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ABSTRACT: We report a detection system for simultaneous measurement
of cellular and molecular markers of cancer. Magnetic beads conjugated with
antibodies against a specific antigen are used to capture both free molecules
and whole cells overexpressing the antigen. The target-bound beads then
flow through a microfluidic chamber where they are drawn to a glass surface
by an external magnetic field. The cells and molecules captured on the
surface are quantitatively analyzed using fluorescent microscopy. The system
was characterized by detecting free folate receptor (FR) and an FR+ cancer
cell line (KB) in culture media. The system detected as low as 10 pM of FR
and captured 87% of the spiked KB cells at a volumetric throughput of 3
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mL/min. We further demonstrated the detection of 100 KB cells and 200

pM ER spiked into healthy human blood to simulate detection of rare cells and protein biomarkers present in a cancer patient’s
blood sample. The FR concentration was measured to be 244 pM (including the intrinsic FR present in the blood), and the total
number of KB cells in the sample was estimated to be 98. The potential of this approach in clinical diagnostics was also
demonstrated by detecting both FR+ cells and free FR in an ascites sample obtained from an ovarian cancer patient. Because of
the system’s capability to detect multiple targets at the same time, its high throughput, and its overall simplicity, we expect it to be

highly useful in a wide range of research settings.

Isolating cells from biological fluids has always been
important in a number of fields such as cell biology,
physiology, medicine, and pathology. Cell sorting techniques
are routinely applied to separate cells of interest from
heterogeneous suspensions." For example, isolation and
detection of circulating tumor cells (CTCs) has been shown
to predict treatment efficacy and has the potential to become a
marker for early detection of cancer.”””

Detecting molecular biomarkers is also important in
diagnosis, prognosis, and selection of therapy for particular
diseases. Protein biomarkers in serum can reveal significant
information about the onset and pro;gression of many diseases
ranging from heart failure to cancers. "7 For instance, a number
of studies showed that folate receptor (FR, also known as folate
binding protein) is a biomarker for several epithelial
malignancies.g_10 It has also been shown that ovarian cancer
patients have elevated serum levels of FR «, which is
overexpressed on the surfaces of malignant cells and eventually
shed into the blood."'

Thanks to the advance of micro- and nanofabrication
techniques there are many methods currently available for
rare cell detection including inertial focusing, fluorescence-
activated cell sorting (FACS), microchip-based immunomag-
netic methods, and microaperture chip system for high-
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throughput cell detection.””'*™"* There are also numerous
approaches available for biomolecule detection, such as
fluorescence immunoassays, enzyme-linked immunosorbent
assays (ELISAs), surface plasmon resonance (SPR), quartz
crystal microbalance (QCM), microcantilever detection, and
diffraction-based biosensors."> ™"’

Although it is possible to adapt some molecular detection
platforms to detect whole cells, and vice versa, most platforms
are optimized for detection of either molecules or cells but not
both. Often, multiple devices are used to perform each test
separately at different times and/or with different samples. We
herein present an approach to simultaneously capture and
quantify both cells and biomolecules from the same sample
fluid.

Our system uses magnetic particles functionalized with
antibodies against target biomolecules as well as surface
antigens on target cells and captures the bead-bound targets
on a chip surface using high flow rates. The method is versatile
enough that various groups of beads can be combined to
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recognize various molecular targets and cell surface antigens.
The method becomes especially simple for applications wherein
the free biomolecular target is also overexpressed on the target
cell surface, e.g, free prostate-specific membrane antigen
(PSMA) and PSMA+ tumor cells, and free epidermal growth
factor (EGFR) and EGFR+ tumor cells. In this study we chose
free folate receptor (FR) and FR+ tumor cells as our model
dual targets to demonstrate the concept of concurrent
detection. KB cells are known for overexpressing high level of
FR and hence were used in this study as a model to mimic FR+
tumor cells present in cancer patients’ bodily fluids.

