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Abstract

Transcriptomic profiling of tumor tissues introduces a large database, which has led to 

improvements in the ability of cancer diagnosis, treatment, and prevention. However, performing 

tumor transcriptomic profiling in the clinical setting is very challenging since the procurement of 

tumor tissues is inherently limited by invasive sampling procedures. Here, we demonstrated the 

feasibility of purifying hepatocellular carcinoma (HCC) circulating tumor cells (CTCs) from 

clinical patient samples with improved molecular integrity using Click Chips in conjunction with a 

multimarker antibody cocktail. The purified CTCs were then subjected to mRNA profiling by 

NanoString nCounter platform, targeting 64 HCC-specific genes, which were generated from an 

integrated data analysis framework with 8 tissue-based prognostic gene signatures from 7 publicly 

available HCC transcriptomic studies. After bioinformatics analysis and comparison, the HCC 

CTC-derived gene signatures showed high concordance with HCC tissue-derived gene signatures 

from TCGA database, suggesting that HCC CTCs purified by Click Chips could enable the 

translation of HCC tissue molecular profiling into a noninvasive setting.

Graphical Abstract

Covalent chemistry-mediated multimarker purification of hepatocellular carcinoma 
circulating tumor cells (HCC CTCs) is developed to realize noninvasive detection of 
molecular signatures of HCC. The purification system enables improved purity and molecular 

integrity of the purified HCC CTCs for conducting transcriptomic profiling of a strictly selected 

HCC-specific gene panel.
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Introduction

Over the past decade, integrative bioinformatics analysis[1] of large genomic and 

transcriptomic data sets has been leveraged to provide insights into the underlying cancer 

biology. For example, The Cancer Genome Atlas (TCGA) has generated over 2.5 petabytes 

of data including genomics, epigenomics, transcriptomics and proteomics, which play an 

important role in improving our ability on cancer diagnosis, treatment, and prevention and 

broadening our knowledge in underlying cancer biology governing disease progression.[2] 

These molecular data have relied exclusively on tissue specimens obtained from surgical 

excision or biopsy. However, the acquisition of specimens is inherently limited by 

availability, invasiveness, cost, and risk of morbidity that hampers clinical utility.[3] 

Translating these extensive cancer tissue-based molecular profiling data resources into 

clinical practice calls for a noninvasive sampling technology to obtain tumor cells.

Several groups have proposed circulating tumor cells (CTCs)[4–6] as the source material for 

“liquid biopsies” in solid tumors. CTCs can be recovered noninvasively throughout the 

natural history of disease. Compared to conventional diagnostic imaging and serum marker 

tests, CTC detection and enumeration offer a noninvasive systemic assessment of tumor that 

can aid with prognostication[7, 8] and evaluation of treatment response.[9, 10] However, 

identification, enumeration, and characterization of CTCs in clinical samples have been 

technically limited by their extremely low abundance compared to hematologic cells (i.e., 

white blood cells, WBCs). To obtain purified CTCs, numerous efforts[11–13] have been made 

in multiple fields including chemistry, materials science, and bioengineering, paving the way 

for realization of CTC-based molecular profiling.

Hepatocellular carcinoma (HCC), the fourth leading cause of cancer-related deaths 

worldwide,[14] is in dire need of diagnostic and prognostic biomarkers. CTCs have been 

considered to be of prognostic and predictive potential in HCC.[15, 16] For example, it has 

been reported that CTC enumeration, along with CTC analysis of biological characteristics 

and genomic heterogeneity, show clinical potential in predicting disease prognosis and 

monitoring treatment response in HCC patients.[17] Using NanoVelcro Chips[18], we have 

recently developed and validated a multi-marker capture cocktail[19] (targeting three HCC-

specific surface markers, i.e., ASGPR1, GPC3, and EpCAM) for detecting HCC CTCs. By 

combining NanoVelcro Chips[18,20] with Laser Capture Microdissection technique,[21] we 

were able to harvest single HCC CTCs for whole-genome analysis, unveiling that somatic 

copy number alterations in HCC CTCs recapitulated those observed in the matching HCC 

tissues.[22] On the other hand, CTC-iChips[23] developed by the Massachusetts General 

Hospital team were employed to purify HCC CTCs. The purified HCC CTCs were subjected 

to mRNA analysis[24] by droplet digital polymerase chain reaction (ddPCR) to quantify 10 

HCC-related genes, including AFP, AHSG, ALB, APOH, FABP1, FGB, FGG, GPC3, 
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RBP4, and TF. The resulting CTC-derived mRNA signatures[24] can be used to specifically 

detect HCC CTCs, enabling dynamic monitoring of disease progression. These approaches 

demonstrated the potential for HCC CTC to serve as a tumor tissue surrogate.

