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Development of in vitro model of exosome
transport in microfluidic gut-brain axis-on-a-chip
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The gut communicates with the brain in a variety of ways known as the gut–brain axis (GBA), which is

known to affect neurophysiological functions as well as neuronal disorders. Exosomes capable of passing

through the blood–brain-barrier (BBB) have received attention as a mediator of gut–brain signaling and

drug delivery vehicles. In conventional well plate-based experiments, it is difficult to observe the exosome

movement in real time. Here, we developed a microfluidic-based GBA chip for co-culturing gut epithelial

cells and neuronal cells and simultaneously observing exosome transport. The GBA-chip is aimed to mimic

the in vivo situation of convective flow in blood vessels and convective and diffusive transport in the tissue

interstitium. Here, fluorescence-labeled exosome was produced by transfection of HEK-293T cells with

CD63-GFP plasmid. We observed in real time the secretion of CD63-GFP-exosomes by the transfected

HEK-293T cells in the chip, and transport of the exosomes to neuronal cells and analyzed the dynamics of

GFP-exosome movement. Our model is expected to enhance understanding of the roles of exosome in

GBA.

1. Introduction

The connection between the gut and the brain, mediated by
multiple pathways involving chemical signalling and the
enteric nervous system, has been known since the 1800s and
referred to as the Gut-Brain-Axis (GBA).1–4 Recent research
has unveiled various signalling pathways within the GBA,5

and chemical signalling is one of the major pathways. For
example, glucagon-like peptide 1 (GLP-1) secreted in the gut
can traverse the blood–brain barrier (BBB) and bind to GLP-1
receptors in the brain, influencing appetite regulation.6,7

Furthermore, gut microbiota plays a pivotal role in brain
function and its involvement in neurological disorders.
Notably, short-chain fatty acids (SCFA), like butyrate,
produced by gut microbiota, can restore BBB function when
damaged by traumatic brain injury.8 Additionally, Escherichia
coli, a constituent of gut microbiota, is known to secrete curli
proteins, which have been linked to an increased misfolding
of α-synuclein, a pathological factor in Parkinson's disease.9,10

Moreover, dysbiosis in gut microbiota has been associated
with the onset of depression.11,12 Given the significance of
these interactions, the GBA emerges as a critical area of

exploration in the context of understanding brain disorders
and functions, making it a subject of profound importance.

Exosomes, a subtype of extracellular vesicles (EV), are
actively secreted by cells into the extracellular environment.
They typically exhibit sizes ranging from 50 to 200 nm and
are enriched with various components, including nucleic
acids and proteins. These distinctive features underscore the
pivotal role of exosomes as intercellular messengers within
the body, capable of triggering diverse physiological
responses such as cell differentiation and apoptosis.13–15

Recent investigations in the field of gut–brain-axis (GBA)
research have shed light on the multifaceted applications
and functions of exosomes as signalling mediators.16–20

Notably, exosomes possess the unique ability to traverse the
blood–brain barrier, rendering them promising candidates
for delivery vehicles of oral therapeutics aimed at addressing
neurological disorders.18,19 For instance, Katakura and
colleagues have provided evidence that exosomes secreted by
human-derived intestinal cells, specifically Caco-2 cells
cultured in a medium supplemented with gamma-
aminobutyric acid (GABA), have the capacity to induce the
differentiation of brain neuroblastoma cells, such as SH-SY5Y
cells.21 These findings underscore the substantial potential of
exosomes as versatile signalling agents with implications for
GBA interactions and neurological therapeutics.

Recent investigations into the GBA and exosomes have
predominantly relied on in vivo experimentation and in vitro
studies conducted in conventional well plates.21,22 For
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instance, Katakura and his team cultured Caco-2 and SH-
SY5Y cells separately in individual well plates, isolating
exosomes released by Caco-2 cells, and subsequently
introducing them to SH-SY5Y cells.21 Similarly, Liu and his
colleagues have confirmed that exosomes secreted from the
intestines under conditions of induced intestinal ischemia–
reperfusion interact with microglia, resulting in brain injury.
To explore this phenomenon, they collected exosomes from
the intestines of mice subjected to induced intestinal
ischemia/reperfusion and introduced them to HT-22 cells
(mouse hippocampus neuronal cells) cultured in a well
plate.22 However, both in vivo and cell-based in vitro
experiments have several limitations. Ethical concerns
surround the use of animal models, and well plate
experiments are labor-intensive, involving the purification of
exosomes secreted by donor cells and their subsequent
introduction to recipient cells. Importantly, these approaches
fall short in studying the dynamics of exosome transport and
real-time impact of exosomes on target cells after their
release and transport.

To address these challenges, organ-on-a-chip platforms,
capable of emulating human-like environments and
facilitating real-time cell interactions via microfluidic
channels, is gaining attention. Many organ-on-a-chip systems
have been developed, aiming to reproduce the tissue-specific
microenvironment and functions of various organs.23 Based
on recent progress in the organ-on-a-chip field, there have
been attempts to develop microfluidic-based organ-on-a-chip
systems aimed at reproducing the action of exosomes in vivo.
In a study by Oh et al., authors developed a microfluidic chip
featuring a collagen channel, which enabled the co-culture of
both differentiated F11 (mouse neuroblastoma cells) and
undifferentiated F11 cells, thus fostering interactions
mediated by exosomes.24 This microfluidic chip was designed
to incorporate channel reservoirs of varying sizes for
differentiated F11 cells and undifferentiated F11 cells,
resulting in a gradient effect due to differential evaporation.
Consequently, this resulted in a microfluidic chip featuring
convection, facilitating the observation of exosome
transportation driven by convection flow. Nevertheless, it has
its drawbacks, as it is based on a single cell type (mouse
neuroblastoma cells) and does not utilize human cells.

