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Recent advances in micro-/nanostructure array
integrated microfluidic devices for efficient
separation of circulating tumor cells
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Circulating tumor cells (CTCs) released from the primary tumor to peripheral blood are promising targets
for liquid biopsies. Their biological information is vital for early cancer detection, efficacy assessment,
and prognostic monitoring. Despite the tremendous clinical applications of CTCs, development of
effective separation techniques are still demanding. Traditional separation methods usually use batch
processing for enrichment, which inevitably destroy cell integrity and affect the complete information
acquisition. Considering the rarity and heterogeneity of CTCs, it is urgent to develop effective separation
methods. Microfluidic chips with precise fluid control at the micron level are promising devices for CTC
separation. Their further combination with micro-/nanostructure arrays adds more biomolecule binding
sites and exhibit unique fluid barrier effect, which significantly improve the CTC capture efficiency,
purity, and sensitivity. This review summarized the recent advances in micro-/nanostructure array
integrated microfluidic devices for CTC separation, including microrods, nanowires, and 3D micro-/
nanostructures. The mechanisms by which these structures contribute to improved capture efficiency
are discussed. Two major categories of separation methods, based on the physical and biological
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micro-/nanostructure arrays, while chemical separation additionally involves the selection and

DO 10.1039/d2ra06339% modification of specific capture probes. These emerging technologies are expected to become powerful
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1. Introduction

Circulating tumor cells (CTCs), first discovered by Ashworth, are
malignant tumor cells shed from solid tumors into circulation.®
In the peripheral blood, they may be free individual cells or
multicell clumps that lodge on distal organs and generate
metastatic tumors.”® About 90% of cancer patients die from
tumor metastasis, so early diagnosis and treatment are crucial
to reducing cancer mortality."**

In the early stages of tumor growth, CTCs are present in
peripheral blood.*™* Their concentration is an indicator to
evaluate the chemotherapy and patient life expectancy.”** The
emerging liquid biopsy is a method for diagnosing and moni-
toring cancer by detecting CTCs or circulating tumor DNA
(ctDNA) in blood. Since CTCs inherit some characteristics from
the source tumors, which serve for analyzing their origin,
location, and nature.*®* Through systematic sample collection,
liquid biopsy can get real-time information about primary
tissues, which helps to elucidate metastatic cascade
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tools for disease diagnosis in the future.

mechanisms and select treatment plans.**?* The follow-up
culture of patients’ CTCs also helps personalize anticancer-
agent screening. Moreover, the liquid biopsy is facile and non-
invasive, prolonging the survival of patients and avoiding the
pain from puncture biopsy.>®*® As a result, CTC detection has
great potential for early tumor diagnosis, personalized treat-
ment, and patient prognosis.>

In recent years, CTCs have been adjunct to breast cancer
screening and prognostic markers for various cancers.*-** The
primary challenge that hinders the clinical application is the
lack of practical technologies to separate the low abundance of
CTCs.***® For patients with early-stage cancer, there might be
one CTC mixed with five billion red blood cells (RBCs) and ten
million white blood cells (WBCs). Second, the similar size and
deformability of CTCs and WBCs set obstacles to separation.
Third, separation methods are required to handle very small
volumes of samples. With advanced knowledge of CTCs, their
applications range from simple counting to cell sequencing,
which needs to ensure cell integrity. As a result, high-
throughput and high-purity methods for enrichment and
separation of intact CTC are desperately needed.

Many techniques have been exploited for CTC separation
based on physical properties or affinity.’® Among them, density
gradient centrifugation is a simple, rapid, label-free physical
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separation method. Cells in whole blood are divided into several
layers based on density differences.*” The denser WBCs and
RBCs precipitate at the bottom of the tube, while CTCs float in
the upper layer of the medium. This method retains the viability
of CTCs for subsequent culture but tends to leave CTCs in the
plasma layer. Filtration is another efficient and straightforward
approach regarding cell size.*»** Simple and high-throughput
filtration of CTCs can be achieved according to their pheno-
types. Some small CTCs may be filtered out, while larger WBCs
are collected by mistake. Other physical strategies such as
electrorotation and dielectrophoresis utilize the differences in
surface charge and polarization rate between CTCs and WBCs.**
They reduce CTC damage to a large extent but require a long
sample processing time. Immunoaffinity is an effective and
high-purity chemical separation method based on the specific
binding of the surface antigens and antibodies.** The Cell-
Search system is the world's first commercially available
product approved by U.S. Food and Drug Administration (FDA)
for CTC detection and enumeration for malignant disease
management. The CTCs in peripheral blood are captured by
magnetic nanoparticles bound to specific antibodies. Although
non-specific capture of blood cells is avoided, the antigen
expression levels vary on the subtypes of tumor cells may cause
CTC loss.*> A summary of the above methods is given in Table 1.

