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We have developed and optimized a microfluidic device platform for the capture and analysis of circulating pancreatic cells
(CPCs) and pancreatic circulating tumor cells (CTCs). Our platform uses parallel anti-EpCAM and cancer-specific mucin 1
(MUC1) immunocapture in a silicon microdevice. Using a combination of anti-EpCAM and anti-MUC1 capture in a single
device we are able to achieve efficient capture while extending immunocapture beyond single marker recognition. We also detect
a known oncogenic KRAS mutation in cells spiked in whole blood using immunocapture, RNA extraction, RT-PCR and Sanger
sequencing. To allow for downstream single-cell genetic analysis, intact nuclei were released from captured cells by use of
targeted membrane lysis. We have developed a staining protocol for clinical samples, including standard CTC markers; DAPI,
cytokeratin (CK) and CD45, and a novel marker of carcinogenesis in CPCs, mucin 4 (MUC4). We also demonstrate a semi-
automated approach to image analysis and CPC identification, suitable for clinical hypothesis generation. Initial results from
immunocapture of a clinical pancreatic cancer patent sample show that parallel capture may capture more of the heterogeneity of
the CPC population. With this platform we aim to develop a diagnostic biomarker for early pancreatic carcinogenesis and patient
risk stratification.

Background and introduction

Pancreatic cancer (PC), the fourth leading cause of cancer-
related death in the US is associated a poor 5-year patient sur-
vival rate of less than 5%. PC is characterized by rapid and
often symptom-free progression, resulting in more than 90%
of patients being diagnosed with metastatic disease1, a stage
at which there are no effective treatment options. Clinical data
show that the treatment outcome improves dramatically if PC
is caught at an early stage, prior to the formation of clinically-
detectable metastasis.1 2 Early detection is thus the most ef-
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ficient way to improve overall patient survival, but detection
is limited by the absence of specific clinical biomarkers and
non-invasive screening tests.2

The formation of metastasis is attributed to the intravasa-
tion of cells from the primary site of disease into the blood
stream, followed by transport to a secondary site where the
cells extravasate, proliferate and form secondary lesions.3 4 5

These cells are in general referred to as circulating tumor cells
(CTCs). Here, we refer to any cell that disseminates from
the pancreas into the blood stream as a circulating pancreatic
cell (CPC). Recent results in a mouse model that recapitu-
lates human pancreatic carcinogenesis have shown that dis-
semination of cells from the pancreas occurs prior to tumor
formation6. Furthermore, we have recently shown that epithe-
lial pancreatic cells can be found in the circulation of patients
with pancreatic cyst lesions in the absence of overt tumor for-
mation, making CPCs a more appropriate term for this cell
population.7 In future studies, early dissemination of CPCs
could thus offer partial explanation to the rapid and aggressive
progression observed in PC patients. Precancerous CPC dis-
semination also allows for the development of early detection
biomarkers of pancreatic carcinogenesis.

CTCs have been shown to be prognostic of patient survival
in a number of cancers and are suggested to be of disease
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mechanistic importance and of diagnostic value.8 The extreme
rarity of CTCs in peripheral circulation makes CTC isolation
technically challenging. To allow for their efficient isolation, a
range of microfluidic platforms have been developed.9 These
platforms have explored a range of physical principles and ge-
ometries to achieve efficient and pure isolation, including; mi-
cropillar arrays10 11 12, vortex-inducing microgrooves13, mi-
crosieves and filters,14 15 magnetic microbeads16 and inertial
separation17. Some techniques rely solely on passive separa-
tion of CTCs based on physical parameters such as cell size
and stiffness. However, a majority of techniques use an op-
timized surface capture chemistry to achieve CTC isolation.
Immunocapture using surface functionalization of capture an-
tibodies has emerged as the dominant technique for isolat-
ing CTCs in microfluidic devices9 and relies on the collision
of target cells with a immunofunctionlized surface. In these
devices, the geometry serves to maximize the interaction of
target cells with the capture chemistry. We have previously
described one such geometry11 18, that maximizes the cell-
capture surface interaction of larger cells, such as CTCs, in
combination with an optimized CTC capture chemistry. The
choice of capture chemistry influences the resulting popula-
tion of captured cells and needs to be optimized for each ap-
plication and disease studied. Antibodies for different can-
cer and epithelial markers, such as epithelial cell adhesion
molecule (EpCAM)7 10, prostate specific membrane antigen
(PSMA)11 18, Her219 20 and EGFR20 have been used to cap-
ture CTCs from a range of cancers. Due to their inherent
difference in specificity and binding affinity the choice of
antibody clone has been shown to dominate capture perfor-
mance.21 In the case of prostate cancer, the use of the tis-
sue specific marker PSMA has been shown to result in supe-
rior capture as compared to capture using the commonly used
marker EpCAM.18 The capture chemistry should thus ideally
be optimized for each specific application and for a specific
cancer type. Here we aim to show that using recognition of
a combination two markers, both upregulated in PC we can
achieve efficient CPC capture. We also aim to show that the
choice of capture chemistry governs the phenotype of captured
cells.

