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Genetic and transcriptional profiling, as well as surface marker identification of single circulating tumor
cells (CTCs) have been demonstrated. However, quantitatively profiling of functional proteins at single CTC
resolution has not yet been achieved, owing to the limited purity of the isolated CTC populations and a lack
of single-cell proteomic approaches to handle and analyze rare CTCs. Here, we develop an integrated
microfluidic system specifically designed for streamlining isolation, purification and single-cell secretomic
profiling of CTCs from whole blood. Key to this platform is the use of photocleavable ssDNA-encoded
antibody conjugates to enable a highly purified CTC population with <75 ‘contaminated’ blood cells. An
enhanced poly-L-lysine barcode pattern is created on the single-cell barcode chip for efficient capture rare
CTC cells in microchambers for subsequent secreted protein profiling. This system was extensively
evaluated and optimized with EpCAM-positive HCT116 cells seeded into whole blood. Patient blood
samples were employed to assess the utility of the system for isolation, purification and single-cell secretion
profiling of CTCs. The CTCs present in patient blood samples exhibit highly heterogeneous secretion profile
of IL-8 and VEGF. The numbers of secreting CTCs are found not in accordance with CTC enumeration
based on immunostaining in the parallel experiments.

and metastatic tumor sites"”. They are generally believed to be the main source of cancer metastasis®, and

their presence in the blood correlates with increased metastatic burden and a decrease time to relapse’. As
aresult, these cells are widely considered as one of the most promising biomarkers for hematogenous metastases,
and tremendous effort has been directed toward exploring their diagnostic and prognostic potential>. However,
the metastatic propensity of CTCs has not been found to have clear correlations with the CTC enumeration and
the molecular signature of their genome and transcriptome, presumably due to the extensive epigenetic and
functional heterogeneity of CTCs. A large fraction of CTCs from cancer patients have been found to be, in fact,
apoptotic™®, and only a small subset of CTCs exhibit a high propensity to seed distant metastases, although they
may originate from the same lesion and have almost identical genetic profile*”~*. Therefore, functional proteins -
those hyperactivated proteins in cancer cells with functional consequences — must be characterized at single cell
resolution for each individual CTC to identify those with high viability and propensity for metastases.

A vast array of technologies has emerged to isolate and characterize CTCs. Most of them focus on the
enumeration, the detection of genetic aberrations, and the identification of cell surface markers'**"'”. Recently,
genetic and transcriptional profiling of isolated single CTCs has been reported'**'. However, techniques for
quantitatively profiling the actual executors of cellular function - functional proteins (e.g., secreted protein,
phosphoproteins) - at a single CTC resolution have not yet been achieved, owing to the limited purity of isolated
CTC population generated by existing technologies and a lack of single-cell approaches that can handle a very
low number of target cells to analyze rare and heterogeneous CTCs"*'>"'>'7. Our goal is to develop a platform
for quantitatively measuring secreted proteins from extraordinarily rare CTCs at single-cell levels. Secreted
proteins including cytokines, chemokines, and growth factors play an important role in tumor cell metastasis

C irculating tumor cells (CTCs) are rare tumor cells (~1-100 CTCs per 10° blood cells) shed from primary
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by promoting tumor cell proliferation, adhesion, migration and
angiogenesis®*. For example, recent work has demonstrated that
entrapped melanoma CTCs in the lungs secrete high levels of the
interleukin-8 (IL-8) to attract neutrophils and thus facilitate trans-
endothelial migration and metastasis development®. Analyzing
secretomic profiles of single CTCs is particularly interesting for
evaluating their viability, functional states and heterogeneity.
Although ELISPOT assays have been employed to detect secreted
proteins for counting viable CTCs, they are not quantitative mea-
surements for secreted proteins, and the number of secreted proteins
detected is very limited (one or two)>.

