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ABSTRACT

Circulating tumor cells (CTCs), as important liquid biopsy target, can provide valuable information for cancer
progress monitoring and individualized treatment. However, current isolation platforms incapable of balancing
capture efficiency, specificity, cell viability, and gentle release have restricted the clinical applications of CTCs.
Herein, inspired by the structure and functional merits of natural membrane interfaces, we established an
antibody-engineered red blood cell (RBC-Ab) affinity interface on microfluidic chip for high-performance
isolation and release of CTCs. The lateral fluidity, pliability, and anti-adhesion property of the RBC micro-
fluidic interface enabled efficient CTCs capture (96.5%), high CTCs viability (96.1%), and high CTCs purity
(average 4.2-log depletion of leukocytes). More importantly, selective lysis of RBCs by simply changing the salt
concentration was utilized to destroy the affinity interface for efficient and gentle release of CTCs without nucleic
acid contamination. Using this chip, CTCs were successfully detected in colon cancer samples with 90% sensi-
tivity and 100% specificity (20 patients and 10 healthy individuals). After the release process, KRAS gene mu-
tations of CTCs were identified from all the 5 cancer samples, which was consistent with the results of tissue
biopsy. We expect this RBC interface strategy will inspire further biomimetic interface construction for rare cell

analysis.

1. Introduction

Circulating tumor cells (CTCs) shed from solid tumor tissues are
considered to be important liquid biopsy targets [1]. CTCs enumeration
can reflect the patient’s tumor burden and facilitate diagnosis, therapy
monitoring, and prognosis of cancers [2-4]. Moreover, in-depth mo-
lecular and functional analysis of CTCs can provide rich biological in-
formation for the precision treatment and biological research of cancers
[5-8]. However, the extremely rare CTCs are present in the complex
whole blood matrix, with as low as several CTCs per mL of blood con-
taining billions of blood cells [9-11]. Thus, efficient and specific CTCs
isolation and gentle release of CTCs are urgently needed for clinical
applications of CTCs and cancer study.

In recent years, the immunoaffinity interface combining magnetic
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nanoparticles [12,13], microarray structures [14-16], microfluidics
[17-19], etc. has been widely used in the sorting and research of CTCs.
These designs have improved CTCs analysis techniques from different
perspectives, such as enrichment efficiency, cell viability, purity and
throughput, etc. Existing interfaces are mainly fabricated of solid inor-
ganic materials, such as monocrystalline, glass, and poly-
dimethylsiloxane (PDMS), which was widely used in cell researches. In
order to obtain better biocompatibility, higher softness and excellent
anti-matrix adsorption of immunoaffinity interface, diverse biomimetic
materials have been constructed for interface modification and func-
tionalization [20-25]. In particular, cell membrane interfaces have
attracted considerable attention due to their natural antiadhesion
properties [26-28]. For example, researchers have developed bio-
mimetic magnetic nanoparticles by surface coating with cell membranes
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to achieve highly specific capture of CTCs [29-31]. Furthermore, cell
membrane-based nanovesicles have been used to assemble microfluidic
interfaces for higher capture efficiency [32]. Although promising, the
interface assembly was complicated, requiring cell culture, purification
of cellular membrane fractions, and preparation of nanovesicles. Alter-
natively, Pei’s group constructed a biomimetic membrane interface by
immobilizing intact cells on a substrate for simple construction of a cell
membrane interface [33]. However, all these systems are still incapable
of gentle and efficient release of CTCs. Aggregation of recognition
molecules based on cell membrane fluidity was originally conducive to
enhancing affinity recognition, but it may lead to steric hindrance in the
competition or cleavage of recognition molecules, thus decreasing the
release efficiency of CTCs. Additionally, nucleic acid contamination
often occurred in membranes or nanovesicles derived from nucleated
cells, leading to problems in downstream analysis.