Microfluidic chip often called “lab-on-a-chip,” has been used
to capture cells or create tumor models due to their advantages,
such as high integration, controllable cell manipulation, and
convenient viewing.**** Compared to conventional methods,
the small injection volumes (10~° to 10™*> L) of microfluidic
chips reduce sample and reagent consumption.”® The
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microchannels' design and the fluid behavior's manipulation
allow CTC separation, counting, and release integration on
a single chip. The integration avoids loss or contamination
from eluting and transferring samples. The surface forces are
significantly amplified at the microscale allowing for an effec-
tive increase in reaction efficiency, which makes rapid separa-
tion and analysis possible. In addition, the portable nature of
microfluidic chips has the potential to become point-of-care
devices.

Researchers found that microfluidic channels' small surface
areas limit their capture capacity. With the development of
nanotechnology, the application of micro-/nanostructures to
biomedical applications has become a significant trend in
today's research. Their small size, high specific surface area,
and specially designed structures bring unique physicochem-
ical properties. Compared to flat substrates, the micro-/
nanostructure arrays close to cell sizes provide more binding
sites, lower cell rolling velocity, and facilitate CTCs-array colli-
6364 The micro-/nanostructures-embedded microfluidic
chip often includes a micro-/nanostructured substrate, a mani-
fold to enclose the chip, and a pump for sample injection. Many
structures have been designed, such as microrods, microtubes,
nanowires, nanofibers, etc. Separation techniques relying on
these structures can be mainly classified as physical and
chemical. The physical separation method is based on the
significant differences in various physical properties (e.g., size,
density, and dielectric property) of CTCs and blood cells. In
contrast, chemical separation is achieved through various
cancer biomarkers on the membranes. Different methods can
also be integrated on a single chip for higher performance.

sion.

Table 1 Summary of different circulating tumor cells (CTCs) separation methods

Separation
Strategy Approach/substrates mechanism Benefits Limitations Ref.
Conventional approaches  Density gradient Size density Simple operation Large sample volume 51 and 52
centrifugation Not limited by surface Blood cell contamination
markers Low sensitivity from CTC
loss
Filtration Size Simple operation WBC contamination 53 and 54
Not limited by surface Loss of small CTCs
markers CTC deformation
Electrorotation and Dielectric Label-free Low efficiency 55 and 56
dielectrophoresis property High purity and viability
Immunocapture Affinity High specificity, purity and High cost 57 and 58
sensitivity Limited antibody availability
Complicated process
Microfluidic with micro-/  Microrods Size Label-free Complicated 1 and 4
nanostructure (physical Low cost nanofabrication
approach) DLD Simple operation Low specificity and purity 15 and 59
3D micro-/nanostructures Adhesion High throughput 30
Microfluidic with micro-/  DLD-patterned microrods Size affinity High capture efficiency, High cost 37 and 39
nanostructure (chemical Microrods Affinity specificity and purity Limited antibody availability 20, 28, 60

approach)

Nanowires

3D micro-/nanostructures
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Fig. 1 Schematic illustrations of (A) micro-/nanostructure integrated
microfluidic device for CTC capture. (B) 1D microrod arrays. (C) 1D
nanowire array. (D) 3D hierarchical micro-/nanostructure arrays.

While there have been many reviews on separation CTCs by
microfluidic chips, most focus on presenting the differences
between physical and chemical separation methods, with little
discussion on the role of micro-/nanostructures in improving
separation efficiency. With the continuous development of
micro and nano fabrication and its deeper integration into the
biomedical field, understanding the mechanisms by which
different micro and nanostructures promote improved capture
efficiency is essential.

This article focuses on the recent advances in micro-/
nanostructure integrated microfluidic chips for CTC separa-
tion. Three micro-/nanostructures are introduced, including
microrods, nanowires, and 3D micro-/nanostructures (Fig. 1).
On this basis, physical and chemical separation methods are
discussed in subsequent sections. The classic and innovative
literature summarized in this review will shed light on
improving the efficiency of CTC separation.