To enable quantitative, single-cell secretomic profiling of rare
CTCs, we developed an integrated microfluidic system that offers
efficient isolation and single-cell functional characterization of rare
CTCs from whole blood samples. Briefly, CTCs are first captured via
photocleavable ssDNA-encoded antibody conjugates and microvo-
tex-generating microfluidic chips. Captured CTCs are then photo-
chemically released from the chip by brief UV irradiation, followed
by sequential negative depletion of red blood cells (RBCs) and white
blood cells (WBCs). High-purity CTCs are then transported to a
single-cell barcode chip (SCBC) integrated with an enhanced poly-
L-lysine (PLL) barcode pattern that enables capturing very low
number of target cells on the chip. Individual CTCs are isolated in
miniature chambers for profiling a panel of functional proteins secreted
from single CTCs. In this study, we evaluated our platform using
EpCAM-positive HCT116 cells (colorectal cancer cell lines) seeded into
whole blood from healthy donors as a model system. Our microfluidic
system is capable of processing 1 mL of whole blood sample in
<2 hours with >70% isolation efficiencies and <75 ‘contamination’
blood cells, leading to a high recovery of rare cancer cells with extre-
mely low contaminated cells. In particular, this platform also enables
sorting CTCs into specific phenotypes by surface marker signatures
and performing single-cell secretomic profiling on these subsets.

Although this platform combines an array of previously reported
chip technologies, two material modifications are vital in the realiza-
tion of streamlined CTC capture, purification and single-cell detec-
tion of secreted proteins. First, photocleavable ssDNA-encoded
antibody conjugates are synthesized for high-efficient CTC cap-
ture-and-release without impairing cell viability, which enables sub-
sequent purification to retrieve a pure CTC population for
downstream functional analysis. Second, PLL barcode patterning

created on SCBC permits efficiently recapturing single CTCs into
each microchamber from a large volume of working solution that
contains a very low number of purified CTCs for single-cell secre-
tomic profiling. Overall, each working chip has been iteratively opti-
mized to be adapted to our integrated microfluidic platform for
streamlined isolation, purification and functional analysis of extra-
ordinarily rare target cells from complex biological samples.

Results

Integrated microfluidic system and strategy. The overall strategy
for CTC isolation and single-cell analysis are depicted in Fig. 1 and Fig.
S1. Fig. S2 shows the experimental set-up and microfluidic chips used in
the system. High-efficient CTC capture from the whole blood is
achieved by ssDNA-encoded antibody conjugates and micro-
votex-generating herringbone chips'®"> with immobilization of
complimentary ssDNA. After on-chip cell capture, a mixture of
CD45 (common leukocyte antigen) and CD15 (granulocyte marker)-
coated immunomagnetic beads are introduced in the chip and
incubated with non-specifically bound WBCs. Importantly, the
ssDNA-encoded antibody conjugate contains a photocleavable moiety
that enables photochemical release of intact captured CTCs from the
surface by briefly exposing to UV irradiation. To achieve high-purity
CTC population for single-cell analysis, a two-step purification is
employed to remove ‘contaminated” RBCs and WBCs in the released
CTC population. Spiral chip described before'*"'* rapidly removes RBCs
by size-based separation and retains all nucleated cells (CTCs and
WBCs). RBC-depleted cells are flowed through a microfluidic chip
closely above arrayed magnets to remove WBCs that are bound with
magnetic beads™. Finally, retrieved CTCs are transported to a SCBC
with PLL barcode patterning for detection of secreted proteins from
single CTCs.