In the last dozen years, our joint team pioneered a collection of nanostructure-embedded 

microchips, in which nanosubstrates[18,25] (e.g., silicon nanowire substrates, SiNWS) coated 

with capture agents exhibit superb “stickiness” to selectively capture CTCs in patients’ 

blood. Five generations of NanoVelcro Chips[13] have been developed to meet different 

clinical needs, i.e., 1st-gen chips for CTC enumeration[25], 2nd-gen chips for single-cell 

analysis[21, 26], 3rd-gen Thermoresponsive chips[27] and 4th-gen Sweet Chips[28] for 

purification of CTCs from patients’ blood. Challenges remain in the development of new-

generation devices that are compatible with a multimarker capture cocktail and capable of 

efficient, specific, and rapid CTC purification in order to preserve RNA quality in CTCs. 5th-

gen Click Chips[29] have been developed to achieve purification of CTCs with well-

preserved RNA in conjunction with the use of antibody cocktails for different solid tumors.

Here, we demonstrated the feasibility of purifying HCC CTCs from patients’ blood samples 

with improved purity and molecular integrity using Click Chips[29] in conjunction with a 

multimarker antibody cocktail[19] containing anti-EpCAM, anti-ASGPR1, and anti-GPC3 

antibodies (Figure 1a). Such an HCC CTC purification approach combines two consecutive 

covalent chemistry-mediated reactions, i.e., 1) the click reaction-mediated HCC CTC 

capture from PBMC samples onto Click Chips, and 2) disulfide cleavage-driven HCC CTC 

release from Click Chips into phosphate-buffered saline (PBS) solution. Again, a pair of 

click chemistry motifs with high selectivity and reaction rates, i.e., tetrazine (Tz) and trans-

cyclooctene (TCO), were grafted onto SiNWS (via chemical modification) and HCC CTCs 

(via antibody conjugation), respectively. By introducing a PBMC sample from an HCC 

patient into a Click Chip, click reaction between Tz and TCO enabled the rapid 

immobilization of HCC CTCs. Subsequently, 1,4-dithiothreitol (DTT) was employed to 

cleave the embedded disulfide bonds to release the captured HCC CTCs specifically. The 

released CTCs were then subjected to mRNA profiling by NanoString nCounter platform, 

targeting 64 HCC-specific genes, which were generated from an integrated data analysis 

framework with 8 tissue-based prognostic gene signatures from 7 publicly available HCC 

transcriptomic studies. After bioinformatics analysis and comparison, the HCC CTC-derived 

gene signatures in HCC CTCs showed high concordance with HCC tissue-derived gene 

signatures from TCGA database (Figure 1b), suggesting that HCC CTCs purified by Click 

Chips could enable the translation of HCC tissue molecular profiling into a noninvasive 

setting.

2. Results and Discussions

2.1. The fabrication of a Click Chip

Based on the previous demonstration of Click Chips, where covalent chemistry-mediated 

capture and release of CTCs were applied for purification of CTCs in non-small cell lung 

cancer (NSCLC),[29] we explored the combined use of Click Chip’s device configuration 

with a multimarker cocktail for purification of HCC CTCs. A Click Chip (Figure 1a) is 

composed of two main functional components: 1) tetrazine (Tz)-grafted SiNWS (Figure S1, 
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Supporting Information): a patterned SiNWS[30] covalently modified by terminal Tz motifs 

with disulfide bridges,[29] and 2) an overlaid polydimethylsiloxane (PDMS) chaotic 

mixer[25] on which a network of microchannels was designed to induce chaotic mixing.[31] 

They were housed in a custom-designed microfluidic chip holder to form a “Click Chip” 

device (Figure S2, Supporting Information). The Tz-grafted SiNWS and PDMS chaotic 

mixer were fabricated according to the previously published procedures.[29, 32]

2.2. General procedure for performing purification of HCC CTCs in Click Chips

The covalent chemistry-mediated HCC CTC purification approach[29] combines two 

consecutive steps, i.e., 1) the click reaction-mediated HCC CTC capture onto Click Chips 

and 2) disulfide cleavage-driven HCC CTC release from Click Chips. Prior to performing 

HCC CTC purification studies using Click Chips, trans-cyclooctene TCO motif was 

covalently conjugated onto the three antibody capture agents, i.e., anti-EpCAM, anti-

ASGPR1, and anti-GPC3 (see Experimental Section/Methods). Single or combined 

antibodies were then incubated with the artificial or clinical HCC CTC samples. After 

washing off the excess antibody, the HCC CTC samples in 200-μL PBS were introduced into 

Click Chips, where click reaction-mediated capture led to the capture of HCC CTCs on 

SiNWS. After CTC capture, the DTT solution (50 mM) was introduced to cleave disulfide 

bonds for specific CTC release.