2. Microrod array integrated
microfluidic devices

Microrods are one-dimensional (1D) microstructures with
a length-to-diameter aspect ratio of 3-5. They are typically
fabricated through photolithography and soft lithography on
either rigid materials (such as Si,*>* glass,*” PMMA®**) or soft
materials (such as polydimethylsiloxane, PDMS’*"*). The
number and topology of microrods can be designed to realize
label-free separation based on biophysical properties or specific
capture with modified chemical markers.”” When combined
with microfluidic devices, the physical interaction of fluid
dynamics with the micro-/nanostructure can improve CTC
sorting efficiency.” In the following, we discussed the two major
types of CTC separating mechanisms based on microrods, one
is physical, and the other is chemical.

2.1 CTC physical separation by microrod arrays

Some representative physical separation methods achieved
remarkable results, such as membrane or microstructure
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filtration, hydrodynamic separation (e.g., deterministic lateral
displacement and inertial focus), and dielectrophoresis. The
physical separation methods are low-cost techniques that rely
solely on the structure without biochemical modifications. They
preserve the integrity and viability of CTCs, which helps genetic
technology obtain accurate cancer information. However, WBCs
close in size to CTCs may become interfering factors. This
section mainly focuses on microrod arrays for filtration and
deterministic lateral displacement.

2.1.1 Filtration. Filtration is a common method to realize
mixture separation based on deformability and size. The re-
ported size of most CTCs is 14-26 um, while WBCs are 8-20 um
and RBCs are only 7-8.5 um.” Therefore, the sizes and gaps of
microrods can be adjusted to retain large CTCs between the
gaps and filter small blood cells. The tumor cells show a greater
nuclear-cytoplasmic ratio than WBCs.” Since the nucleoplasm
is more rigid and viscous than the cytoplasm, WBCs have
stronger deformability.” They can be easily washed away even if
they are accidentally stuck between the gaps.

As shown in Fig. 2A, Park et al. developed a matrix of tapered
constrictions based on differences in cellular deformability.*
The funnel opening size gradually decreases from the bottom
entrance row of 18 um to the top exit row of 2 pum. The funnel
opening size gradually decreases from the bottom entrance row
to the top exit row. With the blood sample continuous oscilla-
tory flow through this array, each cell is deformed through
a funnel-shaped contraction. When reaching the row of 6 um
constrictions, small RBCs or easily deformed WBCs cross the
funnel constriction. At the same time, CTCs are constrained
between two rows and wait to be collected by a constant right-
ward flow. The separation efficiency of the device remains
relatively stable at 93-96%. Since oscillatory flow avoids the
clogging of high cell density samples, the pre-treatment dilu-
tion of the sample is omitted.

In addition to the separation according to cell deformability,
Lu et al. proposed a size-based device combining a streamline-
based focus-separation deceleration design with a triangular
prism array (Fig. 2B).* As the blood flows through the seven
focus-separation apparatuses, CTCs are continuously pushed
into the main channel. In contrast, some blood cells are
removed through the branch channel. This design concentrates
CTCs and reduces contamination of blood cells. Subsequently,
the fluid flows into the capture apparatus with triangular barrier
layer structures of decreasing gaps (14, 12, 10, 8 um). Different
sizes of CTCs were trapped while the remaining blood cells
flowed through.

The microrod filtration is a label-free platform that over-
comes dependence on specific capture probes. Without
complicated modification operations, this method is simple,
low cost, and maintains the integrity of CTCs for downstream
analysis. However, clogging is inevitable when processing
samples with high cell density. In addition, the flow rate must
be carefully controlled to avoid cell damage.

2.1.2 Deterministic lateral displacement. Compared with
size-based filtration, deterministic lateral displacement (DLD)
avoids the clogging risk. The DLD microrod array was first re-

ported by Huang et al. to separate bacterial artificial
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Fig.2 Microrod array integrated microfluidic devices. (A) CTCs filter through a matrix of funnel constrictions. Reprinted with permission from ref.
1. Copyright (2016) John Wiley and Sons. (B) Streamline focus enrichment and triangular prism array for CTC filtration. Reprinted with permission
from ref. 4. Copyright (2020) Royal Society of Chemistry. (C) Cascaded filter DLD microchip for size-based CTC separation. Scale bar, 20 um.
Reprinted with permission from ref. 15. Copyright (2020) Royal Society of Chemistry. (D) Dual-immunopatterned (DIP) device modified by anti-
EpCAM and anti-63B6. Reprinted with permission from ref. 20. Copyright (2018) Elsevier. (E) CTC capture on poly(3,4-ethylene-dioxythiophene)
s (PEDOT) rods array and release by competition with sorbitol. Reprinted with permission from ref. 28. Copyright (2018) John Wiley and Sons. (F)
DLD-patterned triangular micropillars modified with multivalent aptamer-functionalized nanospheres for CTC capture and release. Reprinted
with permission from ref. 37. Copyright (2019) John Wiley and Sons. (G) DLD-patterned triangular micropillars decorated with aptamer-func-
tionalized leukocyte membrane nanovesicles. Reprinted with permission from ref. 39. Copyright (2020) American Chemical Society.

