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A variety of filters assays have been described to enrich circulating tumor cells (CTC) based on differences in physical
characteristics of blood cells and CTC. In this study we evaluate different filter types to derive the properties of the ideal
filter for CTC enrichment. Between 0.1 and 10 mL of whole blood spiked with cells from tumor cell lines were passed
through silicon nitride microsieves, polymer track-etched filters and metal TEM grids with various pore sizes. The recovery
and size of 9 different culture cell lines was determined and compared to the size of EpCAM+CK+CD45—DNA+ CTC from
patients with metastatic breast, colorectal and prostate cancer. The 8 um track-etched filter and the 5 um microsieve had
the best performance on MDA-231, PC3-9 and SKBR-3 cells, enriching >80% of cells from whole blood. TEM grids had poor
recovery of ~25%. Median diameter of cell lines ranged from 10.9-19.0 um, compared to 13.1, 10.7, and 11.0 um for breast,
prostate and colorectal CTC, respectively. The 11.4 um COLO-320 cell line had the lowest recovery of 17%. The ideal filter for
CTC enrichment is constructed of a stiff, flat material, is inert to blood cells, has at least 100,000 regularly spaced 5 um pores
for 1 ml of blood with a =10% porosity. While cell size is an important factor in determining recovery, other factors must be
involved as well. To evaluate a filtration procedure, cell lines with a median size of 11-13 um should be used to challenge
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Introduction

Circulating tumor cells (CTC) predict survival in patients with
various metastatic cancers [1-8]. Enumeration of these CTC is
a great technological challenge [9]. The lack of a positive control
complicates assay development, as the number of C'TC in patient
samples is unknown. No detection of CTC in healthy controls and
relatively high recovery of tumor cells spiked into blood samples
are frequently used to gauge the performance of a given assay, yet
without proof that the frequency of these cells relates to survival it
remains uncertain whether “true” C'TC are enumerated. C'TC are
extremely rare cells typically 1-10 CTC among ~6x10° leuko-
cytes, ~2x10° platelets and ~4 x10? erythrocytes per ml of blood
[10]. This implies that any assay for their enumeration must be
able to handle a large number of cells. Examination of a large
number of immunofluorescently labeled cells increases the in-
fluence of non-specific binding which is inherent to immunoflu-
orescence staining of cells. A non-specific background of 0.01%
may be acceptable for routine immunophenotyping, but for rare
event detection this would result in detection of 100 “CTC” after
analysis of 1,000,000 leukocytes. To increase the specificity of
CTC detection, the number of analyzed cells needs to be reduced.
While some assays only perform an erythrocyte lysis or density
separation [11-15] other assays achieve enhanced enrichment by
leukocyte depletion [16,17], size based filtration [18-24] or
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antibody based enrichment [25-31]. Each approach has its
drawback. CTC could be lost due to the effect of erythrocyte
lysis agents and CTC could be lost by employing a density
separation as the range of densities of C'TC is unknown. Size based
filtration is antigen expression independent, but will miss smaller
CTC and tumor micro particles, both of which are clinically
relevant [32]. Antibody based methods are insensitive to variations
in size, but don’t enrich tumor cells that have low expression of the
target antigen. The epithelial cell adhesion molecule (EpCAM) is
frequently used for CTC enrichment as it has little or no
expression on leukocytes, and is expressed by the C'TC in most
patients [12,32,33].

Filtration was recently proposed for C'TC enrichment [18-24]
and previously we have reported on the filtration parameters
mmportant for enrichment of CTC from whole blood by filtration
[34]. In this study we investigate the properties of the ideal filter
for CTC recovery such as pore size, spacing between pores,
number of pores, filter thickness and filter surface material.
Filtration parameters such as dilution, fixation en flow rate are
kept constant. In addition, the size distribution of CTC in
metastatic breast, prostate and colorectal cancer and a variety of
cell lines was determined to aid in choosing a cell line that can be

used as an adequate model for optimization of filtration based
CTC assays.
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Materials and Methods

Blood Samples

Healthy volunteers aged 20-55 provided informed consent
prior to donating blood. The study protocol was approved by the
METC Twente ethics committee. Healthy was defined as no prior
history of cancer or blood transmittable disease. Blood was drawn
mto EDTA vacutainers (BD, Franklin Lakes, NJ, USA) and
processed within 8 hours after draw. Unless otherwise noted, each
data point within one experiment represents the average of
measurements on three different donors. Image archives from
patients enrolled in studies with metastatic breast (IC 2006-04 [2],
N=247), colorectal (CAIRO-2 [3], N=487) and prostate
(IMMC-38 [4], N=185) cancer patients were used for de-
termination of CTC size.

