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Abstract

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 susceptibility 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/hr) with rapid on-chip in-situ RNA profiling (>100x 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 detect 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 of whole blood).
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We have developed a microchip platform that combines fast, magnetic micropore based negative
immunomagnetic selection (>10 mL/hr) with rapid on-chip in-situ RNA profiling (>100x faster
than conventional RNA labeling).

Introduction

The detection and molecular profiling of circulating tumor cells (CTCs) have demonstrated
enormous utility for the diagnosis and monitoring of cancerl2. 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-% and detect’~10 rare
cells. However, there is an inherent mismatch between the throughput of microfluidic
devices that can sort cells based on specific surface markers (@ = 1-10 mL/hr) and the large
sample volume of blood (V> 10 mL) necessary for ultra-rare cell detection (< 5 cells/mL),
resulting in long run-times (7> 1-10 hrs). Furthermore, conventional downstream molecular
analysis of CTCs, such as single cell quantitative PCR11:12 or sequencing?3, requires cells to
be taken off-chip for sample preparation and purification before analysis, leading to the loss
of target cells and the decay of molecular biomarkers1#12,

To address these challenges, we have developed a microchip-based platform to isolate and
analyze rare cells directly from whole blood. The overall operation of our platform, which
we have coined the Circulating Tumor Cell Fluorescence 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*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 complex sample using a novel high throughput magnetic micropore filter.
Downstream, a micropore size-based sorting structure is used to remove red blood cells
(RBCs) and platelets based on their smaller size (< 8 um) relative to CTCs (d > 8 um).
Single cell RNA analysis is performed on this micropore structure, which now contains a
population of cells enriched for CTCs concentrated into a small field-of-view (12 mm?). To
perform single cell RNA analysis, we use a newly developed rapid in situ hybridization
(Turbo FISH)/(< 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 innovations 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/hr), allowing
extremely rare cells (1 CTC / mL) 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
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assumed CTC surface markers (e.g. EpCAM expression). In comparison to prior CTC chips
that use negative selection?, our chip differentiates itself in its high flow rates, its ability to
capture both single cells and clusters, and its integrated on-chip single molecule RNA
analysis. In comparison to previous work, wherein extremely high flow rates have been
achieved using size-based sorting,51-53 our surface-marker specific isolation most
differentiates 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 approximately 8%18. Better tools to
detect the disease early and to guide treatment more effectively, based on molecular
biomarkers, are predicted to lead to significant improvements in these outcomes?®. Because
pancreatic tumor cells are localized in difficult to access parts of the body, molecular
measurements currently rely on invasive procedures (i.e. biopsy), which limit their practical
diagnostic use20. 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 mice?! and humans22. For
these reasons, there is both an enormous clinical need and potential for a non-invasive,
highly accurate diagnostic 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)23 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 hr.

Materials and Methods

CaTCh FISH Design

The extremely sparse and often heterogeneous®24 CTCs that our chip aims to detect are
suspended amongst 5x107 white blood cells and 5x1019 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)
microfluidic Turbo FISH.

Track Etched Magnetic Micropore (TEMPOQO) sorting—In the last decade, the sorting
of magnetic nanoparticle (MNP) labeled cells in microfluidic devices has emerged as a
powerful technique to isolate rare CTCs®. This sorting requires minimal sample purification
and yet achieves a high signal-to-background contrast, due to the negligible magnetic
background 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
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traps in microfluidic devices2526, However, due to the limited throughput of microfluidics
(® < 10 mL/hr), 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 approach to micromagnetic sorting that
achieves significantly higher flow rates by using millions of micromagnetic traps operating
in parallel (Fig. 1c). Our design rotates the conventional 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 pm diameter pores coated with a 1.25 um
thick electroplated soft magnetic film (permalloy, NiggFe,g). The chip sits in a large uniform
magnetic field |8 = 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 pum pores to isolate pathogens from complex media®, and adopt 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 labeled 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 microfluidic 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 samples that would clog conventional
microfluidic devices. By utilizing track-etching to fabricate TEMPO, our device can be
fabricated with microscale features over areas much larger than economically feasible using
conventional microfabrication A > 1 cm? at a cost (< 5 cents / cm2) many times less than
conventional microfabrication?’.

