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ABSTRACT: This study introduces an innovative nanopho-
tonic biosensor system designed to explore exosome dynamics
within the gut−brain axis, highlighting the bidirectional and
biochemical communication between the gastrointestinal tract
and the central nervous system. The proposed system
incorporates coculture environments for various cell types,
microfluidic control of exosomes, and super-resolution imaging
capabilities for both exosomes and live cells. While enabling
real-time observation of long-range exosome dynamics within
the gut−brain-axis-on-a-chip, this approach offers superior
spatial resolution for visualizing individual exosomes in both
donor and recipient cells. Through precise microfluidic
manipulation, exosomes are observed as they are secreted
from donor cells, transported within the chip, and interact with recipient cells in a coculture environment, mimicking the
communication process occurring in the gut−brain axis. The dynamics of exosome transport within the gut−brain axis model
are expected to improve the understanding of their biological functions and potential applications.
KEYWORDS: super-resolution microscopy, metastructures, structured illumination microscopy, exosomes, gut−brain-axis-on-a-chip,
microfluidic chip

Exosomes are membrane-bound extracellular vesicles that are
secreted by cells when multivesicular bodies fuse with the cell
plasma membrane, releasing intraluminal vesicles in the
extracellular space. Exosomes are known to perform the
delivery of proteins and RNAs for cell-to-cell signaling, carry
cell-specific markers, and participate in physiological and
pathological processes.1,2 Despite their clinical potential, much
remains unknown about their physical properties and bio-
logical functions. Exosomes are notably smaller than the
diffraction limit of light, posing challenges for imaging and
analysis. Detailed nanoscale analysis of exosomes often relies
on high-resolution techniques such as electron microscopy or
atomic force microscopy (AFM). Optical observation of
exosomes has been achieved using diffraction-limited methods
like time-lapse fluorescence confocal microscopy and dark-field
microscopy.3−7 Due to their small size and limited scattering
cross-section, exosomes often require specialized analytical
methods, such as plasmonic imaging and detection8,9 and
interferometric scattering micrsocopy10 where exosome size
distribution can be analyzed through their scattering intensity.
Super-resolution localization microscopy has also been

employed to visualize exosomes,11 but despite recent advance-
ments, these techniques often suffer from poor spatiotemporal
resolution, limiting the ability to capture dynamic processes.
Here, we present the nanoscale observation of exosome

dynamics in an in vitro microfluidic coculture environment
using nanospeckle illumination microscopy (NanoSIM).
NanoSIM utilizes random metastructures to generate near-
field speckles for super-resolved image reconstruction. The
near-field speckles enhance resolution through azimuthal
scanning illumination (ASI) by exciting localized surface
plasmons (LSPs) on metastructures. Such a near-field speckle
pattern is useful for achieving higher imaging resolution than
traditional structured illumination microscopy (SIM). Unlike
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traditional SIM, these patterns allow for the sampling and
reconstruction of features much smaller than the diffraction
limit. Image reconstruction is performed using algorithms that
do not require prior knowledge of the exact illumination
patterns. By combining multiple subframe images, the
technique effectively achieves super-resolution. Notably, the
random metastructures can be mass-produced over large
sample areas via simple film deposition followed by thermal
annealing. This approach has been widely explored in
applications such as optical sensing,12−15 Raman signal

enhancement,16−18 fluorescence microscopy,19 and enhanced
surface plasmon resonance (SPR) detection.20−22

We integrate NanoSIM with a gut−brain axis (GBA) organ-
on-a-chip. The GBA represents biochemical communication
networks between the gastrointestinal tract and the central
nervous systems, encompassing the nervous and circulatory
systems.23 Microfluidic organ-on-a-chip platforms, designed to
mimic human physiology, have proven valuable for studying
various physiological and pathological aspects of human tissues
and the complex interactions between various organs.24 While

Figure 1. Schematics of nanospeckle illumination microscopy with a coculture microfluidic chip. (a) The optical setup with random
metastructure substrates with a coculture microfluidic chip (LP: linear polarizer, HWP: half-wave plate, L: lens, PH: pinhole, M: mirror,
DBS: dichroic beamsplitter, NDF: neutral density filter, PZM: piezoelectric mirror, OBJ: objective lens, EMF: emission filter). (b)
Schematic of microfluidic GBA-on-a-chip for reproducing the extracellular vesicle exchange between the gut and brain cells. (c,d) SEM
images of (c) human embryonic kidney (HEK-293T) cells and (d) human neuroblastoma (SH-SY5Y) cells on random metastructure
substrate. Scale bar: 5 μm. (e) An AFM image of a random metastructure substrate consisting of gold nanoislands. (f,g) The morphological
features of random metastructures: (f) radius and (g) separation distance to the nearest neighboring nanoislands. The histograms are fitted
to a Gaussian distribution function. (h) Detailed description of azimuthal scanning illumination with different incident light sources.
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previous studies have used organ-on-a-chip technology to
replicate the GBA by coculturing intestinal cells and gut
microbiota with neuronal cells, a common limitation is the
inability to simultaneously coculture intestinal and brain neural
cells, requiring a separate purification step for exosomes.25,26