chromosomes.”” The separation mechanism that controls the
trajectory of cells was elucidated by fluorescent polystyrene
microspheres. Each row of the microrods laterally shifts at
a critical distance from the previous row. The critical cutoff
diameters (D.) can be determined by optimizing the gap
distance and microrod size. Because of the fluid drag force, cells
smaller than D, flow in the same stream (zigzag mode), while
the larger ones are deflected into the adjacent stream by addi-
tional force from microrods (bumping mode).

Based on this theory, Loutherback et al. designed a trian-
gular-microrod DLD array for continuous-flow capture of
CTCs.” They increased the gap of microrods to 42 um, corre-
sponding to a D, of 7 pm, and changed the shape to a triangle,
which provides greater throughput and reduces the possibility
of clogging. For viscous blood samples, 85% of CTCs were
successfully separated at a flow rate of 10 mL min~". Later, Liu
et al. designed a high-throughput cascaded filter-DLD chip, as
illustrated in Fig. 2C." The filter unit contains two spaced
micro-posts. When the sample flows through the filter-DLD
array, smaller blood cells are partially removed or move in
zigzag mode (red arrows), while CTCs and WBCs move in
bumping mode (green arrows). In this chip, the filter-DLD
arrays were integrated into two modules. Three sets of
symmetric arrays in the blood-depletion module enrich CTCs
and a portion of WBCs. Then, large CTCs were collected in the
cell-size-separation module with increasing D, from 8 pm to 22
pm. Compared with conventional DLD structures, filter-DLD
shows smaller D, and a higher depletion rate of smaller cells.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The deterministic lateral displacement also shows the
advantages of simple operation, low cost, and minor damage to
CTCs. Nevertheless, there are some disadvantages to overcome.
The complex blood environment makes cellular interactions
challenging to control, and the efficiency will be reduced with
high cell concentration.

2.2 CTC separation by chemical modified microrod arrays

In comparison, chemical-based separation relies on binding
specific capture probes and cancer biomarkers, which are
molecular changes measured between normal and cancerous
tissues. The most widely used method immobilizes specific
capture probes inside the microchannels. When the sample is
injected into the chip, CTCs will be captured while the
remaining blood cells flow out. To extend capture capacity,
microrod arrays on flat substrates provide larger binding sites
and facilitate cell-surface interactions.

2.2.1 Antibody modification. The prevailing method is to
modify the structural surface with antibodies corresponding to
the specific antigen expressed by CTC. Epithelial cell adhesion
molecule (EpCAM), a transmembrane glycoprotein frequently
overexpressed in epithelial origin solid cancers but absent from
blood cells, has been a marker for CTC identification.’*”®
However, the EpCAM-only based method may limit the detec-
tion of CTCs from other types of cancer. Hence, there are also
tissue-specific membrane antigens aimed at specific tumor cells
with higher purity, such as prostate-specific membrane antigen
(PSMA) in prostate carcinoma.” In addition to the positive

RSC Adv, 2022, 12, 34892-34903 | 34895
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selection, there is also a negative selection towards WBCs with
their unique CD45 and CD66b markers. The RBCs are first
removed through Ficoll gradient centrifugation or chemical
lysis. Then, large amounts of WBCs are depleted, and the
uncaptured CTCs will be collected. This method reduces CTC
loss at the expense of purity. Positive selection can also be
added subsequently to achieve high capture efficiency and
purity.

In 2007, Nagrath et al. prepared an antibody-coated micro-
posts platform to efficiently and selectively isolate CTCs from
peripheral blood.*® After modifying anti-EpCAM, this chip
identified CTCs for metastatic lung, prostate, pancreatic, breast,
and colon cancers with a 99% success rate. Conventional silicon
microrod arrays have poor optical transparency and require
complex processing. For these reasons, Yan et al. prepared
a PDMS microrod array device with high optical transparency
using soft lithography and rapid prototyping.®* This device
shows high capture efficiency for different cancer cells and
allows direct monitoring of the captured cells under the
microscope.

