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Abstract
Enumeration of circulating tumor cells (CTCs) has proved valuable for early detection and
prognosis in cancer treatment. This paper describes an automated high-throughput counting
method for CTCs based on microfluidics and line-confocal microscopy. Peripheral blood was
directly labeled with multiple antibodies, each conjugated with a different fluorophore,
pneumatically pumped through a microfluidic channel and interrogated by a line-confocal
microscope. Based on the fluorescence signals and labeling schemes, the count of CTCs was
automatically reported. Due to the high flow rate, 1 mL of whole blood can be analyzed in less
than 30 minutes. We applied this method in analyzing CTCs from 90 stage IV breast-cancer
patient samples, and performed a side-by-side comparison with the results of the CellSearch assay,
which is the only method approved by U.S. Food and Drug Administration (FDA) at present for
enumeration of CTCs. This method has a recovery rate for cultured breast cancer cells of 94%
(n=9), with an average of 1.2 counts/mL of background level of detected CTCs from healthy
donors. It detected CTCs from breast-cancer patients, ranging from 15 to 3375 counts/7.5 mL.
Using this method, we also demonstrate the ability to enumerate CTCs from breast-cancer patients
that were positive for Her2 or CD44+/CD24−, which is a putative cancer stem cell marker. This
automated method can enumerate CTCs from peripheral blood with high throughput and
sensitivity. It could potentially benefit the clinical diagnosis and prognosis of cancer.

Introduction
Metastasis is generally considered the most important clinical indicator of cancer. Over 90%
of deaths associated with cancer are directly attributable to metastasis1–2. The release of
cancer cells from the primary tumor may happen at early stages of the disease3–4, which is
the basis for the later development of metastasis. Circulating Tumor Cells (CTCs), first
reported 150 years ago5, are widely considered to be an important factor in this process6–8,
and they have been found in patients having many different types of cancer9, such as breast,
lung, pancreatic, prostate, liver and colon. Detection and analysis of CTCs can benefit the
early diagnosis of cancers10–11, management of clinical treatment of cancer patients12,
development of personalized medicine13, and exploring the mechanism of metastasis14,
which is thought to be the most poorly understood component of cancer pathogenesis2.
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Generally, CTCs are very rare in whole blood; for example, they have been detected at
concentrations as low as 1 to 10 CTCs per 1 billion blood cells15–17. As a result, there are
many challenges in developing a suitable analytical method. Technologies, such as flow
cytometry18–20, have been used to detect CTCs; however, due to their very low
concentration, the processing time for one sample can take more than 24 hours18. In another
approach, blood samples were lysed before analysis19, which improved throughput but
could result in sample contamination and cell stress. A variety of techniques have been
developed in recent years, based on immuno-magnetic enrichment9, 21–22, surface capture
with antibody immobilized on microfluidic chips23–25, size based filtration26–30, density
gradient analysis31, and negative selection32. Nearly all of these methods require an initial
enrichment step to improve the sensitivity and throughput, and the enrichment ratio
determines to a large extent their analytical performance and potential applications. The
throughput of these methods varies considerably, and fluorescence imaging, which is used in
most CTC technologies, usually takes a long time and requires manual confirmation of cells.

We recently developed a new method called ensemble-decision aliquot ranking (eDAR) to
analyze rare cells from peripheral blood33. The functions of detection, isolation,
identification, and downstream analysis are integrated into one microfluidic chip. It is highly
sensitive, with a detection limit close to 1 cell/mL, and the throughput is high enough for
clinical applications (20 minutes for 1 mL whole blood)33. Due to the open-access design of
the chip, it is easy to selectively extract captured cells and perform various downstream
analyses. However, the whole process of eDAR still requires some manual manipulation,
because cells trapped on the integrated filter need to be imaged and identified manually, and
cell harvesting requires micropipetting by a skilled operator. This implies that eDAR might
not be highly efficient for some special applications, such as a fast “coarse screening” of
CTCs that may not require very detailed information of cellular and molecular profiles.