This limitation impedes the real-time observation of exosome
secretion and delivery.
The integration of NanoSIM with the GBA-on-a-chip

provides an innovative platform that enables the coculture of
intestinal and neuronal cells, microfluidic manipulation of
secreted exosomes, and super-resolution imaging of exosome
transport. The chip consists of spatially separated but
fluidically connected gut and brain cell chambers, allowing
for exosome passage across both the epithelial and blood−
brain barriers.27 This system substantially improves our
capacity to study exosome-mediated communication within
the GBA and opens new avenues for exploring their roles in
both physiological and pathological processes.28,29

RESULTS
Super-Resolution NanoSIM with GBA-on-a-Chip.

Figure 1a represents our broadband super-resolution NanoSIM
system to achieve nanoscale visualization of exosomes at donor

and recipient cells within a microfluidic chip that mimics an in
vivo microenvironment for the intercellular transport of
exosomes. Donor and recipient cells are cultured in a GBA-
on-a-chip, which is attached to the plasmonic disordered
substrate. The complete workflow is detailed in Supplementary
section 1. Here, the donor cells represent gastrointestinal cells
and the recipient cells represent brain cells. Wide-field
fluorescence images provide the dynamics of exosomes at
plasma membranes and intracellular environments of donor
and recipient cells, as well as microfluidic transport within the
chip channels whose detailed dimensions are presented in
Supplementary section 2. In this study, we use human
embryonic kidney (HEK-293T) cells transfected with a
plasmid to express fluorescently labeled exosomes. Supple-
mentary section 3 demonstrates that the live cells can also be
replaced with different types of cells, such as a gut cell line
(Caco-2 cells). While culturing the gut cells as the donor cells
would be physiologically more realistic, transfected HEK-293T
cells offer better efficiency in producing fluorescently labeled
exosomes. Therefore, in our GBA-on-a-chip, we employ HEK-
293T cells as donor cells to represent gut-secreted exosomes.
As shown in Figure 1b, HEK-293T cells secrete exosomes

into the microfluidic channel. Exosomes present in the donor

Figure 2. Switching near-fields with azimuthal scanning illumination on random metastructure substrate. (a−c) The numerical calculation of
localized near-fields of plasmonic metastructure substrate based on the morphology information obtained by AFM at different incident
wavelengths of λex = (a) 488, (b) 532, and (c) 633 nm at the height of 50 nm. 72 near-field distributions with different azimuthal angles ϕ
ranging from 5° to 360° in a step of 5° are obtained to confirm the total illumination coverage on the substrate’s surface and the
performance of spatial sampling. (d−f) The image autocorrelation of nanospeckle illuminations with different incident wavelengths of λex =
(d) 488, (e) 532, and (f) 633 nm at ϕ = 0°. (g−i) represent the full-width at half maximum (FWHMcorr) of the autocorrelation functions in
(d−f) at different heights of h = 50−80 nm from the gold−glass interface (h = 0 nm), respectively.
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cell channel can be transported to the recipient channel
containing human neuroblastoma (SH-SY5Y) cells after
crossing the collagen channel in the middle, which separates
the donor and recipient channels. The convective flow in the
GBA-on-a-chip is determined by controlling the amount of
liquid in the reservoirs in the chip, whose detailed operation is
discussed in the following sections. The scanning electron
microscopy (SEM) images of HEK-293T cells and SH-SY5Y
cells cultured on the random metastructure substrate are
shown in Figure 1c,d, which indicate good cell viability. The
random metastructure substrate is used for the super-
resolution reconstruction of exosomes at plasma membranes
and the intracellular environments of HEK-293T and SH-
SY5Y cells. The surface morphology of the metastructure is
shown in Figure 1e. The plasmonic random metastructure
substrate consists of annealed gold nanoislands that have a
smaller size with a radius of 59.3 ± 45.3 nm and a denser
distribution with a separation distance of 178.6 ± 48.8 nm,
compared to the previous study, as described in Figure 1f,g.
Such subdiffraction-limited morphological features of ran-
domly distributed gold nanoislands enable nanospeckle spatial
sampling with LSP excitation for wide-field super-resolution
image reconstruction.16,19,30,31 Figure 1h represents the ASI
with three incident wavelengths to conduct broadband

nanospeckle illumination at biological targets labeled with
different fluorescent dyes.
Multicolor LSP-Enhanced Imaging Resolution. The

plasmonic disordered substrate exhibits a broadband optical
response due to its random morphological characteristics.
Here, nanospeckles refer to localized near-field distributions
generated by random metastructures, in contrast to conven-
tional far-field speckles. Such nanospeckles on the substrate
surface can be excited at visible wavelengths of λex = 488, 532,
and 633 nm as presented in Figure 2a−c, which are obtained
by using the finite-difference time-domain (FDTD) method
with the morphological information on the disordered
substrate shown in Figure 1d. The presence of localized
near-field distributions and multiple scattered surface waves on
the random metastructure is experimentally confirmed via
near-field scanning optical microscopy.32 An example of ASI
with a step of ϕ = 5° ranging from 5 to 360° in Figure 2a−c
shows that the total illumination can cover the nanosubstrate
surface during ASI. ASI produces a large number of statistically
distinct subframe images, each capturing different spatial
frequency information from the sample. These subframes are
then used for high-resolution image reconstruction. Figure
2d−f shows the image autocorrelation of nanospeckle
illumination with different incident wavelengths of λex = 488,