2.3. Optimization of Click Chips for HCC CTC capture and release using artificial HCC 
CTC samples

To optimize the capture performance of Click Chips, artificial HCC CTC samples (Figure 

2a) were prepared by spiking 200 DiO-labeled HCC cell lines (green color) into the DiD-

labeled PBMCs (red color, 5 × 106 cells mL−1) isolated from a healthy donor’s whole blood. 

After incubating with single or combined antibody capture agents, the artificial HCC CTC 

samples were introduced into Click Chips for click chemistry-mediated capture of HCC 

CTCs. After staining with 4’, 6-diamidino-2-phenylindole (DAPI), DiO-labeled HCC cells 

and background DiD-labeled WBCs were counted under a fluorescence microscope (Nikon 

90i). The HCC CTC capture yields were calculated by dividing the counts of CTCs captured 

on the Click Chips by the counts of target cells that were initially spiked to the artificial 

HCC CTC samples. We first evaluated the effect of different quantities of TCO-labeled anti-

EpCAM (i.e., 0 ng, 0.1 ng, 1.0 ng, and 10 ng) on HCC CTC capture yields (Figure 2b). The 

capture yield of Click Chips was up to 72% when 1 ng of TCO-anti-EpCAM was used for 

HCC CTC capture at a flow rate of 1.0 mL h−1. HCC CTC capture yields reached the 

plateau even with a higher quantity of TCO-labeled anti-EpCAM. Next, the effects of 

different flow rates (0.2, 0.5, 1.0, and 2.0 mL h−1) on HCC CTC capture yields of Click 

Chips were evaluated (Figure 2c), and an optimal flow rate of 1.0 mL h−1 was identified, 

which was consistent with our works.[29] Our group has previously demonstrated the 

combined use of NanoVelcro Assay with the multimarker antibody cocktail (i.e., anti-

EpCAM, anti-ASGPR1, and anti-GPC3 antibodies) for enumeration of HCC CTCs.[19] 

Under the optimal flow rate of 1.0 mL h−1, we examined the capture yields (Figure 2d) using 

either single or antibody cocktails. Similarly, an optimal capture yield (93.02 ± 3.00 %) was 

achieved when the multimarker cocktail was used. We further validated the single antibodies 

versus the multimarker cocktail study using two additional HCC cell lines (i.e., Hep3B and 
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PLC/PRF/5). As shown in Figure 2e, the HCC CTC capture performance observed for the 

multimarker cocktail group outperformed those from any single antibody groups.

After determining the optimal condition for click creaction-mediated capture of HCC CTCs, 

we tested the performance of HCC CTC release in Click Chips, in which 200 μL of DTT (50 

mM) soluiton was flowed through[29] at a rate of 1.0 mL h−1 to release the immobilized 

HCC CTCs. The HCC CTC release yield was evaluated by dividing the CTC counts released 

from the Click Chips by the counts of target cells that were initially spiked to the artificial 

HCC CTC samples. Furthermore, the universal applicability of Click Chips for purification 

(capture/release) of HCC CTCs was evaluated using three artificial HCC CTC samples 

spiking with three HCC cell lines, i.e., SNU387, Hep3B, or PLC/PRF/5. Figure 2f showed 

that the HCC CTC capture/release yields across three HCC cell lines were ranging from 

88.75% to 93.02% (capture yields), and 70.74% to 79.57% (release yields), respectively. The 

dynamic range of Click Chips was also tested using artificial HCC CTC samples by spiking 

0 to 200 SNU387 cells into a healthy donor’s PBMCs. Consistent capture yields (y = 0.89x, 

R2 = 0.997) and release yields (y = 0.70x, R2 = 0.992) were observed for Click Chips that 

are sufficient for testing clinical samples (Figure 2g). A representative study using an 

artificial sample spiked with 200 SNU387 cells demonstrated (Figure 2h,i) a minimal 

background (1,827 WBC-capture and 275 WBC-release) of Click Chips in CTC-capture 

(176/200) and release (134/176). Figure 2j depicted the representative fluorescent images of 

SNU387 (DAPI+/CK+/CD45-)/WBC cells (DAPI+/CK-/CD45+) captured on the Click 

Chips for cell enumeration and capture yield calculation. The CTC purification data indicate 

that the disulfide cleavage-driven release mechanism can further improvethe purity of the 

purified CTCs (ca. one order of magnitude reduction in WBC contamination), providing 

robust and reproducible samples with high purity for downstream molecular 

characterization. Overall, these results suggest that the HCC CTCs can be purified by Click 

Chips effectively (click chemistry-driven CTC capture followed by disulfide cleavage-driven 

CTC release).

