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Bacterial extracellular vesicles (BEVs) are lipid nanoparticles loaded with bioactive cargo that
mediate microbe-microbe and microbe-host cell communication. Recent reports suggest that
probiotic bacteria can play a beneficial role in wound healing and are essential in the gut-brain
axis. Due to their secondary role in wound healing and their long-distance effect on the brain, we
hypothesize that probiotic BEVs are the main effector in this phenomenon. Therefore, this study
evaluates the biological effects of probiotic BEVs in wound healing and neuropod-like
enteroendocrine signaling. Three probiotic strains, Lactiplantibacillus plantarum,
Limosilactobacillus reuteri, and Bifidobacterium longum subsp. infantis, were selected as
models due to their established beneficial probiotic capabilities. In the context of wound healing,
the pro-migratory, pro-angiogenic, and anti-inflammatory activity of the BEVs were assessed

using scratch assays, tube formation assays, and macrophage cytokine release analysis,



respectively. Here, it was found that the vesicles promoted endothelial migration and
angiogenesis in a strain- and dose-dependent manner, with Lactiplantibacillus

plantarum showing strong effects on migration and Bifidobacterium longum subsp. infantis
enhancing angiogenic responses. At higher dosages, inflammatory signaling was reduced,

suggesting immunomodulatory potential.

In neuropod-like models, STC-1 and NCI-H716 cells were used to evaluate vesicle uptake,
viability, calcium signaling, and gene expression. Both cell lines efficiently internalized vesicles
without inducing cytotoxicity. Despite successful uptake, vesicle treatment did not produce
strong calcium flux or significant transcriptional changes in genes associated with
neuroendocrine signaling. These findings suggest that host cell-vesicle interactions alone are not

sufficient to drive rapid signaling responses in these models.
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Chapter 1: Introduction

Host tissues respond to injury and environmental signals through coordinated cellular
communication networks that regulate repair, immune activity, and physiological function. In
wound healing, this coordination involves epithelial cells, immune cells, fibroblasts, and
endothelial cells working together to restore tissue integrity through migration, proliferation,
angiogenesis, and remodeling. Disruption of these processes leads to delayed healing and chronic
wounds, which remain a major clinical challenge. Identifying signals that regulate these
processes is important for developing therapies that improve tissue repair while limiting

excessive inflammation.

Microbial-derived factors have emerged as regulators of host cell behavior, with bacterial
extracellular vesicles representing a key mechanism of interaction. BEVs are nanoscale lipid
bilayer structures that carry proteins, nucleic acids, and metabolites capable of influencing host
signaling pathways. Because they are non-replicative and can deliver bioactive cargo efficiently,
BEVs offer advantages over live microbial therapies. In wound healing, they have the potential
to influence endothelial migration, angiogenesis, and immune responses, which are all required

for effective tissue repair.

In parallel, microbial signals also play a role in gut-brain communication. Specialized
enteroendocrine cells, including neuropod-like cells, detect luminal signals and transmit
information to the nervous system through rapid signaling mechanisms. Understanding how

BEVs interact with these cells is important for defining how the microbiome influences neural



and metabolic pathways. Cell models like STC-1 and NCI-H716 provide systems to study these
interactions and evaluate whether BEVs can activate signaling pathways relevant to gut-brain

communication.

This study aimed to evaluate the role of probiotic BEVs across two biological systems. In wound
healing models, the focus was on endothelial migration, angiogenesis, and inflammatory
signaling. In neuropod models, the focus was on uptake, cell viability, calcium signaling, and
gene expression. By combining these approaches, this work assesses both the ability of BEVs to
interact with host cells and their capacity to produce functional responses across different

physiological contexts.



Chapter 2: Exploring probiotic BEVs in wound healing

2.1 Wound Healing

2.1.1 Introduction to Wound Healing

Wound healing is a complex biological process that restores tissue integrity after injury'-2. Skin
and epithelial barriers act as the first line of defense against environmental pathogens and
physical harm®. When these barriers are disrupted, a coordinated sequence of cellular and
molecular events begins to promote tissue repair and restore normal function. Successful healing
depends on communication among epithelial cells, immune cells, fibroblasts, endothelial cells,
and extracellular matrix components'**. These interactions manage inflammation, cell migration,
proliferation, and tissue remodeling. When these processes are not properly coordinated, healing

is delayed, chronic wounds develop, and the risk of infection increases*”.

Recent research has focused on identifying biological signals that regulate tissue repair and
influence the inflammatory environment of the wound site®. Among these signals, microbial
products produced by commensal and probiotic bacteria have attracted attention for their role in
controlling host tissue responses’. Bacterial extracellular vesicles are one type of microbial

signal that can affect host cell behavior during tissue repair®’.

2.1.2 What is Wound Healing?

Wound healing occurs through four overlapping stages that work together to restore tissue'2. The

first stage, hemostasis, happens immediately after injury and involves platelet aggregation and



fibrin clot formation to stop bleeding. This clot also acts as a support structure for later cell

movement.

The second phase, inflammation, recruits immune cells such as neutrophils and macrophages to
the injury site. These cells remove debris, eliminate pathogens, and release cytokines and growth
factors that initiate tissue repair>*. While inflammation is necessary for defense and early

repair, prolonged inflammatory signaling can impair healing and lead to chronic wounds.

The third phase, proliferation, involves migration and proliferation of keratinocytes and
fibroblasts'-2. Keratinocytes deepithelialized the wound surface while fibroblasts produce
extracellular matrix proteins such as collagen. Angiogenesis also occurs during this stage,

forming new blood vessels that supply oxygen and nutrients to regenerating tissue*'°.

The final stage, remodeling, reorganizes the extracellular matrix and strengthens newly formed
tissue. Collagen fibers align along tension lines, and excess cells undergo apoptosis, restoring

tissue architecture!-2. This phase can continue for months after the initial injury.

2.1.3 Why is Wound Healing Important?

Effective wound healing maintains barrier integrity and protects the body from infection and
dehydration®*. Chronic wounds represent a major medical challenge, particularly in individuals
with diabetes, vascular disease, or impaired immune function. Nonhealing wounds increase the
risk of infection, reduce the quality of life, and contribute to significant healthcare costs

worldwide!!.



Therapies that accelerate epithelial migration, regulate inflammation, and promote tissue
regeneration represent key goals in regenerative medicine. Microbial-derived signals offer a
promising approach because they naturally engage host immune and epithelial pathways’®.
Probiotic-derived bacterial extracellular vesicles provide one potential strategy for delivering

these signals in a controlled manner.

2.2 Bacterial Extracellular Vesicles

2.2.1 Introduction to Bacterial Extracellular Vesicles

Bacterial extracellular vesicles have emerged as important mediators of communication between
microbes and host tissues 2. These vesicles are nanoscale membrane-bound particles released
during bacterial growth. They function as carriers for biologically active cargo that can interact
with host cells. Research over the past decade demonstrates that extracellular vesicles influence
immune signaling, epithelial barrier function, and tissue regeneration "4, Because probiotic
bacteria produce vesicles containing beneficial signaling molecules, these structures have
attracted interest as potential therapeutic tools in regenerative medicine and inflammation

control'>'°,

2.2.2 What are BEVs?

Bacterial extracellular vesicles are spherical lipid bilayer structures typically ranging from 20 to

250 nanometers in diameter. Gram-negative bacteria produce vesicles through outward budding

of the outer membrane, forming structures often referred to as outer membrane vesicles®!"18,



Gram-positive bacteria also release extracellular vesicles through mechanisms involving

localized cell wall remodeling'®.

These vesicles transport bacterial molecules outside the cell while protecting them from
degradation in the extracellular environment. Because they are enclosed within a lipid bilayer,
vesicles can deliver their cargo to distant host cells while maintaining structural stability. This
allows them to function as efficient signaling particles that mediate host microbe

communication®'%13,

2.2.3 Why are BEVs Used?

Extracellular vesicles allow bacteria to influence host physiology without requiring direct
bacterial colonization or invasion'>!*. Vesicles transport microbial molecules that activate host
receptors and signal pathways. In probiotic species, these vesicles contain molecules that

regulate inflammation, strengthen epithelial barriers, and promote tissue regeneration'>'>.

Interest in BEVs has increased because they offer several advantages over live bacterial
therapies'>?°. Vesicles lack replicative capacity, thereby reducing the risk of bacterial
colonization. Their nanoscale size allows them to penetrate tissues and interact with cells
efficiently. Vesicles also maintain biological activity while enabling more controlled dosing than
live microbial treatments®!2. These properties make probiotic BEVs promising candidates for

therapeutic development in wound healing and tissue repair.



2.2.4 What are BEVs Made of?

The composition of bacterial extracellular vesicles reflects the molecular content of the parent
bacterium. Vesicles contain a lipid bilayer membrane enriched with phospholipids and
membrane proteins®'>!7. Embedded within this membrane are outer membrane proteins,

transport proteins, and signaling molecules derived from the bacterial envelope.

Inside the vesicle lumen, cargo includes enzymes, small metabolites, DNA fragments, messenger
RNA, and regulatory small RNAs. Vesicles also contain microbial-associated molecular patterns
such as lipopolysaccharide, peptidoglycan fragments, and lipoproteins!>!7. These molecules
interact with host pattern recognition receptors, including toll-like receptors and nucleotide-
binding oligomerization domain receptors'. Activation of these receptors triggers signaling

pathways that regulate inflammation, immune responses, and epithelial cell behavior'*.

2.2.5 How are BEVs Cultured?

Bacterial extracellular vesicles were produced by culturing probiotic bacterial strains under
controlled laboratory conditions and isolating vesicles from the culture supernatant. Bacterial
stocks were first streaked onto agar plates and incubated at 37°C for 1 to 2 days to obtain
isolated colonies. A single colony was then used to inoculate an overnight liquid culture grown
in appropriate media, such as MRS for Lactobacillus. Overnight cultures typically reached high
cell density and were used to seed larger production cultures.

For BEV production, fresh prewarmed media were inoculated with an overnight culture at
defined ratios, typically 1:50 for Lactobacillus. Cultures were grown in flasks with sufficient

volume to allow aeration and were incubated at 37°C. For aerobic strains, shaking at 250 rpm



was used to support growth. Cells were cultured to pre-stationary phase, as prolonged growth
into the stationary phase can alter vesicle composition due to increased cell lysis and changes in

gene expression.

Following culture, vesicles were isolated from the cell-free supernatant. Cultures were briefly
agitated to release vesicles associated with cell surfaces and then centrifuged at 10,000 x g for 10
minutes at 4°C to pellet bacterial cells. The supernatant was transferred to a new tube and
centrifuged again at 10,000 x g for 20 minutes at 4°C to remove residual debris. The clarified
supernatant was then filtered through a 0.45 um vacuum filter to remove remaining particles and

large contaminants.

Vesicles were further purified and concentrated using tangential flow filtration with a 300 kDa
membrane. The supernatant was first concentrated to a reduced volume, followed by diafiltration
using multiple volumes of sterile PBS to remove soluble proteins and contaminants. The sample
was then concentrated to a final volume of approximately 10 mL. The resulting BEV preparation
was expected to be clear or slightly opaque, indicating efficient separation from non-vesicular

material.

Following tangential flow filtration, samples were passed through a 0.2 um syringe filter to
ensure sterility and remove any remaining particulates. BEVs were then concentrated using 100
kDa ultrafiltration columns to a final volume of 1 to 5 mL, depending on yield requirements.
Care was taken to avoid overconcentration, which can reduce recovery efficiency. After

concentration, samples were gently mixed to recover vesicles retained on the membrane.



Purified BEVs were characterized by using nanoparticle tracking analysis to determine particle
concentration and size distribution, and protein concentration was measured to assess sample
purity. Vesicle preparations were aliquoted and stored at —20°C for short-term use, with efforts
made to minimize freeze—thaw cycles. These purified BEVs were then used for downstream cell-

based assays to evaluate their biological activity?'.

