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Due to the heterogeneous and variable drug sensitivity of tumor cells, real-time monitoring of a patient’s
drug response is desirable for implementing personalized and dynamic therapy. Although considerable
efforts have been directed at drug screening in living cells, performing repeated drug sensitivity analysis
using patient-derived primary tumor cells at the single-cell level remains challenging. Here, we present
an efficient approach to assess phenotype-related drug sensitivity at the single-cell level using patient-
derived circulating tumor cells (CTCs) based on a drug sensitivity microfluidic chip (DS-Chip). The DS-
Chip consists of a drug gradient generator and parallel cell traps, achieving continuous single CTC
capture, drug gradient distributions, drug stimulation, fluorescent probe labeling and three-color
fluorescence imaging. Based on the established DS-Chip, we investigated the drug sensitivity of single
cells by simultaneously monitoring epithelial-mesenchymal transition (EMT) biomarkers and apoptosis in
living cells, and verified the correlation between EMT gradients and drug sensitivity. Using the new

approach, we further tested the optimal drug response dose in individual CTCs isolated from 5 cancer
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time measurements of the drug sensitivity of a patient's tumor cells during therapy. This developed
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Introduction

Tumor heterogeneity, not only individual variability among
patients but also intratumoral cell heterogeneity, is regarded as
a major obstacle to successful cancer treatment.“ This char-
acteristic always leads to differences in clinical curative effects,
and sometimes only a subset of patients respond to specific
anticancer drugs.®* Thus, personalized medicine, in which
appropriate treatment decisions are customized based on
individual cases, is promising. Drug sensitivity analysis for
cancer chemotherapy is an important part of preclinical
personalized medicine. To date, considerable efforts have been
directed at precision medicine. Most drug screening
approaches generally rely on large-scale studies in populations
with heterogeneity in individual patient differences.*® However,
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this approach is still not ideal, because the results are obtained
based on bulk analysis of a large number of cells, which
neglects cellular heterogeneity within a patient, leading to the
masking of specific cell information. To solve this problem,
several single-cell drug screening systems for the analysis of
cancer cell lines were established.”"® However, drug sensitivity
evaluations in cell lines cannot truly recapitulate the specific
conditions in clinical patients because of the inherent hetero-
geneity of actual tumor cells and the difference between the
tumor microenvironment and in vitro culture conditions.™
Thus, patient-derived primary cells are more suitable than cells
lines for single-cell drug screening. However, primary tumor
cells are always obtained via surgery. This invasive method
cannot meet the requirements of real-time drug sensitivity
analysis.

Circulating tumor cells (CTCs) are primary cancer cells that
are shed from either primary or secondary tumors and serve as
a liquid biopsy tool for cancer diagnostics and therapeutic
assessment.”™* CTCs could be a good candidate for drug
screening analysis at the single-cell level due to their advantages
of noninvasive and easily repeated acquisition. Furthermore,
the number and phenotype of CTCs can closely reflect tumor
progression and the patient's response to the drug.">” Several
studies have noted the value of CTC monitoring and pheno-
typing during therapies and their use in anticancer drug
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screening systems. For example, compelling evidence clearly
supports that the epithelial-mesenchymal transition (EMT)
process in CTCs endows them with resistance to chemotherapy
and immunotherapy, revealing a close correlation between drug
sensitivity and the EMT phenotype.'®"” However, the use of
single CTCs for drug sensitivity analysis has not been widely
studied. This approach is limited mainly by technical chal-
lenges: first, high efficiency pre-enrichment methods for CTCs
are required due to the rarity (parts per billion) of CTCs in
blood; second, an integrated platform is required to avoid cell
handling losses for single CTC drug sensitivity analysis.