2.4. Development of HCC-specific gene panel with 64 genes

Before performing mRNA profiling on the HCC CTCs purified by Click Chips, we adopted 

an integrated data analysis framework to select and develop an HCC-specific gene panel, 

capable of detecting HCC CTCs in the presence of non-specifically purified WBCs. We 

started HCC-specific gene panel selection by assembling 8 tissue-based prognostic gene 

signatures (Table S1, Supporting Information) from 7 publicly available HCC transcriptomic 

studies,[33–39] including Hoshida’s HCC subtype gene signature,[33] cholangiocarcinoma-

like (CCL) HCC gene signature,[34] Hippo pathway inactivation associated gene signature,
[36] risk score classifier based on 65 genes for HCC survival prediction,[37] NCI proliferation 

signature,[38] hepatoblastoma-like tumor signature,[39] iCluster1signature, and IDH1-like 

signature. A total of 1,535 candidate genes were collected, and serially and selectively pared 

down in a step-wise fashion to enrich for genes with high expression in HCC CTCs and low 

expression in immune cells in order to avoid the signals from non-specifically trapped 

WBCs in the Click Chips.[40] To this end, an integrated data analysis framework (Figure 3a) 

was applied for the selection of the HCC-specific gene panel. This framework consists of 

four major steps: 1) Select genes involved in at least two independent tissue-based HCC 
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prognostic signatures to further support their role in HCC tumor biology, this selection step 

results in 273 candidate genes; 2) Select the subset of genes also included in IDH1-like 

signature, known to be associated with aggressive HCC subtypes, resulting in 201 genes; 3) 

Select genes that are highly expressed in HCC cell lines from the Cancer Cell Line 

Encyclopedia (CCLE),[41] further enriching genes specific to HCC compared to other cancer 

cell lines, resulting in 126 genes; and 4) Select genes with low expression in various immune 

cells using Differentiation MAP dataset (DMAP),[42] to minimize the signal from non-

specifically captured WBCs. This yielded 47 genes that are specific for detecting HCC. 

Finally, we incorporated the 10 HCC-specific genes[24] (i.e., AFP, AHSG, ALB, APOH, 
FABP1, FGB, FGG, GPC3, RBP4, and TF), that were used to specifically detect HCC CTCs 

and monitor disease progression, and 7 markers (i.e., ARG1, ASGR1, ASGR2, CPS1, 

KRT8, KRT18, and ERRFI1) that are commonly used in clinical pathology diagnosis,[43, 44] 

resulting in a 64-gene HCC-specific gene panel (Table S2, Supporting Information).

2.5. Analytical validation of HCC-specific gene panel

We first confirmed that the 64 genes of the HCC-specific gene panel are HCC cell-specific 

by performing bioinformatics analysis using the CCLE and DMAP. As shown in Figure 3b, 

61 out of 64 genes (95%) are below the regression line, indicating that these genes are 

highly expressed in HCC cell lines and lowly expressed in immune cells. We then compared 

expression ranks (percentiles) of the 64 genes in HCC and other cancer cell lines from the 

CCLE and immune cells from the DMAP. Expression ranks of the 64 genes are significantly 

higher in HCC cells compared to other cancer cell lines (p < 0.001) or immune cells (p < 

0.001) (Figure 3c). Comparison of the most differentially expressed top 5 representative 

genes between HCC cell lines versus humane immune cells, and HCC cell lines versus other 

cancer cell lines are depicted in Figure S3 and Figure S4, respectively (Supporting 

Information). The top 5 genes (i.e., FGB, FGG, LUM, CP, SLC47A1) with the highest 

expression in HCC cell lines was assessed in all CCLE cancer cell lines (Figure 3d). This 

result demonstrates the predominant expression of the 64 genes in HCC cell lines.

To validate the feasibility of applying Nanostring nCounter platform for profiling the 64 

genes of the HCC-specific gene panel, we then prepared the cell mixture by spiking different 

numbers of SNU387 cells with serial dilution (i.e., 5, 10, 50, 100 cells) into PBMCs (5 × 106 

cells mL−1) isolated from a healthy donor’s blood. The cell mixtures were then subjected to 

RNA extraction and Nanostring nCounter platform for the 64 gene expression analysis. Five 

housekeeping genes (i.e., DYNLL1, GAPDH, RPL13A, RPS11, and RPS16) were tested 

simultaneously as an internal control of the samples. The dynamic ranges of mRNA 

expression detected for housekeeping genes (Figure 3e, R2 = 0.976) and the 64 genes 

(Figure 3f, R2 = 0.995) showed excellent linearity of the Nanostring nCounter platform. We 

then tested the general applicability of the Nanostring nCounter platform for the 64 gene 

expression analysis using three cell mixtures spiked with three HCC cell lines, i.e., SNU387, 