2.3 Scratch Assay

2.3.1 Introduction

The scratch assay, also known as the wound healing assay, is a widely used in vitro method for
evaluating cell migration and, to a lesser extent, proliferation in response to experimental
conditions®>**. In this assay, a confluent monolayer of cells is mechanically disrupted using a
sterile instrument, typically a pipette tip, to create a defined gap or “scratch” that mimics a
wound. The ability of cells to move into and close this gap over time is then monitored using
microscopy 2*?*. Because the assay is simple, reproducible, and cost-effective, it is commonly
used to study cellular behaviors involved in tissue repair, including motility, adhesion, and

response to external stimuli.

The scratch assay provides insight into how treatments influence the rate and extent of wound
closure, which reflects coordinated cellular processes such as migration, proliferation, and

cytoskeletal remodeling®***. In endothelial cells, such as HUVECs, this assay is particularly



useful for assessing responses relevant to vascular repair and regeneration. By comparing gap
closure across control and treatment groups, researchers can determine whether a given condition
promotes, inhibits, or has no effect on cellular repair mechanisms?. While the assay does not
fully replicate the complexity of in vivo wound healing, it serves as a reliable model for studying
early stages of tissue regeneration and for screening factors, such as bacterial extracellular

vesicles, that may modulate these processes.

2.3.2 Methods

Human umbilical vein endothelial cells, HUVECs, were used to assess the effect of probiotic
BEVs on endothelial migration and wound closure. Plates were pre-coated with sterile 0.1%
gelatin to support cell attachment. For 96-well plates, 100 uL gelatin was added per well for 1
hour. After aspiration of the gelatin, HUVECs were seeded at 15,000 to 20,000 cells per well in

96-well plates. Cells were cultured overnight until confluent.

Before scratch induction, the growth medium was removed and replaced with pre-warmed
endothelial basal medium for 1 to 4 hours to reduce the effect of exogenous growth supplements.

A scratch was created using a sterile p200 pipette tip.

Figure 1. Image of a scratch assay immediately after disruption of a confluent cell monolayer.
A linear gap was created using a sterile pipette tip, generating a defined cell-free region that serves
as the baseline for measuring cell migration and wound closure over time.

10



Detached cells were removed by washing once with sterile PBS. Experimental media were then
added. Positive control wells received endothelial growth medium, negative control wells
received endothelial basal medium, and treatment wells received BEV's in basal medium. Initial

images were captured at 0 hours, and the same wound regions were imaged again after 16 to 20

hours.

Figure 2. Image of the same scratch assay region at the final time point following incubation.

The previously cell-free gap is largely closed, indicating cell migration and proliferation into the
wound area over time.

2.3.3 Results
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Figure 3. Percent wound closure T0-T20 following treatment with probiotic BEVs at lower
dosing concentrations. HUVEC monolayers were treated with BEVs derived from
Lactiplantibacillus plantarum (Lp), Limosilactobacillus reuteri (Lre), and Bifidobacterium
longum subsp. infantis (Bif) at low (5.00 x 10° EVs/mL), medium (1.00 x 10 EVs/mL), and high
(2.00 x 10 EVs/mL) doses. Growth media served as the positive control, and basal media served
as the negative control. Percent wound closure was measured after 20 hours. Lactiplantibacillus
plantarum showed a trend toward increased closure with increasing dose, while Bifidobacterium
showed minimal dose-dependent response. Data are presented as mean + standard deviation (SD),
n = 3 independent experiments. Statistical analysis was performed using one-way ANOVA with
Tukey’s post hoc test. Significance is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001,
*Ex%kp <0.0001; ns = not significant.
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Figure 4. Percent wound closure T0-T17 following treatment with probiotic BEVs at higher
dosing concentrations. HUVEC monolayers were treated with bacterial extracellular vesicles
(BEVs) derived from Lactiplantibacillus plantarum (Lp), Limosilactobacillus reuteri (Lre), and
Bifidobacterium longum subsp. infantis (Bif) at low (1.00 x 10" EVs/mL), medium (5.00 x 10
EVs/mL), and high (1.00 x 10'* EVs/mL) doses. Growth media served as the positive control, and
basal media served as the negative control. Percent wound closure was measured after 17 hours.
The medium dose Lactiplantibacillus plantarum condition produced the highest wound closure,
suggesting an optimal concentration range, while higher doses showed reduced effectiveness
across several treatment groups. Data are presented as mean + standard deviation (SD), n = 3
biological replicates (triplicates). Statistical analysis was performed using one-way ANOVA with
Tukey’s post hoc test. Significance is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001,
*#%%p < 0.0001; ns = not significant.
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A scratch assay was performed to evaluate endothelial cell migration and wound closure
following treatment with probiotic BEVs at two different dosing ranges. The first experiment
used lower concentrations, with low at 5.00 x 10° EVs/mL, medium at 1.00 x 10'° EVs/mL, and
high at 2.00 x 10" EVs/mL. Based on trends observed in this initial experiment, a second assay
was conducted using higher concentrations, with low at 1.00 x 10'* EVs/mL, medium at 5.00 x

10 EVs/mL, and high at 1.00 x 10" EVs/mL.

In the first experiment (Figure 3), the growth media control showed near complete wound
closure at approximately 100 percent, confirming robust migratory capacity under optimal
conditions. Basal control showed moderate closure, generally between 50 and 70 percent,
indicating that endothelial cells retained significant migratory activity even in reduced
conditions. Among treatment groups, Lactiplantibacillus plantarum showed a trend where
medium and high doses produced greater wound closure than the low dose, with values reaching
approximately 60 to 70 percent. Limosilactobacillus reuteri groups also showed moderate
closure, with some increase at higher doses, although variability was present. Bifidobacterium-
derived BEVs showed relatively modest effects, clustering near 50 to 60 percent with no clear

dose-dependent trend.

Based on the observation that higher doses appeared to produce stronger effects in several
groups, a second experiment (Figure 4) was conducted at increased BEV concentrations. In this
higher dose range, the growth control again showed near complete closure, while the basal
control decreased to approximately 40 to 45 percent, providing a clearer baseline for comparison.

In this experiment, Lactiplantibacillus plantarum demonstrated a more pronounced dose
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response. The medium dose group showed the highest wound closure, approaching
approximately 80 percent, while the high dose group decreased to around 50 percent, suggesting
a peak effect at intermediate concentration. Limosilactobacillus reuteri groups showed consistent
moderate enhancement of wound closure at low and medium doses, with values between 60 and
70 percent, while the high dose again showed reduced activity. Bifidobacterium groups remained

relatively stable across dosages, with closure values around 45 to 55 percent.

Across both experiments, variability between replicates was observed, particularly in medium
dose groups. Despite this, consistent trends emerged showing that Lactobacillus-derived BEVs
produced stronger effects on endothelial migration compared to Bifidobacterium-derived BEVs,
and that optimal activity occurred within a specific concentration range rather than increasing

linearly with dose.

2.3.4 Discussion

The results demonstrate that probiotic BEVs influence endothelial cell migration in a dose-
dependent but non-linear manner. The initial experiment suggested that higher doses may
enhance wound closure, which led to the use of increased concentrations in the second
experiment. This adjustment improved separation between treatment groups and basal control,

allowing clearer identification of treatment effects.

In the second experiment, Lactiplantibacillus plantarum, Lp, showed the strongest response,
with a clear peak at the medium dose. This suggests that BEVs from this strain promote

endothelial migration most effectively within a defined concentration range. The reduced effect
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observed at the highest dose indicates that excessive vesicle concentration may limit activity.
Possible explanations include receptor saturation, activation of inhibitory signaling pathways, or

cellular stress responses at high vesicle exposure.

Limosilactobacillus reuteri, Lre, showed more consistent moderate effects across doses,
suggesting a stable but less potent influence on endothelial migration. Similar to Lp, the
reduction in activity at the highest dose supports the idea that optimal signaling occurs within a
specific concentration window. Bifidobacterium-derived BEVs produced weaker and more

uniform responses, indicating limited ability to enhance migration under these conditions.

The difference between the two experiments highlights the importance of dose selection in BEV
studies. The first experiment suggested a trend but did not fully capture the optimal range of
activity. The second experiment revealed that increasing concentration beyond a threshold does
not improve outcomes and may reduce effectiveness. This supports a model in which BEVs act
through receptor-mediated signaling pathways that require balanced stimulation rather than

maximal exposure.

Basal controls behavior, also influences interpretation. In the first experiment, relatively high
basal closure reduced the ability to distinguish treatment effects. In the second experiment, lower
basal closure improved dynamic range and made treatment-dependent differences more apparent.
Although this is still atypical for the Basal group to migrate this much. This suggests that
experimental conditions, including media composition and starvation period, play a critical role

in assay sensitivity.
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Variability across replicates remains a limitation and may result from differences in consistency,
cell density, or imaging alignment. Future studies should include increased biological replicates
and statistical analysis to confirm these findings. Additional experiments should also distinguish

between migration and proliferation to better define the mechanism of BEV action.

Overall, these results support the conclusion that probiotic BEVs modulate endothelial cell
migration, with Lactiplantibacillus plantarum showing the strongest potential effect at
intermediate doses. The findings also emphasize that BEV activity depends on both strain and

concentration, and that optimal dosing is required to achieve maximal biological response.

2.4 Tube Formation Assay

2.4.1 Introduction

The tube formation assay is a widely used in vitro method for assessing angiogenesis, the process
by which new blood vessels form from existing vasculature?®?’. In this assay, endothelial cells,
most commonly human umbilical vein endothelial cells, are seeded onto a layer of extracellular
matrix such as Matrigel. Under appropriate conditions, these cells rapidly align, migrate, and
form capillary-like networks that resemble early stages of blood vessel formation?’. This process

occurs within a few hours and can be visualized and quantified using microscopy.

The assay provides insight into how different treatments influence key endothelial behaviors
involved in angiogenesis, including cell migration, alignment, branching, and network formation.

Quantitative metrics such as the number of loops, branch points, and total tube length are
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commonly used to evaluate the extent of network development. Because angiogenesis is
essential for tissue repair, oxygen delivery, and nutrient supply, the tube formation assay serves
as a useful model for studying factors that promote or inhibit vascular growth. Although it does
not replicate the full complexity of in vivo angiogenesis, it is a reliable and efficient screening
tool for evaluating pro-angiogenic or anti-angiogenic activity of compounds such as bacterial

extracellular vesicles.

2.4.2 Methods

The effect of probiotic BEVs on endothelial angiogenic behavior was assessed using a Matrigel
tube formation assay. Growth factor-reduced Matrigel was thawed overnight at 4°C, and all tips,
plates, and tubes were pre-cooled to prevent premature solidification. A 48-well plate was coated

with 100 uL. Matrigel per well and incubated at 37°C for 30 minutes to allow gel polymerization.

HUVECs were passaged and resuspended in basal medium containing 0.1% FBS and 1%
penicillin-streptomycin without growth supplements. Cells were counted and aliquoted so that
each treatment group received 35,000 cells per well in triplicate. Treatment mixtures were
prepared at a final volume of 300 uL per well. Positive control wells received endothelial growth
medium with 5% FBS and vehicle control. Negative control wells received endothelial basal
medium with vehicle control. BEV treatment groups received vesicles at the desired
concentration in basal medium. Cells were plated carefully onto Matrigel-coated wells and
incubated for 3 to 6 hours. Wells were then imaged using an inverted microscope. Tube

formation was quantified by counting the number of loops formed in each well.
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Figure 5. Image of endothelial tube formation on Matrigel. Cells align and organize into
capillary-like structures, forming interconnected networks that model early stages of angiogenesis
in vitro

2.4.3 Results

A tube formation assay was performed to evaluate the effects of probiotic BEVs on endothelial
angiogenesis using HUVECs. Angiogenic activity was quantified by measuring the number of
tubes or loops formed under different treatment conditions. Two independent experiments were

conducted using different BEV concentration ranges based on initial observations.
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Figure 6. Tube formation in HUVECs following treatment with lower treatment probiotic
bacterial extracellular vesicles. Endothelial cells were seeded on growth factor-reduced Matrigel
and treated with bacterial extracellular vesicles (BEVs) derived from Lactiplantibacillus
plantarum (Lp), Limosilactobacillus reuteri (Lre), and Bifidobacterium longum subsp. infantis
(Bif) at low (1.00 x 10° EVs/mL), medium (5.00 x 10° EVs/mL), and high (1.00 x 10" EVs/mL)
concentrations. Growth media served as the positive control, and basal media served as the
negative control. Tube formation was quantified by counting the number of loops formed per well
after incubation. The growth control showed the highest level of network formation, while BEV
treatments produced variable angiogenic responses, with high-dose Bifidobacterium
demonstrating the strongest effect among treatment groups. Data are presented as mean + standard
deviation (SD), n = 3 biological replicates (triplicates). Statistical analysis was performed using
one-way ANOVA with Tukey’s post hoc test. Significance is indicated as follows: *p < 0.05, **p
<0.01, ***p <0.001, ****p <(0.0001; ns = not significant.