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 antibodies, which require long
development times at high costs.?® In contrast, nucleic acid detection is highly sensitive and
highly specific and allows easier development of new assays. Detecting nucleic acids by RT-
PCR, however, requires a thermal cycler and does not easily allow for on-chip single-cell
analysis. A complementary approach for nucleic acid detection is direct labeling via RNA
fluorescence in situ hybridization (RNA FISH).58:42 Conventionally, RNA FISH has suffered
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 hybridization protocol that utilizes alcohol based
fixatives and high concentrations of oligonucleotide probe sets, achieving a < 5 minute
assayl’-28, To overcome sensitivity limitations, we use a variant of RNA FISH that involves
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hybridization of 20-50 short, fluorescently-labeled oligonucleotide probes to the target 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 fluorophores at the
single RNA leads to a fluorescent spot of intensity 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 sequences 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 4. Next, the information was sent to Biosearch Technologies for
synthesis. For fluorophore conjugation, 32 oligos were first pooled and dried using
SpeedVac (Thermo). Next, the oligo pellet was resuspended in 10 pl of 0.1M sodium
bicarbonate. A volume of 0.2M sodium bicarbonate 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?®. The size-based filter consists of a &= 3 pum track etched polycarbonate filter
(Whatman, Nuclepore). The enriched CTCs are delivered to this filter through a 100 pm
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 NiggFe,q
(1.25 um) and finally with an electroplated passivation layer of Au (Transene) (Fig. 1e). To
electroplate NiggFeyq we used nickel foil (1 mm thick, 99.5%, Alfa Aesar) and NiFe
electroplating solution, containing 200 g/l NiSO4-6H,0, 8 g/l FeSO4-7H,0, 5 g/l
NiCl,-6H,0, 25 g/l H3BOg3, and 3 g/l saccharin (pH=2.5-3). 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 device does not require accurately
controlled flow rates, it is well suited for mobile use where flow can be driven by
inexpensive pumps or capillary action30:3.,

Finite Element Modeling of TEMPO

We use finite element field simulations (Comsol) to aid the design and characterization of
the magnetic micropores. The simulated field strength Biis plotted on the cross-section of
the magnetic filter (Fig. 1g). The field strength drops rapidly in distance from the filter
creating gradients that lead to strong forces. The micropore was modeled as an axially

Lab Chip. Author manuscript; available in PMC 2018 September 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ko et al.

Page 6

symmetric pore with boundary conditions of zero field at large distances. The
magnetophoretic force Ay on a magnetic nanoparticle labeled 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 %32, The model assumes that magnetic particles are fully
magnetized by the applied field (|B| ~ 0.4 T). The force A, 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 /7and the moment /77, of the particle (jm[ = 72 [mg]).
For the 50 nm microbeads (Miltenyi) that we use, [mp| = 108 Bohr magnetons33. We assume
the total number of particles per cell to be /7= 10% particles, a conservative estimate, based
on the 105 CD45 receptors per leukocyte34. The Stoke’s drag of a trapped cell is Fy =
6renrv, where = 0.8 mPa*s is the viscosity of water and r is the radius of the cell. The
average flow velocity can be calculated v,,q =@/(0AyA) Where p = 1-5x10° pores*cm~2 is
the pore density (Whatman), A, is the cross-sectional area of an individual pore, and A =
10.2 cm? is the cross-sectional area of the membrane. Moreover, the drag force Fy is
minimized at the edges of the pore due to the no slip boundary condition.3°

