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ABSTRACT: Cancer is a worldwide public health problem. Circulating tumor cells (CTCs) are
one of the most significant tumor biomarkers, reflecting critical information of disease
transcriptome, genome, and proteome. Various microfluidic methods have been proposed to
separate, detect and analyze CTCs, involving multiple processes. In this work, we aim to give a
comprehensive overview on recent advances in integrated biophysical and biochemical
microfluidic methods for CTCs separation and detection. First, early label-free biophysical
methods are introduced and discussed, including basic passive and active approaches as well as
active-passive integrated assays. Next, we summarize labelled methods with different
biochemical reactions based on their unique working principles, such as immune affinity-based
methods and magnetic nanoparticle-assisted methods. Moreover, the most dominating
approaches combining biochemical and biophysical methods are discussed. Their applicability
and unique features are compared. Finally, we offer the perspectives on integrated microfluidic

approaches for CTCs biosensing and cancer diagnostics.

KEYWORDS: CTCs isolation; CTCs biosensing; magnetic nanoparticles; microfluidic chip;

fluorescence; aptamer.
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1. Introduction

Cancer is one of the most fatal diseases, which is a major public health burden worldwide
[1]. Liquid biopsy is a powerful non-invasive method, which provides abundant information
about tumor biomarkers [2,3]. Circulating tumor cells (CTCs) usually shed from primary tumor
into peripheral blood, which reflect disease transcriptome, genome, and proteome information
[4,5]. To capture living CTCs, numerous attempts have been made based on the physical
properties of CTCs (e.g., size and density) or the recognition of specifically expressed proteins
(e.g., epithelial cell adhesion molecule (EpCAM), E-cadherin (ECAD), cytokeratin (CK), and
human epidermal growth factor receptor-2 (HERZ2)) [6]. The changes of biomarkers depict the
heterogeneity of CTCs. Besides, due to a spatially different microenvironment in the blood and
temporal changes in therapy response, CTCs are spatio-temporally heterogenous even in a single
patient. The label-free technologies based on the biophysical properties provide another choice
for the analysis of CTCs, which can be broadly classified as active and passive forms. The
former uses external force fields (e.g., acoustic [7], optical [8], and dielectrophoretic [9]) to
manipulate the particles. As for the passive techniques (e.g., microfluidic filters [10],
deterministic lateral displacement (DLD) [11], inertial microfluidics [12], and viscoelastic [13]),
the particle separation only depends on the channel geometry and inherent hydrodynamic forces
in a simpler way without external forces (Fig. 1). The merits and limitations are summarized in
Table 1.

In recent decades, integrated methods based on multiple label-free assays or combined
label-free/labelled assays have attracted much attention. As an emerging technology,
microfluidics shows the merits of unprecedented efficiency and precise control. In particular,

integrated approaches in microfluidic platform could rely on different cell properties for the
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isolation and analysis of cells. Compared with reported commercial platforms including
CellSearch®, microfluidic platforms based on integrated technologies enable a rapid, sensitive,
and streamlined analysis from low blood volumes. Moreover, they show the merits of simplified
and miniaturized workflow, high level integration, low processing time (<5 hours) and sample
volume [14]. In this paper, we aim to offer a comprehensive overview on recent advances in
integrated technologies that couple multiple biophysical and biochemical methods by means of
microfluidic platform for CTCs isolation and analysis. According to the combining principles of
integrated technologies, they can be divided into three modalities: integrated biophysical,
integrated biochemical, and integrated biophysical-biochemical microfluidic platform. Major

parameters of some representative integrated microfluidic methods are summarized in Table 2.
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Fig. 1. An outline of biochemical and biophysical microfluidic platforms for CTCs assay.

(MNP, magnetic nanoparticle; WBC, white blood cell; RBC, red blood cell).
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Table 1. The advantages and limitations of methods for the detection of CTCs.

Methods

Advantages

Limitations

Integrated label-
free biophysical

methods

Passive-passive

High-throughput

Larger structure

Active-active

Compact structure

Adverse effects on cell

Passive-active

High tunability

Time-consuming

Integrated labelled

Antibody-assisted

High specificity

Non-destructive release

process

Aptamer-assisted

Cost-effectiveness

Low-throughput

Relative weak

biochemical High specificity and
Peptide-assisted interactions with target
methods sensitivity
cells
Integration of
High capture efficacy Complex progress
multiple ligands
Lower cellular damage,
Integration of
higher volume
biochemical and Complicated
throughput, and higher
Integrated passive biophysical modification process

biochemical and
biophysical

methods

methods

separation yield

requirements

Integration of
biochemical and
active biophysical

methods

High separation

efficiency and purity

Low-throughput
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Table 2. The major parameters of each integrated microfluidic method for the detection of

particles.
- . Clinical
Principles Sample type Thrm:ghpu Efficienc  Purit applicatio
y y n
inertial- cancer
membran  A549 4 mL/h 74.4% N.A. . 15
o filter patients
clinical
MCF-7, MDA-
elasto- - g 231, and 20 amy o e1%  MPPES g
Integrated  inertial pL/min from
A549 cells .
label-free patients
biophysical DEP-AP Subm_lcromete 0.75-3 36% 9506  NA. o5
methods r particles pL/min
Particles and >100
AP-inertia microalgae . >94% N.A.  NA. 29
uL/min
cells
DEP- particles X >03.8%  >96% N.A. 40
inertia puL/min
Antibody- yo 7 100 91.0%  NA NA 53
assisted pL/min
Isolation
Aptamer- 84.3- of CTCs
Integrated  assisted Carfyyolls N-A. 91.3% N-A. from 68
labelled patients
biochemica Peptide- 97.4-
I methods  assisted M7 N.A. 106.006 A NA 92
Mulitiple (I)s%olat(l:oﬁcs
ligands- MCF-7 N.A. 89% 90% from 97
assisted patients
Aptamer- - \or 7 60 uL/min  93.6%  90%  N.A. 105
Integrated inertia
biochemica Isolate
| and . CTCs
biophysical ﬁg“b"dy' CTCs N.A. 93.3%. N.A. from 109
methods cancer
patient

