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ABSTRACT: Recent discoveries reveal that extracellular vesicles
(EVs) play an important role in transmitting signals. Although this
emerging transcellular pathway enables a better understanding of
neural communication, the lack of techniques for -effectively
isolating EVs impedes their studies. Herein, we report an emergent
high-throughput platform consisting of three-dimensional carbon
nanotube arrays that rapidly capture different EVs based on their
sizes, without any labels. More importantly, this label-free capture
maintains the integrity of the EVs when they are excreted from a
host cell, thus allowing comprehensive downstream analyses using
conventional approaches. To study neural communication, we
developed a stamping technique to construct a gradient of nanotube herringbone arrays and integrated them into a microdevice that
allowed us processing of a wide range of sample volumes, microliters to milliliters, in several minutes through a syringe via manual
hand pushing and without any sample preparation. This microdevice successfully captured and separated EVs excreted from glial
cells into subgroups according to their sizes. During capture, this technology preserved the structural integrity and originality of the
EVs that enabled us to monitor and follow internalization of EVs of different sizes by neurons and cells. As a proof of concept, our
results showed that smaller EVs (~80 nm in diameter) have a higher uptake efficiency compared to larger EVs (~300 nm in
diameter). In addition, after being internalized, small EVs could enter endoplasmic reticulum and Golgi but not the largest ones. Our
platform significantly shortens sample preparation, allows the profiling of the different EVs based on their size, and facilitates the
understanding of extracellular communication. Thus, it leads to early diagnostics and the development of novel therapeutics for
neurological diseases.
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B INTRODUCTION

Extracellular vesicles (EVs) are membrane-enclosed vesicles
secreted by various types of cells, and they can freely circulate
in the extracellular environment.! Based on their size, origin,
and cargo content, EVs can be divided into three groups:

mammalian brain, EVs transfer reciprocal signals between glia
and synapse
Furthermore, in neurodegeneration diseases,

. 1

and neurons, such as immune responses,'’
14,15

assembly.

EVs participate in the spreading of protein aggregates in

. . . 14)16,17 -
Alzheimer’s and Parkinson’s diseases. In brain tumors,

exosome (30—100 nm in diameter), microvesicles (100 nm to
1 pm in diameter), and apoptotic bodies (0.8—S ym in
diameter).””> The membrane of EVs is usually similar to the
membrane of their originated organelles, which consists of the
lipid bilayer and proteins, including membrane organizers,
trafficking and adhesion proteins, and cell-specific proteins.”
The cargo contents of EVs include proteins, lipids, and genetic
materials, such as mRNAs, micro-RNAs (miRNAs), and
noncoding RNAs." By delivering and exchanging biological
materials, EVs regulate the physiological conditions of the
recipient cells.”~” EVs carry information and reflect the status
of the cells when excreted, which may reveal the progress of
specific diseases. Many studies have indicated that EVs may
serve as the biomarkers in cancer,® infectious diseases,”
neurological diseases,'® and others.""'* For example, in a
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cancer cells also upregulate excretions of EVs.'® The released
EVs involved in tumorigenic activity contain tumor-specific
cargo compositions when compared to healthy cells.””'® In
multiple sclerosis, a demyelinating disease,'” EVs play an active
role in spreading proinflammatory signals. The nervous system
uses EVs as intercellular communication cargos, whether the

host is healthy or ill. Therefore, the rapid capture of different
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EVs can promote early diagnosis and close monitoring of
disease progression during treatment.'>'%*%*!

EVs circulate in various types of body fluids, for example,
blood, urine, saliva, and cerebrospinal fluid. Purifying EVs is
the key to establish a comprehensive analysis. EVs consist of a
heterogeneous mixture of particles at the submicrometer scale.
Conventional approaches to enrich and isolate EVs include
chemical capture, such as immunoafhinity-based capture, and
density-based enrichments, such as ultracentrifugation. The
immuno-based capture relies on the specific antigens present
on the EV surface to be known. Unfortunately, these specific
markers of the EVs are largely unavailable because of the
current limited understanding of EVs.'®** Ultracentrifugation
enriches different EVs based on their densities and sizes.'**’
Unfortunately, this process takes hours or days, and studies
have shown that intense centrifugal forces induce EV’s
deterioration, which impedes downstream analysis.”’ There-
fore, and in order to preserve the sensitive cargo content of
EVs, a faster, more efficient, and gentler isolation method than
the currently available methods is urgently needed.'®**~**

