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Introduction

Extracellular vesicles (EVs) are lipid-bound vesicles secreted
by cells into the extracellular space. There are three types
of EVs, including exosomes (30—-150 nm) [1], microvesicles
(100-1000 nm), and apoptotic bodies (50—4000 nm). EVs are
also important intercellular communication carriers in many
physiological and pathological processes such as immune
response, tumor invasion, and metastasis [2, 3]. EVs circulate
in various body fluids (e.g., peripheral blood and urine), while
carrying genetic information (e.g., proteins and nucleic acids)
from the parent cells [2, 4, 5]. Thus, their source can be
identified through gene analysis [6—10].

As a result, the analysis of EVs is very useful for disease
diagnosis, treatment, and prognostic evaluation, for example
in cardiovascular diseases [11-13], cancer [14, 15], pathogen
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infection [16], pregnancy complications [17], and neurode-
generative diseases [18, 19]. Recently, EVs were discovered
to have potential applications in personalized drug delivery
[20-22].

However, due to the much smaller size of EVs (tens of
nm) compared to regular red blood cells (6-8 microns),
conventional centrifugation (about 10,000 g or less) cannot
separate them from body fluid. Thus, simple, efficient, high-
throughput, and specific separation of EVs remains a great
challenge.

So far, tremendous efforts have been made to develop
effective EV separation methods. Among them, ultracentrifu-
gation (about 100,000 g or larger) is a straightforward and
high-throughput physical separation approach [23]; however,
it requires expensive ultracentrifugation equipment, multi-
ple centrifugation steps, and large sample volumes, while
affording relatively low separation efficiency [24, 25]. Other
physical strategies, such as ultrafiltration and polymer-based
precipitation approaches, are facile, are of low cost, and have
flexible EV size options, but cause issues with the purity and
integrity of EVs due to non-specific capture and membrane
blocking [26, 27]. Immunocapture approaches are based on a
specific chemical bonding mechanism, which allows for spe-
cific EV capture at high purity. However, they have issues like
limited antibody availability, low yield, and high cost [28].
A summary of the above-described approaches is given in
Table 1.

Recently, significant progress has been made on
microfluidic-based EV isolation approaches, which offer
improved separation efficiency, reduced processing time, and
the ability to meet sample volume requirements [29, 30]. Pre-
viously, the laminar and uniaxial flow in conventional planar
substrate-based microfluidic devices commonly resulted in
limited interaction between the particles and the device sur-
face [31, 32]. Today, non-planar microfluidic devices with
incorporated nanostructure substrates have been developed
and exhibit promising EV capture performance. The incorpo-
rated nanostructures not only break up unwanted streamlines
in the microchannels, but also increase the specific surface
area, and can be designed to match the dimensions of EVs to
further increase the EV capture efficiency [33-36].

Among the different nanostructures, ordered arrays of
one-dimensional (1D) nanostructures are frequently reported
as effective for EV separation applications. The 1D nanos-
tructure arrays have the following key features: dimensions
that match EVs, the capacity to be modified with EV probes,
and the capacity to be incorporated into microfluidic devices
for high-throughput EV capture.

In this article, we focus on the recent progress of
microfluidic devices with incorporated 1D nanostructures
for enhanced EV separation. Note that, based on the mor-
phologies of the 1D nanostructures, we roughly categorize
them into three major types, as shown in Fig. 1: nanorods,
nanowires, and three-dimensional (3D) nanostructures. In

Table 1 Summary of different extracellular vesicle (EV) isolation methods

Strategy Approach/substrates Separation Benefits Limitations
mechanism
Conventional approaches Ultracentrifugation [24, 25] Size density Straightforward Long processing time
High throughput Low purity and recovery

Microfluidic with
micro-/nanostructure
(physical approach)

Microfluidic with
micro-/nanostructure
(chemical approach)

Ultra-filtration [26, 27]

Immunocapture [28]

DLD [38, 39, 45]
Nanowires [60, 70]
Secondary structures [79]
Nanorods [47, 49, 56, 58]
Nanowires [61, 63, 64]