B MATERIALS AND METHODS

The detection strategy is illustrated in Figure 1. Super-
paramagnetic particles are first conjugated with polyclonal
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Figure 1. Schematic showing the operation principles: (a) FR
molecules and FR+ KB cells bound to anti-FR beads; (b) microfluidic
chamber designed for immunomagnetic detection of KB cells and free
FR: KB cells and FR are simultaneously captured by the magnetic field
as the sample fluid flows through the chamber.

antibodies against FR (anti-FR). These anti-FR beads are then
introduced into a sample fluid containing FR and KB cells for
incubation (Figure la). The incubated sample mixture then
flows through a fluidic chamber made of a poly-
(dimethylsiloxane) (PDMS) channel and two glass slides
(Figure 1b) at a flow rate of 3 mL/min. During the flow, target
cells and molecules are attracted to the surface of the bottom
glass slide by a magnetic field generated by a magnet placed
beneath the chamber, while other entities in the sample fluid
are washed away under a high volumetric flow (3 mL/min).
Finally, captured targets are quantitated by using fluorescence
microscopy.

In this study we first modeled the forces within the system
and numerically simulated the resulting particle trajectories to
understand favorable operating conditions. The system was
then characterized in terms of its response to free protein
concentration, as well as its yield in detecting cells spiked in
complex mixtures. To demonstrate the system’s potential in
clinical applications, we detected free FR and KB cells spiked
into healthy human blood, as well as endogenous FR and FR+

cells present in the ascites obtained from an ovarian cancer
patient.

System Setup. The picture of the experimental setup and
the components of the fluidic device are shown in Supporting
Information Figure S-1. The fluidic channel (length, 25.4 mm,
X width, 3.8 mm, X height, 1.5 mm) was constructed by
patterning a cured PDMS layer using a computer-controlled
CO, laser cutting system (Universal Laser System, Inc.
Professional Series) and covering the PDMS pattern with two
glass slides on the top and the bottom. The assembled chamber
was sealed by a pair of acrylic cover and stand using screws and
nuts. A neodymium permanent magnet (K&]J Magnetics, grade
NS2 with a flux density of 6451 G at the magnet surface) was
inserted into the groove of the acrylic stand to provide a
magnetic field from the bottom of the chamber (illustrated in
Figure 1b and Supporting Information Figure S-1b). A
peristaltic pump (New Era Pump Systems, NE-9000) was
utilized to draw sample fluid into the chamber and then to a
waste container.

Preparation of FR Antibody-Coupled Magnetic Beads.
To prepare the anti-FR beads, streptavidin-coated 1 pm
magnetic beads (20 gL, 10 mg/mL, Sigma-Aldrich) were
incubated with biotinylated polyclonal antibodies against FR
(10 uL, 0.2 mg/mL, R&D Systems) in a phosphate-buffered
saline (PBS) solution at room temperature for 1 h. After
incubation, the beads were washed three times with PBS using
a magnetic stand to remove unbound antibodies and
resuspended in 100 uL PBS.

Preparation of KB Cells and FR. FR+ KB cells, obtained
from American Type Culture Collection, were cultured in folic
acid depleted RPMI 1640 medium (Gibco, U.S.A.) with 10%
fetal bovine serum (FBS). Before the spiking process, KB cells
were harvested using trypsin—EDTA (Invitrogen) and
resuspended in culture medium. Cell concentration was
measured by taking five samples (each with a volume of 3
#L) and manually counting the cell number to obtain an
average. The suspensions were subsequently spiked into
medium or blood to achieve the desired concentrations.

Recombinant human folate receptor (FR) was purchased
from R&D Systems and stored at —20 °C with a concentration
of 100 ug/mL in PBS. FR was diluted and added into medium
or blood to desired concentrations for characterization and
detection experiments.

Blood Samples for KB and FR Spiking Experiments.
Blood was collected from healthy volunteers under an approved
IRB protocol. Deidentified blood samples were drawn and
collected in BD vacutainer tubes with additives of sodium
poly(anethol) sulfonate (SPS). Blood samples were kept at 4
°C immediately after collection until the spiking process. Blood
samples were used within 12 h after being collected (usually
within 4 h) to ensure the viability of blood cells.

Ascites Sample for Dual-Target Detection. Ascites from
a recurrent ovarian cancer patient with stage IIIC high-grade
serous primary peritoneal carcinomatosis was collected at the
Indiana University Hospital under an approved IRB protocol,
and kept at —20 °C until experimentation. Prior to processing
the ascites fluid was thawed and filtered (pore size, 100 ym) to
remove large impurities in the fluid.