The capture of a cell on a TEMPO occurs in two sequential steps, which must both occur for
capture. First, as a cell approaches a micropore, the magnetic force A, must be great enough
to pull the cell to the edge of the pore along the polar axis £ before the cell passes through
the trap along the cylindrical axis 2. Second, once the cell reaches the edge of the trap, the
magnetic trapping force A, must oppose the drag force A4, such that the cell will remain in
the trap. Using this model, once trapped the magnetic trapping force on a 10 um cell is
>100x the drag force, and thus it will remain trapped at flow rates @ >> 100 mL / hr. 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 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
cancer cells (PD7591). These two types of cells were mixed at a ratio of 100:1
(PBMC:PD7591) and PBMCs were stained (APC) and labeled with anti-CD45 magnetic
microbeads. The input (Fig. 2a) and output (Fig. 2b) were measured using flow cytometry
(BD FACSVerse flow cytometer, LSR 11 Flow Cytometer; BD Biosciences), and the
performance of the TEMPO was quantified. In these devices we do not include a size-based
filter, such that the performance 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 ¢'= (Cyp/ Cim)/(Cop/
Com) measured as a function of flow rate &, where Cpp and Cyp are the concentration of
non-targeted cells before and after sorting respectively, and Gy, and Cyp, are the
concentration of targeted cells before and after sorting respectively. The depletion rate ¢
using our micro-magnetic sorting strategy is >1,000x greater than only a macroscopic
magnet.8 The purity of the output of the TEMPO is a function of the number of CTCs in a
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given sample and can be calculated by multiplying ¢ by the number of CTCs to the number
of leukocytes in a given sample.

We made a series of measurements to determine the scaling relationship of the TEMPO’s
performance ¢ to flow rate @&, the area of the device A, and the number of filters . 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
decreased, dropping as a power law(¢ o« @~319) (Fig. 2c). However, depletion of leukocytes
at high flow rates can be recovered by increasing the filter’s area A, which allows the flow
rate to be scaled linearly with A while keeping ¢ constant, @ o A 8 Additionally, depletion
can be further enhanced by stacking multiple TEMPO membranes in series. By increasing
from n=1to n=6 for an A= 10.2 cm? at @= 10 ml/hr, depletion was improved >500x
(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 7=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 CDA45 expression using flow cytometry (Flow Cytometry
Core, University of Pennsylvania). Moreover, we evaluated the effect of leukocyte’s
heterogeneity in CD45 expression 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
enumeration of these spiked cells using our chip showed excellent agreement with expected
cell numbers (RZ = 0.99) and large dynamic range (1 to >10% cells) (Fig. 3a). Additionally,
we showed that the limit of detection (LOD) could be increased by increasing the volume of
blood input into our device. (Fig. 3b) We used whole blood with a concentration of 1 cancer
cell / 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 / mL whole blood, due to additional
processing related loss and background autofluorescence (Fig. 3c). And, in comparison to
competing CTC isolation technologies!=>7:9 that report LOD > 1 CTC, because our device
can rapidly (> 10 ml/hr) and selectively isolate rate cells from large volumes, it can detect
ultra rare cells (< 1 CTC / mL) from large volume sample (V > 30 mL). At increasingly
large sample volumes, a limiting factor for the CaTCh FISH’s performance becomes the
saturation of the TEMPO membranes with WBCs. Because each TEMPO membrane
contained ~5x108 pores, and in this study we used 7= 6 membranes per device, and each
pore could trap 3 WBCs, each chip could process >10 mL of blood (at 5x10% WBCs/ml)
without becoming saturated. Because of CaTCh FISH’s design, more membranes or greater
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membrane area could be added to further increase this capacity. Experimentally, 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 occurred on the TEMPO and not the size based filter, we performed
the following experiments. We challenged our device with a sample containing a known
number of leukocytes (37 million cells) and collected the flow-through of this device to
measure any leukocytes that passed through the size-based filter. At @= 10 mL/hr we found
0 leukocytes had passed through the size based filter. To verify that the leukocytes 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 experiments using both mouse pancreatic cancer cell lines
(7-12 um) and human pancreatic cancer cell lines (9—15 um) 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 enumerating 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
2x 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.3-57:9 For the current clinical gold standard, CellSearch, the recovery rate for
EpCAM positive cells is 69%36 but can be much less if there are a large fraction of cells that
are EpCAM negative.*’

