffer, 30 mL, 2 hr)!® and a neutral
intestinal stage (PBS, 30 mL, 4 hr).103117

Release studies were conducted on a shake plate (100 rpm) in an incubator (37°C)
to imitate the mechanical agitation and temperature environment of the GIT.118119 At
predetermined time points, samples were extracted from the GIT solution for optical

density (OD; 515 nm) measurements acquired using a UV-Vis spectrometer (Genesys
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10s, Thermo Scientific, Waltham, MA). The removed sample volume was subsequently
replaced by the respective buffer solution. Cumulative release, or the mass percentage of
dissolved fiber mass at a specified time over the total mass of as-spun fiber before

crosslinking, was calculated.

3.20  Acid survivability of free cells

Overnight cultures of bacteria in respective media, with antibiotic if applicable, were
grown in an incubator at 37°C with 250 rpm shaking. Bacteria were diluted to a
predetermined concentration. 50 uL of the bacterial suspension was next inoculated into
test tubes containing either 5 mL of BHI (5 mL) as the control sample or 5 mL of
HCI/KCI acidic buffer (pH 2.0) to represent the acidic environment of the gastrointestinal
tract.!2® Immediately after inoculation, a 100 uL sample wass removed, serial diluted, and
plated on agar similar to the drop plate test. The test tubes were then incubated at 37°C.
After 2 hr of incubation, samples were again taken from each test tube, serial diluted, and
plated on agar. The agar plates were incubated overnight before colony counting to
determine the number of surviving cells compared to the control.

3.21  Acid survivability of electrospun cells

After electrospinning, bacteria-loaded nanofibers were weighed, crosslinked if necessary,
and submerged in a well plate containing 5 mL of HCI/KCI acidic buffer. The well plates
were incubated at 37°C for 2 hr. Nanofiber mats were then removed from acidic solution
and submerged in bacteria media. The crosslinked fibers were vortexed for 1 min and
incubated (37°C, 250 rpm, 1 hr) to release the bacteria from crosslinked fibers. The
media was sampled, diluted, and plated to determine the amount of encapsulated bacteria

from the original weight of fibers before crosslinking.
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3.22 Release of L. lactis into a simulated GIT

L. lactis was coaxially electrospun into alginate-based nanofiber as previously described
in this Chapter. Between 5-10 mg (XP204 Analytical Balance, Mettler Toledo, Vernon
Hills, IL) of as-spun fibers were crosslinked using CA-PE, CA-10 and CA-G crosslinking
systems outlined in Table 3. Next, the nanofiber mats were sequentially incubated (37°C)
in the GIT solutions consisting of an acidic stomach stage (HCI, pH = 2.5, 2 mL, 2 hr)
and a neutral intestinal stage (NaOH, pH = 7.0, 2 mL, 2 hr).1%® At predetermined
timepoints, the GIT solution was sampled (20 puL) and plated on BHI agar. After plates
were incubated for 24 hr, colony counts were used to determine the amount of viable
bacteria cells released throughout the model.

3.23  Statistical Analysis

Significant differences between samples were determined either using t-test (Microsoft
Excel Version 2304) between two samples or using one-way ANOVA with Tukey post-
hoc test on OriginPro 2022 (OriginLab, Northampton, MA) between multiple samples.
Fiber diameter and relative fiber diameter are expressed as mean + standard deviation.
Fiber mass retention and release profiles are reported as mean + standard error of at least
three replicates. Standard deviation and standard error are represented as error bars in

figures. Statistical significance was set to p < 0.05.
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CHAPTER 4
ELECTROSPINNING ALGINATE-BASED NANOFIBERS USING FDA-

APPROVED SURFACTANT POLYSORBATE 80

Alginate-based
solution

L
| L)
Voltage SuppIyJ__

Alginate concentration: 2.8 wt%+
PEO concentration: 1.2 wt%+

0 wt% PS80 0.5 wt% PS80 1.0 wt% PS80 3.0 wt% PS80

This chapter was adapted with permission from
Diep, E.; Schiffman, J. D. Encapsulating Bacteria in Alginate-Based Electrospun
Nanofibers. Biomater. Sci. 2021, 9 (12), 4364-4373.

https://doi.org/10.1039/D0BMO02205E.

4.1  Abstract

In this chapter, the alginate-based nanofibers will be electrospun from GRAS materials
and solvents. First, the carrier polymer PEQO initiates fiber formation during
electrospinning though the fibers appear heavily beaded, indicating high surface tension
in the precursor solution. In order to produce smooth, uniform fibers, an FDA-approved

surfactant, PS80, is introduced to the precursor solution in incremental amounts. At
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concentrations as low as 0.5%, PS80 significantly lowers the surface tension of the
precursor solution. However, some beading is still present along the fibers. Increasing the
surfactant concentration to 3% reduces both the surface tension and the conductivity of
the solution such that bead-free fibers were produced. By systematic study of precursor
solution properties on the electrospun nanofiber, we better understand the electrospinning
system and can easily adapt the precursor system for the incorporation of active
ingredients that would be useful in biomedical applications. Lastly, FTIR and TGA were
conducted to reveal the chemical and mass composition of the as-spun nanofiber.

4.2 Introduction

Natural polymers, like alginate, are ideal for use in biomaterials due to their
biocompatibility and water solubility. Alginate hydrogels have been used as implants,
tissue scaffolds, and wound dressing, by crosslinking the alginate using with calcium
ions.% Biological cargo like drugs, proteins, and cells can also be safely encapsulated
within these biocompatible alginate hydrogels.236569104121 The formation of alginate
hydrogels into nanomaterials that have high surface area to volume ratio for drug delivery
purposes has been challenging due to the high viscosity of aqueous alginate solutions.
Fortunately, electrospinning and its well-studied, highly tunable system can be employed
to make nanofiber mats from polymer solutions by using high voltage.

As electrospinning is dependent on the balance between fiber stabilizing forces
like polymer entanglement and the fiber drawing forces of the electric field,!? the
viscosity of the solution has been used as a measurement for polymer entanglement and
as an indicator of “electrospinnability.”*?®* When the polymer concentration in solution is
low, chains hardly interact leading to a regime of low viscosity changes with increasing

polymer concentration (Figure 5.a). As concentration continues to increase, the polymer
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chains eventually begin to overlap causing the viscosity to greatly increase (Figure 5.b).
Finally, at entanglement concentration, increasing polymer concentration rapidly
increases solution viscosity due to strong interactions between the polymer chains
(Figure 5.c & 5.d). In the field of electrospinning, concentrations well above the
entanglement concentration are usually required to form nanofibers. A study by McKee
et al.*2* showed that electrospinning smooth fibers occur at 2-2.5 times the entanglement
concentration for their copolymer system. Therefore, the viscosity of an electrospinning

solution as it pertains to the relevant polymer concentration and entanglement

concentration necessary for fiber formation has been used in several studies.*+46:123
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Figure 5: As polymer concentration increases, the polymer chains experience different
regimes at low concentration where the chains do not interact with each other (a), at an
overlap concentration where they begin to touch and interact (b), and at an entanglement
concentration where the chains entangle around each other (c) causing a steep increase in
viscosity as concentration increases (d). This figure is used with permission from ref. 123,
Copyright 2019 Han & Steckl. Published by Wiley.VCH Verlag GmbH & Co. KGaA.
As viscosity is a measurement of internal friction caused by intermolecular
interactions, polymers that are higher in molecular weight tend to have higher viscosities
due to more opportunities for interaction due to size. The ring structure of alginate units

gives it a high molecular weight and high viscosity. Despite this high viscosity, alginate
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cannot be electrospun from a purely aqueous solution (Figure 6).*-">7® The rigid
structure of alginate due to its hydrocarbon rings prevents entanglements as chains cannot
wrap tightly around each other.'?® Therefore, the traditional entanglement concentration
of electrospinning cannot be applied to electrospinning alginate-only solutions.
Furthermore, charges along the alginate chain similarly prevent entanglement due to
strong repulsive forces that are brought to the surface of the electrospinning jet when the
electric field is applied.”>2%1%6 | _astly, the interaction between carboxylic acids and water
molecules are strong enough to maintain high surface tension that prevents chains from

being drawn into solid nanofibers.!?126
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Figure 6: Bonino et al.*! showed that electrospinning alginate does not form fibers even
when the precursor solution exceeds entanglement concentration. This figure was adapted
with permission from ref. 41. Copyright 2011 Elsevier.

Though the electrospinning of alginate has posed several challenges, researchers
4LT5-T7.79.125-131 have been able to remedy entanglement and surface tension challenges to
allow nanofiber formation. To increase entanglement, two methods can be used:
introducing a solvent to increase alginate flexibility or adding a flexible polymer that can
form entanglements between alginate chains.*?®*3! Most organic solvents used to alter
alginate chain flexibility are not safe for human consumption and are, therefore, not

suitable for blend electrospinning of bacteria. Carrier polymers like PVA and PEO are

used to wrap around these rigid structures and allow fiber formation.t3232 While both
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these polymers are biocompatible, PEO allows for high contents of alginate to be spun
compared to polyvinyl alcohol.”® The long, flexible chains of PEO shield the strong
negative charges of the alginate chain that can prevent jet formation.321% Both alginate
and PEO also have mucoadhesive properties which can help prolong the residence time
of the probiotic bacteria in the gut.>>>°%° However, alginate/PEO fibers tend to form
beads along the fiber attributed to high surface tension.*%:"®

Surfactant has been used to decrease this surface tension and promote fiber
formation. Since alginate is a natural polymer, its polymer properties like molecular
weight and M/G ratio are dependent on the source of alginate. Therefore, variable recipes
are used to electrospin smooth fibers based on the polymer characteristics of alginate.
Examples of precursor solutions used to electrospin alginate-based nanofibers are listed
in Table 4. While these published studies have pioneered key parameters for
electrospinning alginate into nanofibers, few’® have demonstrated their ability to
encapsulate living cells and most feature cytotoxic solvents.

Table 4: Summary of electrospun alginate highlighting different alginate sources and
recipe compositions.

Alginate Source and

Study reported properties Precursor solution composition Ref.
Electrospinning alginate-based =~ FMC Biopolymers 8.0/1.6/2.0 wt% SA/PEO/Pluronic 41
nanofibers: From blends to MW = 196 kDa, F127 in water
crosslinked low molecular MW/Mn = 1.6, 66:34
weight alginate-only systems G:M blocks
Controlled synthesis and Sigma-Aldrich 3.6/0.4/0.5 wt% SA/PEO/Triton X- 129
structural stability of alginate- Viscosity ~3500 cP (2% 100 in water and dimethyl sulfoxide
based nanofibers solution, 25 °C)

Alginate-lavendar nanofibers Sigma-Aldrich 3.2/0.8/1.5 wt% SA/PEOQ/Pluronic 130
with antibacterial and anti- F127 in water and

inflammatory activity to dimethylformamide

effectively promote burn

healing

Gelatin/alginate composite Kangtong Marine Fiber 2.7/0.3/0.8 wt% SA/PEO/Triton X- 131
nanofiber membranes for Corporation 100 in water and ethanol

effective and even adsorption
of cationic dyes
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In this chapter, we systematically investigated precursor solutions that enabled the
electrospinning of smooth alginate-based nanofibers. Due to its bulky uronic groups,
alginate has a rigid structure that limits chain entanglements and subsequent
electrospinning.**81%2 PEQO was selected as a carrier polymer because it is biocompatible
and can also act as a mucoadhesive for prolonged probiotic presence in the gut.>? Another
precursor additive, the nonionic surfactant, Triton X-100,* was previously reported to
enable the formation of bead-free fibers by reducing the surface tension of precursor
solution. We focused on using only GRAS solvents and additives to manufacture smooth
fibers. Therefore, FDA-approved surfactant polysorbate 80 was used electrospin smooth
nanofibers.

4.3  All Materials and Methods are described in Chapter 3.
4.4  Results and Discussion

4.4.1. Enabling alginate fiber formation via the addition of PEO
Bead-free alginate-based nanofibers were developed by electrospinning a solution of SA,
PEO, and PS80. Attempts were first made to electrospin pure solutions of SA; however,
as expected and consistent with previous works,*+6125126 the rigid structure, high surface
tension (47.35 N/m for 4 wt% SA), and high conductivity (8.17 mS/cm for 4 wt% SA) of
a pure aqueous SA solution prevented fiber formation. A solution of PEO (4 wt%; MW:
600 kDa) was added to the 4 wt% SA solution in a 30 to 70 ratio to create a 2.8/1.2 wt%
SA/PEO solution. Preliminary studies (Appendix A) found that the viscosities of the
precursor solutions using higher molecular weight PEO (900 kDa and 1,000 kDa) were
too high for the voltage supply to overcome for electrospinning. This concentration of

SA/PEO was used as a starting point as it has been electrospun in other studies.*""®
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The onset of fiber formation can be seen by the thin fibers in Figure 7.a. Beading, also
seen in the figure, can be caused by several factors including low polymer
concentration,*’ low viscosity,* slow solution flow rate,*® low applied voltage, and low
surface tension.*>*>'8 In our case, we hypothesized that the reason for beading was due to
high surface tension which has been shown by other studies to be common for alginate
systems.4176:125126.129 Ag the electric field pulls the solution into a conical jet, surface
tension forces attempt to decrease the surface area per unit of mass turning the jet into
spherical shapes that create the beaded fiber morphology.**® Introducing surfactant into
the precursor solution decreased the surface tension and allowed for the formation of

smooth fibers as covered in the Section 4.4.2.

Figure 7: Scanning electron micrographs of fibers electrospun from SA/ PEO (2.8/1.2
wt%) solutions (a) without any surfactant, as well as with (b) 0.5 wt%, (c) 1 wt%, and (d)
3 wt% PS80. Scale bars are 1 um. This figure is reproduced with permission from ref. 23.
Copyright 2021 The Royal Society of Chemistry.

4.4.2. Effect of surfactant on alginate-based nanofibers
To study the effects of PS80 on fiber formation and morphology, SA and PEO solutions

were electrospun from solutions without surfactant and with PS80 surfactant. We
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explored the use of a nonionic surfactant, PS80 because it is an FDA approved surfactant
already used in oral delivery.®*® To decrease beading, 0.5 wt%, 1 wt%, and 3 wt% of
PS80 surfactant was mixed into the SA/PEO solution. The addition of PS80 to create the
2.8/1.2/0.5 wt% SA/PEO/PS80 solution reduced the surface tension by 19% to ~41.93
mN/m, compared to the surfactant-free solution. Continuous fibers that were 125 + 37 nm
in diameter were formed at the smallest incorporation of surfactant, but elongated beads
were still present (Figure 7.b). Increasing the surfactant concentration to 1.0 wt%
produced more spindle-like beads but did not significantly alter the average diameter
(Figure 7.c).

Further increasing the surfactant concentration to 3.0 wt% yielded smooth fibers
with an average fiber diameter of 167 = 24 nm (Figure 7.d). As the surface tension
decreased, the fiber diameter (and consequently the fiber mass) is more consistent along
the length of the fiber leading to smaller, less spherical beads and thicker fiber
diameters.'® The presence of surfactant, in any amount, was able to significantly
decrease the surface tension of the precursor solution compared to the solution without
surfactant. However, statistical analysis (detailed in Chapter 3) proved that the surface
tension did not significantly change between the varying amounts of surfactant, from 0.5-
3.0 wt% (Table 5).

Table 5: Characteristics of precursor solutions and respective electrospun alginate-based

fibers. This table is reproduced with permission from ref. 23. Copyright 2021 The Royal
Society of Chemistry.