As previously stated, EpCAM is the most widely used
target for immunocapture of CTCs.10 13 22 11 However, there
is mounting evidence that EpCAM is downregulated in
CTCs from some clinical samples20 and during the cancer-
associated process referred to as Epithelial-to-Mesenchymal
Transition (EMT)3, making EpCAM capture alone a poten-
tial source of bias for the capture of CPCs. In cancerous
and precancerous tissues, EMT results in the development of
an invasive phenotype6 23 24 and has been shown to correlate
with cancer progression.20 On a cellular level, EMT results
in the loss of epithelial markers and an upregulation of mes-
enchymal markers, as well as a gross change in cell morphol-

ogy.6 23 Furthermore, because recent PC mouse model data
indicate the a vast majority of CPCs display an EMT pheno-
type, anti-EpCAM capture alone may fail to capture this po-
tentially clinically significant CPC subpopulation. Breast can-
cer patient CTCs have been shown to express a dynamic range
of EMT composition in a way that correlates with treatment
outcome.20 There is thus a pressing need to find alternative
and/or complementary, EMT-robust capture modes. In this
study we explore parallel anti-EpCAM and anti-mucin cap-
ture as a promising novel capture chemistry.

Mucins are a family of high-molecular-weight glycopro-
teins that are expressed by epithelial tissues, such as the res-
piratory and gastric linings as well as the ducts of the liver
and pancreas, where they protect and lubricate the surfaces.25

The founding member of this protein family, mucin 1 (MUC1)
is expressed at a low level in healthy pancreas tissue, but
has been shown to be strongly upregulated in pancreatic car-
cinogenesis25 26. Furthermore, overexpression of MUC1 has
been shown to increase cancer cell invasiveness and motil-
ity through the induction of EMT in a PC mouse model.27

MUC1 expression in CTCs from metastatic pancreatic pa-
tients has also been associated with shorter median overall pa-
tient survival.28 The cancer-associated post-translational mod-
ification of MUC1 differs significantly from MUC1 found in
healthy tissues.29 Cancer-associated MUC1 is typically aber-
rantly hypoglycosylated30 31 and the loss of cell polarity that
occurs during carcinogenesis results in expression of MUC1
uniformly covering the cell membrane rather than being re-
stricted to the apical side of the epithelial cell31. Further-
more, the aberrant expression pattern and hypoglycosylation
of MUC1 exposes regions of the protein backbone to antibody
binding, allowing for the creation of cancer-specific antibod-
ies that bind minimally to MUC1 from healthy tissues30 31.
An antibody specific to hypoglycosyled MUC1 (hMUC1) has
previously been shown to induce cell adhesion when func-
tionalized to the surface in a E-selectin cell-rolling assay.32

Although MUC1 has been observed on the surface of some
activated T-cells33, the MUC1 expression level is low and of
a distinct glycoform34, making hMUC1 cancer cell specific
in blood samples. Together, the strong upregulation, cancer-
specific hypoglycosylation and change in spatial distribution,
make hMUC1 an ideal target for the capture of CPCs in early
carcinogenesis, allowing for the exploration of the link be-
tween capture chemistry and resulting phenotype of early dis-
seminated CPCs.

The clinical implementation of a CPC capture platform
relies on the specific and robust identification of captured
CPCs and rejection of contaminating leukocytes. Cytoker-
atin (CK) is an epithelial marker that is frequently used as a
positive marker of CTCs.10 However, CK has in patient sam-
ples been shown to be downregulated more than EpCAM dur-
ing EMT.35 Mucin 4 (MUC4) has been shown to be differ-
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entially upregulated in pancreatic carcinogenesis; MUC4 is
not expressed by healthy pancreatic tissues but strongly up-
regulated in cancerous and precancerous neoplastic pancre-
atic lesions29 36 37. Since CK expression may be lost during
pancreatic carcinogenesis, we suggest using CK and MUC4
as orthogonal positive indicators of CPC identity. The rela-
tionship between CK and MUC4 expression level in the CPC
population may also be an indicator of the EMT state of the
CPCs and thus be of prognostic importance. Since MUC4
expression has been shown to increase progressively in pre-
cancerous pancreatic neoplasias36, the presence or absence of
CPC MUC4 expression may be used for risk stratification of
patients with precancerous conditions.

