Cytometry Part B (Clinical Cytometry) 88B:136–144 (2015)

Original Article

Isolating Epidermal Growth Factor Receptor
Overexpressing Carcinoma Cells from Human
Whole Blood by Bio-Ferrography
Ofer Levi,1 Assaf Shapira,2 Baruch Tal,1 Itai Benhar,2 and Noam Eliaz1*
1

Biomaterials and Corrosion Lab, Department of Materials Science and Engineering, Tel-Aviv University,
Ramat Aviv, Tel Aviv 6997801, Israel
2
Department of Molecular Microbiology and Biotechnology, Tel-Aviv University, Ramat Aviv, Tel Aviv
6997801, Israel

Background: The epidermal growth factor receptor (EGFR) is overexpressed in carcinoma. In some
cases, including in colorectal cancer, it is used as a therapeutic target. Bio-Ferrography is a nondestructive method for isolating magnetized cells and tissues from a fluid onto a glass slide based on their
interaction with an external, strong, and focused magnetic field.
Methods: Here, we implement Bio-Ferrography to separate EGFR-positive cancer cells from EGFRnegative noncancer cells, mixed at a ratio of 1 to 1 3 106, from either phosphate-buffered saline or
human whole blood. Incubation of the cells with an anti-EGFR antibody and magnetic microbeads coupled
to a secondary antibody was used to magnetize the target cells prior to the ferrographic analysis.
Results: A procedure was developed for “a proof of concept” isolation. Recovery values as high as
78% for 1 mL phosphate-buffered saline, and 53% for 1 mL human whole blood, with a limit-ofdetection of 30 and 100 target cells, respectively, were achieved.
Conclusions: These capture efficiency values are considered significant and, therefore, warrant further
study on isolation of real circulating tumor cells from blood samples of patients, aiming at early diagnoC 2014 International Clinical Cytometry Society
sis of EGFR-overexpressing tumor types. V
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Colorectal cancer (CRC) is the third most commonly
diagnosed cancer (1) and the third leading cause of cancer death. It has also been defined as a high priority for
research because of its high occurrence and lack of diagnostic techniques that are both effective and noninvasive.
The disease begins as a benign adenomatous polyp,
which develops into an advanced adenoma with highgrade dysplasia, and then progresses to an invasive cancer. Invasive cancers that are confined within the wall of
the colon (tumor–node–metastasis Stages I and II) are
curable, but if untreated, they spread to regional lymph
nodes (Stage III) and then metastasize to distant sites
(Stage IV) (2). Advanced CRC is usually treated with combination of chemotherapy (FOLFOX or FOLFIRI) and targeted therapeutics such as anti-epidermal growth factor
receptor (EGFR) and anti-vascular endothelial growth fac-
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tor antibodies or tyrosine kinase inhibitors (3–5). Epithelial cells are the origin of carcinoma cancer types, including CRC. The EGFR is overexpressed in epithelial
carcinoma cells. EGFR has been recognized as an important player in CRC initiation and progression, and is even
used as a therapeutic target (3–7). Tests routinely used
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for early CRC detection, such as colonoscopy, flexible sigmoidoscopy, double-contrast barium enema, computed
tomography colonography, fecal occult blood test, and
stool DNA test, currently suffer from some significant
drawbacks (8). For example, the fecal occult blood test
and the stool DNA test might overlook some types of
CRC. In addition, the former might indicate an exaggerated rate of false positives, whereas the latter is expensive. Once abnormalities are detected by either test, a
complementary in vivo test (colonoscopy) is required.
Given the aforementioned limitations, there is still a need
for development of new tests for diagnosis of CRC (8).
Current CRC screening modalities are inadequate for
global application because of high costs and a low participation rate. The alternative is to develop a blood-based
screening test based on biomarkers that can replace colonoscopy as a first-line screening tool. The blood-based