However, CTCs may undergo epithelial-mesenchymal tran-
sition (EMT), which downregulates the EpCAM expression and
leads to false-negative results. Therefore, some researchers
explored antibody cocktails to capture the missed CTCs. As
shown in Fig. 2D, Kang et al. designed a dual-immunopatterned
(DIP) device composed of aligned two layers with rings of polar
arrayed microrods.*® The rings are alternately formed from the
two layers and maintain the same spacing. The upper and
bottom layers were modified with anti-EpCAM for epithelial
CTCs and newly developed anti-63B6 for mesenchymal CTCs.
The difference in the antigens expressed on the CTC surface can
be indicated by comparing their numbers on the two layers.
This device achieved good results in separating heterogeneous
subtype of CTCs in blood.

Antibody capture avoids non-specific adsorption of blood
cells, achieving high efficiency and purity. The release usually
requires hydrolytic digestion of the antigen on the cell
membrane, hindering subsequent molecular characteristics
analysis.*® Shen et al. proposed a method for gentle release of
CTC based on competitive binding to other reagents.”® They
prepared a phenylboronic acid (PBA)-grafted nanoimprinted
poly(3,4-ethylene-dioxythiophene)s (PEDOT) rods array and
modified anti-EpCAM via PBA-oligosaccharide bonding
(Fig. 2E). The captured CTCs can be released by exposure to
sorbitol, which has a stronger affinity to PBA. Through this
process, CTCs from blood were substantially purified with well-
preserved RNA.

2.2.2 Aptamer modification. Aptamers are also known as
chemical antibodies. They are synthetic single stranded DNA/
RNA sequences obtained through systematic evolution of
ligands by exponential enrichment (SELEX), binding to mole-
cules, cells, etc.*"** By suitable screening from the abundant and
diverse aptamers, CTC subpopulations can be captured effi-
ciently. Most importantly, the captured CTC can be nonde-
structively released through various methods, such as nuclease
digestion and complementary strand hybridization.****

34896 | RSC Adv, 2022, 12, 34892-34903
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Therefore, they have been considered ideal recognition ligands
for CTC capture and release.”

Song et al. from Chaoyong Yang's group developed a multi-
valent aptamer-modified micropillar array (Fig. 2F).>” Under the
principle of DLD, each row of the micropillars has a fixed shift,
CTCs larger than the D, of 13 um will have constant cell-pillar
collisions, while smaller blood cells will migrate in the direction
of flow. The triangular micropillars create a smooth hydrody-
namic force gradient to slow the flow velocity and achieve
maximum CTC attachment. Gold nanoparticles modified on
micropillars contain aptamers that bind to cell membranes.
The captured CTCs were released nondestructively through the
thiol exchange reaction at the AuNP-aptamer interface.
However, the non-specifically captured blood cells remained on
the surface, which improved the purity. Later, this group
modified aptamer-functionalized leukocyte membrane nano-
vesicles on the triangular micropillars (Fig. 2G).*> Nanovesicles
were obtained through disruption and extrusion of biotinylated
WBCs and inherited the nature of surface membranes. The
blood cell resistance of the membrane reduces the background
cells, and the membrane fluidity allows lateral rearrangement
of aptamers to achieve high-affinity binding. Moreover, the
captured CTCs show excellent CTC viability (97.6%) due to the
cushioning of the soft membranes.

Although the aptamers demonstrated excellent capture and
release capabilities, they were not as widely used as expected.
The primary reason is that their performance is affected by the
complex blood environment. In whole blood, they may be
rapidly degraded by nucleases or influenced by high-abundance
blood cells and proteins.®»®*® Therefore, it is necessary to
synthesize aptamers that remain effective in the complex blood
environment.

3. Nanowire integrated microfluidic
devices

Nanostructures in the tissue microenvironment have a signifi-
cant role in modulating cellular behavior and biochemical
support. Nanowires are one-dimensional (1D) microstructures
with a high length-to-diameter aspect ratio, usually greater than
1000. Nanowires embedded in substrates precisely mimic the
characteristics of cellular microstructures such as extracellular
matrix, which in turn are used for cellular behavior studies in
biomedical applications. Their diameters are close to the sizes
of cellular pseudopods, greatly enhancing cell-substrate
adhesion.*”* By precisely controlling the length, density and
arrangement of nanowires, multiple feature size structural
substrates can be designed to explore the relationship with CTC
capture efficiency.

The nanowires are usually obtained by photolithography
combined with wet etching techniques, hydrothermal growth,
chemical vapor deposition, etc. These techniques are now
relatively mature and easy to operate. A typical nanowire
microfluidic device for CTC capture is the “NanoVelcro chip”
cell affinity substrate concept pioneered by Tseng Lab at
UCLA.” This chip can achieve dynamic and efficient CTC

© 2022 The Author(s). Published by the Royal Society of Chemistry
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capture by constructing a trapping agent-coated nanostructured
substrate. In addition to the common SiNWs, the concept of
“NanoVelcro” has been applied to other nanosubstrates, such
as conjugated polymer nanofeatures and nanofibers.***?