SCBC is the technology workhorse for single-cell functional pro-
teomics assay to measure the quantity and functional state (e.g.,
phosphorylation) of a panel of secreted or intracellular signaling
proteins across many otherwise identical cells, as shown in Fig.
$325-28, However, a fundamental limitation of this device is the abso-
lute requirement of a sufficiently high initial concentration of cells
(usually, ~1,000 cells/pl). With this concentration, the random dis-
tribution of cells in the 2720 microchambers of SCBC, results in
single cells in ~25% of microchambers, which is sufficient for robust
single-cell analysis. As for extraordinarily rare CTCs, the absolute
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Figure 2 | Efficiencies of on-chip target cell capture, release, and purification. (A) Cell-capture efficiencies of ~200 EpCAM-positive HCT116 cells
spiked in 1.0-ml of PBS, lysed blood and whole blood by herringbone chips at the flow rate of 1 mL/h. Error bars show standard deviations (n=3).
(B) Generic concept of on-chip cell capture strategies. (C) Three-color immunocytochemistry method based on PE-labeled anti-pan-CK, FITC-labeled
anti-CD45, and DAPI nuclear staining was applied to identify and enumerate CTCs from whole blood after on-chip cell capture. (D) Representative
images of isolated CTCs from lung cancer patient #1’s blood sample stained with antibodies against cytokeratin (red), CD 45 (green) and DAPI (blue). (E)
On-chip release efficiency and cell viability by various releasing approaches. (F) Numbers of RBCs and WBCs non-specifically bound on the herringbone
chip after on-chip capture, released together with HCT116 cells after UV irradiation, and after two-step purification to deplete blood cells. (G) Cell
recovery under different number of spiked tumor cells as inputs. (H) Three-color immunocytochemistry method based on PE-labeled EpCAM, FITC-
labeled CD44 and DAPI nuclear staining was applied to identify EpCAM™CD44* and EpCAM*CD44" cells.

number and the concentration of CTCs are substantially lower (0.1-
1 cell/pl) than SCBC’s requirement. Thus, the current SCBC tech-
nology causes significant loss of target cells, and cannot possibly be
used for subsequent analysis. For this reason, an efficient on-chip cell
capture capability is greatly needed for retaining rare target cells on
SCBC, for which the enhanced PLL barcode patterning was designed.

CTC capture efficiency and enumeration in patient samples. To
evaluate the efficiency of our system, we spiked EpCAM-positive
HCT116 cells”® into healthy whole blood as the model system. Pre-
stained HCT'116 cells were spiked into PBS, lysed blood (whole blood
with lysis of RBCs) and whole blood from healthy donors to generate
cell suspensions at 200 cells/mL. 1.0 mL of cell suspension was mixed
with anti-EpCAM-PC-M’ conjugate for 25 min (PC: photocleavable

linker, M’: ssDNA, Fig. S4), and unbound conjugates and plasma
proteins were then discarded by centrifuging, followed by re-
suspending cell pellet in PBS containing 0.1% BSA to generate a
2.0 mL of cell suspension. The cell suspension was then processed
with four herringbone chips operated in a parallel-serial (2P2S)
configuration at an optimized flow rate of 1 mL/h. Each chip had a
200 mm-microchannel with high-density ssDNA (M) immobilization
(Fig. S5). Pre-stained tumor cells were then imaged and counted using
a fluorescence microscope.

Fig. 2A shows high CTC recovery based on our protocol under
different conditions. HCT116 cells spiked in PBS reaches a ~93%
recovery, which is calculated based on counting pre-stained CTCs on
the herringbone chips and in the waste (Fig. S6-58). The cell loss may
be due to those HCT116 cells with low expression of EpCAM.
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Spiking in lysed blood reaches a reduced ~89% recovery due to a
large number of surrounding WBCs and a high-rate post-capture
rinse (5 mL/h, 5 min) for washing off non-specific bound blood
cells. A capture efficiency of ~86% is achieved when spiking in whole
blood. Minimal cell loss of our method promises applications for
processing clinically-relevant blood samples. Notably, in previous
antibody-based CTC capture approaches'*"?, cell capture is driven
by surface-immobilized antibody to cell surface maker interactions
(heterogeneous cell capture). However, in this study, CTCs are cap-
tured firstly by free ssDNA-antibody conjugates in the solution phase
(homogeneous cell capture), and then by the increased avidity of the
multivalent conjugates for the complementary DNA strands on the
microarray through cooperative binding (Fig. 2B). Previous stud-
ies’*' demonstrated that this homogeneous method exhibited
higher cell capture efficiency than the heterogeneous method. This
is owing to a greater range of orientations the antibodies may adopt
in solution compared to the much more limited range when they are
immobilized on the surface, which ultimately results in an enhanced
binding between conjugates and cell surface marker in solution.