In the first experiment, BEVs were tested at lower concentrations, with low at 5.00 x 10°
EVs/mL, medium at 1.00 x 10'® EVs/mL, and high at 2.00 x 10'® EVs/mL. The growth control
produced the highest level of tube formation, with approximately 50 to 55 tubes, confirming
strong angiogenic activity under supplemented conditions. The basal control showed reduced

tube formation, around 15 to 25 tubes, establishing a lower baseline. Among treatment groups,

Lactiplantibacillus plantarum showed moderate angiogenic activity across doses, with values
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generally between 15 and 22 tubes. Limosilactobacillus reuteri demonstrated a trend toward
increased tube formation at higher doses, with the high dose reaching approximately 25 to 30
tubes. Bifidobacterium-derived BEVs showed the strongest response among treatments, with the
high dose condition reaching approximately 30 to 35 tubes, suggesting enhanced angiogenic

potential relative to other strains.

Based on the observation that higher doses produced stronger responses in the first experiment, a
second assay was conducted using increased BEV concentrations, with low at 1.00 x 10'°

EVs/mL, medium at 5.00 x 10 EVs/mL, and high at 1.00 x 10" EVs/mL.
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Figure 7. Tube formation in HUVECs following treatment with higher concentration
probiotic bacterial extracellular vesicles. Endothelial cells were seeded on growth factor-
reduced Matrigel and treated with bacterial extracellular vesicles (BEVs) derived from
Lactiplantibacillus plantarum (Lp), Limosilactobacillus reuteri (Lre), and Bifidobacterium
longum subsp. infantis (Bif) at low (1.00 x 10" EVs/mL), medium (5.00 x 10'* EVs/mL), and high
(1.00 x 10" EVs/mL) concentrations. Growth media served as the positive control, and basal
media served as the negative control. Tube formation was quantified by counting the number of
loops formed per well after incubation. The growth control showed the highest level of network
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formation, while BEV treatments produced variable angiogenic responses, with
Lactiplantibacillus plantarum at low dose showing a significant increase compared to the negative
control, and overall reduced loop formation observed at higher BEV concentrations. Data are
presented as mean =+ standard deviation (SD), n = 3 biological replicates (triplicates). Statistical
analysis was performed using one-way ANOVA with Tukey’s post hoc test. Significance is
indicated as follows: *p < 0.05, **p < 0.01, ***p <0.001, ****p < (0.0001; ns = not significant.
In this experiment, the positive control again showed the highest tube formation, with
approximately 75 to 90 tubes, while the negative control showed minimal network formation,
around 5 to 15 tubes. Lactiplantibacillus plantarum demonstrated a stronger response compared
to the first experiment, with the high dose condition reaching approximately 45 tubes, indicating
enhanced angiogenesis at increased concentrations. Limosilactobacillus reuteri showed variable
responses, with the medium dose producing moderate tube formation around 20 to 30 tubes,
while the high dose decreased to lower levels. Bifidobacterium-derived BEVs showed a different
trend compared to the first experiment, with the medium dose producing moderate angiogenesis

of around 30 tubes, while the high dose showed a marked decrease, approaching minimal tube

formation.

Across both experiments, variability between replicates was observed, but consistent trends
indicated that BEV effects on angiogenesis depend on both bacterial source and concentration.
The second experiment revealed a broader dynamic range and more pronounced differences

between treatment groups.

2.4.4 Discussion

The tube formation assay results indicate that probiotic BEVs modulate endothelial angiogenesis

in a strain- and dose-dependent manner. The first experiment suggested that higher BEV
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concentrations produced stronger angiogenic responses, particularly for Limosilactobacillus
reuteri and Bifidobacterium. This observation guided the design of the second experiment, where

increased BEV concentrations were used to better define the dose-response relationship.

In the second experiment, Lactiplantibacillus plantarum showed a clear increase in angiogenic
activity at higher concentrations, with the high dose producing the strongest response among all
Lp conditions. This suggests that Lp-derived BEVs may promote endothelial network formation
more effectively at elevated doses. In contrast, Limosilactobacillus reuteri showed a peak at
intermediate concentrations, with reduced activity at the highest dose, indicating a non-linear
response. This pattern suggests that excessive vesicle concentrations may reduce angiogenic

signaling, potentially due to receptor saturation, altered signaling dynamics, or cellular stress.

Bifidobacterium-derived BEVs displayed a distinct shift between experiments. While the first
experiment showed increased angiogenesis at higher doses, the second experiment revealed a
decrease at the highest concentration. This suggests that Bif-derived BEVs may have a narrower
optimal concentration range and may become inhibitory at elevated levels. The sharp reduction
in tube formation at the highest dose supports the idea that angiogenic signaling is sensitive to

vesicle concentration and that excessive exposure may disrupt network formation.

The comparison between the two experiments highlights the importance of dose optimization in
BEV studies. The initial experiment identified a trend but did not fully capture the upper limits
of effective concentration. The second experiment demonstrated that increasing the dose

enhances angiogenesis up to a threshold, beyond which the effect plateaus or declines. This
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supports a model in which BEVs act through regulated signaling pathways that require balanced

stimulation rather than maximal exposure.

Variability between replicates and differences between experiments may reflect technical factors
such as Matrigel handling, cell seeding consistency, and imaging conditions. The presence of
bubbles or uneven matrix distribution can interfere with accurate tube formation and
quantification. Future experiments should include automated image analysis and increased

biological replicates to improve reliability.

Overall, these findings support the conclusion that probiotic BEVs influence endothelial
angiogenesis, with distinct strain-specific and dose-dependent effects. Lactiplantibacillus
plantarum showed strong pro-angiogenic potential at higher concentrations, while
Limosilactobacillus reuteri and Bifidobacterium longum subsp. infantis exhibited optimal
activity at intermediate doses. These results reinforce the importance of identifying precise

dosing ranges when evaluating BEVs for regenerative applications.

2.5 Anti-Inflammatory Assay

2.5.1 Introduction

The anti-inflammatory assay is an in vitro method used to evaluate how treatments influence
immune cell responses under inflammatory conditions?®. In this assay, macrophages, such as
RAW 264.7 cells, are commonly used because they play a central role in initiating and regulating

inflammation. To model an inflammatory state, cells are stimulated with lipopolysaccharide,
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LPS, a component of Gram-negative bacterial cell walls that activates toll-like receptor signaling
pathways®®??. This stimulation induces the production and secretion of pro-inflammatory
cytokines, including tumor necrosis factor alpha and interleukin 6. By measuring changes in
cytokine levels following treatment, the assay provides a quantitative readout of inflammatory

activity.

This assay allows for direct comparison between treated and untreated conditions to determine
whether a compound suppresses, enhances, or does not affect the inflammatory response!*%8. A
reduction in cytokine secretion relative to the LPS-stimulated control indicates anti-inflammatory
activity, while no change or an increase suggests limited or pro-inflammatory effects. In the
context of bacterial extracellular vesicles, this assay helps determine whether vesicles derived
from probiotic strains can modulate immune signaling pathways in macrophages'*. Because
inflammation plays a key role in both tissue repair and disease progression, understanding how
BEVs influence cytokine production provides insight into their therapeutic potential in wound

healing and immune regulation.

2.5.2 Methods

RAW 264.7 macrophages were used to assess the anti-inflammatory activity of BEVs. Cells
were seeded in 48-well plates at 75,000 cells per well and cultured overnight. The next day,
media were replaced with treatment mixtures containing BEV samples, dexamethasone positive
control, or vehicle controls. After approximately 24 hours of pre-treatment, inflammatory

responses were induced with 10 ng/mL lipopolysaccharide, except in the media-only control
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group. Conditioned media were collected 4 hours after LPS stimulation and stored for cytokine

analysis.

TNF-a secretion was measured using a DuoSet ELISA kit according to the manufacturer’s
protocol. High-binding 96-well plates were coated with capture antibody overnight, blocked, and
then incubated with standards and samples. Detection antibody and streptavidin-HRP were added
sequentially, followed by substrate development and stop solution. Absorbance was measured at

450 nm with 570 nm background correction.

2.5.3 Results
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Figure 8. TNF-a secretion in LPS-stimulated RAW 264.7 macrophages following treatment
with probiotic bacterial extracellular vesicles. Cells were treated with bacterial extracellular
vesicles (BEVs) derived from Lactiplantibacillus plantarum (Lp), Limosilactobacillus reuteri
(Lre), and Bifidobacterium longum subsp. infantis (Bif) at low (1.00 x 10° EVs/mL), medium (3.30
x 10° EVs/mL), and high (1.00 x 10 EVs/mL) concentrations before LPS stimulation. Media
only served as an unstimulated control, no treatment served as the LPS-stimulated inflammatory
control, and dexamethasone served as the anti-inflammatory positive control. TNF-a levels were
measured by ELISA. Higher BEV concentrations resulted in greater reductions in TNF-a, with
several high-dose conditions approaching the dexamethasone control. Data are presented as mean
+ standard deviation (SD), n = 3 biological replicates (triplicates). Statistical analysis was
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performed using one-way ANOVA with Tukey’s post hoc test. Significance is indicated as
follows: *p < 0.05, **p < 0.01, ***p <0.001, ****p <0.0001; ns = not significant.

An anti-inflammatory assay was performed using RAW 264.7 macrophages to evaluate the
effect of probiotic BEVs on TNF-a secretion following LPS stimulation. BEV treatments were
administered at low (1.00 x 10° EVs/mL), medium (3.30 x 10° EVs/mL), and high (1.00 x 10

EVs/mL) concentrations.

The media-only control showed low baseline TNF-a levels, approximately 2,000 to 3,000
pg/mL, confirming minimal inflammatory signaling in the absence of stimulation. The LPS-
stimulated no-treatment group showed a strong increase in TNF-a production, reaching
approximately 26,000 to 27,000 pg/mL, indicating successful induction of an inflammatory
response. The dexamethasone control reduced TNF-a levels to approximately 15,000 to 16,000

pg/mL, confirming the assay’s ability to detect anti-inflammatory effects.

Among the BEV treatment groups, Lactiplantibacillus plantarum showed a reduction in TNF-a
at the high dose, with values near 16,000 pg/mL, approaching dexamethasone control. The
medium dose showed moderate reduction, while the low dose remained closer to the LPS-only
condition. Limosilactobacillus reuteri treatments displayed a similar trend, with the high dose
producing the strongest reduction, while low and medium doses showed limited suppression and

remained near or above 24,000 pg/mL

Bifidobacterium-derived BEVs showed modest reductions across all doses. The low and medium

doses resulted in TNF-a levels around 20,000 to 21,000 pg/mL, while the high dose produced a
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greater decrease to approximately 14,000 to 15,000 pg/mL, representing one of the lowest

cytokine levels among treatment groups.

Across all groups, variability between replicates was observed, particularly in the Lp low and Lre
low conditions, as indicated by a wider spread in individual data points. Despite this, consistent

trends suggest increased anti-inflammatory effects at higher BEV concentrations.