Despite the fact that enumeration of CTCs has been shown
to be a prognostic biomarker in a number of common can-
cers, CTC enumeration has not yet been incorporated into
standard clinical practice in the management of any cancer.38

However, the integration of genetic analysis in parallel with
cell enumeration may allow for the development of stronger
biomarkers and incorporation of these in clinical practice.39

The genetic analysis of CPCs may reveal early signs of pan-
creatic carcinogenesis, before any cancer is clinically observ-
able, without requiring an invasive biopsy. Moving beyond
CTC enumeration, genetic analysis can provide information
about prognosis and disease progression. Genetic mutations
in circulating cell populations have shown to be prognostic of
treatment outcome in lung cancer.39 The technical difficulty
associated with genotyping circulating cells is considerable,
owing to their rarity and the presence of contaminating wild-
type genetic material. Point mutations in circulating cell have
been analyzed using mutation-specific qPCR39. A drawback
of this approach is that it relies on the recognition of known
SNPs using mutation-specific primers. As an alternative to
genetic analysis, a mutational protein-level approach has re-
cently been described, using an antibody specific to a mu-
tated protein in the lysate from circulating cells.15 However,
this methodology relies on the availability of mutation-specific
antibodies, only available for a subset of SNPs. Direct ge-
netic sequencing represents the gold standard for genotyping
and requires no previous knowledge of the particular muta-
tion of interest. However, direct sequencing is sensitive to the
presence of wild-type genetic material in the sample and can
only be used in samples of high purity, i.e. if the number of
mutated molecules is comparable to number of the wild-type
molecules. In this respect, RNA level analysis may be more
feasible than genomic level analysis as the mRNA copynum-
ber of upregulated oncogenes, such as KRAS, can be assumed
to be significantly higher in cancer cells compared to the wild-
type cells.

Activating KRAS mutations represent some of the most
common mutations in human carcinomas.40 The KRAS gene
encodes a small GTPase signaling protein that plays a funda-

mental role in cell growth regulation. KRAS mutations are
found in more than 85% of patients with PC and in approxi-
mately 80% of patients with high-risk precancerous cystic le-
sions.40 The molecular profiles of activating KRAS mutations
are well described and a vast majority of mutations occur in
codon 12 and 13 of the KRAS gene41, which makes them suit-
able for analysis with RT-PCR-based amplification followed
by genetic sequencing.

We have developed a microfluidic platform optimized to
capture, identify and genotype CPCs, building on our pre-
viously described Geometrically Enhanced Differential Im-
munocapture (GEDI) device.18 11 12 In this platform we ex-
plore capture chemistry as a design parameter and study its
influence on the phenotype of captured cells. Our platform
uses a combination of anti-EpCAM and anti-hMUC1 capture
and allows for the release of intact cell nuclei and downstream
KRAS oncogene genotyping.

Materials and methods

Device fabrication and functionalization

Devices were fabricated by A.M. Fitzgerald & Associates
(Burlingame, CA) according to previously described speci-
fications11 18. The silicon device surfaces were functional-
ized with NeutrAvidin (Thermo Fisher Scientific, Rockford,
IL) with a previously described protocol18. The devices
were functionalized with primary antibodies via biotinylated
secondary linker antibodies. NeutrAvidin functionalized de-
vices were (1) incubated with 10 µg/ml biotinylated goat
anti-mouse antibody (Santa Cruz Biotechnology, Dallas, TX)
and (2) incubated with either 10 µg/ml anti-EpCAM antibody
(Clone 158206, R&D Systems, Minneapolis, MN), 10 µg/ml
anti-MUC1 antibody (AR20.5) or 5 µg/ml anti-EpCAM and 5
µg/ml anti-MUC1 antibody. Control devices were functional-
ized with biotinylated normal (non-specific) mouse antibodies
(Santa Cruz Biotechnology). All antibodies were prepared in
1% BSA in PBS.

Cell culture

Cell lines (Capan-1, PANC-1 and BxPC-3) were obtained
from ATCC (Manassas, VA). All cell lines were cultured in
humidified incubators (37◦C and 5% CO2) using media rec-
ommended by ATCC (Capan-1: 20% FBS IMDM, PANC-1:
10% FBS DMEM and BxPC-3: 10% FBS RPMI) and 1X
penicillin/streptomycin. Cells were used only below passage
number 30 and cells were harvested after 4-6 days of culture
at 60-80% confluency.
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Quantitative flow cytometry

Cells were trypsinized for 5-10 minutes at 37◦C and then fixed
with the Foxp3 fixation/permeabilization kit (eBioscience,
San Diego, CA). Staining was performed with 0.5µg pri-
mary antibody/106 cells and 0.2µg PE-conjugated secondary
antibody/106 cells in blocking flow cytometry staining buffer
(eBioscience). Analysis was performed on a LSRII flow cy-
tometer (BD Biosciences, San Jose, CA) and PE-Quantibrite
beads (BD Biosciences) were used to quantify the antibodies
bound per cell (ABC) count for this staining protocol. Data
processing and calculation of the ABC counts were performed
with custom MATLAB software.

