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1. INTRODUCTION: Despite the fact that most cancer patients succumb to metastases rather
than their primary tumors, comparatively little is known about the mechanisms that facilitate
spread. This is especially problematic in the case of pancreatic ductal adenocarcinoma
(PDA), which carries the worst prognosis of any major cancer and is poised to become the
second leading cause of cancer death in the United States (behind lung) by 2025. The
diagnosis, staging, and treatment of this disease would be improved by the ability to non-
invasively – through a blood test – determine the status of the tumor. Our research is
therefore aimed at developing an early detection platform for PDA. Specifically, we seek to
develop methods that will permit the efficient isolation and molecular characterization of
circulating epithelial cells (CECs) in PDA patients.

2. KEYWORDS: Pancreatic cancer, circulating tumor cells, biomarkers

3. ACCOMPLISHMENTS: We adhered to the research plan outlined in our proposal, with only
minor deviations as described below. To summarize what we have accomplished to date, we
have obtained proof-of-concept that a magnetic nanopore chip can be used to provide a rapid
and significant enrichment of tumor cells from the blood, with accompanying molecular
analysis. Initially, we succeeded in this goal using murine circulating cells and subsequently
moved on to perform an analysis on human cells from patients. These results provided proof
of principle results for the general approach, allowing us to continue to refine methods for
blood-based detection and characterization of tumor cells and tumor material from PDA
patients.

What were the major goals of the project? The project was divided into three Specific Aims 
as follows: 

Specific Aim 1: Enrichment of CECs from whole blood. 

The goal of this aim was to develop a system, using cell lines, whereby cancer cells 
could be isolated from the cells normally present in the bloodstream. Two methods for doing 
this were proposed – a “positive selection” approach (Major Task 1 in SOW) in which the 
cells are captured based on the surface epitopes they express, and a “negative selection” 
approach (Major Task 2 in SOW) in which cancer cells are enriched by depleting a sample 
of other cell types.  

Specific Aim 2: Biomarker detection in whole blood from KPCY animals. 

The goal of this aim was to move the detection approach from cell lines used in Specific 
Aim 1 to preclinical samples from tumor-bearing animals. Specifically, KPCY animals (a 
genetically engineered strain that develops PDA in which the tumor cells all express the 
fluorescent protein YFP) were used as the substrate for the platforms developed Aim 1. 

Specific Aim 3: Biomarker detection in patients with PDA. 

The goal of this aim was to move the detection approach from preclinical murine 
samples to human samples (i.e. patients known to have PDA).  
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What was accomplished under these goals? We made significant progress on tasks 
relevant to all three Specific Aims. These activities and their outcomes (both positive and 
negative) are listed below according to the major tasks described in the SOW: 

Major Task 1: Optimize positive selection methods for pancreatic CECs (Months 1-
12) 

Objectives and activities: In these experiments, we sought to determine whether a panel of 
antibodies could successfully be used to isolate rare cells by “positive selection” including 
those cell lines expected to have low expression of epithelial markers because they had 
undergone EMT. 

Key outcomes: Using a antibodies against the cell surface markers Muc1 and NCad in 
Panc1 and MiaPaCa2 PDA cells and control Jurkat cells (lymphocytes), we found variable 
expression of these epitopes. In particular, we found that Jurkat cells stained positively for 

NCad and Muc1, indicating that these 
markers would not be useful for 
specifically staining cancer cells. As a 
result, we concluded that these 
antibodies would not serve as reliable 
markers for the isolation of rare CECs 
from blood. In addition, success with the 
“negative selection” approaches 
described below led us to refocus our 
attention away from these studies.  

 

 

 

Other achievements: N/A 

Stated goals not met: These studies were not exhaustive for the reasons stated above, and 
we ended up looking at only two antibodies and two cell lines.  

Major Task 2: Optimize negative selection methods for pancreatic CECs (Months 1-
18) 

Objectives and activities: In these experiments, we sought to determine whether a 
microfluidic chip that removed red blood cells (RBCs) and CD45-expressing white blood 
cells (WBCs) would permit sufficient enrichment of cancer cells in a timely fashion. To this 
end, we developed a magnetic micropore platform – termed TEMPO (for Track Etched 
Magnetic MicroPOre) device – that traps blood cells but allows cancer cells to flow through, 
where they can be quantified and analyzed further. The advantage of this approach is that 
it does not rely on any a priori knowledge about which markers the cancer cells may be 
expressing (which  is a requirement for the positive selection approach).  

Fig. 1. Antibody staining of Jurkat T 
cells and Panc1 and MiaPaCa2 cells 
with EpCAM, NCAD, and Muc1. Antibody 
staining with these markers failed to reveal 
a marker that was positive on cancer cells 
and negative on T cells.  
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Key outcomes: As shown below (Fig. 2), enrichment of cancer cells with the TEMPO device 
was highly efficient. At flow rates of 10 mL per hour, it was possible to retrieve cancer cells 
out of populations containing over 106 leukocytes (or more, if whole blood was used). The 

enrichment factor (ζ) was greatest at lower 
flow rates, but still quite high at rates of 5-10 
mL per hour.  

 

 

 

 

 

 

Other achievements: The results above describe the performance of the TEMPO device in 
mixed cell populations, but enrichment was also quite high when cells were spiked into 
whole blood. In particular, recovery rates of 90% were seen in these experiments even 
when low cell numbers were used (i.e. from 10 YFP+ cancer cells spiked into blood, 8-9 
cells were typically recovered, as opposed to zero cells by flow cytometry).  

Stated goals not met: N/A 

Major Task 3: Develop sensitive techniques for detecting mRNAs present in rare 
CECs isolated by positive or negative selection (Months 1-12) 

Objectives and activities: In these experiments, we sought to develop methods for 
molecular analysis – focused on mRNA – from the cells captured by these methods. We 
began with a parallel approach of quantifying mRNAs by quantitative PCR in pooled cells 

isolated by the TEMPO device (either 
following spiking into purified leukocytes or 
whole blood) as well as by looking at the 
ability to detect these mRNAs di  rectly by 
fluorescence in situ hybridization (FISH). As 
we had significant success with FISH, and 
this approach was well-suited to the negative 
selection approach we emphasized above, 
we focused on FISH instead of quantitative 
PCR. 

Fig. 2. Characterization of TEMPO. Magnetic 
nanoparticle labeled cultured tumor cells positive 
for YFP were separated from mouse leukocytes 
using TEMPO, and quantified by flow cytometry a. 
before and b. after filtration. c. Very high depletion 
of leukocytes was achieved ζ >104 at flow rates Φ> 
10 mL/h using N = 6 filters in series. Inset: depletion 
ζ depended on flow rate Φ as a power law. d. 
Depletion at 10 mL/hr could be improved 
exponentially in N by placing N filters in series. 
Thus, flow rate can be further increased beyond 10 
mL/hr and depletion conserved, by continuing to 
add filters in series. 

