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Table 1. Comparison of the sensitivity of the CTC cluster assay and conventional CTC expansion techniques. N.D., not determined.

Cancer Samples . Pre- — . Correlation to
type validated Duration Culture type enrichment Efficiency in culture treatment Reference
Breast 36 >6 months Cell lines, long-term Yes 16.70% N.D. (8)
Breast 8 <1 month or Colonies (short-term) or Yes 37.50% N.D. (7)
>Tmonth cell lines (long-term)
Colon 71 >2 months Cell lines, long-term Yes 2.80% N.D. (52)
Prostate 17 >6 months | Organoid lines, long-term Yes ~15-20% N.D. 9)
Breast 73 2 weeks Primary CTC cluster (short- No 19.6-59.3% (depending on Yes This work
term) treatment time point)

based on a short-term primary CTC culture without the need for pre-
enrichment (Fig. 1). This system uses a microfluidic assay integrated
with two components: (i) a culture component comprising custom-
designed tapered microwells and (ii) a drug assay component with
a gradient generator to carry out drug screening of different concen-
trations simultaneously on the same patient-derived sample.

The microfluidic device comprised three polydimethylsiloxane
(PDMS) layers. Each layer was obtained via a master mold, and the
leak-free and permanent assembly was achieved by bonding via oxy-
gen plasma surface activation (see Materials and Methods and fig. S1).
The topmost layer contained the tree-like gradient generator (fig. S2),
which enabled the mixing of two different chemicals to eight different
resulting concentrations (16). The intermediate layer was the channel
barrier, which prevented the fluids with different concentrations from
mixing at the cell culture region. Finally, the bottommost layer con-
tained the customized multimicrowell arrays. Each microwell had an
elliptical top section of 250 x 150 um and a depth of 150 um.

As shown in Fig. 2A and fig. S1, the three PDMS layers produced
from their master molds were assembled by using standard plasma
treatment procedures. Performance stability of the gradient generator
was ascertained by determining the concentration gradient generated
using both actual runs with fluorescence dyes (Fig. 2B) and COMSOL-
simulated flows. Deionized water and 100% dye solution were pumped
into the integrated device at different flow rates. Both fluids mixed well
in the serpentine channels and generated diluted dye solution under a
range of concentrations. After the flow in the channels reached steady
state, the fluids at the eight outlets were collected and measured for
fluorescence intensity.

To verify that the gradient generation function was independent of
dye concentration, two different dye concentrations (20 and 100 uM)
were first tested under the same flow rate of 100 ul/min. On the basis
of these calibration results (see Supplementary Materials and Methods
and fig. S3A), we converted fluorescence intensity into dye concentra-
tion. Quantification of the relative fluorescein isothiocyanate (FITC)
dye concentration in each of the eight channels confirmed that the gra-
dient distribution was in line with the mathematical calculations, which
assumed thorough mixing and negligible diffusion within the gradient
generator (table S1). The trend was constant for five different flow rates
(from 25 to 200 ul/min), suggesting that the device performed robustly
under various flow rates (fig. S3B). In the case of two reagents, they
would be mixed accordingly in the same pattern but opposing gradi-
ents, as illustrated by food dyes (Fig. 2B). Fluctuations from expected
values were present but insignificant (P < 0.05). Subsequent experiments
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were then conducted at 100 ul/min as the flow profile generated was
closest to that calculated, indicating that at this flow rate, (i) there was
thorough mixing in the serpentine and (ii) there was negligible diffusion
across the serpentines. These demonstrated that the integrated drug
screening device was able to generate consistent concentration gradient
under different flow rates and input concentrations. Using clinical sam-
ples for evaluation, we classified samples that only generated cell debris
or sparse monolayers as negative (Fig. 2C), whereas samples that led to
CTC-containing clusters in at least 50% of microwells (14) (~500 clusters
established from 1.25 ml of blood) were determined to be positive
(Fig. 2D). The determination of cluster morphology was standardized
by obtaining plot profiles of gray values using image processing soft-
ware (see Supplementary Materials and Methods).