Capture experiments

Cells were trypsinized for 5-10 minutes at 37◦C, labelled with
2µg/ml Calcein AM (Santa Cruz Biotechnology) for 45 min-
utes and resuspended in carrier solution (1% BSA, 1 mM
EDTA in PBS) at approximately 300 cells/ml. Peripheral
blood mononuclear cells (PBMCs) were isolated from donor
blood using Ficoll centrifugation, labelled with CellTracker
orange (Invitrogen, Grand Island, NY) and resuspended at ap-
proximately 500 cells/ml. Functionalized silicon devices were
mounted with Tygon tubing inlets and outlets in a PMMA
holder. Cell capture was achieved by flowing 1 ml cell sus-
pension through the device at 1 ml/h followed by manual cell
enumeration using fluorescence microscopy.

Isolation of captured nuclei

Targeted cell membrane lysis and release of nuclei from cap-
tured cells was performed using overnight incubation with a
modified NST buffer (117mM NaCl, 8 mM Tris base, 0.8mM
CaCl2, 38 mM MgCl2, 0.04% BSA, 0.16% NP-40 surfactant
in DI water) with and without DAPI (10µg/ml), based previ-
ously described method42.

RNA sequencing

RT-PCR primers were designed to amplify a 249 bp fragment
containing codon 12 of human KRAS using the NCBI primer-
BLAST tool; forward: GGAGAGAGGCCTGCTGAAAA
and reverse: CCCTCCCCAGTCCTCATGTA. The forward
primer was designed to overlap on neighboring KRAS exons
to increase the RNA specificity of the RT-PCR amplification.
Calcein labelled Capan-1 cells were spiked in control blood at
300 cells per ml. The cells were captured using anti-EpCAM
GEDI. After washing with PBS and cell enumeration, RNA
was extracted directly on-chip using the RNEasy kit (Qiagen).
Extracted RNA from whole blood and Capan-1 cells spiked
in PBS served as wild type and positive controls respectively.
RT-PCR of extracted RNA was performed using a single tube

reaction and the recommended protocol (OneStep, Qiagen);
reverse transcription 30 min at 50◦C, PCR activation 15 min at
95 ◦C, 35 cycles of denaturation 45 s at 94◦C, annealing at 45 s
at 61◦C and extension 1 min at 72◦C, followed by final exten-
sion 10 min at 72 ◦C. Successful KRAS cDNA amplification
was confirmed using agarose gel separation. RT-PCR prod-
ucts were treated with alkaline phosphatase and exonuclease
(ExoSAP-IT, Affymetrix) to remove remaining primers from
RT-PCR reaction. Sequencing of GEDI captured samples and
whole blood controls was performed by the Cornell Life Sci-
ences Core Facility on an automated 3730xl DNA analyzer
(Invitrogen), using Big Dye terminator chemistry, the reverse
primer used for RT-PCR as sequencing primer and AmpliTaq-
FS DNA polymerase (Invitrogen)

Capture and staining of clinical samples

Blood was obtained through venipuncture of a patient
with clinically confirmed pancreatic ductal adenocarcinoma
(PDAC). 1ml blood was processed through GEDI devices
functionalized with anti-EpCAM, anti-hMUC1 and anti-
hMUC1/EpCAM antibodies. Samples were fixed in 2% PFA
in 50% PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM
EGTA and 2 mM MgCl2) for 15 minutes and blocked in 6%
BSA and 10% normal goat serum in PBS for 1 hour. After
staining of surface markers, the samples were permeabilized
with 0.25% (w/w) Triton x-100. The samples were stained
for MUC4 with a primary (ab60720; abcam, Cambridge, MA,
USA) and an AlexaFluor 488 conjugated secondary antibody
(Invitrogen), for CD45 with a Qdot-800 conjugated antibody
(Invitrogen), for CK using a CF543 (Biotium, Hayward, CA,
USA) conjugated anti-pan-CK antibody (C11; BioLegend,
San Diego, CA, USA) and for DNA/nuclei using DAPI (Invit-
rogen). Samples were collected, processed, fixed and stained
within 48h.