 

Fig. 3. Single Molecule In Situ RNA analysis on 
the CaTCh FISH chip. With a 100x objective, 
individual mll1 RNA molecules were impossible to 
resolve without index matching (a), but became 
easily resolved with index matching (b).  
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Key outcomes: We successfully developed methods to rapidly (<1-2h) detect mRNAs from 
cancer cells on the TEMPO chip using a tiled riboprobe approach. Initially, imaging the 
signal was a challenge, but this was overcome by using an index-matched mounting 
solution (Fig. 3). The advantage of this FISH approach is that it permits easy identification 
of the cancer cells (because of the RNAs they carry), even if leukocyte depletion is 
incomplete.  

Other achievements: Using this platform across a variety of cell lines – those having both 
greater and lesser epithelial characteristics – we were able to distinguish different RNA 
profiles. Specifically, more epithelial cancer cells had higher signal for E-cadherin (an 
epithelial marker), while those with more mesenchymal features indicative of EMT had 
lower E-cadherin levels. 

Stated goals not met: N/A 

Major Task 4: Discover RNA novel markers of pancreatic CECs (Months 12-18) 

Objectives and activities: In these experiments, we sought to determine whether the 
enrichment and detection methods applied to spiked cells also work in the KPCY mouse 
model, where the tumor cells can be recognized on the basis of YFP fluorescence.  

Key outcomes: We succeeded in isolating CECs from KPCY mice and amplifying RNA 
(cDNA) from these samples.  

Other achievements: None 

Stated goals not met: Sequencing of CECs isolated from the blood of tumor bearing animals 
was not completed but is currently underway. 

Major Task 5: Detect and characterize CECs from human PDA patients (Months 12-
24) 

Objectives and activities: In these experiments, we will seek to determine whether the 
methods described above also work in human clinical specimens in patients known to have 
PDA.  

Key outcomes: As shown in Fig 4, we 
succeeded in quantifying and characterizing 
mRNA expression by FISH in circulating 
tumor cells (CTCs) from N=14 patients with 
PDA. 

 

a 
b 

c 

Fig. 4. Capture and characterization of CTCs 
from whole blood samples from PDA patients. 
(a) Cells captured from advanced pancreatic cancer 
patients and healthy donors, including both ECad+ 
and Ecad- CTCs and WBCs. (b) The number of 
CTCs captured in patients with advanced PDA 
versus those from healthy controls. (c) A CTC 
cluster from a patient with pancreatic cancer. 
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Other achievements: N/A 

Stated goals not met: N/A 

 

What opportunities for training and professional development has the project provided?  

Although not included in the initial proposal, training and professional development has been 
a welcome by-product. In particular, Dr. Bhagwat, the postdoctoral fellow assigned to this 
project, has gained experience in rare cell isolation by working extensively with experts in 
the flow cytometry core. Dr. Bhagwat had the opportunity to attend a Gordon Conference on 
circulating tumor material, resulting in increased visibility and knowledge of the field.  Dr. 
Bhagwat is supported by Taylor Black (who has joined the project as a Research Technician) 
has obtained her first exposure to wet bench laboratory research through this project, giving 
her a skillset that she can use in the future in her career.  

How were the results disseminated to communities of interest?  

The results from this study were recently published (Ko et al., Lab on a Chip 17, 3086-3096 
(2017)). 

What do you plan to do during the next reporting period to accomplish the goals?  

This is the final progress report. 

4. IMPACT:  

What was the impact on the development of the principal discipline(s) of the project?  

The goal of this project was to advance the ability to isolate tumor cells from the blood. To 
do so, we have emphasized a “negative selection” technique that enriches such cells by 
depleting other blood cells (i.e. red blood cells and leukocytes). As a result, instead of being 
present at a frequency of one out of a hundred million blood cells, cancer cells can be found 
at a frequency of one in a hundred or one in a thousand. We also developed a method to 
look at the RNA of these cells, which provides a molecular “signature” of the cancer cells. 
Our results provide an additional impetus for examining the blood of cancer patients for 
molecular information that can provide prognostic and therapeutic value. 

What was the impact on other disciplines?  

The cell capture methods we developed (utilizing magnetic nanoparticles and micropores) 
are generally applicable in biotechnology and can be used to isolate other biomaterials 
(exosomes, bacteria). This is the subject of ongoing work in Dr. Issadore’s laboratory. 

What was the impact on technology transfer?  

Nothing to report. 
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What was the impact on society beyond science and technology?  

Nothing to report. 

5. CHANGES/PROBLEMS:  

Changes in approach and reasons for change  

We adhered to the outline of the original proposal with only minor deviations. 

Actual or anticipated problems or delays and actions or plans to resolve them 

Nothing to Report. 

Changes that had a significant impact on expenditures 

Nothing to Report. 

Significant changes in use or care of human subjects, vertebrate animals, biohazards, 
and/or select agents 

Nothing to Report. 

Significant changes in use or care of human subjects 

Nothing to Report. 

Significant changes in use or care of vertebrate animals. 

Nothing to Report. 

Significant changes in use of biohazards and/or select agents 

Nothing to Report. 

 

6. PRODUCTS: 

Publications, conference papers, and presentations 

A paper based on the work funded by this award was recently published. 

Journal publications.  

Ko et al., Lab on a Chip 17, 3086-3096 (2017). 

Books or other non-periodical, one-time publications.  
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Nothing to Report. 

Other publications, conference papers, and presentations.  

Nothing to Report. 

Website(s) or other Internet site(s) 

Nothing to Report. 

Technologies or techniques 

The technologies developed for capturing CTCs from blood are described in the above-
referenced manuscript. 

Inventions, patent applications, and/or licenses 

Nothing to Report. 

Other Products 

Nothing to Report. 
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A magnetic micropore chip for rapid (<1 hour)
unbiased circulating tumor cell isolation and in
situ RNA analysis†

Jina Ko,a Neha Bhagwat,b Stephanie S. Yee, c Taylor Black,b Colleen Redlinger,c

Janae Romeo,c Mark O'Hara,c Arjun Raj,a Erica L. Carpenter,c

Ben Z. Stangerb and David Issadore *ad

The use of microtechnology for the highly selective isolation and sensitive detection of circulating tumor

cells has shown enormous promise. One challenge for this technology is that the small feature sizes –

which are the key to this technology's performance – can result in low sample throughput and susceptibil-

ity to clogging. Additionally, conventional molecular analysis of CTCs often requires cells to be taken off-

chip for sample preparation and purification before analysis, leading to the loss of rare cells. To address

these challenges, we have developed a microchip platform that combines fast, magnetic micropore based

negative immunomagnetic selection (>10 mL h−1) with rapid on-chip in situ RNA profiling (>100× faster

than conventional RNA labeling). This integrated chip can isolate both rare circulating cells and cell clusters

directly from whole blood and allow individual cells to be profiled for multiple RNA cancer biomarkers,

achieving sample-to-answer in less than 1 hour for 10 mL of whole blood. To demonstrate the power of

this approach, we applied our device to the circulating tumor cell based diagnosis of pancreatic cancer.