In a previous investigation into the interactions between
the gut epithelium and the brain endothelium via exosomes,
our group designed a bilayered organ-on-a-chip that enabled
the co-culture of intestinal cells in the upper layer and brain
vascular endothelial cells in the lower layer.25 Initially,
intestinal cells were cultured in a conventional well plate.
Subsequently, exosomes were extracted, fluorescently
labelled, and introduced into the layer where intestinal cells
of the organ-on-a-chip were being cultivated. As a result, we
observed the transport of exosomes across the intestinal
barrier, ultimately reaching the brain vascular cells. This
method allowed for the quantitative confirmation of exosome
passage through the intestinal barrier. However, it is
important to note that the process of isolating and purifying

exosomes proved to be labor-intensive, and real-time
monitoring of exosome dynamics was restricted.

Here, we aimed to address previous research limitations
by developing a GBA chip that enables co-culture of intestinal
and brain nerve cells and real-time observation of exosome
secretion from intestinal cells and their transfer to brain
nerve cells (Fig. 1A and B). Previous studies have shown that
convective flow is more important than diffusion for
delivering exosomes released from cells to other cells.24 In
this study, we designed and compared two types of GBA
chips. The first one is the GBA-convection chip, which
emulates convective flow like interstitial flow in the body.
The second one is the GBA-diffusion chip, where transport is
predominantly governed by diffusion. We carried out a
comparative evaluation of substance transport using these
two chips (Fig. 1C). Caco-2 cells, human intestinal cells, were
cultured in the gut channel of the GBA-convection chip, and
SH-SY5Y cells, human neuroblastoma cells, were cultured in
the brain channel. We confirmed the co-culture of intestinal
and brain nerve cells. To validate the transport of exosomes
in the GBA chip, HEK-293T cells transfected with the CD63-
GFP plasmid were cultured in the gut channel. We observed
the fluorescent exosomes released from these cells moving
into the brain channel and interacting with SH-SY5Y cells.

2. Materials and methods
2.1 Fabrication of GBA chip

The GBA chip is a microfluidic device consisting of two
channels for cell culture and one channel for filled with
collagen hydrogel, all parallel to one another. Two channels
capable of culturing gut and brain cells were named as the
“gut channel” and “brain channel”, respectively. The central
channel was labelled as the “collagen gel channel” (Fig. 1A).
The width of the collagen gel channel is 1300 μm, while the
gut channel and brain channel are present on both sides of
the collagen gel channel, each with a width of 400 μm
(Fig. 1B).

To fabricate the GBA chip, we utilized the soft lithography
method. Initially, we coated a silicon wafer with SU-8 and
used photolithography techniques to imprint the GBA chip
pattern, creating a master mold. We mixed
polydimethylsiloxane (PDMS) prepolymer (Sylgard 184; Dow
Corning Corp, USA) at a 10 : 1 weight-to-weight ratio to create
a PDMS mixture, which was then poured into the master
mold. The master mold was placed in a vacuum chamber for
degassing, and then left overnight at 60 °C for curing. After
removing the cured PDMS from the master mold, reservoirs
for each channel were made using biopsy punches. The gut
channel in the GBA-convection chip (Fig. 1C(i)) had a
diameter of 3 mm, while the collagen gel channel and brain
channel reservoirs were created using biopsy punches with a
diameter of 1 mm. In the GBA-diffusion chip (Fig. 1C(ii)),
both the gut channel and brain channel reservoirs had a
diameter of 3 mm, and the collagen gel channel was
established with a diameter of 1 mm, also using biopsy
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punches (Fig. 1C). The PDMS layer with the GBA chip pattern
and the slide glass were subjected to oxygen plasma
treatment (CUTE; Femto Science, Korea) at 70 W for 60
seconds. After the treatment, the PDMS layer and slide glass
were bonded together by manually aligning the two layers.

2.2 Cell co-culture in GBA-convection chip

The intestinal cells used were human colorectal
adenocarcinoma cells (Caco-2; ATCC, HTB-37, USA), for the
fluorescent exosome secretion experiment, human embryonic
kidney cells (HEK-293T; ATCC, CRL-3216, USA) were used,
and for the brain nerve cells, human neuroblastoma cells
(SH-SY5Y; Korean cell line bank, 22266, Korea) were utilized.
All cells were cultured in Dulbecco's modified Eagle medium
(DMEM; Gibco, 11995-040, USA) supplemented with 10%
fetal bovine serum (FBS; Welgene, S001-01, Korea) and 1%
penicillin–streptomycin (P/S; Sigma-Aldrich, P4333, USA) at

37 °C in a 5% CO2 incubator. The culture media were
changed every 2–3 days.

To make a 2.0 mg ml−1 collagen solution for injection into
the collagen gel channel of the GBA-convection chip, rat tail
type 1 collagen (Corning, 354236, USA) of 3 mg ml−1

concentration was prepared using 1 N NaOH (SAMCHUN
CHEMICALS, S1996, Korea) and 10× Dulbecco's phosphate
buffered saline (10× DPBS; Sigma-Aldrich, D5652, USA). The 3
mg ml−1 collagen solution was then diluted with distilled
water to the final concentration of 2 mg ml−1. After injecting
2.0 mg ml−1 collagen into the collagen gel channel of the
GBA-chip, it was incubated for 30 minutes in a 37 °C, 5%
CO2 incubator. Following gelation of the collagen, a 1 mg
ml−1 concentration of fibronectin (Sigma-Aldrich, F1141,
USA) was introduced into both the gut channel and the brain
channel. Subsequently, it was incubated for 1 hour at 37 °C
with 5% CO2. The gut channel and brain channel were
washed once with PBS, and then both channels were filled