Microfluidic technology is a useful tool for the isolation and
characterization of rare CTCs, because of its unique merits of
high capture efficiency, high throughput and single cell
micromanipulation ability.>** In addition, this technology can
offer multiple advantages for drug sensitivity analysis,
including controllable operation of the fluidic system, easy
integration of the unit structures and low consumption of
reagents.” In this work, to assess the phenotype-related drug
sensitivity of single CTCs for drug evaluation, we proposed
a drug sensitivity microfluidic chip (DS-Chip) illustrated in
Scheme 1, which consists of a drug gradient generator and
parallel cell traps, and achieves continuous drug gradient
distributions, single CTC capture, drug stimulation, fluorescent
probe labeling and three-color fluorescence imaging. Based on
the established DS-Chip, we investigated the drug sensitivity of
single cells through simultaneous monitoring of EMT
biomarkers and apoptosis in a variety of tumor cell lines, and
verified the correlation between EMT gradients and drug
sensitivity. Finally, we tested the optimal drug response dose in
individual CTCs isolated from cancer patients through fluo-
rescence analysis of EMT and apoptosis. The results showed
that the proposed method could be used to monitor a patient's
drug response in real time during the course of treatment,
search chemoresistant cell subpopulations and guide drug
therapy.

Results and discussion
Device design and characterization

The DS-Chip is illustrated in Scheme 1. It couples an upstream
drug gradient generator with downstream parallel single-cell
traps. The microfluidic gradient generator is composed of 3-
stages of branched channels to generate a concentration
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Scheme 1 Schematics showing the workflow for phenotype-related
drug sensitivity analysis of single CTCs using the DS-Chip.
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gradient that varies between the parallel branches. The first
stage is composed of two inlets followed by an array of three
parallel branched channels. At each subsequent stage, the
number of branched channels is increased by one. At the end of
each branched channel, the solution is split into two branches
and solutions stemming from adjacent branches are mixed in
the next stage. The gradient generator is successively connected
to arrays of single-cell traps by exit microchannels. The
dimensions of the microfluidic channels in the DS-Chip are
described in Fig. S1.f The DS-Chip supports multiple on-chip
processes involving drug dilution, single-cell capture, cell
stimulation, fluorescence labeling and imaging analysis. To
verify the gradient produced in the branched channels, PBS
buffer and fluorescein isothiocyanate (FITC) were simulta-
neously injected into the two inlets of the DS-Chip with
a syringe pump. As the FITC fluorescence signal was propor-
tional to the FITC concentration, it was measured by fluores-
cence microscopy, and the gradient profile of signal intensity
from the 5 gradient generators was obtained. As shown in Fig. 1,
we observed the formation of an obvious intensity gradient
depending on the FITC concentration gradient, and verified
FITC dilution ratios of 0, 25%, 50%, 75% and 100%.

The cell capture yield was investigated by comparing the
number of trapped cells in the DS-Chip to the number of
injected cells. An MCF-7 cell suspension was injected into the
DS-Chip via the two inlets. Due to spatial hindrance, the cells
were intercepted and directed into the parallel single-cell traps.
First, the effect of flow rates was tested (Fig. 2A). For a flow rate
of 30 pL min~*, the cells tended to settle in the inlet reservoir
due to gravity. However, at a higher flow rate of 70 L min™,
cells experienced high shear stress and sometimes could
squeeze through the 8 pm wide slit in the traps. The optimal
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Fig. 1 Characterization of the generation of a linear FITC concen-
tration gradient. (A) Schematic of the DS-Chip containing a concen-
tration gradient generator and parallel single-cell traps. (B)
Fluorescence images of FITC distribution in the parallel micro-
channels. The scale bar represents 100 pum. (C) Analysis of the FITC
concentration gradient in the parallel microchannels. The error bars
show the standard deviation of three replicates.
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Fig. 2 Characterization of the cell capture yield. (A) Dependence of
the cell capture yield on the flow rates. (B) Dependence of the cell
capture yield on the cell density. (C) Representative image of single
cells trapped after injection of 1 x 10% cells per mL into the chip.
(D) Representative image of multiple cells trapped after injection of
1 x 10° cells per mL into the chip. The error bars show the standard
deviation of three replicates.