test should identify the high-risk population, which will
then be followed by colonoscopy as a secondary test (9).
The detection of circulating tumor cells (CTCs) in peripheral blood of patients with resectable colorectal liver
metastases or widespread metastatic CRC is associated
with disease progression and poor survival (10,11).
Various technologies exist for isolating CTCs from
patients’ blood samples. Some of them are based on physical characteristics such as size, deformability, density or
electric charge, whereas others are based on biological
characteristics such as surface protein expression (12).
Immunomagnetic isolation (IMI) is based on the expression of proteins on the cell surface. Several IMI-based technologies such as IsoFluxTM (13), OncoCEETM (12), AdnaTest BreastCancerTM (14), and Precelleon (15) report high
recovery values. Yet, the only FDA-approved IMI technology is the CellSearchTM system (16). However, as there is
currently no such system in Israel, here we focus on EasySepTM and MACSTM as common IMI technologies with
which the results of Bio-Ferrography (BF) are compared.
Analytical ferrography is a nondestructive method of
particle separation from a suspension onto a glass slide
based upon the interaction between an external magnetic field and the magnetic moments of the particles
(17–19). By quantifying the number, shape, size, texture,
and composition of particles on the ferrogram (i.e., a
microscope slide onto which the captured particles are
deposited), the origin, mechanism, and level of wear
can be determined.
Several feasibility studies used analytical ferrography
in the fields of life sciences and medicine already in the
1980s. These included erythrocyte and white blood cell
separation (20–23), bacterial tracking (22–24), and monitoring the wear of either natural diarthrodial joints
(25–34) or artificial joints (25,26,29,35). In those studies, Er31 was the magnetizing agent.
BF is the latest modification of the traditional analytical ferrography. BF was specifically developed to allow
magnetic isolation of target cells and tissues (19,36,37).
Since the introduction of BF in the late 1990s, it has
been used in several feasibility studies, which were
aimed at tracking Escherichia coli bacteria in natural
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watersheds (38–45), isolation and characterization of
low concentrations of Vibrio cholerae bacteria from a
ships’ ballast water (46), capture of magnetic minerals
embedded in the comb cells of Vespinae (47), isolation
of bone and cartilage particles from synovial fluids for
early diagnosis of osteoarthritis (48,49), and isolation of
both polymeric and metallic wear particles from synovial fluids for either design or failure analysis of artificial
hip joints (19,50–52). Some of these studies used antibodies coupled to magnetic microbeads for magnetic
labeling of the biological samples (19). The strengths of
BF, as demonstrated in these studies, include efficient
recovery, high sensitivity, and reasonable analytical
errors. Additionally, the ability to characterize microscopically, chemically, and biologically the individual
species captured on the ferrogram while preserving the
original shape of the species was demonstrated (19).
Based on these studies, the necessity to develop a procedure for each application, in particular to optimize the
ratios among target cells, bacteria, antibodies, and magnetic microbeads, is evident.
To date, BF has been evaluated only twice in cancer
research. Fang et al. (53) used BF to isolate rare MCF-7
breast carcinoma cells from human peripheral leukocytes.
The presence of malignant breast cancer cells in bone
marrow or peripheral blood was referred to as a prognostic factor. The cell mixture was labeled with an antiepithelial membrane antigen antibody and a magnetic colloid. The mixtures were prepared in three different ratios
between the target and peripheral cells (1024, 1025, and
1026), keeping the number of target cells constant at 30.
The recovery value of the MCF-7 cells from the original
mixture was about 30%. In the second study (54), BF was