Fluorescent Staining for Free FR and FR+ Cell
Quantification. Earlier studies have shown that fluorescein
isothiocyanate-conjugated folate, i.e., folate—FITC, is effective
in imaging FR+ malignant tumors with very low background in
FR— malignant or benign lesions.”” In this study, 10 uM of
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folate—FITC was used to stain both free FR molecules and FR
+ cells captured by the anti-FR beads. Free FR molecules were
sandwiched between the folate—FITC and the anti-FR on the
beads. While detecting cells, folate—FITC not only made it
easier to identify whole cells on the glass surface but also served
as an independent check for FR positivity (in addition to the
antibody-mediated bead binding which can be observed in
bright field). For characterization experiments performed in
media, folate—FITC was incubated with captured targets under
static conditions at room temperature for 1 h. For analysis of
bodily fluids, 34 nM of CD45 monoclonal antibodies
conjugated with phycoerythrin (anti-CD45-PE, Abcam,
US.A.) and 0.18 uM of 4’,6-diamidino-2-phenylindole
(DAP], Sigma-Aldrich, U.S.A.) were also introduced in addition
to folate—FITC to recognize white blood cells and to identify
nucleated cells.

For experiments that involved blood, red blood cell (RBC)
lysis buffer (G-Biosciences, U.S.A.) was introduced into the
chamber after the cell capturing process and incubated for S
min to remove residual RBCs. Cells captured on the glass
surface were then fixed using 4% paraformaldehyde (PFA,
Santa Cruz Biotechnology, U.S.A.) in PBS. Folate—FITC, anti-
CDA45-PE, and DAPI were subsequently introduced into the
fluid chamber and incubated under static conditions at room
temperature for 1 h. After incubation, the fluidic chamber was
washed with PBS at a flow rate of 4 mL/min for 30 s and was
subjected to fluorescence microscopy for enumeration of the
cancer cells as well as quantification of FR concentration.

B RESULTS AND DISCUSSION

Modeling and Simulation. We generated a computer-
based numerical simulation using the COMSOL Multiphysics
4.3a modeling software. We first modeled the magnetic and
fluidic fields inside the fluidic chamber and defined the primary
forces acting on an entity inside the chamber. Then a particle
trajectory module (PTM) was used to obtain the trajectories of
300 beads and 30 cell-beads complexes.

To simplify the simulation we assumed that the internal
magnetization between the particles, the influence of the
particles on the fluidic field, and the coupling between the
fluidic and the magnetic fields were negligible. Also, the
magnitude of the magnetic force acting on a cell-beads
complex was assumed to be directly proportional to the total
number of the beads attached to the cell. According to the
fluidic channel dimensions and the flow properties, the
Reynolds number was calculated to be Re = 18.87. Therefore,
the flow was considered to be laminar (Re < 2100). We also
assumed that particles (free beads and bead—cell complexes)
were randomly distributed over the cross section of the inlet
tube when they were about to be released into the chamber.

Our model included two types of particles: free beads and
cell-beads complexes. To simulate the motion of a particle in
the chamber, we applied the Newton’s second law to each
particle:

F+E+F
+E +E+F, W
where V is the velocity of the particle and m is the mass of the
particle, which could be either a single free bead or a bead—cell
complex. The average mass of a dry KB cell, which is
approximately 30% of the original mass, was measured to be
760 pg using a cantilever-based resonator.”’ Hence, the mass of

a single “wet” cell was taken as 2533 })g, which is in reasonable
agreement with a previous study.”” The mass of a single
magnetic bead with 1 ym diameter is around 1 pg. Thus, the
mass of a cell bound with N beads is 2533 + N pg.

The buoyant force F, can be expressed by

—_—
Fy, = —pgV )

where p is the density of the fluid (1000 kg m™), g is the
gravitational acceleration, and V is the volume of the particle
(2.4 x 107"* m? for a cell-beads complex and 5.2 X 107"’ m?
for a single bead). The buoyant forces applied on a free bead
and a KB cell are about 0.005 and 24 pN, respectively (the
latter number also holds for cell-bead complexes where N <
100).

-

E, is the weight of the particle:

=g -

Fy=mg (3)

Hence, the total gravity force on a KB cell or a KB cell-bead
complex is around 25 pN (for N < 100).