To avoid the constraints of cell-interface interactions mentioned
above, we functionalized natural RBCs with antibodies, to provide
improved biocompatibility and pliability [34-38], and used them for
construction of an interface on a microfluidic chip (referred as
RBC-Chip) for high-performance capture and release of CTCs. This
RBC-Chip provides various benefits due to the combination of whole-cell
RBCs interface and deterministic lateral displacement (DLD)-patterned
interaction model [39-41]. First, placing a layer of RBCs on the capture
substrate, which serves as a soft and flexible cushion, can maintain high
CTCs viability during interfacial collision (Fig. 1A). In detail, although
the substrate material of the microfluidic chip has good biocompati-
bility, the fluid velocity in the microfluidic chip is still large for the cells,
and the cell-microcolumn collision at high flow rate can easily cause
CTCs damage. Nano-scale biomimetic materials have been used to
improve the activity of CTCs in chip [42], and micron-scale RBCs with
soft properties might be a good choice. Second, benefitting from the
anti-adsorption performance of the RBCs membrane, nonspecific cap-
ture of background cells can be effectively avoided (Fig. 1B-a). Third,
the lateral fluidity of the RBCs membrane enable clustering of antibodies
for highly efficient CTCs capture [43]. Once CTCs collide with the
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interface, antibodies and tumor biomarkers will cluster at the binding
sites to form spatial multivalent recognition [35]. Most importantly,
CTCs can be released gently without DNA contamination by simple
destruction of the RBCs interface by treatment with RBCs lysis buffer
(Fig. 1B-b) [44,45]. We also show for the first time, that the
ligand-independent releasing strategy avoids the inefficient release of
cells due to steric hindrance caused by the aggregation of recognition
molecules at the binding site. In addition, the DLD-patterned microarray
with size-dictated interaction selectively enhances the collision of
large-sized cancer cells to improve the capture efficiency and purity of
CTCs (Fig. 1A). To apply this strategy to clinical applications, we per-
formed droplet digital PCR analysis (ddPCR) of the released CTCs based
on KRAS gene mutations (Fig. 1B—c). Taken together, the RBC-Chip
exhibited a variety of advantages of high immunoaffinity, high cell
viability, low background interference and efficient cell recovery for
isolation and downstream analysis of CTCs.

2. Results and discussion
2.1. Preparation of antibody-engineered red blood cells (RBC-Ab)

Epithelial cell adhesion molecule precursor (EpCAM), a major
gastrointestinal tumor-associated protein, was used as a recognition
target to participate in the capture of CTCs. To fabricate affinity RBCs as
recognition elements for CTCs capture, EpCAM antibodies were modi-
fied on the RBCs surface (RBC-Ab) with dual-terminal functionalized
DNA, 5'-Chol-DNA-Biotin-3/, as linkers. As shown in Fig. S2, 5'-end
cholesterol modification enables the anchoring of DNA linkers to
fabricate biotin-modified RBCs (RBC-Biotin) via hydrophobic interac-
tion. Stability verification of RBC-Biotin in plasma can be seen in Fig. S3.
3'-End biotin modification allows streptavidin and biotinylated EpCAM
antibodies to anchor on the RBCs. In order to ensure that streptavidin
has remaining sites for biotin on the RBCs, the molar ratio of strepta-
vidin to biotinylated EpCAM antibodies was set to 2:1 [43]. To char-
acterize the fabrication, the RBC-Biotin was incubated with
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Fig. 1. Schematic illustration of RBC-Chip. (A) Fabrication and sample loading of RBC-Chip. Antibody-engineered RBCs (RBC-Ab) are densely anchored on the inner
surface of the solid-phase chip made of PDMS. CTCs tend to collide with the soft RBC-cloaked micropillars following the deterministic lateral displacement (DLD)-
patterned interaction model. Detailed parameters of DLD-patterned interaction model can be seen in Fig. S1 (B) Working principle of CTCs capture and release on
antibody-engineered RBCs interface. (a) CTCs are captured through fluidity-enhanced multivalent binding effect, while WBCs are not captured. (b) CTCs are released
by the osmotic fragility of RBCs. (c) The recovered CTCs are applied for KRAS gene analysis by droplet digital PCR.
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Streptavidin-Phycoerythrin (SA-PE), and RBC-Ab was incubated with
FITC-modified detection antibody (Ab-FITC). The flow cytometry results
and fluorescence images confirmed the successful construction of both
RBC-Biotin and RBC-Ab (Fig. 2A-B).

To evaluate the binding ability of RBC-Ab to tumor cells, EpCAM-
positive model cells SW480 (human colorectal cancer cells) and
EpCAM-negative model cells CCRF-CEM (human acute lymphoblastic
leukemia T lymphocytes) were incubated with RBC-Ab. As shown in
Fig. 2C, SW480 cells were bound by many RBC-Ab, while no binding was
observed between CCRF-CEM cells and RBC-Ab. These results confirm
the capability of RBC-Ab as recognition elements for EpCAM-positive
tumor cells.

