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PUBLIC SUMMARY

® A label-capture-release workflow for precise circulating tumor cell (CTC) detection was developed.
= Metabolic glyco-labeling, click reaction, and disulfide reduction constituted the whole workflow.
m This method has shown feasibility in pan-cancer detection involving 10 kinds of clinical cancers.

m A novel real-time drug sensitivity test model for CTC downstream applications was also developed.
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Although various strategies have been proposed for enrichment of circulating
tumor cells (CTCs), the clinical outcomes of CTC detection are far from satis-
factory. The prevailing methodologies for CTC detection are generally oriented
toward naturally occurring targets; however, misdetection and interference are
prevalent due to the diverse phenotypes and subpopulations of CTCs, which
are highly heterogeneous. Here, a CTC isolation system based on the “label-
capture-release” process is demonstrated for the precise and highly efficient
enrichment of CTCs from clinical blood samples. On the basis of the abnormal
glycometabolism of tumor cells, the surface of CTCs can be decorated with
artificial azido groups. By utilizing bio-orthogonal plates designed with diben-
zocyclooctane (DBCO) and disulfide groups, with the aid of anti-fouling effects,
CTCs labeled with azido groups can be captured through a copper-free click
reaction and subsequently released via disulfide reduction. The technique
has been shown to label tumor cells with the epithelial cell adhesion molecule
(EpCAM)+ and EpCAM— phenotypes in both adherent and suspended states.
Moreover, it effectively isolates all epithelial, interstitial, and hybrid pheno-
types of CTCs from clinical blood samples collected from dozens of patients
across more than 10 cancer types. Compared to the clinically approved CTC
detection system, our strategy demonstrates superior performance from the
perspective of broad-spectrum and accurate recognition of heterogeneous
CTCs. More importantly, most of the captured CTCs can be released with
the retention of living activity, making this technique well suited for down-
stream applications such as drug susceptibility tests involving viable CTCs.

INTRODUCTION

Circulating tumor cells (CTCs), trace viable tumor cells that are released into
the bloodstream from primary or metastatic tumor lesions, can travel through
the circulatory system and form new metastatic lesions within the body.'
CTCs have been identified as the primary cause of tumor metastasis and are
even responsible for the majority of cancer-associated mortality.” In addition
to the strong correlation with metastasis, CTCs share associated genetic and
molecular information with primary and metastatic tumors. Consequently, detec-
tion of CTCs is of clinical significance in early metastasis diagnosis, progress
monitoring, treatment evaluation, and the development of new therapies.®

The selective enrichment of CTCs from peripheral blood, which is the most crit-
ical aspect of the detection process, has been extensively studied, and various
enrichment mechanisms have been proposed. At present, CTC detection tech-
niques can be categorized into three classifications based on the specific targets
or mechanisms involved.

(1) CTC isolation based on physiological characteristics. Relying on the
specific physiological properties of CTCs, techniques including filtra-
tion,*® centrifugation,”” and microfluidics® have been developed to
directly separate CTCs from blood samples. Isolation can enrich
CTCs with a complete cellular structure, and high viability can be at-
tained with elaborate manipulation. However, the physiological fea-
tures of CTCs partially overlap with those of normal blood cells, leading
to significant interference, particularly when considering the substan-

tial quantitative disparity between normal blood cells and CTCs (mil-
lions of normal blood cells vs. several to dozens of CTCs per milliliter
of blood, excluding red blood cells).

(2) CTC capture using surface antigens. There are various tumor-associ-
ated antigens and tumor-specific antigens (epithelial cell adhesion
molecule [EpCAM], folic acid receptor, etc.) on the surface of CTCs
that can be utilized as targets for their capture. The capture process
commonly involves affinity binding between the surface antigens of
CTCs and corresponding ligand molecules (antibodies,'®'" ap-
tamers,'? etc.) decorated on well-designed materials or devices, ulti-
mately enabling accurate counting. However, CTC capture strategies
based on specific antigen recognition are inevitably accompanied by
misdetection of antigen-negative CTC subpopulations. For instance,
transference of CTCs usually involves epithelial-mesenchymal transi-
tion (EMT) to downregulate EpCAM expression on CTCs, while, in
some cases, CTCs may lose all of their surface EpCAM molecules after
undergoing EMT."® Consequently, the EpCAM-targeted strategies
cannot be applied to the capture of EpCAM— CTCs.

(8) CTC detection by combined strategies. CTC detection based on a sin-
gle strategy is usually plagued by false-negative or false-positive inter-
ference. In this regard, dual and even triple strategies combining phys-
ical screening and antigen recognition have been proposed to obtain
CTCs with higher purity.'*'> However, combined detection is complex
in operation, and these time-consuming and multistep processes al-
ways lead to compromise of the viability of captured CTCs, and the ac-
curacy of detection is also affected. As a result, despite advancement
in the field of CTC detection, with several products and devices now
commercially available, the absence of a universally accepted gold
standard continues to hinder widespread clinical adoption.'® Hence,
further enhancing the reliability and precision of CTC detection is
imperative to fully realize the potential of this technology.