In this paper, we report the development of a fast and automated screening method based on
the multicolor line-confocal detection technique used in eDAR33 for CTCs. The sample
processing and experimental procedures – which do not include any enrichment steps – were
optimized to maximize throughput. Also, because labeled blood samples are simply flowed
through the chip and not immobilized, destroyed, or physically bound to any substrate, this
method is highly compatible with other downstream analysis techniques. Indeed, the same
sample can be re-analyzed with eDAR or other techniques after this initial “coarse
screening” for the presence of CTCs. The overall time of analysis for 1 mL whole blood can
be less than 1 hour, including sample preparation, microfluidic detection, and data analysis.
The average background level for healthy blood samples was 1.2 counts /mL, and the
recovery rate of our method was high, at around 94% (n=9). 90 samples from stage IV
breast cancer patients were analyzed using this method and compared side-by-side with the
results of the FDA-approval CellSearch method. Based on the results, we believe the
reported method represents a more effective approach to fast screening of CTCs for early
detection and prognosis in cancer treatment.

Experimental sections
Design and fabrication of microfluidic devices

The microfluidic channel was 200 µm wide, 50 µm tall, and 3 cm long. The
polydimethylsiloxane (PDMS) device was prepared by photolithography and replica
molding methods described previously34. The features were designed in AutoCAD 2010
(Autodesk, San Rafael, CA), and then written to a transparency mask (FineLine imaging,
Colorado springs, CO). To create masters for replica molding, silicon wafers were spin-
coated with SU-8 3050 (MicroChem, Newton, MA), forming a 50-µm thick film. The
features were developed and then silanized with tridecafluoro-1,1,2,2-tetrahydrooctyl-1-
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trichlorosilane (Sigma-Aldrich, St. Louis, MO) to prevent PDMS from sticking to the wafer.
Uncured PDMS was poured onto the surface of the master, and then incubated at 75 °C for 4
hours. The PDMS chip was sealed to a No. 4 cover glass (Thermo Fisher Scientific,
Portsmouth, NH) by oxygen plasma bonding.

Biological and clinical materials
Isoton buffer, purchased from Beckman Coulter (Miami, FL), was used in all experiments.
Prior to use, the buffer was filtered using a 50 mL Steri-flip filter (Milipore, Billerica, MA).
Two breast cancer cell lines, MCF-7 and SKBr-3, were purchased from American Type
Culture Collection (ATCC). Both were used to characterize and optimize the continuous
flow system. Cells were maintained and cultured in the recommended culture media
(McCoy’s 5A or EMEM), which contained 2 mM L-glutamine, 10% fetal bovine serum
(FBS) (ATCC), and 50 µg/mL penicillin/streptomycin (ATCC) at 37 °C with 5% CO2 in a
humidified environment.

Human whole blood, individually drawn from healthy donors, was provided by Plasma Lab
International (Everett, WA) and stored at 4°C upon arrival. Each 20-mL draw was collected
into four 5 mL Vacutainer tubes coated with EDTA as anti-coagulant. The first tube of each
draw was discarded to avoid potential contamination from skin cells.

Clinical samples were collected from Stage IV metastatic breast cancer patients according to
a protocol approved by University of Washington’s institutional review board. Blood was
drawn at the Seattle Cancer Care Alliance and multiple tubes were collected in each draw.
One tube was collected in a Veridex CellSave tube for enumeration of CTCs by the
CellSearch system (Veridex, Raritan, NJ). The second one was collected in a Vacutainer
tube containing EDTA for the flow detection analysis. The sample was stored at 4°C after
the draw and analyzed within 4 h.

Line-confocal detection scheme
To detect a single CTC in a background of nanoliters of blood, we developed a line-confocal
detection scheme34–35 with a probe volume that spanned the width (200 µm) and height (50
µm) of the micro-channel. Our system had two lasers (488 nm and 633 nm), whose outputs
were shaped by cylindrical lenses and focused into a 20× objective to form a 200 µm by 5
µm line (Fig. 1a). Fluorescence from this region was collected through a rectangular
confocal aperture and a series of dichroics and filters to fiber-coupled avalanche
photodiodes (APDs) (Excelitas Technologies, Waltham, MA), operating in the single-
photon counting mode34. In our current setup, APD1 detected the yellow fluorescence (560–
590 nm) from the monoclonal antibody labeled with phycoerythrin (PE); APD2 was used as
a negative control for the green wavelength range, such as fluorescein isothiocyanate (FITC)
(500–550 nm) to eliminate false positives from broadly emitting fluorescent contaminants or
the antibody conjugated with FITC; and APD3 detected the antibody labeled with
Alexa-647 in the red wavelength band (640–690 nm).