Fig. 1 The design of in vitro GBA-chip and cell co-culture. Scheme of in vitro GBA chip. (A) Scheme of in vitro GBA chip. (B) Design of GBA chip
and picture. (i) GBA chip picture. (ii) GBA chip design. (C) Fluid flow and diffusion direction in GBA chip. (i) GBA-convection chip. (ii) GBA-diffusion
chip. Yellow arrow: convection and diffusion flow in GBA-convection chip. Gray arrow: diffusion flow in GBA-diffusion chip. (D) Scheme of
convection flow using surface tension in GBA-convection chip. PGut is pressure of gut channel reservoir. PBrain is pressure of brain channel
reservoir. (i) Image of convection flow generated by droplet. (ii) The geometric image of droplet in gut channel reservoir. R is the radius of the
droplet. H is the droplet height. a is the half chord length. Θ is the contact angle. (E). Co-culture for 24 h and Live/Dead assay in GBA-convection
chip. (i) Caco-2 and SH-SY5Y co-culture. (ii) HEK-293T and SH-SY5Y co-culture. Green: live cell, Red: dead cell.
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with medium. In the Brain channel, SH-SY5Y cells were
injected at a concentration of 7 × 106 cells per mL, with a
total volume of 20 μL, and incubated at 37 °C with 5% CO2

for 24 hours. Following this incubation, 60 μL of Caco-2 cells
at a concentration of 1 × 107 cells per mL or 60 μL of HEK-
293T cells at a concentration of 7 × 106 cells per mL was
introduced into the gut channel of the device. In the gut
channel, either Caco-2 or HEK-293T cells were seeded, while
in the brain channel, SH-SY5Y cells were cultured. The co-
culture was incubated at 37 °C with 5% CO2 for 24 hours.

2.3 Transfection and exosome isolation

HEK-293T cells were seeded in a 6-well plate at a
concentration of 2.5 × 105 cells per well and cultured for 24
hours at 37 °C with 5% CO2. After 24 hours, a diluted DNA
total solution was prepared by adding 2.5 μg of pCT-CD63-
GFP plasmid (System Biosciences, CYTO120-PA-1, USA) and 5
μL of Lipofectamine 3000 (Invitrogen, L3000001, USA) to 125
μL of Opti-MEM (Gibco, 31985-062, USA). The diluted
Lipofectamine 3000 solution, prepared by adding 5 μL of
Lipofectamine 3000 to 125 μL of Opti-MEM, was mixed with
the diluted DNA total solution in a 1 : 1 ratio and incubated
at room temperature for 5 minutes. The mixture of diluted
Lipofectamine 3000 and diluted DNA total solutions in a 1 : 1
ratio (250 μL) was added to the 6-well plate containing HEK-
293T cells, followed by overnight incubation at 37 °C with 5%
CO2. After overnight incubation, the transfected HEK-293T
cells can be observed under a fluorescence microscope
(Nikon, Eclipse Ti2-U inverted microscope, Japan),
confirming the expression of fluorescence. To extract the
CD63-GFP exosomes secreted by transfected HEK-293T cells,
the culture medium of transfected HEK-293T cells was first
replaced with DMEM containing 10% exosome-depleted fetal
bovine serum qualified One Shot (exo-dep FBS; Gibco,
A2720803, USA), and 1% P/S, followed by 2 days of incubation
at 37 °C with 5% CO2. After a 2 day incubation period, the
culture medium containing transfected HEK-293T cells was
harvested and subjected to centrifugation at 2000 × g for 30
minutes to eliminate cellular debris. The clarified medium,
devoid of cell debris, was combined with Total Exosome
Isolation Reagent (Invitrogen, 4478359, USA) at a volumetric
ratio of 2 : 1. The mixture was then added to the cells, and
the co-culture was incubated overnight at 2–8 °C. Following
the overnight incubation, the culture was subjected to
centrifugation at 10 000 × g for 1 hour. The supernatant was
carefully aspirated, and the resulting exosome pellet was
resuspended in PBS. To assess the size and distribution of
the extracted CD63-GFP exosomes, dynamic light scattering
(DLS) equipment (Malvern Panalytical, Nano S90 ZEN1690,
UK) and Zetasizer software (Malvern Panalytical, UK) were
employed.

2.4 Transport of FITC-dextran and CD63-GFP in GBA chip

To compare the fluid flow and substance transport from the
GBA-convection chip to the brain channel with the GBA-

diffusion chip, The 4 kDa fluorescein isothiocyanate-dextran
(FITC-dextran; Sigma-Aldrich, 46944, USA) was used as the
molecular tracer. Collagen channels of both chips were
infused with collagen gel at a concentration of 2.0 mg ml−1,
followed by a 30 minute incubation at 37 °C with 5% CO2. In
the brain channel reservoir of the GBA-diffusion chip, we
introduced 26 μL of phosphate-buffered saline (PBS; Sigma,
P3813) and simultaneously added 26 μL of FITC-dextran at a
concentration of 0.5 mg ml−1 to the gut channel reservoir.
Similarly, in the brain channel reservoir of the GBA
convection chip, 8 μL of PBS was introduced, followed by the
addition of 28 μL of FITC-dextran at a concentration of 0.5
mg ml−1 to the gut channel reservoir. This sequential process
resulted in the formation of a 2 μL droplet within the gut
channel's reservoir, composed of FITC-dextran at a
concentration of 0.5 mg ml−1. Fluorescence microscopy was
employed to capture images of FITC-dextran within the
collagen gel channel over time, and the analysis was
performed using ImageJ (National Institutes of Health, USA).

To observe GFP-exosomes released from cells, transfected
HEK-293T cells were introduced into the gut channel of both
the GBA-diffusion chip and GBA-convection chip at a
concentration of 7 × 106 cells per ml, with a volume of 30 μL.
The cells were then cultured at 37 °C with 5% CO2 for one
day. In the GBA-convection chip, convection was initiated by
introducing 28 μL of medium into the gut channel reservoir,
forming a 2 μL droplet, while the brain channel reservoir
received 8 μL of medium. In the GBA-diffusion chip, to
simulate a prevailing diffusion scenario, an equal volume of
26 μL of medium was introduced into both the gut and brain
channel reservoirs. Using the time-lapse functionality of a
fluorescence microscope, we captured images of CD63-GFP
exosome movement within the collagen gel channels of the
GBA-diffusion chip and GBA-convection chip at 10 second
intervals for 30 minutes. Subsequently, we analyzed the
trajectory of exosome movement using ImageJ software.