2.5.4 Discussion

The results indicate that probiotic BEVs can modulate macrophage inflammatory responses in a
dose-dependent manner. The most consistent finding across all bacterial sources is that higher
BEV concentrations produced greater reductions in TNF-a secretion. This trend is especially
evident in the high-dose conditions for Lactiplantibacillus plantarum, Limosilactobacillus
reuteri, and Bifidobacterium longum subsp. infantis, which all reduced TNF-a relative to the
LPS-stimulated control.

Lactiplantibacillus plantarum and Limosilactobacillus reuteri showed similar response patterns,
where low and medium doses had a limited effect, while the high dose produced a clear
reduction in cytokine levels. This suggests that a threshold concentration may be required for
these vesicles to effectively engage anti-inflammatory signaling pathways. The high-dose
responses approaching the dexamethasone control indicate that these BEVs may have strong

immunomodulatory potential under optimal conditions.

Bifidobacterium-derived BEVs showed a more gradual response across doses, with moderate

suppression at low and medium concentrations and a stronger effect at the high dose. The high-
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dose Bifidobacterium condition produced one of the lowest TNF-a levels among all treatments,
suggesting that this strain may have strong anti-inflammatory potential at sufficient

concentration.

The variability observed across replicates highlights the need for additional biological repeats
and statistical analysis to confirm these findings. Experimental factors such as pipetting
accuracy, cell density, and timing of LPS stimulation may contribute to this variability.

Overall, these results support the conclusion that probiotic BEVs can reduce inflammatory
signaling in macrophages, with the strongest effects observed at higher doses. These findings
align with the broader hypothesis that BEVs act as biologically active signaling particles capable
of modulating immune responses. Future studies should focus on confirming these dose-response
relationships, identifying the molecular components responsible for these effects, and evaluating

additional cytokines to better characterize the anti-inflammatory profile of these vesicles.

2.6 Application to Industry

Probiotic BEVs have potential value in several translational and commercial areas. In wound
care, they could be incorporated into hydrogels, dressings, sprays, or biomaterial coatings
designed to stimulate tissue repair without using live bacteria. Because BEVs are non-replicative,
they offer a safer and more controllable alternative to live probiotic therapies. This is especially

attractive for immunocompromised patients or open wound applications.

In regenerative medicine, BEVs could be developed as biologically active additives for

engineered tissues or as components of advanced wound matrices that promote angiogenesis and

28



modulate inflammation. In cosmetics and skin care, vesicle-based formulations may have value
in products aimed at supporting barrier repair and post-procedure recovery. From a
manufacturing standpoint, vesicles are also attractive because they can be standardized,

characterized, and stored more easily than live microbial cultures.

2.7 Conclusions

This project explored the effects of probiotic BEVs on wound-healing relevant processes using
endothelial migration, angiogenesis, and inflammatory response assays. The results suggest that
probiotic BEVs are biologically active and capable of modulating endothelial behavior, though
the strength of the response depends on the bacterial source and dose. Lactiplantibacillus
plantarum showed promising effects in the scratch assay, while high-dose Bifidobacterium
produced the strongest tube formation response. Technical issues, especially inconsistent
negative controls and imaging artifacts, limit firm conclusions at this stage. Even so, the data

support continued investigation of probiotic BEVs as candidate therapeutics for tissue repair.

2.8 Connection to New Project

This wound-healing project established a broader framework for understanding how probiotic
BEVs influence mammalian cell behavior. In the wound context, the focus was on endothelial
migration, angiogenesis, and inflammatory signaling. In the neuropod project, the focus shifts
toward epithelial-neuronal communication in the gut. These projects are connected by a common

central question: how do probiotic BEVs interact with host cells to alter signaling and function?
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The wound-healing studies show that BEVs are not passive particles. They actively engage host
pathways and produce measurable biological effects. This provides a strong rationale for testing
whether BEVs also affect specialized gut epithelial cells involved in gut-brain signaling. Just as
endothelial cells respond to BEVs through changes in repair behavior, neuropod-like cells such
as STC-1 and NCI-H716 may respond through altered secretion, sensing, or communication with

neuronal pathways.

In this way, the wound-healing work serves as a foundation for the new project. It demonstrates

the therapeutic relevance of BEVs and supports a broader thesis theme in which probiotic BEVs

act as versatile signaling particles across different biological systems.
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Chapter 3: Probiotics BEVs Interaction with Neuropods

3.1 Neuropods

3.1.1 What are Neuropods?

Neuropod cells represent a specialized subset of enteroendocrine cells located throughout the
intestinal epithelium’*3!. Enteroendocrine cells account for less than 1% of epithelial cells in the
gastrointestinal tract, yet they serve a central sensory role by detecting luminal nutrients,
microbial metabolites, and other environmental signals®!. Neuropods differ from classical
endocrine enteroendocrine cells because they form direct synaptic connections with neurons of
the enteric nervous system and vagal afferents. These cells contain both endocrine secretory
vesicles and synaptic vesicles, enabling rapid neural communication as well as hormone
secretion®®32. Structurally, neuropods extend long basal processes that contact nearby nerve

fibers, creating a physical interface between the intestinal epithelium and neural circuits.

3.1.2 How do neuropods work along the gut brain axis?

Neuropods function as fast sensory transducers that relay information from the intestinal lumen
to the nervous system>*>2. When nutrients or microbial signals enter the gut lumen, receptors on
neuropod cells detect these molecules and trigger intracellular signaling cascades’!. Activation of
these receptors leads to calcium influx and vesicle release®>**. Unlike traditional endocrine
signaling, which depends on hormone diffusion through the bloodstream, neuropods release
neurotransmitters directly onto adjacent neurons. Glutamate is one of the primary

neurotransmitters released by neuropods, which allows communication with vagal afferent
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neurons within milliseconds***>33. Through this mechanism, neuropods transmit sensory
information from the intestinal lumen to the brain rapidly and precisely. This pathway
contributes to the regulation of appetite, nutrient sensing, gastrointestinal motility, and metabolic

responses.

3.1.3 What are neuropods important?

Neuropods play a central role in integrating signals from diet, microbiota, and the intestinal
environment with neural pathways that regulate physiology>'**. Their rapid synaptic
communication allows the brain to respond quickly to changes in nutrient composition within the
gut®®. Research shows neuropod signaling influences feeding behavior, glucose metabolism, and
hormone secretion®!'**. Because these cells respond to microbial metabolites and pathogen-
associated molecular patterns, they also serve as a potential interface between the microbiome
and the nervous system. Disruption of gut-brain signaling contributes to several disorders,
including metabolic disease, inflammatory bowel disease, and functional gastrointestinal
disorders***. Understanding neuropod signaling provides insight into how microbial signals

influence neural circuits that control host physiology.

3.1.4 What do we think neuropods can be used for

Neuropods provide a promising model for studying how microbial signals influence neural
communication in the gut-brain axis. Identification of microbial molecules that activate
neuropods may reveal mechanisms through which the microbiota regulates behavior,
metabolism, and immune responses**. Bacterial extracellular vesicles represent a particularly

strong candidate for this type of signaling. Probiotic bacteria release extracellular vesicles that
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contain proteins, lipids, metabolites, and nucleic acids capable of interacting with host
receptors®!4. Because these vesicles protect their cargo within a lipid bilayer, they deliver
microbial signals efficiently to host cells. If probiotic bacterial extracellular vesicles activate
neuropods, they could represent a mechanism through which beneficial microbes influence
neural signaling pathways. This interaction could open opportunities for therapeutic strategies
targeting metabolic regulation, gut inflammation, and neuroimmune communication through

controlled microbial vesicle delivery'***.

3.2 8TC-1

3.2.1 What are STC-1?

STC-1 cells originate from a murine enteroendocrine tumor of the small intestine. These cells
retain many characteristics of native enteroendocrine cells, including expression of nutrient-
sensing receptors, hormone production pathways, and regulated secretory vesicles*®*’. STC-1
cells produce several gut peptides, including cholecystokinin, glucagon-like peptide 1, and
peptide YY. Because they respond to nutrients and microbial metabolites with intracellular
calcium signaling and peptide secretion, they serve as a widely used in vitro model for

enteroendocrine sensory signaling .

3.2.2 STC-1 function in the body

In the native intestine, enteroendocrine cell populations that detect luminal stimuli and regulate
digestive processes’!. These cells influence gastric emptying, pancreatic enzyme secretion, and
appetite through peptide hormone release’!**. Many also form neuropod-like connections with

enteric neurons, enabling rapid gut-brain signaling®’. STC-1 cells reproduce many of these
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signaling pathways in culture, allowing controlled investigation of how external stimuli activate

enteroendocrine responses.

3.2.3 How STC-1s have been used previously

STC-1 cells have been used extensively to study nutrient sensing and microbial signaling in the
gut epithelium®®*’. Researchers use them to examine the activation of G protein-coupled
receptors by fatty acids, amino acids, and short-chain fatty acids. These studies have helped
identify signaling pathways responsible for gut peptide secretion and metabolic regulation. STC-
1 cells also serve as a model for studying enteroendocrine responses to bacterial metabolites and
inflammatory stimuli, making them suitable for examining how bacterial extracellular vesicles

influence neuropod-like signaling!'*3®.

3.3 NCI-H716

3.3.1 What is NCI-H716

NCI-H716 cells derive from a human colonic adenocarcinoma but differentiate into
enteroendocrine-like cells under specific culture conditions®®. When grown on extracellular
matrix substrates, these cells adopt a morphology and gene expression profile consistent with
intestinal L cells*®*. NCI-H716 cells produce glucagon-like peptide 1, peptide YY, and other
enteroendocrine hormones. Because they are human-derived models, they provide an important

system for studying enteroendocrine signaling in human intestinal physiology.
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3.3.2 NCI-H716 Function in the Body

Cells analogous to NCI-H716 in the human intestine function as L cells that regulate metabolic
signaling through the secretion of incretin hormones>®. Glucagon-like peptide 1 released by these
cells enhances insulin secretion, slows gastric emptying, and contributes to appetite regulation. L
cells also interact with enteric neurons and vagal afferents, allowing integration of metabolic and
neural signals®!. Through these mechanisms, they participate in gut-brain communication and

systemic metabolic control3*,

3.3.3 How NCI-H716 has been used previously

NCI-H716 cells have been widely used to investigate the secretion of glucagon-like peptide 1
and other incretin hormones**-°. Many studies examine how nutrients, bile acids, microbial
metabolites, and pharmacological compounds stimulate hormone release in these cells. The line
has also been used to evaluate microbial signaling molecules that activate enteroendocrine
pathways. Because NCI-H716 cells represent a human model of L cell function, they provide an
important platform for testing whether probiotic bacterial extracellular vesicles influence

enteroendocrine signaling relevant to gut-brain communication!**,

3.4 Uptake

3.4.1 Introduction

An uptake assay is an in vitro method used to determine whether cells internalize a given

particle, molecule, or vesicle and to what extent this process occurs*'**?, In the context of

35



bacterial extracellular vesicles, BEVs, uptake assays are used to assess whether these vesicles
can interact with and enter target cells'*. This is typically achieved by labeling BEVs with a
fluorescent dye and monitoring their association with cells using fluorescence microscopy, flow
cytometry, or plate-based detection methods***. By measuring the presence and intensity of
intracellular fluorescence, the assay provides a direct readout of vesicle binding and

internalization.

This assay is important because cellular uptake is a critical first step for BEVs to exert biological
effects®!4. If vesicles are not internalized or do not interact with the cell surface, their ability to
influence signaling pathways is limited'*. In neuropod-like enteroendocrine cells, such as STC-1
and NCI-H716, uptake assays help determine whether BEV's can access intracellular pathways
involved in sensory transduction and hormone secretion®!. The results of this assay provide
insight into cell specificity, efficiency of vesicle delivery, and potential mechanisms of
interaction, such as receptor-mediated uptake or membrane fusion. Understanding BEV uptake
in these cells supports downstream interpretation of functional assays and helps establish

whether observed cellular responses are linked to direct vesicle interaction'*.