Sample preparation and experimental procedures
Antibodies were centrifuged (14000 rpm, 5 min) to remove possible aggregates before any
labeling procedure. In each clinical run, 0.5 to 1 mL of blood was added to a 15-mL
polypropylene conical centrifuge tube (Becton Dickinson, Franklin Lakes, NJ). 60 µL of PE-
anti-epithelial cell adhesion molecule (EpCAM) (BioLegend, San Diego, CA, Catalog #
324206), 80 µL of Alexa-647-anti-Cytokeratin (Cell Signalling technologies, Danvers, MA,
Catlog # 4528), and 20 µL of FITC-anti-CD45 (BioLegend, San Diego, CA, Catolog #
304006) were added to the blood in the dark and incubated at room temperature for half an
hour. When cytokeratin was used as the second positive marker for breast cancer cells, the
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blood was fixed before labeling. 84 µL paraformaldehyde (PFA) (20%) were used to fix the
blood at room temperature for 15 minutes. Then 44 µL of Surfynol® 465 (Air product,
Allentown, PA) were added to help anti-cytokeratin penetrate the cell membrane. When
Her2 was used as the second positive marker, there was no fixing step before labeling. 10 µL
of Alexa-647-anti-Her2 (BioLegend, San Diego, CA, Catolog # 324412) were added to
blood with the same amount of anti-EpCAM and anti-CD45 as described above. The
labeling parameters were characterized and optimized in our previous work33.

The labeled blood was diluted to 14 mL and then centrifuged (500 rpm, 10 minutes) to
remove the free antibodies (See more details in figure 1S). The final volume was adjusted to
be the same as the initial volume for both clinical and control samples. After that, the sample
was loaded into the microfluidic chip pneumatically and analyzed using the home-built line
confocal system. The flow rate was controlled by the gas pressure regulator and measured
by an electrical scale (ACCULAB Measurement Standards, Danvers, MA), which was
controlled by a custom LabVIEW (National Instruments, Austin, TX) program. APD traces
were collected by a PCI data acquisition card (PCI 6602, National Instruments, Austin, TX)
and analyzed by a MATLAB (MathWorks, Natick, MA) script developed in-house. The
threshold of signal-to-noise ratio for all the 3 channels was set to 5 to ensure the highest
possible sensitivity.

Results and discussion
General description of the system and data analysis

In order to detect CTCs, whole blood was directly labeled with antibodies, loaded into the
microfluidic chip pneumatically, and analyzed by the line confocal detection system (Figure
1a). When the labeled blood flowed through the detection area, fluorescence was excited by
the combined two-color laser beam (488 nm and 633 nm), and detected by APDs. The
collected APD traces were used to determine and enumerate cancer cells in the blood.

Surface markers such as EpCAM are widely used to select CTCs36; however, previous
research has shown that simply relying on one biomarker may not be adequate to define the
whole population of CTCs. For example, normal-like breast cancer cells do not express
EpCAM and thus would be missed by the CellSearch method that relies on EpCAM for
CTC isolation37. As a result, a set of criteria is necessary to identify CTCs. The CellSearch
assay defines a CTC as a cell that is EpCAM positive, cytokeratin positive, CD45 negative
and nuclear stain positive, with a certain nuclear to cytoplasmic ratio and cell morphology
character. In our approach, we followed these widely used criteria to enumerate CTCs in all
patient samples, except that we did not use a nuclear stain, since we would need another
APD detector. Whole blood was labeled with PE-anti-EpCAM, Alexa647-anti-
pancytokeratin, and FITC-anti-CD45. Any cell deemed a CTC had positive fluorescence
signals representing expression of both EpCAM and cytokeratin, but no signal associated
with CD45. As an example, Fig. 1b shows a small portion of APD traces from the analysis
of a clinical sample (Sample #16). The event at 183 ms has peaks in both the EpCAM and
cytokeratin channels without any significant signal in the CD45 channel, indicating that
there was a tumor cell flowing through the detection window at that moment.

Imaging results (Fig. 1c) show a cultured MCF-7 cell labeled with anti-EpCAM and anti-
cytokeratin in the microfluidic channel. The bright field image shows that the MCF-7 cell
was in the channel surrounded by numerous blood cells and could not be identified in this
context. However, using epi-fluorescence imaging, the cell had strong yellow (PE-anti-
EpCAM) and red (Alexa647-anti-cytokeratin) emission, which made it distinguishable from
the blood cells in the channel.
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While the initial signal to noise (S/N) ratio (> 20) of the fluorescence detection was high at
the experimental flow rate (50 to 60 µL/min), it was important to optimize the data analysis
so that the system could be operated at the highest throughput and would be robust enough
to handle the variability found in patient samples undergoing different clinical treatments.
For example, to eliminate cross talk between different wavelength bands, spectral un-mixing
is used in the MATLAB script to analyze the data. To reduce the noise and smooth the
baseline, a sigmoidal burst detection filter was applied in the script for data analysis
(Supporting information, Figure 2s).