Stability of microfluidic CTC cluster assay under perfusion
Because we intended to culture patient-derived primary cell samples
in the integrated microfluidic device, we ensured that the shear rate and
fresh medium perfusion rate were uniform across eight cell culture
channels. To estimate the flow rate inside the eight cell culture channels,
additional flow profiles were generated with simulated flow tests in
a simplified gradient generator design using multiphysics modeling
software (COMSOL) (fig. S4A). The simulation of a simplified channel
version was shown, and flow rates were color-coded. The flow rate
of eight outlets differs from each other at a large scale under this
design because of the lack of serpentine channel for flow resistance
balance. With proper serpentine channel design (fig. S2), the simu-
lated flow rates of eight outlets for the real device were relatively con-
stant (fig. S4B). The maximum flow rate was achieved at the center
outlet, and the minimum flow rate was achieved at the side outlets.
The difference between these two extreme flow rates was less than
10%. Therefore, we concluded that the deviation of shear and perfu-
sion rates was negligible and that the device was suitable to culture
cells in eight parallel channels.

To minimize the effects of evaporation (17) for long-term culture,
the device was designed to fit into a 150-mm dish, which can be filled
with a thin film of phosphate-buffered saline (PBS) or deionized water.
The assay should also be maintained in a humidified chamber. To ex-
amine whether the gradient concentration in each channel remained
constant over time, FITC dye was used to test for the presence of gra-
dient shift. After stabilized generation of gradient (T = 0 hour), the assay
was incubated in the dark. Channel contents were sampled at T'= 0 and
24 hours. Under these conditions, we confirmed that the concentra-
tions in each channel remained relatively constant over time (P < 0.05),
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Fig. 1. Schematic overview depicting the procedure for anticancer drug screening via conventional methods and the CTC cluster method. In the
case of conventional methods, cancer cells are derived from commercialized cell lines or patient-derived CTCs and tumors. Establishment of CTC cell lines
requires more than 6 months, and tumor sampling can only be carried out as a single sampling. In addition, pre-enrichment of CTCs is required before they can
be cultured. Conversely, CTC clusters can be generated within 2 weeks, and the blood samples do not require pre-enrichment before culture. In this procedure,
blood samples are first lysed briefly to remove red blood cells (RBCs), and the resultant nucleated cell fraction is seeded into an integrated microwell-based
microfluidic assay. Drugs can be introduced directly in situ, and a microfluidic component helps to efficiently distribute a range of drug concentrations.

demonstrating that any fluctuation of gradient was insignificant over
time (fig. S5).

To determine cell conservation during solution exchange, we counted
cells in specific microwells before and after the inward and outward
flows (fig. S6). These microwells were selected at a consistent distance
from the inward flow (middle of the channels). Cell counts were also
obtained again after multiple solution exchanges. We observed that cell
counts and cluster morphology were generally conserved under re-
peated inward or outward flow conditions (fig. S7A). An insignificant
number of small cells from the microwells nearer to the inward flow
source (upper portion of channels) were not attached to the cluster
and may drift to an adjacent cluster under flow. Using syringe pumps
at a constant infusion/withdrawal rate of 100 ul/min, the changes in
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cell count within microwells varied insignificantly (106.6 + 9.5%, P =
0.204; Student’s ¢ test), as opposed to when the solutions were ex-
changed via manual pipetting (88.1 + 25.6%, P = 0.0261; Student’s
t test) (fig. S7B).