Secondary structure [77, 78,
80]

Size

Affinity

Size surface
charge

Size affinity

Facile, low cost, and rapid
Flexible size options

High specificity

High purity

Label-free
Rapid process
Little damage to EVs

High specificity and purity
Rapid process
Little damage to EVs

Large sample consumption

EV deformation and lysis
Membrane blocking

Limited antibody availabil-
ity

Low yield and high cost

Clogging risk

Nanofabrication required

Low specificity and purity

Clogging risk

Limited antibody
availability

Nanofabrication required
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Fig. 1 Schematic illustrations of microfluidic chips with incorporated 1D nanostructure for EV capture (a), 1D nanorod arrays (b), 1D nanowire

arrays (c), and 3D hierarchical nanostructure arrays (d)

addition, both physical and chemical (with EV probes) cap-
turing mechanisms for these three types are described in
detail with examples in the following sections.

Microfluidic devices with incorporated
nanorod arrays

Nanorods are generally considered to be low-aspect-ratio 1D
nanostructures (Fig. 1b). Nanorod arrays can be fabricated by
nanolithography, such as photography, e-beam lithography,
and nanosphere lithography [37—43]. When incorporated into
a microfluidic device, these arrays can be used to generate
chaotic flow within the microchannels to promote physical
interactions between the EVs and nanorods for improved cap-
ture efficiency.

Nanorod arrays for physical separation of EVs

As shown in Fig. 2a, one typical physical separation mech-
anism of microfluidic devices with incorporated nanorod
arrays is deterministic lateral displacement (DLD), which
is a particle size-based physical mechanism [39]. In DLD,
particles with diameters (Dp) larger than the critical cut-
off diameter (D) continuously migrate toward the nanorods
(bump mode), while smaller ones follow the fluid stream-
lines (zigzag mode). As a result, the trajectory and outlet of
particle separation vary with different sizes.

For example, Huang et al. reported a DLD microfluidic
device for particle isolation [44]. Each column of nanorods
was positioned laterally by a designed distance, and at a
designed angle facing the liquid flow direction. In the gaps
between the nanorods, particles were successfully gradually
separated according to their size.

In addition, nanorod arrays with designed gap sizes can
physically separate EVs through size sorting. For instance,
Wunsch et al. reported nano-DLD arrays for sorting and
collection of EVs (from 20 to 140 nm) through controlled
nanorod gap sizes (from 25 to 235 nm) at a small flow rate of
about 0.2 pL/h, as shown in Fig. 2a [39]. Smith et al. further
demonstrated a higher flow rate of 900 pL/h by integrat-
ing 1024 nano-DLD arrays into a single device, as shown in
Fig. 2b [38]. The isolation mechanism supplied the sample to
eight rows of DLD arrays along the inlet bus network. Larger
particles (Dp > D) were enriched and exited from the bump
outlet. Concurrently, smaller particles (Dp < D.) exited from
the zigzag outlets located on the back of the chip.

A challenge still exists with nano-DLD chips, namely that
high pressures above 200 kPa are commonly required to
transport EVs across the nanorod array. To address this limi-
tation, Hattori et al. introduced electroosmotic flow (EOF) to
nano-DLD chips [45] (Fig. 2¢). This was realized by applying
an electric field through the reservoirs to generate gradient
electric fields, while EOF controlled the flow of negatively
charged EVs for separation and enrichment.
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Fig. 2 Microfluidic devices with incorporated nanorod arrays. a, b Deterministic lateral displacement (DLD) for EV sorting (a is reproduced from
Ref. [39], Copyright 2018, with permission from Royal Society of Chemistry; b is reproduced from Ref. [38], Copyright 2016, with permission
from Springer Nature). ¢ Electroosmotic-flow-based nano-DLD chip for nanoparticle control (reproduced from Ref. [45], Copyright 2019, with
permission from American Chemical Society). d Au nanorod array for EV capture and detection (reproduced from Ref. [49], Copyright 2021,
with permission from American Chemical Society). e 3D plasmonic photonic biosensor for EV capture and detection (reproduced from Ref. [56],

