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Recent advances in isolation and detection of circulating
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Abstract . The isolation and analysis of circulating tumor cells (CTCs) is an important issue in
tumor research. CTCs in peripheral blood, which are important biomarkers of liquid biopsy, are
closely related to the occurrence of cancer and are used to monitor the effect of treatment on
cancer patients. However, the number of CTCs in the blood samples of cancer patients is very
low, usually being present at only 0—10 CTCs/mL. Therefore, prior to the detection of CTCs, it
is important to preprocess clinical blood samples for efficient separation and enrichment. With
the advantages of low sample consumption, high separation efficiency, ease of automation and
integration, microfluidic chips can be a suitable platform for the isolation of CTCs. In the last
few years, CTC separation and detection using microfluidic chips have developed rapidly, and a
variety of detection methods have been developed. According to the technical principle used,
microfluidics for CTC separation can be divided into biological property-based methods and

physical property-based methods. The biological property-based methods mainly depend on the
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interaction between the antigen and antibody, or the specific binding of the aptamer and target.
These methods have high selectivity but low efficiency and recovery rates. Physical separation
is based on the physical properties of CTCs such as their size, density, and dielectric proper-
ties. For example, CTCs can be blocked or captured by the microstructure in the channels of
microfluidic chips, sorted by external physical fields ( acoustic, electrical, magnetic), or
screened by micro-scale hydrodynamics. Physical property-based methods generally have a
higher flux but lower separation purity. However, the advantages of biological property-based
methods and physical property-based methods can be integrated to provide microfluidic chips
having better separation performance. In addition to the direct positive enrichment of CTCs, a
negative enrichment strategy can also be adopted. The influence of direct screening on the
activity of CTCs can be avoided by selectively removing white blood cells. In this paper, recent
advances in microfluidics utilized in the isolation of CTCs, including physical and immune
methods and positive and negative enrichment, are reviewed. We summarized the technical
principles, detection methods, and research progress in CTC separation and detection using

microfluidic chips. Developing trends in microfluidics for CTC separation and analysis are also

discussed.
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Fig. 1 Microfluidics for separation of circulating tumor cells (CTCs) with biological property-based methods
a. microfluidics with epithelial cell adhesion molecule ( EpCAM) antibody-modified nanofibers'*! ; b. microfluidics with cancer cell-
c. microfluidics with fluidic multivalent membrane nanointerface*!.
PLGA; poly lactic-co-glycolic acid; PEG: polyethylene glycol; CellRePDMS: cell-replicated topological structure on the surface of
polydimethylsiloxane ; PBMC. peripheral blood mononuclear cell.
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Fig. 2 Microfluidics for separation of circulating tumor cells with physical property-based methods

a. acoustic CTC separation chip!*’) ; b. sequential size-based chip'™! ; c. inertial force-based straight chip'*'.
WBC: white blood cell; SAW . surface acoustic wave; PDMS: polydimethylsiloxane.



- 218 - Ll

it

540 45

S HERG A BE B AU S0 BT, Zhu 250580 DL A 4 8
SRk, I DFE B ARG HE T R IE A 1 A SRR
TR R, AR IE 8 3 b A 15 R Dean 4 U
ZEAVE, AT LAAE 3 mL/min @R 223 CTCs
f 7 , S [T 3R 90% ~94% ., Lu 257 5311
TR A RGO IR WA 4 R L S ERL AR 45
A, el RGN S O I 40 AR A 4 S, FEA
FH= A0 WORE R 3 52 IR %) CTCs FA 3, 1% 07 AR
UE 94. 8% 1) 1= 4ifi 2K & (1 L fuk I, 3 & 0] LL3K 3] 40

mL/h,
IR CTCs 4355 05 A KA H O T B4 g,
HEAEXT CTCs #EB TR T T BE 2 ik,

%85| CTCs FEMBFFTXT TP 24t A 4k % 2
(175 X, Sarioglu %56 831 T & A = M ke 2540
.08 % CTCs #EFEAT kg BE 43k . 4 CTCs i
26 = SIREISE i ARR] 34 A 2 e L TS A
AR, A A 2> B B o R s i
TR A GRS &, AR B Y1) 1 S R
CTCs M SEBUEAIAR I, R FTIZE R X L b
FES AT B WiE T CTCs FEIN S Bk, T R I H
R Rl A R R G 4T i ( TAMs ) | 1% % BLX
TAMSs 5 CTCs [RIAH EARE A58 BA B 258 L
1.3 S£YEMEYBHREEANERNSE
ST R, BT A W 25 AR FE RN 4 L 35 7 vk
1) CTCs 43 Bhits 45 A AL # . AT e B e vk ol

a
-
7 Lateral filter

00

s o g
N [—] o c
Outlef g § g
o S o c
z 8 8 I3
< =8 § ¢
= 8 i
S gZOOumg
R
1£1 H
i B\, -
P :
sTHE I A
S | if 2. >
iEl r «v B 4
i v Y,)‘ *J
L r r
QMV/V/M&I Yy Wy