applied on samples of CD41 cells in leukocytes and
murine lymphoma cells in human peripheral blood. It
should be noted that in both cases whole blood was not
tested. Furthermore, it was concluded that although BF
has good specificity with respect to cell capture, it might
not be applicable to rare-event selection because of the
inability to capture all available target cells.
In this study, we used an EGFR-based IMI model (55).
EGFR is a membrane-bound receptor tyrosine kinase
overexpressed and aberrantly activated in a number of
epithelial malignancies. It has, therefore, become a key
target of therapeutic strategies designed to treat metastatic CRC, for example, with monoclonal antibodies
(mAbs) against the extracellular domain of the receptor.
Erbitux (Cetuximab) was the first EGFR-specific mAb
approved for treatment of CRC. EGFR is expressed not
only on epithelial carcinoma cells but also on normal
epithelial cells, albeit at much lower levels. In any case,
the appearance of epithelial cells in the blood circulation itself is abnormal. The number of EGFR molecules
on the surface of tumor cells is on the order of 106 sites
per cell (56), which should be sufficiently high to allow
their isolation by IMI.
Current clinical early detection tests for carcinoma cancer types, CRC in particular, suffer from some major drawbacks. Moreover, none of the aforementioned IMI
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technologies have the capability to concentrate and deposit
live CTCs on a glass slide for further theranostic and
research applications. Therefore, a BF isolation of
immunomagnetic-labeled target cells based on EGFR is suggested in this study. Here, we implemented BF for the first
time, as a “proof of concept,” for isolating EGFRoverexpressing target cells from human whole blood
(HWB).
MATERIALS AND METHODS
A431 and NIH 3T3 Cell Lines
In this study, cells of the A431 epidemoid carcinoma
cell line were used as EGFR-overexpressing target cells.
They simulate EGFR-overexpressing epithelial CTCs.
A431 cells express about 106 sites/cell (56). Nontarget
cells were modeled by NIH 3T3 mouse embryo fibroblast cells. Bio-ferrographic separation was carried out
on either target cells mixed with nontarget cells in
phosphate-buffered saline (PBS) or target cells spiked
into HWB. Both A431 and 3T3 cell lines were maintained in Dulbecco’s Modified Eagle Medium supplemented with 10% fetal calf serum, 2 mM L-glutamine,
100 U/mL penicillin, 100 mg/mL streptomycin, and 12.5
U/mL nystatin (Biological Industries, Israel) in a humidified 5% CO2 incubator at 37 C. A431 and 3T3 cells
were transfected to stably express a red (mCherry) or a
green (enhanced green fluorescent protein) fluorescent
protein, respectively. The A431 target cells were used in
two configurations: either fixed with 4% formaldehyde
(“fixed mode”) or with no fixation (“unfixed mode”).
Human Whole Blood Samples
HWB samples were drawn from blood samples of
healthy donors that were tested and supplied by MDA
Israel blood services. The use of human blood for this
study was approved by the Tel-Aviv University Ethics
Committee. To simulate the blood that contains CTCs,
the HWB samples were spiked with either 200 or 100
A431 target cells.
Antibodies and Magnetic Microbeads
The IM labeling models in this study are based on high
expression of EGFR on the surface of CTCs (and on the
model A431 cells) (55,56), the ability of EGFR to be
bound by the EGFR-specific antibodies, and the ability of
anti-IgG microbeads to bind to the capture antibodies.
Two different IM labeling models were applied in this
study. The chimeric anti-EGFR mAb Erbitux was used for
the limit-of-detection (LOD) and recovery evaluation
experiments (referred hereafter as “human-based Ab
model”), whereas a mouse mAb was used for the HWB
isolation experiments (referred hereafter as “mousebased Ab model”). For the first model, Erbitux (Merck
KGaA, Darmstadt, Germany; 5 mg/mL solution) was
used as the capture antibody to mediate the binding of
the target cells (A431) to the magnetic microbeads.
Microbeads conjugated to mouse monoclonal antihuman IgG antibodies (Miltenyi Biotec, Auburn, CA)