2.5 Construction of COMSOL Multiphysics model

We developed COMSOL models for the movement of FITC-
dextran and exosomes in a GBA chip using the Particle
Tracing Module, Laminar Flow Module, and Transport of
Diluted Species Interface in COMSOL Multiphysics (COMSOL
Inc., USA). In the GBA convection chip COMSOL model, a
Darcy's permeability value of 1 × 10−13 m2 was utilized for the
collagen gel channel. This value is known to result in a flow
velocity of 3.0 μm s−1 within the collagen scaffold when
subjected to a pressure difference (ΔP) of 40 Pa, as reported
in ref. 26. The porosity of the collagen gel channel was set to
0.8, utilizing the previously reported value from ref. 27. The
pressure in the gut channel reservoir, denoted as PGut, was
assumed to be 45 Pa, while the pressure in the brain channel
reservoir, denoted as PBrain, was assumed to be 0 Pa, resulting
in the application of a pressure difference (ΔP) of 45 Pa. By
applying eqn (4) from prior research,28 it was assumed that a
droplet with a volume of 2.34 μL formed in a PDMS reservoir
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with a diameter of 3.3 mm results in a pressure (P) of 45 Pa.
Consequently, it was further assumed that a droplet with a
volume of 2 μL in a 3 mm diameter gut channel reservoir
would also lead to a pressure (PGut) of 45 Pa. It was assumed
that the pressure (PBrian) in the brain channel reservoir,
where droplets do not form, would be 0 Pa. The diffusion
coefficient (Dcollagen) of 4 kDa FITC-dextran in the collagen
gel channel was determined using Ogston's stochastic model.

Dcollagen ¼ D × exp −Φ1
2 ×

r
rf

� �
(1)

where D [m2 s−1] represents the diffusion coefficient, Φ is the
volume fraction, rf [m] is the radius of 4 kDa FITC-dextran,
and rf [m] is the radius of 2.0 mg ml−1 collagen fibers. The
values used for each of these parameters are 1.35 × 10−10 m2

s−1, 0.125, 2.15 nm, and 200 nm, respectively, as reported in
previous research.29,30 The particle diameter and density
applied to the exosome transport model were set to 200 nm
and 1.13 mg ml−1, respectively, based on the known values
for exosome diameter and density.13,31

2.6 Fluorescence staining of cell and cell membrane

A live/dead assay was performed to assess the cell viability
cultured in the gut channel and brain channel of the GBA
convection chip. The Live/Dead solution, consisting of
ethidium homodimer-1 (Invitrogen, E1169, USA) and calcein
AM (Invitrogen, C34852, USA) in PBS at a final concentration
of 4 μM, was injected with 60 μL into the gut channel and 20
μL into the Brain channel, followed by incubation at 37 °C
with 5% CO2 for 30 minutes. To confirm the interaction
between CD63-GFP exosomes released by transfected HEK-
293T cells and SH-SY5Y cells, the membrane of SH-SY5Y cells
was stained. After removing the culture medium from the
brain channel, two washes were performed using Hank's
balanced salt solution (HBSS; Sigma, USA). Then, 20 μL of
wheat germ agglutinin, Alexa Fluor 633 conjugate (WGA 633,
Invitrogen, USA) at a concentration of 45 μg ml−1 was added,
followed by a 10 minute incubation at 37 °C with 5% CO2.
After removing WGA-633, perform two washes with HBSS,
and then replenish with the culture medium.

3. Results and discussions
3.1 Chip design and co-culture on chip

We have engineered a microfluidic-based GBA chip designed
to co-culture the intestinal and brain neural cells and to
enable their interaction via exosomes (Fig. 1A). The GBA chip
comprises three parallel channels, with the central channel,
designated as the collagen gel channel, serving as a physical
barrier for the co-culture of intestinal and brain neural cells
on either side of the channel walls (Fig. 1B). The collagen gel
channel plays a critical role in maintaining the separation of
cells in the gut channel and brain channel, preventing their
mixing. This design allows the exosomes secreted by the cells
in the gut channel to traverse the barrier, facilitating their
movement towards the brain channel via both diffusion and

convection. Exosomes, with a size of 200 nm, demonstrate a
diffusion coefficient of approximately 1.073 × 10−12 m2 s−1 in
2 mg ml−1 collagen,24 signifying that it would take
approximately 130 hours to travel 1 mm through diffusion
alone. Therefore, the presence of convection flow is crucial
for efficient exosome transport.24 In this study, we developed
two types of GBA chips for experimentation. One is the GBA-
convection chip, where convection flow exists from the gut
channel to the brain channel, and the other is the GBA-
diffusion chip, where diffusion is the primary mechanism for
transport (Fig. 1C).

We attempted to approximate the time it takes for
exosomes secreted by intestinal cells to be delivered to
neurons in the brain within the human body. According to
previous studies, purified exosomes extracted from cells were
administered into the mouse vein, and after 5 minutes, their
presence in the brain was confirmed.32 While the brain
interstitial flow velocity in mice and humans are similar at
approximately 12 μm min−1 and 10–20 μm min−1,
respectively, the circulation time of blood is known to be
slower in humans, taking around 60 seconds compared to
approximately 20 seconds in mice.24,33,34 Considering the
difference in the circulation time, we estimated that
exosomes secreted by intestinal cells would take about 6–8
minutes to reach neurons in the brain in the human body. If
we disregard the weight of exosomes, to achieve the
previously assumed transit time (approximately 6–8 minutes)
of exosomes within the human body using the GBA-
convection chip, it is anticipated that the flow velocity in the
1.3 mm length collagen gel channel connecting the gut and
brain channels should be approximately 2.7 μm s−1 to 3.6 μm
s−1. The collagen gel channel situated between the gut
channel and the brain channel is a porous medium.
Therefore, fluid flow through the porous medium due to
convection can be analyzed using Darcy's law.35

Q
A
¼ KΔP

μL
(2)

where Q [m3 s−1] represents the volumetric flow rate, A [m2]
stands for the average surface area of the gel scaffold, μ [Pa s]
represents viscosity, K [m2] is Darcy permeability, ΔP [Pa]
indicates pressure difference, and L [m] is the length of the
gel scaffold. When expressing Darcy's law in terms of velocity
(v [m s−1]), it can be represented as eqn (2) in the following
manner.

v ¼ KΔP
μL

(3)

Polacheck et al. observed that the application of a pressure
difference (ΔP) of 40 Pa to a 2 mg ml−1 collagen scaffold, as
defined by eqn (3), induces a flow within the collagen gel
channel at a velocity of 3 μm s−1. To determine ΔP in the
GBA-convection chip, we employed the Young and Laplace
law, which relates droplet size to pressure (P).