3.4.2 Materials and Methods

Bacterial extracellular vesicles were purified and prepared for uptake studies using size exclusion
chromatography. An Izon column was mounted on a ring stand and inspected to ensure uniform
resin distribution. The column was opened and allowed to drain the storage buffer, sodium azide,
while minimizing exposure to contamination. The column was equilibrated with 1x PBS by

flushing with three column volumes. BEV samples were vortexed, split, and diluted to a final
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volume of 1 mL in 1x PBS to avoid overloading the column. The sample was then gently applied
to the column and allowed to enter the resin bed. PBS was added to elute the vesicles, and the
void volume was collected. Following elution, vesicle-containing fractions were collected and
immediately placed on ice. Samples were then concentrated using 100 kDa molecular weight
cutoff concentrator tubes at 4°C under centrifugation. Vesicle size and concentration were

confirmed using nanoparticle tracking analysis prior to downstream applications.

For uptake experiments, purified and stained BEVs were applied to cultured cells and incubated
for 24 hours with the treatment group 1.00 x 10'® EVs/mL to allow interaction and
internalization. After treatment, cells were prepared for flow cytometry analysis. Cells were first
filtered through 70 pm cell strainers pre-equilibrated with FACS buffer to obtain a single-cell
suspension. The filter was washed with additional FACS buffer to ensure complete recovery of
cells. Cells were then washed twice by centrifugation at 300 x g for 5 minutes, with supernatant

removal and resuspension in fresh FACS buffer between washes.

Following washing, cells were resuspended in labeling solution and incubated on ice for 20 to 30
minutes to allow staining. Cells were then washed again with FACS buffer, centrifuged, and
resuspended in 500 puL of FACS buffer for analysis. Samples were analyzed using flow
cytometry to quantify BEV uptake based on fluorescence intensity. This approach enabled

assessment of vesicle-cell interactions and internalization efficiency across treatment groups.
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3.4.3 Results

Sample Mame Subset Mame | Court
Meurpod Uptake Assay 022202026 MR_NCI_Bif Evs 1E10_004.1 Single Cells 28816
Meurpod Uptake Assay 022202026 MR_NCI_Lp Ewvs 1E10_003.fg Single Cells 28027
Meurpod Uptake Assay 022202026 MR_MCI_Lre Ew 1E10_002.fe| Single Cells 3247
1| Meurped Uptake Assay 022202026 MR_NCI_Mo Euws_001.fes Single Cells 30085

FITC-A
Figure 9. Flow cytometry analysis of BEV uptake in NCI-H716 cells following treatment with
fluorescently labeled probiotic bacterial extracellular vesicles. Cells were exposed to bacterial
extracellular vesicles (BEVs) derived from Bifidobacterium longum subsp. infantis (Bif),
Lactiplantibacillus plantarum (Lp), and Limosilactobacillus reuteri (Lre) at 1.00 x 10 EVs/mL.
Histograms represent fluorescence intensity of single-cell populations, with the no-vesicle control
showing baseline signal. A rightward shift in fluorescence intensity in BEV-treated groups
indicates successful uptake of vesicles, with differences between strains suggesting variability in

uptake efficiency. Data shown are representative single-well flow cytometry measurements from
one treatment well per condition.

Sample Name Subset Mame | Court
Neurpod Uptake Assay 02122026 MR_linear_STC-1_Bif Evs 1E10_004.f Single Cells 42311
Neurpod Uptake Assay 02122026 MR _linear_STC-1_Lp Evs 1E10_003.fd Single Cells 39733
Neurpod Uptake Assay 02122026 MR _linear_STC-1_Lre BV 1E10_D02 fcf Single Cells 40045
[ Neurpod Uptake Assay 02122028 MR_linear_STC-1_Mo Evs_001.fcs Single Cells 30523

FITC-A

Figure 10. Flow cytometry analysis of BEV uptake in STC-1 cells following treatment with
fluorescently labeled probiotic bacterial extracellular vesicles. Cells were exposed to bacterial
extracellular vesicles (BEVs) derived from Bifidobacterium longum subsp. infantis (Bif),
Lactiplantibacillus plantarum (Lp), and Limosilactobacillus reuteri (Lre) at 1.00 x 10" EVs/mL.
Histograms represent fluorescence intensity of single-cell populations, with the no-vesicle control
showing baseline signal. A clear rightward shift in fluorescence intensity in BEV-treated groups
indicates successful vesicle uptake, with Bifidobacterium showing the highest uptake signal,
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suggesting greater interaction or internalization in STC-1 cells compared to other strains. Data
shown are representative single-well flow cytometry measurements from one treatment well per
condition.

An uptake assay was performed in STC-1 and NCI-H716 cells to determine whether probiotic
BEVs are internalized by neuropod-like enteroendocrine cell models. The primary goal of this

experiment was to confirm that BEVs physically interact with and enter these cells, which is

required for any downstream functional effects on gut-brain signaling pathways.

Flow cytometry analysis demonstrated a clear shift in fluorescence intensity in BEV-treated
groups compared to untreated controls in both STC-1 and NCI-H716 cells, indicating successful
uptake of labeled vesicles. Gating strategies were applied to exclude debris and non-viable cells,
ensuring that analysis focused on viable cell populations. In both cell lines, treated populations
showed an increase in fluorescence-positive cells, confirming that BEVs were not only

associating with the cell surface but were likely being internalized.

Differences in uptake were observed between BEV treatment groups. In STC-1 cells, certain
BEYV groups showed higher fluorescence intensity and a larger proportion of positive cells,
suggesting more efficient uptake. Similarly, in NCI-H716 cells, distinct shifts in fluorescence
distributions were observed across treatment groups, indicating variability in uptake efficiency
depending on the BEV source. Overall, while all BEV groups demonstrated uptake, some strains

appeared to be internalized more effectively than others in both cell models.

39



3.4.4 Discussion

The results confirm that probiotic BEVs are taken up by both STC-1 and NCI-H716 cells,
supporting the central hypothesis that these vesicles can directly interact with neuropod-like
enteroendocrine cells. This finding is critical because uptake is a prerequisite for BEVs to
influence intracellular signaling pathways involved in gut-brain communication. Without
internalization or strong membrane interaction, downstream functional effects such as calcium

signaling or gene expression changes would be unlikely.

The observed differences in uptake between BEV groups suggest that vesicle composition plays
a role in cellular interaction and internalization. Variations in membrane proteins, lipids, and
surface-associated molecules between bacterial strains may influence how efficiently vesicles
bind to cell receptors or enter through endocytic pathways. For example, BEVs with surface
components that better engage host receptors may exhibit enhanced uptake, leading to stronger

biological effects in downstream assays.

Differences between STC-1 and NCI-H716 uptake patterns also provide insight into cell-specific
interactions. Although both cell lines represent enteroendocrine models, they differ in origin and
receptor expression, which may influence how they interact with BEVs. This suggests that BEV

uptake is not only dependent on vesicle composition but also on the target cell type.

These findings have important implications for the broader study. If certain BEV groups show
higher uptake, they may also produce stronger functional responses in assays such as calcium

flux or gene expression. This establishes a potential link between uptake efficiency and
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biological activity. Future studies should aim to correlate uptake data with functional outcomes

to determine whether increased internalization leads to enhanced signaling.

Overall, this experiment confirms that BEVs are actively taken up by neuropod-like cells and
highlights variability between strains and cell types. This supports the use of BEVs as delivery
vehicles for microbial signals and provides a foundation for further investigation into their role in

gut-brain communication.

3.5 Cell Viability

3.5.1 Introduction

A cell viability assay is an in vitro method used to determine the proportion of living, healthy
cells within a population following exposure to a treatment or condition***. These assays
measure cellular health based on indicators such as metabolic activity, membrane integrity, or
enzyme function. Common approaches include colorimetric or fluorescent assays that rely on the
ability of viable cells to convert substrates into detectable signals. The intensity of this signal
correlates with the number of metabolically active cells, providing a quantitative measure of cell

survival*46,

This assay is important because it helps determine whether a treatment is cytotoxic, neutral, or
supportive of cell health**. In the context of bacterial extracellular vesicles, cell viability assays

are used to confirm that observed biological effects are not due to cell death or damage'*. For
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neuropod-like enteroendocrine cells such as STC-1 and NCI-H716, maintaining viability is
essential for proper signaling, secretion, and responsiveness to stimuli*!. By comparing treated
and untreated groups, the assay provides insight into whether BEVs are safe at specific
concentrations and helps define appropriate dosing ranges for downstream functional

experiments'?,

3.5.2 Materials and Methods

Cell viability in BEV-treated neuropod cell models was assessed by flow cytometry using SYTO
41 and propidium iodide, PI, staining. SYTO 41 was used to label live cells, while PI was used to
identify dead cells with compromised membrane integrity. For each cell group, 50 pL of staining

solution was prepared, and SYTO 41 stock was diluted 1:1000 in FACS buffer.

Following treatment with BEVs, cells were prepared as single-cell suspensions for cytometric
analysis. Cell suspensions were first passed through 70 um cell strainers that had been
equilibrated with broth. The filtrate was collected in 50 mL tubes, and the strainers were washed
with several milliliters of FACS buffer to maximize cell recovery. Cells were then washed twice
in FACS buffer. For mammalian cell lines, centrifugation was performed at 300 % g for 5
minutes between washes. After each centrifugation step, the supernatant was removed and the
cell pellet was resuspended in 2 to 3 mL of fresh FACS buffer and transferred to flow cytometry

tubes.

Cells were then resuspended in the prepared labeling solution and incubated on ice for 20 to 30
minutes. After staining, 1 mL of FACS buffer was added to each tube, and samples were

centrifuged again. The final cell pellets were resuspended in 500 pL of FACS buffer. Propidium
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iodide was then added immediately before analysis to label non-viable cells. Samples were
analyzed on a flow cytometer to quantify the proportion of live and dead cells based on SYTO

41 and PI fluorescence.

Neuropod-like cell lines were treated with BEVs derived from the three probiotic groups at low,
medium, and high concentrations. The dosing scheme for each BEV group was 1.00 x 10°
EVs/mL for the low condition, 3.30 x 10° EVs/mL for the medium condition, and 1.00 x 10°
EVs/mL for the high condition. This assay was used to determine whether BEV exposure
affected the viability of STC-1 and NCI-H716 cells and to confirm that downstream functional

responses were not caused by treatment-related cytotoxicity.

3.5.3 Results

Sample Mame Subset Name | Count
268_ste1_001_STC-1_Lve all dye_014.fcq Single Cells 40385
26_ste1_001_STC-1_Dead all dye_004.fg Single Cells 1207

Meurpod Live dead 02
|i Meurpod Live dead 02

ka2

G20
G20

PL-A

BWv421-A

Figure 11. Flow cytometry analysis of cell viability in STC-1 cells using SYTO 41 and
propidium iodide staining. SYTO 41-positive events represent viable cells, while propidium
iodide-positive events indicate non-viable cells with compromised membrane integrity. The
majority of the cell population is SYTO 41-positive, demonstrating high viability and confirming
that experimental conditions did not induce substantial cytotoxicity in STC-1 cells. Data shown
are representative single-well flow cytometry measurements from one treatment well per
condition.
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Sample Name Subset Name | Count
Neurpod Live dead 02262026_NCI_Dead Pl only_003.fq Single Cells 8337
[ Neurpod Live dead 02262026_NCI_Live Syto_002.fcs | Single Cells 8269
| Neurpod Live dead 02262028_NCI_Live no stain_001.fd Single Cells 8047

Figure 12. Flow cytometry analysis of cell viability in NCI-H716 cells using SYTO 41 and
propidium iodide staining. SYTO 41-positive cells represent live populations, while propidium
iodide-positive cells indicate membrane-compromised, non-viable cells. The majority of events
fall within the live cell population, demonstrating high cell viability under the tested conditions
and confirming that experimental treatments did not induce significant cytotoxic effects. Data
shown are representative single-well flow cytometry measurements from one treatment well per
condition.