Figure 3. Broadband super-resolution imaging by NanoSIM. (a) Diffraction-limited fluorescence image of aggregated polystyrene nanobeads
containing different fluorescence dyes on plasmonic metastructures. An image data set of 180 frames was obtained under ASI for each λex =
488, 532, and 633 nm. The overlaid images of each data set with different fluorescence emissions at λem = 515, 580, and 680 nm are shown.
(b) Super-resolution image reconstruction for fluorescence nanobead images at different emission wavelengths using NanoSIM. (c)
Normalized intensity profiles along the white dashed lines in (a,b). (d) Diffraction-limited fluorescence image of aggregated exosomes on
disordered plasmonic nanosubstrate. An image data set of 90 frames was obtained under ASI at λex = 488 nm. (e) Super-resolution image
reconstruction of aggregated exosomes using NanoSIM. (f) Normalized intensity profiles along the white dashed lines in (d,e). Scale bars:
100 nm.
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532, and 633 nm when ϕ = 0°. The autocorrelation functions
indicate that the localized near-field distribution is random,
with the peak at zero displacement (Δx = 0 and Δy = 0) and
has a full width at half maximum (FWHM) that represents the
sampling spatial frequency. The FWHMcorr represents the
higher spatial frequency of near-field distribution compared to
the diffraction-limited far-field speckles generated by LSP. As
shown in Figure 2g−i, the FWHMcorr can be maintained as

subdiffraction-limited during ASI. This near-field distribution
induced by ASI implies that plasmonic disordered substrate
can generate wide-field subframe images of fluorescence-
labeled molecules for SIM. The spatial sampling frequency of a
fluorescence image is directly influenced by the subdiffraction-
limited size of nanospeckles formed at random metastructures
with a radius of 59.3 ± 45.3 nm and a separation distance of
178.6 ± 48.8 nm, which is more suitable than the previous

Figure 4. Microfluidic control of GBA-on-a-chip. (a) Top-view illustration of the microfluidic chip. The exosomes are secreted by HEK-293T
cells and move to the SH-SY5Y channel through the donor gates (DGs), the collagen gel channel, and the receptor gates (RGs). The green
arrows represent the direction of microfluidic control. (b) The distribution of exosomes in the chip is calculated by the numerical simulation
at 800 s after release from the donor cells. (c) The cumulative counts of exosomes that passed through each RG from 0 to 2000 s. (d) The
velocity distribution of exosomes being transported in the collagen channel between DG3 and RG3. The trajectory is obtained based on the
simulated transport of exosomes from 0 to 1000 s. (e) Exosome tracking in the collagen channel between DG3 and RG3. (f) The total
trajectories in each gate area are measured to be N = NRG1 ∼ 5 and NDG1 ∼ 5 (see details in Supplementary section 8).
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work.19 In Figure 2g−i, the FWHMcorr tends to decrease at
longer wavelengths, where conventional fluorescence image
resolution can be improved by high spatial sampling. In this
study, near-field excitation on random metastructures at the
wavelength of 488 nm is chosen for the super-resolution
imaging of exosomes tagged with green fluorescent protein
(GFP).33,34

NanoSIM Imaging of Aggregated Nanobeads and
Exosomes. Figure 3 demonstrates the broadband super-
resolution image reconstruction of various single nanoparticles
by NanoSIM. Figure 3a−c compares a raw image of
fluorescent polystyrene (PS) nanobeads (radius = 49.5 ± 4
nm) with a super-resolution image reconstructed by NanoSIM.
Fluorescence images of multicolor PS beads stained with
different fluorescent dyes are acquired with incident laser
beams at 488, 532, and 633 nm. Based on the near-field
speckles generated by ASI from ϕ = 2 to 360° in a step of 2°,
180 frames of fluorescence images (pixel size = 30 × 30 nm2)
are used to generate a super-resolved nanobead image (pixel
size = 5 × 5 nm2) with the blind-SIM algorithm.35 As shown in
Figure 3b,c, NanoSIM can improve the image resolution of
two aggregated nanobeads in the raw image. The separation
distance of two beads is observed to be 95, 100, and 100 nm
acquired at the emission peaks of 515, 580, and 680 nm,
respectively. The correlation study between super-resolution
reconstruction image by NanoSIM and AFM image was
conducted in the previous work.19 Here, the deviation in the
positions of two particles at different emission wavelengths is
due to molecular localization shifts caused by plasmonic
coupling. Since many fluorescent molecules can exist inside a
nanoparticle with mixed dipole orientations, mislocalization
induced by plasmon−molecule coupling is averaged and
becomes less effective.36 Figure 3d−f represents the super-
resolution image reconstruction of the aggregated exosomes.
After conducting NanoSIM image reconstruction, we identified
at least two different exosomes present at separate positions, as
described in Figure 3e. At the positions of P1 and P2, two
individual exosomes are resolved with a separation distance of
84 nm. NanoSIM can achieve image resolution below 100 nm
as confirmed by autocorrelation functions of nanospeckle
distributions in the previous section. The reconstructed images
of individual exosomes have good agreement with the size and
shape distribution of exosomes37,38 (more examples are
demonstrated in Supplementary section 4).
Microfluidic Control for Exosome Transport in GBA-