Copyright 2018, with permission from RSC Pub)

Chemically modified nanorod arrays for enhanced
separation of EVs

Although nanorod-based DLD chips were an advance in
efficient EV separation, they cannot identify the types or
source cells of EVs. Thus, additional chemical modifica-
tions are needed to capture target EVs of interest (Fig. 1b).
The underlying principle of chemically modified capture is
based on the binding interactions between the exosome sur-
face membrane-bound proteins and the specific antibodies on
the surface of the microfluidic devices. Studies have revealed
that specific proteins (e.g., CD9, CD63, and EpCAM) of exo-
somes can serve as binding targets, when the corresponding
specific capture probes (e.g., anti-CD9, anti-CD63, and anti-
EpCAM antibodies) are modified on the nanorod surfaces
[46].

For example, Lv et al. reported a simple and robust plas-
monic biosensor array to detect exosomes down to 1 ng/mL
with a small sample volume of 50 wL [47]. They applied
anti-CD63 antibodies on ordered gold nanorod arrays to cap-
ture target exosomes containing CD63 protein antibodies. A
smaller sample volume of 50 pL and a short detection time
of about 4 hours was realized, compared with the standard
ELISA (enzyme-linked immunosorbent assays) approach

@ Springer

[48]. Likewise, Wang et al. improved another ultra-sensitive
SERS (surface enhanced Raman spectrum) sensor to detect
exosomes secreted by specific cells, as shown in Fig. 2d
[49]. In their study, vertically aligned plasmonic Au nanorod
arrays were combined with a DNA colocalization-dependent
system to detect EVs optically. This technology enables the
specific detection of exosomes secreted by SK-Br-3 cells in
the cell culture medium (including SK-Br-3, RAW, HEK-
293T, HeLa, and HepG2).

Nevertheless, plasmonic nanostructures such as Au
nanorods [50, 51] and nanoholes [52] only couple with adja-
cent nanostructures in the two-dimensional region, which
limits their sensitivity and figure of merit (FOM). Fur-
thermore, the radiant dumping effect of the super-radiation
plasma mode also reduces the FOM of the resonance peak
spectrum [53]. Studies have shown that the complex plasma
layer can enhance detection sensitivity [54, 55]. To improve
the sensitivity, Zhu et al. used reverse nanoimprint lithog-
raphy to fabricate 3D photonic crystal nanostructures with
point defect cavities [56], which increased the sensing area
and obtained a detection range from 10*~10!" particles/mL
(Fig. 2e), broader than in conventional nanoparticle track-
ing analysis (2 x 10% to 2 x 10° particles/mL) [57].
Other strategies, such as lipid nanoprobes and functionalized
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Fig. 3 Microfluidic devices with incorporated nanowires. a ZnO/Al, O3 core—shell devices collect urine EVs through an induced electrostatic effect
followed by extraction of miRNAs (reproduced from Ref. [60] under Creative Commons license CC BY-NC 4.0). b Devices with herringbone-aligned
carbon nanotube arrays for size-selective EV separation (reproduced from Ref. [70], Copyright 2020, with permission from American Chemical
Society). ¢ Devices with anti-EpCAM grafted Si nanowire arrays for immunoaffinity capture of EVs (reproduced from Ref. [63], Copyright 2019,
with permission from American Chemical Society). d Devices with bifunctional peptide-modified ZnO nanowire arrays for cancer-derived EV
capture (reproduced from Ref. [61], Copyright 2021, with permission from Royal Society of Chemistry)

silica nanorods, have also been reported for detection of EVs
through DNA analysis via ddPCR [58].

Microfluidic devices with incorporated
nanowires

Nanowires are high-aspect-ratio 1D nanostructures which
generally have a larger specific surface area than nanorods,
and thus more antibody binding sites. Similar to nanorod
arrays, they can be incorporated into microfluidic devices for
enhanced EV capture. Materials with good biocompatibility,
such as ZnO [59-61], Si [62—-64], and TiO [65], are used to
construct the nanowires. The gaps among the nanowires can
be designed and controlled to match the EV size to facilitate
physical separation [66].