We used a genetically engineered lineage-labeled mouse model of pancreatic cancer (KPCY) to validate

the performance of our chip. We show that in a cohort of patient samples (N = 25) that this device can de-

tect and perform in situ RNA analysis on circulating tumor cells in patients with pancreatic cancer, even in

those with extremely sparse CTCs (<1 CTC mL−1 of whole blood).

Introduction

The detection and molecular profiling of circulating tumor
cells (CTCs) have demonstrated enormous utility for the diag-
nosis and monitoring of cancer.1,2 In particular, platforms that
use micrometer-scale structures, where dimensions are
designed to match those of CTCs, have been used with great
success to selectively and sensitively sort3–6 and detect7–10 rare
cells. However, there is an inherent mismatch between the
throughput of microfluidic devices that can sort cells based on
specific surface markers (ϕ ≅ 1–10 mL h−1) and the large sam-
ple volume of blood (V > 10 mL) necessary for ultra-rare cell
detection (<5 cells per mL), resulting in long run-times (T >

1–10 h). Furthermore, conventional downstream molecular
analysis of CTCs, such as single cell quantitative PCR11,12 or se-
quencing,13 requires cells to be taken off-chip for sample prep-
aration and purification before analysis, leading to the loss of
target cells and the decay of molecular biomarkers.14,15

To address these challenges, we have developed a
microchip-based platform to isolate and analyze rare cells di-
rectly from whole blood. The overall operation of our plat-
form, which we have coined the circulating tumor cell fluo-
rescence in situ hybridization (CaTCh FISH) Chip, can be
broken into three steps. First, rather than isolate CTCs based
on any one of their heterogeneous properties,4,16 we instead
remove the large fraction of cells that are non-cancer cells.
White blood cells (WBCs), which can be similarly sized to
CTCs, are labeled with CD45 functionalized 50 nm magnetic
nanoparticles and then isolated from the surrounding com-
plex sample using a novel high throughput magnetic micro-
pore filter. Downstream, a micropore size-based sorting struc-
ture is used to remove red blood cells (RBCs) and platelets
based on their smaller size (<8 μm) relative to CTCs (d >

8 μm). Single cell RNA analysis is performed on this micro-
pore structure, which now contains a population of cells
enriched for CTCs concentrated into a small field-of-view (12

3086 | Lab Chip, 2017, 17, 3086–3096 This journal is © The Royal Society of Chemistry 2017
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mm2). To perform single cell RNA analysis, we use a newly
developed rapid in situ hybridization (Turbo FISH)17 (<5 min
hybridization) strategy, to both identify CTCs and profile
their molecular state with single molecule sensitivity.

The CaTCh FISH combines several key features and innova-
tions that differentiate it from previous work in the field of
CTC isolation and analysis. CaTCh FISH combines the benefits
of micro-scale, surface marker specific sorting with fast flow
rates (>10 mL h−1), allowing extremely rare cells (1 CTC mL−1)
to be detected in large volume samples (>10 mL). On our chip,
both CTCs and CTC cluster populations that are heterogenous
in both size and surface marker expression can be isolated and
profiled individually, without bias towards any assumed CTC
surface markers (e.g. EpCAM expression). In comparison to
prior CTC chips that use negative selection,4 our chip differen-
tiates itself in its high flow rates, its ability to capture both sin-
gle cells and clusters, and its integrated on-chip single mole-
cule RNA analysis. In comparison to previous work, wherein
extremely high flow rates have been achieved using size-based
sorting,50–52 our surface-marker specific isolation most differ-
entiates itself in its ability to reduce co-purification and loss of
circulating tumor cells. With these features, the CaTCh FISH
chip offers a powerful new approach for both the discovery of
circulating rare cell biomarkers and for rapid translation of
these biomarkers into the clinic to improve patient care.

We chose to validate the clinical utility of CaTCh FISH by
applying it to the diagnosis of pancreatic cancer. Pancreatic
cancer is the third most common cause of cancer related death
in the United States, with a five-year survival rate of approxi-
mately 8%.18 Better tools to detect the disease early and to
guide treatment more effectively, based on molecular bio-
markers, are predicted to lead to significant improvements in
these outcomes.19 Because pancreatic tumor cells are localized
in difficult to access parts of the body, molecular measure-
ments currently rely on invasive procedures (i.e. biopsy), which
limit their practical diagnostic use.20 We have recently shown
that circulating pancreatic cells can be detected in the blood at
the onset of the disease cycle (pre-stage 1) in both mice21 and
humans.22 For these reasons, there is both an enormous clini-
cal need and potential for a non-invasive, highly accurate diag-
nostic test for pancreatic cancer based on the detection of CTCs
in the blood. Here, we used a genetically engineered lineage-
labeled mouse model of pancreatic cancer (KPCY)21 to validate
the performance of our chip. Importantly for this study, the
YFP expressed by every CTC in this model serves as a built-in
positive control, facilitating the evaluation of selected RNA
FISH targets in individual CTCs. In addition, we validated the
clinical utility of our chip by profiling CTCs in blood samples
from patients with advanced pancreatic cancer, achieving
sample-to-answer in less than 1 h.

Materials and methods
CaTCh FISH design

The extremely sparse and often heterogeneous4,23 CTCs that
our chip aims to detect are suspended amongst 5 × 107 white

blood cells and 5 × 1010 red blood cells in a 10 mL sample of
whole blood (Fig. 1a). Our CaTCh FISH Chip isolates these
rare cells and performs multiplexed, single molecular RNA
analysis to identify and analyze each individual CTC (Fig. 1b)
(Fig. S1†). To accomplish these goals, we incorporated two
key innovations onto an integrated microchip: (i) track
etched magnetic micropore (TEMPO) sorting and (ii) micro-
fluidic Turbo FISH.

Track etched magnetic micropore (TEMPO) sorting. In the
last decade, the sorting of magnetic nanoparticle (MNP) la-
beled cells in microfluidic devices has emerged as a powerful
technique to isolate rare CTCs.9 This sorting requires mini-
mal sample purification and yet achieves a high signal-to-
background contrast, due to the negligible magnetic back-
ground of biological samples. Moreover, microscale magnets
can be fabricated to match the size of cells, enabling highly
specific capture of MNP labeled cells using micromagnetic
traps in microfluidic devices.24,25 However, due to the limited
throughput of microfluidics (ϕ < 10 mL h−1), which sort cells
based on specific surface markers, these technologies operate
too slowly for large volume of samples (V > 10 mL) and are
susceptible to clogging from unprocessed whole blood.