flow rate was determined to be 40 uL min~' to 60 uL min*,

producing a capture yield of greater than 86.8%. We ultimately
selected a flow rate of 40 pL min ', with a high single-cell
capture yield of 91.8%, for cell injection. In addition, we
found that for an injection flow rate of 40 uL min~", the use of
an increased number of cells from 5 x 10> cells per mL to
1 x 10° cells per mL had little effect on the capture yield
(Fig. 2B). However, the cell density may affect the probability of
a single cell being located in the traps (Fig. 2C and D). For a cell
density of 1 x 10" cells per mL, the probabilities of zero cells,
one cell, two cells or more than two cells being located in a trap
were 11.42 + 2.6%, 72.08 £ 1.3%, and 16.50 £ 3.1%, respec-
tively. For injections of a higher cell density, the possibility of
multiple cells being located in one trap increases. Considering
the rarity of CTCs in blood, the capture of single CTCs can be
guaranteed under the under experimental conditions.

Evaluating the influence of EMT on drug efficacy

To evaluate the relationship between EMT and drug efficacy, we
investigated the drug sensitivity of standard tumor cell lines
during EMT progression by fluorescence imaging analysis of
EMT biomarkers and apoptosis. First, we tested the feasibility of
the probes for monitoring EMT and apoptosis progression. The
epithelial cell model (MCF-7 cells) and mesenchymal cell model
(MDA-MB-231 cells) were imaged after labelling with TAMRA-
EpCAM and Alexa 647-N-cadherin. Fig. S21 shows that the
blue fluorescence signal representing EpCAM was stronger and
the red fluorescence signal representing N-cadherin was weaker
in MCF-7 cells than in MDA-MB-231 cells. These results are
consistent with the observations of previous reports, confirming
that these two EMT probes can visually detect EMT progression
in living cells. Using these two EMT probes, we also monitored
the dynamic EMT process in MCF-7 and PANC-1 cells triggered
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by TGF-B (Fig. S31). Curcumin, a natural phenolic compound
extracted from turmeric root, has been applied extensively
because of its antiproliferative and anti-inflammatory activities
and was selected to induce apoptosis of MCF-7 cells in this
study. The process of apoptosis was visually monitored by the
annexin V-FITC Apoptosis Detection Kit (Fig. S41). The obvious
green fluorescence signal observed in the curcumin-treated
group suggests MCF-7 cell apoptosis induced by curcumin.
However, curcumin did not affect the expression of EpCAM and
N-cadherin.

We also explored the different effects of a specific concen-
tration of curcumin (20 uM) on MCF-7 cells with different EMT
gradients. MCF-7 cells were sorted into two parallel groups and
received different treatments (group 1, curcumin; group 2,
pretreatment with TGF- followed by curcumin). Then EMT and
apoptosis progression were monitored by three-color fluores-
cence imaging. The results are shown in Fig. 3A. Compared with
cells treated with curcumin only, cells in group 2 showed greater
activity, suggesting that the efficacy of curcumin was hampered
when MCF-7 cells underwent EMT. Due to heterogeneity
between the cell lines, opposite results were obtained in PANC-1
cells (Fig. 3B); these results suggested that the efficacy of cur-
cumin was improved after PANC-1 cells underwent EMT. The
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Fig. 3 Confocal images of EpCAM, N-cadherin and annexin V fluo-
rescence in MCF-7 cells (A) and PANC-1 cells (B) cell viability analysis of
MCEF-7 cells (C) and PANC-1 cells (D). The scale bar represents 20 um.
The error bars show the standard deviation of three replicates.
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results of the above experiments illustrate that the drug sensi-
tivity of tumor cells can indeed be affected by EMT.