2.2. Verification of fluidity-enhanced and multivalent binding

To better evaluate the attraction of CTCs to RBC-Ab, antibody-
functionalized polystyrene beads (Bead-Ab) and RBC-Ab were employed
to bind with SW480 in PBS. Although the antibody density and particle
size are similar for Bead-Ab and RBC-Ab (calibrations of relevant con-
ditions are shown in Fig. S4), antibodies inserted into the surface of the
RBCs cytomembrane are able to laterally rearrange and accumulate at
the binding site between RBC and SW480, resulting in enhancement of
adhesion. In Fig. 3A-C, the binding diagrams of RBCs, beads, and free
antibody binding to SW480 cells are shown in sequence, while Fig. 3D-F
represents the corresponding dissociation constant (Kd) value. The
dissociation constant (K3q) of RBC-Ab and SW480 was 53.9 + 12.1 fM
(Fig. 3D), while that between Bead-Ab and SW480 was 717.6 + 314.0
fM, 13.3 times higher than the former (Fig. 3E). To verify multivalent
binding, free antibodies were assessed (Fig. 3F), and the corresponding
K4 was found to be 5.7 + 0.4 nM, which was much poorer than the Kq of
either RBC-Ab or Bead-Ab, indicating a significant binding affinity
enhancement by the multivalent effect. Therefore, the excellent binding
performance of RBC-Ab can be attributed to two effects. First, due to the
modification of the RBCs surface with many antibodies, there is a
multivalent effect in three-dimensional space, which can improve the
binding affinity. Second, because of the excellent fluidity of the
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membrane’s phospholipid bilayer, the EpCAM antibody modified on the
RBCs surface can flow laterally and be continuously enriched at the RBC
and CTC binding site, leading to improved affinity between cells. As
shown in Fig. 3G-H, to demonstrate the membrane fludidity, the
recognition molecules with fluorescent tags were evenly spread on the
RBCs membrane. After strong light bleaching, the local fluorescence
quenching appeared on the cell surface. However, the fluorescence was
quickly restored in 30 s, which proved the mobility of the recognition
molecules on the RBCs membrane.

2.3. Fabrication and characterization of RBC-Chip

The dense anchoring of RBC-Ab on the internal surface of the chip is
an important step for the efficient capture of CTCs. Considering the
excessive amount of biotin modified on the RBCs membrane, through
the interaction between the biotin of RBC-Ab and the SA modified on
chip, the RBC-ADb could be successfully captured on chip to form a supple
interface (Fig. 4A). Step-by-step characterization of RBC-Chip was per-
formed. First, the fluorescence signal from RBC-Ab stained with calcein
reflects a dense cell anchoring (Fig. 4B). Then, considering the limitation
of two-dimensional fluorescence imaging, we performed a confocal Z-
Stack of Laser Scanning Confocal Microscopy (LSCM) on chip for three-
dimensional perspective and comprehensive results. As shown in
Fig. 4C, the color scale represents the height, showing that RBC-Ab was
densely captured in a vertical distance of about 50 pm (blue to red). This
result was consistent with the height of the chip (Fig. S5). Finally,
scanning electron microscopy (SEM) was used to observe the structure of
the RBC interface (Fig. 4D), showing that RBC-Abs were anchored on the
PDMS substrate to form a cell interface with clean, intact cell micro-
scopic morphology. Evaluation of the stability of the RBCs interface in
the chip can be seen in Fig. S6.

2.4. Performance of RBC-Chip

The performance evaluation of the chip included capture efficiency,
capture specificity, capture stability, cell release efficiency, and cell
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Fig. 2. Characterization of RBC-Ab. (A) Flow cytometric analysis (a) and fluorescence microscopic image (b) of RBC-biotin incubated with SA-PE. (B) Flow cyto-
metric analysis (a) and fluorescence microscopic image (b) of RBC-Ab incubated with Ab-FITC. (C) Fluorescence images of target SW480 tumor cell (a) and control
CCRF-CEM cell (b) incubated with RBC-Ab. The cell nuclei were labelled with DAPI (blue) and the RBC membrane was labelled with red fluorescent probe (red).

34



H. Shen et al. Bioactive Materials 11 (2022) 32-40

212 21.2 1.2
2 1.0 21.0 21.0,
3 i ]
€ 0.8 0.8 £0.84
T 0.6, 0.6 T 0.6
3 04] 3 3
N 0.4 N 0.4 .g 0.4
® 0.21 © :
g 02 Ky= 53.9 £ 12.1 fM g0 Ky= 717.6 + 314.0 fM 20'2 Ky= 5.7 £0.4nM
f- J f= -
S 0.0 S 0.0 50.0
=z
0 200 400 600 0 1000 2000 3000 0 20 40 60 80
G RBCs (fM) Beads (fM) H Antibodies (nM)
a) b) c)
__60TT
= |
8 45N
>
‘w 30
=
R 1] = 215
£ 19 ./Stop photobleaching
5 = l
um 5 um Spm ™ 0 ,
. 0 40 80 120 160
Pre-bleach Post-bleach FL restoration Time (s)