To address these challenges, we have devised a new ap-
proach to micromagnetic sorting that achieves significantly
higher flow rates by using millions of micromagnetic traps
operating in parallel (Fig. 1c). Our design rotates the conven-
tional approach by 90° to form magnetic traps at the edges of
pores instead of in microfluidic channels. The TEMPO filter
consists of a polycarbonate membrane track etched with 30
μm diameter pores coated with a 1.25 μm thick electroplated
soft magnetic film (permalloy, Ni80Fe20). The chip sits in a
large uniform magnetic field |B| = 0.4 T oriented normal to
the surface of the TEMPO, provided by a centimeter sized
NdFeB magnet. This field magnetizes both MNP labeled cells
and the soft magnetic material on the magnetic micropore.
We have previously demonstrated this technology using 5 μm
pores to isolate pathogens from complex media,6 and adapt
it here for the rapid depletion of leukocytes and isolation of
CTCs.

The TEMPO geometry retains the benefits of conventional
microscale sorting, but offers several improvements essential
for the rapid sorting of CTCs from whole blood. Similar to
the strong field gradients created by lithographically defined
micromagnets in conventional microfluidic systems, strong,
highly localized microscale field gradients are formed at the
edge of each micropore to selectively trap magnetically la-
beled cells. Analogous to the role of microfluidic channels in
conventional devices, the microscale-sized pores force the
cells into close proximity of the magnetic traps where they
are selectively trapped. However, unlike conventional micro-
fluidic devices, because the flow rate is distributed over
millions of microscale traps in parallel, high flow rates can
be achieved. Additionally, because the occlusion of any single
pore does not significantly change the overall behavior of the
device, TEMPO is robust against unprocessed clinical sam-
ples that would clog conventional microfluidic devices. By
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utilizing track-etching to fabricate TEMPO, our device can be
fabricated with microscale features over areas much larger
than economically feasible using conventional micro-
fabrication A > 1 cm2 at a cost (<5 cents per cm2) many
times less than conventional microfabrication.26

Microfluidic turbo FISH. Most current rare cell diagnostic
tests profile either proteins, using immunofluorescence or

enzyme-linked immunosorbent assay (ELISA), or nucleic
acids, using RT-PCR. Protein-based diagnostics use anti-
bodies, which require long development times at high
costs.57 In contrast, nucleic acid detection is highly sensitive
and highly specific and allows easier development of new as-
says. Detecting nucleic acids by RT-PCR, however, requires a
thermal cycler and does not easily allow for on-chip single-

Fig. 1 Overview of the CaTCh FISH platform. a. Circulating tumor cells (CTCs) are shed from the primary tumor and circulate in the blood. Due to
their scarcity relative to blood cells and their heterogeneous biomarker expression, CTCs are difficult to isolate and analyze. b. Schematic of the
CaTCh FISH workflow, in which whole blood is isolated, CTCs are enriched through track etched magnetic micropore (TEMPO)-mediated negative
selection, and then molecularly characterized with single molecule RNA FISH, all in under an hour. Scale bars are 60 μm and 8 μm respectively. c.
Higher resolution schematic illustrating the key components of the CaTCh FISH platform: the TEMPO filter and turbo RNA FISH. d. A cross-section
of the CaTCh FISH chip. e. The TEMPO filter is fabricated by coating track etched polycarbonate with a film of magnetic material (Ni80Fe20), en-
abling millions of micro-scale magnetic traps to act in parallel for selective, ultra-fast isolation. f. The TEMPO and TurboFISH components are in-
corporated into a single monolithic chip using laser micro-machined laminate microfluidics. g. Finite element simulations of magnetic field are
used to design the TEMPO, such that the magnetic force can be measured and compared to the competing drag force (h). The pore has a diameter
of 30 μm.
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cell analysis. A complementary approach for nucleic acid de-
tection is direct labeling via RNA fluorescence in situ hybridi-
zation (RNA FISH).41,57 Conventionally, RNA FISH has suf-
fered from three main drawbacks preventing its use as a
clinical diagnostic: sensitivity, long assay times (6–12 hours),
and many complex steps requiring laboratory training. We
overcome the time requirement by developing a rapid hybrid-
ization protocol that utilizes alcohol based fixatives and high
concentrations of oligonucleotide probe sets, achieving a <5
minute assay.17,27 To overcome sensitivity limitations, we use
a variant of RNA FISH that involves hybridization of 20–50
short, fluorescently-labeled oligonucleotide probes to the tar-
get RNA (Fig. 1c). We design these oligonucleotides to bind
to different segments of the target RNA via Watson–Crick
base pairing, and the combined fluorescence from the fluoro-
phores at the single RNA leads to a fluorescent spot of inten-
sity much higher than that of the background. Each probe
was designed to maximize binding to the target regions and
to minimize off-site binding using an algorithm developed by
the Raj lab (University of Pennsylvania). The entire Turbo
FISH assay, including imaging, is carried out on our CaTCh
FISH chip, enabling automated use for clinical diagnostics.

We designed these RNA probes by first obtaining se-
quences of targeted mRNA from the UCSC genome browser.
Next, the targeted sequences were added as an input to the
customized code developed by the Raj lab, which generates
∼32 oligo RNA FISH probes that are optimized through
cross-matching, probe elimination, and oligonucleotide
placement memoization.44 Next, the information was sent to
Biosearch Technologies for synthesis. For fluorophore conju-
gation, 32 oligos were first pooled and dried using SpeedVac
(Thermo). Next, the oligo pellet was resuspended in 10 μl of
0.1 M sodium bicarbonate. A volume of 0.2 M sodium bicar-
bonate equal to the volume of dye was added. Then, the dye
was added and incubated at room temperature for 4 hours.
Ethanol precipitation was performed to remove excess dye.
High-performance liquid chromatography (HPLC) was
performed to purify dye conjugated RNA probes.

Device fabrication

The TEMPO and size-based filter are integrated into a laser-
cut laminate sheet microfluidic chip.28 The size-based filter
consists of a d = 3 μm track etched polycarbonate filter
(Whatman, Nuclepore). The enriched CTCs are delivered to
this filter through a 100 μm thick fluid channel, which sits
directly on top of a #1 glass coverslip. To fabricate the
TEMPO, we coated a polycarbonate track-etched film
(Whatman, Nuclepore) with an evaporated metal layer of Ti/
Au (100 nm) followed by an electroplated layer of Ni80Fe20
(1.25 μm) and finally with an electroplated passivation layer
of Au (Transene) (Fig. 1e). To electroplate Ni80Fe20 we used
nickel foil (1 mm thick, 99.5%, Alfa Aesar) and NiFe electro-
plating solution, containing 200 g l−1 NiSO4–6H2O, 8 g l−1

FeSO4–7H2O, 5 g l−1 NiCl2–6H2O, 25 g l−1 H3BO3, and 3 g l−1

saccharin (pH = 2.5–3).45 The overall microfluidic chip is

constructed from laser cut laminate sheets of mylar and
acrylic (Fig. 1f). Whole blood is introduced into the device in
an acrylic reservoir, fabricated above the TEMPO filter. The
device is connected to a syringe pump using blunt syringe
tips (McMaster Carr). The device is pretreated with Pluronic
F-127 (Sigma-Aldrich) to minimize nonspecific retention of
cells to the channel walls or to the TEMPO. Because the de-
vice does not require accurately controlled flow rates, it is
well suited for mobile use where flow can be driven by inex-
pensive pumps or capillary action.29,30