The NanoVelcro chip developed by this team has undergone
three generations of innovation for different clinical applica-
tions. The first generation NanoVelcro chip comprises
a patterned SiNW substrate and an overlaid PDMS chaotic
mixer, as shown in Fig. 3A.*> The innovative chaotic mixer
induced the vertical flow of the sample to enhance CTC-SiNWS
contact frequency. The optimized condition achieved more
than 85% capture rate in artificial samples. This device was
further applied to CTC collection and enumeration to monitor
the treatment of cancer patients.*

While NanoVelcro chips allow for efficient and reproducible
CTC counting in a clinical setting, empowering NanoVelcro
chips with cellular release remains challenging. A diagnostic
assay platform capable of efficient capture and specific release
of CTCs will pave the way for subsequent downstream appli-
cations such as molecular characterization and functional
analysis. For release purposes, they introduced an improved
first-generation NanoVelcro chip that replaces the antibody-
based capture agent (i.e., anti-EpCAM) with two DNA aptam-
ers, Ap-1 and Ap-2 (Fig. 3B).° Genetically engineered endonu-
cleases were used to specifically degrade the SINW-grafted DNA
aptamers, enabling CTC capture followed by release. Another
group proposed a sandwich structured peptide-silicon nano-
wire (Pe-SiNWS)-based microfluidic device which first employs
enzymatic release to collect CTC from blood samples.®> Pe—
SINWS facilitated specific capture, biorelease, and accurate
analysis of CTC. This technology can achieve 95.6% CTC
capture. After enzymatic digestion, good CTC purity of 28.5%
and cell viability of 93.5% can be obtained.

© 2022 The Author(s). Published by the Royal Society of Chemistry

To simplify the procedure and improve cell viability for
clinical application, a digitally programmed thermoresponsive-
NanoVelcro chip was developed.”” Thermally responsive poly-
mer brushes, covalently-linked biotin group, and antibodies
were modified on SiNWs.”* The thermosensitive nanonylon
matrix can capture and release CTCs at 37 °C and 4 °C,
respectively (Fig. 3C). The release is through internalizing
antibodies from the conformational changes in the backbones
of polymer brushes. The integrated thermal-electric Peltier
cooling/heating system with a thermocouple sensor enables
device temperature control. Gentle operating parameters
minimize CTC viability and molecular integrity disruption by
applying physiologically durable stimuli.

Recently, studies have shown that click chemistry can yield
highly pure biomolecules.” Based on the above research, Tseng
lab developed a covalent chemistry-based capture/release plat-
form (“Click Chip”).*” A pair of highly reactive click chemistry
motifs (Tz and TCO) were modified on SiNWs and CTCs, leading
to instant, high-purity, and irreversible CTC captures under
mild conditions. Subsequently, a disulfide cleavage agent was
utilized to release CTCs without non-specifically captured WBCs
(Fig. 3D). The better-preserved CTC mRNA has been applied to
downstream studies for evaluating treatment and monitoring
disease progression.

4. 3D micro-/nanostructure array
integrated microfluidic devices

Nanostructures are known to provide high specific surface area,
thus allowing more immunoaffinity molecules to be immobi-
lized on the surface. With the continuous development of

nanotechnology and bionanotechnology, new innovative
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structures were introduced to improve the performance of
biochips. Nowadays, three-dimensional hierarchical nano-
structures with optimized performance are a hot topic of
current research in enhancing biological cell capture. The 3D
micro-/nanostructure here refers to the composition of basic
structural units from 1D micro-/nanostructure. For higher
capture efficiency, nanowires (e.g., TiO,, ZnO, ITO) are often
combined with microrods to form hierarchical topography.®>**
The longitudinally and horizontally combined multi-
dimensional forms of micro-nano structures can be generated
through various techniques, such as photolithography, atomic
layer deposition, multi-step chemical vapor deposition, hydro-
thermal growth or other combinatorial techniques.®®®” In
addition, some researchers have been inspired by nature to
prepare 3D micro-/nanostructures using natural structures such
as gecko feet, rose petals, and butterfly wings, achieving good
results.”®®

Recent studies have shown that hierarchical nanostructured
substrates exhibit further improved cell capture efficiency and
device sensitivity compared to one-dimensional vertical micro—-
nanostructures (e.g., nanopillars, nanowires) and one-
dimensional horizontal nanostructured (e.g., nanofibers)
substrates.”” Firstly, the hierarchical nanostructures are better
matched in size to the cellular filamentous pseudopods.
Secondly, the horizontal branching of the structure can further
enhance the interaction between the cellular filamentous
pseudopods and the material, improving the contact with the
fluid. Besides, the longitudinal structural branches act in
concert to further rivet cells, providing additional physical
binding sites for cell capture.