2. Integrated label-free biophysical methods for the detection of CTCs
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Label-free methods (e.g., microfluidic filters and inertial microfluidics) with high-
throughput and easy manipulation have been widely investigated for CTCs assay, which show
the advantages of low cost and easy integration. However, the specificity and separation
efficiency of single label-free method are inferior. By the integration of two or more techniques
into one microfluidic chip, the separation efficiency can be effectively improved. According to
the principles, these methods can be divided into three modalities: passive-passive, active-active
and passive-active. Passive methods such as microfluidic filter, DLD, inertial microfluidic and
viscoelastic separation show the merits of low cost and high velumetric flow rates. Thus,
passive-passive modality integrates several passive methods into microfluidic chip for high-
throughput isolation. However, separation at high volumetric flow rates often results in cell
damage or reduced viability. By contrast, active label-free techniques (e.g., acoustophoresis (AP)
and dielectrophoresis (DEP)), celebrated for their gentle operation without contact, are combined
in active-active modality to enhance the separation efficiency. Compared with the former one,
this modality requires additional devices to apply external force driving particles, resulting in a
relatively large and complex structure. As for passive-active modality, both active and passive
techniques are selected and integrated into microfluidic chip to minimize the drawbacks of each
technology.

2.1. Passive-passive modality

Passive methods selected for this integration modality include microfluidic filter, DLD,
inertial microfluidic, viscoelastic separation and so on. For example, Wang et al. developed an
inertial-based cell sorter equipped with a membrane filter, which can be used for the enrichment
of CTCs with efficiency as high as 74.4% [15]. Large CTCs were initially focused and separated

through a double spiral channel. Then, it could be enriched by a membrane filter with uniformly
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sized pores (Fig. 2a). Abdulla et al. presented an integrated chip for CTCs isolation and single-
cell immunoblotting [16]. Besides the module of membrane filter, the chip included a thin layer
of a photoactive polyacrylamide gel. Microwell arrays were placed at the bottom of the chamber
for immunoblotting (Fig. 2b). Xiang et al. reported a two-stage inertial DLD sorter for size-based
cell separation [17]. The microfluidic sorter was used to remove the background blood cells, and
the separation efficiency could be improved to 99.9% by the second sorter with triangular posts.
This two-stage sorter offered a high-throughput process without clogging, and the recovery of
cells with high activity is easier. Liu et al. incorporated a filtration concept into a DLD structure
to achieve one-step CTCs isolation [18]. The dimensions of the chips were relatively larger (Fig.
2¢). The innovative filter-DLD structure exhibits excellent recovery of tumor cells with high
efficiency and cell purity. During recent decades, viscoelastic separation has been successfully
applied in the separation of spheres (e.g., microparticles, blood cells, tumor cells [19,20], and
submicron particles [13,21]) owing to their extensive existence in normal life like in human body
fluids, daily foods, etc. By integrating elasto-inertial focusing with a virtual fluidic channel,
Zhou et al. provided a great hydrodynamic symmetrical force for inducing significant and
homogeneous cell deformation and adjustable detection at a high throughput of up to 3000 cells
per second [22].
2.2. Active-active modality

Active label-free methods involve the utilization of extra forces like acoustophoretic and
dielectrophoretic forces to manipulate cell motions based on their intrinsic biophysical properties.
AP technique employs sound waves to induce target migration. DEP is another active technique
applying the interactions between a nonuniform electric field and induced unevenly distributed

dipoles to manipulate the motion. AP is preferred to non-invasively sort biological samples due
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to its minimal impact on cell viability and characteristics [23]. While DEP has a higher control
efficiency with a relative compact structure, which has the merits of facile operation for
manipulating cells [24]. Integrating acoustic/electric in a single microfluidic chip not only
increases the throughput but also significantly improves the control of the manipulated targets.
Currently, various integrated AP-DEP devices have been used to separate particles and even cells
[25]. Utilizing remote DEP, Smith et al. demonstrated the separation of cells in a microfluidic
channel coupled with an array of virtual electrodes, and the separation efficacy is over 98%
without adverse effects on cell viability [26]. Unlike the cascade method, an acousto-dielectric
tweezing mechanism was established for the characterization of a single cell through coupling
physical fields [27]. This chip contained a pair of interdigital transducers on a LiNbO3 wafer,
which could generate shear-horizontal surface acoustic waves (SAWSs). Meanwhile, AC electric
fields within microchannel were induced by the parallel tri-port electrodes. However, these
hybrid systems combining AP and DEP required special medium and generate more Joule heat
that might cause adverse effects on cell viability [28]. Thus, more investigation is needed to
adopt the devices in the applications of CTCs manipulation and analysis.
2.3. Passive-active modality
2.3.1. Passive-AP hybrid methods

Although AP is an ideal tool with the advantages of biocompatible and contactless, its
sorting and flux with excellent performances cannot be guaranteed simultaneously. Inertial
focusing force induced by serpentine and spiral microchannel can be integrated to focus the
targets to improve the sorting performance of the chip. Compared with serpentine microchannel,
spiral microchannel was more compact and had been chosen for prefocusing cells before

acoustophoretic separation frequently. An inertia—acoustophoresis hybrid microfluidic device
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was devised by Kim and coworkers [29]. Target could be pre-focused through the serpentine-
shaped microchannel, and then separated based on size via acoustophoretic force. Utilizing
traveling surface acoustic waves (TSAW), Mutafopulos et al. reported a microfluidic
fluorescence activated cell-sorting (WFACS) device to sort labeled cells [30]. The TSAW pulses
were generated to rapidly deflect cells into a separate channel upon fluorescence detection (Fig.
2d). Three types of cell lines were sorted at cell velocities exceeding 1 m/s, during which good
sorting purity and satisfactory cell viability could be maintained. Using the same strategy, Zhou
et al. presented another passive-AP hybrid microfluidic sorting approach for manipulating single
cell [31]. The cells were pre-enriched by a reverse wavy channel, and the target cells with
fluorescent dyes were continuously infused into a fluorescence interrogation region, in which a
highly focused acoustic beam could be activated upon the detection of fluorescent labels (Fig.
2e). The above methods integrated different technologies according to cascade strategy, which
required at least two steps for CTCs separation.
2.3.2. Passive-DEP hybrid methods