In this paper, we present a label-free approach that rapidly
isolates EVs of different sizes. We have developed and built a
portable microdevice integrating aligned nitrogen-doped
carbon nanotubes (CNxCNTs) forming three-dimensional
(3D) arrays. We demonstrated that these 3D arrays are able to
capture different EVs excreted from neurons within several
minutes and without any sample preparation. Furthermore,
this gentle and effective size-based capture process enabled us
to study neural communication on-chip. For example, we
tracked the uptake of the EVs of different sizes in real-time and
discovered that they were internalized into different compart-
ments of cells. Our results demonstrate that this label-free and
rapid isolation platform could accelerate the discovery of EVs,
thus providing relevant insights into cellular communications
with impact in the early detection of different diseases.

B CONCLUSIONS

Multiwalled carbon nanotubes (MWCNTs) consist of nested
cylindrical nanostructures made of sp*hybridized carbon
atoms.”® CNTs possess unique properties and have been
utilized in different applications, includin§ electronics, optics,
and functional nanotechnologies.””*® Beyond pristine
MWCNTSs, our previous studies have shown that N-doped
MWCNTs (CNxCNTs) possess different electrical conductiv-
ity and enhanced biocompatibility when compared to pure
carbon  MWCNTs.””7** Accordingly, we used aligned
CNxCNTs as the building block of our microdevices (Figures
1 and S1). In particular, we developed a microstamping
technique to deposit Fe-containing precursors on SiO,/Si
substrates (Figure 82).35 The microstamping technique
allowed us to precisely pattern and grow aligned CNxCNT
arrays, in a herringbone pattern, with a submillimeter
resolution in a simple and cost-effective way, when compared
to lithography-based techniques.’® Previous studies have
shown that fluidic microvortices induced by the herringbone
patterns could enhance the mixin§ of the media circulating
inside a microfluidic channel.>”*® This stamping method
allowed us to pattern Fe catalytic particles with a concentration
gradient in a simple and low-cost process, when compared to a
conventional lithography-based fabrication technique that
involves a variety of chemicals and photoresists, several steps
of patterning, including lithography and deposition, and that
which has to be repeated sequentially. We constructed

| CNxCNT
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Figure 1. Aligned carbon nanotube arrays for size-based exosome
capture. (a) Ilustration of the size-based capture by different ITD
zones of the CNxCNT arrays. (b) SEM images of the aligned
CNxCNT arrays after capture.

herringbone arrays by aligned CNxCNTs with tunable
intertubular distances (ITDs) ranging from 22 + S to 720 +
64 nm (Figure S3). The stamping process patterned multiple
zones of the herringbone arrays with different ITDs to match a
variety of EVs of different sizes.

This microdevice is designed to rapidly capture and separate
different EVs according to their sizes, and it is also used to
observe cellular uptake of the different trapped EVs. To ensure
these characteristics, aligned CNxCNTs with ~60 pm in
height and having 80 and 300 nm ITDs captured and separated
EVs into two subgroups (Figure lab). Without any sample
preparation, the CNxCNT-based herringbone microdevice
successfully captured and separated EVs excreted from glia
cells into two subgroups, ~80 and ~300 nm, by hand-pushing
samples through a syringe (Figure S3a). After EV capture, we
cultured different neural cells on the CNxCNT's containing the
EVs and tracked the internalization of the different EVs.