After validation of the CTC capture device and protocol (Fig. 2C),
we processed blood samples from metastatic lung cancer patients. A
4-mL blood sample was taken from patients for CTC enumeration
and single-cell secretion profiling (see Supplementary Methods).
2 mL of blood sample was firstly centrifuged to remove plasma,
followed by mixing with ssDNA-antibody conjugates and on-chip
CTC capture. CTCs were enumerated based on CK-positive, CD 45
negative and DAPI positive criteria. Based on this classification,
putative CTCs were successfully detected in all lung cancer patients,
ranging from 10 to 35 CTCs in 2mL of whole blood (Table 1 and
Fig. 2D), while healthy subjects had negligible CTCs count (0-1) (Fig.
S9, Table S2). In a parallel experiment, the other 2 mL blood sample
was processed with the system for CTC capture, purification and
single-cell detection of secreted proteins.

CTC release efficiency. Intact release of captured CTCs without harsh
conditions is critical for downstream molecular and functional analysis,
which is technically challenging due to strong cell binding to the
antibody-functionalized surfaces™. In previous studies, cell release was
achieved by trypsinization that degrades all cell surface proteins®, a high
flow rate combined with trypsinization that yields a ~60% release®, a
chemically grafted thermosensitive polymer network on silicon
nanowire substrates that is very labor-intensive®, and an aptamer-
based capture in where released is mediated by nuclease®. In this
study, we integrate a photocleavable moiety in the ssDNA-encoded
antibody conjugates for cell release. To optimize the cell release
efficiency and viability, we investigated various release methods,
including high fluid shear stress, trypsinization, and digestion of
DNA by deoxyribonuclease or restriction endonuclease. The release
efficiency is defined as the ratio of the number of cells released to the
number of cells captured. Viability of released cells is measured to in the
meantime (Fig. S10). As shown in Fig. 2E, a release efficiency of ~90%
is achieved after 10 min of photoirradiation (365 nm, 1.2 mW/cm?)

with a cell viability of ~88% (Fig. S11). A 15 min photoirradiation
increases cell recovery to ~95%, while viability of released cells is
decreased to ~82%. Compared with other methods such as high flow
rate washing, trypsinization, DNase I and restriction endonuclease
(EcoRI, BamHI) treatment, photochemical release is an optimal
method for its simple and efficient release mechanism, limited cell
death, one-step chemistry to synthesize photocleavable conjugates,
and no interference with downstream analysis by this reagent-free
method™*.

Purity of isolated CTC population. After on-chip CTC capture, a
5 mL/h post-capture rinse is used to wash off non-specifically bound
blood cells on the herringbone chips. Among separate studies, we
found that there were 432-2050 WBCs (mean 1109) and 513-2100
RBCs (mean 1342) on the selection surface of the chips (200 mm
long and 1.0 mm wide), as shown in Fig. 2F. A mixture of CD 45 and
CD 15-coated immunomagnetic beads are then introduced in the
microchannles and incubated with non-specifically bound WBCs.
Following photoirradiation and high-rate flow, blood cells non-
specifically bound on the selection surface are released with
photocleaved CTCs simultaneously. 754 WBCs (range 368-1151)
and 940 RBCs (range 128-1680) were found released with CTCs
(Fig. 2F). For purification, released cells are firstly transported to a
spiral chip for RBC isolation at an optimized flow rate of 12 mL/h
(Fig. S12, S13), and then flowed through microfluidic channels
sitting on a set of magnets for depletion of WBCs (Fig. S14)'.
After blood cell depletion, released blood cells from each
herringbone chip were reduced to ~18 WBCs (range 4-36) and
~1 RBC (range 0-2) and CTC recovery of release and purification
was determined to be ~84% (Fig. 2G). The total recovery of spiked
HCT116 cells from whole blood reached closed to 72% (Fig. 2G and
Fig. S15), and total ‘contamination’ blood cells were lower than 75
because four herringbone chips were used for CTC isolation. This
degree of CTC cell purity is ~5-20 fold better than that obtainable
with present devices'>™'>"7, suitable for further functional proteomic
analysis. In addition, this two-step purification procedure doesn’t
need costly materials and sophisticate fabrication®*.