FIG. 1. IM labeling model for human blood samples (mouse-based
Ab model). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

were used for cell isolation. For the second model,
EGFR (R-1) mouse anti-human EGFR antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, 0.2 mg/mL) was
used as the capture antibody. Microbeads conjugated to
monoclonal rat-anti-mouse IgG antibodies (Miltenyi Biotec) were used for cell separation.
IM Labeling Model for LOD and Recovery Evaluation
(Human-Based Antibody Model)
A431 target cells were suspended in PBS in varying
numbers ranging from 1 3 105 down to 30. The samples were incubated with Erbitux (in excess relatively to
the binding capacity of the cells) at a final concentration
of 900 nM, shaken for 1–2 h at room temperature (RT),
followed by two washing steps in order to remove the
excess amount of unbound antibodies. The washing
steps included two steps of sample centrifugation at
300g, at 4 C for 10 min, careful removal of the cell-free
supernatant, and adding PBS to bring the sample back
to its original volume. Next, the samples were incubated
with 20 mL microbeads for at least 15 min at 7 C while
shaking frequently. Two additional washing steps were
then carried out before BF separation.
IM Labeling Model for Human Blood Samples (MouseBased Ab Model)
Samples of 1 mL HWB were spiked with varying numbers of fixed or unfixed A431 target cells. The samples
were centrifuged twice and washed. Subsequently, 0.3
mL of a “cocktail suspension” comprising 333 nM capture mAb (EGFR(R-1)) preincubated with 20 mL microbeads for at least 15 min at 7 C were added to the samples.
The HWB samples were incubated with the cocktail suspension for 1–2 h using an orbital shaker at 50 rpm at
RT. The samples were washed twice with PBS before BF
separation. This model is illustrated in Figure 1.
Isolating Target Cells on the Bio-Ferrograph
In this study, Bio-Ferrograph 2100 (Guilfoyle, Belmont,
MA) (19,36) was used. This is a bench-top cytometry-
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based instrument (Supporting Information Fig. S1). It utilizes a magnetic field that has maximal field strength
across an interpolar gap, where the collection of magnetically susceptible particles takes place (Fig. S1).
Because the gradient of that field is maximal at the
edges of the gap, two parallel deposition strips (primary
and secondary) are formed, and a rectangular deposition
band can be observed on the ferrogram even by naked
eye. A very high magnetic flux is established at the interpolar gap. The vertical flow separates the vertical gravitational force from the nearly horizontal magnetic force
so that only the latter acts to retain magnetic particles
moving downward through a flow chamber of 16 mm
3 6 mm 3 0.5 mm.
For BF, the samples were labeled with capture antibodies and magnetic microbeads and washed twice, as
described earlier. The sample tubes were filled to a constant volume of 0.5 mL with PBS. The BF isolation process was initiated by filling the capture cell and the reservoir with 0.5 mL PBS at a flow rate of 0.1 mL/min. The
samples with the labeled target cells were inserted into
the reservoir. They were then flowed over the capture
band at a rate of 0.05 mL/min, followed by washing with
PBS at the same flow rate. The slide with the captured
cells was separated from the BF cassette and examined
under an inverted microscope (Olympus model IX71,
Tokyo, Japan) using the fluorescence and bright-field
modes for identifying and counting the captured cells.
Experiments with the Human Model
To validate the expression of EGFR on the A431 target
cells, they were incubated in 10% bovine serum for 1 h
to block nonspecific binding sites. Cells were subsequently incubated with 180 nM Erbitux for 1 h, or without Erbitux (negative control samples). All samples were
washed twice, and fluorescein isothiocyanate-labeled
goat-anti-human antibody (Jackson Immuno Research
Laboratories, West Grove, PA; 1.5 mg/mL) was added as
a secondary Ab at a final concentration of 200 nM. Following 1 h incubation, two washing steps were applied.
The cells were spotted on microscope slides and examined under an inverted microscope (Olympus IX71)
using the fluorescence and bright field modes.
To evaluate the feasibility of capturing target cells by
BF, a mixture of 3 3 106 3T3 background cells expressing enhanced green fluorescent protein and 3 3 105
A431 target cells expressing mCherry were suspended
in 240 mL of PBS (Solution A). A volume of 70 mL of
microbeads suspension was mixed with 340 nM Erbitux
solution (thus forming Solution B). The amount of Erbitux was defined; so, the mixture of Solutions A and B
would contain at least 1 3 109 antibody molecules per
target cell. This amount of antibody molecules was three
orders of magnitude higher than the amount of EGFR
binding sites that appear on each cell (57). Each solution was incubated for 1 h at RT. Solution A was then
divided into three 80 lL aliquots; to each one, 20 mL of
Solution B was added. The samples were then run on
the Bio-Ferrograph.
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Evaluation of Bio-Ferrography LOD and Recovery Values
To establish a robust working protocol, BF LOD and
recovery values were specified. The LOD was set as 30
target cells, and the recovery values were determined
for samples with 30 target cells in the absence of background cells or in the presence of 30 3 106 background
cells. Several parameters were adjusted, and the following labeling and isolating conditions were applied: Erbitux final concentration of 900 nM, 20 mL of microbeads,
and sample volume of 300 mL. The tubes were left at
7 C for 1 h with occasional mixing (every 15 min). The
samples were spun at 300g for 10 min at 4 C, followed
by two washes. The flow capture rate on the BF was set
at 0.05 mL/min.
The LOD values were set per 1 mL of either PBS or
HWB, and the recovery values were calculated according to Eq. (1):
Recovery ½%5