It is well known that fluctuation of the CTC phenotypes, attributable to tumor
heterogeneity, is the primary hindrance to the effective detection of CTCs, as
different phenotypes of CTCs with dozens of subsets/subpopulations can co-
exist in a cancer patient.'”'° Therefore, broad coverage of different phenotypes
of CTCs is crucial to overcome this challenge. Malignant carcinomas generally
undergo an extra-fast growth stage’® because of the high intracellular metabolic
activity shared by most carcinoma cells regardless of the cancer type or subpop-
ulations, including highly active CTCs in the bloodstream.?" In this respect, the
pronounced metabolic activity difference can be exploited to discern CTCs
from normal blood cells, and a precise CTCs enrichment approach can be
conceived by bio-orthogonal metabolic glyco-engineering (MGE). The bio-orthog-
onal MGE technique is a versatile tool with simple operation.??* MGE involves
introducing chemical groups (azido, bicyclo[6.1.0Jnon-4-yn-9-yl groups, and so
on) onto cell membranes by the intrinsic glyco-biosynthesis pathways in a
manner that does not compromise the integrity and activity of cells. The process
is usually combined with classic bio-orthogonal click reactions to anchor func-
tional groups, motifs, or materials with the labeled cells for further investigation
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and biomedical applications, such as tumor imaging and tumor targeting.
It has been demonstrated that these specific “artificial targets” can be introduced
to the surface of almost all types of tumor cells.?’~*° Therefore, it may be
possible to incorporate bio-orthogonal chemical motifs onto CTCs via MGE to
facilitate precise recognition, efficient capture, and subsequent release of CTCs.
Here, a CTC isolation system based on the “label-capture-release” process is
described for precise and efficient CTC enrichment from blood samples, fol-
lowed by downstream applications using the isolated CTCs. The artificial mono-
saccharide tetra-acetylated N-azidoacetyl-D-mannosamine (AcsManNAZ) is
used to treat the blood samples, within which only the rarely existing CTCs
can be labeled with azido groups due to their abnormal glycometabolism. A
capture-release dual-mode plate is prepared by introducing sequential disulfide
and dibenzocyclooctane (DBCO) motifs onto the surface. This functionalized
plate not only enables the capture of azido-labeled cancer cells via a copper-
free click reaction®® between the DBCO and azido groups but also allows
non-destructive release of the captured cells in the ensuing disulfide reduc-
tion.?' This system has the potential for broad-spectrum, direct, and accurate
CTC recognition of various phenotypes despite interference from normal blood
cells. The results demonstrate that multiple types of tumor cells with the
EpCAM+ and EpCAM—phenotypes, in both adherent and suspended states,
are labeled effectively. All of the epithelial, interstitial, and hybrid phenotypes
of CTCs can be separated from clinical blood samples of cancer patients.
Furthermore, this robust system ensures the preservation of cell activity
following release and exhibits ultralow nonspecific adsorption of white blood
cells (WBCs) under the same conditions. These advantages make it highly valu-
able in non-invasive cancer diagnosis and facilitate downstream applications of
CTCs, such as drug susceptibility evaluation, as demonstrated in this study.

24-26

MATERIALS AND METHODS
Materials

DBCO-N-hydroxysuccinimide (NHS), DBCO-NH,, DBCO-biotin, and MAM-biotin were
bought from Ruixi (China). All fluorescently labeled protein probes were supplied by Univ-
bio (China). All clinically used gene probes (Fisher standard) and membranes with a diam-
eter of 8 um (isolation by size of epithelial tumor cells [ISET] standard) were bought from
Xingyuan (China). Doxorubicin (DOX), cisplatin (CDDP), and paclitaxel (PTX) were provided
by Shenzhen People's Hospital.

CTCs captured by the bio-orthogonal films and identified by nucleus/
CD45/EpCAM/vimentin staining

EDTA anticoagulant-treated whole-blood samples were obtained from different cancer
patients at Shenzhen People’s Hospital as well as healthy people. Each blood sample was
pretreated with the ammonium-chloride-potassium (ACK) lysis buffer at 0°C for 10 min
and collected by centrifugation at 300 X g. After washing with PBS containing 2% fetal
bovine serum (FBS), the remaining cells were cultured in the serum-free lymphocyte culture
medium containing 100 uM Acs;ManNAz for 12 h. The treated cells were washed with PBS 3
times, added to chitosan film (CF)-nanoparticale (NP)-DBCO on a 24-well plate, and shaken
at20 rpmfor 1 h. The samples were rinsed with PBS at least 5 times, and the cells were fixed
by 4% paraformaldehyde and Triton X-100 (0.1% in H,0, 5 min). Finally, the fixed cells were
treated with the Cy3-labeled EpCAM gene probe (50 uM, 1 h), Alexa Fluor 488-labeled vimen-
tin gene probe (50 uM, 1 h), Alexa Fluor 750-labeled CD45 gene probe (100 uM, 3 h), and
DAPI (10 png/mL, 3 min) according to manufacturer's instructions. An automatic scanning
fluorescence microscope (Axio Imager Z2, Carl Zeiss, Germany) was used to identify the
captured CTCs as nucleus+/CD45—/EpCAM+ and/or vimentin+.