A cell viability assay was performed in STC-1 and NCI-H716 cells to determine whether
probiotic BEV treatments affected cell survival during uptake experiments. The primary goal of

this assay was to confirm that BEV-treated cells remained viable, ensuring that any observed

uptake or downstream signaling effects were not due to treatment-induced cytotoxicity.

Flow cytometry analysis using SYTO 41 and propidium iodide staining demonstrated clear
separation between live and dead cell populations in both cell lines. SYTO 41-positive and PI-
negative populations represented viable cells, while PI-positive populations indicated
compromised membrane integrity. In both STC-1 and NCI-H716 cells, the majority of cells
remained within the live population across all treatment groups, indicating that BEV exposure

did not result in substantial cytotoxicity.
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Across BEV treatment conditions, including low (1.00 x 10° EVs/mL), medium (3.30 x 10°
EVs/mL), and high (1.00 x 10 EVs/mL) doses, only minor shifts in live/dead distributions were
observed. Histograms and scatter plots showed that treated groups maintained similar
fluorescence profiles to the live control populations, with minimal increases in PI-positive cells.
This trend was consistent across BEVs derived from Lactiplantibacillus plantarum,

Limosilactobacillus reuteri, and Bifidobacterium.

In both STC-1 and NCI-H716 datasets, variability between treatment groups was limited, and no
single BEV group demonstrated a strong reduction in viability. Some slight increases in PI-
positive populations were observed in select higher-dose conditions, but these changes were not
substantial and did not indicate widespread cell death. Overall, the data show that BEV-treated

cells remained predominantly viable during the experiment

3.5.4 Discussion

The results confirm that probiotic BEV treatments do not significantly reduce cell viability in
STC-1 and NCI-H716 cells under the tested conditions. This finding is important because the
purpose of this experiment was to ensure that cells remained alive while undergoing BEV
uptake. If cells were compromised or dying, uptake data and downstream functional assays
would be difficult to interpret, as observed effects could be driven by stress or toxicity rather

than true biological signaling.

The high proportion of viable cells across all treatment groups indicates that BEVs are well
tolerated by both neuropod-like cell models at the tested concentrations. This supports the

conclusion that BEVs can be used in these systems without inducing major cytotoxic effects. As
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a result, subsequent uptake, calcium flux, and gene expression experiments can be interpreted
with greater confidence, since the cells are functioning under physiologically relevant conditions.
The lack of strong dose-dependent toxicity also suggests that the dosing range used in this study
is appropriate for functional assays. While slight increases in PI-positive cells were observed in
some higher-dose conditions, these effects were minimal and did not indicate a consistent pattern
of cytotoxicity. This suggests that even at higher concentrations, BEVs do not broadly disrupt

membrane integrity or cell viability.

These findings also support the uptake assay results. Since cells remain viable during treatment,
the observed BEV internalization reflects active biological processes rather than passive entry
into damaged or dying cells. This strengthens the overall conclusion that BEVs interact with

neuropod-like cells in a biologically relevant manner.

In summary, this assay confirms that BEV treatments are not cytotoxic to STC-1 and NCI-H716
cells and validates the use of these conditions for studying BEV uptake and downstream
signaling. Future studies may further refine dosing ranges or include longer exposure times to
assess whether extended treatment affects viability, but under the current conditions, BEVs

appear safe and compatible with neuropod cell models.
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3.6 Calcium Flux

3.6.1 Introduction

A calcium flux assay is an in vitro method used to measure changes in intracellular calcium
levels in response to stimulus*’*®. Calcium ions act as a key second messenger in many cellular
signaling pathways, including those involved in secretion, excitability, and cell communication®’.
In this assay, cells are typically loaded with a calcium-sensitive fluorescent dye that increases in
signal intensity when intracellular calcium levels rise. Upon stimulation, changes in fluorescence

are recorded in real time, providing a dynamic readout of cellular activation®®.

This assay is especially useful for studying sensory and signaling functions in neuropod-like
enteroendocrine cells such as STC-1 and NCI-H716. These cells respond to luminal and
microbial signals by triggering calcium influx, which then drives downstream events such as
hormone release or neurotransmitter signaling®!. By measuring calcium flux following BEV
treatment, this assay helps determine whether bacterial extracellular vesicles activate
intracellular signaling pathways associated with gut-brain communication'4. An increase in
calcium signal indicates cellular activation, while no change suggests limited interaction or
signaling*’**®. This provides functional evidence linking BEV uptake to physiological responses

in neuropod cell models.

3.6.2 Materials and Methods

Intracellular calcium flux in STC-1 and NCI-H716 cells was measured using a Fura-2 AM—based
fluorescence assay. Cells were prepared in Hanks’ Balanced Salt Solution, HBSS, supplemented

with 2.0 mM calcium, 10 mM HEPES, and 10 mM glucose. Pluronic F-127 at approximately
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0.02% was included to improve dye solubility and loading efficiency, and 2 mM probenecid was

added to reduce dye leakage from cells.

For each condition, 2.5 x 10° cells were collected and centrifuged at 500 x g for 5 minutes.
Media were carefully aspirated without disturbing the cell pellet. Cells were then resuspended in
experimental media containing Fura-2 AM at a ratio of 1 pL dye per 1 mL of media, with a
maximum of 1 x 10¢ cells per tube. Samples were vortexed briefly prior to cell resuspension to
ensure even dye distribution. Cells were incubated for 30 minutes at room temperature to allow

for dye loading.

Following incubation, cells were washed to remove excess dye. Samples were centrifuged at
13,200 rpm for 30 seconds, the supernatant was removed, and cells were resuspended in normal
Ringer solution. This wash was repeated once more to ensure removal of extracellular dye. Cells
were then resuspended at a concentration such that the desired number of cells was contained
within 100 pL of Ringer solution per well. A total of 100 uL of cell suspension was added to
each well of a microplate for experimental conditions. Control wells included cells in normal

Ringer solution and blank wells containing only buffer.

The plate was incubated at room temperature prior to stimulation. BEV treatments were applied
directly to wells during kinetic recording. Fluorescence measurements were collected using a
plate reader configured for dual excitation wavelengths of 340 nm and 380 nm, with a narrow

excitation bandwidth and a 20 ms flash duration. Bottom-read settings were used to improve
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signal detection in adherent cells. Instrument gain was fixed based on preliminary optimization

using representative wells.

Kinetic measurements were recorded in real time with orbital shaking for 1 second between
reads. Data were collected at a rate of approximately one read per second for up to 15 minutes
following BEV addition. Additional kinetic protocols included fast acquisition over 5 minutes
with readings every 10 seconds and extended acquisition over 30 minutes with readings every 30

seconds to capture both immediate and sustained calcium responses.

An initial experiment was performed using PBS instead of HBSS as the buffer system.
Subsequent experiments were conducted using HBSS supplemented with calcium and buffering
components to support proper physiological signaling conditions. Calcium flux was quantified as
the ratio of fluorescence intensity at 340 nm to 380 nm, providing a measure of intracellular

calcium changes in response to BEV stimulation.
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3.6.3 Results
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Figure 13. Calcium flux response in STC-1 cells following treatment with probiotic bacterial
extracellular vesicles. Cells were loaded with Fura-2 AM and fluorescence ratios were measured
over time to assess intracellular calcium levels. Treatment groups included buffer control,
dye/buffer control, ionomycin positive control, and Lactiplantibacillus plantarum (Lp) bacterial
extracellular vesicles (BEVs) at low and high concentrations. lonomycin induced a clear increase
in calcium signaling, confirming assay functionality, while BEV-treated groups showed minimal
changes relative to controls, indicating limited calcium activation under these conditions. Data are
presented as mean =+ standard deviation (SD), n = 3 biological replicates (triplicates).
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Figure 14. Calcium flux response in NCI-H716 cells following treatment with probiotic
bacterial extracellular vesicles. Cells were loaded with Fura-2 AM and intracellular calcium
levels were measured over time. Treatment groups included buffer control, dye/buffer control,
ionomycin positive control, and Lactiplantibacillus plantarum (Lp) bacterial extracellular vesicles
(BEVs) at low and high concentrations. lonomycin induced a clear increase in calcium signaling,
confirming assay performance, while BEV-treated groups showed minimal deviation from
controls, indicating limited calcium activation in NCI-H716 cells under these conditions. The NCI-
H716 control groups did not fully match the expected pattern, as the buffer and dye/buffer controls
were not as closely aligned as anticipated, which suggests possible technical variability related to
dye loading, washing, or baseline signal acquisition and should be considered when interpreting
these data. Data are presented as mean + standard deviation (SD), n = 3 biological replicates
(triplicates).

Calcium flux assays were performed in STC-1 and NCI-H716 cells to evaluate whether probiotic
BEVs induce intracellular calcium signaling. Initial experiments were conducted using PBS as
the assay buffer. Under these conditions, both cell lines showed limited and inconsistent changes
in the Fura-2 AM ratio. The ionomycin control produced only a modest increase in signal, and
baseline readings remained low across all groups. Although some variability was observed, the

overall signal range was compressed and did not reflect a robust calcium response. These results
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indicate that PBS did not support proper calcium dynamics and therefore did not provide a

reliable system for measuring calcium flux.

Subsequent experiments were performed using HBSS supplemented with calcium, which
provides a physiologically relevant extracellular calcium source. Under these conditions,
improved assay performance was observed. In STC-1 cells, the ionomycin control produced a
strong and sustained increase in the Fura-2 ratio over time, confirming proper assay
functionality. The buffer and dye/buffer controls remained closely aligned and stable, indicating
a consistent baseline. Treatment with Lactiplantibacillus plantarum BEVs resulted in only
modest changes in calcium signaling. The low-dose condition showed a slight increase above
baseline, while the high-dose condition remained similar to or slightly below the control.
Overall, BEV-treated groups did not demonstrate a strong or sustained calcium response in STC-

1 cells.

In NCI-H716 cells, the ionomycin control also produced a clear increase in calcium signal,
confirming that the assay was capable of detecting calcium flux. However, the baseline control
conditions did not behave as expected. The buffer and dye/buffer controls were not closely
aligned and showed separation across time points, indicating variability in baseline signal.
Despite this, BEV-treated groups remained near the general baseline range and did not show a
clear increase in calcium signaling relative to controls. Because of the inconsistency between
control groups, interpretation of BEV-induced effects in NCI-H716 cells is limited. While no
strong activation was observed, the variability in baseline conditions prevents definitive

conclusions regarding the absence of a response.
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Overall, these results show that calcium flux can be reliably measured under optimized buffer
conditions, as demonstrated by the ionomycin response in both cell lines. BEV treatment did not
produce a strong or consistent calcium signal in STC-1 cells and did not show clear activation in
NCI-H716 cells. However, due to baseline variability in the NCI-H716 controls, the results in

this cell line should be interpreted with caution.

3.6.4 Discussion

The results demonstrate that proper buffer composition is critical for accurate measurement of

calcium signaling.
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Figure 15. Calcium flux measurements performed under non-functional conditions using
PBS instead of calcium-containing buffer. STC-1 and NCI-H716 cells were loaded with Fura-2
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AM and monitored over time; however, the absence of extracellular calcium prevented proper
baseline establishment and calcium influx. As a result, no meaningful changes in fluorescence
ratios were observed across treatment groups, and these data do not reflect true cellular activation.
Data are presented as mean + standard deviation (SD), n = 3 biological replicates (triplicates).

The results demonstrate that proper buffer composition is critical for accurate measurement of
calcium signaling. The initial use of PBS resulted in non-functional data because PBS lacks
extracellular calcium, which is required to establish a baseline and support calcium influx.
Without available extracellular calcium, cells are unable to generate a meaningful calcium
response, even when stimulated with ionomycin. This explains the limited signal range and
reduced responsiveness observed in the initial experiments. The switch to HBSS, which contains
calcium and buffering components, restored assay functionality and allowed for more

physiologically relevant measurement of intracellular calcium changes.