Hep3B, or PLC/PRF/5. PBMCs (5 × 106 cells mL−1) isolated from a healthy donor’s blood 

served as the negative control. Results summarized in Figure 3g showed that the Nanostring 

nCounter platform for the 64 gene expression analysis exhibited consistent performances 

across all three cell mixtures spiked with three HCC cell lines.
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2.6. Comparative analysis of the 64-gene expressions between HCC CTCs purified by 
Click Chips and HCC tissues from TCGA

We performed HCC CTC purification by Click Chips using 20 patient blood samples with 

HCC across all clinical stages (Table 1). Subsequently, the purified HCC CTCs were 

subjected to analyze the 64 genes of the HCC-specific gene panel using the Nanostring 

nCounter platform. The 64-gene expressions from HCC CTCs were compared with the ones 

from HCC tissues from TCGA. We first examined whether the two 64-gene expression 

profiles (one from HCC CTCs and the other from HCC tissues) came from populations with 

a common distribution. The quantile-quantile plot (Q-Q plot) suggests that both are from 

HCC patient populations with a common gene expression distribution (Figure 4a). In 

addition, the principal component analysis (PCA) score plot spanned by the first two 

principal components based on the 64-gene expression data showed that 20 patient samples 

of HCC CTCs (red dots) were overlapped with HCC tissues from TCGA (gray dots), 

supporting the high concordance of expression variance between the HCC CTCs and HCC 

tissues from TCGA (Figure 4b). Further assessment of expression concordance was 

performed using the goodness of fit measure based on the Kolmogorov-Smirnov (KS) 

distance between the HCC CTCs and HCC tissues from TCGA, and 51 out of the 64 genes 

(80%) have a significantly high level of expression concordance (KS distance<0.3, Figure 

4c). Empirical cumulative distribution function (CDF) analysis of 64 gene expression from 

the HCC CTCs and HCC tissue from TCGA reveals the expression concordance of 64 genes 

between HCC CTCs (red) and HCC tissues from TCGA (blue). The numbers on the 

individual plots indicate KS distance between HCC CTCs and HCC tissues from TCGA 

(Figure S5, Supporting Information). The density plots of the 6 most representative genes 

having the best concordance expression between HCC CTCs and HCC tissues from TCGA 

were shown in Figures 4d-i. Collectively, these results demonstrate the high expression 

concordance of 64 genes of HCC CTCs by Click Chips with HCC tissues.

3. Conclusion

We demonstrated the feasibility of purifying HCC CTCs from patients’ blood samples with 

improved purity and molecular integrity using Click Chips in conjunction with a 

multimarker cocktail. Compared with other immunoaffinity-mediated CTC purification 

system, Click Chips exhibit several unique advantages: 1) Click Chips can be optimized to 

achieve desired HCC CTC purification performance with dramatically reduced consumption 

of capture agents. This improvement is attributed to its rapid, irreversible, and biorthogonal 

click reaction-mediated cell capture mechanism, as well as the significantly increased 

number of click reaction sites between TCO moieties grafted on CTCs and Tz moieties 

functionalized on the embedded SiNWS; 2) Click Chips are compatible with the 

multimarker cocktail, which improves the efficiency of HCC CTC enrichment significantly 

and overcomes the high heterogeneity of HCC CTCs. 3) The mild DTT-mediated disulfide 

cleavage enables the specific release of HCC CTCs effectively. In parallel with the 

development of Click Chips for purification of HCC CTCs, we adopted an integrated data 

analysis framework with high-dimensional transcriptomics data from public resource 

databases. While many HCC gene signatures[33–39] have been proposed, they do not 

necessarily identify the genes for CTC gene expression detection. In addition, very few 
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studies in the literature have investigated the degree of similarity/dissimilarity between 

CTCs and tissues in the context of biomarker discovery. We thus start with 7 publicly 

available HCC transcriptomic studies to identify the signature genes specific to HCC. Such 

an HCC-specific gene panel allows for the detection of HCC CTCs in the presence of non-

specifically trapped WBCs. We purified HCC CTCs from 20 HCC blood samples, and 

conducted the downstream mRNA profiling using NanoString nCounter platform which 

targeted the 64 genes. In a systematic way, the 64 gene expressions in HCC CTCs showed 

high concordance with those in HCC tissues from TCGA, suggesting that biomarker 

discovery framework in this study can provide a window for identifying common gene 

expression characteristics between tissue and blood.