Clinical sample analysis

Stained samples were imaged using a Zeiss LSM Live
Confocal Microscope (10x 0.3NA). All cell-sized DAPI+
events with brightness DAPI and CK barely above the back-
ground noise were identified using image processing in a
custom MATLAB algorithm. The prescreened events were
then classified as CPCs or non-CPCs using manual classi-
fication. DAPI+/CD45-/CK+, DAPI+/CD45-/MUC4+ and
DAPI+/CD45-/CK+/MUC4+ were used as CPC criteria.

Results and discussion

Expression analysis in model cell lines

A panel of three PC cell lines (Capan-1, PANC-1 and BxPC-
3) where used as models for CPCs in the development of the
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capture methodology. These cell lines represent cells isolated
from both primary pancreatic tumors (PANC-1 and BxPC-3)
and liver metastasis (Capan-1); cells in different states of dif-
ferentiation: Capan-1 (well differentiated), BxPC-3 (moder-
ately to poorly differentiated) and PANC-1 (poorly differenti-
ated); and varying mutation status of key oncogenes (KRAS,
TP53, CDKN2A/P16 and SMAD4)43 as well as distinct levels
of MUC1 expression44.
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Fig. 1 Calibration of the antibody bound per cell (ABC) count for
determination of antibody binding in PC cell lines, a) histogram
showing gated flow cytometry data of phycoerythrin (PE) labelled
Quantibrite beads of four intensity levels (black), Capan-1 cells
stained with control (red) and hMUC1 (blue) antibodies a)
calibration of the ABC count with PE-Quantibrite beads.

The expression level of EpCAM and hMUC1 was deter-
mined with quantitative flow cytometry for all three cell lines,
as shown in Fig. 1. Quantitative flow cytometry determines
the antibodies bound per cell (ABC) count of a population
of cells calibrated using beads with known numbers of bound
fluorescent molecules. Candidate antibodies for immunocap-
ture were selected based on strong and consistent staining
across all three cell lines. One anti-EpCAM (Clone 158206
mouse mAb, R&D) and one anti-hMUC1 (AR20.530 mouse
mAb) antibody were identified as promising candidate anti-
bodies for immunocapture. Fig. 2 shows the resulting ABC
counts for these antibodies and cell lines. Since we ultimately

aim to determine the influence of capture chemistry design
on resulting phenotype of captured cells, the choice of model
cell lines is important. In addition to the reasons mentioned
above, the flow cytometry results show that this panel of cell
lines displays a wide range of expression levels of EpCAM
and hMUC1. In our experiments, Capan-1 cells displayed
the strongest staining for both EpCAM and hMUC1 whereas
PANC-1 stained the weakest for both, with ABC counts rang-
ing from ∼10,000 to ∼70,000 for the three cell lines. Previ-
ous studies have reported EpCAM ABC counts in the range of
2,000 to 500,000 in a variety of cancer cell lines.15 Interest-
ingly, the relative hMUC1 ABC counts between cell lines do
not correlate with previously described mRNA expression lev-
els of these cell lines44. We attribute this difference to intrinsic
differences in mRNA and surface antigen quantification, the
specific fixation protocol used as well as differences in MUC1
glycosylation, accumulation and turn-over. Previous work has
highlighted the utility of EpCAM capture45 for immunocap-
ture of CTCs from many carcinomas, but the role of MUC1
remains less clear. Cocktail capture has been presented in
multiple contexts.20 However, parallel anti-EpCAM/hMUC1
capture has not been implemented in microdevice technology
to date and this strategy allows implementation of a novel cap-
ture modality in a new device.
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Fig. 2 Antibody bound per cell (ABC) counts for EpCAM, hMUC1
and PE labelled secondary control antibodies in cell lines Capan-1,
PANC-1 and BxPC-3,

Microfluidic immunocapture of model cell lines

We have previously described the GEDI capture geometry in
detail18. In short, the GEDI device11 18 46 is a microfluidic
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chip that captures rare cells from blood or cell suspensions,
as shown in Fig. 3a. GEDI uses the combination of cancer-
specific antibody immunocapture with a micropost geometry
that maximizes the collision frequency between the substrate
and larger cells (e.g., CTCs), and minimizes collisions of
smaller contaminating cells (e.g. leukocytes). We have previ-
ously described the GEDI platform in a prostate18 21, breast19

and gastric19 cancer context. We have shown how biotinylated
antibodies can be functionalized onto NeutrAvidin coated sili-
con surfaces18 21. However, biotinyation of low concentration
antibody samples requires high antibody purity and is typi-
cally inefficient. Biotinylated versions of primary antibod-
ies are often not commercially available. As an alternative,
we have here developed a protocol that attaches primary anti-
bodies to silicon surfaces via biotinylated secondary antibody
linkers, omitting any modification of the primary antibody.
Fig. 3c shows a schematic of the functionalization chem-
istry used. Using this approach, we have implemented anti-
EpCAM/hMUC1 modalities because of their importance in
PC. We expect new anti-EpCAM/hMUC1 devices will enable
investigation of questions regarding heterogeneity in CTCs in
PC.