When the flow rate was increased, the mean time for a cancer cell to pass the detection
region decreased, thus the S/N was lowered accordingly. To ensure that the S/N value was
high enough (>10) to detect CTCs in whole blood with a flow rate between 50 to 80 µL/min,
we measured S/N values for both spiked-in cells and clinical samples. Figure 2 shows the
distribution of S/N values from a clinical sample (Sample ID 77) tested using EpCAM and
cytokeratin as positive markers and CD45 as a negative marker. Over 95% of the data points
have a S/N value higher than 20, which is high enough to identify peaks. For this sample,
the average and median values of S/N in EpCAM channel are 56 and 44, respectively; the
average and median values of S/N in cytokeratin channel are 29 and 24, respectively.

Background level of detected CTCs from healthy donors and recovery values
Blood is a highly complex biological fluid, so it is necessary to evaluate the background
levels for any method designed to detect CTCs. In this study, 10 samples of whole blood
from healthy donors were analyzed under the experimental conditions used for clinical
samples. Each sample had an initial volume of 0.5 mL and the results were normalized to
1mL of blood. Similar to many other CTC detection methods, which have reported a non-
zero background level20, 38–41, this method has an average background level for healthy
donor blood samples of 1.2 counts/mL (Figure 3a). This value is slightly lower than, for
example, a recently developed CTC capture chip that has an average background level of 2.2
cells/mL with a range of 0 to 12 cells/mL41.

Background CTC counts may result from several different sources. It could be caused by the
process of measurement. For example, similar to flow cytometry, antibodies in solution can
form aggregates due to random co-localization, which lead to false positive signals.
Antibody aggregation may be more prone to occur when the blood samples are fixed and
permeabilized. This issue can be addressed by using more biomarkers with more fluorescent
colors, thus lowering the probability of detecting a random event, i.e., antibody aggregates,
with the desired combination of colors. Indeed, this type of multi-parameter analysis has
been used to significantly reduce false positive rates in flow cytometry42. Alternatively,
background levels may be false positive events that resulted from fluorescent dust particles
in blood samples that show relatively wide emission spectra compared to labeled cells.
However, the possibility of this occurring in our experiment was relatively low, because we
require that the green channel (CD45; FITC) be non-fluorescent. Finally, it is possible that
the background level was caused by the fact that some circulating epithelial cells are present
in healthy individuals15. While this scenario is possible, we believe it is unlikely based on
our previous studies33 and as long as the first tube of drawn blood is discarded to avoid
contamination of epithelial cells during the venipuncture process. In any case, as long as the
background levels are much fewer than in cancer patients, it should not affect the assay.

Because the background was above zero, accurate fast screening of CTCs in actual clinical
practice will require a threshold to be determined by statistical analysis of the
experimentally measured background, i.e., the sample is considered as CTC-positive only if
the number of events is higher than that threshold. This type of threshold is used in
conventional flow cytometry43. It is also applied in other published works for the
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enumeration of CTCs. For example39, Stott, SL et al. showed their method has a mean
background level of 3 cells/mL, ranging from 0 to 8 cells/mL, in their analysis of samples
from healthy donors. As a result, they set up a cut-off value at 10 cells/mL to prevent false
positive detection. If the sample count falls below the threshold in our method, it can be
further analyzed by a zero-false-positive method such as eDAR (0 CTCs/mL, n=9)33,
because the labeled sample is not damaged during the flow detection test.

To determine the recovery efficiency of this method, 25 to 1000 SKBr-3 cells were spiked
into 8 blood samples (1 mL for each sample) from healthy donors and then analyzed using
the same preparation procedure used for patient samples. The average recovery was about
94% with a R2 value of 0.9831 (Figure 3b). A similar recovery rate was observed for MCF-7
cells (data not shown). This value is consistent with the recovery value of eDAR (93%)33,
and is acceptable for screening CTCs from clinical samples.

Alternative labeling and detection schemes
We have also tested other possible labeling and detection schemes. Because Her2 (Human
Epidermal Growth Factor Receptor 2) is a widely used biomarker in breast cancer studies (~
25% of breast cancer patients are Her2 positive) and is the target of the monoclonal antibody
trastuzumab, we designed a scheme to enumerate Her2 positive CTCs from breast cancer
patients. In this scheme, the blood sample was labeled with PE-anti-EpCAM, Alexa647-
anti-Her2, and FITC-anti-CD45, so a Her2 positive CTC should be positive for EpCAM but
negative for CD45 (Supporting information, Figure 3S).