We next evaluated the effect of curcumin concentrations on
the proliferation of MCF-7 cells and PANC-1 cells under three
EMT gradients using a Cell Counting Kit-8 (CCK-8). The two cell
lines were pretreated with TGF-B (0, 5, and 20 ng mL™ ") to
produce three EMT gradients, and were then incubated with
curcumin (0-50 uM). The results (Fig. 3C and D) showed that
curcumin inhibited the proliferation and induced the apoptosis
of cells under each EMT gradient in a dose-dependent manner.
In addition, these two epithelial cell lines exhibited opposite
responses to curcumin during the EMT process. As EMT pro-
gressed, MCF-7 cells gradually acquired drug resistance, while
in PANC-1 cells, the efficacy of curcumin was enhanced after
EMT. Thus, evaluating the degree of EMT before drug treatment
is highly important to maximize drug efficiency.

On-chip evaluation of drug sensitivity of single cells

We established an on-chip method based on the DS-Chip for
assessing the drug sensitivity of single cells to study the effect of
EMT on drug sensitivity. An MCF-7 cell suspension was injected
into the chip, and single cells were captured in each individual
single-cell trap. Then, the cells were pretreated with TGF-B at
different concentrations formed by the gradient generator, and
five EMT gradients were formed in the parallel single-cell trap
channels. Then, the cells in the five channels were simulta-
neously stimulated with the same concentration of curcumin
(20 uM). Probes (TAMRA-EpCAM, Alexa 647-N-cadherin and
annexin V-FITC) were injected into the chip for on-chip fluo-
rescent labeling, and confocal fluorescence imaging of indi-
vidual cells was then conducted. As shown in Fig. 4, the

Channel 1

Channel2 Channel3 Channel4 Channel 5

Annexin N-cadherin EpCAM

Overlay

Fig. 4 Confocal images of EpCAM, N-cadherin and annexin V fluo-
rescence in single MCF-7 cells captured in the DS-Chip. Cells were
pretreated with TGF-B to establish the EMT gradient from channel 1 to
channel 5, and were subsequently treated with curcumin treatment.
The scale bar represents 20 pm.
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expression of EpCAM gradually decreased from channel 1 to
channel 5, while that of N-cadherin gradually increased, indi-
cating the establishment of TGF-B-induced EMT gradients. The
green fluorescence intensity decreased dramatically with
increasing EMT gradient, suggesting that EMT-induced drug
resistance in MCF-7 cells.

Screening of the optimum drug dose at the single-cell level

To evaluate the practicality of the method, we aimed to evaluate
the optimum drug response dose based on the EMT phenotype
at the single-cell level. After MCF-7 cells were trapped and
stimulated with TGF-B in the DS-Chip, PBS and curcumin were
separately injected into the chip to establish a curcumin
concentration gradient. As shown in Fig. 5, MCF-7 cells showed
different degrees of apoptosis as the curcumin dose increased
proportionally from channel 1 to channel 5. Notably, the green
fluorescence signal began to become apparent in channel 3.
These results showed that the cells in channel 3 had apoptotic
characteristics, while the cells in channels 1 and 2 did not show
apoptosis, and the cells in channels 4 and 5 showed significant
apoptosis, suggesting an insufficient drug dose to the cells in
channels 1 and 2, an overdose to the cells in channels 4 and 5,
and the optimum drug dose to the cells in channel 3. Thus, we
speculate that compared with existing methods, the established
method has the potential for higher-throughput screening of
drugs and optimum doses at the single-cell level based on the
EMT phenotype. In our experiment, we further choose doxoru-
bicin (DOX) as a model drug since it is a commonly used
chemotherapeutic drug in clinical treatment. Due to overdose
of DOX can induce cardiotoxicity and hepatotoxicity, we aimed
to screen the optimum dose at the single-cell level to maintain