Finite element modeling of TEMPO

We use finite element field simulations (Comsol) to aid the de-
sign and characterization of the magnetic micropores. The sim-
ulated field strength B is plotted on the cross-section of the
magnetic filter (Fig. 1g). The field strength drops rapidly in dis-
tance from the filter creating gradients that lead to strong
forces. The micropore was modeled as an axially symmetric
pore with boundary conditions of zero field at large distances.
The magnetophoretic force Fm on a magnetic nanoparticle la-
beled cell as it passes through a micropore is calculated by
combining the finite element simulation from Fig. 1h with a
simplified model for the cell.6,31 The model assumes that mag-
netic particles are fully magnetized by the applied field (|B| ≈
0.4 T). The force Fm is calculated by combining this magnetic
moment m with the simulated magnetic field B. The magnetic
moment of the cell is proportional to the number of MNPs n
and the moment mp of the particle (|m| = n * |mp|). For the 50
nm microbeads (Miltenyi) that we use, |mp| = 106 Bohr magne-
tons.32 We assume the total number of particles per cell to be n
= 104 particles, a conservative estimate, based on the 105 CD45
receptors per leukocyte.33 The Stoke's drag of a trapped cell is
Fd = 6πηrv, where η = 0.8 mPa s−1 is the viscosity of water and r
is the radius of the cell. The average flow velocity can be calcu-
lated vavg = Φ/(ρApA) where ρ = 1–5 × 105 pores cm−2 is the
pore density (Whatman), Ap is the cross-sectional area of an in-
dividual pore, and A = 10.2 cm2 is the cross-sectional area of
the membrane. Moreover, the drag force Fd is minimized at
the edges of the pore due to the no slip boundary condition.34

The capture of a cell on a TEMPO occurs in two sequential
steps, which must both occur for capture. First, as a cell ap-
proaches a micropore, the magnetic force Fm must be great
enough to pull the cell to the edge of the pore along the polar
axis r̂ before the cell passes through the trap along the cylin-
drical axis ẑ. Second, once the cell reaches the edge of the
trap, the magnetic trapping force Fm must oppose the drag
force Fd, such that the cell will remain in the trap. Using this
model, once trapped the magnetic trapping force on a 10 μm
cell is >100× the drag force, and thus it will remain trapped
at flow rates Φ ≫ 100 mL h−1. We conclude that the flow rate
limit of the device does not arise from the competition of the
magnetic and drag force for trapped cells, but instead comes
from the fraction of cells that are successfully translated by
the magnetic force to the trap at the pore's edge. Based on
this insight, we hypothesized that for this chip the capture
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rate could be improved by placing multiple pores in series to
give each cell multiple chances to get trapped.

Characterization of enrichment of CTCs using an in vitro
model

The ability of TEMPO to isolate magnetically targeted cells
was first tested using an in vitro model. We sorted peripheral
blood mononuclear cells (PBMCs) from YFP+ pancreatic can-
cer cells (PD7591). These two types of cells were mixed at a
ratio of 100 : 1 (PBMC : PD7591) and PBMCs were stained
CD45-APC and labeled with anti-CD45 magnetic microbeads.
The input (Fig. 2a) and output (Fig. 2b) were measured using
flow cytometry (BD FACSVerse, LSR II; BD Biosciences), and
the performance of the TEMPO was quantified. In these de-
vices we do not include a size-based filter, such that the per-
formance of the TEMPO can be independently evaluated. To
characterize the device's capability to purify CTCs from white
blood cells using magnetic sorting, we calculated the device's
ability to deplete nucleated cells ζ = (C1p/C1m)/(C0p/C0m) mea-
sured as a function of flow rate Φ, where C0p and C1p are the
concentration of non-targeted cells before and after sorting
respectively, and C0m and C1m are the concentration of
targeted cells before and after sorting respectively. The deple-
tion rate ζ using our micro-magnetic sorting strategy is
>1000× greater than only a macroscopic magnet.6 The purity
of the output of the TEMPO is a function of the number of
CTCs in a given sample and can be calculated by multiplying
ζ by the number of CTCs to the number of leukocytes in a
given sample.

We made a series of measurements to determine the scal-
ing relationship of the TEMPO's performance ζ to flow rate
Φ, the area of the device A, and the number of filters N.
These scaling relationships allow the TEMPO to be tailored
specifically to isolating rare CTCs directly from whole blood
samples. We found that as flow rate increased, depletion de-
creased, dropping as a power law(ζ ∝ Φ−3.13) (Fig. 2c). How-
ever, depletion of leukocytes at high flow rates can be recov-
ered by increasing the filter's area A, which allows the flow
rate to be scaled linearly with A while keeping ζ constant, Φ
∝ A.6 Additionally, depletion can be further enhanced by
stacking multiple TEMPO membranes in series. By increas-
ing from N = 1 to N = 6 for an A = 10.2 cm2 at Φ = 10 ml h−1,
depletion was improved >500× (Fig. 2d). As the TEMPO
membranes are vertically stacked, the subset of the cells
missed by the previous membrane can be captured on the
next membrane, which leads to this exponential increase in
the depletion of leukocytes. To maximize depletion, we used
N = 6 membranes for all the experiments. We challenged a
device that included only a TEMPO with healthy donor
blood, and profiled both the leukocytes in the input and
those that passed-through the TEMPO for CD45 expression
using flow cytometry (LSR II; BD Biosciences). Moreover, we
evaluated the effect of leukocyte heterogeneity in CD45 ex-
pression on the performance of the device. We found that
the rare leukocytes that pass through the TEMPO do not have
a significantly different CD45 expression than those that are
trapped (Fig. S2†). Performance could be further increased by
labeling white blood cells using a cocktail of surface
markers.

The isolation of rare cells from whole blood

To test the sensitivity of our chip to rare cells in a complex
background, we used healthy whole blood spiked with a
known number of PD7591 cultured cancer cells. Cells were
counted on the CaTCh FISH chip's size-based filter using
fluorescence microscopy (Leica, DMi8). A CaTCh FISH chip
was used that contained N = 6 TEMPO membranes. The enu-
meration of these spiked cells using our chip showed excel-
lent agreement with expected cell numbers (R2 = 0.99) and
large dynamic range (1 to >104 cells) (Fig. 3a). Additionally,
we showed that the limit of detection (LOD) could be in-
creased by increasing the volume of blood input into our de-
vice (Fig. 3b). We used whole blood with a concentration of 1
cancer cell per mL and ran samples with volumes from 1 to 5
mL. As expected, we observed a linear increase in the number
of cells counted as a function of volume. In comparison to
CaTCh FISH, flow cytometry resulted in an LOD of >50 cells
per mL whole blood, due to additional processing related loss
and background autofluorescence (Fig. 3c). And, in compari-
son to competing CTC isolation technologies1–5,7,9 that report
LOD >1 CTC, because our device can rapidly (>10 ml h−1)
and selectively isolate rate cells from large volumes, it can de-
tect ultra rare cells (<1 CTC mL−1) from large volume sample
(V > 30 mL). At increasingly large sample volumes, a limiting