b)

Primary antibody 

(mouse anti-human)

Secondary antibody 

(goat anti-mouse)

Biotin linker

Immobilized NeutrAvidin®

Silicon surface

c)

a)

s
a
m

p
le

Fig. 3 a) schematic overview of the GEDI device, modified from
Kirby et al. 18, microposts not to scale b) calcein-stained (green)
PANC-1 cell captured on a GEDI micro post functionalized with a
cancer-specific MUC1 antibody. Scale bar: 20 µm c) silicon surface
functionalization with primary antibodies and secondary antibody
linker chemistry that allows for multiple parallel capture antibodies.

To determine the efficiency of immunocapture in this sys-
tem, fluorescently labelled cells were resuspended in buffer

solution at physiologically relevant levels (300 cells/ml) and
processed through GEDI devices, followed by manual count-
ing. A representative image of a PANC-1 cell captured on
GEDI micropost can be seen in Fig. 3b. We hypothe-
size that anti-hMUC1 capture alone or in combination with
anti-EpCAM capture will will capture a more clinically rel-
evant population of CPCs as compared to anti-EpCAM cap-
ture alone. To evaluate capture performance, we have deter-
mined the capture efficiency for all three scenarios, while en-
suring that the total amount of antibody in the incubation so-
lution was constant between experiments. As expected, anti-
EpCAM alone resulted in efficient immunocapture while anti-
hMUC1 capture alone resulted in lower capture efficiencies.
However, a 1:1 antibody cocktail of anti-EpCAM and anti-
hMUC1 performed indistinguishably from anti-EpCAM cap-
ture alone. Fig. 4a shows the resulting capture efficiencies
from EpCAM, hMUC1 and EpCAM/hMUC1 cocktail cap-
ture. These results show that for these three cell lines, cocktail
EpCAM/hMUC1 capture could replace the current EpCAM
gold standard for immunocapure, without reducing capture ef-
ficiency. Furthermore, in a clinical scenario where EpCAM
expression is reduced as a result of EMT while MUC1 ex-
pression is retained or upregulated, as is expected from clin-
ical data26, the capture performance of the EpCAM/hMUC1
cocktail may result in improved capture performance. Cock-
tail capture has been explored both for multiple epitopes on
a single antigen21 and for multiple antigens20. For single
antigens, the data to date shows no synergy21. For multiple
antigens, data to date shows potential to capture more of the
heterogeneity expected in the CTC population20. However to
our knowledge, no published study has thoroughly examined
the effect of using multiple capture antibodies on the resulting
capture efficiency as a function of cellular antigen expression
level and cell size.

Our capture data show that Capan-1 and PANC-1 display
EpCAM capture efficiencies more than twice that of BxPC-
3, despite that fact that PANC-1 cells have lower EpCAM
and hMUC1 ABC counts than the corresponding counts for
Capan-1 and BxPC-3. This behavior can be explained by con-
sidering the size distribution of the cell populations and the
predicted size-dependent performance of our device.12 The
predicted collision frequency and the experimentally observed
capture efficiencies as function of cell size can be seen in Fig.
4b. Previously described simulations predict a sharp transi-
tion from low to high collision frequency for cells larger than
15µm12. We have measured the diameter of trypsinized popu-
lations of BxPC-3, Capan-1 and PANC-1 cells to be 13.3±2.9
µm,15.8±3.2 µm and 17.3±2.7 µm respectively. The major-
ity of BxPC-3 cells will thus fall below the cutoff cell size of
our device geometry, resulting in low collision rates and cap-
ture efficiencies lower than for the two cell lines with mean
diameters larger than 15 µm. In the design regime of this
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Fig. 4 a) GEDI microdevice immunocapture of Capan-1, PANC-1
and BxPC-3 cells by anti-EpCAM and anti-hMUC1 antibodies, and
an anti-EpCAM/hMUC1 antibody cocktail, b) anti-EpCAM capture
efficiencies of Capan-1, PANC-1 and BxPC-3 cells and predicted
collision frequency as function of cell size, based on previously
described simulations 12. ∗ indicates statistically significant
difference with p=0.05

