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Ayşegül Murat
Genome and Stem Cell Center (GENKOK), Erciyes University, Kayseri, Turkey

Servet Özcan
Biology Dept., Erciyes University, Kayseri, Turkey
Genome and Stem Cell Center (GENKOK), Erciyes University, Kayseri, Turkey

Ekrem Ünal
Pediatric Oncology Dept., Erciyes University, Kayseri, Turkey

DOI 10.1002/btpr.2737
Published online November 20, 2018 in Wiley Online Library (wileyonlinelibrary.com)

One way to monitor minimal residual disease (MRD) is to screen cells for multiple surface
markers using flow cytometry. In order to develop an alternative microfluidic based method, iso-
lation of B type acute lymphoblastic cells using two types of antibodies should be investigated.
The immunomagnetic beads coated with various antibodies are used to capture the B type acute
lymphoblastic cells. Single beads, two types of beads and surface immobilized antibody were
used to measure the capture efficiency. Both micro and nanosize immunomagnetic beads can be
used to capture B type acute lymphoblastic cells with a minimum efficiency of 94% and maximum
efficiency of 98%. Development of a microfluidic based biochip incorporating immunomagnetic
beads and surface immobilized antibodies for monitoring MRD can be an alternative to current
cost and time inefficient laboratory methods. © 2018 American Institute of Chemical Engineers
Biotechnol. Prog., 35: e2737, 2019
Keywords: B type acute lymphoblastic leukemia cells, cell capture efficiency, minimal residual
disease, immunomagnetic separation, two antibody sorting

Introduction

Currently there is no absolute way to prevent leukemia; but
there are different treatments for patients such as drug therapy
(chemotherapy), bone marrow transplantation, radiation treat-
ment, and immunotherapy.1 Among these methods, chemo-
therapy is the widely used first line treatment but results differ
from patient to patient. Some of the treated patients with che-
motherapy achieve remission; however, the cancer cells of
some patients are resistant to treatment. The resistant cancer
cells (blast cells) can cause relapses and repeat the cancer
known as minimal residual disease (MRD).2 Current treatment
protocols monitor the MRD of the patients with acute lympho-
blastic leukemia (ALL) during and after the chemotherapy
treatment, which is an important indicator for survival rate for
the patient. According to these protocols in the case of positive

MRD detection, intensive chemotherapy is applied. Today flow
cytometry (FC) and polymerase chain reaction (PCR) are the two
laboratory techniques used for MRD detection.3 The antigens
CD19, CD34, and CD10 are the main biomarkers for detecting
MRD using FC.4 Together with these three antigens, the combi-
nation of CD38, CD45, CD22, and CD58 antibodies could be
also added to panel to detect MRD cells.4,5 However, FC and
PCR are expensive methods and require experienced personnel.
The drawbacks of FC and PCR stimulate the development of
alternative approaches such as microfluidic platforms.6,7 Micro-
fluidic based chips have been developed to in vitro detect rare
tumor cells using various microfluidic designs.8–10 Some of the
microfluidic systems incorporate immunomagnetic particles
(magnetic micro/nanoparticles coated with antibodies) to capture
cancer cells.11–13 Immunomagnetic particles have prominent
advantages because of the fact that they do not only provide sepa-
ration of target molecules but also can be incorporated with
mechanical,14,15 optical,16,17 and electrochemical18,19 methods to
enhance sensitivity.
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Our future goal is to develop a method that integrates
immunomagnetic beads and microfluidic channels to monitor
MRD (MRD Biochip). For the leukemic cells, the detection
limit of cytomorphology is 10−1–10−2 and FC and PCR based
methods is 10−4–10−5.20 The target of MRD Biochip is to
reach a detection limit of 10−3 by capturing the leukemic cells
having three main surface biomarkers. The first version of the
MRD Biochip will not be as sensitive as FC but it can be a
low-cost and easy to use alternative to FC in low-income
countries where MRD monitoring is not routinely performed.