Precursor solution composition Solution properties Fiber characteristics
Polymer (wt%o) Conductivity?  Surface tension?  Fiber diameter®  Bead formation
SA PEO PS80 (mS/cm) (mN/m) (nm) (yes/no)
4.0 n/a n/a 8.17 £ 0.21% 47.35+2.82 n/a n/a
2.8 1.2 n/a 5.38 + 0.14Y 51.70 = 0.66* n/a Yes
2.8 1.2 0.5 5.58 + 0.04Y 41.92 +£0.917 125 + 37 Yes
2.8 1.2 1.0 5.44 + 0.05Y 40.37 £ 0.587 127 + 38 Yes
2.8 1.2 3.0 5.04 + 0.10Y 39.65 +0.63* 167 £ 23 No

@Values are reported as mean + standard error
b\/alues are reported as mean + standard deviation
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While several different operating parameters were investigated to determine the
conditions under which fiber formation occurs, the solution flow rate (2 mL/hr), tip-to-
collector distance (17 cm), and applied voltage (17.5 kV) at room temperature (25°C) and
relatively humidity (20-30%) will be used for the remainder of this study unless
otherwise specified. For example, a flow rate of 1 mL/hr was sufficient for the formation
of fibers; however, a flow rate of 2 mL/hr was chosen as a greater mass of fiber mat was
obtained from this flow rate. At shorter tip-to-collector distances, less time is available
for evaporation before the polymer solution/nanofiber reaches the collection plate leading
to the production of a wet fiber. At lower applied voltages, no visible mats were
produced.

Similar trends of increasing the surfactant concentration to reduce beading in
SA/PEO electrospun fibers have been reported in other studies. Saquing et al.”® found
that lower concentrations of Triton X-100 (0.1 wt% and 0.3 wt%) produced beaded fibers
with an 80 to 20 ratio of SA to PEO, whereas higher concentrations (0.5 wt%, 1 wt%, 1.5
wt%) produced bead-free fibers. Similar to our study, all these concentrations were well
above critical micelle concentration (CMC). At this concentration, surfactant molecules
have saturated the surface of the liquid allowing excess molecules in the bulk solution to
form micelles. Therefore, increasing the surfactant concentration should not significantly
affect surface tension values after reaching the CMC.*%" Yet, changes in morphology
were reported.

Diverse sources of alginate and varying molecular weights of PEO were used
across several studies leading to the electrospinning of different weight ratios and

concentrations. It is interesting that various concentrations of surfactant can be used to
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form smooth fibers even though the surface tension should not significantly change after
reaching CMC; this led us to hypothesize that the surfactant concentration might have a
compounding effect on solution properties, which would affect fiber formation.

4.4.3. Effect of conductivity on alginate-based nanofibers
We next determined the conductivity of the precursor solutions because sodium alginate
dissolved in water has a high conductivity due to its ionic nature. Notably, high
conductivity can prevent fiber formation by causing strong repulsive forces between
polymer chains that prevent entanglements during electrospinning.*-:">76126.132 One of the
reasons that a linear copolymer, like PEO, is used to electrospin alginate is because the
PEO chains wrap around the rigid alginate chains to interrupt interactions between
alginate and sodium ions lowering the conductivity of the solution.'®> We observed this
effect, too. Mixing the SA solution with the PEO solution decreased its conductivity from
8.17 mS/cm (4 wt% SA) to 5.38 mS/cm (2.8/1.2 wt% SA/PEO) (Table 5). Though this
change was statistically significant, bead-free fibers were not formed upon the addition of
PEO into the solution. While the lowest addition of 0.5 wt% PS80 did not have a
statistical effect on the conductivity of the solution, additional amounts of PS80
significantly decreased the solution conductivity from 5.58mS/cm (0.5 wt% PS80) to
5.44 mS/cm (1.0 wt% PS80) and to 5.04 mS/cm (3.0 wt% PS80). Increasing the
concentration of surfactant above the CMC leads to the formation of micelles in the bulk
solution. These micelles tend to have lower conductivity than their single-molecule
counterparts thereby decreasing the conductivity of the solution as surfactant

concentration increases.'%813
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Decreasing conductivity has been previously shown to be able to suppress
beading. While electrospinning relies on charges within the polymer solution to form the
Taylor cone, a highly conductive solution can also be detrimental to the formation of
fibers. For example, Zhang et al.* reported that when they added protein to their
precursor solution, it increased solution conductivity and was a source of instability that
caused fiber beading. Furthermore, increases in conductivity decreases the tangential
electrostatic force within the polymer droplet which hinders Taylor cone and subsequent
fiber formation.3**** In a SA/PEO/Triton X-100 solution, Saquing et al.”® found that even
a low concentration (1 wt%) of sodium chloride salt which increases solution
conductivity began to decrease fiber formation. Fang et al.*?® electrospun a mixture of
alginate and calcium chloride salt where the crosslinking of calcium ions with alginate
chains allowed for entanglement-like interactions that promoted electrospinning.

Conductivities of solutions used in the aforementioned study remained relatively
low due to the mixed solvent system used (i.e., a combination of DI water, ethanol, and
DMF). Solvents like glycerol'?® and dimethyl sulfoxide'?® also alter interactions between
alginate molecules in solution and aid in fiber formation. In our system, we used an
aqueous solution to ensure that the final product would be safe for consumption as a
delivery vehicle for probiotics. In sum, both the lower surface tension and lower
conductivity of the precursor solution aided in the suppression of the beading in our
system allowing us to form smooth fibers using 2.8/1.2/3 wt% SA/PEO/PS80 solution

(Figure 7.d).
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4.4.4. Chemical characterization of alginate-based nanofibers
In Figure 8, we confirmed the chemical composition of the electrospun fibers by
acquiring FTIR spectra and comparing them to control spectra of SA, PEO, PS80, and
SA/PEQ/PS80. Characteristic peaks of each compound also appeared in the FTIR spectra
of the SA/PEQ/PS80 fibers and control films, thus indicating that all three components
were present. Characteristic peaks in the pure SA spectra included hydroxyl groups
(3500-3000 cm™* broad peak followed by 2800 cm™ sharp peak), asymmetric stretches of
carboxylate anions (1566 cm™ and 1408 cm peaks), and ester bonds (1026 cm™ strong
peak).? Similarly, the PEO spectra exhibited strong peaks at 2878 cm™ and 1098 cm'*
indicating terminal hydrogens and ester groups, respectively. The series of peaks in the
1460-1180 cm range of the PEO spectra were attributed to secondary hydrogens along
the PEO backbone.'*° Different from SA and PEO, the PS80 spectra showed a peak at
1700 cm representing a carbonyl group.*! Indeed, fibers were comprised of alginate,

PEO, and PS80.
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Figure 8: FTIR spectra of SA, PEO, PS80, and SA/PEO/PS80 films as compared to the
spectra of SA/PEO/PS80 as-spun nanofibers. SA, PEO, PS80, and SA/PEO/PS80
nanofiber spectra are reproduced with permission from ref. 112, Copyright 2023 American
Chemical Society.

4.4.5. Mass composition of electrospun nanofibers
TGA thermograms (Figure 9 with data listed in Table 6) were used to confirm and
quantify the composition of alginate in the as-spun fiber for crosslinking. Nanofiber mats
spun from 2.5/1.5/3% SA/PEO/PS80 (this composition will be explained in Chapter 5)
experienced their first major degradation between 200°C-265°C with a peak at 230°C,
which correlates primarily to the breaking of glycosidic bonds between uronic acid
groups along the alginate chain.?>% The second major degradation event of the as-spun

fibers occurred between 355°C and 405°C corresponding to the breaking of C-O-C bonds

present in both PEO and PS80.142143 After the degradation of PEO and PS80, the
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remnant mass is likely carbonaceous and inorganic residue formed during thermal

degradation which is common in alginate structures,'4414
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Figure 9: TGA graphs of SA, PEO, PS80, and as-spun SA/PEO/PS80 nanofibers. This
figure is reproduced with permission from ref. 12, Copyright 2023 American Chemical
Society.

Table 6: Thermal degradation data of raw SA, PEO, and PS80, as well as as-spun
nanofibers. This table is reproduced with permission from ref. 112, Copyright 2023
American Chemical Society.

Water loss Residue Range Peak Mass loss
Sample (%) (%) (°C)? (°C)P (%)° Reason for mass loss
SA film 17.3 44.6 235-275 250 38.0 Glycosidic bond
breaking®
Dehydration?
Decarboxylation®
Decarbonylation®
PEO film 2.5 3.1 360-405 390 94.4 C-O-C bonds breaking®
PS80 0.7 1.2 305-380 375 71.2 Olefinic bond breaking’
390-425 400 20.0 C-O-C bond breaking®
470-505 500 6.8
As-spun 8.0 25.7 210-265 230 185 Alginate degradation¢
fibers 365-405 385 35.9 C-0O-C bond breaking®f

3 Degradation temperature ranges are reported from the onset temperature to offset temperature. 146
b Peak degradation temperature represents the temperature of maximum mass loss as determined by local
maxima on the first derivative thermogram,142146

¢ Mass loss (%) refers to the change in mass between the onset and offset temperatures.%
d 25,107,144

e 107,142
f 143

The mass composition of the as-spun fibers, calculated as the difference in mass between
onset and offset points of each degradation event, was determined to be 15.6 wt% SA and

40.2 wt% PEO/PS80 with 28.8 wt% residue. These results are consistent with a study by
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Kianfar et al.10¢

that reported PEO enrichment in a nanofiber electrospun from a chitosan
and PEO mixture due to the ease of electrospinnability of PEO compared to chitosan.

45 Conclusion

In summary, smooth, alginate-based nanofibers were electrospun despite challenges of
high surface tension and conductivity which were alleviated by the addition of carrier
polymer and surfactant. In particular, the carrier polymer PEO and FDA-approved
surfactant PS80 were chosen to produce biocompatible nanofiber. After the addition of
PEO to SA precursor solution, large beads interconnected by wispy fibers indicated high
surface tension in the precursor solution. PS80 lowered the surface tension; however,
concentrations lower than 3% of PS80 did not produce a smooth nanofiber. No
significant difference was found between the surface tension of the precursor solutions
with 0.5%, 1%, 2%, and 3% PS80. Conductivity measurements revealed a significant
decrease with the addition of 3% PS80 which stabilized the electrospinning jet such that
smooth nanofibers were formed. Chemical composition revealed the fiber indeed
contained at least 15.6% alginate when electrospun from a solution of 2.5/1.5/3%
SA/PEO/PS80.

In conclusion, surface tension and conductivity were identified as key precursor
solution properties involved in the electrospinning of alginate. PEO and PS80 are GRAS
components that can affect these properties to facilitate fiber formation. The presence of
alginate was confirmed in the nanofibers using FTIR and TGA despite the enrichment of

PEO that occurred during electrospinning.
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CHAPTER 5
ENCAPSULATING BACTERIA IN ALGINATE-BASED ELECTROSPUN

NANOFIBERS

' Green sourced fibers
wm’ = Encapsulates viable bacteria
o Safe for consumption
Seaweed

!
Alginate :'-'

+ Poly(ethylene oxide)
+ Polysorbate 80 —|
+E. coli # =

Adapted from:
Diep, E.; Schiffman, J. D. Encapsulating Bacteria in Alginate-Based Electrospun
Nanofibers. Biomater. Sci. 2021, 9 (12), 4364-4373.

https://doi.org/10.1039/D0BMO02205E.

&
Diep, E.; Schiffman, J. D. Electrospinning Living Bacteria: A Review of Applications
from Agriculture to Health Care. ACS Appl. Bio Mater. 2023, 6 (3), 951-964.

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

5.1 Abstract

To deliver beneficial bacteria to various environments, live bacteria were encapsulated
within alginate-based nanofibers was achieved through using both single needle and
coaxial needle electrospinning. Mixing E. coli K12 into the precursor solution for single
needle electrospinning led to the formation of beaded fibers where bacteria encapsulation
was not disguisable. To compensate for the addition of bacteria, the SA/PEO/PS80
weight ratio was reoptimized to be 2.5/1.5/3 using the information and characterization

techniques from the previous chapter. Smooth fibers with bulges around the live
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microbes (2.74 x 10° CFU/g of mat) were formed, as confirmed using fluorescence and
scanning electron microscopy. We also found that coaxial electrospinning was able to
significantly increase the bacteria-loading in these fibers to over 10° CFU/g. Probiotics E.
coli Nissle and L. lactis were coaxially electrospun into alginate-based nanofibers.
Effects of core/shell flow rate on bacteria loading within the as-spun nanofiber was
investigated. However, inherent differences between bacterial strains appear to influence
the loading capacity in the coaxially electrospun fiber. This work demonstrates the use of
electrospinning to encapsulate live bacteria in alginate-based nanofibers for the potential
delivery of probiotics to the gut.

5.2 Introduction

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.°
Additionally, encapsulations can act as a delivery vehicle to transport bacteria wherever
they are useful. For example, during freeze-drying, bacteria that were encapsulated within
rice proteins had higher viability after processing, during storage at various temperatures,
and in simulated gastrointestinal tract environments. The freeze-dried bacteria take on a
powder form that is easily compressed into tablets for the oral supplementation of
probiotics in the gut.

Electrospinning is particularly useful for the encapsulation of bacteria into
polymer nanofibers because heating, freezing, and organic solvents which can harm
encapsulant materials are not needed. 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.?! However, the high voltage poses a
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threat toward the viability of the encapsulated bacteria. The major reasons for cell death
during electrospinning are attributed to cell rupture due to electrical forces, mechanical
forces, and dehydration.*8%14" However, numerous studies have shown that bacteria cells
survive the applied voltages used during electrospinning.'®52°:8384 Dyring
electrospinning, the current or flow of electrons traveling through the precursor solution,
polymer nanofiber, and encapsulated bacteria remains low due to the high resistivity of
the polymer.2®#! Therefore, the current does not disrupt the cell membrane of the bacteria
which would lead to cell death. Additional concerns surrounding death caused by the
electric field, which applies a radial force causing the fiber to bend and whip.3* Reznik et
al.% determined this whipping force to be 5 x 10 g cm™ s2 which is smaller than the
force a cell of E. coli can withstand which was determined to be 3 x 10® g cm™ 52,18

A handful of studies attempted to correlate applied voltage with bacteria viability
in the encapsulated nanofiber. When Skrlec et al.5? 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 to theoretical loading. However, other
studies®®®4 showed that voltage did not significantly affect the viability of E. coli Nissle
electrospun into polyethylene glycol-polylactide and Lactobacillus plantarum in
polyvinyl alcohol. The effect of electrospinning voltage on the viability of bacteria may
depend on the strain of bacteria and components of the precursor solution.

In this chapter, the addition of E. coli K12 as a model bacterium was incorporated
into the precursor solution before electrospinning. We continued studying the effects of
precursor solution properties on the formation of smooth, bacteria-load nanofibers. Due

to a shift in surface tension and conductivity, the concentration of the precursor solution
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was reoptimized to produce smooth nanofibers with bulges that accommodated the
encapsulated bacteria. SEM, fluorescent microscopy, and drop plate techniques were
used to confirm the encapsulation of live bacteria cells in the alginate-based nanofibers.
Next, known probiotics E. coli Nissle and L. lactis were also electrospun by single and
coaxial electrospinning. E. coli Nissle proved to be a more robust bacterium than E. coli
K12 leading to higher bacterial loading in the nanofiber despite having the same
concentration in the precursor solution. However, bacterial loading could be further
increased by coaxial electrospinning wherein the bacterial suspension extruded from the
inner needle can be carried along as the polymer-based precursor solution is electrospun
from the outer needle.

5.3  All Materials and Methods are described in Chapter 3.
54  Results and Discussion

5.4.1. Developing precursor solution for encapsulation of bacteria
The previously described optimized 2.8/1.2/3 wt% SA/PEO/PS80 solution was loaded
with 108 CFU/mL of E. coli K12 and electrospun into beaded fibers with an average
diameter of 100 + 23 nm. We measured the rod-shaped E. coli K12 cells using SEM
(Figure 10.a), and they were roughly 2.44 + 0.57 um in length by 0.65 + 0.07 um in
diameter. The beads present along these bacteria loaded fibers were 0.81 + 0.25 um in
length and 0.23 £+ 0.04 um in width (Figure 10.b); therefore, we did not suspect that

these beads were bacteria.
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Figure 10: Scanning electron micrographs of fibers electrospun with 108 CFU mL ™! of E.
coli encapsulated in (a) 2.8/1.2/3 wt%, (b) 2.8/1.2/5 wt%, and (c) 2.5/1.5/3 wt%
SA/PEO/PS80 precursor solutions. This figure is reproduced with permission from ref.
23. Copyright The Royal Society of Chemistry 2021.