Cell Culture

Breast carcinoma cell lines SKBR-3, MDA-231, MDA-468 and
MCF-7, prostate carcinoma cell line PC3-9, colorectal carcinoma
cell lines COLO-320, SW-480, and hematopoietic cell lines HL-
60, K-562 were used in various recovery experiments. All cell lines
where obtained from ATCC (Manassa, VA, USA), except for the
PC3-9 cell line, this sub-clone of the PC3 cell line [13] was kindly
provided by Imunnicon (Huntingdon valley, PA, USA). PC3-9
were cultured using RPMI (Sigma, St. Louis, MO, USA) while the
others were cultured in Dulbecco’s modified eagle medium
(Sigma). Culture media were supplemented with 10% fetal calf
serum (Gibco, Invitrogen, Carlsbad, CA, USA), 1% l-glutamin
(Sigma) and 1% penicillin-streptomycin (Gibco). For MDA-468,
the penicillin-streptomycin was replaced with 1% gentamicin and
1 mM pyruvate (Sigma). To eliminate issues with non-specific
staining of blood cells or other debris on the filters evaluated, cells
were stained before spiking into blood by incubation in culture
media for 24 hours at 37°C with 50 uM CellTracker Green
Bodipy and/or 5 uM CellTracker Orange CMTMR (both
Invitrogen). Cells were harvested using 0.05% trypsin (Gibco) for
5 minutes at 37°C. The exact concentration of a cell suspension
for spiking was determined using a flow cytometer (FACSAria II,
BD) by placing the suspension in Trucount tubes (BD), staining
with Hoechst 33342 (Invitrogen) and counting Hoechst and
CellTracker positive events, with forward and side scatter signals
typical for cells.

Different Filter Types

Filters with diverse properties were selected for evaluation and
characterized in figure 1 and table 1. This included polycarbonate
track-etched filters with a pore diameter of 5, 8, and 10 um
(Whatman Nucleopore, GE, Kent, UK); silica nitride microsieves
with a pore diameter of 5, 6, 7, 8, 9 and 10 um (Aquamarijn,
Zutphen, Netherlands) and copper and nickel TEM grids with
7.5 pm square pores (Gilder Grids, Grantham, UK). All filters
except microsieves were mounted in 13 mm filter holders
(Swinney, Pall, Mijdrecht, Netherlands). A ring was made to
mount the TEM grids into the filter holders and microsieves were
mounted in holders designed to hold the microsieves (TCO,
Twente University, Enschede, Netherlands). Before use, a filter
was placed in a holder, primed with PBS and placed in vacuum for
30 minutes. The vacuum was sufficient to make the PBS boil at
room temperature thereby displacing any trapped air from the
filter pores. At the end of this procedure the filters are still
immersed in PBS.
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Setup

A setup for filtration of blood samples was constructed that
allows for precise control of sample flow rate and dilution factor.
The flow through the filter consists of two parts, the sample flow
and a phosphate buffered saline (PBS) flow. If desired, the PBS
flow can be used to dilute the sample. Dilution of 1:x means that 1
part sample is diluted in x-1 parts of PBS. For the sample flow,
a sample is loaded into a 1 mL or 50 mL syringe (Plastipak, BD,
Franklin Lakes, NJ, USA) with a 21 gauge needle (Microlance 3,
BD) and placed onto a NE-1000 syringe pump (New Era Pump
Systems, Farmingdale, NY, USA). The PBS flow originates from
a stainless steel tank (Alloy products, Waukesha, WI, USA)
pressurized with 2 bar N2. To reduce uptake of N2 into the PBS,
the PBS is contained inside a plastic bladder inside a water filled
tank. PBS is filtered by an in-line 0.2 wm filter (mini Kleenpak,
Pall, Mijdrecht, The Netherlands) and the flow rate is controlled
by a flow sensor (CoriFlow, Bronkhorst, Veenendaal, The
Netherlands). The pressure difference across the filter is measured
by a 0-300 mbar pressure sensor (PR-41X, Keller, Winterthur,
Switzerland). By supplying a constant sample flow, the pressure
across the filter increases until equilibrium is achieved between the
number of cells that are pushed through the filter and the number
of cells that arrive from the incoming sample flow. The setup stops
filtering when the pressure exceeds 300 mbar to prevent damage
to the setup. Before a sample is run the system is cleared from all
air bubbles and a filter holder is attached. The holder is flushed
with PBS at 1600 mL/h for 10 seconds, after which flow is
stopped and the pressure measured is used as a bias. Unless
otherwise specified the sample flow rate is then set at 25 mL/h and
is diluted with 75 mL/h phosphate buffered saline (PBS) during
injection. This sample flow rate resulted in a low pressure
difference across the filter as previously shown [34].