platform, size dominates over relative levels of capture tar-
get expression provided that the cells express some minimum
level of the capture target. Unlike staining for flow cytome-
try, for which antibodies are freely suspended in solution and
can reach sterically obstructed epitopes through diffusion, an-
tibodies for immunocapture are immobilized on surfaces al-
lowing only for binding of epitopes that are pendant on the
outer surface of the cell membrane. It is thus expected that
some strongly staining antibodies will fail to result in effi-
cient immunocapture. The resulting capture efficiency de-
pends on the abundance and accessibility of antibody binding
sites on the target cells. Since the saturation density of anti-
bodies functionalized on the device surface is finite, the use
of multiple capture antibodies reduces the surface density of

each antibody type. In order for the addition of an additional
parallel capture mode to increase capture efficiency, the gain
in number and accessibility of possible capture targets has to
outweigh the loss of capture efficiency that results of having
fewer antibody molecules of each type on the surface. An ex-
ample of a case where the addition of a second antibody leads
to reduced capture efficiency can be seen in a previous cap-
ture study, conducted in a Hele-Shaw flow microdevice21. In
that case, the second antibody was specific to a juxtamembra-
nous epitope on the same target molecule as the first antibody.
The total number of available target molecules thus remained
unchanged with the addition of the second antibody, but the
overall accessibility of binding sites was reduced, resulting in
lower overall capture efficiency. In our case, the addition of a
hMUC1 antibody to EpCAM capture increases the total num-
ber of available binding sites on each cell, as both EpCAM
and hMUC1 are expressed strongly. The net result is that the
overall capture efficiency for cocktail capture is retained as
compared to anti-EpCAM and increased as compared to anti-
hMUC1 capture alone. Given the natural variation in capture
marker expression level between cells, the targeting of multi-
ple highly-expressed capture targets will work to increase the
robustness of capture to this intercellular variation. We thus
conclude that a combined EpCAM and hMUC1 strategy has
the potential to increase the robustness of capture to CPC het-
erogeneity and EMT, without reducing the overall capture effi-
ciency as compared to the gold standard anti-EpCAM capture.

The most common source of cell contamination in microflu-
idic immunocapture devices is, due to their abundance as com-
pared to rare circulating cells, the nonspecific adhesion of
leukocytes18. Anti-EpCAM capture is widely used for im-
munocapture and results in only nonspecific adhesion of leko-
cytes. To ensure that the same is true for anti-hMUC cap-
ture, we conduced capture experiments using isolated donor
peripheral blood mononucleated cells (PBMCs) in mixed pop-
ulations with Capan-1 cells. The results showed that PMBCs
adhered to our device at equal and negligible rates for both
antibodies.

Isolation of captured cell nuclei

Recent studies have shown that breast cancer CTCs display
genetic heterogeneity similar to that of primary and metastatic
breast cancer tumors.47 To analyze the heterogeneity within
the CPC population single cell genetic analysis is required.
To facilitate the future development of such a methodology
we have developed a protocol for the release and isolation of
single nuclei from captured cells on chip. Using targeted cell
membrane lysis, followed by elution and retrieval of the nuclei
through centrifugation, we have shown successful isolation of
intact nuclei from captured cells. Examples of released and
isolated nuclei can be seen in Fig. 5a.
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Genetic analysis

Genetic analysis of captured CPCs is technically challeng-
ing due to the low number of cells present in blood and the
presence of background wild-type genetic material from con-
taminating leukocytes. However, we have previously showed
SNP detection of a mutated gene with amplified copynumber
in captured cells, spiked in control blood18. To show ability
to detect mutations in the important oncogene KRAS in small
numbers of captured cells in the presence of a whole blood
background, we used a PC cell line with known KRAS codon
12 mutation signature (Capan-1, GGT→GTT substitution)
spiked in control blood. Calcein labelled cells were spiked in
whole blood from a healthy donor (300 Capan-1 cells/ml con-
trol blood). RNA from captured cells was extracted directly
on chip followed by RT-PCR and Sanger sequencing, the re-
sulting KRAS codon 12 RT-PCR amplicons and Sanger se-
quences from 250 anti-EpCAM captured Capan-1 cells spiked
in blood and buffer as well as whole blood wild type control
are shown in Fig. 5b and c. RNA from whole blood showed
no evidence of KRAS mutations while RNA extracted on chip
from Capan-1 cells captured in buffer and whole blood re-
vealed the expected GGT→GTT SNP in codon 12 of KRAS.
In summary, these experiments show our ability to retrieve,
amplify and analyze the genetic information from a very small
number (<300) of captured cells even in the presence of con-
taminating wild-type genetic material.