5.4.1.1. Comparison between bacteria-free and bacteria-loaded precursor solution
Conductivity and surface tension of bacteria-loaded solutions were determined to explore
their role in fiber beading. These results were compared to the solution properties of the
previously optimized bacteria-free solutions, as shown in Table 7. The change in
conductivity due to the addition of bacteria in the 2.8/1.2/3 wt% SA/PEO/PS80 solution,
though statistically insignificant, was likely due to the negative charge carried on the
surface of the E. coli.'*® Skrlec et al.5? saw a similar increase in conductivity due to the
addition of L. plantarum in their PEO precursor solution and attributed it to extracellular
proteins and ions. Increases in solution conductivity can cause thinner fibers as additional
repulsive charges stretch the electrospinning jet.*® This would explain the decrease in
average fiber diameter due to the addition of the bacteria. As previously mentioned,
increased conductivity also causes beading along electrospun nanofibers due to Taylor
Cone instability.*® The surface tension of the bacteria-loaded solution was found to be
41.25 mN/m. From our previous studies, high surface tension could also have caused the
beading. Though neither the change in solution conductivity nor surface tension was

statistically significant, we propose changing these solution properties could compensate
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for the addition of E. coli and produce smooth fibers due to previous indications that
these properties influence fiber morphology.
Table 7: Characteristics of bacteria-loaded precursor solutions and bacteria electrospun

into alginate-based fibers. This table is reproduced with permission from ref. 23.
Copyright 2021 The Royal Society of Chemistry.

Precursor solution composition Solution properties Fiber characteristics
E. coli Surface Fiber Bead
Polymer (wt%o) concentration Conductivity? tension? diameter® formation
SA PEO PS80 (CFU/mL) (mS/cm) (mN/m) (nm) (yes/no)
28 12 3.0 108 5.28 + 0.03* 41.25 £+ 0.24% 100 + 23 Yes
28 12 5.0 108 5.09 + 0.05Y 39.50 + 0.34% 305+ 110 Yes
25 15 3.0 108 4.74 £ 0.04? 40.43 £ 0.56% 273 + 64 No

aValues are reported as mean + standard error
bValues are reported as mean =+ standard deviation

5.4.1.2. Increasing surfactant concentration of bacteria-loaded precursor solution
Increasing the PS80 concentration would lower both surface tension and conductivity as
proven in the previous section (Section 5.4.1.1). By increasing the surfactant from 3 to 5
wit% PS80, the 2.8/1.2 wt% SA/PEO solution with bacteria electrospun into flattened and
webbed structures indicative of wet fibers (Figure 11.a). These fibers were 305 + 110 nm
in diameter, which was much larger than any of our previously spun fibers. Surface
tension was reduced to 39.50 mN/m compared to the 3 wt% PS80 with bacteria, which
could explain the production of wet fibers. The force of the electric field that aims to pull
entangled polymers out from the electrospinning droplet to form nanofibers is countered
by the force of surface tension which stabilizes the electrospinning jet. High surface
tension may cause beading, but the low surface tension cannot hold the jet together. 394546
Therefore, excess amounts of solution, both polymer and solvent, is removed from the
electrospinning droplet and lands on the collector. In this case, the produced fibers would
be larger due to increased mass flow rate and can be wet due to increased amounts of

solvent being pulled into fibers.*
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Figure 11: Scanning electron micrographs of fibers electrospun with 108 CFU mL™! of E.
coli encapsulated in (a) 2.8/1.2/5 wt% and (b) 2.5/1.5/3 wt% SA/PEO/PS80 precursor
solutions. This figure is reproduced with permission from ref. 23. Copyright The Royal
Society of Chemistry 2021.

5.4.1.3. Increasing carrier polymer concentration of bacteria-loaded precursor
solution

Alternatively, conductivity and surface tension can be altered by changing the SA to PEO
ratio. PEO chains can interfere with the interaction between sodium ions and alginate
chains which are the major contributors to the conductivity in this system,4%7>76.126.132
Therefore, decreasing the concentration of alginate while increasing the PEO
concentration will decrease the solution conductivity. When the ratio of SA to PEO was
changed to 2.5 to 1.5, the resulting conductivity of the 2.5/1.5/3 wt% SA/PEO/PS80
solution with 108 CFU/mL of E. coli K12 was 4.74 + 0.08 mS/cm, which was
significantly lower than all other bacteria loaded solutions. Consequently, the surface
tension was also altered to a value of 40.43 mN/m though this was not significantly
different from the 2.8/1.2/3 wt% SA/PEO/PS80 solution with or without bacteria. We
suspect lower solution conductivity stabilizes the electrospinning jet while surface
tension allows a moderate amount of polymer and solvent to be drawn into dry fibers
enabling this solution to produce smooth, bead-free fibers with encapsulated E. coli K12
(Figure 11.b). The optimized fibers containing bacteria were 273.40 + 62.53 nm in

diameter. Fluorescence microscopy was used to detect the live, green fluorescent protein
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(GFP) producing bacteria within the electrospun nanofiber while the bacterial cell
presents as bulges along the nanofiber in the SEM image (Figure 12).22 The 2.5/1.5/3%
SA/PEO/PS80, which will be used for the remainder of this work, was also capable of
single needle and/or coaxial electrospinning of probiotics E. coli Nissle and L. lactis

though no solution characterization was conducted for solutions with these bacteria.

Figure 12: (a) Fluorescent micrograph and (b) SEM of GFP-producing E. coli
electrospun into alginate-based nanofibers. The arrows indicate the location of the cells.
This figure is reproduced with permission from ref. 23. Copyright The Royal Society of
Chemistry 2021.

5.4.2. Bacteria viability throughout electrospinning
Against high voltage, dehydration, and osmotic stresses, live bacteria have been
encapsulated with high viability and loading through electrospinning. To further prove
the viability of the bacteria throughout the electrospinning process, we determined the
bacteria loading in the precursor solution before mixing, after mixing, and after
electrospinning quantified for E. coli K12, E. coli Nissle, and E. coli Nissle with 1%
glycerol single needle electrospun into 2.5/1.5/3% SA/PEQ/PS80 nanofibers.* (Figure
13) In our studies, 17.5 kV was applied across a tip-to-collector distance of 17 cm. After

passing through the electric field, the bacteria loading was statistically equivalent to the

loading in the precursor solution before and after mixing for all samples. This experiment
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demonstrates that despite the applied voltage,*>® the amount of charge that travels through

the bacteria remains low and does not lead to cell inactivation.38!
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Figure 13: Bacterial loading in the precursor solution immediately after inoculation (0
hr), after mixing (1 hr), and after electrospinning (Droplet) as well as in fiber mats
electrospun from 2.5/1.5/3 wt% SA/PEO/PS80 solutions loaded with 108 CFU/mL of E.
coli K12 (K12; green), E. coli Nissle (EcN; yellow), and E. coli Nissle with 1 wt%
glycerol (EcN w/ Glycerol; yellow with black pattern). Error bars denote standard error
(n=3). K12 data is reproduced with permission from ref. 23. Copyright The Royal
Society of Chemistry 2021.

5.4.3. Bacteria loading in single needle electrospun fibers
Next, the number of live bacteria encapsulated in the electrospun nanofibers was
determined by dissolving the nanofibers and drop plating the solution. As shown in
Figure 14, bacterial loading of > 10° CFU/g was achieved in each sample. The loading of
all electrospun bacteria in this dissertation can be found in Appendix B. While the

loading of E. coli Nissle appears larger than that of E. coli K12, the statistical difference

between the three samples was not significant.
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Figure 14: Bacterial loading in single needle electrospun SA/PEO/PS80 nanofibers
containing E. coli K12 (K12), E. coli Nissle (EcN), and E. coli Nissle with 1% glycerol
(EcN w/ Glycerol) reported as mean + standard error of technical triplicates. All samples
were determined to be statistically equivalent in bacterial loading by statistical analysis
detailed in Section 3.22. K12 data is reproduced with permission from ref. 23. Copyright
The Royal Society of Chemistry 2021.

In an attempt to increase bacteria loading, 1 wt% of glycerol was added to the
precursor solution. Glycerol can be used by bacteria as a carbon source or as a
cryoprotectant that prevents ice formation that kills bacteria during long-term storage.’
The addition of glycerol during the electrospinning of E. coli electrospun into polyvinyl
alcohol in another study greatly improved the bacterial viability after electrospinning.®
Additionally, alginate has been electrospun with glycerol as a plasticizer to make alginate
chains more flexible and easy to entangle.? Since no statistical significant differences

were found between the bacteria loading due to the addition of glycerol, we did not

continue with the incorporation of glycerol in the as-spun nanofiber.
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5.4.4. Coaxial electrospinning of probiotics E. coli Nissle and L. lactis
Increasing the bacterial loading beyond 102 CFU/mL in the precursor solution prevented
the electrospinning of fibers likely due to changes in surface tension and conductivity.
Rather than reoptimizing the precursor solution concentration, the coaxial electrospinning
setup (Figure 3) was adapted such that higher suspensions of bacteria (inner needle)
could be electrospun into a precursor solution (outer needle). Equal volumes of a
suspension of 10*° CFU/mL of E. coli Nissle or L. lactis and a solution of 5 wt% sodium
alginate (aq) were mixed together to reduce interfacial tension variance that can occur
where both solutions meet at the coaxial needle tip.

After electrospinning, fluorescence microscopy and SEM imaging were used to
confirm the encapsulation of cells within the alginate-based nanofibers. The fluorescent
proteins which are produced by metabolically active bacteria can be monitored using
fluorescence microscopy to locate encapsulated bacteria and confirm their viability. In
these micrographs (Figure 15.a), fluorescent E. coli K12 cells appeared to be
encapsulated within the nanofibers. The distinct rod shape of E. coli was oriented length-
wise along the fiber due to a sink-like flow in the electrospinning jet.'®* SEM micrographs
were also able to confirm the encapsulation of bacteria. Bulges appeared along the length
of the fiber which were 2.52 £+ 1.14 um in length and 0.86 £+ 0.05 um in width (Figure

15.b). These dimensions closely resemble that of our E. coli K12 (2.44 um x 0.65 pum).
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Figure 15: Various (a & c) fluorescent or (b d, e, & f) SEM mlcrographs of electrospun
(a & b) E. coli K12, (c & d) E. coli Nissle, and (e & f) L. lactis in alginate-based
nanofibers. Arrows indicate locations of bacterial cells in each image. Panels (a) and (b)
are adapted with permission from ref. 23. Copyright The Royal Society of Chemistry
2021.

Similar images were taken of coaxial electrospun E. coli Nissle (Figure 15.c &
15.d) which was engineered to produce yellow fluorescent proteins and L. lactis (Figure
15.e & 15.1). The production of fluorescent proteins confirmed the viability of the E. coli
while SEM imaging showed the smooth, uniform nanofibers. The L. lactis strain was not
engineered to produce fluorescent proteins; therefore, SEM micrographs can be used to
compare the bacteria and bead sizes but not cell viability.

Using the coaxial setup (Figure 3), the bacterial loading in the electrospun
nanofiber can be influenced by the flow rate of the solutions. A higher flow rate of the
inner solution containing bacteria suspended in SA solution led to significantly higher

loadings in the as-spun nanofiber for both bacteria. (Figure 16) L. lactis had a

significantly higher loading than E. coli Nissle likely due to inherent differences between
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bacteria strains. Though flow rate did not significantly influence the loading of

electrospun E. coli Nissle and L. lactis, control of coaxial flow rates has been shown to

influence fiber diameter and material release.>*123151
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Figure 16: Bacteria loading of E. coli Nissle and L. lactis in coaxially electrospun into
alginate-based nanofibers at varying core/shell solution flow rates reported as mean +
standard error of three technical triplicates.

55 Conclusions

This study aimed to encapsulate live bacteria into alginate-based nanofibers to
demonstrate the potential of using these materials to deliver probiotics to the gut. First,
we optimized the morphology of SA/PEO fibers using the surfactant PS80. The addition
of surfactant decreased both the surface tension and the conductivity of the precursor
solution to form smooth fibers from a SA/PEO/PS80 (2.8/1.2/3 wt%) solution. Next, a
suspension of E. coli was blended into this polymer solution to be encapsulated during
electrospinning. Fibers with a beaded morphology were electrospun from this bacteria-
loaded solution. The polymer concentration was modified to compensate for the addition

of bacteria into the solution and smooth fibers were once again produced. The
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electrospun solution of 2.5/1.5/3 wt% SA/PEO/PS80 encapsulated 2.74 x 10° CFU/g of
viable E. coli K12 and 8.47 x 10° CFU/g of E. coli Nissle. To achieve higher bacteria
loading, coaxially electrospinning was conducted on known probiotics E. coli Nissle and
L. Lactis for bacteria loadings up to 9.05 x 10® CFU/g and 1.29 x 10° CFU/g,
respectively. The thorough understanding of how surfactant and cargo loading impact
precursor solution properties and subsequently biopolymer fiber formation can facilitate
the ease of encapsulating living active agents into biopolymer fibers, thus broadening
their application space. The need to deliver living microorganisms using a flexible,

porous, and biocompatible textiles will continue to expand in years to come.
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CHAPTER 6

ETHANOL-FREE CROSSLINKING OF ALGINATE-BASED FIBERS

Electrospun alginate-based nanofibers

o

This chapter was adapted with permission from
Diep, E.; Schiffman, J. D. Ethanol-free Cross-Linking of Alginate Nanofibers Enables
Controlled Released into a Simulated Gastrointestinal Tract Model. Biomacromolecules.

2023, 24 (6), 2908-2917. https://doi.org/10.1021/acs.biomac.3c00274.

6.1 Abstract

The use of alginate nanofibers in certain biomedical applications, including targeted
delivery to the gut, is limited because an ethanol-free, biocompatible crosslinking method
has not been demonstrated. Here, we developed water-stable, alginate-based nanofibers
by systematically exploring post-electrospinning crosslinking approaches that used

calcium ions dissolved in (1) a glycerol/water co-solvent system and (2) acidic, neutral,
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or basic aqueous solutions. Scanning electron microscopy proved that the fibers
crosslinked in glycerol co-solvent or pH-optimized solutions had maintained the same
morphology as the ethanol-based literature control. Notably, crosslinked fibers were
generally smaller in diameter than the as-spun fibers due to both chemical interactions
and mass loss during crosslinking, which was supported by mass measurements, FTIR,
and TGA. During stability tests wherein the crosslinked fibers were exposed to three
aqueous solutions, the crosslinked fibers were stable in water and acid buffer, yet swelled
in phosphate buffer saline, making them useful scaffolds for pH-controlled release
applications. Proof-of-concept release experiments were conducted using a simulated
gastrointestinal tract model. As desired, the cargo remained encapsulated within the
crosslinked nanofibers when exposed to an acidic solution that modeled the stomach.
Upon exposure to a solution that mimicked the intestines, the cargo was released. We
suggest that these crosslinked, alginate-based nanofiber mats hold the potential to be
broadly used in biomedical and environmental applications.

6.2 Introduction

Natural polymers, like alginate, are ideal for use in biomaterials due to their
biocompatibility and water solubility. Alginate is a polysaccharide composed of (1,4)--
D-mannuronic acid and (1,4)-a-L-guluronic acid that can be derived from abundantly-
found brown seaweed. Significant research has been conducted to construct hydrogels
that could be used as implants, tissue scaffolds, and wound dressing, by crosslinking the
alginate using aqueous solutions containing calcium ions.%* The calcium ions from ionic
bonds with carboxylate functional groups along the alginate chains to create a water-
stable structure. *215% For wound dressing and tissue engineering applications,

crosslinked alginate hydrogels create a physicochemical environment similar to
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extracellular matrices that promote healing and/or support tissue cell adherence and
growth. 3033154 Biological cargo like drugs, proteins, and cells can also be safely
encapsulated within the biocompatible alginate hydrogels.?6569104121 Calcium alginate
hydrogels are particularly beneficial in the oral delivery of biologicals because the gel
collapses in low pH environments like that of the stomach and swells to release cargo in
higher pH environments, like that of the intestines.5"?