Detection of Recovered Cells

After sample injection stopped, the PBS flow was increased to
100 mL/h for 2 minutes to clear any residual blood from the filter
holder. Next, the filter was fixed with an ethanol series increasing
up to 100% and stained with 8 UM Hoechst 33342 in PBS for 10
minutes. The filter was mounted on a microscope slide with 75%
glycerol. Digital images of the staining pattern in three fluores-
cence channels (DAPI, EGFP, R-PE filter sets, Chroma, Bellows
Falls, VI, USA) were acquired with an Eclipse 400 epi-
fluorescence microscope (Nikon, Tokyo, Japan) with CCD camera
(C4742-95, Hamamatsu, Hamamatsu, Japan) and a 4x/NA0.13
objective or 10x/NA0.45 objective (both Nikon). The number of
nucleated cells was enumerated automatically using an algorithm
developed in Matlab 2009a (Mathworks, Natick, MA, USA) with
DIPimage plugin (Delft Technical University, Delft, Netherlands).
The number of cells from the tumor cell lines was determined
using false color overlays of the different fluorescent stains,
counting all objects of appropriate size and morphology, contain-
ing a nucleus, and having the correct color in the false color image.
Recovery was defined as the percentage of spiked cells identified
on the filter.

Comparison of Different Versions of Each Filter Type
For comparison of the different filters, MDA-231, SKBR-3 and
PC3-9 cells were spiked into whole blood at a concentration of 300
cells per mL blood for each cell type. MDA-231 cells were pre-
stained with CellTracker orange, PC3-9 were pre-stained with
CellTracker green, and SKBR-3 with both CellTracker orange
and green. Cell recovery was determined as described above. The
best version of each filter type was chosen for further experiments.
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Track-etched Micro Sieve TEM Grid

Outline

Detail

Figure 1. Overview of compared filters. The outline images show a photograph of the track-etch filter, the microsieve and the transmission
electron microscopy (TEM) grid. The perforated area of each filter is indicated in red. The microsieve contains perforated horizontal bars alternated by
support bars, giving rise to the horizontal pattern. The detail shows dark field images for the three filters. Spacing of the pores is random for the track-
etch filters, leading to occasional double pores. Microsieves and TEM grids have periodical pore spacing.

doi:10.1371/journal.pone.0061770.g001

Table 1. Properties of all tested filters.
Type Material Pore spacing Thickness Area Pore size N pores Porosity
um mm’2 um %1000 %
Track-etched PC Random 10 102.1 5 350.9 6.7
" 8 91.8 4.5
" 10 88.2 6.8
Microsieve SisNy Regular 1 0.6 5 0.16 0.5
6.2 5 115.4 36.5
2.7 5 259 18.8
" 6 179 187
" 7 15.2 217
" 8 11.8 22.0
" 9 9.4 22.1
" 10 74 215
TEM grid Copper Regular 18 2.6 7% 17.4 36.0
Nickel " " " "
PC: PolyCarbonate, SisNg4: Silicon Nitride, TEM: transmission electron microscopy, TEM grid pores are square, others are round.
doi:10.1371/journal.pone.0061770.t001
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Linearity of Recovery

To determine linearity of recovery pre-stained MDA-231 cells
were spiked into 1 mL of blood at concentrations of 2, 10, 100,
1,000, 10,000, 30,000 (microsieve only), 100,000 (track-etched
only) cells. The maximum spike was similar to the number of pores
for each filter. MDA-231 cell concentration was determined on the
flow cytometer, except for the spikes of (nominally) 2 and 10 cells,
where the exact number spiked cells was determined by
microscope inspection of each spike drop. To limit the total
volume of blood needed for the experiments 1 mL of blood was
aspirated into a syringe and 10 UL of culture cell suspension was
pipetted into the front of the syringe. The syringe was inverted and
left for a few minutes to allow cells to disperse before the sample
was used for filtering. Downside of this procedure is that cells are
more likely to arrive early on in the filtration process, leading to
slightly lower recoveries than when the cells were evenly
distributed throughout the blood sample before loading the
syringe.

Impact of Different Sample Volumes

The impact of cell enrichment from different volumes of whole
blood was tested by spiking 300 MDA-231 cells into blood
volumes of 0.1, 1 and 10 mL. The recovery of spiked cells was
determined by counting MDA-231 cells on the filters. Additional
experiments were conducted to determine recovery, while
maintaining flow rates per pore that are comparable between
track-etched filters and microsieves. The number of pores in
a track-etched filter is approximately 10 times higher than the
number of pores in a microsieve. Since the flow of cells per pore
makes a large difference in pressure across the filter, and thus
recovery, the recovery after spiking 30 MDA-231 cells into 0.1 mL
of whole blood, when filtered at a total flow rate of 10 mL/h was
determined. The flow per pore is then equivalent to flow per track-
etched pore when spiking 300 MDA-231 cells into 1 mL of whole
blood at a total flow rate of 100 mL/h.