We first used different sizes of fluorescently labeled particles
to characterize the size-based capture of the constructed
devices (Figure S4a). These spherical particles had uniform
diameters. We estimated capture efficiencies by comparing the
fluorescent intensities of the flow through to that of the
original samples (Figure S4b). In order to characterize the size-
based capture, first, we introduced particles of one size into the
microdevice with one ITD (20, 100, 220, or 550 nm) under a
flow rate of 200 pL/min. Each condition was repeated five
times (N = S). As shown in Figure 2a, when the size of the
particles matches the ITD, the microdevices have a high
capture efficiency. Next, we prepared mixtures of particles of
different sizes (400, 140, and 25 nm in diameter) and loaded
them into a microdevice consisting of nanotube zones with
ITDs matching the different sizes of the particles (Figure SSa).
After capture, strong fluorescent signals of an individual
subgroup of particles were detected in the respective zones,
comprising the CNxCNT arrays with ITDs matching the sizes
of the particles. As shown in Figure SSb, fluorescent images
clearly revealed that different particles were captured and
separated according to their sizes. The capture efficiency of
particles with diameters of 400, 140, or 25 nm could reach 31.8
+ 3.3, 34.3 &+ 4.5, or 35.3 + 4.7%, respectively, when the flow
rate varied from 250 to S00 uL/min (Figure S6a,b). In this
flow rate range, the herringbone array could effectively
enhance the mixing of the samples.”® We assembled micro-
devices without CNxCNTs to further confirm that the
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Figure 2. Characterization of the size-based capture (N = S). (a)
Capture efliciencies of particles of different diameters by microdevices
with different ITDs. (b) Capture efficiencies of the different sizes of
the mixed EVs by microdevice with ITDs of 300 and 100 nm. (c)
Capture efficiencies of the microdevices after repeating the process of
the capture. p < 0.01.

CNxCNT arrays promoted the size-based capture. After
loading the same mixture of the particles (400, 140, and 25
nm in diameter), we measured the capture efficiency to be less
than 8%, which was contributed by nonspecific capture (Figure
S6c,d). The results confirmed that the CNxCNT arrays are
effective in capturing particles according to their sizes.

EVs consist of a heterogeneous mixture of vesicles and can
be categorized into subgroups based on their size, composition,
and origin.'® Recent studies have demonstrated that EVs play a
key role in neurodegeneration disease’ and brain develop-
ment*’ and can facilitate new ways of neural communication.*’
In this context, a novel method for label-free and size-based
capture would result in a new approach to study the role of
different EVs. As a proof of concept, we fabricated micro-
devices with ITDs of 300 nm (zone 1) and 80 nm (zone 2) to
separate EVs excreted from cultured mouse primary glial cells
by hand pushing through a syringe. As observed under
scanning electron microscopy (SEM), the EV-like particles are
captured and embedded in between the aligned CNxCNTs
(Figure 1b). We then applied western blotting to detect
protein expressions of the captured EV-like particles. The
results confirmed that EVs were successfully captured
according to their size (Figure S7). By fluorescence labeling
of EVs and after recording the fluorescent intensities before
and after capture, the capture efficiencies of the EVs were
systematically determined (Figure S8). After capture, strong
fluorescent signals were detected in both zones, and the
wavelength of the fluorescence indicated that the microdevice
successfully separated the EVs, according to their sizes, with
capture efficiencies of 47.5 + 5.1 and 55.4 + 4.2% for small
and large EVs, respectively (Figures 2b, S9, and S10).
Noticeably, the capture efficiencies are higher when the flow
rate ranges between 100 and 500 yL/min. We believe that
under this range, the microvortices caused by the herringbone
arrays promote the mixing of the samples, thus enhancing the
interaction between the EVs and the 3D CNxCNT arrays. We

13136

also examined whether repeating the capture would enhance
the capture efficiencies and as shown in Figure 2c¢; no
statistically significant improvement was noted up to four
repeats. As noted above, the nonspecific capture efficiencies of
the EVs by the microdevices without CNxCNT arrays was
~20% (Figure S10), more than a factor of 2 less than that of
the microdevices with the CNxCNTs, thus confirming once
again the role of the CNxCNT arrays in the efficient size-based
capture.