on-a-Chip. To model exosome transport from the gut
epithelium to brain tissue in vitro, we implemented convective
flow in our GBA-on-a-chip by utilizing surface tension−driven
pressure differences between the chip’s reservoirs. This design
choice was guided by physiological observations that exosomes
reach the brain within 5 min following intravenous injection in
mice.39 Considering the slower systemic circulation in humans
and comparable interstitial flow velocities across species, we
estimated a gut-to-brain transit time of approximately 6−8
min.40,41 Achieving this time scale across the 1.3-mm collagen
gel barrier in our chip requires an interstitial velocity of 2−3
μm/s, which can be generated by passive convection. In
contrast, diffusive transport is not only significantly slower but
also inconsistent with in vivo physiology, where flow-mediated
delivery predominates. For instance, a 200-nm exosome
diffusing in 2 mg/mL collagen (diffusion coefficient ∼ 1 ×
10− 12 m2/s) would take over 130 h to traverse just 1 mm.
Chemical gradient−based approaches are likewise unsuitable,

as they require continuous infusion of purified exosomes and
fail to capture endogenous secretion from live epithelial cells.
Therefore, we employed convection as the primary transport
mechanism to mimic physiologically relevant delivery and to
enable real-time tracking from epithelial secretion to neuronal
interaction (see details in Supplementary section 5).
The GBA-on-a-chip was designed to model the directional

transport of epithelial exosomes from the gut to the brain,
recapitulating their physical passage from the intestinal barrier
to neuronal cells. To enable high-resolution, real-time single-
exosome imaging, we required a donor epithelium capable of
producing exosomes with stable fluorescent labeling. Intestinal
cell lines such as Caco-2 are widely used in gut models but
exhibited an extremely low transfection efficiency, resulting in
insufficient fluorescence for reliable tracking. HEK-293T cells,
by comparison, offer a high transfection efficiency and are
frequently used in brain-related exosome studies. Exosomes
derived from HEK-293T cells interact with SH-SY5Y cells, a
human neuronal cell line, and have been applied in
neurodegenerative disease models such as Parkinson′s and
Alzheimer′s diseases.42,43 Moreover, exosome biogenesis is
governed by a conserved set of proteins across epithelial
lineages, including Endosomal Sorting Complex Required for
Transport (ESCRT), which is a protein machinery responsible
for exosome biogenesis, with components such as TSG101 and
ALIX, generating vesicles with a common membrane protein
family known as tetraspanins, such as CD63, CD81, and
CD9;44 organ-specific differences in this process have not been
clearly demonstrated. We further confirmed that Caco-2 and
SH-SY5Y cells remained viable in coculture and that exosomes
from either source would follow comparable trajectories under
the convection-driven flow conditions in the device. Based on
these considerations, we used HEK-293T cells transfected with
CD63−GFP as a surrogate for the intestinal epithelium in this
transport-focused model.
In the HEK-293T cell channel, there are five exits through

which exosomes are released into the collagen gel channel,
named donor gates (DG1−5). In the SH-SY5Y cell channel,
there are also five entrances for exosomes entering from the
collagen gel channel, labeled as receptor gates (RG1−5). Using
numerical simulation, we explore the time-lapse process of
transferring exosomes from the HEK-293T cell channel to the
SH-SY5Y cell channel via the formation of a convective flow.
The parameters used in the simulation model are summarized
in Supplementary section 6. As shown in Figure 4b and
Supplementary section 7, we confirm that exosomes in the
HEK-293T cell channel mainly converge at DG3 due to the
internal convective flow formed within the channel. Exosomes
that have crossed the collagen gel channel move in both
directions toward the SH-SY5Y channel reservoirs. Based on
the observed flow patterns within the microfluidic chip,
exosomes originating from the HEK-293T cell channel are
anticipated to converge toward DG3, significantly enhancing
their likelihood of reaching RG3 compared to other RGs.
Figure 4c shows the cumulative counts of exosomes released
from the HEK-293T channel, reaching each RGs within the
period of 0 to 2000 s. Additionally, we analyze the trajectory of
exosome movements from DG3 to RG3 as shown in Figure
4c,d. We observe that after 1000 s, most of the new exosomes
reach RG3. The number of exosomes reaching RG3 continues
to increase until 2000 s.
From the experimental examination of the exosome