Fig. 3. Affinity assessment of multivalent binding and membrane fluidity effect. Diagrams of RBC-Ab (A), bead-Ab (B), and antibody (C) binding to SW480 cells.
Characterization of the dissociation constants of RBC-Ab (D), Bead-Ab (E), and antibody (F) to SW480 cells. (G) Fluorescence images of RBC before blench (a),
immediately after bleach with strong light irradiation (488 nm, 8.6 s) (b) and fluorescence restoration after 30s (c). The white box highlighted the change site. (H)
Real-time fluorescence intensity of RBC membrane in the area of white box. Vertical dashed line indicates the time to stop the light irradiation.
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Fig. 4. Fabrication and characterization of RBC-Chip. (A) Schematic diagram of the RBC-Ab interface built on the PDMS substrate. (B) Fluorescence image of RBC-Ab
on the chip stained with calcein. (C) Spatial distribution image of RBC-ADb stained with calcein. The color ruler indicated the height of the cell position. Fluorescence
image showed that RBCs were modified on the chip at a high density (upper part), and the color change from blue to red, indicating that the cells have been
successfully modified in the vertical direction of about 50 pm (lower part). (D) SEM image of the RBC-Ab on the PDMS substrate.

viability. Preliminary evaluation was carried out in PBS buffer. As subsequent experiments, because at this flow rate, the capture efficiency
shown in Fig. 5A, both the cell capture efficiency and non-specific of SW480 was as high as 96.5%, while the non-specific adsorption ef-
adsorption on chip gradually decreased as the flow rate increased. ficiency of CCRF-CEM (negative cells) was close to zero. To verify cell
Therefore, to balance these two parameters, 0.3 mL h~! was chosen for capture stability, as shown in Fig. 5B, different numbers of cells were
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Fig. 5. Optimization and evaluation of RBC-Chip. (A) Cell capture efficiency at various flow rates in PBS. (B) The relationship between captured cell counts and
spiked cell counts in PBS. (C) Release efficiency of SW480 cells by RBC lysis buffer treatment. (D) Cell viability of SW480 captured on different chips before release
(left side), and the cell viability of SW480 after capture and release from RBC-Chip (right side, cells not treated with the chip as a control group). (E) Comparison of
CTCs capture efficiency between RBC-Chip and SI-Chip in blood. (F) Comparison of non-specific adsorption of control cells between RBC-Chip and SI-Chip in blood.
Plots and error bars represent mean values + standard deviations obtained from three replicates.

introduced into the chip sequentially. The number of captured SW480
showed an excellent linear relationship with input cells, indicating good
capture stability. The image of CTCs captured on the chip can be seen in
Fig. S7, which provides the detailed positional relationship among the
micropillars, RBC-Ab and CTCs.

Subsequently, release efficiency and viability of CTCs were investi-
gated. As shown in Fig. 5C, after capturing different numbers of CTCs,
RBC lysis buffer was injected into the chip for CTCs release. The data
showed that for different numbers of input cells, the release efficiencies
were about 96.9% with very small variation (images of CTCs before and
after release can be seen in Fig. S8). Cell viability of released CTCs from
RBC-Chip are shown in Fig. 5D (right part). The cell viability after
release was as high as 95.5%, which was similar to the control group
(cells in tube, 97.0%), indicating that neither capture nor release based
on RBCs lysis caused CTCs damage. In order to further highlight the
advantages of RBC-Chip as a soft capture interface, a comparison be-
tween RBC-Chip and solid interface based chip (SI-Chip) was performed
to evaluate the captured cell viability (before release). As shown in
Fig. 5D (left part), at the same flow rate, the cell viability of SI-Chip was
82.4%, significantly lower than that of RBC-Chip (96.1%). Therefore,
these results showed that the biocompatibility and softness of RBCs can
effectively prevent CTCs damage caused by collision [42] (detailed
images revealing cell viability among different methods can be seen in
Fig. S9). We also performed EpCAM protein characterization and cell
reculture on the released tumor cells. The detailed information can be
seen in Fig. S10- S11.