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 perform FISH, our device isolated CTCs downstream of the
magnetic micropore device using a track-etched polycarbonate size-based filter (3 um). This
size-based filter serves two functions: (i) the pore size d = 3 um 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 (&> 10 ml/hr) over small areas (12 mm?) and is robust to
unprocessed samples; and (ii) the size-based filter is built directly on top of a glass coverslip,
enabling high resolution on-chip imaging. Because of the small field-of-view (12 mm?)
afforded by this filter, the captured cells can be rapidly imaged with a 100x 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
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labeled single molecules of RNA, a 100x oil immersion, large numerical aperture (NA)
objective is needed. Because an oil immersion lens is used, the introduction of 50 um of
water (n = 1.33) between the cells and the glass cover slip (n = 1.53) introduces image
distortion, which destroys resolution (Fig. 4a). The cells are trapped on our track-etched
filter, which lies above a 50 um 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 resolution imaging (Fig. 4b). Other
materials can achieve better index 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 measured per Jurkat cells, using both conventional single molecule
FISH and our Turbo FISH protocol (Fig. S3) No significant difference was detected.(P >
0.25) Additionally, we measured the rate of falsely positive and falsely negative single
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,*® we partitioned the probe set (32 oligos) to the
even and odd numbered oligonucleotides and coupled each subset with a different
fluorophore (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.%8 Because in this
experiment, due to the odds- and evens- splitting of the probe set, only half as many oligo
probes are used as in the rest of our studies, reducing the signal to background. Thus, we
expect this performance metric to be exceeded in our clinical studies. The punctates were
quantified using automated software, as described previously,*> 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 mins. After fixation, we washed the cells with 200 ul of wash buffer (10%
formamide and 2x SCC) at 20 ml/hr. Next, we added 1 pl of each RNA FISH probe (stock
concentrations ranging from 1288 ng/pL to 5800 ng/pL) into a hybridization buffer in 1:50
ratio. We added 50 pl of the mixed solution and stopped the flow and placed the chip on a
37°C hotplate for 5 mins. 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 100x Plan-Apo objective (numerical
aperture of 1.40) and a cooled CCD camera (Andor iKon 934). Using four different
fluorescence channels (DAPI, Alexa 594, Cy3, and Atto 647N), we acquired three-
dimensional stacks of images. After imaging acquisition, 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 sequencing databases that were highly expressed in CTCs and
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at low or undetectable levels expressed by leukocytes3”. 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 pancreatic CTCs. For each cell, we also
separately measured 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 human and one set for mouse experiments. To validate these
markers, we tested them using /7 vitro model systems, including 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 representative 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 negative marker, all three
pancreatic cancer cell lines could be distinguished from the Jurkat cells (Fig. 4d, Fig. S5).

Next, we validated that the CaTCh FISH chip could quantify the RNA expression within
each individual cell. The molecular analysis of CTCs offers a window into the molecular
mechanism of metastasis. It is widely believed that a phenotypic change known as epithelial-
mesenchymal transition (EMT) — where cells lose their epithelial characteristics and become
mesenchymal — is important for invasion and bloodstream entry38:39, 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 compared with quantitative PCR,
and the Ecad expression increased as the cells were more epithelial in both measurements
(Fig. 4f).