trajectories moving from DG3 to RG3 as shown in Figure
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Figure 5. Super-resolution images of exosomes, plasma membranes, and lysosomes within a coculture environment representing the dynamic
behavior of exosomes. (a) Diffraction-limited (DL) fluorescence image of exosomes (green) and plasma membrane (red) in a live HEK-
293T cell. Plasma membranes are conjugated with Alexa Fluor 633. (b) Super-resolution image reconstructions for CD63-GFP exosomes.
(c) Normalized intensity profiles along the white dashed lines in (b). (d) Diffraction-limited fluorescence image of exosomes (green) and
lysosomes (magenta) inside a live HEK-293T cell. (e) Super-resolution image reconstructions for CD63-GFP exosomes and LysoTracker-
Deep-Red lysosomes. (f) Normalized intensity profiles along the white dashed lines in (d,e). (g) Diffraction-limited fluorescence image of
exosomes (green) and plasma membrane (red) in a live SH-SY5Y cell. (h) Super-resolution image reconstructions for CD63-GFP exosomes
and plasma membranes conjugated with Alexa Fluor 633. T denotes the time-lapse period of 3.6 s. (i) Normalized intensity profiles along the
white dashed lines in the left column of (h). (j) Normalized intensity profiles along the white dashed lines in the right column of (h). (k)
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4e, it is evident that exosomes released from DG3 migrated
easily to RG3. The observed trajectories of CD63-GFP
exosomes in the experiment described in Figure 4e showed a
high correlation with the trajectories confirmed by the
numerical simulation in Figure 4d, demonstrating successful
exosome transport. Furthermore, we tracked CD63-GFP
exosomes at all DGs and RGs in the GBA-on-a-chip with the
convective flow, as shown in Figure 4f (see details in
Supplementary section 8).
Super-Resolution Imaging of Exosomes, HEK-293T

Cells, and SH-SY5Y Cells in GBA-on-a-Chip. Figure 5
illustrates the super-resolution imaging of live HEK-293T cells
and SH-SY5Y cells in our GBA-on-a-chip, employing Nano-
SIM imaging to reveal previously unseen details of exosome
transport. Live HEK-293T cells, transfected with GFP-tagged
exosomes, are readily observed in the lower channel, as shown
in Figure 4. We verify the presence of GFP-tagged exosomes
within the cells and observe convection currents within the
microfluidic environment, as shown in Figure 5a−f using an
EM-CCD camera. In addition, cell membranes and lysosomes
in HEK-293T cells are observed with a second EM-CCD
camera. Intracellular exosomes exhibited a tendency to
aggregate.27 Before being released into the extracellular
space, exosomes are intraluminal vesicles (ILVs) housed
within multivesicular bodies (MVBs), with each MVB
potentially containing multiple ILVs.45 Figure 5b shows that
individual exosomes are distinguishable only through the
superior resolution of the NanoSIM. Figure 5c compares the
intensity profiles in diffraction-limited and NanoSIM images,
proving super-resolution imaging capabilities. As shown in
Figure 5d,e, it is observed that exosomes and lysosomes
overlap spatially in the HEK-293T cells. MVBs that do not fuse
with the cell membrane to release ILVs externally can be
degraded by lysosomes within the cell. Figure 5e provides
significantly improved super-resolution, two-color images of
exosomes and lysosomes.
After being transversed through the DG, collagen gel, and

RG sequentially, exosomes reach the SH-SY5Y cell mem-
branes. As expected from previous studies, their diffusion
dynamics near these SH-SY5Y receptor cells exhibit distinct
characteristics, depending on exosome−cell interactions.46 In
contrast to the convection-driven flow observed in other
regions, exosomes exhibit confined movements near these
neuronal cell membranes (see details in Supplementary section
9). Specifically, in Figure 5g, the movement of exosomes is
significantly more confined, showing the behavior of
membrane-associated particles. We observe that aggregated
exosomes move along with the directional extension of the SH-
SY5Y cell dendrite (Supplementary movie 1). The super-
resolution capabilities of NanoSIM are essential in resolving
these aggregates into distinct individual exosomes, as
demonstrated in Figure 5h−j. The distance between two
exosomes (E1 and E2) shown in the left column of Figure 5h
increases progressively (Supplementary movie 2). In the right
column of Figure 5h, while the soma remains stationary, the
confined exosomes (E3 and E4) show comparatively limited
translocation (Supplementary movie 3). In Supplementary

section 9, exosomes exhibit free and loosely confined diffusion
with a typical velocity of 1−1.5 μm/s. In contrast, E1 exhibited
an average translation velocity of 7 nm/s while bound to the
cell membrane. This observation demonstrates the direct
exosome uptake process, in which exosomes bind to cell
surface receptors for signal transduction during intercellular
communication. The stationary exosomes observed near the
plasma membrane of SH-SY5Y cells are likely tethered through
receptor-mediated interactions. Similar tethered exosomes are
repeatedly observed in other SH-SY5Y cells and bEnd.3 cells
(Supplementary sections 10 and 11). Furthermore, NanoSIM
enabled clear differentiation between aggregated exosomes and
lysosomes that are colocalized within SH-SY5Y cells, as
illustrated in Figure 5k−m. This observation reveals both the
receptor-mediated signaling pathway followed by exosomes
and their internalization via the lysosomal pathway for
degradation.