The number of captured cells
3100 (1)
The number of spiked cells

The inlet numbers of target cells were evaluated as an
average value of counted target cells that were sedimented in two drops from the cell suspension on a cover
slip. Florescent microscopy was used for cell counting.
For morphologic observation, slides were stained by
the Diff-Quik method. The slides were fixed for 2 sec
with methanol, followed by washing with distilled
water. Afterward, the slides were dipped for 2 sec in
eosin, followed by washing with distilled water. Finally,
the slides were dipped in hematoxilyn for 1 min, followed by additional washing with distilled water.
Comparison with Other IMI Technologies
The results obtained by BF were compared, side by side,
by analyzing the same samples using two common IMI technologies: MACS (Miltenyi Biotec, Bergisch-Gladbach, Germany) and EasySep (Stemcell Technologies, Vancouver, BC,
Canada). Both technologies are used for “negative” and
“positive” cell separation. However, the former applies a
magnetic field on a flowing sample in a porous medium,
whereas the latter is done on an immobile sample.
In addition to the tested IMI technologies, we considered
the CellSearch system (Janssen Diagnostics BVBA, Beerse,
Belgium). This is the only FDA-approved IM method for
detecting CTCs. Unfortunately, such system is currently not
available in Israel. Therefore, its evaluation will be made
based on published data in the Discussion section.
Samples containing 1 3 105 target cells were IM
labeled (human-based Ab model). In EasySep, each sample was exposed to the magnetic field according to the
EasySep Human Cell Isolation Protocol and was subsequently transferred into the kit’s swap tube. The captured cells were washed from the tube wall, and a volume of 10 mL was subsequently analyzed by light
microscopy at 3100 magnification. For MACS tests, the
mini size configuration of column tubes and magnet
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FIG. 2. Fluorescence microscopy images demonstrating no background cells (a) and numerous captured target cells (b) on the ferrogram in Experiment #1. Bar 5 50 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

(MiniMACSTM Separator and MiniMACS Starting Kit (MS))
was used according to Miltenyi Biotec protocol for
human-anti-IgG microbeads. The MACS column tube was
washed with buffer. The suspension that passed through
the column tube was collected in the kit’s “2neg. tube,”
whereas the cells that were captured in the column
were collected in a “1pos. tube.”
Experiments with the Mouse-Based Ab Model:
Recovery of Target Cells from Human Whole Blood
In this model, a mouse-anti-human EGFR antibody and
rat-anti-mouse immunomagnetic microbeads were used.
Two comparative experiments were carried out to examine the differences between the captured sample components while converting the human-based Ab IM labeling
model to the mouse-based Ab IM labeling model.
Six samples of 1 mL HWB each were spiked with 200
fixed or 100 unfixed target cells. The samples were
washed and were IM labeled (three samples were
labeled with a mouse-based Ab cocktail suspension,
whereas the other three samples with a human-based
Ab cocktail suspension), followed by the isolation procedure on the BF as described above.

FIG. 3. The BF recovery values for LOD 5 30 target cells.

RESULTS
Target Cells Express EGFR
In preliminary experiments (data not included
herein), we found that in order to efficiently capture up
to 104 target cells with minimal or no capture of nontarget cells, Erbitux (the capture antibody) should be used
at a final concentration of 180 nM. To verify that the target cells express EGFR, two samples containing 1 3 104
target cells—one incubated with 180 nM Erbitux and
the other without—were compared under a fluorescence microscope after incubation with a fluorescein
isothiocyanate-labeled secondary antibody. As shown in
Supporting Information Figure S2, the cells were
brightly stained.
Target Cells Can Be Captured by BF
For feasibility tests, mixtures of 3 3 105 fixed target
cells and 3 3 106 fixed background cells were IM
labeled and isolated by the BF. A brown sediment (of
microbeads) within the rectangular deposition band of
the BF slide (the ferrogram) could be observed by naked
eye (not shown). As shown in Figure 2a, no background