The magnetic force induced on a particle (.P_;)n) is estimated
by23,24
V > =
_15; = N—XV( B-B)
244 (4)

where V is the volume of the particle, y = 2.7 is the effective
volumetric magnetic susceptibility, u, is the vacuum perme-
ability, and B is the magnetic flux density, which is shown in
Figure 2a. N is the number of beads attached to a cell and is
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Figure 2. (a) Color map of the simulated magnetic flux density with a
magnitude range from 0.2 to 1.2 T and (b) the corresponding
magnetic force induced on a single bead on the detection surface. The
blue solid line shows the force in the X (lateral) direction while the
green dashed line indicates the force in the Y (vertical) direction.

equal to 1 for the case of a free bead. The resulting magnetic
force applied on a bead at the detection surface in the chamber
is shown in Figure 2b. The blue solid line represents lateral
magnetic force, whereas the green dash line represents the
vertical magnetic force.

Our experimental observations indicate that the number of
beads bound to a single cell is highly variable (from ~10 to a
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few hundred, see Supporting Information Figure S-2). For our
subsequent simulations we considered the lower end of this
range where N = 10 beads/cell to account for a conservative
scenario. The magnetic force applied on a bead depends on its
position in the chamber, and the maximum magnetic force
applied on a single KB cell bound to 10 beads can be as high as
800 pN.
The fluidic drag force on the particle is given by

- - —
Ey = 6mr,(U — V) (s)

where 7 is the fluid dynamic viscosity (107> kg m™" s7'), r, is
the radius of particle (0.5 ym for a single bead and 8.3 ym for a

complex), U is the velocity of fluid, and 1_/; is the velocity of

particle. The drag force applied on a KB cell with 10 beads
ranges from 0 to 500 pN and is influenced by the difference
between the particle velocity and the surrounding fluid velocity
at different positions and time.

On the basis of eqs 1=S5, a finite element simulation was used
to investigate the effect of flow rates on the trajectories of both
free beads and cell—beads complexes inside the fluidic chamber.
In the simulation the particles were assumed to terminally halt
once they contact the chamber surface, and the locations were
recorded for analysis of optimal flow rate. Figure 3a shows the
simulation of the final distribution of 300 superparamagnetic
beads on the detection surface at a flow rate of 3 mL/min. Also
shown are micrographs taken from different locations on the
chip surface after an experiment performed under the same
conditions (only the number of beads used in the simulation
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Figure 3. (a) Simulated distribution of beads under a 3 mL/min flow
rate, as well as experimental micrographs from five locations on the
chip. (b) Simulated distributions of beads (red dots) and bead-bound-
KB cells (blue dots) under flow rates of 1, 2, 3, and 4 mL/min. (c)
Simulated capture rate of bead-bound KB cells with various flow rates
(each cell was assumed to have 10 beads attached).

10208

was deliberately kept small to reduce computation time). Figure
3b shows the simulation results where 30 KB cell-bead
complexes (blue dots) along with 300 free beads (red dots)
were introduced into the chamber under various flow rates. The
capture rate of bead-bound KB cells was calculated accordingly
by dividing the number of cells arriving at glass surface to the
total number of cells introduced and was plotted against the
flow rate in Figure 3c. This figure shows that when flow rate is
as high as 4 mL/min, the system starts to lose cells. On the
other hand, when the flow rate is too low (<2 mL/min), even
though theoretically the cell recovery rate should be high, we
observed that the beads tend to accumulate in small areas,
resulting in practical difficulties in imaging and discriminating
cells. The optimized balance between throughput and cell
recovery rate can be achieved at a flow rate of 3 mL/min.

System Characterization for Molecular Detection. We
first characterized the system for detection of molecular
markers only by detecting known concentrations of FR added
into 1 mL of cell culture medium. 20 uL (40 ug) of anti-FR
beads were incubated with the samples at room temperature for
1 h to capture the free FR. The mixture was then flowed
through the detection chamber at a flow rate of 3 mL/min, and
the magnetic beads were pulled down and held on the
detection surface by the magnetic field. Following that, the
chamber was rinsed with PBS to wash away unbound FRs and
impurities. The accumulated beads were subsequently
incubated with folate—FITC for 1 h at room temperature to
stain the FR captured on the beads for fluorescent analysis.
Figure 4 shows the fluorescent and corresponding bright field
micrographs of the beads captured on the glass surface with
three different FR concentrations, 100, 1, and 0 nM.