Channel 1 Channel2 Channel3 Channel4 Channel 5

N-cadherin EpCAM

Annexin

Overlay

BF

Fig. 5 Confocal images of EpCAM, N-cadherin and annexin V fluo-
rescence in single MCF-7 cells captured in the DS-Chip. Cells were
pretreated with 10 ng mL™! TGF-B to induce EMT, and were then
treated with different concentrations of curcumin treatment. The scale
bar represents 20 pm.
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its inhibition capability to CTCs but is non-toxic to healthy cells.
After MCF-7 cells were trapped and stimulated with 10 ng mL ™"
TGF-B for three days in the DS-Chip, PBS and 2 uM DOX were
separately injected into the chip to establish a DOX concentra-
tion gradient. As shown in Fig. S5, MCF-7 cells in channel 2
began to show apparent apoptosis, suggesting the optimum
drug dose is 0.5 uM.

Drug sensitivity analysis of single CTCs

Finally, we performed an EMT-related drug sensitivity analysis
of single CTCs from cancer patients (Table S1T) to provide
clinically relevant drug resistance data that may eventually be
utilized for personalized drug administration. According to our
previous method, CTCs were isolated from blood samples and
defined by protein expression of EpCAM and/or N-cadherin.”®
We further identified the isolated cells as tumor cells by KRAS
gene mutation analysis through Sanger sequencing (Fig. S67).
Next, the isolated CTCs were injected into the DS-Chip and
captured randomly in five parallel single-cell trap channels.
Based on the proposed method, we tested the sensitivity of
single CTCs from each patient to different curcumin concen-
trations in order to explore the optimal curcumin response dose
(Fig. 6). After on-chip stimulation of the CTCs with different
concentrations of curcumin, we counted the number of
surviving CTCs and apoptotic CTCs in each channel (Fig. 6A). As
the curcumin dose increased, the number of surviving CTCs

30
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Fig. 6 (A) Analysis of clinical samples. (a) CTC count profile of patients
(n = 5; patient 1 and patient 2, gastric cancer; patient 3 and patient 4,
colon cancer; patient 5, liver cancer). (b) CTCs from one patient were
randomly trapped in 5 channels. (B) Image of single CTCs from
a specific patient trapped in channel 1. (C) Confocal images of EpCAM,
N-cadherin and annexin V fluorescence in three representative CTCs
captured in the DS-Chip. The images were acquired after the CTCs
were stimulated on the chip with the same curcumin concentration
used in channel 2. The scale bar represents 20 pm.
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decreased. We defined the optimal curcumin dose as that for
which all CTCs showed apoptosis. Even across the same tumor
type, the optimal drug dose varied significantly, illustrating the
effect of tumor heterogeneity on drug administration in
patients. Fig. 6B shows a CTC trapped in a channel of the DS-
Chip. Fig. 6C shows the three-color images of three represen-
tative CTCs with different EMT phenotypes from one patient
under treatment with the same curcumin concentration. For
this patient, CTCs with mesenchymal characteristics were more
sensitive to curcumin treatment than CTCs with epithelial
characteristics. In addition, we also explored the responses of
CTCs with similar degrees of EMT to different drug concentra-
tions on the DS-Chip simultaneously. Fig. S71 shows that with
the increase in curcumin concentration from channel 1 to
channel 5, the green fluorescence intensity reflecting CTC
apoptosis was gradually enhanced; the optimal response dose
may be determined through fluorescence analysis of EMT and
apoptosis.

Conclusions

In summary, we presented an efficient approach based on the
integrated DS-Chip to assess drug sensitivity at the single-cell
level using patient-derived CTCs. Using the DS-Chip, we
analyzed drug sensitivity under various EMT gradients at the
single-cell level to research the relationship between EMT and
apoptosis. Then, we determined the optimal drug response
dose in CTCs from cancer patients. This developed method
could be used for noninvasive analysis of the effect of a drug on
a patient's CTCs at any time during therapy. We believe that this
approach is promising for effective guidance of drug therapy for
personalized treatment.
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