To test the applicability of this scheme, we did an analysis on the distribution of S/N values
for another patient sample (Sample ID 103) analyzed by EpCAM/Her2/CD45, which had
average S/N ratios of 57 and 35 for EpCAM and Her2 channels, respectively (Supporting
information, Figure 4S). False positive studies were also performed using 1 mL of whole
blood as the initial volume of each sample (n=5). No CTCs were found in 3 (60%) samples,
and 1 CTC per 1 mL of whole blood was found in the other 2 (40%) samples (Figure 5S).
The average background value of this scheme is about 0.4 cells/mL. The difference between
the false positive values of the two strategies (EpCAM+/Her2+/CD45- and EpCAM+/
Cytokeratin+/CD45-) was possibly due to the difference in the sample preparation
procedure. Since Her2 is a surface antibody, the blood does not need to be fixed and
permeabilized for labeling. This gave us a generally higher signal-to-noise value and a lower
false positive rate, which indicates that if we use cell surface markers instead of cytoplasmic
markers, we can reduce the false positive rate as well.

To demonstrate the flexibility of our labeling scheme, we also enumerated circulating cells
that were CD44+/CD24-/EpCAM+, because CD44+/CD24- is a marker that has been used
to identify stem cell like CTCs in previous works44. CD44+ can also be present on some
blood cells, however, and our enumeration relied on a single marker, EpCAM+, to
distinguish CTCs that were CD44+/CD24- from these blood cells. Therefore, to more
definitively confirm these are indeed cancer stem cells, one would need to use additional
markers (e.g. CD45- and Cytokeratin+) to minimize the possibility of false positives. At
present, our setup is only capable of detecting 3 markers and thus this experiment also
shows the advantage of being able to monitor additional markers by adding more detectors
and by utilizing fluorophores with narrower emission spectra to facilitate multiplexing.

Results of clinical samples
Over a two-year period, we collected 90 blood samples from 24 patients with stage IV
metastatic breast cancer and performed a side-by-side study comparing the high-throughput
flow detection method with the FDA-approved CellSearch system (Figure 4). CTCs in all
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the 90 samples reported in this paper were identified as EpCAM+/cytokeratin+/CD45-,
similar to the criteria used in CellSearch analysis, which has one more nuclear stain (DAPI)
marker, and does not image the EpCAM expression of the captured cells.

CTC positive events were found using the high-throughput flow detection method in 82
samples (91%), ranging from 15 to 3375 counts per 7.5 mL of blood, with an average CTC
level of 305 counts per 7.5 mL of blood, and a median value of 90 counts/7.5 mL. The
CellSearch system found CTCs in 44% of samples, ranging from 1 to 846 cells per 7.5 mL
of blood, with an average CTC level of 36 cells per 7.5 mL of blood, and a median value of
0 cells/7.5 mL. Previous studies proposed that the relevant prognostic cutoff level of CTCs
in metastatic breast cancer is 5 cells per 7.5 mL of blood as determined by the CellSearch
method. In our study, only 22% of the samples had the level of CTCs higher than that
threshold using the CellSearch system.

However, considering our current background level (1.2 counts/mL), it is necessary to set a
threshold with a certain confidence level, so we can exclude the data points that might
represent false positive signals. As we discussed previously, there are several different
approaches we can follow to set this threshold. For example, we might use a simple
threshold that is above the range of the detected background level as reported previously39;
if we follow this approach, our threshold would be set at 38 counts/7.5 mL. Another
possibility is to use a threshold that is the mean background count plus 2 standard
deviations, a method reported in the flow cytometry literature43; our threshold would be set
at 33 counts/7.5 mL, if we use this method. Finally, a third method is to employ the one
dimensional Z-test and assumed that any error in the measurements of the clinical sample
was Poisson distributed, and the threshold was for a one-sided test (more details of the
statistical consideration can be found in supporting information.). For this method, the
threshold would be much higher at 63 counts/7.5 mL for a 95% confidence level. Based on
this more stringent threshold, our method found that 60% of the patient samples were
positive to CTCs with a 95% confidence level. A detailed list of all the patient samples and
CTC counts using CellSearch and our method is provided in supporting information (Table
1S). Figure 4 shows the result and the corresponding thresholds set using the three methods
described above.