Nanowire arrays for physical separation of EVs
Similar to nanorod arrays, the physical separation mechanism

of nanowires mainly relies on the size effect and electrostatic
adsorption (Fig. 1c) [67].

For instance, EVs in the urine are known to be difficult to
separate due to being present only in trace amounts [68, 69].
Yasui et al. found that urine EVs and ZnO/Al, O3 nanowires
had opposite surface charges at pH values of 68 [60]. There-
fore, they integrated the nanowires into a microfluidic device
and achieved a high EV capture efficiency (> 99%) through
the electrostatic interaction between the nanowires and EVs.
These nanowires also showed decent mechanical stability in
the lysis buffer and during the extraction of miRNAs with
different sequences (about 1000 species) (Fig. 3a).

As shown in Fig. 3b, Yeh et al. reported herringbone-
aligned N-doped multiwalled carbon nanotube arrays (inter-
tube distance: from 22 to 720 nm) for physical separation of
EVs [70]. The fluid microvortex caused by the herringbone
carbon nanotube array was able to enhance the mixing of
circulating medium, allowing EV separation with size selec-
tivity [30, 71].

Although nanowire arrays can capture EVs with unknown
antibodies and maintain their integrity, unwanted clogging is
frequently reported, which would lead to a saturation limit
and thus reduce EV purity.
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Chemically modified nanowire arrays for enhanced
separation of EVs

Chemically modified nanowire arrays have also been
reported for EV capture, with the added feature of EV
specificity (Fig. 1c). For example, Dong et al. reported an
anti-EpCAM antibody-grafted Si nanowire chip for effi-
cient capture of tumor-derived EVs [63] (Fig. 3c). The large
specific surface area of the nanowires and the spiral flow
introduced by the herringbone micropatterns significantly
improved EV capture efficiency. Under optimal conditions,
the RNA recovery rate reached (82 =% 8)%. On the same chip,
they further combined covalent chemical mediation (a type
of click chemistry) with specific antibodies to capture and
release specific EVs (hepatocellular carcinoma) [63, 64]. It
is noteworthy that compared to immunoaffinity, click chem-
istry results in superior EV recovery purity, as the release
of EVs can be simply achieved through disulfide cleav-
age.

Captured EVs often need to be released for subse-
quent bioanalysis and application. However, unmodified or
antibody-modified nanowires must often be dissolved in
acidic solutions for EV release. As one possible solution,
Suwatthanarak et al. reported bifunctional peptide-modified
ZnO nanowire arrays for capture and release of EVs (Fig. 3d)
[61]. The captured exosomes can be released by adding neu-
tral salt, without damaging the nanowires.

Microfluidic devices with incorporated 3D
nanostructure arrays for enhanced
separation of EVs

Asillustrated in Fig. 1d, the type of 3D nanostructure we con-
sider here is a combination of base microstructures (either 1D
microrods or network-like structures) and secondary nanos-
tructures (nanorods or nanowires). These 3D nanostructures
have increased specific surface area to provide more EV bind-
ing sites than those without secondary structures. As a result
of enhanced interactions between the microfluidic device and
EVs, the EV capture efficiency has been improved as well
[72-76].

For instance, Chen et al. reported a 3D scaffold chip for EV
capture [77] (Fig. 4a). ZnO nanowires were vertically grown
on a network-like porous polymeric scaffold. The chaotic
and vortex mixing effect induced by interconnected microp-
ores increased the interaction between EVs and nanowires.
Meanwhile, the densely arranged nanowires not only grafted
with antibodies for specific binding, but also improved cap-
ture efficiency through physical size sorting. Ultimately, the
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isolated exosomes could be released simply by pH adjust-
ment. In another case, Wang et al. reported polymer micropil-
lar arrays coated with secondary carbon nanotubes for
capture and release of EVs (Fig. 4b) [78]. After conjugat-
ing the carbon nanotubes with an antibody, they achieved a
good EV recovery rate of about 90%.