SR JEE T ESCRE A ZE WEAATEAR R
b AN AR ) 2 A AORE T A MR AR TR AT 25 5 )
CTCs 4RGPk, Y3 2 1 70 BIAG E AR, B 5 7™
AR BHPEZE R DI TE N 53 22 P b 7 v AR 4
A B R DL SE B 9 43 B AR . Chen
4‘?[62 SR AN [ SR B 91 2854 )05 e, TSR 184
T EpCAM HiiA , 45 45 L J5t 21 5 592 2% R4 1ok
$& 1 CTCs By AR R, Al i iy T 3 i 3 75 1) Jo FHL
FE T AGRIESE o A 3 i (LI 3a) o Su 2RI
AR BB 7R LAl 51 A 3R 10 ) RE Ak A8 1 1 45
ARERER , RRAE & 1A SEM AR AR (WL 3b) . A
fLlHh, Chen 45" S HIE i T EpCAM LA 1) i
BRERESFPESS & CTCs, F- LA & I 280 15 i A B
B IX, W R T REER ) CTCs AR TEM 55 , H.iH T4
T3 VR FHAS e 38 3 7% 18] R R 47, DA TG 36 380 53 2 4%
Ho FIFHZIT AT 11 FAS [R]85 e R A A 647 43
B AR AR L 90% , H BPMETE sl T, 40 ML A7 1%
HALREIAE 96% , Song % I 2k & i 7 M M 1
IR T T 2 0 4% R 1 e 1A 49 K i 3K ( AuNP-
SYL3C) &Mt - (UL 3e) , ROSF FIsiipE A [A]
AT L5 A = I O B 51 X 25 [R5 ke
) Rl SRR AN ] 9 A e 3ok I8 S R/ N BE
AI g CTCs Al G B 7 A= 0] [l 32 8% | Al ifn 248 P
Y 5 B AR . e Ah, BAE BB i A AuNP-

SYL3C, it i:f 1% 115 PIC 1% 2 A9 30017 vl LA K R i 45
b /"ﬂ“' ”77, - Outlet3
377~ )
In Ie< /(‘ X h ,"
u“,“““pu \ Outlet2
Outlet 1 —
c Blood AP-Octopus-Chip n Reportv
/i 1 =~ ¢
&."_\-\"",’:'; e :ut::i o
DlD~Arzy Analysis
vy V
vy : v
vV v v S v T s
v'/v .

cell Blood cell 'M ropillar

B3 ETFSRaERNRRMERESESR
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Fig. 4 Microfluidics for negative enrichment of circulating tumor cells

a. 3D-printed microfluidic device with immunocapture channels and microfiltration'® ; b. microfluidic chip integrated with DLD

arrays and magnetic field ) ;

c. CD45 antibody-based MACS combined with an inertial focusing chip'®’.

MACS: magnetic activated cell sorting; RBC: red blood cell; PLT. platelet.
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Table 1 Separation methods of circulating tumor cells with microfluidics

Throughput/ Recovery/ Depletion Viability/

Methods Sample (mL/h) % of WBCs/% % Ref.
Biological property-based methods
Antigen modified microstructure PC3 cells spiked into whole blood 1.2 ~92 14 (purity) ~95 [36]
Aptamer functionalized nanointerface Cancer cells suspended in buffer 0.35 ~91 >99.9 ~98 [41]
Antigen coated 3D scaffold MCF-7 cells and WBCs suspended 6 ~93 N/A ~91  [42]
in PBS
Physical property-based methods
Dielectrophoretic field-flow MDA-MB-435 and PBMN cells 90 ~92 >95 ~90 [46]
fractionation suspended in buffer
Surface acoustic wave Cancer cells and WBCs suspended 7.5 >86 >97 N/A  [47]
in PBS
Biomimetic filtration membranes MDA-MB-231 cells spiked into diluted 30 ~90 >45 (purity) ~91 [49]
blood
Deterministic lateral displacement A549 and K562 cells spiked into 60 >96 >99.99 >98 [51]
diluted blood
Inertial focusing A549 cells spiked into lysed blood 180 ~94 ~79 (purity) N/A  [56]
Integrated methods
Lateral filter arrays with immunoaffinity L3.6pl cells spiked into diluted blood 3.6 ~95 >99.5 ~84 [62]
Immunobeads integrated filter chip MCF-7 cells spiked into lysed whole 3 >85 ~40 (purity) N/A  [63]
with inertial flow blood
Multivalent aptamer modified DLD-array Cancer cells spiked into whole blood 1 ~84 ~99.99 ~96 [65]
Negative enrichment strategy
Immunocapture channels with Cancer cells spiked into whole blood 0.5 >90 ~96 >90 [66]
microfiltration
DLD arrays integrated with MACS Cancer cells spiked into whole blood 8 ~97 >99.9 N/A  [67]
and inertial focusing
MACS combined with inertial focusing Cancer cells spiked into whole blood 168 ~86 ~99.97 N/A  [69]

N/A: not applicable.
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Fig. 5 On-chip analysis of circulating tumor cells

a. optically combined encoding of single CTC on chip'”’ ; b. visual quantifiable detection of CTCs in a volumetric bar-chart chip!®/ ;

c. electrochemical determination of iron ions leaking from CTCs by DPV technique .
BTC: bis( trichloromethyl ) carbonate; magMOF; magnetic metal-organic framework; FITC-GOD: fluorescein isothiocyanate-glucose

oxidase; CB: conduction band; VB: valence band.
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