ΔP ¼ PGut–PBrain ¼ 2γ
RGut droplet

− 2γ
RBrain droplet

(4)
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R ¼ H2 þ a2

2H
(5)

H = (1 − cos θ)R (6)

a = R sin θ (7)

v ¼ K
μL

ΔP ¼ 2γK
μL

1
RGut droplet

− 1
RBrain droplet

� �
(8)

where, γ [N m−1] is the droplet surface tension, R [m] is
the droplet radius, H [m] is the droplet height, a [m] is
the half chord length, and θ [°] is the contact angle. In
the presence of a droplet in the reservoir, pressure (P) is
induced due to the interplay of γ and R. In cases where
there is no droplet or it flattens out, θ becomes 0, and R
tends toward infinity, resulting in the pressure drop
across the droplet's curved interface approaching zero.
Additionally, by organizing eqn (3) and (4), governing the
radius of droplets formed in the gut channel reservoir
and brain channel reservoir, we derived eqn (8). Assuming
the absence of droplet formation in the brain channel
reservoir (ignoring RBrain droplet), one can adjust the RGut
droplet to determine the value of v in the collagen gel
channel (Fig. 1D). For example, to achieve v values of 4,
3, 2, and 1 μm s−1, the corresponding RGut droplet values
should be set at 2.8, 3.74, 5.6, and 11.2 mm, respectively.
Chen et al. experimentally verified that when a droplet
with a volume of 2.34 μL forms in a PDMS reservoir with
a diameter of 3.3 mm, the value of R is determined to be
3.01 mm, and P is approximately 45 Pa. Applying this to
eqn (8), we calculated that when RBrain droplet is set to 0
mm (PBrain = 0 Pa), and RGut droplet is adjusted to 3.01
mm (PGut = 45 Pa), the velocity (v) is approximately 3.4
μm s−1.28 In summary, to initiate convective flow from the
gut channel to the brain channel in the GBA-convection
chip, we generated a 2 μL volume droplet in the gut
channel reservoir.

To establish an in vitro GBA model, we co-cultured the
human intestinal cell line, Caco-2 and the human
neuroblastoma cell line, SH-SY5Y in the GBA-convection
chip for 24 hours and assessed cell viability. The Caco-2
cells in the gut channel and the SH-SY5Y cells in the brain
channel were physically separated by the collagen gel
channel, ensuring that the two cell types remained isolated
and were cultured only within their respective channels.
The live/dead assay confirmed the viability of both Caco-2
and SH-SY5Y cells after 24 hours of co-culturing (Fig. 1E-i).
In the fluorescently labelled exosome transfer experiment,
both the HEK-293T cells, used as a cell model simulating
the gut in place of Caco-2 cells, and the SH-SY5Y cells were
co-cultured in the GBA-convection chip for 24 hours
without any adverse effects on each other (Fig. 1E-ii). Our
co-culture result resembles those conducted in the
conventional well plate environment, as reported
previously.36,37

3.2 Transport of FITC-dextran in GBA chip

We compared the transport of FITC-dextran in the GBA-
convection chip and the GBA-diffusion chip
(Fig. 2A and B). Time-dependent changes in FITC-dextran
concentration within the Collagen gel channel of both the
GBA-convection and GBA-diffusion chips were recorded
using fluorescence microscopy. After 10 minutes in the
GBA-convection chip, the normalized intensity value at
position A–A′ exceeded 0.6. In the GBA-diffusion chip, after
40 minutes, the intensity at the same position was lower
than 0.2 (Fig. 2C and D). In Fig. 2A-d, FITC-dextran
movement in the brain channel was observed in both the
−x and +x directions relative to the A–A′ line. This
movement is attributed to the pressure difference between
the gut channel and the brain channel reservoirs, resulting
in the formation of convective flow, which is divided and
flows into the reservoirs at both ends of the brain channel.
Consequently, it is presumed that the presence of
convective flow from the gut channel to the brain channel
in the GBA-convection chip facilitated a swifter movement
of FITC-dextran compared to the GBA-diffusion chip.

We developed and simulated COMSOL models to replicate
substance transport within the GBA-convection and GBA-
diffusion chips (Fig. 2E and F). The COMSOL model for the
GBA-convection chip indicated that FITC-dextran reached the
brain channel within 10 minutes, whereas in the GBA-
diffusion chip, FITC-dextran did not reach the brain channel
even after 40 minutes (Fig. 2G and H). The velocity along the
A–A′ line predicted by the GBA-convection COMSOL model
was estimated to be 3.4 μm s−1, falling within the typical
range of velocities found in human internal tissues, as
mentioned earlier. In Fig. 2E and F, it is evident that in the
GBA-convection COMSOL model, FITC-dextran undergoes
simultaneous movement in both the −x and +x directions
along the A–A′ axis, consistent with the GBA-convection chip
experiment. The graphs in Fig. 2C and G depict the
calculation of the area under the curve for the normalized
intensity profiles of the GBA-convection chip and GBA-
convection COMSOL model over a 10 minute period,
resulting in values of 1.110 and 1.068, respectively. This
observation indicates a comparable extent of movement for
FITC-dextran over the course of 10 minutes in both the
model and the experiment, confirming that the COMSOL
model faithfully simulates the experimental condition. When
comparing the experimental results with the COMSOL model,
we conclude that the flow velocity generated by the droplet in
the GBA-convection chip was within the desired range.
Moreover, according to the eqn (8), it would be feasible to
modulate the flow velocity within the collagen gel channel by
adjusting the droplet's radius.