View Article Online

Review

For instance, Qiu et al. proposed a 3D micro-/nanostructure
from hydrothermally growing TiO, nanorods on the sidewall of
hexagonally patterned silicon microrods (Fig. 4A).> After anti-
body modification, this device showed almost twice the capture
efficiency of the pure Si nanorods at a range of cell densities.
The highest capture efficiency of 76.7% =+ 7.1% can be achieved
for the artificial whole blood sample. In addition, the excellent
biocompatibility of TiO, nanorods enables the captured CTCs
to grow and proliferate well in the microchannel, offering
a possible approach for cancer diagnosis and personalized
treatment aimed at patients with very low CTC abundance.

In another study, Hui et al. prepared a self-sterilizing and
reproducible ZnO-coated PDMS micrometer column array for
home testing.® Antibody mixture (anti-EpCAM and anti-
vimentin) was engrafted to the structural surface to provide
more accurate results. The ZnO nanograss enhances the inter-
action with cells and reduces the adhesion of WBCs. Moreover,
ZnO shows robust antibacterial ability making sterile environ-
ments unnecessary. Ultimately, the captured CTCs could be
released by dissolving a thin layer of ZnO in an acidic solution.
As shown in Fig. 4B, the remaining seed layer can be used for
the second preparation of ZnO coating. Cui et al. followed the
same principle to prepare a ZnO-coated PDMS gear structure
array.'®” Besides high surface area, the gear structure provides
a suitable location for CTC attachment. Due to the increased
roughness of the ZnO coating, fully extended pseudopodia have
been observed under high magnification SEM images. The
captured CTC can also be released by dissolving ZnO in a mild
acidic solution, ensuring high viability.

C
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Table 2 Typical micro-/nanostructure array integrated microfluidic devices for CTC capture
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Structure Modification CTC source Sample Volume Flow rate or time Capture efficiency Ref.
Microrod None UM-UC13 Human blood 5 mL 1mLh™" >90% 1
HeLa, MCF-7 Rabbit blood 2 mL 40 mLh™? 95.8% =+ 0.9% 4
MDA-MB-231 95.7% =+ 3.5%
96.3% £+ 1.2%
NCI-H226 91.3% =+ 3.2%
MCF10A Human blood  5mL 10 mL min~* >85% 59
A549, K562 Human blood 10mL 60mLh*! >96% 15
Anti-EpCAM NCI-H1650 Human blood n/a 1mLh' 65% 60
MCF-7 PBS buffer 1 mL imLh™! ~88% 61
NCI-H1650 Human blood
Anti-EpCAM MCF-7 PBS buffer 1 mL 1mLh™ 93.81% =+ 8.58% 20
Anti-63B6 MDA-MB-231 Human blood 95.13% =+ 4.28%
Anti-EpCAM LNCap, PC3 Human blood 100 L. 60 min 72.5% =+ 3.0% 28
22Rv1 75.2% £ 3.2%
67.8% + 1.7%
SYL3C aptamer SW480 PBS buffer n/a 1mLh™? 86.7-89.4% 37
LNCap, K-562
KATO 1111 Human blood
SW480, MCF-7 DMEM 0.35 mLh™" 84.3-91.3% 39
HCT 116 Human blood
LNCap
Nanowire Anti-EpCAM MCF-7 DMEM n/a 1mLh™* >95% 3
PC3, T24 Human blood
Ap1, Ap2 aptamer A549, HCC827 PBS buffer 1 mL 1mLh! >85% 9
Human blood
Peptides CKAAKN BxPC3 Artificial sample 200 pL. 1 mLh™* 95.6% 62
Anti-EpCAM H1957, H2228  Artificial sample n/a 0.5mLh™" 90-95% 17
A549 Human blood
HCC78, H2228 Human blood 200 uL 1 mL h™! 94 + 3% 27
HCC827
H1985
3D hybrid micro-/nanostructure Anti-EpCAM MCF-7 Human blood 1 mL 0.5mLh™* 76.7 £ 7.1% 2
Anti-EpCAM MCF-7 PBS buffer 1 mL 30 min 85.47 £ 1.88% 6
Artificial blood
Anti-vimentin MDA-MB231 Human blood
Anti-EpCAM MCF-7 Human blood 200 uL. 60 min 84 £+ 6.2% 16
85 £ 2.5%
PC3 400 L. 60 min 93.1 £ 5.1% 24
86.0 = 9.5%
None MCF-7 Artificial sample 1 mL 6h ~93.1% 30
HeLa ~79.6%
PC3 ~79.2%