Before conducting clinical sample experiments, it was necessary to
evaluate the performance of the chip with blood. A comparison was
adopted for RBC-Chip and SI-Chip. As shown in Fig. 5E, when SW480
cells with high EpCAM expression were applied to analysis in blood, the
capture efficiency of SW480 in RBC-Chip was 94.0%, slightly higher
than that in SI-Chip (84.1%). Additionally, for A549 with low EpCAM
expression, the RBC-Chip exhibited a much higher capture efficiency
(35.3%) compared to SI-Chip (11.6%). The results showed that capture
efficiency of RBC-Chip was higher than that of SI-Chip for each target
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cell line. More importantly, the non-specific adsorption of two control
cells (CCRF-CEM and JURKAT) on RBC-Chip were much lower than that
of SI-Chip (Fig. 5F). Movie S1 and Movie S2 demonstrate the capture of
SW480 on RBC-Chip in PBS buffer and human blood, respectively.
Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2021.09.034.

2.5. Clinical sample analysis

To illustrate the clinical application performance of RBC-Chip, the
peripheral blood of colon cancer patients and healthy individuals were
analyzed. After the cells were captured on chip, immunofluorescence
staining was used to identify CTCs and WBCs. Generally, 2-(4-amidi-
nophenyl)-6- indolecarbamidine dihydrochloride (DAPI) was used for
nuclear staining to determine the presence of nucleated cells, mouse
anti-human EpCAM antibody-PE (EpCAM-PE) was used to identify
CTCs, and mouse anti-human CD45 antibody-APC (CD45-APC) was used
to identify WBCs. As shown in Fig. 6A, DAPI*/EpCAM*/CD45" cells
were identified as CTCs (CTC;, CTC,), and DAPIT/EpCAM ™~ /CD45™ cells
were identified as WBCs. Totally, CTCs in both peripheral blood of 20
patients and peripheral blood of 10 healthy individuals were identified
and counted. As shown in Fig. 6B, the number of CTCs in the patient
group (2-58 cells mL~!) was significantly higher than that in the healthy
group (0-3 cells mL ) (P = 0.0036), indicating that the chip was
capable of distinguishing cancer patients from healthy individuals. From
the ROC curve in Fig. 6C, AUC was calculated to be 0.985, indicating a
reliable result (AUC: The area under the ROC curve and the coordinate
axis. AUC closer to 1.0 represents higher reliability). When the threshold
of the number of CTCs was set to 3.5 mL ™, the sensitivity of the chip for
cancer detection was 90% and the specificity was 100% (Definition and
calculation of sensitivity, specificity for clinical diagnosis were shown in
Table 1.

To further highlight the advantages of RBC-Chip in clinical appli-
cation, we simultaneously counted the numbers of CTCs and WBCs of 5
patients detected by SI-Chip. As shown in Fig. 6D, the number of CTCs
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Fig. 6. Detecting CTCs in clinical samples from cancer patients with RBC-Chip. (A) Micrographs of representative CTCs and residual WBCs from patients’ blood. (B)
Enumeration of CTCs in 1 mL blood samples from 20 colon cancer patients and 10 healthy donors. (C) ROC analysis of CTC numbers between the cancer patients
group and healthy donors group. (D) Numbers of CTCs captured by RBC-Chip and SI-Chip, respectively, from 1 mL of cancer patient blood. (E) Residual WBC
numbers of RBC-Chip and SI-Chip, respectively, from 1 mL of cancer patient blood. (F) Image of ddPCR result. The bright droplets indicate the existence of the KRAS
mutant gene, and the dark droplets indicate the absence of the KRAS mutant gene. (G) The KRAS mutation results of clinical samples or RBC lysis buffer (control
group, Cl) by ddPCR. (H) Residual WBC numbers before and after CTCs release, respectively, from 1 mL of cancer patient blood.

Table 1
Definition and calculation of sensitivity, specificity for clinical diagnosis.

Patients with colorectal cancer
(as confirmed on endoscopy and
tissue biopsy)

Condition Condition
positive negative
Peripheral Test True positive False positive Positive predictive
Blood positive (TP) = 18 (FP) =0 value = TP/(TP +
FP) = 100%
Test False negative ~ True negative Negative
negative (FN) =2 (TN) 10 predictive value
= TN/(FN + TN)
=83%
Sensitivity = Specificity =
TP/(TP + FN) TN/(FP + TN)
= 90% = 100%