DISCUSSION
Our approach combines large-scale, mass-produced plasmonic
metastructures with a microfluidic chip designed to mimic
gut−brain biochemical interactions, enabling the capture of
dynamic exosome behavior over extensive distances. This setup
employs a conventional total internal reflection configuration
for super-resolution fluorescence imaging within the micro-
fluidic chip, allowing wide-field imaging and convenient
assessment of regions of interest. The plasmonic random
metastructures fabricated on the glass substrate generate
subdiffraction-limited nanoscale illumination, particularly
beneficial for microfluidic chips integrated into glass substrates.
In our experimental configuration, we observe numerous

exosomes released from HEK-293T cells migrating toward SH-
SY5Y cells, enabling investigation into exosome dynamics and
intercellular communication. Here, the super-resolution
imaging capability can prove valuable in elucidating individual
exosome behavior with significant implications for under-
standing their interactions with diverse cell types and potential
roles in various biological processes. For example, exosomes
are involved in the GBA, facilitating communication between
the gastrointestinal system and the brain. Exosomes derived
from gut cells (Caco-2) treated with gamma-aminobutyric acid
(GABA) can activate neuronal cells, suggesting that GABA
may enhance neuronal activity and offer a potential therapeutic
approach for AD.47 In AD, exosomes can transmit pathogenic
proteins like tau and amyloid beta (Aβ), contributing to the
spread of AD-related pathology.48−51 Our system enables high-
resolution tracking of these exosomes, offering a way to map
individual exosome trafficking patterns and correlate them with
the spatial progression of AD pathology.52

Our findings show that not all exosomes traverse the RGs to
reach their intended targets. This delivery efficiency can
potentially be optimized through modifications to the
microfluidic chip dimensions and control parameters. Opti-
mization of barrier structures and adjustments in channel
dimensions, such as reducing the width of the collagen
channel, may be necessary for improved exosome reception.
Faster super-resolution dynamics can be achieved with a

Figure 5. continued

Diffraction-limited fluorescence image of exosomes (green) and lysosomes (magenta) inside a live SH-SY5Y cell. (l) Super-resolution image
reconstructions for CD63-GFP exosomes and LysoTracker-Deep-Red lysosomes. (m) Normalized intensity profiles along the white dashed
lines in (j,k). Scale bars in (a,g), (b,d,e), (h), and (k,l) are 3 μm, 200 nm, 100 nm, and 1 μm, respectively.
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reduced number of subframe images and optimized
reconstruction algorithms.53,54 In summary, by enabling the
direct observation of exosome dynamics at super-resolution in
different cell types within a controlled environment, our
research paves new avenues for understanding the exosome
function and their involvement in more complex biological
processes.

CONCLUSIONS
In this study, we developed an integrated platform that
combines NanoSIM with a GBA organ-on-a-chip to achieve
real-time, super-resolution visualization of exosome transport
across physiologically relevant cellular barriers. By using
plasmonic random metastructures for near-field speckle
generation, NanoSIM enables wide-field, subdiffraction-limited
imaging of exosomes with high spatial resolution. This
capability, when coupled with a microfluidic coculture system,
allows direct tracking of exosome secretion, transit, and uptake
between intestinal epithelial and neuronal cells. Our approach
captures both the dynamic movement and confined
interactions of exosomes with target cells, revealing distinct
modes of intercellular communication such as receptor-
mediated signaling and lysosomal degradation. Importantly,
this platform overcomes limitations of existing organ-on-a-chip
models by supporting continuous coculture and eliminating
the need for exosome isolation, thereby preserving physio-
logical context. Beyond fundamental insights into exosome
biology, the system offers a versatile framework for
investigating the role of extracellular vesicles in neurological
disorders, including Alzheimer′s disease, and holds potential
for evaluating therapeutic strategies targeting exosome-
mediated pathways. Future efforts will focus on enhancing
imaging speed, refining chip architecture, and expanding the
approach to disease-relevant cell models. Overall, this work
provides a powerful and scalable methodology to probe
exosome dynamics in complex biological systems with
nanoscale precision.