3.3 Expression of CD63-GFP exosome

To visualize the convection-driven movement of exosomes
from the gut channel to the brain channel in the GBA-
convection chip, we made cells capable of releasing
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fluorescently labelled exosomes by transfecting HEK-293T
cells with a plasmid that introduced fluorescent labelling of
the CD63 protein on the exosome's surface. CD63 is a well-

known tetraspanin protein located on exosome surfaces and
is frequently used as an exosome marker.38 Cells transfected
with the CD63-GFP plasmid can secrete exosomes that are

Fig. 2 Comparison of FITC-dextran transport in GBA-convection chip and GBA-diffusion chip. (A) Fluorescence images in GBA-convection chip
by time. GBA-convection chip. (B) Fluorescence images in GBA-diffusion chip by time. GBA-diffusion chip. (C) Normalized intensity profile of FITC-
dextran at the A–A′ line position over time in GBA-convection chip. (D) Normalized intensity profile of FITC-dextran at the A–A′ line position over
time in GBA-diffusion chip. (E) Simulation results of FITC-dextran transport in GBA-convection chip COMSOL model by time. GBA-convection chip
COMSOL model. (F) Simulation results of FITC-dextran transport in GBA-diffusion chip COMSOL model by time. GBA-diffusion chip COMSOL
model. (G) Normalized intensity profile of FITC-dextran at the A–A′ line position over time in GBA-convection chip COMSOL model. (H) Normalized
intensity profile of FITC-dextran at the A–A′ line position over time in GBA-convection chip COMSOL model. Time points a, b, c, and d correspond
to 2, 4, 6, and 10 minutes, respectively, while e, f, g, and h correspond to 0, 20, 30, and 40 minutes, respectively. Scale bar 250 micrometers.
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fluorescently labelled, known as CD63-GFP exosomes.39,40

Unfortunately, transfected Caco-2 cells did not effectively
secrete fluorescently labelled exosomes, due to the limited
transfection efficiency. Consequently, we opted to use HEK-
293T cells, known for their transfection efficiency and the
capacity to secrete CD63-GFP exosomes as a substitute for
Caco-2 cells. HEK-293T cells are commonly employed in
research related to exosome-based therapy for
neurodegenerative diseases.41,42 Ryosuke Kojima et al.
encapsulated transfected HEK-293T cells capable of secreting
exosomes containing catalase mRNA and implanted them
into the subcutaneous tissue of living mice. This experiment
demonstrated the alleviation of neuronal cell death and
neuroinflammation.41 Yavar Jahangard et al. transfected
HEK-293T cells to secrete exosomes containing miR-29. When
these exosomes were injected into the hippocampus of rats
induced with Alzheimer's disease using amyloid beta, they
observed the restoration of the rats' cognitive abilities.42

Brian J. Jurgielewicz et al. confirmed the uptake of
fluorescently labelled exosomes secreted by transfected HEK-
293T cells by SH-SY5Y cells.43

Currently, there is a lack of specific explanations for
differences in exosome secretion based on their originating
organs. The known process of exosome secretion involves
several key steps. Firstly, the endosome within the cell
undergoes transformation into a multivesicular body (MVB)
containing intraluminal vesicles (ILVs), a process facilitated
by the action of endosomal sorting complex required for
transport (ESCRT) proteins, tetraspanins, and other factors.
Subsequently, during the fusion of the MVB with the cell
membrane, the intraluminal vesicles (ILVs) are released
outside the cell. These ILVs, typically ranging in size from
50 to 200 nm, constitute what we commonly refer to as
exosomes.14,44 Considering that both HEK-293T and Caco-2
cells are of human origin, it is reasonable to assume that
the mechanisms of exosome release for these two cell types
would share significant similarities. In this paper, our
primary focus lies in elucidating the transport routes and
kinetics of exosomes released by cells in the gut channel,
towards the brain channel, and subsequent interaction of
the transported exosomes with brain neuronal cells.
Considering the experimental objectives, transfection
efficiency, and interaction with SH-SY5Y cells, we concluded
that HEK-293T cells could serve as a suitable substitute for
Caco-2 cells.

We validated the expression of green fluorescence in
HEK-293T cells by culturing them in a 6-well plate and
transfecting them with a CD63-plasmid (Fig. 3A). To
evaluate the size distribution of exosomes, we isolated
exosomes from HEK-293T cells cultured in a 6-well plate
in the medium and analyzed them using dynamic light
scattering (DLS). The peak size was 273 nm (Fig. 3B),
slightly larger than the well-established exosome size range
of 50 to 200 nm.12,13 This deviation is likely due to some
exosomes aggregating during the purification process,
resulting in a slightly larger size measurement. We also

confirmed consistent fluorescent expression when
transfected HEK-293T cells were transferred and cultured
in both the GBA-convection chip and the GBA-diffusion
chip (Fig. 3C).

3.4 Transport of exosome in GBA-convection chip

We conducted experiments to confirm the transport of CD63-
GFP exosomes, which were secreted by transfected HEK-293T
cells in the gut channel and transported to the brain channel
via convective flow. For comparison, we also performed the
same experiment using the GBA-diffusion chip. To induce
convective flow, we utilized the previously explained droplet
method. Using a fluorescence microscopy, fluorescence
images of exosomes in the chip were taken at 10 second
intervals for 30 minutes. We analyzed the images obtained
from the collagen gel channels of both the GBA-diffusion
chip and GBA-convection chip over this 30 minute period,
using ImageJ to track the movement path of CD63-GFP
exosomes (Fig. 4A and B-i). Additionally, to compare our
experimental results with a theoretical model, we employed
the COMSOL Particle Trajectories module to create a particle
movement model within the GBA-convection chip COMSOL
model. This model allowed us to predict the movement of
exosomes within the collagen gel channel.