In order to construct the MRD Biochip, firstly the binding
efficiency of immunomagnetic beads to B type acute lympho-
blastic leukemia (B-ALL) cells and secondly forming sand-
wich assays by capturing cells on functionalized surfaces have
to be investigated. For this purpose we tested two types of
magnetic beads, 120 nm size and 4.5 μm size, coated with dif-
ferent antibodies specific to the CD19, CD34, CD10, and
CD45 membrane antigens. Screening cells for one surface
marker is not sufficient for MRD monitoring. Our strategy
was to use two cell surface markers; either double immuno-
magnetic sorting or single immunomagnetic sorting combined
with capturing the cells on antibody functionalized gold sur-
face. Screening two surface markers of tumor initiating cells
by using immunomagnetic beads and nonmagnetic beads was
previously demonstrated where CD24 nonmagnetic beads
were used to bind to CD24+ cells and saturate the cell surface
to block the binding of CD44 magnetic beads. Thus, only
immunomagnetic separation of CD44+/CD24− cells was
established.21

After the immunomagnetic separation step, in order to
investigate the binding of the cells on a functionalized gold
surface and to calculate the capture efficiency we used quartz
crystal microbalance (QCM). QCM sensor is an ultrasensitive
technique that has been also used to investigate tumor cell
properties such as adhesion22 and drug resistance.23

Our experiments are depicted in Figure 1 and composed of
three sets. In the first set, binding efficiencies of various
immunomagnetic beads to B lymphoblast cells were investi-
gated. In the second set, double sorting was performed where
two different immunomagnetic beads were applied to bind

cells. In the third set, real-time QCM measurements were per-
formed. For QCM measurements in order not to cause any
clogging in the tubes, nanosize immunomagnetic beads were
used for separation and captured cells were introduced to the
sensor surface which was functionalized with CD19 antibody.
One of the aims of the QCM experiments is to simulate the
surface capture experiments for the MRD Biochip. The MRD
Biochip will have gold surfaces fabricated in the microfluidics
channels and these gold surfaces will be functionalized with
the antibodies to capture leukemic cells as tested in QCM
experiments.
The initial cell amount and the cells (noncaptured) in the

washing solutions were counted using the Muse cell counter
and manual cell counting. By using the difference of the initial
cell amount and the noncaptured cell amount, the capture effi-
ciency was determined (Eq. 1).

Capture Efficiency¼ initial cells−noncaptured cells
initial cells

× 100

ð1Þ

In the next sections, we explain the materials, methods and the
experimental results and finally conclude with the discussion.

Materials and Methods

Immunomagnetic beads of 120 nm in diameter coupled with
monoclonal antihuman antibody were purchased from Miltenyi
Biotec (Auburn, CA). Immunomagnetic beads of 4.5 μm in
diameter coupled with monoclonal antihuman antibody
(Dynabeads) were purchased from Thermo-Fisher (Waltham,
MA). B lymphoblast cells CCRF-SB cell line was purchased
from American Type Culture Collection (Rockville, MD). After
receiving the cell line from ATCC, cells were thawed, washed
and grown exponentially with supplementation of 10% serum
as suggested by the vendor at 37 �C and 5% CO2 atmosphere
under sterile conditions. Is cove’s Modified Dulbecco’s
Medium or Roswell Park Memorial Institute-1640 medium,
serum, and tripsin were purchased from Biological industries

Figure 1. Illustration of the experiments; immunomagnetic separation, QCM measurements, and double sorting.
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(BI, Israel). Penicillin, L-glutamine, and the other chemicals
were acquired from Sigma–Aldrich (St. Louis, MO).

The immunomagnetic bead manufactures suggests incuba-
tion time and bead amounts for efficiently capturing cells; how-
ever, we performed our own optimization experiments, tested
manufacturer suggestions and determined the parameters.

Nanosize immunomagnetic bead separation

In order to prepare the buffer solution, 0.5% bovine serum
albumin (BSA) was added into 10 mL of AutoMACS buffer,
which includes Dulbecco’s Phosphate Buffered Saline (DPBS)
in pH 7.2 value and 2 mM ethylenediaminetetraacetic acid
(EDTA). A gentle pipetting disassociated cell clusters and then
5 mL of cell culture was taken from the flask into a 15 mL fal-
con tube and was centrifuged for 5 min. After aspirating the
supernatant, 5 mL of DPBS was added for washing the cells.
Initial number of cells was determined before immunomagnetic
separation. After counting the cells, 5 × 105 cells/mL was
taken from the cell-DPBS solution and was centrifuged for
10 min at room temperature. Supernatant was aspirated and pel-
let was resuspended with 80 μL of buffer. Twenty microliters
of CD19 Microbeads (Miltenyi) or CD45 Microbeads
(Miltenyi) was added and mixed by rotating in 4 �C for 15 min
as manufactured suggested. After 15 min of incubation, cells
were washed by adding 2 mL of buffer and centrifuged for
10 min at 300g. Supernatant was aspirated and pellet was resus-
pended with 500 μL of buffer. MiniMACS (Miltenyi) separator
was placed onto the MACS (Miltenyi) stand. MiniMACS col-
umn was placed in the separator. The column was prepared by
rinsing with 500 μL of buffer. The cell suspension was applied
into the column. Unlabeled cells that eluted were collected as a
negative fraction in a six well plate. Column was washed four
times with 500 μL of buffer. The column was removed from
the magnetic field and placed on a suitable collection tube and
1 mL of buffer was pipetted onto the column. Pushing the
plunger into the column flushed out magnetically labeled cells.