Cell Size Determination

The size of the cells was determined by the Coulter principle
and by an image analysis algorithm. A Coulter counter pipette
(Scepter, Millipore, Billerica, MA, USA) was used to determine the
size of all cell lines and leukocytes. Leukocytes were obtained from
the buffy coat of 10 mL whole blood centrifuged at 300 xg for 10
minutes. Size of cells was determined by imaging using an
algorithm developed for automated counting of CTC [33]. This
algorithm automatically identifies CK+DNA+CD45— CTC and
can output the size of the area occupied by the CTC. Size of C'TC
from patients with metastatic breast cancer [2], colorectal cancer
[3], and prostate cancer [4] was determined using image archives
from these studies. For tumor cell lines we used the same CTC
algorithm and for detection of leukocytes the algorithm was
modified such that CK—DNA+CD45+ objects were counted.
Because cells flatten when pulled against the glass slide inside the
sample cartridge, the surface area of a cell cannot be used directly
to derive the diameter of the cell in suspension. Instead we
assumed cells to be cylindrical in shape with a volume of the
imaging area 4 times a constant thickness D:

T
V[maging - D.Ammgmg =n 6 dsuspensian (1)

To find the diameter of a CTC in suspension from imaging, D
was least squares fit to size data of SKBR-3, PC3-9, MDA-231
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culture cells and leukocytes [35], which were determined using
both Coulter principle and imaging.

Recovery for Different Cell Lines

To determine the relation between the size of cells from the
tumor cell lines and recovery, 300 cells were spiked into 1 mL of
blood and the spiked samples were filtered through the best filter
for each filter type. Spiking was achieved as described in
“Linearity of recovery”. Tumor cell lines included breast cancer
cell lines SKBR-3, MDA-231, MDA-468 and MCF-7, prostate
cancer cell line PC3-9, colorectal cancer cell lines COLO-320,
SW-480, and hematopoietic cell lines HL-60, K-562. For each cell
line the recovery was determined in duplo.

Staining of Leukocytes

One mL of unspiked whole blood was filtered through 8 wm
track-etched filters to determine whether there is a subpopulation
of leukocytes that is preferentially enriched. To preserve
antigens, the filters were fixed in 0.4% PFA (paraformaldehyde)
for 10 minutes instead of the ethanol fixation used in other
experiments. The filters were then stained for 15 minutes at
room temperature with a staining cocktail containing nuclear
dye Hoechst 33342 (8 uM, Invitrogen), and antibody conjugates
CDI13-PE (BD), CD14-APC (EXBIO, Prague, Czech), CD20-
FITC (BioLegend, San Diego, CA, USA), CD4-FITC (MACS,
Cologne, Germany), CD8-FITC (BD) at concentrations per the
manufacturers’ recommendations. The filters were imaged on
a fluorescent microscope, followed by cell enumeration. At least
100 nucleated cells were counted and differentiated between
granulocytes (CD13+, CDI14—), monocytes (CD13+, CDI14+),
lymphocytes (CD20+ or CD4+ or CD8+, all CDI14—) and
others (negative for all). As a reference 1 mL of whole blood
was stained, and leukocyte types were enumerated in a smear of
this sample.

Results

Cell Enumeration is Easiest on a Stiff Filter with Low
Porosity

Images of the filters after filtration of a spiked 1 mL blood
sample are shown in figure 2. Images were taken with a 4x/
NAO.13 objective. The track-etched filter deformed during
filtration and as a result could not be imaged with a 10x/
NAOQ.45 objective; 5-15% of the filter was too far out of focus to
allow enumeration of positive cells in this area. The high porosity
and low number of pores of the microsieves and the TEM grids
resulted in a cell density too high to reliably distinguish adjacent
cells when imaged with a 4x/NAO0.13 objective, see figure 2 panels
B and C, therefore these filters were imaged with the 10x/NA0.45
objective for all experiments. A large part of the TEM grid is
covered with a red blood cell layer, the image in panel C of figure 2
shows the only part of the filter that was not covered with red
blood cells, comprising 17% of the total filter area. The ideal filter
should maintain its planar form during filtration, it should not
react with the sample and pores should be sufficiently separated to
facilitate discrimination of cells.