4. Experimental Section/Methods

The fabrication and surface characterization of Tz-grafted SiNWS, and molding of PDMS 

chaotic mixer can be referred to our previously published procedures.[29]

Preparation of trans-cyclooctene-antibody conjugate:

Trans-cyclooctene (TCO)-antibody conjugate was prepared by incubating TCO-PEG4-NHS 

ester (0.5 mM, Click Chemistry Tools) with human EpCAM/TROP-1 antibody (Goat IgG, 

0.1 μg mL−1, R&D Systems, Inc.), human ASGPR1 antibody (Rabbit IgG, 0.5 μg mL−1, 

LifeSpan BioSciences, Inc.,), and human GPC3 antibody (Sheep IgG, 0.1 μg mL−1, R&D 

Systems, Inc.) in PBS for 30 min at room temperature. The TCO-antibody conjugate was 

freshly prepared before use.

HCC cell lines:

Three HCC cell lines (i.e., SNU387, Hep3B, and PLC/PRF/5) were purchased from 

American Type Culture Collection (ATCC) and cultured in RPMI-1640 medium (SNU387) 

or Eagle’s Minimum Essential Medium (Hep 3B and PLC/PRF/5) with 10% fetal bovine 

serum (FBS), 1% GlutaMAX-I and 100 U mL−1 penicillin-streptomycin (Thermo Fisher 

Scientific) in a humidified incubator with 5% CO2.

Artificial HCC CTC sample studies:

Artificial CTC samples were prepared by spiking 200 HCC cells, pre-stained with 

Vybrant™ DiO green fluorescent dye (Invitrogen), into the freshly isolated PBMCs (5 × 106 

cells mL−1), pre-stained with Vybrant™ DiD red fluorescent dye (Invitrogen), in 200 μL of 

RPMI medium. These artificial CTC samples were incubated with TCO-labeled antibodies 

in RPMI medium (200 μL) for 30 min at room temperature, followed by a centrifugation at 

300g to remove the surplus TCO-labeled antibody and non-reactive TCO-PEG4-NHS ester. 

Then, the TCO-grafted CTC samples were purified using Click Chips. Finally, these 

captured cells were imaged and counted under a fluorescence microscope (Nikon 90i, W1, 

325–375 nm; W2, 465–495 nm; W3, 590–650 nm) after staining with DAPI, cytokeratin 

(CK), and CD45. WBCs were defined as 4’,6-diamidino-2-phenylindole (DAPI)+/

cytokeratin (CK)-/CD45+ round/ovoid cells. HCC cells were defined as DAPI+/CK+/CD45- 

round/ovoid cells.
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CTC capture and release from Click Chips:

For CTC capture, the TCO-labeled artificial samples and HCC patient PBMC samples (200 

μL) were processed in Click Chips at the flow rate of 1 mL h−1. The captured CTCs in Click 

Chips were then fixed with 2.0% formaldehyde (PFA in PBS, 200 μL) for CTC staining and 

enumeration. For CTC release, 200 μL of DTT (50 mM) solution was injected into Click 

Chips at a flow rate of 1 mL h−1, followed by injecting100 μL of PBS to collect the released 

CTCs. The released CTCs were subjected to either glass smear for fluorescence imaging or 

transferred into RNase-free tubes for the following molecular analysis.

HCC patients:

Twenty HCC (Table 1) patients from October 2018 to June 2019 at Ronald Reagan UCLA 

Medical Center were enrolled in this study. Patients who had severe mental disease, or other 

uncontrolled malignant tumors, uncontrolled infection of mycobacterium, tuberculosis were 

excluded. All participants were elder than 18 years old. Treatment-naïve HCC patients 

across all clinical stages were enrolled in this study. The written informed consents 

according to the IRB protocol (IRB #14–000197) at UCLA were provided by each patient 

and healthy donor for this study. None of the enrolled patients was enrolled in any clinical 

trial.

Collection and treatment of HCC patients’ blood samples:

Peripheral venous blood samples were collected with the written informed consent of these 

patients. Each 10 mL blood sample was collected in a BD Vacutainer glass tube (BD 

Medical, Fisher Cat. #02–684-26) with acid citrate dextrose. For each HCC patient sample, 

peripheral blood mononuclear cells (PBMCs) were isolated from one 2.0 mL vial of blood, 

and then incubated with TCO-labeled antibody in PBS for 30 min at room temperature 

before CTC purification by Click Chips.

RNA extraction and preamplification:

The released CTCs were lysed by TRI Reagent, and CTC-derived RNA was extracted using 

a Direct-zol™ RNA MicroPrep Kit according to the manufacturer’s protocol (ZYMO 

Research Corp.). The extracted RNA was collected in 12 μL of RNase-free water, and then 

subjected to cDNA Synthesis. The internal quality control requires that the RNA amount 

must be more than 2 ng/μL for each sample.Prior to runing on the NanoString nCounter 

platform (NanoString Technologies, Inc., WA, USA), the whole transcriptome amplification 

was performed using the nCounter Low RNA Input Amplification Kit (NanoString 

Technologies, Inc., WA, USA) according to the manufacturer’s protocol.