The efficiency of single DEP adopted for separating CTCs is reported to be low [32]. Many
researchers have combined various passive technologies with DEP to achieve Dbetter
performances inciuding DLD-DEP and inertial-DEP. The drawbacks of the DLD can be
minimized after properly integrated with DEP [33]. Utilizing nonlinear symmetrical post array,
Kim et al. presented a DEP-based ratchet migration mechanism for sub-um size particles
separation [34]. Its separation capabilities of submicron particles including polystyrene particles,
mitochondria and liposomes were well demonstrated. The deterministic ratchet mechanism
induced significantly larger migration velocities (5 um/s). With the advantages of the versatility

of electrokinetics and the precision of DLD, Calero et al. described a novel separation technique

10
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in a continuous flow [35]. Unlike ordinary DLD-DEP that only consisted of a pair of electrodes
placed at both sides, Beech et al. embedded DEP electrodes inside a DLD device by using metal-
coated microposts, which significantly decreased the DLD-based critical size for separation, and
increased the dynamic range with switching times [36]. Recently, the increasing integrated DLD-
DEP was applied for continuous separation of CTCs from peripheral blood cells. Aghaamoo et al.
proposed a deterministic DEP method and utilized numerical modeling to investigate the
different aspects of coupled DLD-DEP design [37]. The velocity field with the corresponding
streamlines matched the expected flow profiles of DLD arrays. However, the device still suffered
from clogging at flow rates lower than 1 pL/min. To address this issue, Rahmati and Chen
extended the dielectrophoretic DLD method to the perpendicular configuration to cover a wider
range of working frequency [38].

The flexibility and tunability of the device based on inertial microfluidics are usually too
weak to accommodate particles with different sizes. Integration of this technology with DEP
platform is a good idea to improve the throughput and enhance tunability. A microfluidic device
with two-stage separation combining inertial sorting and DEP has been developed, which
showed merits in automation, cost and versatility [39]. However, the indispensable two
separation steps resulted in a time-consuming and a larger dimension compared with single chip.
Coupling external DEP force field with inertial forces in one chip for particle tunable separation
can eliminate those drawbacks effectively. Zhang et al. proposed a hybrid DEP-inertial
microfluidic platform to separate various particle mixtures by adjusting electrical voltage [40].
As shown in Fig. 2f, the micro-electrodes were patterned on the bottom of serpentine
microchannel, and the generated DEP force was effective for the specific region. All particles

were enriched at the bottom owing to the top sheath flow at the inlet of the compact microfluidic

11
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device. By the change of the electric voltage, the dimensions of target binary particle mixture
could be easily tuned. Coupling DEP unit and inertial unit together in one microfluidic chip, Yao
et al. reported three microchips [41], which were classified by the relative positions of three-
dimensional (3D) sidewall electrodes and CE structure (Fig. 2g). Among them, the full-coupling
microchip with contraction/expansion microstructures had highest cell sorting efficiency due to
the synergistic effects between DEP/hydrodynamic sorting.

The integrated label-free methods show merits of relative simplicity and straightforward
integration to a microfluidic configuration justifies their inclusion as a viable CTCs isolation tool.
Specially, the DEP technique’s high control capabilities and DLD’s high precision separation
result in a very efficient and effective separation platform. The main problem with such hybrid
systems is that the common disadvantage of low-throughput cannot be eliminated by combining
them on one hybrid platform. Replacing DLD with inertial microfluidics in the integrated
platform, the throughput can be improved effectively. Since the compact structure and the
controllable separation, more coupling DEP-inertial microfluidic devices have been applied for

CTCs tunable separation, and have a promising wide range of applications in biomedicine.
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Fig. 2. (a) Schematic of the microfluidic cell sorter for size-based CTCs isolation and detection.
[15] Copyright 2015, American Chemical Society. (b) The exploded diagram and physical
illustration of the chip. [16] Copyright 2022, Springer Nature. (c) Photograph of the chip and
SEM images of the filer-DLD array. [18] Copyright 2021, the Royal Society of Chemistry. (d)
Scheme of the sorting device integrating a spiral channel for inertial flow focusing with a tapered
IDT. [30] Copyright 2021, the Royal Society of Chemistry. (e) Hybrid sorting method combining
inertial focusing and acoustic manipulation for cell isolation. [31] Copyright 2019, the Royal

Society of Chemistry. (f) Scheme and the basic separation principle of the DEP-inertial
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microfluidic chip. [40] Copyright 2018, Elsevier. (g) Photos of full-coupling, semi-coupling and
non-coupling microchips. [41] Copyright 2019, Elsevier.
3. Integrated labelled biochemical methods for the detection of CTCs

Labelled methods based on biochemical features of CTCs show more specific capabilities
like immunoaffinity assays. They can accurately distinguish CTCs from other blood components,
which improves the purity and capture yield of target cells. Currently, increasing microfluidic
platforms have been established for CTCs analysis due to advanced nanotechnology. The merits
of the use of nanomaterials include good sensitivity, high purity, and fast characterization. For
example, functionalized magnetic nanoparticles (MNPs) have been widely for the label and bulk
cell separation. MNPs can be conjugated with various ligands (e.g., antibody [42], aptamer [43],
peptide [44], or other small molecules [45]) which anchor on the CTCs with high specificity.
Therefore, CTCs can be actively isolated from whole blood samples with an external magnetic
field [46]. Additionally, the majority of CTCs detection based on a DAPIP®e CKPSIve ang
CD45™%® sjgnature with numerous teams including EpCAM positivity in their CTCs definition
[14]. Thus, labelled methods based on biochemical features of CTCs show merits of isolation
and detection in a single microfluid chip. By patterning or microfabricating the channel, the
methods of CTCs detection (e.g., Optical, electrochemical and physical) have been employed in
integrated microfluidic platforms.
3.1. Antibody-assisted microfluidic platforms

Antibody-assisted technologies are developed based on the unique expressions of certain
antigens on CTCs for identification such as EpCAM, N-cadherin, CD44, HER2, and MUC1 [47-
49]. EpCAM is overexpressed in squamous cell carcinomas and widely applied for CTCs

immune-based separation. By modifying the antibodies on the interface of various nanostructures