Microsize immunomagnetic bead separation

The buffer was prepared by adding 0.1% BSA and 2 mM
EDTA to DPBS without calcium and magnesium in pH 7.4.
All beads were stored in 4 �C. Dynabeads were first mixed by
a rotator at room temperature for 5 min inside of a falcon tube
(50 mL) in order to homogenize the beads. One milliliter of
the buffer was added to a 2 mL of Eppendorf tube. Twenty-
five microliters of CD19 Dynabeads or 40 μL of CD45 Dyna-
beads was added into the tube and mixed gently. This bead
solution was placed into a magnetic separation rack and
washed with buffer three times. After counting, 5 × 105 cells/
mL was taken from the cell-DPBS solution and was centri-
fuged for 10 min. Supernatant was aspirated and pellet was
resuspended with 1 mL of buffer. These cells were added into
a prewashed 25 μL of CD19 Dynabeads or 40 μL of CD45
Dynabeads and mixed by rotating in 4 �C (as manufacturer
suggested) in 20 min. After 20 min of incubation, cells were
ready to separate into unlabeled and labeled ones. This cell
suspension was placed into the magnetic separator. After
2 min of waiting, 1 mL of buffer solution was aspirated and
unlabeled cells were collected into a six well plate. The tube
was removed from the separator and 1 mL of buffer was
added and mixed gently. The washing steps were repeated
three times and 1 mL of buffer was added.

Cell counting

Cell counting was performed by using Muse Cell Analyzer
(Millipore, Billerica, MA) and manually by using a Neubauer
Chamber (Sigma–Aldrich). For each experiment initial number
of cells, the numbers of cells (noncaptured cells) in the wash-
ing solution of immunomagnetic separation (single or double
sorting) or in the washing solution of surface capture experi-
ments were counted using the both methods. The capture effi-
ciency was calculated using the initial number of cells and the
noncaptured cells in the washing solutions. Most of the cells
are captured either by the immunomagnetic beads or by the
antibodies immobilized on the surface.

QCM measurements

A QCM with dissipation monitoring QCM-D (Q-Sense E4,
Biolin Scientific, Västra Frölunda, Sweden) together with
gold-coated quartz crystals, that is, sensor chips
(a fundamental frequency of 5-MHz) were purchased from
Biolin and used according to the manufacturer’s instructions.
New sensor chips were cleaned before every experiment. Each
sensor was first rinsed with deionized water and absolute etha-
nol then dried under a nitrogen stream. The chips were next
placed in an UV/ozone chamber for 20 min, and incubated in
base piranha solution (20 mL ammonia solution, 20 mL
hydrogen peroxide in 30 mL deionized water) for 20 min then
rinsed with deionized water, and dried under a nitrogen stream
and the cleaned chip was mounted into the QCM-D chamber.
The flow rate was set to 100 μL/min and tubing with inner
diameter of 0.38 mm was used to pump the cells into the
chamber. The closed loop pumping performed until the sur-
face was saturated (no frequency was change observed).

Statistics

Each experiment was repeated at least five times to obtain
the means and standard deviations of the data; the error bars
indicate the standard deviation from the average values. Inde-
pendent samples t-test was performed for the experimental
results. Statistical significance was considered at P < 0.05.

Results

Separation efficiency of single sorting

Immunomagnetic beads coated with CD10, CD19, CD45,
CD34, and CD38 were tested to capture B lymphoblast cells.
The CD10 and CD34 beads resulted in low yield. In order to
investigate this low yield, the surface antigens of B lympho-
blast cells were examined using FC. The FC measurements
revealed that CD10 and CD34 antigen presence on the cells
were lower than 10% and thus immunomagnetic beads coated
with CD10 or CD34 could not bind to the cells. It was
reported that expression of cell surface antigens for leukemia
cells may differentiate when the cells are in peripheral blood
or in bone marrow24 or in vitro.25 Because FC measurements
verified that CD10 and CD34 antigens did not present on the
cells, the immunomagnetic beads (nano and microsize) coated
with CD19 and CD45 were studied (Figure 2). CD45 coated
nanosize beads have higher capture efficiency approximately
98.5% and this efficiency statically differs from the capture
efficiencies of other type of immunomagnetic beads.
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Also microsize CD38 antibody coated immunomagnetic
beads were tested and the cell-missing rate was determined as
7.7% and was not included in Figure 2.