37

detected by the RBC-Chip in the same blood sample was slightly higher
than that of the SI-Chip. In contrast, the average number of WBCs
adsorbed by RBC-Chip was only 441 (4.2-log depletion of leukocytes,
ranging from 86 to 1049), which is obviously superior to that of SI-Chip
(average 2518, 3.4-log depletion of leukocytes, ranging from 700 to
4612) (Fig. 6E). In addition, after the release of CTCs based on RBC lysis,
only a part of WBCs entered the recovered samples (average 182, 4.6-log
depletion of leukocytes, ranging from 38 to 402), which further
improved the CTCs purity and created favorable conditions for down-
stream analysis (Fig. 6H). Kirsten ratsarcoma viral oncogene homolog
mutations (KRAS), as common point mutations between primary colo-
rectal tumor and CTCs, are frequently analyzed in clinics for individu-
alized and precision medicine [46]. Therefore, we performed ddPCR
analysis of the released CTC samples based on the KRAS mutant gene. As
shown in Fig. 6F-G, KRAS mutations were identified from all 5 patients
by ddPCR, with 100% concordance with the primary tumour confirmed
by tissue biopsy. Detailed information of patient or healthy samples can
be found in Tables S2 and S6. These results indicated that the RBC-Chip
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interface has great potential in clinical sample analysis.
3. Conclusion

In summary, we have designed a natural, soft, and degradable
microfluidics biomimetic interface based on intact RBCs (referred as
RBC-Chip). Benefitting from the high surface area, membrane fluidity,
cellular softness, biocompatibility of RBCs, this biomimetic interface has
significant advantages in enhancing cell-interface interaction, reducing
non-specific adsorption of blood cells, maintaining high activity and
efficient release after cell isolation. In this work, RBC-Chip enabled
efficient CTCs capture (96.5%), maintained high CTCs viability (96.1%)
and high CTCs purity (average = 4.2-log depletion of WBCs). After se-
lective lysis of RBCs, CTCs can be gently released from the chip with a
release efficiency of about 96.9%, and high cell viability of about 95.5%.
Simultaneously, the purity of CTCs have been further improved (average
4.6-log depletion of WBCs) after CTCs release. A comparison among
different techniques for CTCs analysis was shown in Table S1. As for
clinical application, CTCs were successfully detected in colon cancer
samples with 90% sensitivity and 100% specificity, indicating superior
achievement in clinical diagnosis and treatment evaluation. In addition,
KRAS mutant genes from recovered CTCs were analyzed by ddPCR.
Various KRAS mutant were identified from all five patients with 100%
concordance with that of tissue biopsy, which was important for indi-
vidualized medicine. Therefore, we expect that this RBC-Chip strategy
will inspire further biomimetic interface construction for rare cell
analysis.

4. Materials and methods

Reagents and Materials: SU8-3050 photoresist (MicroChem, USA), SU-
8 Developer (propylene glycol monomethyl ether acetate), poly-
dimethylsiloxane monomer (PDMS, RTV 615, Momentive) and its
initiator reagent (PDMS, RTV 615, Momentive) were provided by CChip
Technology Co., Ltd (Suzhou, China). Trichloro-(1H, 1H, 2H, 2H-per-
fluorooctyl) silane, 3-mercaptopropyl trimethoxysilane (MPTS), n-
y-maleimidobutyryl-oxysuccinimide ester (GMBS), streptavidin (SA,
85878), Tween-20, and bovine serum albumin (BSA) were provided by
Sigma-Aldrich (St. Louis, MO, USA). 20 x PBS (phosphate buffer), red
blood cell storage solution, and red blood cell lysis buffer were pur-
chased from Solarbio Science and Technology Co., Ltd (Beijing, China).
Biotinylated Goat anti-human EpCAM antibody was provided by the
R&D System (BAF960, Minneapolis). 2-(4-Amidinophenyl)-6- indole-
carbamidine dihydrochloride (DAPI, C1002), propidium iodide (PI,
P8080), and DiD’ solid(1, 1'-dioctadecy 1-3, 3, 3', 3'-tetramethylindo-
dicarbocyanine, 4-Chlorobenzenesulfonate Salt (a far-infrared plasma
membrane fluorescent probe, C1039) were provided by Beyotime
Biotechnology (Wuhan, China). Mouse anti-human EpCAM antibody-PE
(EpCAM-PE, MA1-10198), streptavidin-PE (SA-PE, 12-4317-87) and
calcein (AM, C3099) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Mouse anti-human CD45 antibody-APC (CD45-
APC, ab28106) and FITC-modified detection antibody (DA-FITC, A-
11055) were provided by Abcam (Cambridge, MA, USA). RPMI 1640
Medium, DMEM Medium, fetal bovine serum (FBS), penicillin-
streptomycin (P/S), and lymphocyte separation medium (LSM) were
provided by Sigma-Aldrich (St. Louis, MO, USA). Cholesterol and Biotin
two-terminal modified DNA chain (5'Chol-DNA-Biotin), KRAS mutation
gene primers or probes were obtained from Sangon Biotech Co. Ltd.
(Shanghai, China). 12 Sapphire Chips for the Naica™ Crystal Digital PCR
System was purchased from STILLA technologles (F-94800 Villejuif,
France).