FIG. 4. The recovery values of MACSTM (Pos n 5 4; Neg n 5 4), BF
(n 5 2), and EasySepTM (n 5 3).
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cells were observed under the fluorescence microscope.
In contrast, as shown in Figure 2b, numerous target
cells could be observed. Images representative of the
three deposition channels on the ferrogram demonstrated repeatability. Thus, it was concluded that the
target cells can be successfully separated from the background cells under these conditions.
The BF LOD and Recovery Values
The LOD was set as 30 A431 target cells either in the
absence or in the presence of 30 3 106 3T3 background
cells. Figure 3 presents the recovery values for LOD of
30 target cells. It is evident that the presence of background cells in the sample undergoing IMI caused a significant reduction in the recovery values (from 41%–
78% to 11%–24%).
Comparison with Other IMI Techniques
The results obtained by BF were compared with those
obtained in this study by two common IMI technologies:
MACS and EasySep. MACS and EasySep isolations were
carried out using 105 target cells as input, with no background cells. EasySep revealed 3, 0, and 3 cells by
hemocytometry in three different samples, respectively.
These values correspond to cell numbers of 12,000, 0,
and 12,000 in the entire sample (from an input of 1 3
105 cells), respectively, representing recovery values of
0%–12% (Fig. 4). MACS revealed recovery values of
25%–35% in two samples (Fig. 4). Two BF experiments
that were carried out in parallel, using an identical target cell input, resulted in a very high (uncountable)
number of captured cells in most of the channels. The
captured cells formed a fairly uniform deposition band
in each channel. Based on comparison with other ferrograms, the number of captured cells was roughly estimated at the thousands scale.
For a quantitative comparison, we carried out the BF
analysis using a lower number of target cells (104),
which allows the calculation of recovery values. The BF
experiments still yielded an uncountable number of captured target cells in those channels. However, a rough
estimation of more than 2,000 cells (corresponding to a
recovery value of at least 16%) was made in the two different BF runs. The results obtained from the three techniques are compared in Figure 4.
BF Can Be Used to Recover Target Cells from HWB
The mouse-based Ab model revealed significantly
higher recovery values than the human-based Ab model.
With this model, when about 230 fixed target cells were
used as input, the recovery value was 49% 6 4.9%.
When about 100 unfixed target cells were used as input,
the recovery value was 42.0% 6 11.5%. Figure 5
presents the capture cell downstream and the target
cells isolated from HWB in the capture band.

FIG. 5. Light microscopy images of captured cells in a mouse-based
Ab model, fixed-cell experiment. (a) Bright-field image from above the
capture band (upstream). (b) Bright-field image from within the capture band. (c) Red fluorescence image of the captured cells within the
capture band. (d) Bright-field image from below the capture band
(downstream). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

DISCUSSION
Specific and sensitive detection of CTCs is highly desirable in the field of cancer diagnostics. An ideal technology

should be able to detect a small number of antigen-positive
cells on the background of whole blood in a small volume
representing a blood sample obtained in the clinic. This
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Table 1
Comparison Between the Characteristics of the Three IMI Technologies
Feature
LOD per 1 mL sample volume
Process multiple samples simultaneously
Analyzing a large number of cells
Analyzing various captured cells simultaneously
Capture cells in a defined array
Preserve cell morphology
Typical sample size
IM models adjustable
Complementary morphological analysis
Cost per sample (US$)
Potential cell loss due to sample transfer
Automated process

EasySepTM
5

MACSTM

1 3 10

1 3 10

冑

冑

5

冑
1 mL

冑
1 mL
冑

Cheapest
11
No

Cheaper
111
No

study was carried out to evaluate the feasibility of BF to
serve as a tool for EGFR-overexpressing CTCs detection
and to provide a comparison with other more commonly
used magnetic cell isolation technologies.
Although the experiments presented here are for isolating target cells by BF as a “proof of concept” only, significant recovery values for a very low LOD were achieved.
The BF recovery values obtained in this study were 41%–
78% from 1 mL of PBS for an LOD of 30 fixed cells, and
31%–53% from 1 mL HWB for an LOD of 100 unfixed cells.
This achievement became possible following an identification of the process parameters that affect the recovery
values, for example, incubation volume, incubation time,
flow rate, number of washes, etc. (data not shown). Initially, we validated that the A431 cells we used indeed
express EGFR on their surface at a level that allows their
efficient capture. Next, using the chimeric anti-EGFR antibody Erbitux and immunomagnetic microbeads coupled to
anti-human antibodies, we demonstrated an ability to efficiently capture target cells from buffer at a high efficiency,
as high as 78% with an LOD of as few as 30 target cells.
Although we have used BF before for various applications (19,47–49,51,52), these applications did not
include capture of (cancer) cells. Thus, it was decided
to minimize the risk by using a human model that combines Cetuximab (Erbitux)—an FDA-approved therapeutic antibody, which is a very specific anti-EGFR antibody—and the A431 model cell line, which represents
cells with high number (106) of EGFR sites per cell.
The transition from a human-based Ab IM labeling
model to a mouse-based Ab labeling model led to a significant increase in the recovery value. When a humanbased Ab IM labeling model was used to capture target
cells spiked into HWB, the recovery values were very
low, around 16% (data not shown). Using the mousebased Ab IM labeling model with an LOD of 200 fixed
or 100 unfixed target cells in HWB, the recovery values
increased to 49% and 42%, respectively. To the best of
our knowledge, this is the first report on the use of BF
for capturing cells from whole blood.
A comparison is made in this study between BF, EasySep and, MACS. When using high numbers of target
cells (on the order of 105), the high recovery of BF