14
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(e.g., microchannels and micropores), CTCs can be specifically captured. For example, Nagrath
et al. pioneered an immunocapture chip to separate CTCs from peripheral blood sample of
cancer patient by coating EpCAM antibodies on microposts [50]. The immunocapture efficiency
is relatively low and significantly related to cell-substrate contact area and frequency. To realize
highly efficient EpCAM-expressing CTCs capture, Wang et al. overlayed a
polydimethylsiloxane (PDMS) chip with chaotic mixing channel on the ordinary patterned SiNP
substrate with antibody coating [51]. Compared to a static setting, cell-substrate contact
frequency was significantly enhanced due to the vertical flow induced by this kind chaotic mixer.
Implanted cellular surface elements and extracellular matrix (ECM) scaffolds in 3D
nanostructures provide a suitable environment for the recognition and analysis of cells. Wu et al.
developed an electrochemical cytosensor based on electrospun nanofibers-deposited nickel
micropillars [52]. It could offer CTCs a good microenvironment for adhesion and physiological
functions, and greatly amplify the electrochemical response. Cheng et al. designed a 3D
conductive scaffold microchip with breakable Au—S bond by immobilizing gold nanotubes on
porous PDMS [53]. The eifective capture by anti-EpCAM and release of CTCs by electro-
mediated accurate breakage of Au—S bond are shown in Fig. 3a. The 3D scaffold generated
chaotic migration of CTCs and the densely covered gold nanotubes improved the quantity of
immobilized antibody. Although anti-EpCAM antibody is the golden standard for detecting
CTCs, the expression levels vary in response to an external stimulus. Thus, other antibodies
should be used to supplement for CTCs assay. Deliorman et al. developed a microfluidic device
combining microfluidic-atomic force microscopy (AFM), for specific capture and the
characterization of elasticity and adhesiveness [54]. The microfluidic device is assembly

reversible and suitable for AFM measurement (Fig. 3b). The AFM measurements based only on
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5 CTCs samples revealed that CTCs of localized cancer origin are stiffer (23.9 + 2.2 kPa
elasticity and 341 £+ 11 nm deformability) than CTCs of metastatic cancer origin (6.2 + 1.8 kPa
elasticity and 502 + 6 nm deformability). Accordingly, the nanomechanical properties of CTCs
could be correlated to the disease status, which potentially opened a door in identifying
metastatic biomarkers and drug resistance.

Immunocaptured CTCs are always difficult to be released with integrity and high activity,
which cannot satisfy the downstream analysis. However, MNPs bound CTCs can be isolated and
released from peripheral blood in vitro when applying or removing an external magnetic field.
This noncontact manipulation provides solutions for not only possibility of in vitro but also in
vivo applications [55,56]. Unlike conventional label-free methods, immunomagnetic methods
realize the CTCs detection without the coupling of ancther technology and progress, which may
integrate isolation, detection and further functional analyses. For example, Cui et al.
encapsulated ZnS: Mn?* quantum dots (QDs) and FesO4 nanoparticles into SiO, nanospheres.
Anti-EpCAM antibodies were also modified at the surface [57]. The nanocomposites possessed
magnetic, recognition and fiuorescent properties. The release process is important and plays a
key role for subsequent analysis, including electrochemical stimulation, electrochemical
adsorption, and protease degradation. However, these methods are invasive and may cause
damages and disturb cell microenvironment.

Currently, there are two major integrated strategies for combing immunomagnetic methods
with microfluidic chips. First, using a rapid magnetic-field-assisted electrostatic self-assembly
procedure, streptavidin-coated magnetic beads functionalized with ligands are directly patterned
inside a microfluidic channel to capture CTCs as they flow through [58,59]. Second, CTCs

labeled with immunomagnetic nanoparticles possesses magnetism and then will be separated in

16
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microchannel within magnetic field [60]. Based on the first strategy, Sivagnanam et al. separated
MCEF-7 breast cancer cells by patterning self-assembled protein-coated magnetic beads inside a
microfluidic chip [61]. The second strategy attracted much more interest. Hoshino et al. used a
PDMS-based microfluidic chip to screen blood samples [62]. After incubating with Fe3O4
magnetic nanoparticles, the target cell could be labeled and then captured when the blood flowed
through the microchannel. Xue et al. developed an integrated microfluidic system with a
continuously moving Halbach array magnet for negative isolation CTCs [63]. As illustrated in
Fig. 3c, an array magnet was settled in the inside of the ring-shaped microfluidic channel for
generating a continuously moving magnetic field to negatively isolate CTCs without a sample
loading volume limitation. To compensate for the drawbacks of positive and negative enrichment
methods, Hyun et al. developed a two-stage microfluidic chip, which consisted of a magnetic-
activated sorter (ui-MACS) and a geometrically activated surface interaction (GASI) chip [64].
The u-MACS chip was applied for eluting the magnetic nanoparticle-coated white blood cells
(WBCs). The GASI chip captured and classified heterogeneous CTCs (Fig. 3d).

As previously mentioned, antibody-based microfluidic platforms show the merits of high
sensitivity, which have been widely used for the immunocapture of CTCs. But most of these
platforms based on antibody (EpCAM) are highly dependent on the expression of CTCs,
resulting in missing mesenchymal CTCs and EpCAM negative CTCs. Moreover,
immunocaptured CTCs are difficult to be released with integrity and high activity, which cannot
satisfy the downstream analysis. Although the utilization of magnetic particles can release
captured cells though diverse release processes (e.g., electrochemical stimulation,
electrochemical adsorption, and protease degradation), the structural integrity and the cell

microenvironment can still be affected.
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Fig. 3. (a) Schematic illustration of the capture and release of CTCs by the 3D conductive
scaffold. [53] Copyright 2021, American Chemical Society. (b) The microfluidic-AFM set-up
associated with the capture of CTCs from whole-blood samples. [54] Copyright 2020, Springer
Nature. (c) llustration of the dynamic Halbach array magnet integrated microfluidic system. [63]
Copyright 2019, the Royal Society of Chemistry. (d) Schematic diagrams of u-MACS chip and
GASI chip. [64] Copyright 2015, Elsevier.
3.2. Aptamer-assisted microfluidic platforms