Separation efficiency of double sorting

After the first immunomagnetic separation to test the binding
of secondary antibody, second immunomagnetic separation was
performed. For this purpose nanosize beads (CD45 or CD19)

were chosen for the first immunomagnetic separation and for the
second immunomagnetic separation micro or nanosize bead com-
binations (CD45 or CD19) were tested (Figure 3).
The experimental results reveal that the combination of

CD19 nanobead and CD45 microbead has the highest missing
rate when compared to the other combinations. Because the
cell missing rate for CD45 immunomagnetic beads was lower
than CD19 immunomagnetic beads starting with the CD45
beads and then applying CD19 beads resulted in the lowest
missing rate approximately 1.5%–2%.

Figure 2. (a) Single sort results: CD45 or CD19, nanobead or microbead missing percentages. Between CD 45 nanobead and other exper-
iments (P < 0.05), for other combinations (P > 0.05). (b) Bead amount optimization results.

Figure 3. Double sort results: CD45 and CD19 nano and microbead missing percentages. Within the CD45 nanobead combinations and
CD19 nanobead combinations (P > 0.05). Between the CD45 and CD19 nanobead combinations (P < 0.05).
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To visualize the cells and immunomagnetic beads the cap-
tured cells were imaged using an optical microscope
(Figure 4). Contrast to the nanobeads which are not visible
under optical microscope, micro beads have uniform shape
and size.

Single sorting and surface capturing

The third sets of experiments were performed to test captur-
ing B lymphoblast cells on a solid surface. The QCM sensor
surface was functionalized as reported in our previous work.26

After the first immunomagnetic separation of B lymphoblast
cell with CD45 nanobeads, the captured cells were introduced
to the QCM chamber where CD19 antibody was immobilized
on the surface. The layers on the gold surface are
11-mercaptoundecanoic acid >> N-Ethyl-N0-(3-dimethylami-
nopropyl) carbodiimide hydrochloride/N-hydroxysulfosuccini-
mide >> protein G >> CD19 and the B lymphoblast cells
bound to immunomagnetic beads coated with CD45 antibody.
The frequency shifts of the QCM clearly show the binding
events (Figure 5).

The protein G layer resulted in an average of 6.83 Hz fre-
quency shift and oriented the CD19 antibody for higher bind-
ing efficiency. CD19 antibody caused an average of 9.3 Hz
frequency shift and then the sensor surface was incubated with
BSA to prevent the unspecific binding of cells. The captured
cells resulted in 39 Hz frequency shift (Figure 5). The purpose
of the QCM measurements was to validate the double anti-
body binding to B lymphoblast cells. CD19 was immobilized
on the gold surface and captured the cells already bound to
the CD45 nanobeads. The initial number of cells and the cells
in the washing solution from the QCM chamber were counted.
Cell missing rate was determined as 2.43%.

Discussion and Conclusion

The immunomagnetic separation of ALL has been demon-
strated using surface antigens such as CD10,27 CD19 anti-
gen28 or cocktail of CD19 and CD10.29 In,28 the efficiency of
CD19 immunomagnetic bead separation efficiency was
reported as 91%–98% which is in good agreement with the
experimental results reported in this study. Even though CD10
and CD34 have prognostic value for ALL,30 the B lympho-
blast cells in our cell culture slightly had these antigens. This
situation could be extrapolated that in vitro conditions could
change the antigen expression of the cells.31 FC measurements

showed that cells are positive for CD19 and CD45 and thus
we focused on these antibodies. The highest cell capture effi-
ciency was obtained when CD45 antibody was used. In our
case, in order to investigate the presence of two-antigens on
the cells, first CD45 antibody and then CD19 antibody should
be tested. For CD45 antibody, the nanosize beads captured
higher cells compared to microsize beads. It was reported that
in32 for Escherichia coli separation nanosize beads have
higher capture efficiency compared to microsize beads. In33

for Salmonella separation it was reported that micro and nano-
size beads have similar analytical performance and nanosize
beads have slightly better limit of detection. In the litera-
ture,34,35 it was stated that magnetic nanosize beads have a
higher efficiency for separation when compared to microsize