Fig. 2 Characterization of TEMPO. Cultured tumor cells positive for
YFP were separated from mouse leukocytes using TEMPO, and
quantified by flow cytometry a. before and b. after filtration. c. Very
high depletion of leukocytes was achieved ζ > 104 at flow rates Φ > 10
mL h−1 using N = 6 filters in series. Inset: Depletion ζ depended on
flow rate Φ as a power law. d. Depletion at 10 mL h−1 could be
improved exponentially in N by placing N filters in series. Thus, flow
rate can be further increased beyond 10 mL h−1 and depletion
conserved, by continuing to add filters in series.
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factor for the CaTCh FISH's performance becomes the satura-
tion of the TEMPO membranes with WBCs. Because each
TEMPO membrane contained ∼5 × 106 pores, and in this study
we used N = 6 membranes per device, and each pore could trap
3 WBCs, each chip could process >10 mL of blood (at 5 × 106

WBCs per ml) without becoming saturated. Because of CaTCh
FISH's design, more membranes or greater membrane area
could be added to further increase this capacity. Experimen-
tally, we showed that we were able to isolate CTCs from 10 mL
of human whole blood and we did not observe any degradation
of performance compared to smaller sample volumes.

To verify that no tumor cells could pass through our size-
based filter, and to confirm that the removal of leukocytes oc-
curred on the TEMPO and not the size based filter, we
performed the following experiments. We challenged our de-
vice with a sample containing a known number of leukocytes
(37 million cells) and collected the flow-through of this de-
vice to measure any leukocytes that passed through the size-
based filter. At Φ = 10 mL h−1 we found 0 leukocytes had

passed through the size based filter. To verify that the leuko-
cytes were in fact isolated on the TEMPO, we performed the
same experiment with the size-based filter removed. We
found that the TEMPO captured 99.99983% of the leukocytes.
Thus, out of 37 million cells, only 52 were missed by the
TEMPO, which in the CaTCh FISH system would be trapped
on the size-based filter, where they are distinguished from
CTCs based on Turbo FISH. We performed the above experi-
ments using both mouse pancreatic cancer cell lines (7–12
μm) and human pancreatic cancer cell lines (9–15 μm) and
we did not observe any cancer cells that were able to pass
through the size-based filter.

Characterization of background insensitivity

Our device's sensitivity to background was tested by enumer-
ating tumor cells (PD7591) across various backgrounds. We
compared measurements in buffer with measurements in
both mouse and human whole blood. Our chip successfully
enumerated >90% of cells in 1 mL of mouse whole blood
and in 1 mL of human whole blood. Additionally, we showed
that by lysing and washing away RBCs prior to running the
sample through our chip, there was an additional loss (70%
recovery rate). Even with RBC-lysed samples, our chip still
showed 2× improved recovery compared to flow cytometry
(38% recovery rate) (Fig. 3c). Our chip's recovery rate of 90%
matches or exceeds that of other microfluidic techniques
reported.3–5,7,9 For the current clinical gold standard,
CellSearch, the recovery rate for EpCAM positive cells is
69%35 but can be much less if there are a large fraction of
cells that are EpCAM negative.4,7

Design and fabrication of optofluidics for closed format
ultra-rapid RNA FISH

Downstream of TEMPO, the population of trapped cells
enriched for CTCs was analyzed using Turbo RNA FISH. To per-
form FISH, our device isolated CTCs downstream of the mag-
netic micropore device using a track-etched polycarbonate size-
based filter (3 μm). This size-based filter serves two functions:
(i) the pore size d = 3 μm was small enough to capture CTCs,
but large enough to let RBCs pass. This size-based filter
achieves a high capture rate (100%) of CTCs at fast flow rates
(Φ > 10 ml h−1) over small areas (12 mm2) and is robust to
unprocessed samples; and (ii) the size-based filter is built di-
rectly on top of a glass coverslip, enabling high resolution on-
chip imaging. Because of the small field-of-view (12 mm2)
afforded by this filter, the captured cells can be rapidly imaged
with a 100× objective, with an average time less than 1 hour.

The incorporation of on-chip high resolution imaging into
our platform led to a technological problem, which we solved
using an optofluidic approach. To resolve multiply labeled
single molecules of RNA, a 100× oil immersion, large numeri-
cal aperture (NA) objective is needed. Because an oil immer-
sion lens is used, the introduction of 50 μm of water (n =
1.33) between the cells and the glass cover slip (n = 1.53) in-
troduces image distortion, which destroys resolution (Fig. 4a).

Fig. 3 Characterization of rare cell recovery on CaTCh FISH. a. To
validate CaTCh FISH's ability to detect rare cells in whole blood,
various numbers of cultured cells were spiked into whole blood and
then measured using either CaTCh FISH or conventional flow
cytometry. CaTCh FISH measured the cells directly in whole blood
(WB), whereas RBCs were lysed prior to flow cytometry. CaTCh FISH
achieved LOD ∼1 cell per mL blood. Conventional cytometry had an
LOD = 100 cell per mL whole blood. b. LOD of CaTCh FISH can be
further increased by measuring larger volume samples. The graph
shows a sample with 1 CTC mL−1 measured at volumes ranging from 1
to 5 mL. c. We evaluated CaTCh FISH's insensitivity to background by
comparing the recovery rate of spiked cells in whole mouse blood,
whole human blood, RBC lysed mouse blood, and RBC lysed mouse
blood measured on a flow cytometer (FC).
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The cells are trapped on our track-etched filter, which lies
above a 50 μm tall microfluidic channel that delivers cells to
the filter. To overcome this challenge, we replaced the water in
the channel prior to imaging with a low viscosity high index
fluid (n = 1.42, AntiFade, Life Technologies) which is partially
index matched to the glass. Index matching restored high reso-
lution imaging (Fig. 4b). Other materials can achieve better in-
dex matching, but their high viscosity can lead to excessive
drag forces on trapped cells, increasing cell loss.