Aptamer is a type of small oligonucleotide, which acts as recognition biomolecules with
high affinity [65,66]. Compared with antibody, it shows certain advantages such as cost-
effectiveness, easy synthesis and functionalization [67,68], which is an excellent candidate for
the recognition of CTCs. Aptamer-modified microfluidic interfaces possess great potential for
liquid biopsy. In 2009, Phillips et al. pioneered an aptamer-based microfluidic method for the

capture of CTCs with excellent capture efficiency (>80%) and purity (>97%) under optimized
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parameters [69]. Flow velocity is among the most critical factors that affect the microfluidic
device efficiency, which determines the contact time of aptamer and target cells [70]. To regulate
the flow field, increasing microstructures and nanostructures (e.g., micropillars, nanoparticles,
nanosubstrates and nanofiber) have been implanted in microfluidic chips. Although decreasing
flow velocity enhances the probability of the interactions by increasing time, realizing the
improvement of capture efficiency, the development of rapid capture and detection is
significantly hindered. By implanted two different dimensioned micropillar arrays in two
orthogonal microfluidic channels, Reinholt & Craighead presented a microfluidic method for the
recognition of cancer cells and isolation of corresponding genomic DNA (gDNA) [71]. As
illustrated in Fig. 4a, the cancer cells suspended in PBS buffer were specifically bound to
aptamers immobilized on larger micropillars located at the intersection of the channels.
Following cells lysing, gDNA within immobilized cells was separated by physical entanglement
within another smaller-dimensioned micropillar array enabling amplification and analysis. This
method offered a special strategy to monitor different mutations in the same small population of
cancer cells. To increase the efficiency and throughput, Sheng et al. developed a microfluidic
device utilizing multiple aptamer modified gold nanoparticle (AuNP) for cancer cells separation
[72]. Up to 95 aptamers were attached onto a single nanoparticle, leading to improved molecular
recognition capability, and an increase of 39-fold in binding affinity compared to a single
aptamer (Fig. 4b). Fang’s group introduced an aptamer-modified NanoVelcro Chip for the
isolation and release of non-small cell lung cancer (NSCLC) CTCs [73]. As shown in Fig. 4c,
CTCs capture efficiency was enhanced by combining the aptamer-modified silicon nanowire
substrates (SINWS) to improve CTCs capture efficiency. With enzyme-catalyzed digestion,

specific release of nanosubstrate-immobilized CTCs was induced. Based on the poly (lactic-co-
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glycolic acid) (PLGA) electrospun nanofibers, Wu et al. developed dual aptamer-assisted
microfluidic devices (Fig. 4D) to analyze CTCs of ovarian cancer [74]. The microfluidic device
successfully captured 1 to 13 cells in clinical patients’ samples, which was confirmed by the
immunofluorescence staining experiments.

Most current aptamer sensors focus on the strengthening of binding affinity. However, the
aptamer orientation and entanglement on microfluidic interfaces are always ignored [75].
Different DNA nanostructures such as tetrahedral DNA (TDNA) and cubic DNA nanostructure
(CDNA) have been applied to regulate the orientation of aptamer strands. Wang et al.
constructed a microfluidic system by combining TDNA with aptamer-triggered hybridization
chain reaction (HCR) in a herringbone channel chip for efficient CTCs capture and controlled
release [76]. To achieve multivalent binding interaction, Peng et al. replaced TDNA with CDNA
to control the orientation and valency of the aptamer on a microfluidic surface [77]. Due to the
well-aligned orientation, CTCs could be successfully captured from patients’ blood (Fig. 4e).
Integrating aptamer-targeted magnetic nanoparticles with a microfluidic chip not only offers
facile and efficient isolation of CTCs, but also provides additional functions such as real-time
detection and phenotypic analysis. Poudineh et al. described a microfluidic approach that profiles
along two independent phenotypic axes [78]. This microfluidic chip is clearly shown in Fig. 4f.
Based on aptamer-based IMNSs, cells were initially sorted according to the surface marker level.
Then, various heterogeneous cells extracted from each zone were subjected to chemotactic
phenotype detecting and sorting. This novel 2D phenotypic profiling is an effective strategy to
monitor the heterogeneous phenotypes of CTCs and isolate phenotypically distinct cell
subpopulations. By integrating biomimetic magnetosomes with microfluidic device, Zhang et al.

developed a promising strategy for target tumor cells capture and detection [79]. After effective

20



Journal Pre-proof

capture reaction of CTCs (>90%) within 20 min, the microfluidic chip could conveniently
quantify CTCs without leukocyte background (Fig. 4g). The aptamer and leukocyte membrane
modified Fe3O4 magnetic nanoclusters (A-M/NCs) were arranged in the nickel square of
microfluidic device, which significantly enhanced the local topographic interaction opportunities
with the target CTCs, as well as endowed the on-line CTCs detection feasibility. Kajani et al.
designed a specific microfluidic device consisting of mixing, sorting and separation modules
(Fig. 4h) [80]. The direct exposure of Apt-MNPs with blood samples for 60 min was appropriate
for the sensitive and effective capture of CTCs, which was confirmed by immunofluorescence
detection method (Fig. 4h). Thanks to the high-affinity anti-MUC1 aptamer and glutaraldehyde
linker, the CTCs capture yield exceeded 91% without cell damage under optimum condition.
Obviously, the efficiency of CTCs capture from the clinical samples was comparable with the
examined commercial kit, making it a suitable candidate for the subsequent culture and
molecular analysis in clinical purposes.

Although aptamer-based microfluidic platforms are emerging as powerful tools for the
detection of CTCs in a noninvasive, sensitive, and controlled target release, few aptamer-based
microfluidic platforms are suitable for routine clinical utility [81,82]. Some obstacles must be
addressed before it can be implemented as a real-world tool. First, the compromised stabilities
and binding affinities of aptamer in complex body fluids. Second, the collision opportunities
between circulating targets and capture substrates, and the capturing capability of substrates
should be further enhanced. Third, integrated devices and standardized processing procedures are
important factors for clinical application, which also need to be improved for aptamer-based

microfluidic methods.
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Fig. 4. (a) Scheme of the capture and release of CTCs by two micropillar arrays. [71] Copyright

2018, American Chemical Society. (b) Illustrations of enhanced cell capture using AuNP-
aptamer-modified surface and the microfluidic device with herringbone mixing microstructures.
[72] Copyright 2013, American Chemical Society. (c) Image of an aptamer-coated NanoVelcro
Chip and scheme of the molecular mechanism governing the capture and enzymatic release of

NSCLC CTCs. [73] Copyright 2013, John Wiley and Sons. (d) Schematic diagram of the dual
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aptamer-modified PLGA nanofiber-based microfluidic device. [74] Copyright 2021, the Royal
Society of Chemistry. (¢) Scheme depicting the workflow of CDNA—Aptamer—Chip for capture
and release of CTCs. [77] Copyright 2022, American Chemical Society. (f) Profiling functional
and biochemical phenotypes of CTCs in microfluidic chip. [78] Copyright 2017, John Wiley and
Sons. (g) Construction of biomimetic microfluidic system. [79] Copyright 2019, American
Chemical Society. (h) Scheme of microfluidic device containing mixer module, sorting module
and magnetic separation module. [80] Copyright 2022, the Royal Society of Chemistry.