Relative to well-documented hydrogels and capsules, alginate nanofiber scaffolds
offering high surface area, porosity, and flexibility have been much less
studied.?:33:6467.155.15 The formation of alginate into fine micro- or nanostructures has
been challenging due to its rigid chain structure and high viscosity in aqueous
solutions.*-6478157 While not optimal for biocompatible applications, organic solvents
have been demonstrated to increase the flexibility and entanglement of alginate chains for
electrospinning purposes.3312%-131 Other researchers have demonstrated that by adding
biocompatible carrier polymers, like polyethylene oxide or polyvinyl alcohol (PVA) to
the precursor solutions, entanglements are formed around the alginate chains that
facilitate electrospinning.*>">7%1%8 Glycerol, which has been used as a plasticizer for
alginate hydrogels, has been shown to increase alginate chain flexibility to facilitate
electrospinning.t°%16%126 The yse of a surfactant is also a common approach to lowering
the surface tension of the alginate precursor solution and assisting in the formation of
smooth fibers,41.76.113.161

In Chapter 0, we fabricated bacteria-loaded, alginate-based nanofibers by
electrospinning alginate with GRAS additives and solvents. 23 The precursor solution

featured PEO, as the biocompatible carrier polymer, and polysorbate 80, as an FDA-
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approved surfactant, to produce smooth fibers. Despite the demonstrated success of
electrospinning alginate-based nanofibers, GRAS crosslinking methods are necessary to
stabilize the fibers for their utilization in aqueous environments, such as biological media.
Unfortunately, GRAS crosslinking methods for electrospun alginate nanofibers were not
studied in our previous work nor in other literature reports.?341:75.129.162-164

Previously, researchers crosslinked alginate-based fibers by submerging them in
aqueous solutions containing calcium nitrate tetrahydrate; however, this caused the
alginate chains to rearrange and partially dissolve into a film rather than maintaining the
electrospun nanofiber morphology.”” In other studies where nanofiber structures were
maintained, ethanol was used as a co-solvent in the crosslinking solution which prevented
the dissolution of the fibers.*-:"816> Notably, ethanol is not ideal for the
encapsulation/delivery of biologics as it can cause cell death and promote oxidative stress
that damages proteins and DNA.1%5-171 Despite these promising preliminary studies, more
work is needed to establish biocompatible methods of transforming as-spun alginate
nanofibers into structures that are stable in agueous media.

In this chapter, we explored five different solutions to transform alginate-based
nanofibers post-spinning into chemically robust biomaterials. The influence of solution
pH and co-solvent systems on the crosslinking of the alginate-based nanofibers, rather
than the published crosslinking method that relies on ethanol, was investigated. We
hypothesized that changing the pH value could influence the behavior and hydrogen
bonding between alginate chains in the nanofibers during crosslinking to hinder the
dissolution of alginate into the aqueous crosslinking solution. Similarly, glycerol is

known to form hydrogen bonds between alginate chains that may help to maintain the
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nanofiber structure during crosslinking. Changes in the chemical and mass composition
of the fibers before and after crosslinking were also investigated via FTIR spectroscopy,
TGA, and mass measurements. SEM imaging tracked the fiber morphology of the
crosslinked fibers through submersion in aqueous environments of varying pH and salt
concentrations.

6.3  All Materials and Methods are described in Chapter 3.
6.4  Results and Discussion

6.4.1. Crosslinking of alginate-based nanofibers
Alginate-based nanofibers (Figure 17) electrospun from a 2.5/1.5/3 wt% solution of
SA/PEO/PS80 were smooth and uniform with a fiber diameter of 146.4 £ 18.1 nm. This
precursor solution was a slightly modified composition from Section 5.4.3 that optimized
these as-spun (non-crosslinked) fibers.?® After electrospinning, as-spun fibers were
ionically crosslinked using calcium chloride solutions as outlined in Table 3. A
crosslinking time of 60 s was chosen based on the overall treatment time of the
previously published, ethanol-based crosslinking method. As a reminder, CA-3, CA-7,
and CA-10 samples are fibers crosslinked in 2% CacCl. (aq) at pH values of 3, 7, and
10.3, respectively. Notably, the inherent pH of 2% CaCl> dissolved in DI water was 10.3.
CA-PE nanofibers were pretreated in ethanol for 60 s before being crosslinked in 2%
CaClz in 1:5 ethanol:water co-solvent system. To decouple the effects of the ethanol
pretreatment, fibers were also crosslinked in the 2% CaCl, in 1:5 ethanol:water solution
for 60 s. This sample was labeled CA-E. Glycerol was proposed as an alternative co-
solvent that would be more compatible with biological cargo. CA-G samples were

created by crosslinking as-spun fibers in 2% CaCl, in 1:1 glycerol:water.
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Figure 17: SEM micrographs of electrospun2.5/1.5/3% SA/PEO/PS80 nanofibers. The
scale bar is 1 um, and the mean diameter + standard deviation is provided below the
micrograph. This figure is reproduced with permission from ref. 112, Copyright 2023
American Chemical Society.
6.4.2. SEM analysis of crosslinked nanofibers

Our crosslinked fibers did not dissolve while using the ethanol-based literature
(control) method or the new ethanol-free systems. (Figure 18) Some fibers appeared
flattened (less cylindrical), compacted (increased fiber density in the z-direction), and
aggregated (aligned along the lengths of the fiber) as compared to the as-spun fibers but

do not indicate total loss of nanofiber structure. These morphologies are also commonly

reported for electrospun fibers that have been crosslinked’”2 or submerged in liquids.t"

99.7 £22.9 nm__
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Figure 18: SEM micrographs of (a) CA-3 crosslinked nanofibers, (b) CA-7 crosslinked
nanofibers, (c) CA-10 crosslinked nanofibers, (d) CA-PE crosslinked nanofibers, () CA-
E crosslinked nanofibers, and (f) CA-G crosslinked nanofibers. Scale bars are 1 um, and
the mean diameters + standard deviations are provided below each micrograph. Panels
(), (b), (c), (d), and (f) are reproduced with permission from ref. 1*2. Copyright 2023
American Chemical Society.

Previous studies have noted that crosslinking alginate-based nanofibers with
aqueous calcium solutions (without ethanol) caused the nanofiber structure to become
compromised. For example, Leung et al.”” reported the loss of fiber structure due to
partial dissolution and fiber webbing after the fibers were submerged in an aqueous
calcium nitrate crosslinking solution. Despite spraying the alginate nanofiber mat with an
aqueous solution of calcium chloride rather than submersion, Wongkanya et al.'®* also
reported damage to the macrostructure of fibers after crosslinking due to fusion of the
fibers. Previous reports* 78172 syggest that using ethanol to crosslink the alginate content
in electrospun nanofibers assists in maintaining the nanofiber morphology until

crosslinking is complete.

6.4.3. Relative fiber diameter and mass retention analysis of crosslinked
nanofibers

Relative fiber diameters (calculated using Equation 1) are displayed in Figure 19. Fiber
diameters after crosslinking were smaller than that of the as-spun fiber. The fiber mass
retained after crosslinking (calculated using Equation 3 and shown in Figure 19) to
determine if mass lost during crosslinking contributed to the decrease in fiber diameter.
Despite having statistically equivalent mass retention, CA-3 and CA-7 had statistically
different average diameters from the CA-10 and CA-PE nanofibers. Differences in fiber
diameter can then be attributed to chemical interactions present in each crosslinking

system. In the acidic environment of the CA-3 crosslinking system, the carboxylate
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groups on the alginate chain are protonated causing hydrogen bonding between chains.
According to a proposed model that was based on microstructural analysis by Zazzali et
al.,}"* strong intermolecular interactions between protonated alginate chains quickly
consolidate into a branched supramolecular structure preventing further compaction of
the network leading to a larger fiber diameter of CA-3 compared to CA-7, CA-10, CA-E,
and CA-PE. In higher pH systems, like that of the CA-7 and CA-10, crosslinking
solutions, alginate chains experience repulsion forces between deprotonated carboxylate
groups which allow the chains to rearrange leading to syneresis and shrinkage of the
overall material structure.}”™ However, repulsion forces may also explain the higher fiber

diameter for CA-10 and CA-7 despite equivalent mass retention.

160 160

-
N
o

- 120

- 80

Fiber diameter (nm)
]
o

40 A - 40

(95) UONUB]RI SSEW 1814

CA-3 CA-7 CA-10 CA-PE CA-E CA-G

Figure 19: Relative fiber diameter (left axis) and fiber mass retention (right axis) of
crosslinked nanofibers. The relative fiber diameter was calculated using Equation 1,
whereas the fiber mass retention was calculated using Equation 3. Error bars represent
mean + standard error. When the same letter (a, b, or ¢ for relative fiber diameter; x or y
for fiber mass retention) is present above multiple data columns, it indicates that those
samples are significantly equivalent (p<0.05). Data for samples CA-3, CA-7, CA-10,
CA-PE, and CA-G are reproduced with permission from ref. 112, Copyright 2023
American Chemical Society.

CA-PE and CA-E crosslinking systems also occurred in higher pH environments.

Both samples were statistically different in both mass retention and fiber diameter.
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Alginate is insoluble in ethanol. Therefore, the presence of ethanol can help compact the
nanofiber together during crosslinking to help keep its mass.** Besides the ethanol
pretreatment step, CA-PE spent 10 s in the ethanol:water crosslinking solution that
contained CaClz, whereas CA-E was crosslinked in the same solution for 60 s. Increased
crosslinking time has been shown to reduce the size and swelling behavior of calcium
alginate hydrogels; thus, being consistent with a smaller fiber diameter in our case.’87

While CA-G crosslinked fibers increased in mass after crosslinking, the
crosslinked fiber diameters were still smaller than that of the as-spun fibers. The increase
in fiber mass can be attributed to the diffusion of glycerol into the alginate-based
nanofiber. In a study regarding the presence of glycerol in the crosslinking bath, Davarci
et al.1’® reported a decrease in alginate bead size due to the osmotic effect of glycerol in
the crosslinking solution, which may apply to our study. Interestingly, Wang et al .2
described that glycerol can have opposing effects on alginate structure size. On one hand,
glycerol can replace the water molecules causing an increase in intermolecular distances
between alginate chains. On the other hand, hydrogen bonding between glycerol and
alginate chains can cause the overall structure to compact.

6.4.4. Chemical composition of crosslinked nanofibers via FTIR

A number of works*+78.15 report the need for ethanol during the crosslinking of alginate-
based nanofibers; however, these nanofibers differ in electrospinning recipes and
parameters leading to variations in fiber properties like alginate content and fiber
diameter. Alginate concentration has been found to affect the structure of alginate
hydrogels.8%182 Adding solutions of alginate into calcium baths form alginate particles.

Using low concentrations of alginate or calcium can need to oblong shapes rather than
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spherical particles. This work characterized the chemical and mass composition of our as-
spun fibers as a reference point for other alginate crosslinking studies moving forward.
FTIR was used to detect the chemical compounds and calcium complexes present
in the crosslinked nanofibers. Similar to the as-spun fibers, all crosslinked fibers showed
characteristic peaks of SA, PEO, and PS80 indicating the presence of each of these
components in all samples (Figure 20). For samples crosslinked in co-solvent systems,
neither ethanol nor glycerol could be identified in the crosslinked fibers because the
carbon bonds and hydroxyl groups found in ethanol and glycerol overlap with bonds seen

in SA, PEO, and PS80 making them indistinguishable by FTIR.
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Figure 20: FTIR spectra of as-spun and crosslinked nanofibers. Data for as-spun, CA-3,
CA-7, CA-10, CA-PE, and CA-G samples are reproduced with permission from ref. 112,
Copyright 2023 American Chemical Society.

To confirm chemical crosslinking, peaks assigned to the carboxylate group on the

SA chains in each sample were marked and labeled in Figure 20. In crosslinked samples,
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this peak shifted from 1604 cm™ in the as-spun sample to 1597 cm™*-1601 cm™ in the
crosslinked samples due to the stronger interaction between alginate and calcium ions than
the interaction between alginate and sodium. These results agree with other reports
studying the FTIR analysis of calcium crosslinked alginate structures.'®® Given the
limitation of our FTIR equipment, no correlation could be made between the wavenumber
shift and the extent of crosslinking; furthermore, the quantity of SA, PEO, or PS80 in the
nanofibers cannot be quantified by FTIR.
6.4.5. Mass composition of crosslinked nanofibers via TGA

The TGA data of crosslinked nanofibers displayed in Figure 21 and reported in Table 8
revealed a change in mass composition after crosslinking. The CA-3, CA-PE, CA-E, and
CA-G crosslinked fiber mats experienced two major degradation events, but the CA-7 and
CA-10 only exhibited one major degradation event. The different degradation events
indicate different mass compositions for each crosslinked fiber. This led us to hypothesize
that pH value and co-solvent systems can facilitate or hinder the diffusion of water-soluble

components into and out of the crosslinked nanofibers.
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Figure 21: TGA thermograms of crosslinked nanofibers. Data for CA-3, CA-7, CA-10,

CA-PE, and CA-G samples are reproduced with permission from ref. 112. Copyright 2023

American Chemical Society.

Table 8: Thermal degradation data of crosslinked alginate-based nanofibers. This table is
reproduced with permission from ref. 112, Copyri

ht 2023 American Chemical Society.

Water loss Residue Range Peak Mass loss
Sample (%) (%) (°C)? (°C)° (%)° Reason for mass loss
225-285 250 17.6 Alginate degradation?5:107.144
CA-3 10.0 18.0 365-410 | 390 489 | C-O-C bond breaking!07 142143
CA-7 14.3 50.1 230-330 270 35.5 Alginate degradation?5:107.144
CA-10 13.9 314 210-315 255 54.7 Alginate degradation?>107.144
230-290 250 26.4 Alginate degradation?5:107.144
CA-PE 123 305 350-410 385 30.8 C-0-C bond breaking107.142143
i 230-275 250 29.3 Alginate degradation?>107.144
CAE 115 323 330-400 | 360 269 | C-O-C bond breaking!07 142143
Alginate and glycerol degradation
CA-G 12.7 15.7 160-240 200 40.7 25,1%7,144,159,183g y g
365-410 385 309 C-O-C bond breaking107.142.143

a Degradation temperature ranges are reported from the onset temperature to offset temperature.4
b Peak degradation temperature represents the temperature of maximum mass loss as determined by local maxima on
the first derivative thermogram,242146
¢ Mass loss (%) refers to the change in mass between the onset and offset temperatures. 16
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6.4.6. TGA of crosslinked fibers with multiple degradation events
In CA-3, CA-PE, and CA-G crosslinked nanofibers, the first degradation peaks occurred
at 250°C, 250°C, and 200°C, respectively, which is within the degradation range of
SA.25107.1% Interestingly, the glycosidic bond degradation temperature in CA-G fibers
shifted to a lower temperature of 200°C. It has previously been reported that glycerol
decreased the thermal stability of alginate films by interrupting intermolecular forces
between alginate chains and decreasing the crystallinity of the hydrogel.*>*® The second
degradation peaks of CA-3, CA-PE, CA-E, and CA-G occurred at 390°C, 385°C, 360°C,
and 385°C, respectively, resembling the degradation of the C-O-C bonds found in PEO
and PS80.142143

The intermolecular interactions present in CA-3, CA-PE, CA-E, and CA-G

crosslinking systems could have hindered or reduced the diffusion of PEO and PS80 out
of the fibers. As previously mentioned, alginate under acidic conditions becomes
protonated, also referred to as alginic acid. Upon the introduction of calcium ions,
additional stability is provided by the combination of hydrogen bonding between
carboxylic acids along the alginate chain, as well as by ionic crosslinking with calcium
ions. In the case of the CA-PE and CA-E crosslinking systems, the ethanol (in the
pretreatment and/or in the crosslinking solution) packed the alginate chains together
before and during crosslinking as alginate is insoluble in ethanol.*! The network of
hydrogen-bonded or precipitated alginate along with the calcium crosslinks may prevent
PEO and/or PS80 from diffusing out. Similarly, alginate and glycerol can also form
hydrogen bonds, which might prevent the other components from diffusing out while

simultaneously attracting glycerol to the fiber.184
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6.4.7. TGA of crosslinked fibers with single degradation events
The degradation of CA-7 and CA-10 occurred in a singular event with peak degradation
at 270°C and 255°C, respectively, which was again attributed to the degradation of SA.
Notably, the degradation of CA-10 fibers occurred in multiple, less-defined steps within
the range of alginate degradation. Similar to our findings, Liu et al.** found that barium
crosslinked alginate films exhibited a multistep degradation with the first step
corresponding to decarboxylation and the second step corresponding to glycosidic bond
breaking, dehydration, and decarbonylation. In comparison with the as-spun fibers and
other crosslinked fibers, the TGA data of CA-7 and CA-10 fibers did not exhibit
degradation in the temperature range of PEO/PS80. As PEO and PS80 are water-soluble,
submersion of the as-spun fibers into aqueous solution, like that of the crosslinking
systems, can lead to the diffusion of PEO and PS80 out of the fibers as consistent with
the work by Bonino et al.*! In the CA-7 and CA-10 crosslinking systems, the alginate
chains have more freedom for rearrangement, as previously discussed, which would also
allow PEO and PS80 to diffuse out. Thus, the TGA of CA-7 and CA-10 only detected the
presence of calcium alginate.