To characterize the sensitivity and specificity of our Turbo
FISH method, we compared the number of CD45 RNA mea-
sured per Jurkat cells, using both conventional single mole-
cule FISH and our Turbo FISH protocol (Fig. S3†). No signifi-
cant difference was detected (P > 0.25). Additionally, we
measured the rate of falsely positive and falsely negative sin-
gle molecules of RNA by labeling the same RNA target
(BABAM) using two differently colored probes, and we use co-
localization to identify the true positives (Fig. S4†). For this
measurement, as has been done previously,47 we partitioned
the probe set (32 oligos) to the even and odd numbered oligo-
nucleotides and coupled each subset with a different fluoro-
phore (evens: Cy3, odds: Alexa 594). We hybridized the two
probe sets and imaged each color and found that 76% of our
punctates co-registered, consistent with previously published
results using conventional single molecule RNA FISH.47 Be-
cause in this experiment, due to the odds- and evens- split-
ting of the probe set, only half as many oligo probes are used
as in the rest of our studies, reducing the signal to back-
ground. Thus, we expect this performance metric to be
exceeded in our clinical studies. The punctates were quanti-
fied using automated software, as described previously,44

which is open source and available for free use online.
To perform on-chip FISH, we ran the cold methanol (stored

in −20 °C) through the chip to fix the cells for 2 min. After fixa-
tion, we washed the cells with 200 μl of wash buffer (10% form-
amide and 2× SSC (Sodium Saline Citrate)) at 20 ml h−1. Next,
we added 1 μl of each RNA FISH probe (stock concentrations
ranging from 1288 ng μL−1 to 5800 ng μL−1) into a hybridiza-
tion buffer in 1 : 50 ratio. We added 50 μl of the mixed solution
and stopped the flow and placed the chip on a 37 °C hotplate
for 5 min. After hybridization, we washed the cells with 1 ml of
wash buffer at 37 °C. For imaging, wash buffer was replaced
with the SlowFade Diamond Antifade mountant (Thermo
Fisher Scientific). We imaged the size-based filter area of the
chip on a Nikon Ti-E inverted fluorescence microscope using
100× Plan-Apo objective (numerical aperture of 1.40) and a
cooled CCD camera (Andor iKon 934). Using four different fluo-
rescence channels (DAPI, Alexa 594, Cy3, and Atto 647N), we ac-
quired three-dimensional stacks of images. After imaging ac-
quisition, the image stacks were projected into a single image
using maximum projection, using ImageJ software.

RNA biomarker selection and validation for pancreatic cancer

To determine which RNA biomarkers to target with our RNA
FISH, we searched for markers using published RNA se-

quencing databases that were highly expressed in CTCs and
at low or undetectable levels expressed by leukocytes.36 We
found that no one marker was positive for all CTCs, and so
instead we defined a cocktail of three markers (CK18, CK19,
and Ctnnd1) that are positive in combination for all pancre-
atic CTCs. For each cell, we also separately measured

Fig. 4 Single molecule in situ RNA analysis on the CaTCh FISH chip.
With a 100× objective, individual Mll1 RNA molecules were impossible
to resolve without index matching (a), but became easily resolved with
index matching (b). Scale bar: 10 μm. c. RNA FISH on the CaTCh FISH
chip was used to enumerate the number of RNA in individual cells for
a variety of cell types, represented in a heat map. d. By using a cocktail
of RNA markers (CK18, CK19, and Ctnnd1) and CD45 as a negative
marker, all of the cell types can be identified. Additionally, ECad can be
used to analyze the EMT state of the cell. e. Comparison of RNA FISH
and immunofluorescence for ECad in PD483 (mesenchymal), PD6910
(intermediate), and PD7591 (epithelial) cultured cells. Scale bar is 10
μm. f. Comparison of Turbo FISH and quantitative PCR results for the
cell lines in (e).
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E-cadherin (ECad) to profile the epithelial-to-mesenchymal
transition (EMT), and CD45 as a negative marker to identify
leukocytes. As CTCs of the KPCY mouse model we used for
this study express YFP, we were able to use it as a built-in
endogenously expressed positive control. We designed sets of
oligonucleotides FISH probes for each of these targets, where
each set was designed to bind to different segments of the
target RNA via Watson-Crick base pairing. Two sets of FISH
probes were created for each of the targets, one set for hu-
man and one set for mouse experiments. To validate these
markers, we tested them using in vitro model systems, in-
cluding the following human pancreatic cancer cell lines:
MiaPaCa2, AsPC-1, and Capan2, as well as Jurkat cells, which
were used as a convenient model for background leukocytes.
The three human pancreatic cancer cell lines are representa-
tive of expected pancreatic cancer cell heterogeneity, covering
the spectrum of epithelial to mesenchymal cells. As expected,
no single marker was able to identify every one of these cell
types (Fig. 4c). However, by using the cocktail of positive
markers (CK18, CK19, and Ctnnd1), as well as CD45 as a neg-
ative marker, all three pancreatic cancer cell lines could be
distinguished from the Jurkat cells (Fig. 4d and S5†).

Next, we validated that the CaTCh FISH chip could quan-
tify the RNA expression within each individual cell. The mo-
lecular analysis of CTCs offers a window into the molecular
mechanism of metastasis. It is widely believed that a pheno-
typic change known as epithelial-mesenchymal transition
(EMT) – where cells lose their epithelial characteristics and
become mesenchymal – is important for invasion and blood-
stream entry.37,38 To validate that our chip could profile the
EMT transition, three different pancreatic mouse cell lines
with varying degrees of expression of the epithelial marker,
ECad, were tested, including a mesenchymal cell line PD483,
an epithelial cell line PD7591, and an intermediate cell line
PD6910. The quantity of ECad RNA measured by RNA FISH
was greater for cells that were more epithelial, and agreed
with immunostaining (Fig. 4e). Additionally, the quantity of
ECad mRNA measured per cell on the CaTCh FISH was com-
pared with quantitative PCR, and the Ecad expression in-
creased as the cells were more epithelial in both measure-
ments (Fig. 4f).

Results
In vivo testing in KPCY mice

To validate that we could isolate and analyze CTCs in an
in vivo system that closely recapitulates human pancreatic
cancer, we began by isolating CTCs from whole blood
obtained from tumor-bearing KPCY mice. Each CTC in the
KPCY mouse expresses YFP, enabling us to readily identify
CTCs independent of the markers that we have chosen. We
isolated CTCs from whole mouse blood (N = 5 KPCY mice;
mean 30 cells per mouse) and quantified the number of
ECad RNA punctae in each CTC (Fig. 5a). All experimental
protocols were approved and animal care and use was in ac-
cordance with the guidelines specified by the Institutional

Animal Care and Use Committee (IACUC) of the University of
Pennsylvania. We isolated CTCs from the whole blood vol-
ume of mouse (∼1 ml), where on average <50 WBCs were co-
purified with CTCs, at ϕ = 10 mL h−1 and n = 6 TEMPO mem-
branes. We found that CTCs captured from mice with low
disease burden had significantly more ECad punctae per cell
than CTCs from mice that were metastatic (P < 0.05)
(Fig. 5b). In addition to individual CTCs, we also observed
clusters of cells, as were observed in a closely-related pancre-
atic cancer model,23 the largest containing 13 cells (Fig. 5c).
Within these clusters we observed heterogeneity of ECad ex-
pression, with some cells expressing as few as zero copies of
ECad RNA and some as many as 18.