In recent years, cell in situ chemical manipulations has
become the exploration target. Nicholas A. Melosh's group at
Stanford University demonstrated alumina-coated poly-
carbonate nanostraws to deliver small molecules and ions into
the cytosol." To avoid perforating cell membranes, they
developed nondestructive electroporation delivery by opening
transient pores during perforation and resealing the membrane
after voltage removal.'® Subsequently, the nanostraws have
been proven effective in delivering signaling ions and extracting
proteins and mRNA, %%

Inspired by their studies, Xi Xie's group fabricated a hierar-
chical spiky microstraw array (HS-MSA) for high-efficient CTC
capture and drug delivery (Fig. 4C).*® The ZnO nanospikes were
hydrothermally grown on polycarbonate microstraws. Then, an
alumina layer was deposited on the surface to avoid potential

© 2022 The Author(s). Published by the Royal Society of Chemistry

cytotoxicity. After anti-EpCAM modification, high capture effi-
ciency (= 84%) was achieved due to the closer contact interfaces
provided by nanospikes. The hollow microstraws deliver drugs
to local cells through the microfluidic channels, enabling
release-free in situ cancer cell drug screening. Following this
study, electroporation was also applied to allow intracellular
drug delivery and content extraction (Fig. 4D).**

To break through the limitation of antibodies, they explored
a hybrid TiO,/ZnO branched microtube array (HBMTA) for
antibody-free capture of adherent tumor cells (Fig. 4E).>* After
6 h of incubation, cancer cells preferentially adhered to HBMTA
due to the landing sites provided by the rough surface. In
contrast, the blood cells freely floated in the sample and were
washed off through fluidic shear.

RSC Adv, 2022, 12, 34892-34903 | 34899
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5. Summary and prospect

CTCs have high clinical value as disease markers in cancer
diversity research, diagnosis, treatment, and monitoring. In this
review, we have summarized the representative works on the
micro-/nanostructures array (microrods, nanowires, and 3D
hybrid micro-/nanostructures) integrated microfluidic devices
for CTC capture during recent years. The large surface area and
fluidic perturbation phenomenon of these structures signifi-
cantly improve CTC capture and screening. The captured CTCs
have been applied to explore cancer mechanisms and solve
complex biological problems. In recent years, microrod array
integrated microfluidic devices using physical and chemical
separation methods have enabled small-scale clinical applica-
tions. The most common application is CTC enumeration for
helping diagnose, detecting cancer progression, and predicting
poor prognosis.'®*™% The genetic analysis of the captured CTCs
provides effective treatment options."*® Besides, CTCs have also
been applied to assess sensitivity to chemotherapeutic agents,
which helps in the selection of appropriate drugs."** However,
the blockage generated by the physical separation, the loss by
low-expression antigens in chemical separation, and the effects
of stress forces on CTCs due to fluid perturbation make the
large-scale clinical application of these techniques still chal-
lenging. In downstream applications, it is also critical to
achieving controllable CTC release or single-site individual CTC
release to investigate the heterogeneity without cell damage.
Also, improve specific selectivity (e.g., missed detection due to
low expression in mesenchymal cells) for genomic or protein
profiling.'** In addition, a large number of clinical samples are
required to ensure the feasibility, reproducibility, and sensi-
tivity of microfluidics before it is introduced into clinical CTC
analysis practice. Recently, researchers have strived for 3D
micro-/nanostructures by hydrothermal growing or etching
nanowires on the surface of microrods, which show better
capture performance and high detection repeatability. The
innovative bio-inspired 3D structures also open up avenues for
CTC capture. The benefits and
nanostructures mentioned in this paper are summarized in
Table 1, and each device is shown in Table 2. In the last few
years, 3D printing has emerged for fabricating truly 3D micro-
fluidic devices in one step at a low cost."**'* With technological
change, microfluidic devices will move toward miniaturization

limitations of micro-/

and integration, eventually realizing integrated clinical appli-
cations for CTC enrichment, separation, and detection, such as
single-cell sequencing, metabolic analysis, and drug sensitivity.
Portable, miniaturized, and rapid clinical diagnosis and treat-
ment of cancer may emerge in the future.
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