As described in “Microfluidic devices with incorporated
nanorod arrays”, nanorod arrays have been incorporated into
microfluidic chips for EV capture and isolation. To further
improve capture efficiency, secondary smaller nanostructures
can be added to nanorod arrays to generate even higher spe-
cific surface area. As shown in Fig. 4c, Wang et al. fabricated
ciliated silicon nanorod arrays through silicon microma-
chining and Ag nanoparticle-assisted chemical etching [79].
Ciliated nanorod at a distance of 30-120 nm can provide
abundant EV binding sites. In addition, the cilia can be dis-
solved in PBS (phosphate buffer saline) buffer to release and
recover high-purity liposomes, maintaining their integrity.
When injecting a 30-pL sample, the retention rate of 83 nm
liposomes reached 60%.

To avoid EV saturation of the physical size separation-
based platform, Qi et al. developed a high-capacity microflu-
idic device with a microcolumn area of 627 mm [2, 80]
(Fig. 4d). The biotinylated anti-CD63 antibody was stably
immobilized on the microcolumn, and the retention rate of
exosomes reached 75% due to antibody-specific capture. It
is worth noting that the improved device can also be used to
analyze exosomes derived from multidrug-resistant (MDR)
cancer cells treated with drug-loaded nanoparticles, which is
promising for the development of nanotherapy to overcome
MDR.

Summary and perspective

In summary, multiple studies have shown that microfluidic
devices with incorporated 1D nanostructures increase molec-
ular binding surface area. They produce a combined fluid
mixing effect that results in enhanced EV capture, sepa-
ration, and detection. Table 2 summarizes and compares
the aforementioned microfluidic EV isolation methods in
detail. With continuous advances in materials, structures, and
microfluidic design, there is no doubt about the great poten-
tial of microfluidics for clinical applications. We expect the
commercialization of microfluidics that incorporate nanos-
tructures to promote the development of clinical testing
methods toward miniaturization, rapidity, high throughput,
portability, and automation. We believe the widespread use
of “labs-on-a-chip” is just around the corner.
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Fig. 4 Microfluidic devices with incorporated 3D nanostructures. a 3D scaffold with secondary nanostructure (ZnO nanowire) (reproduced from
Ref. [77], Copyright 2018, with permission from Elsevier). b Multiwalled carbon nanotubes and modified polymer micropillars (reproduced from
Ref. [78], Copyright 2017, with permission from American Chemical Society). Scale bar, 50 wm. ¢, d Ciliated microrod arrays (reproduced from
Ref. [79], Copyright 2013, with permission from Royal Society of Chemistry; reproduced from Ref. [80], Copyright 2019, with permission from

Springer Nature)

Table 2 Typical microfluidic

devices with incorporated 1D Structure Modification EV source Volume  Throughput  Capture Ref.
nanostructure arrays for efficiency
extracellular vesicle (EV) capture
and analysis Nanorod None Urine (human) 10 nL 0.2 nL/min n/a [39]
None Serum (human) 480 pL 8 pL/min ~50% [38]
None MDA-MB-231 n/a 0.3 nL/min n/a [45]
Anti-CD63 COLO1 50 wL n/a n/a [47]
EpCAM aptamer  SK-Br-3 20 pL n/a n/a [49]
Anti-EpCAM Fibroblast L 10 L n/a n/a [56]
Lipid nanoprobe MDA-MB-231 <2000 40 pL/min ~29% [58]
PANC-1 L
Nanowire None Primary glial n/a 500 pL/min ~ ~50% [70]
cells (mouse)
None Urine 1000 50 wL/min ~99% [60]
nL
Anti-EpCAM NSCLC 100 nL 0.2 mL/h ~82% [63]
Anti-EpCAM/ HepG2 100l 1mL/h ~83% [64]
ASGPR1/CD147
Peptide MDA-MB-231 1000 50 pL/min n/a [61]
wL
3D hybrid Anti-CD63 MCEF-7 n/a 30 pL/ min n/a [77]
?aﬂ"smlc' MDA-MB-231  n/a 10 pL/min ~ ~75% [80]
ure
HUVECs 400 L 1mL/h ~90% [78]

n/a: Did not provide
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