CTCs released from the bio-orthogonal films and examined for viability
EDTA anticoagulant-treated whole-blood samples were obtained from different cancer
patients at Shenzhen People’'s Hospital. Each blood sample was processed by our capture
workflow using CF-NP-disulfide (SS)-DBCO films as described above. Afterward, DTT
(10 mM) in the culture medium was added for 40 min to allow the release of captured
CTCs. The released cells were collected and cultured with medium containing the Alexa
Fluor 647-labeled CD45 probe (50 uM, 15 min) and Hoechst-33342 (10 uM, 15 min) to iden-
tify CTCs as nucleus+/CD45—, with viability examined by Calcein-AM/propidium iodide
staining (100 pM, 30 min). Finally, the medium (20 uL) was added to a confocal dish with
a3 x 3mm hole and observed under a confocal microscope (STEDYCON, Leica, Germany).

Drug susceptibility tests using CTCs
EDTA anticoagulant-treated whole-blood samples (20 mL) were obtained from different
cancer patients at Shenzhen People’'s Hospital. Each blood sample was pretreated with ACK

lysis buffer at 0°C for 10 min and collected by centrifugation at 300 x g. After washing with
PBS containing 2% FBS, the remaining cells were evenly divided into 4 portions and then
cultured in serum-free lymphocyte culture medium containing Ac;ManNAz (100 uM) and
different drugs at 35% maximal inhibitory concentration (ICzs) for 24 h. Subsequently, the
treated cells were processed by our capture-release workflow using CF-NP-SS-DBCO films
as described above. The released cells were incubated with DBCO-biotin (100 uM, 1 h) and
MAM-biotin (200 uM, 1 h) in the labeling buffer for 1 h at room temperature, washed 3 times
with the labeling buffer (each time at least 10 min), and then incubated with a mixture of
Hoechst-33342 (10 uM, 15 min)/Alexa Fluor 488-labeled streptavidin (50 uM, 16 min)/Alexa
Fluor 647-labeled CD45 (50 uM, 15 min)/Alexa Fluor 594-labeled EpCAM-cytokeratins (CKs)
(50 uM, 15 min) in the dark. After fluorescent staining, the medium (20 pL) was added to a
confocal dish with a 3 x 3 mm hole and observed under a confocal microscope
(STEDYCON, Leica). The CTCs were identified as nucleus+/CD45—/EpCAM—CKs+. The to-
tal fluorescence intensity (FI) of Alexa Fluor 488 and area (S) was examined on all detected
CTCs using ImageJ software, and the relative FI (RFI) was calculated using the formula
RFI = FI /{27 [(S/ 7)°%]}. The drug sensitivity was characterized by the ratio of RFI between
the experimental group and the control group.

Ethics statement and patient consent

This clinical study was approved by the Ethics Committee of Shenzhen People’s Hospital,
China (approval number KY-LL-2020157-02). All participants provided written informed con-
sent for sample collection and subsequent analysis.

RESULTS
Optimization of the MGE condition

The conjugation of artificial groups onto viable cells has been achieved by
several intrinsic biosynthetic pathways, including the classic Roseman-Warren
route,*” galactosamine salvage route®* and fucose salvage route.** Notably,
both tumor cells and normal cells can be labeled by MGE; however, there are dif-
ferences between normal blood cells and CTCs in the blood of cancer patients.
Therefore, selective labeling of CTCs from normal blood cells is critical to the
isolation strategy. The ideal outcome is that tumor cells are discerned from pe-
ripheral blood mononuclear cells (PBMCs; chosen as the representatives of
WBCs) by the process of MGE.

To optimize the MGE condition, MCF-7 cells and H524 cells with different
biochemical characteristics (with EpCAM+ and EpCAM-— phenotypes, in
adherent and suspended states, respectively) are employed to mimic the hetero-
geneous CTCs. The monosaccharide Acs;ManNAz with azido groups is utilized
due to its involvement in intracellular glyco-biosynthesis following co-incubation,
introducing the azido groups via the Roseman-Warren biosynthetic pathway (Fig-
ure TA). The azido groups on the cells can react with the DBCO-biotin molecules
in the copper-free click reaction, resulting in the immobilization of biotin motifs,
and the treated cells can be subsequently labeled with green fluorescence via
specific binding between biotin and streptavidin-Alexa Fluor 488 (streptavidin-
AF488).%° Therefore, the FI of cells after staining is positively related to the abun-
dance of azido groups, which depends on the amount of added Ac;ManNAz and
the duration of co-incubation.