To study the relationship between the input (FR
concentration) and output (fluorescence) signals, we calculated
the total fluorescence intensity in an observation window and
subtracted the background intensity observed in a bead-free
area in the same window. This fluorescence intensity was then

457
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Figure 4. Fluorescent and bright field images collected from samples
with different FR concentrations. Image pairs a, b, and ¢ were captured
from samples with FR concentrations of 100, 1, and 0 nM,
respectively. All the fluorescent images were equally enhanced for
display.
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normalized by the intensity of the reverse bright field image,
which represents the number of the beads on the detection
surface. The resulting signal, called the “B-ratio”, is a measure of
the fluorescence signal per bead (see Supporting Information
Figure S-3 for more details). We measured the B-ratio obtained
from eight various FR concentrations starting from 0 to 200
nM and plotted the results in Figure 5. For each measurement
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B-ratio
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0.1

Background (Br=0.07054 when FR=0)

0057193 102 107 100 1ot 10
FR Concentration [nM]

Figure S. Variation of fluorescence with FR concentrations from 1 pM
to 200 nM. Error bars represent standard deviations from three
measurements. Green horizontal line represents experimental back-

ground (B-ratio when FR = 0). Solid curve is the Langmuir isotherm
fit.

three images were acquired at different locations of the glass
surface. Performing a least-squares Langmuir isotherm fit to the
experimental data revealed:

12
= 0129 08504
1+ 1.055/C; (6)

T

where B, is the B-ratio, C; is the FR concentration, and 0.08504
is the theoretical bias which could result from the nonspecific
binding between folate—FITC and anti-FR beads and/or the
intrinsic fluorescent background of the magnetic beads (which
agrees with our experimentally observed B-ratio bias of 0.071).
The dissociation constant Ky between anti-FR and FR was
found to be around 1.055 nM, which is in agreement with
previous reports.”>*® Figure S also shows that the dynamic
range of this system for detecting FR covers the free FR levels
mostly observed in blood samples of ovarian cancer patients: 70
pM to 2 nM."”*”*® We were able to detect concentrations as
low as 10 pM [with a 3 SD (standard deviation) difference from
the background]. Although we were also able to measure lower
signals at 1 pM, such signals did not differ significantly from
that of 10 pM.

Characterization of the System by Detecting FR+
Cells in the Presence of Free FR. We next characterized the
system for simultaneous detection of both cellular and
molecular targets. Around 100 KB cells and FR molecules
with concentrations between 1 pM and 100 nM were spiked in
cell culture medium with a volume of 1 mL. The mixture was
then incubated with 20 yL (40 ug) of anti-FR beads for 1 h at
room temperature before flowing through the fluidic device for
detection. Following that, the fluidic chamber was subjected to
folate—FITC staining and fluorescent microscopy to quantify
the two targets detected on the glass surface. To eliminate the
influence of the fluorescence signal coming from the cells on
free FR quantification, the images of cells were deliberately
removed from both fluorescent and bright field images before
calculating the B-ratio (Figure 6).

The detection yields of the KB cells and the measured FR
concentrations are plotted against the concentration of free FR
spiked in medium in Figure 7. We observed a monotonic

Figure 6. Bright-field (a.l, b.1) and fluorescent (a.2, b.2) images
obtained from the same detection surface. In images b.1 and b.2 cells
were deliberately removed for B-ratio calculation. Image b.l is a
reverse bright field image in grayscale. White arrows point to the
locations of the captured cells.
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Figure 7. Detection yield of KB cells and the measured free FR
concentration plotted against spiked FR concentration. Blue circles
represent the cell detection yield while green squares represent the
measured FR concentration. Error bars indicate standard deviations for
three measurements.

relationship between spiked and measured free FR concen-
trations. The free FR concentration was estimated by
comparing the measured B-ratio to the Langmuir isotherm fit
described by eq 6. Therefore, the systematic accuracy of the
estimated concentration is limited by how well the fit
represents the calibration data with respect to how much the
data varies in a specific concentration region. For example, for
concentrations between 10 and 100 pM, as well as above 10
nM, the slope of the fit is relatively small, and hence, errors in
B-ratio could result in larger errors in the estimated
concentration. The difference between the Langmuir fit and
the actual data can also lead to overestimation of the
concentrations at the lower end of the dynamic range.