3.3. Peptide-assisted microfluidic platforms

Compared with traditional antibody, peptide has the merits of small dimensions, excellent
biocompatibility, high binding affinity, stability and are easier to be synthesized with various
functionalization, so it tends to perform better in the detection of cancer biomarkers and
therapeutics [83,84]. A variety of recognition peptides are key roles in ligand-receptor and
protein—protein interaction, performing remarkably diverse functions (e.g., molecular recognition,
surface modification and signal labeling) in microfluidic platform. The capture efficiency and
purity of CTCs are above 70%, and some approaches can even exceed 90% [85-88].

Peptide can also be implanted into microfluidic device to efficiently and precisely capture
and release CTCs with minimal effect on cell viability. Shen et al. established peptide-silicon
nanowires’ substrate (Pe-SINWS), and integrated it into microfluidic device with herringbone
structure [89]. The CTCs capture efficiency (95.6%) is significantly improved owing to the
enhancement of interactions between cells and channel substrate by adopting unique staggered
herringbone structure and nanowire. The peptide digestion has been used for the release of CTCs
with advantages of simple operation, efficient release, and minimal effect on cell viability

(93.5%). Chen et al. developed an analogous extracellular matrix’s platform for the enrichment
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and selective separation of CTCs by using asparagine-glycine-arginine (NGR) peptide modified
TiO, nanofiber surfaces grafted by BSA [90]. The platform could capture PC-3 cancer cells from
mimical blood samples with a high specificity and sensitivity. Aiming to culture CTCs isolated
from metastatic breast cancer patients, Carmona-Ule et al. presented peptide-functionalized
device by depositing Peptide-Functionalized Nanoemulsions (Pept-NEs) in a culture well-plate
[91]. Since this technique avoided the need for multi-step procedures associated with off-chip re-
culturing, Pept-NEs-functionalized chip appeared to be an interesting option for the development
of a potential isolation and culture technology. Different proteins and cells lead to severe
biofouling in blood, hence the direct detection of CTCs in real blood samples remains
challenging. Han et al. designed a multifunctional peptide with antifouling capability and
recognition ability in biological samples, and integrated it with the electrodeposited conducting
polymer poly to devise a sensitive electrochemical assay with a two-step strategy [92]. It was
able to perform directly in blood samples without complicated purification and separation.

The universal incomplete contact issue of the biological macromolecules and ligands caused
by the steric hindrance of the antibody functioned magnetic nanoparticles is effectively
addressed by using peptide-modified magnetic nanoparticles. Microfluidic platforms based on
peptide functionalized magnetic nanocomposites are a promising technique for CTCs isolation
and detection [92,93]. Liang et al. reported a method based on peptide-functionalized magnetic
nanoparticles, which demonstrated superiority in non-small cell lung cancer (NSCLC) clinical
applications [94]. After capturing CTCs, releasing captured CTCs without damage plays a
crucial role for personalized cancer therapy. Besides isolation and release of CTCs, the culture of
CTCs in situ is also important for understanding the biology of metastasis in cancer disease.

Using peptide functionalized magnetic nanocomposites, in situ chemotherapy can be realized
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while detecting CTCs. Liu et al. constructed a novel Fe;O,—FePt magnetic nanocomposites [95].
After modification with NH,-PEG-COOH and the tumor-targeting molecule tLyP-1, Fe3O4—
FePt could serve as a promising multifunctional nano separator for efficiently capturing CTCs
and simultaneously inducing in situ chemotherapy.

Although peptide is a type of promising molecules to target cells with littler damage, their
conformational flexibility and small structures occasionally lead to relative weak interactions
with target cells. Besides, peptide is usually modified on MNPs to isolate CTCs, and the
attachment of the immunoaffinity MNPs and cell surface might cause cytotoxicity in the
subsequent culturing process. Thus, releasing isolated celis with viability by using platforms
combined with peptide is worth deep exploration. Moreover, peptide-based microfluidic platform
is still in its infancy, so further studies must be carried out to optimize the use of peptide-
functionalized chips for the isolation and detection of CTCs in real blood sample of patients.

3.4. Integration of multiple ligands

The utilization of single recognition molecule always results in unsatisfactory capture
efficiency due to the rarity and heterogeneity of CTCs. Many studies have assembled multiple
molecular probes (e.g., antibody, aptamer, peptide, folic acid (FA), as well as materials (e.g.,
dendrimer and biotinylated polymer) to identify heterogeneous CTCs.

The “antibody-aptamer” strategy combines the advantages of both recognition elements. It
also overcomes the limitations of microchips functionalized by either antibody (e.qg., difficulty in
releasing CTCs with high activity) or aptamer alone (e.g., low affinity, low specificity, more
steric hindrance and less available biomarkers). Zhang et al. incorporated an optimized ensemble
of aptamers and antibodies into a microfluidic device with micropillar arrays for the

capture/isolation of rare cells [96]. Compared with the method using anti-PTK7 alone or sgc8
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aptamer alone, antibody—aptamer approach significantly enhanced the capture efficiency
especially at a higher flow rate. By introducing an aptamer-antibody (Apt-mAb), Chen et al.
developed an ideal regenerative microchip in the separation and profiling of various cancer cells
from blood samples [97]. The Fc6 aptamer indirectly linked the interface functionalization of the
microfluidic channels to the monoclonal antibodies that specifically bound the target cell
receptor. The Apt-mAb provided optimal orientation, flexibility, and reduced steric hindrance,
allowing easy reprogramming for any mAb and functionalization of a variety of surfaces.
Therefore, universality and regenerative capacity to the microchip for CTCs separation and
profiling were promised. In addition to aptamers, other molecular probes (e.g., peptide) and
materials (e.g., dendrimer and biotinylated polymer) have also been coupled with ordinary single
antibody [98,99]. Lu et al. fabricated a decomposable immunomagnetic system based on the
immobilization of peptide-tagged antibody on engineered protein-coated magnetic beads [100].
Over 70% of captured cells could be released by biotin addition, and the viability of released
cells could reach 85%. This method was successfully applied to isolate and detect CTCs in
cancer patients’ peripheral blood samples, and 2-215 CTCs were identified with high purity.
Using the analogous strategy, Yoshihara et al. constructed a superefficient cell-capture and
release method by immobilizing antibodies on the peptides that bound to 3D microfiber fabrics
[101]. By functionalizing fluorescence-visible magnetic capsules with folic acid and anti-
EpCAM antibody, Ma et al. proposed the multi-targeting magnetic capsules for rare MCF-7 cells
isolation, which enabled a more than 80% capture efficacy of CTCs [102].