Selection of phenotypic subset of CTCs. Importantly, the
photocleavable ssDNA-encoded antibody-based strategy allows for
selection of a subset of CTCs with specific phenotypes defined by a
combination of cell surface markers. In colorectal cancer,
EpCAMM®CD44* cell were suggested as cancer stem cell
phenotype*'. To select EpCAM*CD44" tumor cells from whole
blood samples (Fig. S16), we firstly incubate anti-EpCAM-PC-M’
conjugate with whole blood, and then process with M-immobilized
herringbone chips to capture EpCAM™ cells. Upon photochemical
release of EpCAM™ cells, EpCAM*CD44" cells are captured on a
new herringbone chip with pre-coating of anti-CD44-PC-L’
conjugates at a total recovery of ~23% (Fig. 2A, 2H), which can be
further photochemically released. EpCAM*CD44~ cells in the
solution reach a recovery of ~48%. As a result, our platform
provides a powerful tool in isolating specific phenotypic subsets of

Table 1 | Clinico-pathological characteristics and CTC enumeration of metastatic lung cancer patients. Total CTC number is enumerated in
2 mL of patient’s blood sample based on DAPI+/CK+/CD 45- criteria. Secreting CTCs refer to isolated and purified CTCs with VEGF
secretion in another 2 mLblood sample taken from the same patient. (SCC: Small cell carcinoma; *One microchamber contains two cells and

we count as one secreting cell.)

CTCno./2 mL
Patient # Age Sex Histology Cancer Stage Receiving Treatment Total CTC no. Secreting CTC no.
1 68 M SCC % Yes 28 5
2 79 M Nee 1[12) Yes 26 8
3 60 F SCC 1% Yes 10 2%
4 70 M SCC v Yes 35 12
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Figure 3 | Single-cell secretomic data of isolated CTCs. (A) On-chip cell capture by PLL barcode patterns located in microchambers of SCBC. Top left,
~50,000 cells added as input and captured by single 20 pm-wide PLL stripe. Top right, ~500 cells added as input and captured by double 20 pm-wide
PLL stripes. Each microchamber is labeled with numbers that reflect the number of cells captured in the microchamber. Bottom, viable tumor cells
captured by PLL barcode pattern on the SCBC show green fluorescence after staining with calcein AM. (B) Drawing of the ssDNA-encoded primary
antibody and PLL barcode array used for capture of rare tumor cells and secreted proteins from single- or few-cells, and then developed for the detection
of those proteins. SA: streptavidin. (C) Top, representative scanned images of barcode signals from single-cell chambers of EpCAM*CD44" cells. Green
bars represent location reference, and red bars are protein signals. Bottom, representative images of EpCAM *CD44™ cells captured by PLL barcode
pattern in microchambers. (D) Scatter plots of assayed levels of IL-8 and VEGF for individual microchambers containing zero, one or two HCT116 cells
(+/+:EpCAM*CD44" cells; +/-: EpCAM*CD44" cells). Single- or two-cell microchambers with intensities of IL-8 and VEGF lower than 125 are
attributed to dead tumor cells or ‘contaminated’ WBCs, and thus not displayed in the scatter plots. The averaged fluorescence intensity (y axis) with SD is
overlaid for each protein. Statistical uniqueness is evaluated by two-tailed Student’s t-test assuming unequal variance (***P < 0.0001; **P<<0.005;
*P<<0.05; NS, not significant). (E) Scatter plots of single-cell IL-8 versus VEGF derived from SCBC measurements on EpCAM*CD44" cells and
EpCAM*CD44" cells. The gates separating cytokine or growth factor-secreting and nonsecreting cells are determined from 0 cell microchamber
(background) measurements (blue). (F) Left, representative fluorescence images of isolated CTCs from patient #4’s blood sample (2 mL) stained with
antibodies against cytokeratin (red), CD 45 (green) and DAPI (blue). Right, scatter plots of IL-8 versus VEGF derived from SCBC measurements on CTCs
that were isolated and purified from patient #4’s another 2 mL blood sample.

IL-8
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rare cells, representing a unique advantage over other antibody-
based CTC capture approaches.