In Figure 7 the cell detection yield remains above 90% when
the FR concentrations were below 10 pM. However, the
detection yield starts to decrease with increasing FR
concentration above 10 pM. We attribute this to a competition
effect between the KB cells and the free FR molecules, whose
quantity and mobility is higher than that of the cells. A high
level of free FR therefore masks the beads” binding sites and
lowers the number of FR+ cells captured by the beads (on the
other hand, the presence of cells does not significantly hamper
the capturing of molecules). Therefore, the plot in Figure 7
serves as a calibration curve to estimate the original number of
cells present in a sample fluid based on the number of cells
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captured on the chip surface and the measured FR
concentration.

We verified that a fluorescent signal coming from a FR+ cell
is primarily due to the FR on the cell itself by imaging KB cells
that is not exposed to any beads (see Supporting Information
Figure S-4). We also performed a negative control experiment
wherein we used the same procedures in KB cell detection to
attempt capturing 4T1 cell line (Life Technologies) that is
known to be FR-negative.”” Only 1.4% of 4T1 cells were found
on the detection surface (see details in Supporting Information
Figure S-5).

Concurrent Detection of Molecules and Cells Spiked
into Blood Samples. To study the potential of the system for
clinical applications, FR and KB cells were spiked into blood
samples collected from a healthy donor. An amount of 500 uL
of unprocessed whole blood was first diluted with PBS to 2 mL.
Around 100 KB cells were spiked into the diluted blood sample
along with 200 pM of free FR. The mixture was incubated with
20 uL (40 pug) of anti-FR beads at 4 °C for 90 min. Each
sample was then flowed through the fluidic chamber (under the
influence of the magnetic field) at a flow rate of 3 mL/min,
which was followed by washing with 3 mL of PBS. After the
detection process, red blood cell (RBC) lysis buffer (G-
Biosciences, U.S.A.) was introduced into the fluidic chamber
and incubated for S min to remove residual RBCs. The sample
was then subjected to fluorescence staining and microscopy
while still in the chamber. We identified KB cells based on a
combination of factors including the size (10—-30 ym) and
shape (close to circular) of the observed cells and their
fluorescent emissions, wherein a folate—FITC(+), anti-CD45-
PE(—), and DAPI(+) cell was scored as a positive result. Figure
8 shows the fluorescent images of three KB cells and a
leukocyte, as well as FR-beads captured on the glass slide in the
chamber.

Folate-FITC l{b)

AntiCD45-PE

50um
—

Figure 8. Fluorescent micrographs showing KB cells as well as free FR
detected from blood: (a) KB cells stained by folate—FITC; (b)
leukocytes stained by anti-CD4S-PE; (c) cell nuclei stained by DAPI;
(d) a merged image of panels a—c. Images were enhanced for clarity of
display.

The FR level of the blood was measured to be 244 pM,
which is slightly higher than the FR concentration we spiked in
(200 pM). This finding could be attributed to the endogenous
FR present in healthy blood (the FR level present in unspiked
blood was measured to be 27 pM). The number of KB cells
captured on the chip was counted to be 62. On the basis of the
measured FR level and the KB detection yield in Figure 7, the
estimated total number of KB cells present in blood was
calculated to be 98, which is very close to the number of cells
spiked in the sample (100).

Concurrent Detection of Free FR and FR+ Tumor Cells
in Ascites Fluid. The system was finally challenged to detect
FR and FR+ cells present in bodily fluids obtained from a

cancer patient. For this purpose ascites was obtained from a
patient with stage IIIC ovarian cancer (high-grade serous
primary peritoneal carcinomatosis). An amount of 1 mL of
filtered malignant ascites was first diluted to 4 mL with PBS
buffer. Following the protocol described previously but without
adding any free FR or KB cells, intrinsic FR+ cells and free FR
were captured and fluorescently stained for identification and
quantification. Once again, only those cells showing folate—
FITC+, DAPI+, and anti-CD45— were scored (those cells that
appeared triple-positive, i.e. folate—FITC+, DAPI+, and
CD45+, were excluded from scoring). We captured 43 FR+
cells and measured 940 pM of FR from the diluted sample (i.e.,
3.8 nM FR for the original sample, Supporting Information
Figure S-6). Using the free FR concentration along with the
calibration data in Figure 7, the original number of FR+ cells
present in the 1 mL of ascites can be estimated to be around
101. These data demonstrate the capability of the system to be
applied to clinical samples.