In vivo testing in KPCY mice

To validate that we could isolate and analyze CTCs in an /n 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 (A =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 accordance 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 volume of mouse (~ 1 ml), where on
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average < 50 WBCs were co-purified with CTCs, at ® = 10 mL/hr and 7=6 TEMPO
membranes. 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 pancreatic cancer model?4, the largest containing 13 cells (Fig.
5c¢). Within these clusters we observed heterogeneity of ECad expression, 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 samples, we measured blood
samples obtained from patients with advanced pancreatic cancer. We processed samples
from NV = 14 patient samples, all with metastatic or locally advanced disease (10 patients
with one time point and 2 patients with two time points) and /= 9 healthy controls. Patient
demographics are included in Fig.S6. Peripheral whole blood was obtained in EDTA tubes
from pancreatic ductal adenocarcinoma (PDAC) patients with advanced pancreatic cancer
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/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/mL) by sending aliquots to Epic Sciences (N = 5). Consistent with prior reports*’, CTC
counts for pancreatic cancer patients are low or undetectable relative to other cancers of
epithelial origin 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/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 samples (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 exclude the few leukocytes that made it past the TEMPO
(leukocytes 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 seen
previously observed.4? On CaTCh FISH, an average of 2.8 CTCs were detected per 10 mL
of whole blood in the /=14 patient samples with advanced disease that we measured.(Fig.
5e) We additionally ran V=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
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of patients with pancreatic cancer (N = 14) versus healthy controls (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 clusters 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 present in some of our images
are hypothesized to be platelets adhered to the CTCs. This autofluorescence signal was
easily ignored in analysis due to its presence in all fluorescence channels®!.

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 biomarkers within these individual cells, the
platform can be adopted to study a wide variety of cell types, such as endothelial cells,
immune cells, and stem cells. Due to the highly parallel nature of this device, it can rapidly
process samples (sample to answer in less than 1 hour for a 10 mL blood sample) 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/hr. 3 55-57 |n comparison to
previous work, where surface marker specific isolation has been achieved at flow rates as
high as 10 mL/hr,234 our device’s throughput scales with the device area rather than device
width for conventional devices, which allows scaling to greater than 1200 mL/hr on
centimeter-scale devices.

Beyond the performance demonstrated in this paper, the CaTCH FISH platform offers
several key benefits which will enable further advancements: /. The throughput
demonstrated in this paper can be further improved due to favorable scaling features. By
either increasing the area of the TEMPO (®oA) or vertically stacking more TEMPO filters
(¢ xeN), 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
strategies can be used to fabricate magnetic micropore devices with improved throughput.4®
/1. 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
techniques to gain a more detailed picture of the cell#2:4344 jjj. Imaging using a conventional
microscope, as is done in this paper, 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,*3 %0 thus enabling high resolution, wide
field-of-view microscopy to be easily incorporated into a clinical diagnostic. 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overview of the CaT Ch 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 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 um
and 8 um respectively. c. Higher resolution schematic illustrating the key components of the
CatTCh FISH platform: the TEMPO filter and Turbo RNA FISH. d. A cross-section of the
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CaTCh FISH chip. e. The TEMPO filter is fabricated by coating track etched polycarbonate
with a film of magnetic material (NiggFeog), enabling millions of micro-scale magnetic traps
to act in parallel for selective, ultra-fast isolation. f. The TEMPO and TurboFISH
components are incorporated 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 pum.
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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 ¢ >10* at flow rates ®> 10 mL
h=1 using N = 6 filters in series. Inset: depletion C depended on flow rate ® as a power law.
d. Depletion at 10 mL/hr could be improved exponentially in /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.
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Figure 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 /
mL blood. Conventional cytometry had an LOD = 100 cell/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 measured at volumes ranging from 1to 5 mL. c. We
evaluated CaTCh FISH’s insensitivity to background by comparing the recovery rate of
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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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RNA FISH on the CaTCh FISH chip was used to enumerate the number of RNA in
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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),
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PD6910 (intermediate), and PD7591 (epithelial) cultured cells. Scale bar is 10 um. f.
Comparison of Turbo FISH and quantitative PCR results for the cell lines in (€).
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Figure5. 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 um. 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
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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 pm.
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