In summary, the TGA data suggests that CA-7 and CA-10 nanofibers were solely
composed of calcium alginate (Table 8). The composition of CA-3, CA-PE, and CA-E
fibers was suspected to be 17.6% SA and 30.8% PEO/PS80 with 18.0% residue; 26.4%
SA and 30.8% PEO/PS80 with 12.3% residue; and 29.3% SA and 26.9% PEO/PS80 with
32.3% residue, respectively. Lastly, the composition of the CA-G fibers was 40.7%
SA/glycerol and 30.9% PEO/PS80, with 15.7% residue. As previously stated in Section

4.4.5, residue may be attributed to the alginate component within these nanofibers.
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6.4.8. Chemical stability of crosslinked alginate nanofibers
The crosslinked fibers were submerged in HCI/KCI acid buffer (pH 2.0), DI water (pH
5.5), and PBS buffer (pH 7.4) solutions for 120 min to test their stability in solutions
having different pH values and salt solutions. HCI/KCI acid buffer and PBS buffer are
also microbiologically and physiologically relevant media.””*?° In general, fiber
morphology was retained post-submersion in the acidic buffer (Figure 22) and DI water
(Figure 23) with fiber diameter listed in Table 9. Fiber fusion and aggregation were
common in crosslinked fibers submerged in the HCI/KCI solution, especially for CA-3,
CA-7, and CA-10 nanofibers; however, distinct fibers were visible across all time points
during submersion in the acidic buffer. These observations are consistent with literature
wherein alginate hydrogels tend to contract in lower pH environments due to hydrogen
bonding between protonated carboxylic acid groups.t*1%4145 When exposed to DI water,
the CA-3, CA-7, and CA-10 fibers retained their distinct morphology. In contrast, CA-PE

and CA-G fibers became slightly webbed in DI water after 120 min.
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Figure 22: SEM micrographs of crosslinked alginate-based nanofibers after submersion
in HCI/KCI acid buffer over 120 min. Scale bars are 1 um. Panels for CA-3, CA-7, CA-
10, CA-PE, and CA-G samples are reproduced with permission from ref. 112, Copyright
2023 American Chemical Society.
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Figure 23: SEM micrographs of crosslinked alginate-based nanofibers after submersion
in DI water over 120 min. Scale bars are 1 um. Panels for CA-3, CA-7, CA-10, CA-PE,
and CA-G samples are reproduced with permission from ref. 12, Copyright 2023
American Chemical Society.
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Table 9: Characteristics of as-spun and crosslinked alginate-based nanofibers. Data for
CA-3, CA-7, CA-10, CA-PE, and CA-G samples were reproduced with permission from
ref. 112, Copyright 2023 American Chemical Society.

After Acid DI Water PBS
Sample name | crosslinking | 1 min 1hr 2 hr 1 min 1hr 2 hr 1 min lhr 2hr
(nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm)
As-spun 341?31 n/a n/a n/a n/a n/a n/a n/a n/a n/a
CA-3 109.8 1115 100.1 88.1 120.2 127.0 81.8 1112+ 1914+ 5094+
+19.1 +21.3 +16.4 +29.3 | £276 £252 +215 30.5 46.0 69.1
CA-7 93.7 99.3 106.9 924 86.5 116.0 82.8 163.0 £ nla nla
+175 +17.0 +25.4 +19.9 +20.9 +26.3 +18.9 40.2
CA-10 99.7 125.8 110.8 107.6 120.5 133.2 91.2 107.8 + n/a n/a
+22.9 +295 +28.2 +29.7 +23.8 +449 +234 33.9
CA-PE 102.81 1259 119.0 92.7 104.9 103.8 89.1 159.7+ 1951+ 2448+
+20.2 +28.7 +45.8 +18.7 | £30.9 £286 +21.2 32.9 34.0 46.5
CA-E 91.66 113.60 123.65 83.32 105.74  100.76 121.21 127.76 nla nla
+175 +17.6 +32.6 +203 | £19.2 £20.1 +20.8 +235
CA-G 117.6 106.6 1218+ 121.2 133.0 99.7 95.6 1079+ 2150+ 2669+
+24.5 +18.5 30.9 +20.8 +31.2 +22.6 +19.0 32.9 34.5 73.5

After being subjected to PBS, fibers swelled as shown by the fiber diameter
analysis in Table 9 or merge into a film as shown in Figure 24. After 1 min in PBS, CA-
3 fibers appeared flat, whereas, after 60 min, their fiber outline remained visible. At 120
min, the CA-3 fibers were very swollen and textured. Similarly, CA-PE and CA-G fibers
became textured after 60 min and continued to swell after 120 min of submersion in PBS.
The observed texture could indicate either surface erosion due to the dissolution of
materials from the nanofibers or mineralization due to the calcium ions within the
nanofiber and phosphate ions from the buffer.18%% |n addition to having a higher pH
value than the HCI/KCI acidic buffer and DI water which destabilized crosslinked
alginate structures, PBS also contains a complex salt system including phosphate ions
known for binding to calcium ions. The calcium ions will either be sequestered by
phosphate ions which contribute to the degradation of the fibers or act as a nucleation site
for the precipitation of phosphate and other inorganic minerals onto the surface of the

fibers. 156197
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Figure 24: SEM micrographs of crosslinked alginate-based nanofibers submerged in PBS
over 120 min. Scale bars are 1 um. Panels for CA-3, CA-7, CA-10, CA-PE, and CA-G
samples are reproduced with permission from ref. 112, Copyright 2023 American
Chemical Society.
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6.5 Conclusion

Electrospun, alginate-based nanofibers were crosslinked using aqueous solutions of
CaCl» prepared at acidic, neutral, and basic pH values, as well as using glycerol as a co-
solvent for the CaCl> solution. These crosslinked fibers were compared to the current
literature method that involves ethanol pretreatment and co-solvent. Ethanol can help
prevent the dissolution of alginate-based nanofibers during crosslinking due to the
insolubility of alginate in ethanol. Unfortunately, ethanol can be detrimental to biological
materials. In the acidic crosslinking solution, hydrogen bonding between carboxylic acids
binds alginate chains together preventing the dissolution of the alginate-based nanofiber
in the aqueous crosslinking solution. Additionally, these bonds hinder the diffusion of
PEO and PS80 from the nanofiber.

All crosslinked nanofibers retained their morphology after crosslinking. It is
important to note that other studies reporting the dissolution of electrospun alginate
nanofibers in the aqueous crosslinking solution utilize different precursor solutions and
electrospinning parameters leading different alginate compositions in the electrospun
fiber. FTIR and TGA were used to characterize the chemical and mass composition of the
crosslinked nanofibers. Both methods confirm the presence of alginate in the nanofiber
mats for all five crosslinking methods. Under acidic crosslinking conditions, the
nanofibers maintained some composition of alginate, PEO, and PS80. In neutral and
basic crosslinking solutions without co-solvents, the TGA data indicated that
deprotonated carboxylate groups allow PEO and PS80 to diffuse out of the fiber leaving
behind a solely calcium alginate nanofiber. As an alternative co-solvent system that
would be more compatible with a variety of biological materials, a glycerol co-solvent

system was used. Glycerol forms hydrogen bonds with alginate chains to aid in
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maintaining the electrospun nanofiber morphology as well as alginate, PEO, and PS80
composition in the crosslinked nanofibers.

SEM showed that the distinct nanofiber structure was maintained after
crosslinking and throughout submersion in HCI/KCI acid buffer and DI water. In PBS
where the pH value was higher and phosphate salt interactions were present, the
crosslinked nanofibers tended to swell or merge into a film. The stability of the fiber in
acidic environments and swelling in higher pH environments can be beneficial for the
targeted release of active ingredients into the intestines for optimal performance in the

body.
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CHAPTER 7

APPLICATIONS OF BACTERIA-LOADED, ALGINATE-BASED NANOFIBERS

Bacteria D
Alginate solution

Biomedical Applications

Bacteria-loaded
nanofiber

v produces nutrients

v antimicrobial Bacteria

v degrades toxins suspension v
protects cells
Voltage Supply v shelf stable
— v convenient structure
v excellent for delivery
Adapted from:

Diep, E.; Schiffman, J. D. Electrospinning Living Bacteria: A Review of Applications
from Agriculture to Health Care. ACS Appl. Bio Mater. 2023, 6 (3), 951-964.

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

7.1 Abstract

Probiotic bacteria can benefit a host or an environment by producing nutrients or
producing antimicrobial compounds. Encapsulation technologies protect the bacteria
against harmful agents to maintain bacterial viability and incur beneficial effects.
Electrospinning bacteria encapsulates the cells in functional polymer nanofibers with
excellent drug delivery properties as well as flexibility and porosity. As an encapsulation
material, alginate is advantageous due to its biocompatibility and gelation with calcium
ions under mild conditions. In this study, the effects of crosslinking the alginate-based
nanofibers on the viability of bacteria was determined. In particular, crosslinking systems
that utilized ethanol to maintain nanofiber structures were found to be antagonistic to

encapsulated bacteria thus reducing their effectiveness. Instead, we proposed ethanol-free
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crosslinking systems that could crosslink alginate nanofibers, while maintaining bacteria
viability and loading. Gut probiotics, E. coli Nissle and L. lactis, were coaxially
electrospun into alginate-based nanofibers to obtain high loadings (10°-10° CFU/g).
When nanofibers containing L. lactis were applied to surfaces inoculated with clinically
relevant MRSA strains, their growth was inhibited. These scaffolds hold strong potential
for use as wound dressings. Additionally, adding antacid into the formulation of the
fibers improved the acid survivability of encapsulated bacteria. While this work
demonstrated the use of bacteria-loaded nanofibers in two biomedical applications, future
applications of these encapsulated probiotics can be expanded to other biomedical
applications as well as environmental applications like water remediation and plant

growth promotion.

7.2 Introduction

Bacteria offer a wide range of beneficial functions from producing nutrients to degrading
harmful agents like toxins found in waste waters. In the gut, a complex community of
bacteria, called the gut microbiota or microbiome, influences human health by producing
antimicrobial chemicals that the body against pathogenic attack, digesting complex fibers
found in various foods, and chemically signaling the immune and nervous system.18-19
Modulation of the gut microbiota via oral delivery of probiotic bacteria has effectively
treated illnesses like Clostridium difficile infection in the gastrointestinal tract.'°* Oral
administration of probiotics to infants have also been found to decrease the likelihood of
developing attention deficit hyperactivity disorder and Aspergers syndrome
manifestations later in life suggesting gut probiotics have effects beyond the digestive

tract.
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A major challenge for the gut delivery of probiotics is deactivation of probiotic
bacteria by stomach acid.>>®*8’ Bacteria membranes are primarily negatively charged.
Positively charged protons in acidic environments can disrupt the cell membrane to kill
the bacteria.’®2% Therefore, processes like extrusion, emulsion, spray drying, freeze
drying, fluidized bed, etc. have been employed to encapsulated probiotics in materials
including rice proteins, alginate, chitosan, cellulose, and other biopolymers.11%

After encapsulation, probiotics can be applied to a variety of environments
beyond the typical oral probiotic application. Probiotic commercial products include
plant supplement, lotion, toothpaste, sanitary napkin, shampoo, household cleaner, and
bedding.1%1% Encapsulation technologies improve the viability and stability of the
probiotics in these products.'®’ Like oral probiotics, plant supplements and cosmetic
products like lotion utilize probiotics to enrich the environment. Other products like
cleaners and bedding use probiotics to remove allergens or alter the microbial
community.%8-200 Probiotics produce antimicrobial compounds that inhibit the growth of
pathogenic bacteria and prevent infection.?*

Many studies have already been dedicated to utilizing the antimicrobial abilities
of probiotic for the treatment of wounds.®*2022% For example, Lactobacillus plantarum
was co-emulsified with Vitamin E and lyophilized onto a Spanish Broom structure to
create an antioxidant and antimicrobial wound dressing.2%? Spanish broom is a fibrous
material with the necessary properties of flexibility and breathability as traditional cotton
bandages. After the incorporation of probiotics, the Spanish broom wound dressing was
effective at inhibiting the growth of Staphylococcus aureus and Pseudomonas

aeruginosa. In addition to flexibility and breathability, electrospun nanofibers are
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excellent scaffolds for promoting cell adhesion during healing. A study by Khan et al.*°
electrospun Enterococcus mundtii into poly (vinyl alcohol)/ polyvinylpyrrolidone/
glycerol bioscaffolds. In a mouse model, these scaffolds improved wound closure over
time compared to untreated wounds.

Electrospinning provides a dual functional encapsulation system: the
encapsulation can protect bacteria against environmental factors while the nanofiber
structure is a functional matrix that can be used as drug delivery systems, wound
dressings, filtration membranes, tissue scaffolds, etc.?®% In many of these applications,
the nanofibers come into contact with water and would benefit from chemical
stabilization. In Chapter 5, known probiotics E. coli Nissle and L. lactis were electrospun
into alginate-based nanofibers. In Chapter 6, ethanol-free crosslinking systems were
developed to stabilize the nanofibers. In this chapter, the viability of encapsulated
bacteria after crosslinking was determined. L. lactis produces nisin, an antimicrobial that
inhibits the growth of Gram-positive bacteria. After crosslinking, the antimicrobial
properties of the encapsulated L. lactis were evaluated against three strains of S. aureus
including the clinically relevant strain, MRSA. For application of these nanofibers to
deliver probiotics into the gut, the antacid calcium carbonate was formulated into the
nanofibers to improve the survivability of the encapsulated L. lactis in a simulated
gastrointestinal tract.

7.3 All Materials and Methods are described in Chapter 3.
7.4 Results and Discussion

7.4.1. Effects of crosslinking on bacterial viability
Both E. coli Nissle and L. lactis were coaxially electrospun as described in Section 5.4.4.

To provide additional stability to the nanofiber matrix for the application of the fibers to
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any wet environment, the coaxially electrospun bacteria-alginate systems were
crosslinked in systems outlined in Table 3. The viability of encapsulated bacteria (i.e.,
the amount of live cells relative to the total number of cells calculated by Equation 2)
was determined via fluorescence microscopy. Free (unencapsulated) and encapsulated E.
coli Nissle were subjected to either DI water (control) or to each crosslinking method to
determine the effects of crosslinking chemicals on bacterial viability. (Figure 25) Control
samples of free bacteria which were subjected to DI water instead of any crosslinking
solution showed a viability of 95%. Free bacteria (blue) subjected to CA-3, CA-7, CA-
10, CA-E, and CA-G crosslinking systems maintained high levels of viability. However,
the viability of the unencapsulated bacteria decreased to 4% in the CA-PE crosslinking
system. The submersion in 200 proof ethanol for 1 min as a pretreatment played a key
role in deactivating bacteria since the CA-E crosslinking system did not significantly
affect the viability of bacteria as compared to the control sample. Bacteria within CA-3,
CA-7, CA-10, and CA-G nanofibers maintained significantly higher viability than
bacteria exposed to the CA-PE crosslinking system. Interestingly, the bacteria viability
within the CA-E nanofibers was significantly lower compared to that of free bacteria.
These results show that the alternative crosslinking systems that avoid the use ethanol

enable higher viability of encapsulated bacteria.
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Figure 25: Viability of suspensions (blue) and coaxially electrospun (yellow) E. coli
Nissle in SA/PEO/PS80 nanofibers after exposure to crosslinking systems detailed in
Table 3. Data is reported as mean * standard error of technical triplicates. Letters
indicate statistically equivalent samples (p < 0.05).