Data Analysis:

The 8 HCC gene expression signatures were obtained from the literature except iCluster1 

and IDH1-like signatures. We selected the top 100 genes by comparing iCluster1 tumors 

with other tumors in TCGA HCC cohort using an integrated hypothesis testing method.[45] 

TCGA HCC transcriptome data were obtained from the NCI GDC data portal (https://

portal.gdc.cancer.gov/). To identify the IDH1-like signature, the same approach was 

performed, and top 100 genes were selected using TCGA HCC cohort data. With the 
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iCluster1 and IDH1-like signature, we found 622 genes in cholangiocarcinoma-like 

HCC[34], 496 genes reflecting Hippo pathway inactivation[36], 65 genes from risk score 

classifier based on Cox hazard model[37], 347 genes from NCI proliferation signature[38], 16 

genes in hepatoblastoma-like tumors[39], and 115 genes from Hoshida’s HCC subtyping 

study[33]. NanoStringNorm R package (1.2.0) was used for expression data normalization. 

The housekeeping geometric mean option was used for sample contents normalization and 

quantile method with adopting log2 was applied to entire data to reduce systematic variance. 

We performed Wilcoxon Rank Sum Test for comparison of the expression ranks 

(percentiles) of the 64 genes in HCC and other cancer cell lines from the CCLE and immune 

cells from the DMAP. Linear regression analysis was performed to assess the linearity of the 

mRNA expression readout in HCC cell lines (SNU-387 and PLC/PRF/5) and healthy donor 

PBMCs. The quantile-quantile plot, PCA analysis, and the Kolmogorov-Smirnov (KS) 

distance were used to show expression concordance between the HCC CTCs and HCC 

tissues from TCGA. All the bioinformatical and statistical analysis in this study were 

performed using the R statistical software version 3.5 (http://www.r-project.org/) and 

MATLAB (MathWorks). All statistical tests are two-sided and P* < 0.05 is considered 

statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Multimarker purification of circulating tumor cells (CTCs) enables mRNA profiling of 
hepatocellular carcinoma (HCC).
a) Schematic illustration of the workflow employed for HCC CTC purification (capture/

release) by Click Chips in conjunction with an HCC-specific antibody cocktail (i.e., anti-

EpCAM, anti-ASGPR1, and anti-GPC3). The HCC CTC purification approach combines 

two consecutive covalent chemistry-mediated reactions, i.e., 1) the click reaction-mediated 

HCC CTC capture from peripheral blood mononuclear cell (PBMC) samples onto Click 

Chips, and 2) disulfide cleavage-driven HCC CTC release from Click Chips to phosphate-

buffered saline (PBS) by 1,4-dithiothreitol (DTT). b) Quantification of the 64 HCC-specific 

genes in the purified HCC CTCs were performed by Nanostring nCounter platform. After 

bioinformatic analysis and comparison, the gene signatures in HCC CTCs showed high 

concordance with HCC tissue gene signatures from The Cancer Genome Atlas (TCGA) 

database.
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Figure 2. Click Chip optimization for purifying hepatocellular carcinoma (HCC) circulating 
tumor cells (CTCs) using artificial HCC CTC samples.
a) DiO-labeled SNU387 HCC cells (green) and DiD-labeled peripheral blood mononuclear 

cells (PBMCs) (red) from a healthy donor (HD) were mixed to prepare the artificial HCC 

CTC samples for Click Chip optimization. b) The capture yields of Click Chips at different 

quantity of TCO-labeled anti-EpCAM. c) The capture yields of Click Chips at different flow 

rates. d) The capture yields acheived by using single and combined antibody, i.e., anti-

EpCAM, anti-ASGPR1, anti-GPC3, and combination of the three capture agents. e) The 
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capture yields achieved by using single and combined antibody capture agents. Different 

artificial HCC CTC samples containing three different HCC cells (i.e., SNU387, Hep3B, 

PLC/PRF/5) were validated. f) Capture/release yields of Click Chips observed for different 

artificial HCC CTC samples. g) Dynamic ranges of HCC CTC capture and capture/release 

yields of Click Chips. Here, artificial HCC CTC samples containing 0 to 200 SNU387 cells 

were tested. (b-g, The means ± SD of three independent assays are presented). h) A 2-

parameter scatter plot showed the cell distribution of SNU387/White blood cell (WBC) 

observed for CTC capture in a Click Chip. i) A 2-parameter scatter plot showed the cell 

distribution of SNU387/WBC after CTC release, following the CTC capture (h). j) The 

representative fluorescent images of SNU387 (DAPI+/CK+/CD45-; white arrow)/WBC cells 