CellSearchTM

BF

Few

30
冑

冑
冑
冑
7.5 mL
800
11
Semiautomated

冑
冑
冑
1 mL
冑
冑
150
1
No

resulted in the number of captured cells being too high
to be counted. Yet, this input number of target cells was
too low for obtaining reproducible, statistically significant results by EasySep. MACS was found applicable
and, in some cases, yielded higher recovery values than
BF. However, when dealing with low numbers of target
cells (i.e., as low as 30), the strength of BF compared
with EasySep and MACS became significant. Table 1
summarizes the capabilities of all three technologies. BF
was found preferable than EasySep and MACS, especially
in isolating a small number of target cells.
Other IMI-based technologies not tested here include
IsoFlux, OncoCEE, AdnaTest BreastCancer, and CellSearch. The latter is the only FDA-approved technique
to-date. Unfortunately, its availability outside the continental USA is low. The absence of such system in Israel
prevented us from carrying out comparative tests by BF
and CellSearch. The strengths of the latter include high
sensitivity, specificity, and reproducibility. Being commercially available and approved by the FDA, it is currently used in many clinical studies that involve a large
number of patients. Nevertheless, literature survey and
private communications revealed two major disadvantages of CellSearch compared with BF: (1) it is expensive for widespread application, and (2) subsequent
morphological and molecular analyses are impossible;
thus, the doctors in the clinics often find it difficult to
translate its output to practical decisions.
The estimated cost of a single sample by BF is $150. In
contrast, the analysis of a single sample by CellSearch
costs approximately 80,000 yen ($800). Moreover,
because the anticancer and molecular targeting drugs currently given to patients with metastatic CRC as the standard therapy are expensive, repeated use of the CellSearch
system will increase the patients’ economic burden (58).
Researchers have reached an important consensus
that cytopathologic examination of CTCs after immunomagnetic enrichment, with further characterization of
their malignant potential, represents a promising
approach (59–62). For example, the validation of isolated cells such as CTCs can be corroborated by identifying certain morphological characteristics of the cell.
From this point of view, several criteria for CTC
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CONCLUSIONS
This study demonstrates the applicability of BF in the
isolation of EGFR-positive tumor cells from HWB, as a
“proof of concept.” The fact that A431 cells, which
express a high level of EFGR, were used as target
cells in this study could make this novel technology
applicable for other EGFR-overexpressing epithelial
CTCs. The recovery values for the lower LOD in HWB
may open a path for the use of BF as a monitoring tool,
or could even be used for early cancer detection in
patients in the future.

FIG. 6. Three captured cells (arrows) within the capture band on a
ferrogram stained by Diff-Quik. The cytoplasm and nucleus condition
can be clearly noticed, the cell and nucleus size can be measured,
and the cytoplasm-to-nucleus size ratio can be calculated. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

identification were agreed upon: the cytoplasm condition, irregular nuclear membrane, large size of nucleus
(larger than 24 mm), anisonucleosis (ratio > 0.5), an
increased nucleo-cytoplasmic ratio, and the presence of
grouped cells (63). Morphological analysis may also provide specific information on the primary tumor type.
CellSearch positive detection is based on the appearance of cytokeratins 8, 18, or 19. Several studies have
shown cytokeratins to be expressed in samples from
both healthy volunteers and patients with hematologic
malignancies, yielding false-positives (63). A complimentary morphological analysis capability, such as the one
that BF offers, can overcome this detection limitation.
Figure 6 presents morphological information that can be
derived from captured A431 cells on a BF slide stained
by Diff-Quik. The feasibility of imaging rare circulating
endothelial cells by imaging flow cytometry without the
need for any pre-enrichment processes has only recently
been demonstrated and published in this journal (64).
This work was aimed to demonstrate the isolation of
specific models by BF as a “proof of concept.” The
important advantage of the BF technique is that it concentrates the target cells on a slide, thus making downstream processing of the captured cells at the single-cell
level straightforward. The experiments presented here
were carried out as a “proof of concept” for the ability
of BF to capture EGFR-positive target cells in HWB. We
believe that the recovery values can be further
improved by further optimizing the IM labeling and isolating parameters such as mAb and microbead concentrations and incubation conditions.
The aforementioned values demonstrate that separating EGFR-overexpressing CTCs can be done by BF.
Although the recovery values are lower than those
reported for CellSearch and IsoFlux, the process presented here is for “proof of concept” only, and may be
used as a starting point for comprehensive optimization
prior to clinical application.
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Fig.S1. (a) The components of Bio-Ferrograph 2100 (Guilfoyle, Inc.). (b)The
deposition scheme of captured particles on the slide.
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Fig.S2. Fluorescence microscope images showing: (a) target cells stained with
Erbitux and (FITC-labelled) secondary antibodies, (b) red fluorescence of the
target cells (which are mCherry transfected) from panel a, (c) target cells
stained with only secondary antibodies, (d) red fluorescence of the cells from
panel c.
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Issue Highlights