Increasing Pore Size Leads to Lower Recovery and Higher
Sample Purity

The results of the filter comparison are shown in figure 3. In
panel A the % recovery is shown per cell type and per filter type.
In panel B the pressure across the filter is shown and the sample
purity is shown in panel C. The key filter properties are found at
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A) Track-etched

Figure 2. Images of cells on all filters. Panel A shows a track-etched
filter, panel B a microsieve filter and panel C a TEM grid filter. The
images show false color fluorescent images taken of pre-stained cells
enriched from a whole blood sample. Hoechst 33342 stain is shown in
blue, Celltracker Orange in red, and Celltracker Green in green. In the
false color MDA-231 cells are red, PC3-9 cells green and SKBR-3 cells
yellow. Several types of autofluorescent and/or Hoechst positive debris
were found on the filters, examples are indicated with white arrows.
This debiris is also found in unspiked samples. Due to the low number of
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pores and the high porosity of the microsieves and TEM grids, cells are
very close to each other. To better distinguish cells on these filters,
imaging with a 10x objective was necessary for determination of cell
recovery as shown in the red insert in panel B. This was not possible
with the track-etched filters because they were not sufficiently flat to
have all cells in focus.

doi:10.1371/journal.pone.0061770.9g002

the bottom of panel C. Recovery of spiked cells is highest for filters
with small pores. When the pore size is increased beyond 6 pm,
recovery starts to reduce for MDA-231 cells, but this reduction
seems be slower and to occur at a different size for the other two
cell lines, at pores sizes of 7 wm for PC3-9 cells and 8 pm for
SKBR-3 cells. The pressure across the filter was lowest for filters
with larger pores and filters with more pores. 80-90% of the TEM
grid filter was covered with a coat of red blood cells, only a small
aperture in the middle remained open. Only 25% of spiked cells
were recovered, all found in this aperture, however it is possible
that more cells were underneath the red blood cell coat. Recovery
was also reduced by the high pressure across the 8 um TEM grids,
which was much higher than the pressure across the 8 wm
microsieves, while they have similar numbers of pores. Higher
pressure also leads to lower recovery when comparing microsieves
to track etched filters. The pressure across the microsieves of
similar pore size to the track-etched filters was always higher and
recovery was always lower. The 5 m microsieve with 160 pores
needed a pressure in excess of 300 mbar to handle the sample flow,
which this setup cannot provide.

As long as there are sufficient pores to pass the sample, recovery
seems to be insensitive to the number of pores. There is almost no
difference between the microsieves with 115,000 pores and the one
with 26,000 pores in terms of spiked cell recovery or pressure
across the filter, but the number of leukocytes retained is 3.1 fold
higher on the filter with 4.4 fold more pores. The number of
leukocytes retained is the highest on the 5 um track-etched filter.
Less than 6% of pores are occupied by leukocytes for 8-10 um
track-etched filters and =6 Wwm microsieves.

The filters with highest yield and lowest leukocyte contamina-
tion were the 8 pm track-etched filter and the 5 pm microsieve
with 26,000 pores, because they recovered >70% of the spiked
cells, while retaining a low percentage of leukocytes. These two
filters were selected for further comparison in the next experi-
ments. The TEM grids had unsatisfactory recovery, and were not
used in further experiments.

Recovery is Constant Until Approximately 2% of Pores

are Occupied

The number of MDA-231 cells recovered versus the number
spiked cells is shown in figure 4. Recovery is constant for spikes of
0-100 cells on the microsieves (58% recovery, R?=10.98), and for
spikes of 0-10,000 cells on the track-etched filters (67% recovery,
R?=0.98). When a sufficient fraction of pores on the filter are
blocked, the pressure during filtration is increased and recovery
reduced [34]. Each cell occupies 3-5 of the 26,000 pores on the
microsieves, while on the track-etched filters most cells occupy 1 of
the 351,000 pores. Including all data in the linear fit reduces
recovery and correlation both for the microsieves (12% recovery,
R?=0.49) and for the track-ctched filters (51% recovery,
R?=0.91). One of the microsieves clogged at a spike of 30,000
cells, and average recovery for this spike was 10%. 2-5 false
positives cells were counted on the track-etched filters, while none
were counted on the microsieves.
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doi:10.1371/journal.pone.0061770.g003

The Volume that can be Filtered is Limited by the
Contaminant Concentration

The recovery after spiking 300 MDA-231 cells into 0.1, 1 or
10 mL of whole blood is shown in figure 5, panel A. On track-
etched filters recovery was 47%, 51%, 36% with volumes of 0.1, 1
and 10 mL, respectively. On microsieves recovery was 48%, 30%,
22% with volumes of 0.1, 1 and 10 mL, respectively. The amount
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of the debris, as indicated with white arrows in figure 2, as well as
the number of leukocytes retained on the filter increased with
increasing sample volume, see figure 5, panel B. This accumula-
tion of debris leads to a high autofluorescent background as can be
seen in panel D of figure 5, compared to panel C of figure 5. In
addition an experiment was conducted where 30 MDA-231 cells
were spiked into 0.1 mL of whole blood and filtered through
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Figure 4. Linearity of recovery for 8 um track-etched filters and
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For spikes with target values of 2 and 10 cells, we determined the actual
number of cells by microscope inspection of the cell drop prior to
spiking. The counted spikes are shown, not the targets. Spikes of 10*
cells and higher were counted automatically. Spikes of 100 and higher
were offset by up to 10% to enhance readability of the graph.
doi:10.1371/journal.pone.0061770.9g004

a microsieve at 10 mL/h. This makes the flow per pore and the
number of cells per pore equivalent to a spike of 300 MDA-231
cells in 1 mL of whole blood when filtered through a track-etched
filter. Recovery under this condition was 57%+31%.