Detection of CTCs in clinical samples

To validate the use of our CaTCh FISH Chip on clinical sam-
ples, we measured blood samples obtained from patients
with advanced pancreatic cancer. We processed N = 14 pa-
tient samples, all with metastatic or locally advanced
disease (10 patients with one time point and 2 patients

Fig. 5 Application of CaTCh FISH Chip to murine and patient whole
blood samples. a. A histogram of the number of ECad RNA per CTC for
blood taken from an individual KPCY mouse, showing the
heterogeneity of ECad expression amongst CTCs. All cells in this
histogram were cocktail+ (CK18, CK19, and Ctnnd1) and CD45−,
identifying them as CTCs. b. The average number of ECad punctae per
cell <#ECad RNA> for mice with small tumors versus mice with
advanced lesions. A statistically significant difference P = 0.01 was
found. Error bars represent standard error. c. An image of a circulating
tumor cell cluster recovered from a KPCY mouse. Scale bar is 10 μm.
d. Cells captured from advanced pancreatic cancer patients and
healthy donors, including both ECad+ and ECad− CTCs and WBCs. e.
The number of CTCs captured in patients with advanded pancreatic
cancer versus those from healthy controls. The dashed line represents
a threshold that can be defined to identify patients that have cancer.
Inset: A receiver operator characteristic (ROC) curve for the CaTCh
FISH, achieving an area under the curve (AUC = 0.93). f. A CTC cluster
recovered from a patient with pancreatic cancer. Scale bar is 4 μm.
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with two time points) and N = 9 healthy controls. Pa-
tient demographics are included in Fig. S6.† Peripheral whole
blood was obtained in EDTA tubes from pancreatic ductal ad-
enocarcinoma (PDAC) patients with advanced pancreatic can-
cer and from healthy age- and gender-matched controls at
the University of Pennsylvania Health System. All patients
and healthy donors provided written informed consent for
blood donation on approved institutional protocols. For each
patient with pancreatic cancer, we also obtained CA19-9
values (units per ml). Of these patient samples, 11 out of 12
were positive for CA19-9. We confirmed that each clinical
sample had a small number of CTCs (<1 cell per mL) by
sending aliquots to Epic Sciences (N = 5). Consistent with
prior reports,46 CTC counts for pancreatic cancer patients are
low or undetectable relative to other cancers of epithelial ori-
gin such as breast or prostate cancer. Epic Sciences identifies
CTCs using a high throughput optical imaging system that
inspects 3 million nucleated cells per glass slide (0.5 mL of
whole blood), and defines CTCs as being Cytokeratin (CK) +
and CD45−.

By measuring large volumes of sample V > 10 mL, the
CaTCh FISH chip was able to identify extremely rare CTCs
(<1 cell per ml). On our chip we defined CTCs as having an
RNA FISH signal that was positive for our cocktail (CK18,
CK19, and Ctnnd1) and negative for CD45. The cocktail
(CK18, CK19, and Ctnnd1) that we used to identify circulating
tumor cells was highly expressed by CTCs in the clinical sam-
ples (Fig. 5d). Using ECad to evaluate the EMT state of the
CTCs, we were able to detect both epithelial CTCs (cocktail+,
ECad+) and mesenchymal CTCs (cocktail+, ECad−). The CD45
FISH probes were useful as a negative selection marker to ex-
clude the few leukocytes that made it past the TEMPO (leuko-
cytes were defined as CD45+ and cocktail−). Interestingly, a
subset of leukocytes expressed a small number of ECad RNA
(CD45+, cocktail−, and ECad+), as has been previously ob-
served.39 On CaTCh FISH, an average of 2.8 CTCs were
detected per 10 mL of whole blood in the N = 14 patient sam-
ples with advanced disease that we measured (Fig. 5e). We ad-
ditionally ran N = 9 negative controls, consisting of 10 mL of
whole blood obtained from healthy patients (Zen Bio), and
did not find a single false positive in any of the samples. The
extremely high specificity of CaTCh FISH can be attributed to
the specificity of Turbo FISH, the use of multiple biomarkers
to identify CTCs (CD45−, and either CK18+, CK19+, or
Ctnnd1+), and the highly selective depletion of leukocytes by
TEMPO. To quantify the performance of the device, a receiver
operator characteristic curve was generated and the CaTCh
FISH was found to have an AUC = 0.93 for the classification of
patients with pancreatic cancer (N = 14) versus healthy con-
trols (N = 9) (Fig. 5e – inset). In addition to single CTCs, we
also identified cell clusters, containing as many as five cells
from a metastatic patient sample (Fig. 5f). Within these clus-
ters we observed heterogeneity of ECad expression, with some
cells expressing as few as three copies of ECad RNA and some
as many as thirteen. The bright circular patterns that are pres-
ent in some of our images are hypothesized to be platelets ad-

hered to the CTCs. This autofluorescence signal was easily ig-
nored in analysis due to its presence in all fluorescence
channels.40

Discussion

CaTCh FISH chip offers rapid, ultra-sensitive detection and
quantitative single cell molecular analysis of rare circulating
cells. Due to the CaTCh FISH chip's ability to isolate targeted
cells regardless of their heterogeneous physical or molecular
properties, and its ability to profile a broad-range of RNA bio-
markers within these individual cells, the platform can be
adopted to study a wide variety of cell types, such as endothe-
lial cells, immune cells, and stem cells. Due to the highly par-
allel nature of this device, it can rapidly process samples
(sample to answer in less than 1 hour for a 10 mL blood sam-
ple) and it is insensitive to clogging from unprocessed whole
blood. In comparison, other negative depletion technologies
have achieved flow rates of 0.12–2 mL h−1.3,54–56 In compari-
son to previous work, where surface marker specific isolation
has been achieved at flow rates as high as 10 mL h−1,52,53 our
device's throughput scales with the device area rather than
device width for conventional devices, which allows scaling
to greater than 100 mL h−1 on centimeter-scale devices.

Beyond the performance demonstrated in this paper, the
CaTCh FISH platform offers several key benefits which will
enable further advancements: i. the throughput demon-
strated in this paper can be further improved due to favor-
able scaling features. By either increasing the area of the
TEMPO (ϕ ∝ A) or vertically stacking more TEMPO filters (ζ ∝
eN), the device can be optimized for the rapid enrichment of
rare cells in a wide range of samples and sample volumes.
Moreover, newly developed master-replica fabrication strate-
gies can be used to fabricate magnetic micropore devices
with improved throughput.48 ii. The use of Turbo RNA FISH
also provides an opportunity to expand this platform. While
we used five sets of RNA FISH probes to inspect each cell in
this work, this can be expanded to much larger numbers of
both RNA and DNA biomarkers using advanced FISH tech-
niques to gain a more detailed picture of the cell41–43 iii. Im-
aging using a conventional microscope, as is done in this pa-
per, requires acquisition of several fields of view, stitched
together in software. Alternatively, synthetic aperture imaging
offers an opportunity to image our entire field-of-view in a
single shot,42,49 thus enabling high resolution, wide field-of-
view microscopy to be easily incorporated into a clinical diag-
nostic. Overall, based on CaTCh FISH's favorable properties,
and its opportunities for continued improvement, this new
approach to rare cell sorting and analysis offers an enormous
opportunity as a rare-cell diagnostic.
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