Fabrication and modification of solid interface based chip (SI-Chip): The
chip micromold was fabricated by a classical soft lithography technique
[47]. Briefly, after spin-coating with SU-8 3050 and prebaking (65 °C for
5 min and 95 °C for 15 min), the silicon wafer covered with a photomask
was quickly exposed to UV radiation with an energy of 100 mJ/cm?.
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After postbaking (65 °C for 5 min and 95 °C for 15 min), the silicon wafer
was treated with photoresist developer to wash away the unexposed
photoresist. Then, PDMS precursor (10:1) was poured onto the micro-
mold and cured in a 135 °C oven for 7 min to replicate the SI-Chip. After
punching holes to form inlets or outlets, the SI-Chip was bonded to the
glass slide using a PDMS membrane by oxygen plasma for 1 min. As soon
as a whole microchip was assembled completely, 4% (v/v) MPTS in
absolute ethanol was poured into the chip for sulfhydryl modification
for 1 h, and then the chip was washed with absolute ethanol and baked
in a 100 °C oven for 1 h. Next, 0.5 mg mL~! GMBS in absolute ethanol
was poured into the chip for NHS ester modification for 30 min, and then
washed with absolute ethanol and PBS. Next, 20 ug mL~! SA in PBS was
reacted with the chip for 1 h, and excess SA was washed away with PBS.
Finally, 3% BSA in PBST (0.1% tween-20 in phosphate buffer) was used
to block the chip at 4 °C overnight for further use.

Tumor cell culture and flow cytometry analysis: Tumor cell lines were
cultured in RPMI 1640 or DMEM medium containing 10% fetal bovine
serum in a 37 °C incubator with 5% CO,. CCRF-CEM (human acute
lymphoblastic leukemia T lymphocytes) were used as model leukocytes,
while SW480 (human colorectal cancer cells) were taken as model CTCs.
To evaluate the EpCAM expression of CCRF-CEM and SW480, about 3 x
105 cells were incubated with 20 pL mouse anti-human EpCAM antibody
(PE) in 200 pL PBS buffer at 25 °C for 30 min. SA-PE-stained cells were
used as the negative control and non-stained cells were used as the
blank. After twice washing with PBS bulffer, cells were subjected to flow
cytometry analysis by counting 1 x 10* events (BD FACS Verse).

Preparation of antibody-engineered red blood cells (RBC-Ab): Human
blood came from one volunteer was put in a blood collection tube
containing EDTA K2. First, after 1 : 1 dilution using DMEM medium,
blood sample was carefully added onto the surface of LSM in a 15 mL
centrifuge tube to form an obvious liquid-liquid interface. Then the
bottom RBSs layer was extracted after centrifugation horizontally at
400 g at 18 °C for 30 min. Second, 50 pL of RBCs were diluted in 450 pL
red blood cell storage solution and subsequently incubated with 10 pL
(100 pM) 5'Chol-DNA-Biotin at 25 °C for 15 min, followed by centrifu-
gation at 1300 rpm for 3 min and washing with PBS buffer three times,
so that the RBCs labelled with biotin were formed (RBC-Biotin). Third,
10 pg SA and 1 pg biotinylated goat anti-human EpCAM antibody were
mixed in 500 pL PBS for 30 min, before being added to the RBC-Biotin
for 15 min. Finally, the solution was centrifuged at 1300 rpm for 3
min and washed with PBS buffer three times, so that the RBCs modified
with antibody were formed (RBC-Ab).

To evaluate the biotinylation and antibody modification of RBCs,
about 1.1 x 10° RBC-Biotin or RBC-Ab were incubated with1 pL SA-PE
or 2 pL FITC-modified detection antibody (Ab-FITC) in 200 pL PBS
buffer at 25 °C for 30 min, respectively. After twice washing with PBS
buffer, cells were subjected to flow cytometry analysis by counting 1 x
10* events (BD FACS Verse). To verify the combination between RBC-Ab
and SW480, 500 puL RBC-Ab (pretreated with 5 pM red plasma mem-
brane fluorescent probe) and 100 pL SW480 (pretreated with 5 pg DAPI)
were mixed together for 1 h of incubation at 25 °C. The results of the
combination of RBC-Ab and SW480 were obtained using fluorescence
microscopy.