To verify the results obtained using our system, FR
concentration and number of FR+ cells present in the same
ascites sample were also determined using ELISA and flow
cytometry, respectively. An ELISA kit for FR measurement was
purchased from R&D Systems (Human FLORI1 Quantikine
ELISA kit, DFLR10). Following the protocols provided by the
vendor, various concentrations of standard folate receptor
included in the kit were first used to generate a reference curve
(see details in Supporting Information Figure S-7). An amount
of 200 L of ascites sample was diluted by 100-fold, and then
50 uL of diluted sample was measured based on the reference
curve. The resulting FR concentration of the diluted ascites was
measured to be 44.7 pM, which yields an FR concentration of
4.5 nM in the original ascites. This value is in reasonable
agreement with the FR concentration measured by our system
(3.8 nM).

To detect FR+ cells in the ascites sample using flow
cytometry, a total volume of 1 mL of ascites was first diluted to
2 mL with PBS buffer and separated into two tubes. Following
that, 10 uM of folate—FITC was introduced and incubated for
30 min to stain FR+ cells. All mixtures were then centrifuged,
and the supernatants were aspirated. The cell pellets were
suspended in 250 uL of PBS buffer before introducing into a
flow cytometer (BD Biosciences, ACCURI C6). The total
number of folate—FITC+ cells was 167, in comparison with
what we estimated using our system (101 cells). The difference
could be attributed to the following reasons: (1) In our system
we observed and excluded some triple-positive cells (folate—
FITC+, DAPI+, and CD45+), which would normally be
counted by a flow cytometer that simply scores all FITC+ cells.
(2) The calibration curve in Figure 7 was obtained for a specific
type of cell that has a high expression of FR and hence can
result in underestimating the number of other cells if they have
a weaker expression of FR. (3) Since the concentration of
target cells sought is relatively small (only some 100 within
some milliliters), it is possible that two separate volumes, even
if they come from the same original sample, may not contain
exactly the same number of cells. Given these possibilities, the
difference in the number of cells estimated in the two
independent experiments is reasonable.

In the future our system can effectively be extended to other
biomarkers as well as diseases. For example, interesting
comparative studies can be performed where free PSMA as
well as PSMA+ circulating tumor cells (CTCs) are detected
simultaneously and all in one sample. Similarly, one can detect
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the CA125 molecular marker as well as FR+ CTCs in ovarian
cancer patient samples. These studies may provide insight into
the relative importance of each type of target with respect to
the other, correlations between the levels of two types of
targets, and how this correlation is related to the progression of
the disease.

B CONCLUSION

We have presented a simple immunomagnetic system capable
of simultaneous detection of free molecules and whole cells. We
demonstrated the concept by applying the system to detection
of free FR molecules as well as FR+ cells. The optimal flow rate
was found to be 3 mL/min based on a computational model,
and the system was characterized using this flow rate by
detecting both molecular and cellular targets spiked in cell
culture medium. The dynamic range of FR detection was found
to be between 10 pM and 100 nM, whereas the detection yield
of KB cells was found to be dependent on the FR concentration
due to a competition effect between both targets. Therefore, a
calibration curve was obtained to use the number of cells
captured on the chip surface along with the measured FR
concentration to estimate the number of cells in the original
sample fluid. We also showed the concurrent measurement of
FR and KB cells spiked in healthy blood, which demonstrated
the potential of this system in clinical applications. Finally we
applied this system to the analysis of a bodily fluid obtained
from a cancer patient, where we detected free FR as well as FR
+ cells endogenously present in the ascites fluid of an ovarian
cancer patient. The detection results obtained using our system,
which could detect both molecules and cells concurrently, were
comparable with those obtained using ELISA to detect
molecules only and those obtained using flow cytometry to
detect cells only. Lastly, the concept on which this system is
built on is generic and versatile, and hence, the same principles
could be applied to detection of a wide range of cells and
molecular biomarkers present in various bodily fluids.
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