When comparing the movement paths of CD63-GFP
exosomes captured over a 30 minute period in the GBA-
convection chip and the GBA-diffusion chip, a distinct
difference was evident. Exosomes in the GBA-convection chip
exhibited noticeable directional movement (Fig. 4A and B-i).
Conversely, during the same observation period in the GBA-
diffusion chip, no substantial movement of CD63-GFP
exosomes towards the brain channel was observed. We
tracked CD63-GFP exosomes along their recorded movement
paths in the GBA-convection chip to determine the velocity of
these exosomes within the collagen gel channel (Fig. 4B-ii). It
was observed that a CD63-GFP exosome traversed a collagen

Fig. 3 HEK-293T cell CD63-GFP transfection and DLS. (A) Bright field
and fluorescence images of transfected HEK-293T cell in 6well plate.
(i) Bright field image of transfected HEK-293T cell in 6 well plate. (ii)
Fluorescence images of transfected HEK-293T cell in 6 well plate.
Scale bar 300 μm. (B) Size distribution of HEK-293T cell derived
exosomes. (C) Fluorescence images of transfected HEK-293T cell in
GBA-convection chip and GBA-diffusion chip. (i) Fluorescence images
of transfected HEK-293T cell in GBA-convection chip. (ii) Fluorescence
images of transfected HEK-293T cell in GBA-diffusion chip. Green:
CD63-GFP.
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gel channel with a length of 1300 μm in approximately 500
seconds, eventually reaching the brain channel. The average
velocity of the recorded CD63-GFP exosomes was
approximately 2.6 μm s−1. As mentioned above, we predicted
that in the human body, exosomes secreted by intestinal cells
would take approximately 6–8 minutes to reach neurons in
the brain. In the GBA-convection chip experiment, the
implementation closely aligned with this expectation,
exhibiting a similar time range. We observed that CD63-GFP
exosomes exhibited directional movement within the
collagen gel channel, which is likely driven by the established
convective flow. To confirm this hypothesis, we conducted an
analysis of CD63-GFP exosome movement using the Peclet
number, a parameter that reflects the relationship between
diffusion and convection.

Pe ¼ Convective transport
Diffusive transport

¼ Lv
D

(9)

where L [m] and v [m s−1] represent length and velocity,
respectively, while D [m2 s−1] is the diffusion coefficient.45

Calculating the Peclet number for CD63-GFP exosomes in the
collagen gel channel of the GBA-convection chip yielded a
value of approximately Pe = 1800. This result is consistent
with the Pe = 1300 value obtained in the study by the Oh
et al., which examined exosome movement in collagen driven
by convective flow, as mentioned previously.24 In the GBA-
convection chip, convection clearly dominates over diffusion,
leading to the directional movement of CD63-GFP exosomes
towards the brain channel propelled by convection.

Fig. 4 CD63-GFP-exosome tracking and dynamics analysis. (A) CD63-GFP-exosomes pathways in GBA-diffusion chip collagen gel channel for
1000 seconds. (B) CD63-GFP-exosomes pathways in GBA-convection chip collagen gel channel for 1000 seconds and dynamics by time. (i) CD63-
GFP exosome pathways in GBA-convection chip. (ii) CD63-GFP exosome dynamics by time. (C) GBA-convection chip COMSOL model simulation
particle trajectories results.
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Interstitial flow is instrumental in the transport of various
substances, including proteins, drugs, and extracellular
vesicles (EVs), from the bloodstream to cells in the body.
Moreover, it plays a vital role in the removal of misfolded
proteins and metabolic waste in the brain, which can
contribute to the onset of neurological disorders.46,47

Convection flow also aids substances in traversing the blood–
brain barrier (BBB). Notably, recent research has explored
convection-enhanced delivery (CED) as a therapeutic
approach for brain tumors, with the aim of improving drug
passage through the BBB.47 Through in vitro studies on the
movement of EVs and exosomes, it has become evident that
convective flow is a significant driver, while diffusion-based
movement plays a negligible role.24,47 To harness the
potential of EVs and exosomes as drug delivery vehicles, a
comprehensive understanding of convection flow and the
corresponding design considerations are essential.

We simulated the movement of CD63-GFP exosomes
towards the brain channel in the GBA-convection chip using
particle modelling. We incorporated a particle tracking model
into the GBA-convection chip COMSOL model, and the
simulations showed that particles released in the gut channel
of the GBA-convection chip reached the brain channel in
approximately 500 to 700 seconds (Fig. 4C). The average
velocity of nine particles within the collagen gel channel of
the GBA-convection chip COMSOL model was calculated at
2.4 μm s−1, closely matching the results observed in the GBA-
convection chip experiment for CD63-GFP exosomes. These
findings suggest that our COMSOL models effectively
replicates the exosome distribution pattern within the GBA
chip, and it is reasonable to conclude that this model
partially reflects exosome movement patterns within real
human or animal systems.

Evaporation flux density can be obtained from Fick's first
law of diffusion, it can derive the time-dependent radius of
an evaporating droplet.48

R tð Þ ¼ R0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − t

tev

r
(10)

tev ¼ R0
2

2D
Csat

Cw

� �
1 −RHð Þ

(11)

where R0 [m] is the initial droplet radius, tev [s] is the droplet
evaporation time, D [m2 s−1] is the diffusion coefficient of
water vapor in air, Cw [mol L−1] is the number density of
liquid water, Csat [mol L−1] is the saturation concentration of
water, and RH is the relative humidity.