Issue Highlights—March 2015
In their review Damuzzo et al. (1) focus on the correct identification of circulating and tumour-associated
so-called myeloid-derived suppressor cells (MDSCs) in
humans and mouse models. The reason to do this is
because MDSCs are endowed with suppressive activity
and because their expansion has been associated with
disease progression and reduced survival. Because of
their heterogeneous composition, accurate phenotyping
of these cells will almost invariantly require a multicolour approach in order to allow appreciation of MDSC
subsets.
Correct minimal residual disease (MRD) detection is
crucial for therapy response assessment in a considerable number of hematologic disorders including mantle cell lymphoma (MCL) (2). Multiparameter flow
cytometry (MFC) immunophenotyping is currently
increasingly used to assess MRD in malignant disorders. Recently, a FACSCantoll (DB Biosciences, San
Jose, CA)-based 7-color/8-antbody MFC approach has
been published, allowing for the determination of
MRD in multiple myeloma patients (3). Chovancova
et al.(4) found that, although MCL presents high
immunophenotypic variability, the combination of
CD20/23/5/19/200/62 L/45 is very favourable in flow
cytometric MRD measurement in MCL reaching a sensitivity of up to 2310 24. In another study, Mathis
et al. (5) show that this protocol is transposable
between harmonized  7-color instruments and that a
homogeneous rapid MRD evaluation can be performed
in most MFC platforms.
Although not all immunohistochemical techniques
can easily be automated by image analytical systems, in
a remarkable study Qin, Y et al. (6) concluded that a
computerized delineation of nuclei in re-stained
PAP smears with p16/ki67 can result in an automated
high-throughput profiling method achieving accurate
data.
Because cigarette smoke is a powerful producer of
reactive oxygen species (7), hypothesized that spermatozoa of smokers would be at increased risk of having
DNA fragmentation as compared to spermatozoa of
non-smoking men. However, by applying a novel
TUNEL assay coupled to a vitality marker (LIVE/
DEADV) the authors found no deleterious effect, i.e.,
increased DNA fragmentation, of smoking on spermatozoa. More studies concerning the potential mutagenic
capacities of cigarette smoke on spermatozoa are
mandatory.
Eidenschink Brodersen et al. (8), utilizing a NH4Cl
lysis protocol have defined various immunophenotypic
abnormalities that indicate dyserythropoiesis in myelodysplastic syndromes. Preliminary studies also indicate
R
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strong correlation between phenotypic erythroid dysplasia and poor prognosis, as classified cytogenetically.
It is well-known that the epidermal growth factor
receptor (EGFR) is overexpressed in carcinoma and can
be used as a therapeutic target. Levi et al. (9) developed
a Bio-Ferrography method enabling isolating EGFR overexpressing carcinoma cells from human blood. Recovery
values as high of 8% for 1 mL PBS and 53% for 1 mL
whole blood, with a limit of detection of 30 and 100
target cells, respectively, were achieved. Further
studies are warranted to assess whether this technique
allows early diagnosis of EGFR overexpressing tumour
types.
In MRD flow cytometry results can easily be confounded by (unknown) expression of markers on nearby
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cells. In their article Soma et al. (10) focuses on the
expression of CD19 on NK cells. They conclude that it
is an apparent but infrequent finding, not a consequence of technical error. More research to optimizing
panels, combining techniques or using other specimens
like bronchoalveolar lavage is needed.
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