An efficient CTC assay for a unique clinical application

The molds were produced with different strategies selected to meet the
requirements for geometry, size, and tolerances of the features en-
coded (Fig. 3A). An overview illustration of the assay protocol is
provided in movie S1. Each channel contained about 1000 microwells.
To compare cluster formation in tapered and cylindrical microwells,
~50 MCEF-7 cells per microwell were seeded into each channel of the
assay. This concentration allows sufficient cluster formation to occur.
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Fig. 2. Establishment of CTC cluster assay for routine drug screening. (A) Three-dimensional layout of drug assay displaying the layers for the gradient
generator, barrier, and microwells. (B) Gradient distribution of input reagents demonstrated by blue and red dyes. (C) (Left) Representative images of negative
and positive samples. Bright-field images of microwells comprising a negative sample at x10 magnification. Scale bar, 100 um. (Middle) Hoechst staining of
clusters in situ. Negative samples generated debris with some residual white blood cells (WBCs). Scale bar, 50 um. (Right) Combined scatterplots of gray
values, which reflected the density of cells, across each microwell. Values were normalized to the highest count for a particular microwell. Microwells with
sparse groups of cells or debris demonstrated high gray values within the microwell region. (D) (Left) Bright-field images of microwells comprising a positive
sample at x10 magnification. Scale bar, 100 um. (Middle) Nuclei staining using Hoechst on cell clusters in situ. Positive samples generated clusters with some
residual WBCs. Scale bar, 50 um. (Right) Combined scatterplots of gray values, with values normalized to the highest count for a particular microwell. Micro-
wells with dense cell clusters demonstrated consistently low gray values (<0.5) within the microwell region.

Resultant cultures were contrasted in terms of morphology after 3 days
of culture. It was observed that the MCF-7 culture in cylindrical micro-
wells was only able to form multiple irregular small clusters of ~10 to
20 cells. In contrast, the MCF-7 culture in tapered microwells con-
sistently formed a single large cluster comprising all ~50 cells at the
center of each microwell (Fig. 3, B and C).
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We further validated the parameters with a clinical blood sample
and similarly demonstrated consistent formation of a single large cell
cluster only in tapered microwells at day 14 of culture (Fig. 3C). The
cells within the cluster were heterogeneous and consisted of both CTCs
and a residual portion of WBCs, as characterized in our previous pub-
lication (14). Trypan blue staining confirmed that the tapered PDMS
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Fig. 3. Comparison of custom tapered microwells fabricated using diffuser back-side lithography for CTC cluster assay and conventional cylin-
drical microwells. (A) Fabrication procedure: elliptical openings defining the size and position of the wells created on a soda-lime optical mask blank by laser
direct writing. Subsequent Cr etching and stripping of the remaining resist were followed by coating with a layer of SU-8 2100 resist. Ultraviolet (UV) exposure
to obtain pillar-like structures with the elliptical footprint and elliptical cross-shaped structures. Postbaking, ultrasound bath, and hard baking resulted in a
template ready for PDMS molding. (B) (Left) Culture of MCF-7 in custom tapered microwells and cylindrical microwells. Single clusters were consistently
established with tapered microwells. Scale bars, 50 um. (C) (Left) Culture of clinical blood samples in custom tapered microwells and cylindrical microwells. Only
debris was formed in cylindrical microwells. Scale bars, 50 um. (Right) Combined scatterplots of gray values, with values normalized to the highest count for a
particular microwell. Cylindrical microwells did not generate clusters, whereas tapered microwells led to a single dense cell cluster as observed from the region of
low gray value. (D) Bar graph presenting results from a viability assay using trypan blue staining. Percentage of cells negative for trypan blue (viable cells) was
significantly lower in the sample portion cultured in cylindrical microwells. All error bars represent SD of triplicate cultures from different samples. **P < 0.01.
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microwells design retained the viability of the cells (88 + 20%), in con-
trast to those cultured in cylindrical microwells (31.5 + 3%) (Fig. 3D).

For actual studies, blood samples were acquired from breast cancer
patients in a procedure termed “liquid biopsy” (18) (Fig. 1). Whole
blood was mixed with RBC lysis buffer to retain only the nucleated
cell fraction, which consisted of WBCs and CTCs. Nucleated cells were
seeded evenly into the channels and cultured under optimized condi-
tions (14). Drugs were introduced at day 11 of culture, and results were
observed after 72 hours. We hypothesized that this assay may be a suit-
able platform for screening of combinational drug therapies on primary
cancer cells obtained from cultures established with patient’s blood at
various time points of treatment.