METHODS
Experimental Setup. NanoSIM utilizes a total internal

reflection fluorescence microscopy (TIRFM) setup with
adjustable light incidence, as depicted in Figure 1a. The
system combines illumination from three lasers: an Ar-ion laser
(λ = 488 nm, Melles Griot, USA), a solid-state continuous-
wave laser (λ = 532 nm, Novota Photonics, USA), and a
Helium−Neon laser (λ = 633 nm, Melles Griot, USA). Before
reaching a sample, light passes through neutral density filters
and a beam expander for collimation. While NanoSIM does
not require specific polarization control, p-polarization can be
maintained during azimuthal scanning by using a combination
of polarizers and waveplates. Localized near-field illumination
is spatially switched by a mounted mirror on a piezoelectric
tip/tilt platform (Model No: E-517.I3, Physik Instrumente
GmbH & Co. KG, Germany). Incident light is illuminated
onto the sample through an objective lens (CFI Apo TIRF
100×, NA 1.49, Nikon, Japan). Two EM-CCD cameras (iXon
Ultra 897 and iXon Ultra 888, Andor Technology, United
Kingdom) are used for image acquisition with a frame rate of
25 fps. Specific emission filters are employed depending on the
detected fluorescent signal: AT535/40m (Chroma, Bellows
Falls, USA) for GFP emission, AT690/50m (Chroma, USA)
for Alexa Fluor 633 and LysoTracker Deep Red, and ET542/

LP (Chroma, USA) for emission at 580 nm. A multibandpass
dichroic beam splitter (ZT488/532/633/830/1064rpc, Chro-
ma, USA) separates the excitation and emission light paths.
Fabrication of Random Metastructure Substrate and

Coculture Chip. Random metastructure is fabricated on a
BK7 glass substrate and cleaned using sonication with acetone,
isopropyl alcohol, and deionized water. A 15-nm-thick gold
film is deposited onto the cleaned substrate via thermal
evaporation. The gold-coated substrate is annealed at a high
temperature (350 °C) on a hot plate, inducing dewetting of
the gold film and forming nanoislands. Previous studies have
demonstrated that the size distribution and interisland spacing
of these nanoislands follow a normal distribution and are
influenced by specific fabrication parameters.19,32 To enhance
adhesion between the PDMS chip and the substrate, gold
nanoislands are selectively removed from the bonding area
before the microfluidic chip assembly. The nanoislands are
retained in the area of cell culture channels to facilitate super-
resolution imaging of exosomes, HEK-293T cells, and SH-
SY5Y cells. To ensure chip integrity for accurate measure-
ments, microscopic observation of the behavior of GFP-labeled
exosomes was performed before each experiment, confirming
the absence of leaks.
Image Acquisition and Reconstruction. TetraSpeck

Microspheres (100 nm, T7279, Invitrogen, USA) were used
for the control experiment. NanoSIM relies on SIM, a
technique that extends resolvable information beyond the
diffraction limit of conventional optical systems, thereby
enhancing the image resolution. In SIM, the image is
reconstructed from a weighted sum of modulated images
captured under different illumination angles in the k-space.
Our approach employs a blind-SIM algorithm and varies the
light incidence azimuthally to obtain the necessary subframe
images. In NanoSIM, ASI offers advantages due to the use of
random metastructures as localized illumination sources. For
control experiments using polystyrene beads, 180 frames are
obtained for super-resolution NanoSIM reconstruction. For
live cell and exosome imaging, 90 frames are obtained. The 8-
frame time-lapse for super-resolution exosome dynamics is
generated with image acquisitions of 720 frames. More details
on image reconstruction can be found elsewhere.19

Numerical Simulation. We conduct a three-dimensional
FDTD simulation to analyze the near-field distribution
generated by a random metastructure substrate. The excitation
wavelengths for the localized near-fields are λex = 488, 532, and
633 nm. The refractive index of gold is sourced from Palik.55

The simulation space spans 2 × 2 μm2 in the horizontal axes
and 600 nm in the axial direction. The mesh size near the
metastructure is set to 7.5 × 7.5 × 7.5 nm3, with nonuniform
mesh construction. The morphology of the metastructure is
determined using AFM measurements.
We used COMSOL Multiphysics software to model the

exosome transport driven by convective flow in the GBA chip.
The convective flow, driven by a pressure gradient from the
HEK-293T to SH-SY5Y channel, is simulated using the
laminar flow module. The collagen gel channel, acting as a
porous membrane, is represented within the module,
integrating the Darcy permeability and collagen gel porosity
parameters. Exosome transport is simulated with the particle
tracing module utilizing values from the laminar flow module.
We simulate the dynamics of exosome transport, which
initiates from the HEK-293T cell channel over a time span
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of 0 to 2000 s. Supplementary section 6 details the parameters
used in the simulation.
Cell Coculture in GBA-on-a-Chip. In GBA-on-a-chip

experiments, we use human embryonic kidney cells (HEK-
293T, CRL-3216, ATCC, USA) as donor cells responsible for
secreting fluorescent exosomes. HEK-293T cells are trans-
fected with a plasmid containing the sequence for fluorescently
labeled CD63-GFP protein, which is a tetraspanin protein
found on exosome surfaces.56 We use HEK-293T cells, which
have a high transfection efficiency and are commonly used in
exosome-based research for neurodegenerative diseases.57 For
example, Jurgielewicz et al. confirmed the uptake of
fluorescently labeled exosomes secreted by transfected HEK-
293T cells by SH-SY5Y cells.58 Although HEK-293T cells are
not gut-originated, Caco-2 and HEK-293T are both human-
originated cells and, therefore, presumably share common
exosome-releasing mechanisms. Our research is focused on
real-time visualization of transport routes and kinetics of
exosomes across different organs. Considering this limitation
and experimental objectives, we speculate that HEK-293T cells
can be a suitable alternative to Caco-2 cells.
On the other hand, human neuroblastoma cells (SH-SY5Y,