Preparation and Characterization of antibody engineered red blood cell
microfluidic chip (RBC-Chip): RBC-Ab (250 pL) was centrifuged at 1300
rpm for 3 min and resuspended in 25 pL PBS buffer. Then the concen-
trated RBC-Ab was injected into the SI-Chip for 3 min at a flow rate of 1
mL h™}, and the chip was flipped once during the RBC-Ab anchoring
process. Finally, the chip was washed using PBS buffer for 3 min at a
flow rate of 1 mL h™. To verify the combination between RBC-Ab and
SI-Chip, 2 pL calcein in 100 pL PBS buffer was used to dye RBC-Ab and
the mixture was incubated for 30 min. Because two-dimensional imag-
ing based on fluorescence microscopy was unable to reflect the modi-
fication in three-dimensions, a confocal Z-stack of the Laser Scanning
Confocal Microscope (LSCM) was used to show more comprehensive
results.
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Performance of RBC-Chip in PBS buffer or peripheral blood: SW480 and
CCRF-CEM were first pre-stained with DAPI and then spiked into PBS
buffer or peripheral blood of healthy volunteers. For optimization of
flow rate, about 100 pre-stained cells in PBS buffer were injected into
the chip at a sample flow rate from 0.1 to 0.5 mL h™?, by cell counting at
the sample inlet under a fluorescence microscope. To verify the consis-
tency of capture efficiency at the optimal flow rate, various cell numbers
from 50 to 250 were injected into the chip and the corresponding cap-
ture number was counted. For a more realistic assessment, two EpCAM
positive cells (SW480, A549) and two EpCAM negative cells (CCRF-
CEM, JURKAT) were spiked into peripheral blood to determine the
capture efficiency of target cells and non-specific adsorption efficiency
of control cells. SI-Chip was evaluated simultaneously to obtain a
detailed comparation. After PBS washing, on-chip cells were imaged
using a fluorescence microscope (Nikon Ti-U) and counted for calcula-
tion of the capture efficiency according to equation (1):

Number of cells captured

Capture efficiency (%) = x 100% (€))

Number of cells input

For release of the captured cells, red blood cell lysis buffer was
injected into the chip and incubated for about 10 min, followed by
elution with PBS at a flow rate of 1 mL h™! for 3 min. Cells remaining on
the micropillars of the chip were counted for calculation of the release
efficiency according to equation (2):

Number of cells remaining

Realease efficiency (%) = <1 - ) x 100%  (2)

Number of cells captured

The clearance rate of WBCs was used to reflect the purity of CTCs
after capture and release. The higher the clearance rate, the higher the
purity of CTCs. The WBCs depletion was calculated according to equa-
tion (3) [48]:

Number of WBCs initial
i ) &)

'BCs ion = log1
WBCs depletion = log 0( Number of WBCs final

Clinical Sample collection from patients and ethical considerations:
Sample collection was approved by the Human Research Ethics Com-
mittee at the First Affiliated Hospital of Xiamen University (Project
number: KYX-2018-006). Informed consent was obtained from volun-
teers prior to blood collection. General information about peripheral
blood donors is listed in Table S2. Peripheral blood was collected with a
EDTA-modified vacuum tube, and analyzed within 12 h.

Isolation and detection of CTCs from Clinical Samples: The blood sam-
ple (1 mL) was pumped into RBC-Chip at the optimal flow rate of 0.3 mL
h™! for CTC capture. After PBS washing, 50 pL PBS containing 4 pL
EpCAM-PE, 4 jL CD45-APC, 4 uL DAPI (20 pg mL 1) was injected into
the chip at a flow rate of 1 mL h™!. After 1 h incubation in the dark, free
fluorescent reagents were removed using PBS, the chip was scanned
under a fluorescence microscope, and the captured cells were identified
based on the fluorescent signals. Finally, CTCs were counted and then
used for calculation of the sensitivity, specificity, positive predictive
value, and negative predictive value according to Table 1:

CTCs recovery and KRAS mutation gene analysis: To release captured
CTCs, 30 pL RBC lysis buffer was injected into the chip and incubated at
25 °C for 10 min. After washing with RBC lysis bulffer, the released CTCs
were collected. The recovered solution was incubated at 95 °C for 10
min, so that a large amount of RBCs debris will agglomerate and could
be removed by centrifugation (2000 rpm, 3 min), and then was applied
into droplet digital analysis. Detail reagent information, reaction in-
formation, and instrument parameter for KRAS mutation detection can
be seen in Tables S3-S5.
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