Of the 90 patient samples, 30 were additionally analyzed using EpCAM and CD44 as
positive markers, as well as CD24 as a negative marker to enumerate CTCs with stem cell
characteristics. Figure 6S (see supporting information) shows the side by side comparison of
the stem cell counts and regular CTC numbers enumerated by the flow detection method, as
well as the CTC numbers determined by CellSearch method. EpCAM+/CD44+/CD24-
events were found in 90% of the samples with average and median values of 150 cells/
7.5mL and 53 cells/7.5 mL, respectively.

It is also interesting to compare this flow detection method with eDAR. CTC counts
collected from the eDAR approach (n=22, from 9 patients) 33 and the flow detection
approach (n=40, from the same 9 patients) were analyzed with Analysis of Variance
(ANOVA). Figure 5 shows the boxplots and histograms for each dataset. The dataset from
flow detection averaged 102 CTCs/7.5 mL, whereas that from eDAR averaged 52 CTCs/7.5
mL. However, given the large variance in the flow detection dataset, eDAR and flow
detection are not significantly different (p = 0.14, α = 0.05, ANOVA test). This consistency
is due to the similarity of fluidics and fluorescence detection schemes between the two
methods.
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Conclusion
The enumeration of CTCs is an important component of monitoring cancer progression, and
the reported CTC flow counting system is an automated, quick, and sensitive method.
Additionally, the system is very flexible in the sense that it can be used with a variety of
markers and any user-defined fluorescence-based criterion for enumerating cells of interest
can be designed. We demonstrated the ability to enumerate spiked-in cancer cells from
whole blood with a high recovery efficiency of 94%. A side-by-side clinical study of 90
patient samples showed that our method is sensitive and efficient for CTC detection in
patients with stage IV metastatic breast cancer. Flow detection technique is free of
enrichment steps, which are required in most CTC analysis techniques, so the sample
preparation is minimized and the detection and enumeration analysis is fully automated.
Moreover, because it is a non-destructive analysis technique (samples simply flowed
through a straight channel), samples can be re-analyzed and verified using other CTC
methods. This compatibility would be ideal for a high-throughput screening application,
because the positive samples may need to be further tested by other techniques to obtain
more cellular and molecular information. In summary, we believe this simple, fast, and
robust method is useful for the enumeration of CTCs from patient blood, and it may be
potentially used for other rare-cell enumeration studies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic and data illustrating the flow-detection platform. a) Depiction of the
microfluidics and optics. b) CTC detection and identification scheme using APD signals. A
typical CTC event at 183 ms is positive for EpCAM (Yellow signal) and cytokeratin (Red
signal), but negative for CD45 (Green signal). c) A cultured MCF-7 cell imaged in the
microfluidic channel filled with whole blood. The top panel shows a bright field image of
the blood in the microchannel. The white dashed circle shows the location of the MCF-7 cell
that is not visible beneath the many blood cells. The blue dashed lines show the location of
the microchannel walls. Fluorescence images of the same location show the MCF-7 cell
labeled with both anti-EpCAM and anti-Cytokeratin.
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Figure 2.
The distribution of signal-to-noise ratio (S/N) of a breast-cancer sample analyzed by the
EpCAM/cytokeratin/CD45 method. All the data points were two-color events (EpCAM+/
Cytokeratin+/CD45-), which were considered to be CTCs.
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Figure 3.
False positive and recovery performance. a) On average 1.2 cells were found per mL of
healthy donor blood with 60% of the samples reporting zero cells. b) MCF-7 cells with
known numbers were spiked into a healthy donor’s blood, which was then labeled with PE-
anti-EpCAM, Alexa647-anti-cytokeratin, and FITC-anti-CD45. Enumeration results showed
an average 94% recovery.
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Figure 4.
Clinical results from the CTC flow counting system and CellSearch. Our method found a
median of 90 CTCs per 7.5 mL of blood compared to a median of zero for the CellSearch
system. The black dashed line is a simple threshold (38 counts/7.5 mL) set based on the
range of detected CTCs in healthy donors. The magenta dashed line is the threshold (33
counts/7.5 mL) set using the mean background level plus two times of its standard deviation.
The blue dashed line is the threshold (63 counts/7.5 mL) determined by Z-test with a 95%
confidence level.
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Figure 5.
Comparison of the CTC enumeration results from the same set of patients using eDAR and
flow detection system. The left part is the box plots that show the smallest observation,
lower quartile, median, upper quartile, and the largest observation of the two data sets
(eDAR vs Flow count), respectively. The right part shows the histograms of the two data
sets.
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