In the optimized HBSS conditions, STC-1 cells showed a clear response to ionomycin,
confirming that the assay was functioning as expected in this model. The buffer control remained
relatively stable, and the low-dose Lactiplantibacillus plantarum BEV condition showed only a
slight increase above baseline, while the high-dose condition remained near or below control.
These data suggest that BEV-induced calcium activation in STC-1 cells is weak and inconsistent

under the conditions tested.

Interpretation of the NCI-H716 data requires greater caution because the control groups did not
behave as expected. In a properly functioning experiment, the buffer-only and dye/buffer
controls should be closely aligned, since the dye itself should not substantially alter calcium
signaling after loading and washing. In the NCI-H716 dataset, these controls were separated,

indicating that baseline conditions were not fully matched. Several technical factors could
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explain this discrepancy. Uneven dye loading between wells could shift baseline fluorescence
ratios. Incomplete washing may have left residual extracellular dye, which can alter background
signal. Differences in cell number, cell settling, or adherence between wells may also have
affected the fluorescence ratio. Because NCI-H716 cells are less adherent and can be more
difficult to handle consistently in plate-based assays, well-to-well variability in cell distribution
is also a likely contributor. Small timing differences during reading or differences in local

temperature and mixing could have further increased baseline separation.

Because the NCI-H716 controls were not equivalent, the BEV-treated NCI data should not be
interpreted as definitive evidence that BEVs failed to activate calcium signaling. Instead, the
more appropriate conclusion is that the assay worked at the level of the ionomycin control, but
the baseline instability in the control groups limits confidence in treatment-to-control
comparisons. The apparent lack of BEV response in NCI-H716 may reflect true biological
inactivity, but it may also be masked by technical variability in the baseline controls. For this
reason, the NCI-H716 calcium flux data should be considered inconclusive rather than strictly

negative.

Taken together, the calcium flux results suggest that BEV-induced rapid calcium signaling is
limited in STC-1 cells and remains unresolved in NCI-H716 cells because of control
inconsistency. The lack of a robust calcium response despite confirmed BEV uptake suggests
that internalization alone may not be sufficient to trigger immediate calcium-mediated signaling,
or that any such response is small and highly sensitive to assay variability. These findings also

suggest that BEVs may influence enteroendocrine behavior through alternative pathways, such

55



as slower transcriptional regulation, altered secretion, or indirect signaling mechanisms rather

than acute calcium flux alone.

Overall, these results highlight the importance of assay optimization and internal control
behavior when interpreting calcium measurements in neuropod-like cells. Future studies should
improve baseline matching by standardizing dye loading, wash steps, cell density, and plate
handling, and should also examine earlier time points and alternative functional readouts to

better determine whether BEVs influence neuropod cell activation.

3.7 gPCR

3.7.1 Introduction

Quantitative polymerase chain reaction, qPCR, is a molecular technique used to measure gene
expression by quantifying levels of specific messenger RNA transcripts in a sample**-°, RNA is
first isolated from cells and converted into complementary DNA, cDNA, through reverse
transcription. During qPCR amplification, target gene sequences are amplified in real time using
sequence-specific primers and fluorescent detection®®. The accumulation of fluorescence
correlates with the amount of starting template, allowing precise quantification of gene

expression levels across different experimental conditions®.

This assay provides insight into how cells respond at the transcriptional level following
stimulation or treatment*>**. Changes in gene expression can indicate activation of signaling
pathways, cellular stress responses, or functional shifts such as hormone production or immune
signaling. In neuropod-like enteroendocrine cells, such as STC-1 and NCI-H716, qPCR is used

to assess whether bacterial extracellular vesicles alter expression of genes involved in sensory
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signaling, neurotransmission, or peptide secretion*’°. By comparing treated and control groups,
gPCR helps determine whether BEVs induce meaningful biological responses beyond uptake,

providing a link between vesicle interaction and downstream cellular function.

3.7.2 Materials and Methods

Gene expression analysis was performed using quantitative polymerase chain reaction (qPCR) to
evaluate transcriptional responses in STC-1 and NCI-H716 cells following BEV treatment. For
each treatment condition, RNA was first isolated and converted to complementary DNA, cDNA.

For cell lysate samples, 100 ng of cDNA was used per reaction.

A sample master mix was prepared for each set of primers. For each primer, 2 pL of sample was

added to a 0.6 mL tube, with an additional safety factor included to account for pipetting error. A
fluorescent dye was added at a ratio of 0.875 pL per primer, and DNase-free water was added to

bring the total volume to 14 puL per primer reaction. All components were mixed thoroughly to

ensure uniform distribution.

A primer master mix was then prepared for each gene target. Forward and reverse primers were
added at 1.75 pL each per reaction, including all samples, controls, and an additional safety
factor. SYBR Green reagent was added at a volume equal to ten times the volume of a single
primer, and all steps involving SYBR were performed under reduced light conditions to prevent
photodegradation. The primer mix was gently mixed to avoid bubble formation.

The final reaction mixture was prepared by combining 14 pL of the sample master mix with 21

pL of the primer master mix. From this final mixture, 10 pL was carefully pipetted into each
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well of a 384-well plate. All samples were run in triplicate to ensure reproducibility and allow

for statistical analysis.

gPCR was performed using the following cycling conditions: an initial denaturation step at 95°C
for 2 minutes, followed by 40 cycles of denaturation at 95°C for 15 seconds and
annealing/extension at 60°C for 1 minute. Fluorescence was measured at each cycle to quantify

amplification in real time.

A total of seven treatment groups were analyzed for both cell lines. For NCI-H716 cells,
expression was measured across nine target genes, while for STC-1 cells, six target genes were
analyzed. This approach allowed for comparison of gene expression changes across multiple

BEYV treatments and between the two neuropod-like cell models.
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3.7.3 Results
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Figure 16. qPCR analysis of gene expression in NCI-H716 cells following treatment with
bacterial extracellular vesicles. NCI-H716 cells were treated with bacterial extracellular vesicles
derived from Lactiplantibacillus plantarum (Lp), Limosilactobacillus reuteri (Lre), and
Bifidobacterium longum subsp. infantis (Bif) at low and high concentrations, and gene expression
was measured by qPCR. Fold change was calculated relative to the media control. Panels show
expression of IL-8 (A), PYY (B), BDNF (C), CHGA (D), GCG (E), CGRP (F), TAC-1 (G), and
TPH1 (H). Among the genes examined, IL-8 showed a strong increase in expression following
high-dose Bifidobacterium EV treatment, while BDNF expression was elevated in the low-dose
Limosilactobacillus reuteri group. CHGA and GCG expression were significantly altered across
several treatment groups compared with media control, whereas PYY, CGRP, TAC-1, and TPH1
showed no significant changes. Data are presented as mean + standard deviation (SD) fold change
with individual data points shown, n = 3 biological replicates (triplicates). Statistical analysis was
performed using one-way ANOVA with Tukey’s post hoc test. Significance is indicated as
follows: ns = not significant, *p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001.
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Figure 17. qPCR analysis of STC-1 cells treated with bacterial extracellular vesicles. STC-1
cells were exposed to bacterial extracellular vesicles derived from Lactiplantibacillus plantarum
(Lp), Limosilactobacillus reuteri (Lre), and Bifidobacterium longum subsp. infantis (Bif) at low
and high concentrations, and gene expression was measured by qPCR. Fold change was calculated
relative to the media control. Panels show expression of BDNF (A), CCK (B), GCG (C), NTS (D),
PYY (E), and SIRT1 (F). Across all genes analyzed, the media control showed the highest
expression, while treatment with bacterial extracellular vesicles resulted in a marked reduction in
gene expression in nearly all groups. This pattern was consistent for both low and high doses of
Lactiplantibacillus plantarum, Limosilactobacillus reuteri, and Bifidobacterium. Data are
presented as mean =+ standard deviation (SD) fold change with individual data points shown, n =3
biological replicates (triplicates). Statistical analysis was performed using one-way ANOV A with
Tukey’s post hoc test. Significance is indicated as follows: ns = not significant, *p < 0.05, **p <
0.01, ***p <0.001, ****p <0.0001.

qPCR analysis showed that bacterial extracellular vesicles produced different transcriptional
responses in the two enteroendocrine cell models. In NCI-H716 cells, the response was selective
and gene dependent, with only a subset of markers changing after treatment with
Lactiplantibacillus plantarum, Limosilactobacillus reuteri, or Bifidobacterium EVs at low and
high doses (Figure 17). In contrast, STC-1 cells showed a broader and more uniform decrease in

expression across multiple endocrine and neuroactive genes following EV treatment (Figure 2).

In NCI-H716 cells, IL-8 expression remained near baseline in most treatment groups, but high-

dose Bifidobacterium EVs caused a strong increase compared with media control and the other
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EV groups (Figure 17A). PYY expression showed variability across replicates, but no significant
differences were detected between treatments and control (Figure 17B). BDNF expression was
also variable, although low-dose L. reuteri EV treatment appeared to produce the highest
response and was significantly greater than the media group, while other comparisons were not
significant (Figure 17C). In contrast, CHGA and GCG were more consistently affected by EV
exposure. CHGA expression increased significantly in several EV-treated groups relative to
media, with the largest increases observed in L. plantarum low, L. reuteri low, and
Bifidobacterium high conditions (Figure 17D). GCG expression followed a similar pattern, with
multiple EV groups showing significantly elevated expression compared with media control
(Figure 17E). By comparison, CGRP, TAC-1, and TPH1 were not significantly altered across the
treatment conditions, despite some replicate-level variability (Figure 17F-H). CCK had all
undetermined values. Together, these data suggest that EV exposure in NCI-H716 cells
preferentially affects a limited set of inflammatory and enteroendocrine genes, rather than

causing a broad transcriptional shift.

In STC-1 cells, the qPCR profile was markedly different. Expression of BDNF, CCK, GCQG,
NTS, PYY, and Sirtl was highest in the media control group and significantly reduced in nearly
every EV-treated condition, regardless of bacterial source or dose (Figure 18A-F). This pattern
was consistent across both low- and high-dose treatments of L. plantarum, L. reuteri, and
Bifidobacterium EVs. In many cases, transcript levels in EV-treated groups were reduced to a
small fraction of control levels, indicating a strong suppressive effect of BEV treatment on STC-

1 endocrine gene expression. The similarity of this response across all three bacterial sources
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suggests that STC-1 cells may respond to a shared EV-associated property rather than to a

species-specific signal.

3.7.4 Discussion

These qPCR data show that bacterial extracellular vesicles do not produce a uniform response
across enteroendocrine cell lines. Instead, the transcriptional effects depend strongly on the
cellular model. NCI-H716 cells displayed a selective response, with significant increases in IL-8,
CHGA, and GCG in certain treatment groups, while most other genes remained unchanged
(Figure 17). This suggests that NCI-H716 cells retain the ability to distinguish among EV source
or dose and respond through targeted transcriptional programs. The strong induction of IL-8 by
high-dose Bifidobacterium EVs points to activation of an inflammatory or stress-associated
signaling pathway. Since IL-8 is a chemokine involved in immune recruitment and epithelial
signaling, this result suggests that some EV preparations, especially at higher concentrations,
may promote a pro-inflammatory epithelial response. At the same time, the increase in CHGA
and GCG in several groups suggests that EV exposure may also influence enteroendocrine

differentiation state or secretory signaling in these cells.