In the process, the cells are first incubated with different concentrations of
AcsManNAz for 24 h to determine the maximum allowable concentration. As
shown in Figure 1B, no obvious cytotoxicity is observed when MCF-7 cells,
H524 cells, and PBMCs are cultured with AcsManNAz at a concentration below
125 uM. Itis evident that both types of tumor cells are labeled by AcsManNAz in a
concentration-dependent manner, and the FI from the labeled MCF-7 and H524
cells changes only slightly when the concentration of added Acs;ManNAz is
increased from 75 uM to 100 uM (Figures 1C and S1), indicating that the azido
groups are almost saturated at these concentrations. In contrast, the green fluo-
rescence detected from PBMCs is weak despite an AcsManNAz concentration of
100 uM. Accordingly, the optimal concentration of AcsManNAz is determined to
be 100 pM.

Since the metabolic activity of CTCs and normal blood cells diminishes
with time after extraction from blood vessels,*® the duration of the MGE condition
is optimized. Here, the different cells are incubated with 100 uM of AcsManNAz
for 4, 8,12, and 24 h prior to fluorescent staining. As demonstrated in Figures 1D
and S2, both the MCF-7 cells and H524 cells exhibit maximum Fl after culturing
for 12 h, with the relative FI of MCF-7 cells even higher than that of H524 cells,
whereas fluorescence from the stained PBMCs is negligible under the same con-
ditions. The FI of the labeled cancer cells is at least 40 times higher than that of
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Figure 1. MGE process and fluorescent labeling (A) Schematic showing the introduction of azido groups onto cells via the Roseman-Warren route and selective labeling of cells by
DBCO-biotin/streptavidin-AF488. (B) Monosaccharide concentration-cell survival rate diagram for the determination of the maximum allowable concentration of Ac;ManNAz. (C)
Monosaccharide concentration-cell surface FI diagram explaining the influence of the Ac;ManNAz concentration on labeling efficiency. (D) MGE time-cell surface FI diagram ex-

plaining the influence of the MGE time on labeling efficiency.

the labeled PBMCs, indicating that tumor cells are specifically labeled with the
MGE technique. Additional results reveal that five other types of tumor cells
(AB49, Jurkat, HelLa, Huh-7, and HepG2 cells) can be labeled under the same con-
ditions (Figure S3). Consequently, a phenotype-independent MGE labeling tech-
nique (100 uM Ac,ManNAz and co-culturing for 12 h) is employed in the subse-
quent CTC isolation study.

Design, preparation, and characterization of bio-orthogonal films

The capture of CTCs using bulk biomaterials has been explored, and nano-
structures with a large surface area are usually prepared on planar biomaterials
to enhance the interactions between CTCs and functionalized surfaces.®’*°
Anti-fouling is another requirement for the CTC-capturing surface, and it is essen-
tial to reduce and even avoid nonspecific adsorption of normal blood cells during
the capture process. Moreover, the functional motifs on the CTC-capturing sur-
face can be engineered with breakable bonds to facilitate the release of captured
CTCs. Based on all of these considerations, surface coatings are designed for the
subsequent capture and release study of the azido-labeled CTCs.

Three DBCO-functionalized chitosan coatings (CF-DBCO, CF-NP-DBCO, and
CF-NP-SS-DBCO) are deposited on glass plates for the capture/release study
(Figure 2A). Chitosan, a polysaccharide prepared by partial de-acetylation of
the -NHAc group on chitin, is chosen as the base material because of good

biocompatibility and provision of multiple free amino groups as reaction sites
for conjugation.*®*! CF-DBCO denotes the chitosan film directly immobilized
with the DBCO functional groups, whereas CF-NP-DBCO involves the introduction
of DBCO-functionalized nanoparticles onto the chitosan film to enhance the anti-
fouling effect.*> The CF-NP-SS-DBCO coating has additional di-sulfide groups
compared to CF-NP-DBCO so that it can be readily reduced to release the
captured cells in a mild and non-destructive way.

For the fabrication of CF-DBCO, the chitosan film is deposited on a glass plate
by spin coating, followed by treatment with NaOH to expose the amino groups.
The chitosan film reacts with DBCO-NHS ester in ethanol to yield CF-DBCO. For
fabrication of the CF-NP-DBCO and CF-NP-SS-DBCO films, sulfobetaine methac-
rylate, methacrylic acid, and N,N'-methylenebisacrylamide are adopted for poly-
merization during refluxing to produce zwitterionic sulfobetaine-type nanopar-
ticles with a diameter of about 100 nm (Figure 2B).** The nanoparticles have
abundant carboxylic acid groups, which can be immobilized on the chitosan films
by the amidation reaction. There are partial carboxylic acid groups on the nano-
particles on the side opposite the substrate, and the CF-NP-DBCO and CF-NP-SS-
DBCO films are fabricated by subsequent amidation of the remaining carboxylic
acid groups with DBCO-NH, and DBCO-SS-NH, groups, respectively (Figure S5).