As mentioned before, label methods for CTCs isolation exhibit higher specificity compared
to label-free methods. The magnetic particles modified with targeting ligands enable the capture

and release of CTCs in magnetic field. Due to the fact that the anchoring degree of ligand-
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modified magnetic nanoparticles depends on the expression level of receptors on CTCs, the
magnetic particle-based separation can achieve CTCs subpopulations profiling and clarifying. By
combining multiple ligands on MNPs, the heterogeneous CTCs can be captured effectively.
Moreover, the non-contact manipulation of magnetic particles offers the possibility of in vivo
application, promising to become an adjuvant therapy for cancer by cleaning CTCs from the
blood. Recently, advanced technologies, such as nanomaterials, QDs, and Raman spectroscopy,
have been integrated with microfluidic chips, enabling the next generation isolation technologies
and subsequent biological analysis of CTCs. However, endocytosis of these ligand-
functionalized MNPs is unavoidable and seriously damage the viability, proliferative capacity,
and differentiation of isolated CTCs. In addition, non-selective endocytosis by non-targeted cells
also decreases the purity of the captured cells. Therefore, to ensure the purity and viability of
isolated CTCs, endocytosis of MNPs must be minimized before its clinical application. Besides,
the incubation progress or modification progress is necessary and time consuming, which
restricts the rapid detection of CTCs.
4. Integrated biochemical and biophysical methods

As mentioned above, biochemical methods that utilize ligands possess great specificity and
capture purity of CTCs, while label-free biophysical methods provide high throughput and easy
manipulation. However, the efficacy is restricted by the rarity and heterogeneity of CTCs,
resulting in poor or incorrect information. In recent decades, the combination of biochemical and
biophysical methods has attracted plenty of researchers’ attention. Based on the microfluidics
technology, increasing integrated methods have been proposed and improved by means of
microfluidic chip to isolate, detect, and analyze CTCs.

4.1. Integration of biochemical and passive biophysical methods
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The most frequently used method is integrating ligand into passive biophysical assays, such
as filtration, DLD, and inertial microfluidics. By modifying the surface of membrane filter or
filtration-based microchannels with ligands (e.g., antibodies and aptamers), CTCs with larger
size can adhere to the ligands. Meunier et al. modified the surface of a membrane filters of
various diameters with antibodies to capture CTCs (Fig. 5a). Compared to the pristine filter
without modification, the recovery rate of modified filter was improved from 80% to 95% in
separating cancer cells from blood samples, while avoiding cell contamination [103]. A micro-
aperture chip based on three methods was fabricated with immunomagnetics for the detection of
large CTCs [104]. The micropore-arrayed filtration apertures with 8 pm diameter were
characterized by detecting cancer cell lines spiked into healthy human blood, and the detection
yield of CTCs were found to be consistently near 90% (Fig. 5b). Zhang et al. proposed an
ultrasensitive single-cell recognition platform integrating an improved spiral separation unit with
a hydrodynamic filtrating purification unit (Fig. 5¢). The platform facilitated the recognition of
single CTC with a sorting separation rate of 93.6% at a flow rate of 60 pL/min, which provided a
promise solution for commercializing and industrializing various portable, low-cost rare cell
isolating/detecting/phenotyping systems [105]. The capture mechanism of integrated
microfluidic devices based on the combination of filter and ligand affinity is to restrict the target
cell in channel, resulting in the difficulty in releasing CTCs with high activity. Huang et al.
combined gelatin-coated silica microbeads with microfluidic filter to increase specific surface
area to enhance capturing efficiency of CTCs (Fig. 5d). A laminar-like interface was used to
realize continuous-flow CTCs purification. The degradation of gelatin using MMP-9 enzyme

endowed biocompatible collection of precious CTCs samples [106].
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The combination of multiple technologies can not only improve the purity, but also apply
other functions (e.g., phenotypic profiling, cell culture and direct protein analysis). For instance,
an integrated multifunctional microfluidic system developed by Abdulla et al. successfully
identified a subgroup of apoptosis-negative cells, and its clinical application in personalized
CTCs epithelial-to-mesenchymal transition (EMT) analysis was demonstrated (Fig. 5e) [16].
Because the expression level of the isolated CTCs marker can be directly determined at the
single-cell level, and the therapeutic response to anticancer drugs can be monitored
simultaneously, it provided a promising clinical translational tool for clinical drug response
monitoring and personalized regimen development. By coupling micropore membrane filtration
with aptamer-SERS bio-probe recognition, Lv et al. proposed a surface enhanced Raman
spectroscopy (SERS) method capable of distinguishing isolated CTCs from residual WBCs in
10s [107]. Significantly, the synthesized process aptamer-SERS bio-probe is relatively efficient
and convenient by binding SH-aptamer to 4-mercaptobenzoic acid (4-MBA) modified AuNPs
with the help of ethyl acetate. Based on their Raman signal intensity difference at 1075 cm ™,
single human non-small ceil lung cancer A549 cells could be distinguished by mapping its
surface biomarkers that related to selected specific aptamer. This system could achieve above 90%
recovery rate and recognition rate, even the quantity of A549 cells in blood solution simulating
CTCs sample is low to 20. In addition to high efficiency, the merits of rapid, reliable and cost-

effective detection indicate a good prospect in clinical application for CTCs detection.