Analysis of clinical samples

To show technical capability of capturing CPCs from clini-
cal samples, we analyzed the blood from a patient with clin-
ically confirmed pancreatic ductal adenocarcinoma (PDAC)
using anti-EpCAM, anti-hMUC1 and cocktail anti-EpCAM-
hMUC1 capture. After processing through the GEDI devices,
the samples were fixed and stained. DAPI staining was used
to indicate cell nucleus and CD45 antigen staining was used to
identify and reject leukocytes, as previously described.18 All
samples were stained for both CK and MUC4.

Nuclear-like DAPI+ events were identified with an auto-
mated algorithm. Remaining events were classified manu-
ally with CD45-/CK+ and/or CD45-/MUC4+ as CPC crite-
ria, resulting in between 102 and 165 events identified as
likely CPCs per milliliter blood in this sample. Fig. 6
shows that, in this patient sample, events identified as likely
CPCs from devices functionalized with anti-hMUC1 and anti-
EpCAM/hMUC1 cocktail capture show increased MUC4 to
CK intensity ratios relative to anti-EpCAM capture alone.
This indicates that, in this sample, anti-hMUC1 capture results
in capture of a cell population that is positive for both CK and
MUC4. It is possible that this DAPI+/CD45-/MUC4+/CK+
cell population is of important clinical significance as MUC4
expression correlates with PC progression. Data from this
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Fig. 5 a) released and isolated DAPI-stained (blue) Capan-1 nuclei,
b) agarose gel with a 249 bp Capan-1 KRAS RT-PCR product from
cells spiked in PBS buffer and whole blood, c) Sanger sequencing of
the KRAS codon 12 RT-PCR product from whole blood, Capan-1
cells spiked in PBS and Capan-1 cells spiked in whole blood. The
whole blood sequence shows the wild type codon 12 genotype
(GGT) while RNA extracted from Capan-1 cells spiked in PBS and
whole blood show the expected GGT→GTT oncogenic SNP. Note
the presence of a small wild-type peak in the spiked blood sample.
The presented sense sequences have been converted from anti-sense
sequences generated by the Sanger sequencing reaction

sample shows that the apparent heterogeneity of the captured
CPCs, as measured by the range of MUC4 staining in the cap-
tured CPCs, is larger in the anti-hMUC1 and EpCAM/hMUC1
samples than in the anti-EpCAM sample. Using this semi-
automated approach to image analysis, we generate data suit-
able for clinical hypothesis generation. The resulting data can
be gated and visualized like flow cytometry data and the phe-
notype of individual cells, as well as cell populations and sub-
populations can be analyzed. The automated pre-screening of
CPC events also greatly reduces the time and labor required
for manual classification.

Conclusions

We have demonstrated a novel microfluidic platform for the
capture and analysis of circulating pancreatic cells. This plat-
form builds on a previously described geometry but incor-
porates novel anti-hypoglycosylated mucin 1 capture chem-
istry and explores parallelized EpCAM/hMUC1 capture as
a novel capture paradigm. We show that a combination of
anti-EpCAM and anti-hypoglycosylated mucin 1 capture per-
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Fig. 6 Analysis of CPCs from a clinical PDAC patient sample,
processed using anti-EpCAM, anti-EpCAM/hMUC1 and
anti-hMUC1 GEDI devices, a) ratio of total MUC4 and CK staining
intensity versus nuclear DAPI area in events classified as likely
CPCs, b) inset images showing representative CPC events, i-ii
anti-EpCAM/hMUC1 cocktail capture, iii-iv anti-hMUC1 capture
and v-vi anti-EpCAM capture, images i,iii and iv are consistent with
cells spread on microposts, DAPI (blue), cytokeratin (red), MUC4
(green). Scale bar: 10 µm c) mean MUC4-to-CK total intensity
ratios for all three capture modes, error bars indicate standard
deviation within the population of identified CPCs

forms as well as anti-EpCAM capture alone in model cell
lines, while potentially increasing the robustness to variations
in marker expression and EMT. To allow for the development
of single-cell genetic analysis of circulating cells, we show re-
lease and isolation of single nuclei from captured cells. Using
on-chip RNA extraction, RT-PCR and Sanger sequencing, we
detected a known oncogenic KRAS SNP mutation in captured
cells spiked in whole blood. We have also developed a staining
protocol for clinical samples what involves standard circulat-
ing tumor cell makers, such as DAPI, CD45 and cytokeratin
as well the PC-specific marker mucin 4. In an initial clini-
cal sample, cocktail capture resulted in the capture of a cell
population distinct from anti-EpCAM capture. Our approach
allows for analysis of single cells and cell populations from
patient samples and is suitable for clinical hypothesis gener-
ation. In all, we have shown feasibility of this platform for
future evaluation in a clinical setting.
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