Figure 4. Bright-field optical micrographs of the separated cells. (a) After CD19 nanobead separation. Green arrows indicate the cells.
(b) After CD45 microbead separation. Blue arrows indicate the single micron beads. Red arrows indicate the captured cells
with microbeads. (c) After CD45 nanobead and CD19 micro bead separation. Blue arrows indicate the single micron beads.
Red arrows indicate the captured cells with microbeads. Arrows are not placed for all entities. Scale bar is 20 μm and valid for
all images.

Figure 5. The QCM frequency shifts of the main steps for the
CD19 immobilization and capturing the B lympho-
blast cells after the first immunomagnetic separation.
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beads; however, long-term stability and uniformity are some
of the disadvantages of nanosize beads.

In our experiments nanosize CD45 beads showed the lowest
missing rate, microsize CD45, nanosize CD19, and microsize
CD19 were not statistically different. We also tested microsize
CD38 antibody coated beads, however, missing rate was more
than 7%. The reported missing rates were the results of opti-
mized parameters; incubation time and immunomagnetic bead
amount. Although manufactures have recommendations for
these parameters, experimental validations were necessary.
Because CD45 nanosize beads had the best cell capture per-
formance, CD19 antibody was immobilized on the QCM sen-
sor surface and double sorting performed on the QCM sensor
surface. Binding to the target cells through secondary antibody
either on a solid surface or on immunomagnetic beads have
approximately 2% missing rate. These results show the poten-
tial of a microfluidics based biochip for monitoring MRD. Our
next efforts will be to develop the biochip for MRD monitor-
ing as a low-cost and time efficient method.

As mentioned in the previous sections, we first performed
optimization experiments to determine the bead amounts and
the incubation time (Figure 2). As seen in Figure 4B,C there
are excessive immunomagnetic beads, which did not bind to
any cells. In order not to miss any cells because of lack of
immunomagnetic beads, we did not lower the bead amount
and kept it at the saturation level. The results of these experi-
ments guided us to perform experiments on the patient sam-
ples (ongoing work). The cells in the patient samples were
first counted and the added bead amounts were determined
using the optimization results explained in this manuscript. In
the literature, immunomagnetic beads coated with CD19 or
CD45 were used to separate target cells from whole blood for
clinical studies.36–39 These findings suggest that immunomag-
netic separation can be efficiently applied to patient samples.
For future, real time use of this methodology will be applied
to the use of whole blood samples. For doing this, we will first
separate the peripheral blood mononuclear cells by using den-
sity gradient centrifugation. The obtained buffy-coat are going
to be the subject of this work. In literature, there are number
of studies that describes the efficient use of this technology for
most cells of the immune system in humans and mice, mono-
clonal antibodies are available that can be used for positive or
negative sorting strategies.40–43 According to information
which are mentioned above, we do not predict any undesirable
or irrelevant interaction of antibody that was specifically
raised against to certain type cell, while working on homoge-
nous or mixed populations of cells like whole blood.

One advantage of microsize beads is to clear visibility under
the bright field microscope; hence, an automated image-
processing algorithm can be used to detect them. However,
nanosize beads have higher capture efficiency and another
advantage of nanosize beads is they do not saturate the cell
surface and hence allow other type of immunomagnetic beads
to bind the same cell surface.41 In the future, we are planning
to test binding to more surface markers using nanosize beads
coated with different antibodies. There are strategies devel-
oped for multiple immunomagnetic sorting such as positive/
negative selection and enzymatic release of magnetic beads
after the first separation41 which can be also applied to our
experiments.

Manufacturers of micro and nanosize beads suggest, their
own magnetic stands for the separation step. Magnetic racks
are used for separating microsize beads and magnetic columns
are used for separating nanosize beads. We tested magnetic

racks for nanosize beads and observed that the magnetic field
generated by the magnetic rack was not sufficient to separate
nanosize beads and conjugated cells (the separation efficiency
was 0%). This magnetic selectivity is actually a benefit for
double sorting to separate the cells, which are only CD45+
and CD19+. However, for the case of multiple sorting using
only nanosize beads, same separation columns were employed
and CD45+ or CD19+ cells were separated. These findings
suggest that in the microfluidic platform one type of antibody
can be immobilized to the gold surface, and target cells can be
double sorted using first nanosize beads and then microsize
beads coated with different antibodies. Fluid flow in the chan-
nel and the magnetic selectivity because of the magnetic
stands will result in capturing cells only having three different
surface markers.