Single-cell secretion profiling of isolated CTCs. After capture-and-
release, purified CTCs are then transported to SCBC for single-cell
secretomic analysis. SCBC contains 2720 microchambers, and each
microchamber accommodates single or a defined number of cells. To
avoid significant cell loss during the cell loading step, we developed
an enhanced PLL coating (Mw = 300,000) in the format of barcode
(20 pm wide) on the glass substrate with function of adhering rare
target cells from the solution based on electrostatic interaction
between polyanionic cell surfaces and the polycationic layer of
immobilized polylysine (Fig. 3A). The height of microchannel is
designed to be close to the size of cells, allowing sufficient contact
with the PLL barcodes. In the experiment, we found the cell
attachment took place as soon as the cells made contact with the
surfaces of PLL barcodes. For a solution containing less than 1000
cells, the on-chip capture efficiency is found to be close to 55%.
Meanwhile, staining PLL barcode-retained cells on SCBC exhibits
>80% viability (Fig. 3A), demonstrating that isolated CTCs are not
damaged during the cell purification process. After cell loading, the
captured cells are cultured inside the microchambers for 6 h,
followed by loading a detection antibody mixture and the
fluorescent probes to complete the on-chip immunoassay
(Fig. 3B). We assayed IL-8 and VEGEF in this study because of their
association with formation of metastases and poor prognosis in
colorectal cancer*>*.

As a proof-of-concept experiment, we spiked ~2000 HCT116
cells in 1 mL of whole blood as a model system. We isolated and
purified EpCAM*CD44" and EpCAM*CD44~ HCT116 cells from
the whole blood, as described before, followed by secretomic profil-
ing on a PLL-patterned SCBC (Fig. S17 and S18). We successfully
assayed 140 single cells, 34 two-cell chambers from EpCAM*CD44*
cells, and 213 single cells, 76 two-cell chambers from
EpCAM™CD44" cells, as well as 25 representative zero-cell chambers
after 6 h of on-chip culture (Fig. 3C). It’s worthwhile to note that the
number of proteins detected can be easily expanded to ~12 func-
tional proteins as reported before'®, given they are identified by spa-
tial locations of the barcode rather than fluorescence colors.
Secretomic data, when binned according to the numbers of cells
per chamber, yield statistically distinct protein signals (Fig. 3D).
Most notably, single-cell protein signals could be clearly detected,
and there is also clear separation of secreting and non-secreting cells,
as visualized by in Fig. 3E. We gated the fraction of cells detected to
secrete a given protein using background signals from empty cham-
bers. Single-cell analysis shows that 23.6% and 23.9% of single cells
(Fig. 3E) are identified as non-secreting cells in EpCAM*CD44" and
EpCAM*CD44~ phenotypes, respectively, indicating dead tumor
cells or contaminated WBCs. An estimated of 76% of single cells
are found to secrete detectable VEGF, characteristic of viable tumor
cells. The abundance of IL-8 and VEGF secreted from
EpCAM™CD44~ cells, averaged over viable single cells, are greater
than those from EpCAM™CD44™ cells, in agreement with measure-
ments of these same proteins from cell culture supernatants (Fig.
S19). Further biological studies are warranted to explain the higher
expression levels of VEGF and IL-8 in EpCAM*CD44~ HCT116
cells. Coefficients of variation of IL-8 and VEGF levels from
EpCAM*CD44" cells are higher than those from EpCAM*CD44"
cells (Fig. S20), indicating greater functional heterogeneity in the
EpCAM™*CD44~ phenotype.

Patient sample measurement. Finally, single-cell secretomic
analysis was conducted on CTCs isolated and purified from 2 mL
of blood sample that was taken from metastatic lung cancer patients.
For patient #4, we identified 39 cell-containing microchambers on
the PLL barcode-patterned SCBC and 12 of them (all containing
single cells) exhibited significant and heterogeneous signals of IL-8

and VEGF, characteristic of 12 viable and secreting CTCs detected on
SCBC (Fig. 3F). The remaining 27 non-secreting cells were either
CTCs that were not functional (dead cells or non-secreting cells) or
contaminated WBCs. By contrast, in a separate experiment of CTC
enumeration, 35 putative CTCs were identified in 2 mL of blood
sample from the same patient based on the DAPI+/CK+/CD45-
criteria (Table 1). 5, 10 and 2 secreting CTCs were identified in 2 mL
of blood samples from patient #1, #2, and #3, respectively, and 28, 26,
10 putative CTCs were enumerated based on immunostaining in
parallel experiments (Fig. S21).