After capturing EVs, we then cultured primary glial cells and
neuroblastoma (SH-SYSY and ATCC-2266) on the aligned
CNxCNT arrays and observed the uptake of EVs in real time
(Figure 3). A standard cell culture procedure, as instructed by
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Figure 3. On-chip uptake of the captured EVs. (a) Illustration of the
cell culture on-chip for the EV uptake study. (b,c) SEM images of
SYSY cell culture on aligned CNxCNT arrays with embedded EVs.
(d) Uptake efficiency of the captured EVs. (e) Doubling time of SYSY
after uptake of the different EVs.

the manufacture, was followed.*” It was noted in the SEM
images that both cells attach and proliferate on the CNxCNT
arrays (Figures 3b,c and S11). During cell culture, cells move
to the CNT arrays, thus helping the release of EVs for intake.
More importantly, fluorescence signals were detected inside
cells with wavelengths associated with the previously labeled
EVs (Figure S12). We estimated an uptake efficiency, defined
as the ratio of the number of cells with fluorescent signals, and
the total number of cells across the CNxCNT arrays. In
general, small EVs have a higher uptake efficiency than the
larger ones (Figure 3d), which is consistent with previous
suggestions that smaller particles tend to be internalized by
cells.” For smaller EVs, their uptake efficiencies increased
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during the culture over time and then reached a plateau after
36 h when the cells reached ~100% confluency. For large EVs,
the uptake efficiencies did not show any appreciable change
over culture time. To further evaluate the viability of the cells
after the EV uptake, we transferred the cells back to the culture
plates and monitored their proliferation by measuring their
doubling time. Both cells were proliferated over 48 h and
compared to cells without internalizing EVs, as a control
experiment (Figures 3e and S13). Cells internalized with EVs
were proliferated. However, the doubling time is slower than
the control, especially for those internalized with the smaller
EVs. The results suggest that EVs excreted from the glial cells
slow down the doubling time of SYSY cells after internal-
ization. Furthermore, because small EVs tend to be more
internalized by the cells than the larger ones, they also had a
slower doubling time than that of the larger EVs.

We applied confocal microscopy to track the uptake of EVs
inside the cells (Figure 4). The z-stack scanning of the

a(i) SY5Y on zone 1 (ITD:300nm)
Small EV. Large EV. _ Nuclei

Combined

ii) SY5Y on zone 2 (ITD:80nm)

b(i) SY5Y on zone 1 (ITD:300nm)
Small EV Large EV  Nuclei Golgi  Combined

(i) SY5Y on zone 2 (ITD:80nm)

Figure 4. Confocal microscopy images of SYSY cells after uptake of
smaller (red) and larger (green) EVs. The upper rows of each image
set are top-view images, and the lower rows of each image set are
cross-sectional images. (a) Staining of small EV (red), large EV
(green), nuclei (blue), ER (pink), and combined images. (b) Staining
of small EV (red), large EV (green), nuclei (blue), Golgi (pink), and

combined images.

fluorescent signals showed that both small and large EVs were
detected inside the cells. Thus, it was again confirmed that cells
internalized more small EVs than the large ones. By
overlapping the fluorescent signals from the endoplasmic
reticulum (ER) and Golgi (Figure 4a,b), small EVs (shown in
red) were detected in both ER and Golgi compartments. In
contrast, while large EVs (shown in green) were internalized
by the cells, they neither enter the ER nor the Golgi
compartments. This observation is consistent with studies
showing that exosomes transport through endocytic vesicles
after uptake and interact with the ER before being secreted
into the lysosome,**™*¢

In conclusion, we have developed an effective stamping
technique to grow arrays of aligned CNxCNTs to fabricate
microfluidic devices that successfully captured and separated
different EVs according to their sizes without any labels or
sample preparation. With this novel technology, we have

demonstrated the feasibility of studying the effect of size within
EVs and tracked their internalization in living neuronal cells.
This technological platform enables a new approach for the
discovery and rapid profiling of different EVs in order to gain
key insights into cellular communication.