The three functionalized samples are characterized by scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and X-ray
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Figure 2. Design, synthesis, and characterization of bio-orthogonal films (A) Schematic showing the preparation of different bio-orthogonal films (refer to Figure S4 for the synthesis
details). (B) SEM image and size distribution of the anti-fouling nanoparticles (scale bar: 200 nm). (C) SEM images of the front and section of different bio-orthogonal films (red arrows
indicate embedded nanoparticles) (scale bars: 5 um, 5 um, and 500 nm from left to right). (D) EDS elemental analysis of different bio-orthogonal films.

photoelectron spectroscopy (XPS). As shown in Figure 2C, the CF-DBCO film con-
sists of three distinct layers (a DBCO-containing layer, alkalized layer, and acetate
layer, from top to bottom) with an overall thickness of around 3 um. The SEM im-
ages of CF-NP-DBCO and CF-NP-SS-DBCO substrates reveal that the anti-fouling
nanoparticles are dispersed on the films and spread like fried eggs with a diam-
eter of about 400 nm. EDS and XPS results (Figures 2D and S6) verify that DBCO
motifs exist on all the three films and confirm the presence of sulfur on CF-NP-
SS-DBCO.

Selective capture and release of cancer cells

After determining the MGE conditions and preparation conditions of different
DBCO-functionalized films, the capture and release of CTCs is assessed (Fig-
ure 3A). As MGE is phenotype independent, H524 cells that resemble the suspen-
sion status of CTCs in circulation are chosen based on the optimized MGE con-
ditions (culturing with 100 uM Ac,ManNAz for 12 h). It is assumed that the
labeled cells can be captured by the functionalized films via a strain-promoted
azide-alkyne cycloaddition (SPAAC) reaction between the azido groups on the tu-
mor cells and DBCO groups immobilized on the films. In the comparative study of
the azido-positive and azido-negative cells, the H524 cells are treated with
AcsManNAz (an azido-positive monosaccharide) and AcsManNAc (an azido-

negative monosaccharide), respectively, because both of them can be taken
up and metabolized by cancer cells. After MGE labeling, the treated cells are incu-
bated with the three DBCO-functionalized films to allow CTC capture in a spon-
taneous and time-dependent manner. As shown in Figures 3B and S7, approxi-
mately 80% of the azido-labeled H524 cells (~40,000 of 50,000 cells) are
captured by the DBCO-functionalized films within 1 h, and prolonging the capture
time causes negligible improvement for the three films. This is due to the surface
saturation, and the capacity is more than sufficient for CTC detection, as the
amounts of CTCs in typical clinical samples are quite low (several to dozens of
CTCs per milliliter of blood). Although the CTC capture capability of different sam-
ples is similar, the anti-fouling effects of the CF-DBCO film are inferior to those of
the nanoparticle-decorated ones. A small proportion of the azido-negative H524
cells is absorbed onto the CF-DBCO film, whereas almost no nonspecific absorp-
tion is observed on the CF-NP-DBCO and CF-NP-SS-DBCO films (Figures 3B
and S7).

To further corroborate the biological properties, tests are carried out with both
PBMCs and H524 cells. The H524 cells (~50,000 cells) and PBMCs from T mL of
healthy blood (~4-8 million cells) are initially subjected to standard MGE label-
ing. Under these conditions, the CF-DBCO film exhibits severe nonspecific
adsorption of PBMCs without azido groups, while only trace amount of PBMCs
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Figure 3. Selective capture and release of cancer cells by bio-orthogonal films (A) Schematic of the capture-release process of cancer cells. (B) The relationship between capture
time and the number of captured cells (from a total of 50,000 cells) of MGE-treated H524 cells with or without azido groups. (C) The number of captured cells over time (from ~50,000
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are observed from the CF-NP-DBCO and CF-NP-SS-DBCO films (Figure 3C), thus
confirming the excellent anti-fouling effects. Furthermore, this strategy is suc-
cessful in capturing cancer cells of multiple sizes (Figure S8). Compared to CF-
NP-DBCO, CF-NP-SS-DBCO has additional disulfide groups, and the release ability
is studied using DTT to reduce the disulfide bonds. As shown in Figures 3D, 3E,
and S9, only the CTCs captured by CF-NP-SS-DBCO are released upon addition of
DTT. The release of CTCs is also time dependent, with more than 90% of the
captured cells being released in 40 min. Most of the released cells remain alive
after 40 min of DTT treatment (Figures 3F and 3G), and their long-term viability
is even comparable to that of normal cells (Figures 3H and S10). Considering
both the capture efficiency and anti-fouling effects, the CF-NP-DBCO and CF-
NP-SS-DBCO films are significantly more favorable than the CF-DBCO substrate.