It is also important to note that the media control values in the NCI-H716 qPCR dataset do not
always appear as exactly 1. This is because undetermined Ct values were assigned a value of 40
during analysis. In qPCR, an undetermined call usually means that amplification never crossed
the detection threshold within the set number of cycles, which is generally interpreted as
expression below the limit of detection rather than true zero expression. Assigning these samples

a Ct of 40 is a common conservative approach because it allows them to remain in the dataset
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and be included in fold-change calculations rather than being excluded entirely. However, this
also introduces distortion into the averages, especially for low-abundance genes. Small
differences near the detection limit can become exaggerated after normalization and delta-delta
Ct transformation, causing the media control to appear above or below 1 instead of exactly 1.
Even so, because each treatment group was compared directly to its own media control within
the same analysis pipeline, the statistical comparisons remain interpretable. In other words, the
baseline shift affects absolute visualization of fold change more than the relative comparison

between conditions.

The NCI-H716 data also show that not all hormone-related genes respond equally to EV
treatment. PYY, CGRP, TAC-1, and TPH1 were largely unchanged, even when CHGA and
GCQG increased. This pattern suggests that bacterial EVs do not globally activate the
enteroendocrine transcriptional program in NCI-H716 cells. Instead, they appear to modulate
specific functional pathways. The increase in BDNF in the low-dose L. reuteri condition is also
notable, although the high variability and limited significance across comparisons suggest that
this effect should be interpreted carefully. Overall, the NCI-H716 results support the idea that
BEVs can reshape selected signaling outputs without broadly reprogramming all endocrine

markers.

In contrast, STC-1 cells responded to EV treatment with a broad suppression of endocrine and
regulatory gene expression (Figure 18). BDNF, CCK, GCG, NTS, PYY, and Sirtl were all
strongly reduced relative to media control, and this occurred across bacterial species and doses.
This consistency suggests that STC-1 cells are either more sensitive to BEV exposure or

inherently respond by downregulating transcription of these hormone-associated genes. One
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interpretation is that EV treatment pushes STC-1 cells toward a less active secretory state.
Another possibility is that the treatment conditions suppress cellular activity more generally,
which then leads to reduced expression of multiple metabolic and endocrine genes. Because the
response was similar across all bacterial EV groups, the underlying mechanism may involve
common vesicle components such as membrane lipids, small RNAs, peptidoglycan-associated

molecules, or conserved microbe-associated signals.

The opposite patterns seen in NCI-H716 and STC-1 cells highlight the importance of cellular
context in EV signaling studies. These two models differ in species origin, differentiation state,
receptor expression, and baseline secretory phenotype, which likely influence how they interpret
bacterial vesicle signals. NCI-H716 cells appear to mount a more selective and partially
stimulatory response, whereas STC-1 cells show broad transcriptional repression. This difference
is important because it suggests that conclusions about BEV effects on gut endocrine biology
depend heavily on the experimental model used. A response observed in one line may not be

translated directly to another.

These findings also raise several mechanistic questions. First, it will be important to determine
whether the reduced transcript levels in STC-1 cells reflect true signaling-mediated repression or
reduced cell health after treatment. Second, the induction of IL-8 in NCI-H716 cells, especially
by high-dose Bifidobacterium EVs, should be explored further to define whether inflammatory
signaling pathways such as NF-kB or MAPK are involved. Third, since CHGA and GCG
increased in NCI-H716 cells, future work should test whether these transcriptional changes
correspond to altered hormone production or secretion at the protein level. Follow-up assays

such as ELISA, western blotting, pathway inhibition studies, and cell viability measurements
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would help determine whether the observed qPCR changes reflect functional endocrine

responses or secondary stress effects.

Taken together, the qPCR results suggest that bacterial extracellular vesicles influence
enteroendocrine gene expression in a cell line-specific manner. In NCI-H716 cells, BEVs
induced selective changes in inflammatory and secretory markers, while in STC-1 cells they
broadly suppressed endocrine gene expression. These results support the idea that microbial EVs
are biologically active signaling particles but also show that their effects are shaped by the target

cell type, the specific gene being measured, and possibly EV concentration and bacterial origin.

3.8 Overall Discussion

The neuropod-focused experiments were designed to determine whether probiotic BEVs interact
with enteroendocrine cell models and whether this interaction leads to functional signaling
relevant to gut-brain communication. Across all assays, including uptake, viability, calcium flux,
and qPCR, a consistent pattern emerged. BEVs were successfully taken up by both STC-1 and
NCI-H716 cells, and this uptake occurred without significant cytotoxic effects. This confirms
that both cell lines are suitable platforms for studying BEV-cell interactions and that the dosing

conditions used are biologically tolerated.

Despite successful uptake, functional activation of these cells was limited. Calcium flux assays
showed strong responses to ionomycin but minimal activation in response to BEV treatment in
both cell lines. Similarly, qPCR analysis did not reveal strong transcriptional changes in genes
associated with neuroendocrine signaling, inflammation, or gut-brain communication. Together,

these findings suggest that while BEVs are capable of entering neuropod-like cells, they do not
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strongly activate rapid signaling pathways or induce robust gene expression changes under the

conditions tested.

When comparing the two cell lines, neither STC-1 nor NCI-H716 demonstrated a clearly
superior functional response to BEV treatment. However, there are subtle differences worth
noting. STC-1 cells showed slightly more variability and occasional minor increases in calcium
signaling and gene expression, which may indicate a higher sensitivity to external stimuli. In
contrast, NCI-H716 cells showed more stable and consistent baseline behavior but limited
responsiveness. Based on these observations, STC-1 may be a more responsive model for
detecting subtle changes, while NCI-H716 may be more useful for confirming stability and
reproducibility. However, neither model showed strong activation in this study, indicating that
BEV-induced neuropod signaling may be weak or require additional conditions not captured

here.

For the overall project, these results suggest that BEVs alone may not be sufficient to drive
strong neuropod-like signaling responses, at least in simplified in vitro systems. This does not
mean that BEVs are not involved in gut-brain communication, but rather that their effects may be
more subtle, indirect, or dependent on additional biological context. For example, BEVs may
require interaction with other cell types, such as neurons or immune cells, or may act through
longer-term regulatory mechanisms rather than immediate calcium signaling or transcriptional

activation.
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3.9 Application to Industry

The results from the neuropod section suggest that probiotic BEVs can interact with
enteroendocrine cells without causing cytotoxic effects, but they do not strongly activate rapid
calcium signaling or major transcriptional changes under the tested conditions. This profile has
important implications for industry, particularly in areas focused on safety, delivery systems, and

subtle biological modulation rather than acute stimulation®! >,

In the pharmaceutical and biotechnology sectors, BEVs are attractive because extracellular
vesicles can carry proteins, lipids, metabolites, and nucleic acids, and both natural and
engineered vesicles are being explored as delivery systems for therapeutic cargo®®>>>*, Evidence
from intestinal epithelial models also shows that probiotic-derived bacterial vesicles can be
internalized and transported across epithelial barriers, which supports their possible use for
delivering small RNAs, peptides, or other bioactive molecules to gut epithelial or
enteroendocrine targets®'>2. In addition, inanimate microbe-derived products are often viewed as
having practical safety advantages over live microbial therapies because they do not replicate,

while live biotherapeutic products still require careful regulatory oversight and safety evaluation.

In metabolic disease, BEVs could be explored as tools to modulate gut-derived pathways
involved in appetite, glucose control, and whole-body energy balance. The gut-brain axis plays a
central role in metabolic homeostasis, and gut microbial products are increasingly recognized as
signals that shape host metabolism>>>¢. Although strong functional activation was not observed

in this study, the confirmed cellular uptake suggests that engineered BEVs or optimized
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formulations might still be used to fine-tune enteroendocrine signaling in obesity, type 2

diabetes, or metabolic syndrome>!*%33¢,

The food and nutraceutical industry could also benefit from these findings. Interest in postbiotics
and non-viable microbial products has grown because they offer the possibility of delivering
reproducible microbial signals without relying on live organisms>*>78, This is useful for
formulation, storage, and shelf-life control in functional foods and supplements. In that context,
probiotic BEVs could become ingredients for products designed to support gut barrier function,
host-microbiome communication, or long-term gut health, especially when product stability and

dosing consistency are important>’->%,

BEVs may also have value in neurogastroenterology and mental health. Disorders such as
irritable bowel syndrome are now understood within a brain-gut-microbiome framework, and
anxiety and depression commonly overlap with these conditions®. Microbial extracellular
vesicles are increasingly being studied as mediators of gut-brain communication because they
can transfer bioactive cargo and influence neural, immune, and epithelial pathways®. For that
reason, even though this study did not show strong activation of neuropod-like signaling, the
observed uptake still supports future work aimed at identifying specific BEV components that

influence gut-brain communication through slower or indirect mechanisms>*,

Finally, BEVs offer commercial promise across therapeutics, diagnostics, and consumer health
because they are compatible with efforts to standardize microbial products and to develop cell-

free platforms®>*6!, At the same time, large-scale production, characterization, and quality
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control remain major challenges for extracellular vesicle translation, so industrial development
will depend on better manufacturing workflows and clearer regulatory standards. Overall, the
neuropod findings support BEVs as safe, biologically active particles with potential value as
delivery systems and modulators of gut signaling, even if further engineering or formulation

work is needed to strengthen functional responses®! 3.

3.10 Future Directions

Future work should focus on expanding the experimental conditions to better capture potential
BEV-driven signaling. One key direction is to explore co-culture systems that include neurons or
other relevant cell types, which may provide the necessary context for neuropod signaling. Since
neuropods form synaptic connections in vivo, isolated epithelial cell models may not fully

replicate this environment.

Another direction is to extend time-course experiments. The current assays focused on relatively
short-term responses, but BEVs may induce delayed transcriptional or protein-level changes that
were not captured. Measuring gene expression and protein secretion at a later point may reveal

effects that are not immediate.

It will also be important to test a broader range of BEV concentrations and sources. While
current dosing did not produce strong activation, different concentrations or vesicles derived
from other bacterial strains may produce different outcomes. Additionally, characterizing the

molecular cargo of BEVs may help identify specific components responsible for signaling.
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Alternative functional readouts should also be explored. Since calcium flux and qPCR did not
show strong changes, assays measuring hormone secretion, neurotransmitter release, or
electrophysiological activity may provide more sensitive indicators of neuropod activation.
Finally, refining the model system may improve sensitivity. This could include using primary

cells, organoids, or more physiologically relevant systems that better mimic the gut environment.

These approaches may allow detection of BEV effects that are not apparent in standard cell lines.
Overall, the data establish that BEVs interact with neuropod-like cells but suggest that additional
factors are required to observe strong functional outcomes. This provides a clear direction for

future studies aimed at understanding how microbial signals influence gut-brain communication.
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Chapter 4: Conclusions

This study demonstrates that probiotic BEVs influence host cell behavior in a context-dependent
manner across wound healing and neuropod models. In endothelial systems, BEVs modulated
migration, angiogenesis, and inflammatory signaling, with clear differences between bacterial
strains and concentrations. Lactiplantibacillus plantarum exhibited strong effects on migration,
while Bifidobacterium contributed more to angiogenic responses. Higher BEV concentrations
produced stronger anti-inflammatory effects, indicating that dose plays a key role in determining

biological activity.

In neuropod-like enteroendocrine cells, BEVs were consistently taken up and did not reduce cell
viability, confirming that these vesicles interact directly with target cells without causing
toxicity. However, this interaction did not lead to significant calcium signaling or notable
changes in gene expression. These findings suggest that BEV uptake alone is insufficient to

trigger rapid or large-scale signaling responses in these models.

Comparing systems, BEVs produced clear functional effects in wound healing assays but limited
responses in neuropod assays. This indicates that BEV activity depends on the target cell type
and the signaling pathways being assessed. Endothelial cells responded with measurable changes
in migration and angiogenesis, while enteroendocrine models showed minimal activation under

the same conditions.

71



Overall, the results support using BEVs as modulators of tissue repair and as delivery vehicles
for microbial signals. At the same time, they reveal that BEV-driven signaling in gut-brain
models may require additional factors such as co-culture systems, longer exposure times, or
alternative readouts. These findings lay the groundwork for future studies aimed at optimizing

BEVs for therapeutic applications in regenerative medicine and gut-brain communication.
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