7.4.2. Bacteria loading in crosslinked nanofibers
The fluorescence analysis was not conducted on L. lactis because these bacteria lacked a
fluorescent protein. Instead, L. lactis loaded nanofibers were crosslinked and plated on
agar to determine the number of viable bacteria present within crosslinked nanofibers.
CA-10 and CA-G were chosen as representative crosslinking systems that succeeded in
maintaining bacterial viability as discussed in the previous section. As a literature control,
the CA-PE crosslinking system was also studied though no bacteria growth was observed
after crosslinking in the CA-PE system. For CA-10 and CA-G crosslinking systems, the
bacteria loading before and after crosslinking was found to be statistically equivalent to
as-spun loading. (Figure 26) Numerical values of bacteria loading within electrospun

alginate-based nanofibers are listed in Appendix B. Tan et al.?%* found that divalent ions

can have a detrimental (i.e. lethal) effect on bacteria particularly during the crosslinking
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of bacteria-loaded alginate hydrogels. Additionally, the bacteria-loading could be

lowered by mass loss that occurs during crosslinking.
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Figure 26: L. lactis was coaxially electrospun into alginate-based nanofibers without
antacid (grey) and with 2% calcium carbonate antacid (purple). Bacterial loading before
(As-spun) and after crosslinking (CA-G, and CA-10) is reported as mean + standard error
of three technical replicates. No viable cells were grown from CA-PE nanofibers; thus,
these samples were labeled “0 CFU/g.” All samples were determined to be statistically
equivalent in L. lactis loading.

The antacid calcium carbonate (CaCOz3) was formulated into the SA/PEO/PS80
shell solution prior to electrospinning to improve the acid survivability of encapsulated
bacteria. The addition of the 2 wt% of antacid did not significantly affect the bacteria-
loading of as-spun or crosslinked nanofibers as compared to antacid-free fibers also

shown in Figure 26. Overall, the as-spun and crosslinked nanofibers with and without

antacid contained high loadings of L. lactis with over 108 CFU/g of electrospun mat.
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7.4.3. Electrospun L. lactis for antimicrobial wound dressings

7.4.3.1. Motivation

MRSA is a pathogenic bacteria which can enter the body from an open wound, travel
through the blood stream, and infect other parts of the body leading to lethal
consequences.?%2% While bacterial infections is usually treated with antibiotics, MRSA
has developed resistant to many antibiotics making these infection difficult to treat. The
rise of antibiotic resistant bacteria encourages the study of alternative methods to address
bacterial infection prevention.?®” One solution includes the use of probiotics in place of
antibiotics to prevent the growth of pathogenic bacteria. Additionally, electrospun
probiotics could be used as antimicrobial wound dressings to protect open wounds from
infection while promoting healing.3*%

In this section, the antimicrobial activity of L. lactis encapsulated within as-spun
and crosslinked alginate-based nanofibers against S. aureus 12600, S. aureus SH1000
also known as Methicillin-sensitive S. aureus (MSSA), and MRSA were determined by
an overlay assay. L. lactis produces the bacteriocin, nisin, that can inhibit the growth of
other gram-positive bacteria such as S. aureus.?®® However, the inhibitory effects of nisin
may be dependent on the overlay strain being tested. A study by Ramezani et al.2%
reported a lower minimal inhibitory concentration (MIC) of nisin was required to

inhibition the growth of MRSA compared with the MIC required to inhibit MSSA.

7.4.3.2. Antimicrobial properties of encapsulated L. lactis determined via overlay
assay

Overlay assays were conducted in 6-well plates. Each well plate was prepared by adding

5 mL of molten agar into each well and cooling down until solidified. A sample of either
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an L. lactis suspension or L. lactis encapsulated within an electrospun fiber mat was
incubated in separate wells. Next, soft agar containing S. aureus 12600, MSSA, or
MRSA was poured into each well to create the overlay. Since controls did not contain
any L. lactis, strains of S. aureus grew uninhibited and formed an opaque overlay as
shown in Figure 27. Larger images of overlay assay results can be found in Appendix B.
Typically, antimicrobial samples would inhibit the growth of the overlay strain causing a
transparent area to appear around the sample known as the zone of inhibition or ZOlI.
Zones containing L. lactis may appear more transparent than the control; however, close
inspection showed either single colonies in these zones or the zones appear slightly
transparent. Therefore, these zones will be referred to as zones of reduced populations as
(1) it is unclear whether single colonies are L. lactis or S. aureus and (2) slightly

transparent zones indicated a reduced concentration of S. aureus in that area.

Bacteria
Suspension As-spun CA-10 CA-G CA-PE Control

S. aureus
12600

MSSA

MRSA

Figure 27: Digital images of the overlay assay results. The inhibitory activity of L. lactis
was assessed as a bacterial suspension, encapsulated within as-spun nanofibers,
encapsulated in CA-10 nanofibers, encapsulated in CA-G nanofibers, encapsulated in
CA-PE nanofibers, and as negative control without L. lactis against S. aureus 12600,
MSSA, and MRSA.
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For suspensions of L. lactis, a droplet of bacterial suspension was added to the
agar surface in the well. The circular nature of the droplet led to a circular biofilm of L.
lactis and a circular zone. The L. lactis suspension produced the largest zone of reduced
population against MRSA. Though encapsulated L. lactis samples were punched into
uniform, 6 mm circles, crosslinking caused some samples to warp or fold over leading to
nonuniform growth of L. lactis and non-circular zones of reduced population. The
diffusion properties along the surfaces of the agar may account for other irregularities in
zone shape. Similar to the L. lactis suspensions, the encapsulated L. lactis showed the
most inhibition against MRSA for as-spun, CA-10, and CA-G samples. Notably,
antimicrobial activity was not observed for the CA-PE nanofibers likely due to the
depletion of viable L. lactis cells during crosslinking. Overall, the inhibitory effects of
both the L. lactis suspension and electrospun L. lactis was the most effective against
MRSA than the other S. aureus strains. Ethanol-free crosslinking systems were necessary
for inhibitory activity of the bacteria-loaded, alginate-based nanofibers as CA-10 and
CA-G samples showed zones of inhibition or reduced populations depending on the strain
of S. aureus tested.

7.4.4. Targeted delivery of bacteria into the intestines

7.4.4.1.Motivation

While acid, enzymes, bile salts, and mechanical digestion in the stomach help convert
food into nutrients for the body, they are also damaging to orally delivered probiotics on
their way to the gut microbiota located in the intestines.!!® In particular, positively
charged protons present in the acidic environment of the stomach can disrupt the bacteria

cell membrane causing deactivation. Probiotic encapsulations for the oral delivery of
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probiotics into the gut can be designed to protect the bacteria particularly from acid
insult.2®!! For the targeted delivery of materials into the intestines, alginate is
advantageous as it contracts due to hydrogen bonding in acid environments and swells in

higher pH environments like the intestines.%®

7.4.4.2. Proof-of-concept: Encapsulation and release of fluorescent beads using a
simulated GIT model

Crosslinked alginate-based nanofibers that are stable in low pH solutions and exhibit
swelling behavior in high pH environments would be useful for targeted delivery of cargo
in the intestines. As a proof-of-concept study, FMG — green fluorescent polymer
microspheres (green fluorescent beads) purchased from Cospheric LLC (Goleta, CA) had
diameters ranging from 1 to 5 pm and a density of 1.3 g/cc (1,300 kg/m?), as reported by
the manufacturer. The green fluorescent beads as model cargo were encapsulated into the
as-spun nanofiber mats via blend electrospinning (Figure 28). Though the diameters of
the beads were much larger than that of the fiber, electrospinning pulls cargo into a sink-
like flow allowing the beads to be encapsulated within the polymer nanofiber.!8 After
crosslinking, bead-encapsulated fiber samples were submerged in a simulated GIT model
featuring an acidic stomach stage (KCI/HCI acidic buffer of pH = 2; 2 hr)!?° followed by

an intestinal stage (PBS of pH = 7.4; 4 hr).%®
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Figure 28: Representative micrographs acquired using (a) SEM and (b) an upright
fluorescence microscope of green fluorescent beads encapsulated within as-spun
SA/PEO/PS80 nanofiber mats. Scale bars are 1 um and 10 um. This figure is reproduced
with permission from ref. 112, Copyright 2023 American Chemical Society.

Release profiles of green fluorescent beads from crosslinked nanofibers into
simulated GIT are presented in Figure 29 as calculated by Equation 4. In the stomach
stage of the simulated GIT, no cargo was released from the alginate-based nanofibers
suggesting that the beads remain encapsulated within the fibers. In the intestinal stage of
the simulated GIT, green fluorescent beads were quickly released within the first hour of
submersion. Bead concentration was sustained for the rest of the submersion time (from 3
hr timepoint in the simulated GIT including the stomach phase onward) for all
crosslinked fibers. The fast release from calcium alginate structures could be attributed to
the swelling of the alginate, as found in a study by Mei et al.»%® on alginate beads. CA-3,
CA-10, and CA-G fibers exhibited a more gradual release: less than 52% of total
encapsulated beads were released within 5 min of submersion in PBS and over 72% were
released over 45 min of submersion. Comparatively, over 70% of encapsulated green
fluorescent beads were released from CA-7 and CA-PE fibers within the initial 5 min of

submersion.
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Figure 29: Release profiles of green fluorescent beads from crosslinked alginate-based
nanofibers in a simulated GIT model. The stomach phase consisted of KCI/HCI acidic
buffer of pH 2 whereas PBS (pH = 7.4) was used to represent the intestinal phase. Error
bars represent standard error. This figure is reproduced with permission from ref. 112,
Copyright 2023 American Chemical Society.

Electrospun nanofibers, especially those composed of PVA or PEO, have been
extensively studied in the context of drug delivery applications.®31¢ Typically, a biphasic
release wherein a burst release is followed by sustained release like the profiles seen in
this paper are exhibited by electrospun nanofibers. The high surface area-to-volume ratio
of electrospun nanofibers promotes ample surface interaction and erosion that lead to the
rapid release of encapsulated cargo via diffusion or degradation mechanisms.'® Cui et
al.>! found that thinner electrospun nanofibers (212 nm) with subsequently higher surface
area-to-volume ratio had a greater total release of the analgesic drug, paracetamol, from
the nanofibers compared to thicker nanofibers (551 nm). In regards to the effects of
glycerol on the release of cargo from alginate, one study®® found that the presence of
glycerol in calcium alginate microbeads improved their stability and extended the release
times of a drug, theophylline, into a buffer solution that had a pH value of 7.4.

In PBS, the release profiles appeared independent of the fiber morphology.
Though CA-10 fibers merged into a film immediately upon submersion in PBS, the
release of encapsulated green fluorescent beads from the CA-10 was similar to that of
CA-G which had a swollen fiber structure in PBS. These results indicate swelling,
regardless of the material’s morphology, was a main contributor to release in this system.
The maximum cumulative release from each sample ranged from 80-87%. We

hypothesize that the mass loss that occurred during crosslinking (see Figure 29)

contained some amount of the green fluorescent beads, which is preventing us from
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observing a 100% cumulative release into the simulated gastrointestinal solutions.
Overall, our crosslinking systems have proven to be effective in enabling intestinal-

targeted release from alginate-based nanofibers.

7.4.4.3.Bacteria survivability after acid exposure
To demonstrate the application of crosslinked alginate-based nanofibers for the delivery
of probiotics into the gut, bacteria-loaded nanofibers were subjected to submersion in
KCI/HCI acidic buffer for 2 hr, resembling the acidic environment and residence times of
food in the stomach. As shown in Figure 26, a suspension of L. lactis of 105 CFU/mL of
acidic buffer was completely deactivated after 2 hr. Unfortunately, neither encapsulated
E. coli Nissle nor L. lactis exhibited growth after exposure to acid commonly seen in
literature.>>%°8" Even after crosslinking, the pore sizes can allow the penetration of
protons throughout the structure and cause insult to encapsulants.®®

Formulations for probiotics include antacids to improve bacterial survivability by
neutralizing acid penetration into the encapsulation matrix.%° Figure 26 shows the L.
lactis loading in coaxially electrospun nanofibers when calcium carbonate (2%) was
adapted into the outer precursor solution. After subjecting these fibers to acidic buffer for
2 hr, the 2% calcium carbonate formulation was effective improving bacterial

survivability compared to the formulation without antacid (Figure 30).
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Figure 30: Survivability of L. lactis suspension and coaxially electrospun L. lactis in
alginate-based nanofibers formulated with 2% calcium carbonate before (0 hr, solid,
purple) and after submersion in acidic buffer for 2 hr (striped, purple) reported as mean +
standard error of technical triplicates. No viable cells were detected after the bacterial
suspension was subjected to the acidic buffer; thus, the sample was labeled “0 CFU/g.
Similar letters above each bar denoted statistically equivalent samples excluding the
control sample.
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7.44.3.1. Change in pH due to electrospun antacid

Calcium carbonate acts as an antacid by dissolving in acidic environments to reduce
pH.®° The pH of the acidic buffer was measured after submersion of bacteria-loaded,
alginate-based nanofibers electrospun with CaCOs. All samples increased the pH value of
the acidic buffer from 2.0 to 2.21 £ 0.01 for as-spun nanofibers, 2.23 + 0.01 for CA-10
nanofibers, and 2.20 + 0.02 for CA-G nanofiber samples. These pH values are well

within the normal pH range of the stomach (2.0-3.0).1%8

7.4.4.4 Bacteria release in simulated gastrointestinal tract
Next, the fibers containing L. lactis and antacid were subjected to a simulated

gastrointestinal tract consisting of both a stomach phase and an intestinal phase (Figure
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31; numerical values can be found in Appendix B). In this study, a simplified GIT
system was used to highlight the pH-dependent behavior of the electrospun alginate
nanofibers.'% The stomach phase, made by adding HCI to DI water to reach a pH value
of 2.5, was sampled after initial addition and after 2 hr of submersion of probiotic-loaded
nanofibers. Viable bacteria were not detected at either time points in the stomach phase.
After 2 hr in the stomach phase, the fibers were transferred to the intestinal phase
created by adding NaOH to DI water until a pH of 7.0. In the simulated intestines, the
electrospun mat released over 10° CFU per g of mat in the first half hour of submersion.
The concentration of bacteria remained steady for the rest of the duration in the intestinal
tract. Therefore, both pH-dependent delivery and probiotic viability in the intestines were
demonstrated. Notably, the concentration of probiotics released into the simulated
gastrointestinal tract was lower than the concentration that survived acid insult from the
previous section (Section 7.4.4.2). In the previous section, the bacteria-loaded mats were
immediately plated on nutrient-rich agar after acid submersion. The environment of the
intestinal phase lacked any nutritional compounds for the L. lactis cells which may have

led to a lower number of viable cells detected.
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Figure 31: L. lactis was coaxially electrospun in alginate-based nanofibers containing 2%
calcium carbonate as an antacid. The bacteria-loaded nanofibers were crosslinked using
the CA-10 crosslinking system detailed in Table 3: Names and crosslinking compositions
used to create the five crosslinked alginate nanofibers explored in this study, as well as
the as-spun fibers. This table is reproduced with permission from ref. 112, Copyright 2023
American Chemical Society. The bacterial release from crosslinked nanofibers in a
simulated gastrointestinal tract (black circles) was reported as mean + standard error from
technical triplicates. Loading in as-spun fiber (blue dotted line representing average and
shaded blue area as standard error) and in CA-10 crosslinked fiber (pink dotted line
representing average and shaded pink area as standard error) are included for comparison.