Artificial CTC detection using spike-in blood samples

To verify the feasibility and reliability of our system, a straightforward simulated
experiment is designed for the detection of artificial CTCs. The artificial CTCs are
prepared by spiking HelLa cells or H524 cells (~100 cells) into T mL of fresh blood
samples (containing ~4—8 million WBCs) collected from healthy donors, and then
the mixtures are pre-treated with ACK lysis buffer to remove red blood cells. The
remaining cells are collected and subjected to a standard MGE labeling process in
the serum-free lymphocyte culture medium. After labeling, the mixed samples are
incubated on the CF-NP-DBCO film to allow the capture of artificial CTCs. The
captured cells are examined by immunofluorescent staining using nucleus/
CD45/pan-CK dyes, and most of them share the feature of tumor cells as
nucleus+/CD45—/pan-CK+ (Figure S11). The artificial CTCs can be selectively
labeled by MGE and subsequently captured by the bio-orthogonal films, even in
the presence of millions of WBCs. According to the statistical results, nearly
80% of the HeLa cells and 70% of the H524 cells introduced to the blood samples
can be captured by this strategy (Figure 3I). It is especially encouraging that the
background WBCs show little interference in the labeling and capture process.

Selective labeling of CTCs by MGE
As mentioned above, metabolic labeling trace CTCs with phenotypes different
from millions of normal WBCs is required for clinical application. Therefore, the

feasibility of MGE labeling is evaluated after isolation of CTCs from four samples
with three different cancer types using commercial ISET products (Figure 4A).
Here, the whole-blood sample (5 mL) collected from each cancer patient is
pre-treated with the ACK lysis buffer to remove red blood cells and then filtered
with membranes with standard 8-um-diameter holes to obtain CTCs. CTCs and
some WBC contaminants are collected and processed under the standard MGE
conditions in the serum-free lymphocyte culture medium. Identification of CTCs
is performed by immunofluorescence analysis with nucleus/CD45/pan-CK/
azido or nucleus/CD45/EpCAM-CKs/azido fluorescent staining. CTCs are identi-
fied as nucleus+/CD45— together with at least one clinical CTC biomarker pos-
itive (pan-CK or EpCAM-CKs) and WBCs as nucleus+/CD45+ with clinical CTCs
biomarker being negative.

As illustrated in Figure 4B, the CTCs that are nucleus+/CD45—/pan-CK+ or
nucleus+/CD45—/EpCAM-CKs+ can be labeled by our MGE strategy (green fluo-
rescence). Among the 46 CTCs identified by the pan-CK marker, 45 are success-
fully labeled with azido groups, and all 40 CTCs identified by the EpCAM-CKs
marker are labeled with azido groups (Figures 4C, S12, and S13). The results
demonstrate the feasibility of selective labeling of CTCs in clinical samples by
MGE and suggest that the artificial groups introduced to the CTCs via MGE
can be used as general neo-markers for CTC detection.

Phenotype-independent capture and release of CTCs by bio-
orthogonal films

To investigate the clinical applicability of the detection system, T mL of whole
blood collected from 8 randomly selected cancer patients (P1—P8) and 2 healthy
people (H1 and H2) (for detailed information about donors, please see Table S1)
is pre-treated with the ACK lysis buffer to remove red blood cells and then sub-
jected to standard MGE labeling in the serum-free lymphocyte culture medium.
The treated cell mixtures are then incubated on the bio-orthogonal films to allow
CTCs to be captured via the SPAAC reaction. Since the results of azido group la-
beling correlate with those of pan-CK/EpCAM-CKs staining of CTCs, cross-valida-
tion is performed to classify the subsets of captured CTCs. The cells on the bio-
orthogonal surface are analyzed by immunofluorescent analysis with nucleus/
CD45/EpCAM/vimentin staining, in which three general CTC subsets can be
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Figure 5. Capture and release of CTCs from blood samples by bio-orthogonal films (A) Schematic of the capture-release process of CTCs. (B) General view of different phenotypes of
captured CTCs identified by immunohistochemical staining (scale bars: 10 um for small pictures and 5 pm for large pictures). (C) Statistical chart of the captured CTCs with different
phenotypes. (D) Direct comparison of CTC detection between our strategy and the TumorFisher system. (E) Statistical chart of the released CTCs examined by live/dead staining.

classified as epithelial CTCs (nucleus+/CD45—/EpCAM+/vimentin—), interstitial
CTCs (nucleus+/CD45—/EpCAM—/vimentin+), and hybrid CTCs (nucleus+/
CD45—/EpCAM+/vimentin+). For EpCAM and vimentin staining, fluorescence
of <7 is considered a negative result.** As shown in Figure 5B, all epithelial, inter-
stitial, and hybrid CTCs can be captured by the bio-orthogonal system. The intro-
duction of neo-markers (azido groups) enables precise detection of heteroge-
neous CTCs in the clinical samples. Based on the immunofluorescence
staining results displayed in Figure S14, the CTCs in different blood samples
were counted and are shown in Figure 5C. It is clear that all blood samples
from different cancer patients (P1—P8) tested positive for CTCs, while those

from healthy people (H1 and H2) showed negative CTCs results. Another advan-
tage of the detection system lies in its low nonspecific adsorption of WBCs on the
films due to the anti-fouling effects. Compared to the previously reported
methods for CTC detection, the level of background interference from WBCs re-
mains minimal when using the bio-orthogonal films (Table S2).