(DAPI+/CK-/CD45+) captured on the Click Chips. bar, 10 μm. *denotes the optimal 

condition.
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Figure 3. Development and validation of of hepatocellular carcinoma (HCC)-specific gene panel 
with 64 genes.
a) An integrated data analysis framework adopted for selecting and developing the 64 genes 

of HCC-specific gene panel. b) Scatter plot shows expression of the 64 genes comparing 

HCC cell lines to humane immune cells. Dotted line indicates the same expression between 

HCC cells and other cancer cells which is y=x axis. c) Box plot depicts differential 

expression of 64 genes between HCC cell lines (red dots), other cancer cell lines (gray dots) 

from Cancer Cell Line Encyclopedia (CCLE), and humane immune cells from 
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Differentiation MAP dataset (DMAP) (black dots). d) Bar charts show distribution of all the 

cells in CCLE based on the expression level of the genes (i.e., FGB, FGG, LUM, CP, 
SLC47A1). Red bar indicates HCC cell lines. e, f) Dots with regression line depict 

expression dynamics of housekeeping genes (e, R2 = 0.976) and 64 genes (f, R2 = 0.995) 

was assessed with difference SNU387 cell counts from 0 to 100. g) Line plots with distinct 

colors represent dynamic changes of the 64 gene expression counts from SNU387, Hep3B, 

PLC/PRF/5 and healthy donor peripheral blood mononuclear cells (PBMCs) with different 

cell numbers. Slopes of the curve- SNU387: 9,829.5 counts/cell, Hep3B: 12,744.9 counts/

cell, PLC/PRF/5: 9,862.5 counts/cell, healthy donor PBMCs: −8.8 counts/cell.
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Figure 4. Bioinformatic analysis and comparison of the 64-gene mRNA signatures of 
hepatocellular carcinoma (HCC) circulating tumor cells (CTCs) purified by Click Chips from 
HCC patients and HCC tissue mRNA signatures from The Cancer Genome Atlas (TCGA) 
database.
a) Q-Q Plot showed that the 64-gene expression profiles from the HCC CTCs and HCC 

TCGA came from populations with a common distribution. b) PCA plot based on the 64-

gene expression from the HCC CTCs from 20 patients (red dots) and HCC TCGA (gray 

dots). c) Bar charts showed the goodness of fit (inverse KS distance) of the 64 genes 

between the HCC CTCs and HCC TCGA. d-i) Kernel density plot of the 6 representative 

genes with the highest expression concordance between HCC CTCs and HCC TCGA.
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Table 1.

Clinical information of hepatocellular carcinoma (HCC) patients enrolled in this study.

Sample 
ID

Age 
(Y) Gender Cirrhosis Etiology Tumor 

number

Cumulative 
tumor size 

(cm)

BCLC 
Stage

AJCC 
Stage

Within 
Milan 

Criteria

HCC01 84 Male No idiopathic 1 7.1 B 1b No

HCC02 82 Female Yes HCV 1 3.6 A 1b Yes

HCC03 73 Male Yes HCV 1 2.8 A 1b Yes

HCC04 63 Male Yes NAFLD/HC
V 1 2.4 C 4b No

HCC05 60 Female Yes HCV 1 5.4 A 1b No

HCC06 70 Male Yes HCV 1 2.2 A 1b Yes

HCC07 61 Male Yes HCV No record N/A C 4b No

HCC08 75 Male Yes NASH 2 5.5 B 3b Yes

HCC09 53 Male Yes EtOH 1 3.4 A 1b Yes

HCC10 73 Male No NASH 1 13.5 A 1b No

HCC11 73 Male Yes NASH 4 13.5 C 4b No

HCC12 63 Female Yes HBV 1 7.9 B 3a No

HCC13 61 Male Yes HBV infiltrative 5.5 C 3b No

HCC14 71 Male Yes HCV 1 2.1 A 1b Yes

HCC15 53 Male No HBV Multiple >10 38.3 C 3b No

HCC16 63 Male Yes HCV 3 7.5 D 4b No

HCC17 78 Male No idiopathic 1 3.7 A 1b Yes

HCC18 73 Male Yes HCV 1 4.2 A 1b Yes

HCC19 56 Female Yes HCV 2 6.8 A 2 No

HCC20 59 Male Yes HCV/EtOH 1 6.2 C 2 No

ALD, alcoholic liver disease; AJCC, American Joint Committee on Cancer; BCLC, Barcelona clinic liver cancer; HBV, hepatitis B virus; HCV, 
Hepatitis C virus; NAFLD, nonalcoholic fatty liver disease.
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