22266, Korean Cell Line Bank , Korea) served as the recipient
cells to take up these fluorescent exosomes. All cells are
cultured in Dulbecco’s Modified Eagle Medium (11995-040,
Gibco, USA) supplemented with 10% fetal bovine serum
(Welgene, S001-01, Korea) and 1% penicillin−streptomycin
(P4333, Sigma-Aldrich, USA) at 37 °C in a 5% CO2 incubator.
The culture media were changed every 2−3 days.
Before coculturing HEK-293T and SH-SY5Y cells on the

GBA-on-a-chip, a collagen gel with a concentration of 2.0 mg/
mL is introduced into the collagen gel channel. To prepare 100
μL of collagen at 2.0 mg/mL concentration, the following
components are mixed: 1.58 μL of 1N NaOH (S1996,
SAMCHUN CHEMICALS, Korea), 10 μL of 10× Dulbecco’s
phosphate-buffered saline (D5652, Sigma-Aldrich, USA), 19.8
μL of distilled water, and 68 μL of collagen, rat tail type 1
(354236, Corning, USA). The GBA-on-a-chip, filled with 2.0
mg/mL collagen gel in the collagen gel channel, is incubated
for 30 min at 37 °C with 5% CO2. Once the collagen gel has
gelled, 20 μL of SH-SY5Y cells at a concentration of 7 × 106
cells/mL is introduced into the SH-SY5Y cell channel. These
cells are then cultured for 24 h at 37 °C with 5% CO2. After 24
h of culturing SH-SY5Y cells on the GBA-on-a-chip, 60 μL of
transfected HEK-293T cells at a concentration of 7 × 106
cells/mL is introduced into the HEK-293T channel of the
device. Subsequently, both transfected HEK-293T and SH-
SY5Y cells are cocultured on the GBA-on-a-chip for an
additional 24 h at 37 °C with 5% CO2.
Transfection of HEK-293T. HEK-293T cells were trans-

fected to generate cells that spontaneously release GFP-
exosomes. HEK-293T cells were seeded in a 6-well plate
(Corning, USA) at a concentration of 2.5 × 105 cells per well
and cultured for 24 h at 37 °C with 5% CO2. After 24 h, a
diluted DNA total solution was prepared by combining 2.5 μg
of pCT-CD63-GFP plasmid (CYTO120-PA-1, System Bio-
sciences, USA) and 5 μL of Lipofectamine 3000 (L3000001,
Invitrogen, USA) with 125 μL of Opti-MEM (31985-062,
Gibco, USA). A diluted lipofectamine 3000 solution was
created by mixing 5 μL of Lipofectamine 3000 with 125 μL of
Opti-MEM. The diluted Lipofectamine 3000 solution and the
diluted DNA total solution were combined in equal parts (1:1)
and incubated at room temperature for 5 min. Subsequently,

250 μL of the combined solution was added to a 6-well plate
containing cultured HEK-293T cells, followed by overnight
incubation at 37 °C with 5% CO2.
Fluorescence Staining of Cell Membrane and

Lysosomes. To stain the membranes of transfected HEK-
293T and SH-SY5Y cells in the GBA-on-a-chip, the culture
medium in both the HEK-293T and SH-SY5Y cell channels is
removed. Subsequently, two washes are performed using
Hank’s Balanced Salt Solution (HBSS, Sigma, USA). Next, 50
μL of wheat germ agglutinin Alexa Fluor 633 conjugate
(WGA-633, Invitrogen, USA) is added at a concentration of 45
μg/mL, with 60 μL added to the HEK-293T cell channel and
20 μL added to the SH-SY5Y cell channel. This is followed by
a 10-min incubation at 37 °C with 5% CO2. After the
incubation, the WGA-633 solution in both channels is
removed, and the cells are washed twice with HBSS. Medium
is then added to both channels.
To observe lysosomes in transfected HEK-293T and SH-

SY5Y cells, LysoTracker Deep Red (L12492, Invitrogen, USA)
is diluted in HBSS to a concentration of 50 nM. The culture
medium in both the HEK-293T and SH-SY5Y cell channels is
removed, and the cells are washed with HBSS. LysoTracker at
a concentration of 50 nM is introduced with 60 and 20 μL for
the HEK-293T and SH-SY5Y cell channels, respectively. The
cells are then incubated for 1 h at 37 °C in 5% CO2. After the
incubation, the LysoTracker solution is removed from both cell
channels. Subsequently, both channels are washed twice with
HBSS, and fresh medium is added.
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