Encouraged by these results, a direct comparison is carried out between our
method and the clinically approved CTC detection system called TumorFisher,
which captures CTCs via EpCAM recognition. Blood samples are collected from
11 additional patients with different cancers (P9—P19) and 2 healthy donors
(H3 and H4). Each blood sample is halved and processed in parallel by
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TumorFisher and our detection workflow, and the captured CTCs are then iden-  egy is successful in the trace detection of CTCs from all 11 cancer patient
tified by immunofluorescent staining. As shown in Figures 5D and S15, in addi-  blood samples. In contrast, 10 of 11 cancer patient blood samples show pos-
tion to the negative detection results of healthy donors (H3 and H4), our strat-  itive results, but P9 with colon cancer (partly mesenchymal tissue tumor) is
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misdetected (giving a false-negative result) by the commercial TumorFisher
system. Our strategy is demonstrated to not only outperform the
TumorFisher system for the clinical CTC detection of mesenchymal tissue tu-
mors (P9, 3 vs. 0; P10, 7 vs. 2; P11, 3 vs. 1) but also has superior detection
capability for other cancer types (P12-P19, 5 wins and 3 draws) (Figure S15).
The label-capture-release process is carried out on 5 other cancer blood sam-
ples (P20—P24), and the results are in line with expectations, revealing that
most of the CTCs can be captured and released from the CF-NP-SS-DBCO
film while maintaining their living activity (Figure 5E).

Real-time drug susceptibility assessment using viable CTCs

As mentioned previously, high intracellular metabolic activity is shared by
most cancer cells, including CTCs. This fact suggests that the MGE efficiency
of viable CTCs may be correlated with the pathological features of cancer
patients, which bodes well for the in vitro assessment of drug susceptibility.
Conventional drug susceptibility tests still require the pre-culture of isolated
CTCs for weeks to months,*>*® significantly delaying therapeutic decisions.
To address this limitation, we establish a real-time methodology by directly
evaluating the MGE efficiency of CTCs after different drug treatments, elimi-
nating the need for time-consuming cell culturing to achieve faster and more
efficient cancer therapy.

Prior to the involvement of rare CTCs, we first evaluate the influence of the
workflow on the MGE efficiency of cancer cells. The typical breast cancer cells
(MCF-7 cells) are subjected to MGE labeling, and then the azide and thiol groups
on the cell surface are quantified together. This is necessary because a small pro-
portion of the azide groups is converted 1-1 to thiol groups during the capture-
release process. As shown in Figure 6A, the azide and thiol groups on the cell
surface are converted to biotin markers by DBCO/azide and maleimide/thiol re-
actions, and subsequently, green fluorescence can be achieved by specific
biotin/streptavidin-AF488 binding. Quantitative fluorescence analysis reveals
that the total amount of thiol and azide groups on the cell surface are almost un-
affected by the capture-release process. Furthermore, the functional groups
naturally present on the cell surface are negligible (<3%) compared to those intro-
duced by MGE (Figure 6B).

The feasibility of MGE fluorescence labeling in the drug sensitivity test is inves-
tigated using three antineoplastic drugs, DOX, CDDP, and paclitaxel (PTX),*
which are used to treat MCF-7 cells and those resistant to DOX (MCF-7 DR cells).
Then, 40 randomly selected cells in each group are analyzed, and the average FI
is determined by dividing the total FI by the cell circumference. For reference,
cells after different treatments are also examined by the CCK-8 assay (Fig-
ure S16). Figure 6C shows that all three antitumor drugs affect the MGE effi-
ciency of MCF-7 cells in a dose-dependent manner, which is in general agree-
ment with the CCK-8 results. In contrast, the MCF-7 DR cells are much less
sensitive to DOX, as shown by both the MGE fluorescence labeling and the
CCK-8 assay. MGE fluorescence labeling not only is superior to the CCK-8 assay
by requiring fewer cells (few to tens vs. tens of thousands) but also fares better in
evaluating the therapeutic effect of PTX-treated groups (Figures 6C and S16). Af-
ter thorough evaluation, the ICzs for different drugs (DOX, 624 nM; CDDP, 139 uM;
PTX, 20 nM) is used in the following drug sensitivity tests involving artificial and
real CTCs (Figure 6D).