B METHODS

Stamping Technique for CNXCNT Growth. A mold with a
pattern for stamping was designed by Solidwork (v2018) and
manufactured by a 3D printer (FlashForge Creator Pro) with
polylactide. Subsequently, we applied polydimethylsiloxane (PDMS)
to coat the molds and cure overnight for cross-linking. Precursor
solutions were prepared by diluting Fe(NO;);-9H,0 (Sigma-Aldrich,
#254223-10G) using a mixture (1:1) of deionized (DI) water and
toluene (Sigma-Aldrich, #244511-100ML). To start stamping, SO uL
of the precursor solution was spun on a silicon substrate (1 cm by 1
cm) with a 300 nm thick oxide layer under 100 rpm for S s, followed
by S00 rpm for 20 s. Prior to microcontact printing, both PDMS-
coated stamps and glass substrates were treated by a light air plasma.
To perform microcontact printing, a PDMS stamp was placed on a
silicon substrate coated with iron precursors for 30 s. Then, the
PDMS stamp was applied on a glass substrate for 1 h in order to
ensure that the iron precursors were transferred to the substrate and
dried.

Growth of the CNXCNT. The growth was performed by chemical
vapor deposition (CVD). In particular, benzylamine (Fluka, CAS:
100-46-9) was fed through the system by a nebulizer, working as both
carbon source and nitrogen dopant. The furnace temperature ramped
to 825 °C in 30 min. When the temperature reached 825 °C, we
turned on the nebulizer and increased the argon and 15% hydrogen
flow to 2.5 L/min. After growth, image analysis was performed using
field emission SEM (LEO 1530 FESEM) to measure the dimensions
through cross-sectional images.

Capture Efficiency Measurement. Fluorescently labeled par-
ticles were purchased from Thermo Fisher Scientific and diluted by
DI water. Fluorescent intensity was measured by a microplate reader
(Tecan Infinite F200). The capture efficiency was calculated by
measuring and comparing the fluorescent intensities before and after
the captures.

Raman Spectra Measurements of CNXCNT. We used Raman
microscopy (Renishaw, InVia Raman microscopy) to characterize the
AACVD-synthesized CNxCNTs. In particular, the CNxCNT sample
was synthesized for 30 min using the procedure as described. We
recorded the Raman spectra using 514 nm laser excitation for 30 s
under 50X magnification. The laser power to the sample was 10 yW.

Sample Preparation for Electron Microscopy. For SEM
sample preparation, the samples were fixed with 4% paraformaldehyde
and were then dehydrated with ethanol under a serial dilution from 50
to 100% (pure ethanol). For TEM, the samples were dropped onto
Quantifoil Copper grids treated with a mild air plasma (PELCO
easiGlow Glow Discharge Cleaning System) and then negative
staining was applied.

Cell Culture. The human glioblastoma astrocytoma cell line U-
251 MG, the human neuroblastoma cell line SYSY, and the LMH cell
line (ATCC CRL-2117) were cultured in high-glucose Dulbecco’s
Modified Eagle’s Medium supplemented with 10% fetal bovine serum
(FBS), 100 units/mL penicillin, and 100 pg/mL streptomycin
(Invitrogen) in a cell culture incubator at 5% CO, and 37 °C
ambient temperature. FBS was removed from the culture media 12 h
before EV collection. Cells were cultured to 70—90% confluency and
then lifted with 0.05% trypsin—ethylenediaminetetraacetate (Invi-
trogen).

Immunofluorescence Staining. Cells were scraped from the
device, seeded on the coverslips in the culture media, and fixed in 4%
paraformaldehyde. Before staining, the coverslips were rinsed with
phosphate-buffered saline (PBS) three times and then blocked in 5%
donkey serum diluted in Tris-buffered saline with 0.1% Tween for 1 h.
Primary antibodies were diluted in the blocking media. Anti-calnexin
antibody (Santa Cruz, sc-23954, used 1:1000) was used to label ER,
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and anti-GM130 antibody (BD Transduction Laboratories, 610882,
used 1:1000) was used to label the Golgi apparatus. After overnight
blocking in the primary antibody and rinsing thrice in PBS, the
secondary antibody (Thermo Fisher, A32787) diluted in the blocking
media was applied for 1 h. The coverslips were then rinsed three times
with PBS, incubated with DAPI, and mounted in ProLong Gold
(Thermo Fisher, P10144). The whole process was performed in room
temperature.
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