75 Conclusion

The encapsulation of probiotics is necessary for the protection of cells in environments
where they are useful from inside the gut to the outer layer of the skin. Here, probiotics E.
coli Nissle and L. lactis were coaxially electrospun into alginate-based nanofibers and
crosslinked using biocompatible calcium ions. Though ethanol-based crosslinking
systems have been used in literature, ethanol significantly decreased the bacteria viability
and loading in the alginate-based nanofibers. Therefore, the ethanol-free crosslinking
systems developed in the previous chapter enabled the encapsulation of viable bacteria
within crosslinked alginate nanofibers such that live probiotics could be delivered to

various environments. For example, the encapsulation of L. lactis within crosslinked
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alginate-based nanofibers can be incorporated into antimicrobial wound dressings. Using
an overlay assay, the bacteria-loaded nanofibers inhibited the growth of pathogenic
MSSA and MRSA. Though encapsulation within alginate nanofibers was not sufficient to
protect the encapsulated bacteria against acid insult, the formulation of 2 % calcium
carbonate antacid into the outer precursor solution improved the survival of encapsulated

L. lactis in a simulated gastrointestinal tract.
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CHAPTER 8
CONCLUSIONS AND OUTLOOK
Sections adapted from:
Diep, E.; Schiffman, J. D. Electrospinning Living Bacteria: A Review of Applications
from Agriculture to Health Care. ACS Appl. Bio Mater. 2023, 6 (3), 951-964.

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

8.1 Summary

Probiotic bacteria are useful for a variety of applications. Encapsulation technologies are
necessary for maintaining viable bacteria such that they can be applied to different
environments. This dissertation investigated the formation, crosslinking, and
encapsulation of probiotics within electrospun alginate-based nanofibers. The initial
objective of this work was the targeted gut delivery of probiotics which expanded to the
use of probiotic-loaded nanofibers as an antimicrobial wound dressing. There are still
many avenues to explore regarding this application and technology as the usefulness of
probiotics within and beyond the human body is still being explored.

8.2 Immediate next steps

8.2.1. Further understanding precursor concentration effects on fiber
composition

In Chapter 4, an alginate/PEO/PS80 precursor was used to electrospin alginate-based
nanofibers. Though a systematic study was conducted on the influence of surfactant
concentration on the formation of smooth nanofibers, the field of electrospinning alginate
would also benefit from the study of precursor solution concentration on the final

composition of the nanofibers. Exploring a wider range of electrospinnable, precursor
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solution concentrations would help determine if there was a maximum composition of
alginate achievable by electrospinning examined via FTIR and TGA. In turn, this
maximum alginate fiber composition may influence the stability and mechanical
properties of the fibers before and after crosslinking.

8.2.2. Further understanding precursor concentration effects on bacteria
loading

On the other hand, the concentration of alginate in the precursor solution affects its
solution properties including the ability to disperse encapsulants throughout the
electrospun nanofibers. Additionally, bacterial concentration in the precursor solution can
impact the electrospinnabilty of the solution as mentioned in Chapter 5. There is likely a
trade-off between the alginate composition and bacteria loading in electrospun nanofiber
that has yet to be investigated.

The study of precursor concentration effects on bacteria loading would also be
relevant for the coaxial electrospinning. During coaxially electrospinning, differences
between core and shell solutions influence mixing that occurs at the needle tip. Therefore,
bacterial suspensions were mixed with alginate solutions to avoid interfacial interference.
However, the optimal properties for the inner precursor solution to maximize
encapsulation was not studied. Deeper analysis of surface tension, viscosity, and
interfacial interactions should be considered to understand mixing phenomena and how it
may be relevant to encapsulation.

8.2.3. Improved gut viability with prebiotics
After determining the significance of core solution properties on encapsulation,
adjustments to the core solution can be made. Namely, the co-encapsulation of prebiotics

as a nutrient resource for encapsulated bacteria could improve the storage and viability of
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the probiotic upon delivery. From Chapter 7, lack of nutrients may have reduced the
amount of viable bacteria detected in the simulated gastrointestinal tract. A number of
polysaccharides and carbohydrates have been identified as prebiotics which are
selectively digested by bacteria.?’® Inulin, in particular, is commonly used with L. lactis.
The inclusion of prebiotics in microencapsulation as well as electrospun nanofibers can

improve the viability of encapsulated bacteria during storage.?**

It would be interesting to
study the effects of prebiotics in various applications of probiotic-loaded nanofibers
including gut delivery. Future work on coaxial electrospinning systems or coacervate
electrospinning will expand the materials that can be electrospun which may allow for
nutrients like carbohydrates or proteins to form the encapsulating fiber as well as act as a
nutrient source.5*?11212 Improved viability and loading may also aid in the study of L.
lactis nanofibers for antimicrobial wound dressing.

8.2.4. Continuation of antimicrobial, probiotic nanofibers
Since zones of inhibition were not confirmed by overlay assay, the following are
recommendations for future antimicrobial testing. After the final incubation of the
overlay assay, samples from within the transparent to slightly transparent zones can be
extracted with a cork borer commonly used in agar diffusion assays. Homogenization of
the sampled agar would release the bacteria for incubation. If the S. aureus overlay strain
growth was inhibited, those cells may not be revived during incubation to confirm or

deny the zone of inhibition. Furthermore, nisin content may be determined via liquid

chromatography analysis of the released agar.
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8.2.5. Mechanical testing of crosslinked nanofibers
Chapter 6 focused on the development of ethanol-free crosslinking systems and the
chemical stability of crosslinked fibers. However, the mechanical properties of the
electrospun fibers are also relevant to their applications. In the gut, mechanical forces
help break down food. It would be important to determine if the nanofibers could
withstand that mechanism and keep probiotics encapsulated. Tensile tests should be
conducted on as-spun and crosslinked fibers. This data could be compared studies
regarding the mechanical forces of the gut as well as tensile properties of bandages.

8.3 Future work

8.3.1. Recommended improvements for gastrointestinal tract model
The alginate-based nanofibers developed in this work were capable of the targeted release
of green-fluorescent beads and L. lactis in gastrointestinal tract models based primarily
on the pH of stomach and the intestines. A more realistic model should include mouth
phase, as well as relevant electrolytes and enzymes in each stage that may affect the
encapsulated probiotics and the fibers. The most realistic determination of the
survivability and colonization of probiotics would be in a live gastrointestinal tract like
that of a mouse model. Germ-free mice may help us determine if these probiotics can
effectively colonize in the gut. In mice with established gut microbiota, interactions
between gut bacteria and delivered probiotics can be investigated. An in vivo model
would also allow us to study the mucoadhesive properties of alginate and PEO in the
nanofiber and their influence on the colonization of probiotics via interaction with the
mucosal layer. However, the gut microbiota of mice and humans differs significantly.

Thus, clinical studies would need to be conducted eventually.
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8.3.2. Future exploration of electrospun probiotics
The encapsulated probiotic strains in this dissertation were either lab standard (E. coli
K12) or gut probiotic (E. coli Nissle and L. lactis) strains. Though Gram-negative, Gram-
positive, aerobic, and anaerobic bacteria of various shapes and sizes have been
successfully electrospun, it is unclear how and what other properties, like electroactivity,
can make one strain of bacteria more robust toward electrospinning than another strain.
The encapsulation of various strains of bacteria would help illuminate the genetic factors
that enable the improved survivability of some strains with respect to others.
Current formulations for probiotic supplements contain several billion CFUs and may
include multiple strains of bacteria though few guarantee the survival of these bacteria in
the body. Probiotics for the gut mainly consist of lactic acid bacteria easily derived from
fermented foods. However, the gut is host to several hundreds of strains of bacteria.
Electrospinning can be conducted in a glove box in the absence of oxygen beneficial for
the encapsulation of anaerobic gut bacteria. Electrospinning can also be used to develop
personal dosages by layering mats of various bacterial strains together which can consist
of bacteria from fermented foods or health guts.

Biocompatible polymers and aqueous solvents are generally safe for the
electrospinning of the cells. Much research has been conducted encapsulating bacteria
into PVA and PEO 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. In this study, the
targeted delivery of the encapsulated gut probiotics was achieved through the use of

alginate and its pH-dependent behavior that could selectively release materials into the
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intestines. Alginate and PEO also have mucoadhesive for integration with the intestinal
mucosal layer. Future work should investigate if this property improves the efficacy of
encapsulated probiotics. Other materials may be used to create the nanofibers with other
benefits such as a gradual release. It would also be interesting to see if probiotics could
be electrospun into other nutrients for the body (other carbohydrates, proteins, dietary
fibers, etc.) or for bacteria (prebiotics).

In addition to studying the electrospinning of different gut bacteria, strains that
promote plant growth or are used in wastewater treatments should be encapsulated. The
electrospinning of bacteria for industrial and environmental use is currently much less
explored than for the electrospinning of gut probiotics. Furthermore, these bacteria may
benefit from different encapsulation materials. For plant growth promotion, the bacteria
may be released into soil or a soil model similar to my work on gut release. On the other
hand, water waste treatment may require the bacteria to stay encapsulated during
treatment for regeneration and reuse.

8.4  Emerging applications

Coaxial electrospinning is promising for creating water-stable, bacteria-loaded
nanofibers; the bacteria suspended 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 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.
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Few researchers have focused on environmental applications, such as plant
growth. Electrospun coatings on plant seeds prevented fungal infection while promoting
root growth. It will be interesting to see how electrospun bacteria can evolve for the
coating of grown plants or even food products to help with other fungal and mold issues.
Perhaps, future fibers engineered for environmental applications will explore multi-shell
fibers that can degrade toxins while releasing nutrients that will repair the soil
environment. Bacteria also play a role in the composting process. Integration of such
bacteria into composable products may improve its degradability in less-than-optimal
environments.

Barely any attention has been paid to bioremediation and microbial fuel cell
applications. And 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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APPENDIX A

EFFECTS OF MOLECULAR WEIGHT OF PEO
The influence of PEO molecular weight on the formation was briefly studied. High
molecular weight PEO (1,000 kDa) was purchased from Sigma Aldrich (St. Louis, MO).
Notably, high molecular weight PEO has been preferred by other researchers to form
electrospun alginate/PEO nanofibers.”®%2 The molecular weight of a polymer can be
correlated to the length of its chain where longer polymers are more easily entangled. In
addition, higher molecular weight polymer solutions increase more rapidly in viscosity
which can reducing beading of the electrospun nanofiber.*®

A.1  High molecular weight PEO

SA was mixed with high molecular weight PEO (1000 kDa) in a 70:30 ratio with 1 wt%
PS80. Despite varying electrospinning parameters, no fibers were observed. Differences
in the alginate and surfactant used in this study and other studies*":’® may have prevented
fiber formation despite other studies using this composition to form electrospun fibers.
The deformation of the electrospinning droplet was not visibly observed using 1000 kDa
PEO during electrospinning even in the presence of a surfactant. While viscosity
stabilizes the nanofiber during electrospun, exceedingly high viscosity has been known to
clog the electrospinning needle and hinder fiber formation.*® I concluded the high
viscosity deterred jet and fiber formation thereby preventing electrospinning.*

A.2  Low molecular weight PEO

To reduce viscosity, the sodium alginate to PEO ratio was decreased to 60:40 which was
another composition that was shown to produce fibers.”® However, fiber density was still
sparse for electrospun mats and large beads capable of dissolving fibers upon collection

were also observed. Lowering the molecular weight of the PEO polymer would also
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reduce solution viscosity.*® Therefore, 600 kDa PEO was primarily used throughout this

work.

Figure 32: Brightfield images of a systematic investigation into electrospinning fibers
using (a) 2.4/1.6/2 wt%, (b) 2.8/1.2/2 wt%, and (c) 2.8/1.2/3 wt% SA/PEO/PS80. All
precursor solutions were made using 600 kDa PEO. Scale bar represents 20 um.
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APPENDIX B
SUPPLEMENTAL INFORMATION FOR CHAPTER 5 & 7
Figures generally report log(CFU) data as common for microbiological studies. Bacteria
count reported as scientific notation without logarithmic conversion are listed in this
Appendix to provide more information.

Table 10: Loading of bacteria electrospun into alginate-based nanofibers using both
single needle and coaxial setups and varying precursor solution recipes.

Electrospinning Loading

Bacteria Setup Precursor solution Flow rate (mL/hr) (CFU/g)
Ek‘ﬁ" Single needle 10° CFSUA//"F‘,'E(;”/PZS'Z/(}'W 3% 2.00 mL/hr 2.74 x 10°
ﬁl.is?s?llei Single needle 10° CI:SLX/n;IEér}IESSSI()l5l3% 2.00 mL/hr 8.47 x 10°
Nissie  Smgleneedle e gt with v glyosrol  200MUNT 151x10°
5

Ol ool neegle OIS0 X 10°CFUIMLn 2% SA 70070 (IS  g'0e < 100

0.70/0.35 core/shell ~ 5.21 x 108
0.35/0.70 core/shell ~ 1.41 x 10°
0.70/0.70 core/shell ~ 1.53 x 10°
0.70/0.35 core/shell ~ 1.18 x 10°

0.35/0.70 core/shell ~ 1.35 x 10°
0.70/0.70 core/shell ~ 1.03 x 10°

Core: 5.0 x 10° CFU/mL in 2.5% SA
Shell: 2.5/1.5/3% SA/PEO/PS80

Core: 5.0 x 10° CFU/mL in 2.5% SA
L. lactis  Coaxial needle Shell: 2.5/1.5/3% SA/PEO/PS80 with
2% calcium carbonate

L. lactis  Coaxial needle

Table 11: Loading of L. lactis in coaxially electrospun alginate-based nanofibers after
crosslinking and submersion in KCI/HCI acid buffer for 2 hr. Crosslinking systems are
outlined in Table 3. Shell solution contained 2.5/1.5/3% SA/PEO/PS80 formulated with
and without calcium carbonate.

Crosslinking Calcium carbonate L. lactis loading after L. lactis loading after acid
system (Wt%) crosslinking (CFU/g) submersion (CFU/g)
CA-PE 0.00 0 n/a
CA-10 0.00 2.86 x 108 0
CA-G 0.00 3.73 x 108 0
CA-PE 2.00 0 n/a
CA-10 2.00 3.79 x 108 6.10 x 107
CA-G 2.00 2.09 x 108 1.33 x 108
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Figure 33: Results of overlay assay assessing the inhibitory activity of L. lactis as (a) a
bacterial suspension, (b) encapsulated within as-spun nanofibers, (c) encapsulated in CA-
10 nanofibers, (d) encapsulated in CA-G nanofibers, (e) encapsulated in CA-PE
nanofibers, and (f) a negative control without L. lactis against S. aureus 12600.

a c)

Figure 34: Results of overlay assay assessing the inhibitory activity of L. lactis as (a) a
bacterial suspension, (b) encapsulated within as-spun nanofibers, (c) encapsulated in CA-
10 nanofibers, (d) encapsulated in CA-G nanofibers, (e) encapsulated in CA-PE
nanofibers, and (f) a negative control without L. lactis against MSSA.
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Figure 35: Results of overlay assay assessing the inhibitory activity of L. lactis as (a) a
bacterial suspension, (b) encapsulated within as-spun nanofibers, (c) encapsulated in CA-

10 nanofibers, (d) encapsulated in CA-G nanofibers, (e) encapsulated in CA-PE
nanofibers, and (f) a negative control without L. lactis against MRSA.

Table 12: Viable bacteria count of free L. lactis and coaxially electrospun L. lactis in
SA/PEO/PS80 nanofibers with 2 wt% calcium carbonate before and after submersion in
KCI/HCI acidic buffer.