Monocytes are Retained More than Other Leukocytes

The selective enrichment of the leukocyte subpopulations on the
track-etched filter is shown in table 2, the relative proportion of
monocytes is increased by 165% at the cost of both granulocytes
and lymphocytes. Of the 5-10° leukocytes in a 1 mL sample 0.1%
was recovered on the filter.

EpCAM+CK+CD45— CTC are Smaller than Typical Cells
Derived from Tumor Cell Lines

A Coulter pipette was used to determine the size distributions of
9 tumor cell lines and leukocytes, shown in figure 6, panel A. The
median size of leukocytes was 8.1 um while cells from the tumor
cell lines ranged from 10.9 to 19.0 pum. SKBR-3 shed small
vesicles in the culture medium, which leads to a peak in the
distribution near 6 Wm, comprising up to 15% of total cells. The
tumor cell line standard deviation relative to the median size (%
CV) ranged between 19% (HL-60, MDA-468) to 31% (MCF-7).
The size of MDA-231, SKBR-3 and PC3-9 cell lines was also
determined using morphology parameters from an automated
CTC counting algorithm, which automatically identifies Ep-
CAM+CK+DNA+CD45— CTC, see figure 6 panel B. The cell
thickness when imaging was found to be 5.2 um by fitting the
median diameter of these cell lines to the median diameter from
the Coulter determination using equation 1. With this thickness,
deviation between median size by imaging versus Coulter of
SKBR-3, MDA-231, PC3-9 and leukocytes was less than 0.4 um,
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The % CV of the distributions for imaging/Coulter was 16/26%
for PC3-9, 15/30% for SKBR-3, 11/22% for MDA-231 and 16/
77% for leukocytes. Applying equation 1 the median diameter of
CTC was determined to be 10.7 um for prostate, 11.0 um for
colorectal and 13.1 um for breast CTC.

Cell Lines with Size of CTC Typically have Low Recovery

Three-hundred cells from 9 different tumor cell lines were
spiked into 1 mL of blood and filtered through 8 wm track-etched
filters and 5 pum microsieves. Recovery for duplicates of each
experiment are shown in figure 7, panel A for track-etched filters
and panel B for microsieves. The trend for both filter types shows
that recovery increases with cell size, however different cell lines of
similar size can have two-fold difference in recovery. A larger cell
typically has higher recovery, but this is a weak trend, with large
variations in recovery between cells of similar size. Average
recovery of cells with sizes (10.8-12.9 wm) on the order of patients
CTC (10.7-13.1 wm) was 33% (range 13-44%) on the track-
ctched filter and 29% (range 13-60%) on the microsieve with
Colo-320, SW-480, HL-60 and K-562 cells. The high recovery of
SW-480 cells on the microsieves was confirmed by measuring an
additional time on both filter types. The third repeat matched the
first two, and is thus not due to experimental error. A smaller
track-etched pore size may improve recovery. We determined
recovery for 5 um pores by spiking Colo-320 or SW-480 cells into
1 mL of blood. Filtering a spiked sample with Colo-320 increased
recovery from 15.2%2.8% (8 um track-etched) to 19.6%£7.5%
(5 um track-etched). With the SW-480 cell line, recovery increased
from 35.9+11.3% to 70.8%10.4%.