Discussion

This study shows an integrated microfluidic system that permits
isolation of rare CTCs or a specific phenotypic subset of those
CTCs from whole blood samples with high recovery (>70%) and
high purity (<75 ‘contamination’ blood cells), and single-cell secre-
tomic analysis of those isolated CTCs, resolving the functional states
and the heterogeneity of CTCs. Different from previous investi-
gations of CTCs that focuses on enumeration, the detection of gen-
etic aberrations, and the identification of cell surface markers,
secretomic profiles of CTCs represent a functional assessment
because secreted proteins are found associated with formation of
metastases and poor prognosis in cancer***’. Obviously, this system
enables quantitative measurement of secreted proteins from extra-
ordinarily rare CTCs in patients’ blood samples with single-cell
resolution.

Although this system consists of four previously reported micro-
fluidic chips, two material modifications are vital in overcoming
technical bottlenecks and therefore realize streamlined operation
of CTC capture, purification and single-cell functional analysis.
First, photocleavable ssDNA-antibody conjugates are utilized to
achieve high-efficient CTC capture-and-release, enabling sub-
sequent purification for retrieving a CTC population with high-
purity. Second, an enhanced PLL barcode pattern is created to
efficiently recapture those extraordinarily rare CTCs on SCBC from
a large volume of working solution for subsequent single-cell secre-
tomic analysis. Although a 55% of on-chip cell capture efficiency is
not ideal, it represents a big improvement compared with the current
SCBC technology that cannot analyze extraordinarily rare cells due
to significant loss of target cells during the cell loading step.

We have shown this system can select phenotypic subsets of CTC
population based on surface marker combination and identified dif-
ferent secretomic signatures of phenotypic subsets. This might help
to uncover specific phenotypes associated high invasiveness and
capability of generating metastases. More important, our system
has successfully characterized the functional states and heterogeneity
of CTCs that are present in the cancer patients’ blood samples. These
CTCs exhibit highly heterogeneous levels of secreted IL-8 and VEGF,
and the numbers of secreting CTCs are found not in accordance with
CTC enumeration based on immunostaining in the parallel experi-
ments. Although only two secreted proteins (IL-8 and VEGF) were
assayed to demonstrate the concept in this study, the number of
proteins detected can be easily expanded to ~20 or more functional
proteins as reported before*>*, delivering more critical and unique
information associated with cancer metastasis and clinical prognosis.
In spite of larger clinical studies that are warranted to further validate
our approach and explore the clinical value of CTCs’ secretomic
profiles, our approach and system represent an advance in quant-
itative functional characterization of CTCs.

Additionally, the SCBC technology can also be used to monitor
intracellular signaling pathways of CTCs. Previous studies have been
limited by low protein recovery from rare CTCs*. SCBC is able to
measure the quantity and functional state (such as phosphorylation)
of a panel of surface markers, intracellular signaling proteins and
secreted proteins at the single-cell level*~*, and thus significantly
enhances the information retrieved from CTC analyses.
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Methods