Acid Sample
submersion Control As-spun CA-10 CA-G
time (hr)
0 5.36 x 105 CFU/mL  1.35x 10°CFU/g  3.79 x 108 CFU/g  2.09 x 108 CFU/g
2 0 2.07 x 10’ CFU/g  6.10 x 10" CFU/g  1.33 x 108 CFU/g

Table 13: L. lactis was coaxially electrospun in alginate-based nanofibers containing 2%
calcium carbonate as an antacid and released into a simulated gastrointestinal tract.
Gastrointestinal Tract Phase Time (min) Cumulative L. lactis released (CFU/qg)

0 0.00
Stomach 120 oo
121 8.55 x 102
125 6.06 x 10*
Intestines 135 6.52 x 10*
150 1.20 x 10°
180 1.01 x 10°
240 9.42 x 10*
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APPENDIX C
(ROMP) OF N-METHYLPYRIDINIUM-FUSED NORBORENES FOR THE
PRECISE SYNTEHSIS OF ANTIBACTERIAL MAIN-CHAIN CATIONIC
POLYMERS

This work was conducted in collaboration with the Michaudel Group in the Department
of Chemistry at Texas A&M University.
Adapted from:
Hancock, S. N.; Yuntawattana, N.; Diep, E.; Maity, A.; Tran, A.; Schiffman, J. D.;
Michaudel, Q. Antibacterial Main-Chain Cationic Polymers via Controlled ROMP of N-
methyl Pyridinium-fused Norborenes. PNAS. 2023. (under revision)
C.1  Abstract
With the rise of antibiotic resistant bacteria, the development of antimicrobial
polymers is imperative for the prevention or treatment of pathogenic infections.
Here, synthesis and ring-opening metathesis polymerization (ROMP) of N-
methylpyridinium-fused norborenes monomers created cationic homo- and co-
polymers that exhibited antibacterial activity. Disk diffusion assays were
conducted to qualitatively determine antibacterial susceptibility of monomers and
polymers against lab standard E. coli and clinically relevant MRSA. Since
monomers did not inhibit the growth of either of these strains, polymerization was
deemed necessary for antibacterial activity. Broth microdilution assays were used
to quantitatively determine minimal inhibitory concentrations (MIC) of polymers.
For water-insoluble polymers, an assay with dilute dimethyl sulfoxide solvent was
adapted. Homo- and co-polymers of varying molecular weights effectively

inhibited the growth of both strains of bacteria with MICs of 25-50 ug/mL.
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C.2  Materials

The bacterial strains used were Escherichia coli K12 Wildtype (E. coli K12) and clinical
isolate methicillin-resistant Staphylococcus aureus (MRSA) IDRL-6169. Mueller Hinton
broth (MHB), bovine serum albumin (BSA), and dimethyl sulfoxide (DMSQO) were
purchased from Sigma Aldrich (St. Louis, MO). Acetic acid (AA; percent purity
>99.7%), agar, and hydrochloric acid (HCI; percent purity = 36.5-38.0%) were purchased
from Fisher Scientific (Hampton, NH). Deionized (DI) water was obtained from a
Barnstead Nanopure Infinity water purification system (Thermo Fisher Scientific,
Waltham, MA) and sterilized via autoclave (120°C, 1 bar, 15 min). Monomers and in-
house synthesized polymers were used as received from the Michaudel Lab at Texas
A&M University. A list of monomers and polymers and their properties is provided in
Table 14.

Table 14: Polymer properties and solvents

Polymer Polymer properties | Solvent stock solution
1-H* MW=307.29 g/mol DI water or DMSO
1-'Bu* MW=363.4 g/mol DI water or DMSO
. Dptheo =40
poly(1-H*)4o M= 11.7 kg/mol DI water
Dptheo =10
Byt
poly(1-'Bu*)1o M= 6.3 kg/mol DMSO
Dptheo =20
Byt
poly(1-'Bu*)2o M= 6.3 kg/mol DMSO
Dptheo =40
Byt
poly(1-Bu")w M= 6.3 kg/mol DMSO
Dpte° = 20 (h=m=10)
_t H\_h- - +
poly(1-'‘Bu*)-b-(1-H*) M,£9= 6.9 kg/mol DMSO
theo — —m=
poly(1-H*)-r-(1-By) | PP = 20 (n=m=10) DMSO

Mn®P= 6.9 kg/mol

C.3  Methods

C.3.1 Antibacterial susceptibility using disk diffusion assay

Disk diffusion assays were conducted based off a previously published method™ and

Clinical and Laboratory Standard Institute (CSLI) guidelines.®® Whatman filter paper
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(Grade 3) was punched into 6 mm diameter disks using a hole puncher and sterilized via
autoclave.®® Stock solutions of water-soluble monomers or polymers were made by
dissolving the sample in either sterile DI water or DMSO, while stock solutions of water-
insoluble polymers were made by dissolving the sample in DMSO. Two-fold serial
dilutions were made by diluting the stock solution with its respective solvent. Test
samples were prepared by pipetting 20 pL of a polymer dilution onto a filter disk,
whereas the controls were loaded with 20 pL of solvent (no polymer). E. coli and MRSA
were incubated in MHB at 37 °C with shaking (250 rpm) for 4-6 hr until their
logarithmic growth phase was reached in accordance with standards set by the CLSI. The
liquid cultures of bacteria were diluted to an optical density (Genesys 10S UV-Vis,
Thermo Fisher Scientific, Waltham, MA; A = 600 nm) of 0.1, which was approximately
108 CFU/mL and 107 CFU/mL, for E. coli and MRSA, respectively. Using a sterile cotton
swab (tifanso, Guanzhou, China), the bacterial suspension was streaked in three panes
across the Mueller Hinton Agar plate (21 g/L MHB and 17 g/L agar in DI water
autoclaved for 15 min at 120 °C). Agar plates were divided into six partitions for one
control and five polymer dilutions.®” Control disks and inoculated disks were placed
within each partition using flame-sterilized forceps. Agar plates containing samples were
incubated for 16 hr at 37 °C before the detection of a ZOI was used to determine the
antibacterial susceptibility of a given polymer concentration.

C.3.2 MIC determination by broth microdilution assay

Standardized broth microdilution protocols were followed for the needs of each of the
different polymers.> 8" For water-soluble monomer and polymers, stock solutions were
serial diluted with MHB in a 1:9 ratio before serial diluting the solutions two-fold with

MHB in 10 columns of a polypropylene 96-well plate. Each well contained a final
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volume of 50 pL of polymer solution. The bacteria suspension was diluted to a
concentration of 108 CFU/mL before inoculating each well with 50 pL of bacteria. For
water-insoluble polymers, the polymers were dissolved in DMSO before diluting with
MHB in a 1:9 ratio. In the well plate, stock solutions were serial diluted two-fold in the
first column with MHB followed by a serial two-fold dilution with 5% DMSO in MHB in
subsequent columns.

The last two columns of the well plate contained a growth control of bacteria
inoculated in MHB and a sterile control of MHB without bacteria, respectively. The well
plates were incubated (37 °C) in a BioTek Synergy HTX Multimode microplate reader
for 16 hr with continuous orbital shaking. The absorbance at A = 600 nm was measured
every 20 min. The MIC was determined as the lowest concentration that prevented the

growth of bacteria.

C.4  Results
C.4.1 Antibacterial susceptibility determined by disk diffusion assay
C.4.1.1 1-H*and 1-'Bu® monomers

Disk diffusion assays were performed as preliminary studies to determine the inhibitory
potential of monomers and in-house synthesized polymers.?*3214 This method rapidly
assesses antibacterial susceptibility rather than a quantitative determination of a minimal
inhibitory concentration (MIC).>%%2 To assess the antimicrobial activity, Gram-negative,
common laboratory strain of E. coli K12 and Gram-positive, clinically relevant strain of
MRSA were selected. These results are summarized in Table 15 & Table 16. Monomers
did not produce any ZOI for both bacteria and solvents. (Figure 36: Disk diffusion assays

against E. coli and MRSA for: (a) 1-H+ dissolved in water, (b) 1-H+ dissolved in DMSO,

116



(c) 1-tBu+ dissolved in water, and (d) 1-tBu+ dissolved in DMSO.Figure 36) Thus,
further investigations excluded monomers.

Table 15: Antimicrobial activity determined by disk diffusion assay.

Disk Diffusion
Sample Testing concentrations MIC
type Sample Name Solvent (ug/mL) E. coli MRSA

1 DI water 400 to 6,400 <400 <400

Monomer DMSO 400 to 6,400 <400 <400
1By DI water 400 to 6,400 <400 <400

DMSO 400 to 6,400 <400 <400
poly(1-H*)s0 DI water 400 to 6,400 1,600 1,600

DMSO 400 to 6,400 1,600 800

Polymer poly(1-'Bu*)z DMSO 400 to 6,400 1,600 400
poly(1-'Bu*)-b-(1-H*) DMSO 400 to 6,400 3,200 3,200
poly(1-H*)-r-(1-'Bu*) DMSO 400 to 6,400 6,400 3,200

Figure 36: Disk diffusion assays against E. coli and MRSA for: (a) 1-H" dissolved in
water, (b) 1-H* dissolved in DMSO, (c) 1-'Bu* dissolved in water, and (d) 1-'Bu*
dissolved in DMSO.

C.4.1.2 Poly(1-H*) and poly(1-‘Bu*) homopolymers
For the assessment of the antimicrobial susceptibility of in-house synthesized polymers,
poly(1-H") could be dissolved in water or DMSO before being diluted with MHB. Since

poly(1-Bu™) and copolymers poly(1-‘Bu*)-b-(1-H*) and poly(1-H")-r-(1-'Bu*) were not
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water-soluble, DMSO was selected as a solvent due to its relatively low toxicity to cells,
in contrast to most organic solvents.>® Other literature®* has cited its successful use in
disk diffusion assays for antibacterial susceptibility testing. In parallel to testing the
cationic polymers, a control disk, that was only exposed to the relevant solvent used (i.e.
water or DMSO without polymers) was also tested.

Poly(1-H")20 dissolved in water produced ZOlIs at a concentration of 1600 pg/mL
for both bacteria (Figure 37.a). When DMSO was used to dissolve poly(1-H")20, the
concentration needed to inhibit growth of E. coli was similar to that of the aqueous
solution. The lowest concentration with a ZOI for MRSA was 800 ng/mL Figure 37.b).
Notably, both of the control disks (containing water or DMSO) exhibited no ZOI. The
difference in inhibitory concentrations for poly(1-H")2o dissolved in water and in DMSO
may be caused by the differences in the diffusion of the cationic polymer and solvent
along the hydrophilic agar plate. Meanwhile ferz-butyl substituted poly(1-Bu*)zo
dissolved in DMSO exhibited ZOls at concentrations of 1600 pg/mL against E. coli, and
400 pg/mL against MRSA (Figure 37.c). These results indicated the importance of the

polycationic structure for antibacterial activity.
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Figure 37: Disk diffusion assays against E. coli and MRSA (with arrows indicating
lowest concentration in which a ZOl is observed) for: (a) poly(1-H")20 dissolved in water,
(b) poly(1-H*)2 dissolved in DMSO, (c) poly(1-'Bu*)z dissolved in DMSO, (d) poly(1-
'Bu*)10-b-(1-H*)10 dissolved in DMSO, and (&) poly(1-H*)10-r-(1-'Bu*)1o dissolved in
DMSO. The polymer concentration tested (ug/mL) is provided along the outside edge of
the petri dish. Control samples containing relevant solvent (no cationic polymers) were
also tested.

C.4.1.3  Poly(1-'Bu*)10-(1-H*)10 co-polymers

The antibacterial activity of block and random copolymers, poly(1-Bu*)10-b-(1-H*)10 and
poly(1-H")10--(1-Bu*)10, respectively, was determined to explore the effect of varying
the steric bulk and hydrophobicity surrounding the pyridinium group. Block copolymer
poly(1-Bu*)10-b-(1-H")10 showed ZOIs at 3200 pg/mL for both bacteria (Figure 37.d),
while random copolymer poly(1-H")10-7-(1-‘Bu*)1o exhibited ZOlIs at 6400 and 3200
pg/mL for E. coli and MRSA, respectively Figure 37.e). The difference in lowest
concentrations necessary for a ZOI against E. coli between the copolymers suggests that

the spatial arrangement of repeating units bearing hydrophobic groups nearby the

pyridinium is important to the bactericidal activity of the polymers.
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C.4.2 MIC determination by broth microdilution assays
After initial disk diffusion assays confirmed initial antibacterial activity of poly(1-H")
and (1-Bu*) against E. coli and MRSA, broth microdilution assays were conducted to
determine the MIC values of the polymers. This method provides quantitative MICs since
the disk diffusion assay cannot quantify the amount of the antibacterial agent that diffuses
along the agar surface.’! In addition to investigating the effect of chemical structure on
the antibacterial activity of poly(1-H*) and (1-‘Bu™), the influence of the length of the
polymers was also studied. While it was beyond the scope of this study to identify the
exact mechanism of bacterial inactivation, we note that some studies have shown that
higher molecular weight polymers with more cationic charges inactivate and disrupt
bacterial cell membranes via surface contact.>>-’ In contrast, other compounds have to
permeate into the cell membrane in order to inactivate the bacteria; in that case, higher
molecular weight polymers might exhibit poorer diffusion into the cell membrane, thus
reducing their antibacterial efficacy.’**
C.4.2.1 Effects of chain length on MIC of poly(1-H")
Polymers with shorter chain length (DP = 10; poly(17)10) and higher chain length (DP =
40; poly(1*)40) were compared to poly(1%)20 that was studied in the disk diffusion assays.
An MIC value of 50 ng/mL against both E. coli and MRSA was measured for all tested
poly(1-H") independent of their DP (Table 16). This MIC is markedly lower than the
concentrations needed for bacterial inhibition in the disk diffusion assays. Notably,
inconsistencies between disk diffusion and broth dilution evaluations have been reported
and attributed to the ability of the polymer to interact with and diffuse from the filter

disk. %!
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Table 16: Comparison of the MIC of various homo- and copolymers

Stock solution Testing concentrations MIC (ug/mL)
Sample solvent (ug/mL) E.coli MRSA

poly(1-H")1o DI water 0.195 to 100 50 50
poly(1-H%)20 DI water 0.195to 100 50 50
poly(1-H")4o DI water 0.195 to 100 50 50
poly(1-‘Bu*)1o DMSO 0.195 to 100 25 50
poly(1-'Bu*)zo DMSO 0.195 to 100 50 50
poly(1-'Bu*)ao DMSO 0.195 to 100 50 50
poly(1-'Bu)10-b-(1-H")10 DMSO 0.195 to 100 25 50
poly(1-H*)10-r-(1-'Bu*)io DMSO 0.195 to 100 50 50

C.4.2.2  Effects of chain length on MIC of poly(1-‘Bu™)

A similar study was conducted with fert-butyl substituted poly(1-‘Bu™), as well as
copolymers poly(1-Bu*)i0-b-(1-H*)10 and poly(1-H")10--(1-Bu*)10. However, because
of the poor water solubility of these polymers, all samples were first dissolved in DMSO
prior to dilution with Mueller Hinton Broth (MHB), which afforded MHB/polymer
solutions with 5% DMSO content. Though high concentrations of organic solvents are
generally incompatible with the growth of bacteria, low concentrations of DMSO (5%)
are known not to inhibit the growth of E. coli or MRSA.>% %> This was further confirmed
by monitoring the bacterial growth curves of growth controls run with 5% DMSO in
MHB (not shown). For this second series of cationic polymers, the broth microdilution
assays were also found to be more sensitive to polymer concentrations than the disk
diffusion assays. The MIC of poly(1-Bu*)2 and poly(1-Bu*)s was 50 pg/mL for both
bacteria (Table 16). Interestingly, the MIC of poly(1-Bu*)io differed for E. coli (25
pg/mL) and MRSA (50 pg/mL).

C.4.2.3  Effects of chain length on MIC of co-polymers

Similar to poly(1-‘Bu*)1o, the block copolymer poly(1-‘Bu*)i0-b-(1-H")10 also resulted in
MIC values of 25 and 50 pg/mL for E. coli and MRSA, respectively, whereas the random

copolymer poly(1-H*)10-7-(1-"Bu™)10 had an MIC value of 50 pg/mL for both bacteria.
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Differences in MIC values observed with Gram-negative and Gram-positive bacteria in
the presence of antibacterial polymers are common and are typically ascribed to the
specific outer membrane of each strain, which has been reported to impact the ability of

bioactive compounds to interact with and/or diffuse into cellular membranes.>® 63 64
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