Discussion

We determined the size of CTC in suspension by comparing
size determined by the Coulter principle to size determined by
imaging. For this comparison, calibration of size by imaging versus
size by the Coulter principle is needed. Good agreement on the
median size was found, however the % CV on the size was larger
by the Coulter principle than by the imaging approach, up to
double for the cells from the tumor cell lines and almost five times
higher for leukocytes. Possible explanations for these differences: -
The imaging approach requires presence of a nucleus, while the
Coulter approach determines size on all detected objects, in-
cluding vesicles produced during culture of some cell lines,
increasing CGV. - EpCAM-magnetic enrichment and automatic
detection of CK staining may favor enrichment and subsequent
detection of larger objects, reducing CV with the imaging
approach. - Leukocytes are a mixture of three main cell types of
different sizes. Relatively high non-specific adhesion of granulo-
cytes means that EpCAM enrichment captures granulocytes
relative to other leukocytes and thus the size by imaging represents
the size of granulocytes, resulting in a CV that is much lower than
a true white blood cell mixture. Median size of EpCAM+CK+D-
NA+CD45— CTC found by the CellSearch system in metastatic
breast is 13.1 um, prostate 10.7 pm and colorectal cancer is
11.0 pm. This is much smaller than the size of most cells derived
from tumor cell lines, figure 6. Assuming filtration recovers 100%
of all cells in excess of a minimum size, table 3 shows an estimate
of recovery for minimum size of 8, 10, 12, 14 and 16 um derived
from figure 6, panel B. For recoveries of 70% or higher, size based
filtration methods need to recover C'TC that are larger than 9.2
for prostate, 9.4 for colorectal and 10.8 um for breast cancer.
Unfortunately recovery with such small cells was poor, figure 7,
and the 8 um track-etched filter will probably not recover cells of
9.2 um. Validation of a filtration assay using SKBR-3, MCF-7,
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Figure 5. Impact of total blood volume. Recovery of 300 MDA-231 cells spiked into 0.1, 1 and 10 mL of whole blood determined on 5 um
microsieves and 8 um track-etched filters. Panel A shows the % recovery of MDA-231 cells, panel B the number of white cells found on the filter.
The images in panel C and D show the CellTracker Orange signal after microsieve filtration of 0.1 and 10 mL of whole spiked blood respectively. The
saturated dots indicated with the arrows are counted as MDA-231 cells, the weaker fluorescence is autofluorescent material.
doi:10.1371/journal.pone.0061770.9g005

PC3-9 or similarly sized cells may not have any relevance to C'TC an error in the spike determination or due to misclassification of
enrichment by means of filtration. some SKBR-3 cells with weak CellTracker Green stain as MDA-

MDA-231 recovery determined during the filter comparison 231 cells in the comparison experiment or due to the spiking
experiment was typically 10-20% higher than the recovery method used in all subsequent experiments. As a result of this

determined using subsequent experiments. This may be due to
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Table 2. Filtration retains slightly more monocytes than other
white blood cells.

% of total granulocytes lymphocytes monocytes other
whole blood 65+4 29+5 5+5 1+0
on filter 58+3 27+3 14%2 1+0
% change —11%3 —5*6 165+37 130

Numbers give % of total = standard deviation determined on 5 healthy donors.
Each data-point was determined by counting at least 300 cells.
doi:10.1371/journal.pone.0061770.t002

method the spiked cells are captured on the filter early in the
experiment and have more time to pass through the filter.

In the filter comparison shown in figure 3, we chose the 8 wm
track-etched filters and the 5 Wm microsieve as the best filters. We
aimed for recovery >70% and the lowest leukocyte contamination
possible. The rationale for these targets was that while high C'TC
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recovery is desirable, low leukocyte recovery is also desirable, as
they may stain slightly positive for EpCAM or cytokeratin stains.
This complicates review and leads to false positives [36]. In
addition, leukocytes complicate CTC analysis using techniques
such as PCR [37]. However, average recovery was only 33% for
cells with a size comparable to CTC. With such recovery high
CTC recovery takes precedence over low leukocyte contamina-
tion. Changing from 8 to 5 um track-etched filters resulted in
acceptable recovery of 71% for SW-480 cells, but a still unaccept-
able 20% for COLO-320 cells. It is unknown which cell line is
more similar to CTC.

While there was an association between recovery and cell size,
see figure 7, it was not sufficient to explain the differences in
recovery between the different cell lines. Additional factors
contributing to recovery may be the deformability of cells
[38,39] or size of the nucleus [40]. It was surprising that the
5 um microsieve performed similar to the 8 um track-etched filter
with matched flow per pore conditions. When passing through
a 5 um pore filter, the leukocyte membrane needs to deform 15%

B) Size determined by image analysis
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Figure 6. Size distribution of blood cells and various cancer cell lines. Blood cells include white and red blood cells and the hematopoetic
cell lines HL-60 and K-562. Cancer cell lines include prostate cancer cell lines PC3-9, colorectal cancer cell lines COLO-320 and SW-480, breast cancer
cell lines SKBR-3, MCF7, MDA-231 and MDA-468. Distributions are normalized to unit area. Vertical lines indicate the median size for each cell type.
Panel A shows the size distribution as determined using a Coulter pipette. Panel B shows the size distribution as determined using image analysis
for MDA-231, SKBR-3, PC3-9, leukocytes (WBC) and CTC from patients with metastatic breast (CTC-B, solid line), colorectal (CTC-C, dotted line) or

prostate (CTC-P, dashed line) cancer.
doi:10.1371/journal.pone.0061770.g006
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Figure 7. Recovery of different cell lines. 300 cells of each cell line were spiked into 1 mL of whole blood. Recovery obtained with 8 um track-
etched filters is shown in panel A, recovery with 5 um microsieves is shown in panel B.