Integrating passive biophysical methods (e.g., DLD and inertial focusing) and biochemical
methods takes advantage of the high flow rate of the passive biophysical method and
compensates for the low specificity and purity of the former by the biochemical methods. These

combined approaches can assist the design and fabrication of the next generation of microfluidic
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devices which fulfill lower cellular damage, higher volume throughput, and higher separation
yield requirements. The majority of unitized microfluidic chips proposed for CTCs isolation and
enrichment uses cascading connection strategy, requiring multiple independent steps and more
progress time. So, the compact integrated microchip still lacks of investigation and remains
challenging owing to the discrepant requirements of flow rate.
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Scheme of microfluidic isolation of CTCs based on microbead-mediated size amplification. [106]
Copyright 2016, John Wiley and Sons. (e) Schematic illustration of chip operation procedure.
[16] Copyright 2022, Springer Nature.
4.2. Integration of biochemical and active biophysical methods

AP based on acoustic radiation forces is known as a typical high-throughput and non-contact
technique to separate microparticles or cell populations. But these microfluidic methods for
CTCs separation display challenges in yielding a significant WBC background in their separation
products. Utilizing in-line magnetic particle-based leukocyte depietion to diminish significant
background contamination of WBC in its separation progress is an attractive solution. Cushing et
al. proposed an acoustophoretic immuno-affinity negative selection for the isolation of tumor cell
from a WBC contamination. The WBC specifically bound to CD45-antibodies was selected and
reduced by using negative acoustic contrast elastomeric particles (EPs) [108]. This method based
on multi-step process enabled various tumor cells (DU145 and MCF-7) isolation with separation
efficiencies of 99%. By modifying ZnO nanoflibers with antibody, Li et al. engineered a super
efficient platform for single-cell capture/encapsulation [109]. Because the dense ZnO nanofibers
provided additional binding sites, an increased capture efficiency reaches up to 93.3%.

DEP always produced high purities for cell separation. However, it could not achieve
enough throughput and efficiency. Incorporation of DEP with immunomethods can facilitate the
development of CTCs isolation and detection platform with excellent performances. Huang et al.
reported a hybrid DEP-immuno system based on interdigitated electrodes which were designed
in a Hele-Shaw flow cell. The specific recognition relied on the functionalized monoclonal
antibody [110]. By precisely tuning the applied AC electric field frequency, the immunocapture

of prostate cancer cell line (LNCaPs) and pancreatic cancer cell lines (Capan-1, PANC-1, BxPC-
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3) could be enhanced and nonspecific adhesion of peripheral blood mononuclear cells was
reduced with positive and negative DEP, respectively [111]. Recently, combining with a built-in
capacitive sensor, a DEP microfluidic enrichment platform including a lollipop-shaped gold
microelectrode structure under a polydimethylsiloxane chamber was presented for CTCs
detection [112]. With the proposed platform, A549 non-small human lung carcinoma and S-180
sarcoma cell lines were firstly attracted to the center of the working chamber via DEP forces, and
then captured by an electrode immobilized by anti-EGFR. After the cell concentration process,
the differential capacitance can be read directly to detect the presence of the target cells, which is
suitable for rapid cancer diagnoses and other metabolic disease applications. Zhao et al. proposed
a novel method combining DEP and magnetophoresis in a microfluidic chip for the separation of
CTCs from cell. The effect of the flow rate, the AC electric potential and the ferromagnet
structure on the separation were investigated based on simulation [113].

The above integrated methods provide contactless operation progresses with a significant
purity of captured CTCs. Nevertheless, incorporation of active sorting elements requires
additional equipment, and the interaction of generated multiple force field is complicated.
Therefore, multiple independent microfluidic chips equipped with active sorting elements are
connected by cascaded stages, resulting in an increase in dimensions and produce cost. Moreover,
the viability of isolated cells is inferior owing to the Joule heat generated by electric field.

5. Conclusion and future perspective

With the development of microfluidic technology, increasing hybrid-modality methods have
been developed for CTCs isolation and detection. Based on hybrid strategy and operating
mechanism, they can be divided into label-free assays, labelled assays and integrated

biochemical and biophysical methods. Microfluidic systems not only benefit automation and
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scaling up, but also improve the separation performances. The combination of multiple label-free
separation approaches potentially refines the separation resolution. However, the purity of CTCs
is inferior. Integrated labelled biochemical methods have the limitations of time-consuming and
throughput procedures. Therefore, the most frequently reported hybrid-modality is integration of
biophysical and biochemical methods, which takes advantage of the high flow rate and
compensates for the low specificity. Specifically, the integration of ligand affinity with filtration,
inertial focusing, and DEP permits the capture of CTCs with an improved specificity. To achieve
an integrated microfluidic detection platform, multiple functionalities (sorting, sensing and
analytics) based on micromaterials or nanomaterials can be integrated to enable efficient
isolation and precise analysis. However, the majority of unitized microfluidic platforms for
CTCs isolation and enrichment are based on cascading connection strategy, which requires off-
chip sample incubation with MNPs, increasing processing time and the potential for cell loss
with manual transfer. Thus, it is still needed to develop more intimately integrated derivatives in
order to improve the yield and the recovery efficiency. The proposal of commercial integrated
microfluidic platform for clinical application is facing the following issues and challenges,
requiring further investigation.

First, integration of single modality methods in microfluidic chip is a challenging task. In
addition to the increased complexity in chip design and instrumentation, the flow rate disparity
between disparate modules, passive sorting module and marker detection module in particular,
should be considered and balanced in a single chip. Second, incorporation of active sorting
elements (AP and DEP) may need additional equipment and the miniaturization for point-of-care
testing should be designed. Additionally, the effect of specific medium conditions (e.g.,

conductivity and viscosity) on the cytoactive of cell should be addressed for facilitating cell
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culture, downstream analysis and phenotypic evaluation. Third, with the increasing demand for
efficient capture and active release in clinical applications, the binding ability between CTCs and
capture objects during capture procedure, as well as the destruction of conjunctions during
release process, requires in-depth investigation. The capturing capability of substrates that
modified with various MNPs should be enhanced by increasing the associativity of capture
biomolecules and the collision opportunities between circulating targets and capture substrates.
Meanwhile, more studies are needed on the release of CTCs, satisfying rapidly, high efficiency
release with minimal activity impact. Last, although hybrid-modality methods combine various
single-modality methods using a sequenced strategy with great flexibility, challenges still remain
in reducing monolithic dimensions, decreasing the probability of pollution and realizing
automatic operation. The integrated devices and standardized processing procedures is in a
chaotic situation. Unified and standardized procedure is urgently needed to meet clinical

applications.
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