Herringbone chip fabrication and modification. The herringbone microfluidic
chips employed for rare cell capture were fabricated based on previous studies®. The
patterned silicon mold was produced by a standard two-step photolithographic
process. Each layer was 50 um of negative photoresist SU8-2050 (MicroChem Corp.,
USA). The PDMS pre-polymer (Sylgard 184, Dow Corning, USA) was mixed in a
ratio of 10: 1, and subsequently casted on this lithographically patterned replicate.
After curing at 80°C for 2 h, the PDMS component was separated from the replicate,
followed by trimming and hole introduction. To chemically modify the PDMS device,
the microfluidic channels were treated with O, plasma (PDC-32G, Harrick Plasma,
USA) to create silanol groups, followed by treatment of 4% (v/v) solution of (3-
Aminopropyl)trimethoxysilane (Sigma-Aldrich, USA) in ethanol for 1 h at room
temperature. Finally, the amoni-group-modified PDMS chip was thermally bonded
to a poly-L-Lysine (PLL) coated glass slide (Thermo Fisher Scientific Inc., USA). To
immobilize DNA on the internal wall of the device, a mixture (1:1 v/v) of amine-
modified DNA solution (300 pM, in DMSO) and 2 mM BS3 (in PBS, Thermo
Scientific, USA) was filled into the device and flowed for 1.5 hours. The device was
then stored in a sealed Petri dish with damp cotton for 1.5 hours, followed by washing
with 0.02% SDS (in water) and deionized Millipore water. BS3 crosslinks amine-
modified DNA with glass substrate and PDMS that are also modified with amine
groups.

Single-cell barcode chip fabrication. The SCBC was assembled from a DNA barcode
microarray glass slide and a PDMS slab containing a microfluidic circuit'*. The PDMS
microfluidic chip for the single-cell experiment was fabricated using a two-layer soft
lithography approach. A push-down valve configuration was utilized with a thick
control layer bonded to a thin flow layer underneath. The barcode-patterned glass
slide was composed of DNA barcode for detection of secreted proteins and polylysine
patterns for on-chip cell capture.

Fabrication of DNA and poly-L-lysine barcodes. The DNA and PLL barcode
pattern was created with microchannel-guided flow patterning. The barcode
patterning chips were fabricated based on previous studies', containing a 20-
microchannels array (20 pm in width and 30 pm in height). After bonding of PDMS
device to the PLL-coated glass substrate, a library of DNA solutions (C, D, and M),
diluted in a mixture of DMSO and deionized water (v/v=1:2) with a final
concentration of 267 UM, as well as 0.2 w/v% PLL solution (Mw = 300,000, Sigma-
Aldrich) were flowed into each of the microfluidic channels. The solution-filled chip
was placed in a desiccator to allow solvent to evaporate completely through the gas-
permeable PDMS. Lastly, the PDMS elastomer was removed from the glass slide, and
the barcode-patterned DNA was cross-linked to the glass surface by thermal
treatment at 80°C for 4 hours.

Immunofluorescence staining. Captured tumor cells on the herringbone chips were
fixed with 4% paraformaldehyde and subsequently permeabilized with 0.2% Triton
X-100 in 1% BSA, all in PBS. Cells were immunostained with phycoerythrin (PE)-
conjugated anti-pan cytokeratin (CK) and FITC-conjugated anti-CD45 (BD
Biosciences, USA) overnight at 4°C and washed twice with PBS before imaging.
Nuclei were stained with DAPI (Sigma-Aldrich, USA).

System characterization. 1 mL of whole blood sample from healthy donor spiked
with EpCAM-positive HCT116 cells was employed as the model system to
characterize the integrated microfluidic system. See Supplementary Methods for
details.

Sample preparation and clinical sample measurement. Blood samples were
obtained from healthy donors and metastatic lung cancer patients in Ruijin Hospital
and Shanghai Municipal Hospital of Traditional Chinese Medicine with informed
consent. The clinical sample collection was carried out in accordance with the
guidelines and protocols approved by the Ethics and Scientific Committees of both
institutions. A total of 10 blood samples (4 from lung cancer patients and 6 from
healthy donors) were obtained at the middle of vein puncture after first 3 mL of blood
was discarded. All blood samples (4 mL taken from patients, and 2 mL taken from
healthy donors) were collected into EDTA-contained vacutainer tubes and were
processed within 6 h. A volume of 4 mL peripheral blood from patients was equally
divided into two parts for CTC enumeration and single-cell secretion profiling. CTCs
were captured via a cocktail of photocleavable ssDNA-antibody conjugates (PC-M’-
EpCAM, PC-M’-EGFR, PC-M’-HER2 and PC-M’-CD44) and a herringbone chip
with a 400 mm-long microvotex-generating channel. All steps were as same as
described in proof-of-concept experiments. See Supplementary Methods for details.
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