doi:10.1371/journal.pone.0061770.g007

for a 1 pum thick filter and 30% for a 10 wm thick filter. As a result,
a cell could be squeezed through the 1 pum thick microsieves more
easily than through the 10 um thick track-etched filters, which is
countered by the smaller pore size. Ultimately we obtained the
best result with a 5 wm pore, 10 pm thick track etched filters.
With the leukocytes we expected to see an enrichment of the
larger monocytes (8.9-9.6 um [41]) and depletion of the smaller
lymphocytes (6.8-7.7 um [41]). While table 2 shows monocytes
were indeed enriched, the ratio between lymphocytes and
granulocytes (8.0-9.1 um [41]) was unchanged. We further
expected hematopoietic cell lines to be more flexible than the
epithelial cell lines, and thus to have much lower recovery.

Table 3. Percentage of EpCAM+CK+CD45— CTC that can be
recovered for various size cutoffs.

Size (um) Breast Colorectal Prostate
8 92 87 84

10 77 61 58

12 60 36 34

14 41 19 16

16 23 9 7

doi:10.1371/journal.pone.0061770.t003
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Surprisingly, recovery of hematopoietic HL-60 and K-562 cells is
comparable to similarly sized epithelial SW-480 and COLO-320
cells.

The number of pores needed depends on the number of cells
that need to be recovered (figure 4), and the number of cells that
need to pass the filter (figure 5). Recovery on microsieves was
lower than recovery on track-etched filters in most experiments,
but using an 8 wm track-etched filter and a 5 pm microsieve with
comparable numbers of cells per pore, recovery of MDA-231 cells
was 51% and 57% respectively. A further factor in determining
the number of pores needed is the contamination with debris as
seen in figure 2. A larger whole blood volume contains more
debris, which may block multiple pores. For blood samples of
1 mL, 100.000 pores are adequate. To prevent reduced recovery
the number of CTC needs to be less than 2000 and each cell
should block one pore only. The number of metastatic patients
with more than 2000 CTC/mL is less than 2% [42], reduced
recovery for these patients would not affect the ability to perform
phenotyping of the individual C'TC in these patients since there
would still be many CTC left.

The number of pores blocked per captured cell relates to the
porosity of the filter. The 5 pum microsieves had high porosity of
20%, blocking 46 pores per captured MDA-231 cell, while with
the 5% porosity 8 wm track-etched filter less than 10% of MDA-
231 cells blocked more than one pore. These were pores that were
close to each other due to random pore location on the track-
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etched filter. On high porosity filters distinguishing two adjacent
cells is complicated by poor separation. This made enumeration of
cells on the microsieves more difficult than on the track-etched
filter. A porosity of up to 10% on a filter with regularly spaced
pores allows for discrimination of cells on adjacent pores, and each
cell would block a single pore.

The material of the filter must provide at least two properties.
First the material must be compatible with blood. Interaction of
erythrocytes with the filter surface resulted in low recovery on the
TEM grids. Further, it must allow for imaging of CTC at sufficient
resolution to discriminate between false positive leukocytes and
true CTC. With the CellSearch platform, a 10X/NA0.45
objective is adequate for this purpose, but we could not image
the track-etched filter at this resolution because it had deformed
during filtration. The filter material must be sufficiently stiff to
prevent deformation during filtration. Imaging at 4x/NAO0.13 of
the track-etched filters would have been a problem for adequate
identification if we had used EpCAM/CK immuno-fluorescence
for identification of culture cells, rather than using CellTracker
pre-stained cells. While solutions for this problem exist [19], they
are time consuming and can be complicated. A third property that
is desirable is a CTC specific coating of the filter surface, for
example with EpCAM. Such a coating may increase recovery of
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CTC, while retention of leukocytes is unaffected. Whether
a hydrophilic or hydrophobic filter surface has better properties
for enrichment of CTC by means of filtration is also of interest.
This could be determined by coating microsieves with hydrophilic
coatings [43].

In summary, the ideal filter for C'TC enrichment from 10 ml of
whole blood has a pore size of about 5 wm, thickness of at least
10 pm, at least 100,000 regularly spaced pores, a porosity of 10%
or less and is constructed of a stiff, flat material, which does not
interact with blood cells. While cell size is an important factor in
determining recovery, other factors must be involved in de-
termining whether a cell can pass as well. To evaluate a filtration
procedure, cell lines with a median size of 11-13 pm should be
used to challenge the system, such as Colo-320, SW-480 and not
cell lines significantly larger than C'TC.
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