Screening of anticancer compounds in assay with cancer
cell line

To validate the assay conditions, the assay was first screened by MCF-
7 cultures. Initial stages of characterization involved evaluation of a range
of cell seeding concentration for cluster formation of cancer cell lines. In
the absence of surfactants such as bovine serum albumin, low concentra-
tions of cancer cells adhered individually to the substrate instead of gen-
erating clusters (fig. S8). There were some variations in cluster-forming
behavior between cancer cell lines and primary CTCs. Clusters only devel-
oped in uncoated microwells for cancer cell lines under high cell seeding
concentrations. However, CTCs in clinical blood samples did not require
surfactant coating to prevent cell adherence, possibly due to the “cushion”
provided by nonadherent WBCs. Besides, cancer cell lines can also form
clusters readily under both normoxic and hypoxic conditions (under high
seeding concentrations). In contrast, clinical samples with primary
CTCs can only develop clusters under hypoxic conditions similar to
that of the in vivo tumor microenvironment (fig. S9). These highlight
the intrinsic differences between immortalized cell lines and their tumor
origins and the importance of validating research findings with primary
clinical samples.

Subsequently, the drug screening protocol was evaluated by testing
doxorubicin on MCF-7 breast cancer cell line clusters. Clusters were
exposed to the doxorubicin gradient at day 3 of culture. The viability
statistics (normalized to results obtained from samples in the last channel
with the lowest drug concentration) of MCF-7 were obtained with
LIVE/DEAD staining (calcein-AM/EtBr) after 72 hours of exposure to
doxorubicin (Fig. 4A). Clusters under high drug concentrations were
mostly nonviable (red), whereas clusters under low drug concentra-
tions were mostly viable (green). The corresponding dose-response curve
was plotted using a four-parameter logistic equation, and the IC5, value
for MCF-7 cultures was obtained.

Using the microwell-based assay, we obtained an ICs, value of 0.78 +
0.02 uM (Fig. 4B). Because of the multilayer nature of these clusters, the
value obtained was slightly higher than that in previous studies done on
monolayer cultures with lower cell counts (~0.5 uM, <10,000 cells/ml)
(19). This observation could be due to heightened cell density in the pres-
ence of clusters or spheroids, which had been shown to reduce penetra-
tion of drugs (20). The evaluation of drug response on cancer cell clusters
in vitro was generally more favorable than that on monolayer cultures, as
it may better reflect the situation in vivo.

Screening of anticancer compounds in assay with clinical
blood samples

Preprocessing steps of RBC lysis for the whole-blood sample were
detailed in Materials and Methods. For clinical samples, cluster formation
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is also dependent on the density of CTCs to WBCs. We screened a
number of samples for culture after processing using a label-free inertia-
based microfluidic device (21) with a threshold of ~15 um to remove a
portion of WBCs. The results demonstrated that for samples that did
not initially generate clusters before enrichment, they could lead to
clusters after enrichment. Post-enriched samples were stained with
calcein-AM and introduced back to a small count of WBCs from
the initial sample in a 1:1 ratio (fig. S10). These post-enriched cells con-
tain CTC-to-WBC counts in an approximately 1:100 to 1:1000 ratio.
This puts a rough estimate of the minimum proportion of CTCs re-
quired for cluster formation at 0.05% (~1 CTC per microwell). The
presence of cancer cells is likely to induce global, diffusion-based dif-
ferentiation rules in the neighboring WBC:s to induce the cluster pheno-
type. Cultures obtained from the blood of healthy volunteers did not
generate clusters (Fig. 4C).