To mimic clinical applications, artificial CTCs are prepared by spiking MCF-7
cells or MCF-7 DR cells (~500 cells) into 20 mL of fresh blood samples.
Different drug treatments are performed, and the viability of artificial CTCs is
determined by MGE fluorescence labeling. Given that MCF-7 cells are
EpCAM-CKs+, CD45 and EpCAM-CKs antibodies are used to distinguish the
WBCs and artificial CTCs (Figure 6E). The findings indicate that different
drug treatments can impair the MGE efficiency of artificial CTCs, but their
effects on MCF-7 spike-in samples are random. In sharp contrast, the artificial
CTCs prepared by MCF-7 DR strain display significantly reduced sensitivity to
the DOX treatment (Figure 6F).

Encouraged by the results of the spike-in experiments, drug susceptibility tests
using clinical CTCs are performed. The blood samples from 7 initial breast
cancer patients (P25—P31) and 3 relapsing cancer patients who had received
the PTX+CDDP treatment (P32—P34) are processed in parallel. As shown in Fig-
ure 6G, the CTCs from the 7 initial cancer patients show diverse sensitivities to
different drugs, whereas those from the 3 relapsing patients who had undergone
PTX+CDDP therapy are most sensitive to the DOX treatment. Overall, the feasi-
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bility of our strategy for the isolation of viable CTCs and subsequent drug suscep-
tibility evaluation has been validated.

DISCUSSION

After decades of continuous exploration, significant progress has been made
in the detection of CTCs. The Cellsearch system was the first US Food and Drug
Administration-approved product for CTC detection, targeting the EpCAM anti-
gens on CTCs. Meanwhile, the ISET membrane has been developed to obtain
CTCs with intact morphology by physical filtration. Several microfluidics systems
have also been developed for direct enrichment of CTCs in blood samples with
high throughput.®® Nowadays, novel CTC detection techniques with combined
mechanisms are emerging, but a deeper understanding of the high heterogeneity
of CTCs requires more precise and efficient isolation, and the recognition of rare
CTCs from millions of WBCs remains a critical challenge as well. In this respect,
the high cellular activity of CTCs originating from abnormal intracellular meta-
bolism provides a promising target for recognition. Metastasis begins at a very
early stage of cancer, while most of the tumor cells released from lesions die
of shear stress, anoikis, or immune attack. Consequently, only a small fraction
of highly active tumor cells can survive and turn into CTCs. The high activity is
shared by all CTCs, regardless of their phenotypes, subsets, and subpopulations.

In this study, AcsManNAz, a monosaccharide utilized for MGE labeling of
dozens of different tumor cells, has been demonstrated to be able to distinguish
CTCs from WBCs through the optimized MGE labeling process. By adjusting the
MGE conditions, artificial neo-markers (azido groups) can be selectively intro-
duced onto CTCs without compromising their integrity. The condensed neo-
markers serve as recognition tags for subsequent capture of CTCs. Although
our study demonstrates the great potential of MGE for precise labeling of
CTCs, it should be noted that the AcsManNAz monosaccharide metabolized
by the Roseman-Warren route is only one of the options, and future research
can explore CTC capture using alternative MGE routes.

Another key aspect of our study is the design and functionalization of CTC cap-
ture devices. The interactions between rare CTCs and solid surfaces are prone to
interference by millions of WBCs as well as abundant biomolecules in blood sam-
ples. Therefore, surface functionalization of the CTC capture device with anti-
fouling capability is essential. Instead of the conventional CF-DBCO film, the
nanoparticle-modified CF-NP-DBCO and CF-NP-SS-DBCO films are preferable
for minimizing nonspecific absorption of WBCs. This is because the nanopar-
ticles are composed of the zwitterionic sulfobetaine motif, which has good cyto-
compatibility and strong anti-fouling effects and is promising for the modification
of CTC capture devices. Furthermore, the CF-NP-SS-DBCO films are designed
with breakable disulfide bonds, facilitating the release of viable CTCs for various
downstream applications. As a proof of concept, we succeed in obtaining viable
CTCs from cancer blood samples and directly performing real-time drug suscep-
tibility tests without long pre-culturing. We are currently conducting clinical trials,
especially follow-up studies, and will present our new results in due course.

CONCLUSION

A novel CTCs isolation strategy based on the glycometabolic difference be-
tween CTCs and normal blood cells is designed and demonstrated. By pre-treat-
ing clinical blood samples together with MGE labeling, multifunctional bio-orthog-
onal films enable the capture of CTCs in a phenotype-independent manner. Our
strategy is superior to the commercialized TumorFisher system in terms of
broad-spectrum and accurate CTC detection. Furthermore, most of the captured
CTCs can be released from the bio-orthogonal films with maintained viability, al-
lowing real-time drug susceptibility assessment using viable CTCs. The label-
capture-release process of CTCs is validated for the first time, and our study
opens new avenues for downstream CTC applications beyond simple
enumeration.

DATA AND CODE AVAILABILITY
The data and code supporting the findings of this study are available within the paper.
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