Csat ¼ PsatM
RT K½ � (12)

log10Psat ¼ A − B
C þ T °C½ � (13)

where Psat [mmHg] is the saturated water vapor pressure, M
[kg mol−1] is the molar mass of water, R [J mol−1 K−1] is the

gas constant, T [K] is the absolute temperature, and A, B, and
C are the parameters of the Antoine equation. T [°C] is the
temperature in degrees Celsius.49

As described by eqn (11), the evaporation time tev is
dependent on RH, indicating that adjusting RH can either
suppress or enhance droplet evaporation for instance, the
evaporation time of a droplet with an initial radius R0 = 3.01
mm, at a temperature of 36 °C and a RH of 90%, can be
calculated using eqn (11) through (13). In eqn (13), with T =
36 °C and using the Antonie equation parameters A = 8.08, B
= 1705, and C = 240, the saturation pressure Psat is calculated
to be 44.7 mmHg.49 Substituting this value into eqn (12)
yields a saturation concentration Csat of approximately 0.0417
mol L−1. In eqn (11), using the values for D = 2.36 × 10–5 m2

s−1 and Cw = 55.40 mol L−1 from prior studies,48,50 and
substituting a RH of 0.9 and an initial radius R0 = 3.01 mm,
the evaporation time tev is calculated to be approximately 670
hours. At 90% RH, evaporation is nearly negligible over a 24
hour period, influencing the droplet radius and leading to a
consistent change in fluid velocity.

S. Seo et al. maintained a RH of 95% by placing a
microfluidic chip inside the Chamlide TC incubator (Live Cell
Instrument) and observed evaporation-driven transport
control of small molecules within the microfluidic chip
through the regulation of evaporation.51 Alternatively, E.
Berthier et al. demonstrated that placing 12 water-filled Petri
dishes in a Bioassay Tray (NUNC, Rochester, NY) within a 36
°C cell culture incubator resulted in an RH exceeding 90%.52

Given that maintaining RH at 90% is feasible under standard
laboratory conditions, it is expected that suppression of
evaporation within the GBA-chip will ensure stable fluid flow
rates, enabling the observation of exosome movement and
interactions.

3.5 Exosome interaction with neuroblastoma cells

Using the GBA-convection chip, we observed the transport of
CD63-GFP exosomes from HEK-293T cells in the gut channel
towards the brain channel and subsequent attachment at the

Fig. 5 Transfected HEK-293T cell CD63-GFP-exosome interaction
with SH-SY5Y. (i) CD63-GFP-exosomes through collagen gel channel
and SH-SY5Y membrane merged image. (ii) Enlarged view of the gray
dashed box region in (i). Red: SH-SY5Y cell membrane. Green:
Transfected HEK-239T cell CD63-GFP-exosome.
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membrane of SH-SY5Y cells (Fig. 5). While monitoring CD63-
GFP exosomes reaching the membrane of SH-SY5Y cells and
observing them for 1 minute, we noticed a gradual loss of
GFP-exosome intensity, and eventually disappearing form the
initial location. Recipient cells can uptake exosomes secreted
by donor cells through three primary mechanisms.44 The first
mechanism involves exosomes from donor cells binding to
receptors present on the recipient cell membrane, thereby
transmitting signals. The second mechanism entails
exosomes from donor cells fusing with the recipient cell
membrane, facilitating the transfer of proteins, nucleic acids,
and other contents. The third mechanism encompasses the
uptake of exosomes from donor cells by recipient cells,
followed by the degradation of donor cell exosomes by the
recipient cell's lysosomes. This process releases internal
proteins, nucleic acids, and other contents, which are then
delivered to the recipient cells.44 Teresa Vilanova-Perez et al.
conducted experiments involving the introduction of
exosomes from HEK-293T cells to mammalian sperm,
observing the effects over time. Their results indicated that
the internalization of exosomes from HEK-293T cells by
mammalian sperm occurred 10 minutes later.53 In another
study, Oh et al. observed that undifferentiated F11 cells take
up exosomes from differentiated F11 cells within 3
minutes.24 Moreover, previous studies have provided
evidence that SH-SY5Y cells are proficient in internalizing
CD63-GFP exosomes derived from transfected HEK-293T
cells.43 In the GBA-convection chip, we believe that CD63-GFP
exosomes from transfected HEK-293T cells interacted with
the membranes of SH-SY5Y cells, either by attaching and
transmitting signals or by fusing with the membranes. In
accordance with preceding research, exosomes demonstrate
distinctive dynamics during their attachment to the plasma
membrane of recipient cells and as they traverse towards the
cellular interior, ultimately binding with lysosomes. The
reported velocities, drift velocities, and diffusion coefficients
during plasma membrane attachment are approximately 0.1
μm s−1, 0.01 μm s−1, and 0.002 μm2 s−1, respectively.
Conversely, velocities, drift velocities, and diffusion
coefficients for exosome movement towards the cellular
interior, culminating in lysosomal binding, are reported as
0.2 μm s−1, 0.05 μm s−1, and 0.05 μm2 s−1, respectively.54 In
future studies, we expect that investigating exosome
dynamics near the plasma membrane, building upon
previous research, and utilizing optical tweezers to measure
the force between a single exosome and the SH-SY5Y cell
membrane will aid in predicting their binding structure and
enhancing our understanding of their interaction.

4. Conclusions

To establish an in vitro model emulating the GBA, we co-
cultured intestinal cells and brain neural cells on opposing
sides of the collagen gel channel in the GBA-convection chip.
The use of FITC-dextran confirmed the generation of
convection within the GBA-convection chip, facilitating the

transport of substances from the gut channel to the brain
channel. Taking advantage of this convection flow, we
monitored the migration of CD63-GFP exosomes, secreted
from the gut channel, as they transited the collagen gel
channel and reached the SH-SY5Y cells. Additionally, we
developed and evaluated a COMSOL simulation model.
SW480 cells are human colorectal cancer cell lines, like Caco-
2 cells. Previous studies have utilized transfection to label the
exosome surface marker CD81 with RFP, facilitating the
imaging of exosome release processes in intestinal cells.55

Consequently, SW480 cells are anticipated to be valuable for
research involving our GBA-convection chip and GBA-
exosome studies. Based on these results, we believe that the
GBA-convection chip holds promise for advancing the
application of exosomes as signalling mediators in GBA
interactions and as potential agents for drug delivery in the
context of neurological disorders.
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