Forty-nine clinical samples from breast cancer patients were cultured
with the microfluidic device as a preliminary validation of the
procedure (table S2). Presence of cancer cells was validated with fluores-
cence in situ hybridization to identify cells with increased expression of
breast cancer-associated markers TOP2A and CCND1 (fig. S11). We
processed another four samples separately to correlate epithelial CTC
counts (CK") before culture with the presence of clusters. Four sam-
ples (1 ml each) were processed for CD45 (leukocyte marker) and
pan-cytokeratin (CK; epithelial marker) immunostaining to identify
epithelial CTC counts before culture, followed by screening with a
conventional analysis method using flow cytometry. The rest of the
samples were cultured and analyzed in a similar manner after 2 weeks
to correlate epithelial CTC counts with cluster-forming potential. Over-
all, the proportion of epithelial CTCs after culture was found to corre-
late with cluster-forming potential (fig. S12). From these four samples,
there appeared to be a lack of immediate correlation between postcul-
ture epithelial CTC counts and preculture epithelial cell counts.

Subsequently, 24 samples were cultured, and six positive samples
that exhibited clusters at day 11 were eventually evaluated for drug screen-
ing (table S3). Samples were determined to be positive using the
procedure discussed in the previous section (Fig. 2C, right). Samples were
stained with LIVE/DEAD indicators (calcein-AM/EtBr) after 72 hours
of exposure to doxorubicin, along with CD45-allophycocyanin (APC)
staining, to identify viable non-WBCs (cells expressing green fluores-
cence) for determination of viability (Fig. 5A). The viability statistics (ta-
ble S4) of clinical samples after doxorubicin treatment were obtained on
day 14 after 72 hours of exposure. Viability data were normalized to
results obtained from samples in the last channel (lowest drug concen-
tration) to obtain the dose-response curve, which was plotted using a four-
parameter logistic equation. Corresponding ICs, values and graphs of
each cluster-positive sample (Table 2 and fig. S13) were obtained in this
study.

In accordance with our previous study, formation of CTC-containing
clusters appeared to correlate negatively with patient response (14). Here,
the percentage of microwells with clusters decreased with increasing
concentration of doxorubicin (fig. S14A; average correlation coefficient,
—0.71). In negative samples, the percentage of microwells with clusters re-
mained constantly below 10%. As previously characterized, clusters also
comprised a heterogeneous mixture of cells, including CK*/CD45™ pu-
tative CTCs and residual blood cells such as macrophages (~33 + 26%;
fig. S15) (14). To evaluate a possible relationship between macrophage-
like cell counts with drug concentration, the percentage of microwells
with macrophage-like cells was evaluated (fig. S14B). The proportion
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Fig. 4. Assay validation with controls. (A) Screening of doxorubicin in microwell assay using MCF-7 cancer cell line. Cultures were imaged in situ after
staining with LIVE (calcein-AM; green) and DEAD [ethidium bromide (EtBr); red] under 72 hours of exposure to doxorubicin. Clusters under high drug con-
centrations are mostly nonviable (red), whereas clusters under low drug concentrations are mostly viable (green). (B) Dose-response curve and corresponding
ICs value (0.78 + 0.02 uM) of MCF-7 generated from viability results. Representative image shows an MCF-7 cell cluster within a microwell (inset). Scale bars, 50 mm.
(€) Scatterplot demonstrating overall high gray values that reflect the absence of clusters from cultures of blood from healthy volunteers. Representative image
shows cell debris generated within a microwell from culture of a healthy sample (inset). Scale bars, 50 mm.
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Fig. 5. Screening of doxorubicin in microwell assay using clinical human primary cancer cells cultured from clinical samples at serial time points
(before and after treatment). (A) Imaging of clusters generated from the pretreatment sample in situ after staining with LIVE (calcein-AM; green) and DEAD
(EtBr; red) after 72 hours of exposure to doxorubicin. Clusters under high drug concentrations were mostly nonviable (red), whereas clusters under low drug
concentrations were mostly viable (green). Scale bars, 100 um. (B) Dose-response curve and corresponding ICsq value (0.94 + 0.04 uM) of samples obtained
from the same patient at different treatment time points. Monitoring ICsq values of a patient could reveal onset of drug tolerance or resistance. All error bars
represent SD of triplicate cultures from different samples.

Khoo et al. Sci. Adv. 2016;2:€1600274 13 July 2016 8 of 15

6T0Z ‘SZ Ae\ uo /610 Bewasuslos saoueApe//:diy Wwoiy papeojumod