Acknowledgments

Authors acknowledge The Scientific and Technological
Research Council of Turkey (TÜB_ITAK Project No:
115E020) for financial support and Prof. Ahmet Eken and
Prof. Musa Karakukcu from Erciyes University for valuable
discussions for the cell line and immunomagnetic separation
related issues. Ekrem Unal acknowledges Gilead Research
Scholarship program.

Literature Cited
1. Pui C-H, Evans WE. Treatment of acute lymphoblastic leukemia.

N Engl J Med. 2006;354:166–178.
2. Hauwel M, Matthes T. Minimal residual disease monitoring: the

new standard for treatment evaluation of haematological malig-
nancies? Swiss Med Wkly. 2014;144.

3. Basso G, Veltroni M, Valsecchi MG, Dworzak MN, Ratei R,
Silvestri D, Benetello A, Buldini B, Maglia O, Masera G,
Conter V, Arico M, Biondi A, Gaipa G. Risk of relapse of child-
hood acute lymphoblastic leukemia is predicted by flow cyto-
metric measurement of residual disease on day 15 bone marrow.
J Clin Oncol. 2009;27:5168–5174.

4. Gaipa G, Basso G, Biondi A, Campana D. Detection of minimal
residual disease in pediatric acute lymphoblastic leukemia. Cytom
Part B Clin Cytom. 2013;84:359–369.

5. Campana D, Coustan-Smith E. Advances in the immunological
monitoring of childhood acute lymphoblastic leukaemia. Best
Pract Res Clin Haematol. 2002;15:1–19.

6. Huh D, Gu W, Kamotani Y, Grotberg JB, Takayama S. Micro-
fluidics for flow cytometric analysis of cells and particles. Physiol
Meas. 2005;26.

7. Hua Z, Rouse JL, Eckhardt AE, Srinivasan V, Pamula VK,
Schell WA, Benton JL, Mitchell TG, Pollack MG. Multiplexed
real-time polymerase chain reaction on a digital microfluidic plat-
form. Anal Chem. 2010;82:2310–2316.

8. Chen J, Li J, Sun Y. Microfluidic approaches for cancer cell
detection, characterization, and separation. Lab Chip. 2012;12:
1753–1767.

9. Stott SL, Hsu C-H, Tsukrov DI, Yu M, Miyamoto DT,
Waltman BA, Rothenberg SM, Shah AM, Smas ME, Korir GK,
Floyd FP, Gilman AJ, Lord JB, Winokur D, Springer S, Irimia D,
Nagrath S, Sequist LV, Lee RJ, Isselbacher KJ, Maheswaran S,
Haber DA, Toner M. Isolation of circulating tumor cells using a
microvortex-generating herringbone-chip. Proc Natl Acad Sci
USA. 2010;107:18392–18397.

10. Ferreira MM, Romani VC, Jeffrey SS. Circulating tumor cell
technologies. Mol Oncol. 2016;10:374–394.

11. Saliba A-E, Saias L, Psychari E, Minc N, Simon D, Bidard F-C,
Mathiot C, Pierga J-Y, Fraisier V, Salamero J, Saada V,
Farace F, Vielh P, Malaquin L, Viovy J-L. Microfluidic sorting

Biotechnol. Prog., 2019, Vol. 35, No. 16 of 7



and multimodal typing of cancer cells in self-assembled magnetic
arrays. Proc Natl Acad Sci USA. 2010;107:14524–14529.

12. Chang C, Jalal SI, Huang W, Mahmood A, Matei DE, Savran CA.
High-throughput immunomagnetic cell detection using a microa-
perture chip system. IEEE Sens J. 2014;14:3008–3013.

13. Issadore D, Chung J, Shao H, Liong M, Ghazani AA,
Castro CM, Weissleder R, Lee H. Ultrasensitive clinical enumera-
tion of rare cells ex vivo using a micro-hall detector. Sci Transl
Med. 2012;4.

14. Icoz K, Iverson BD, Savran C. Noise analysis and sensitivity
enhancement in immunomagnetic nanomechanical biosensors.
Appl Phys Lett. 2008;93.

15. Icoz K, Savran C. Nanomechanical biosensing with immunomag-
netic separation. Appl Phys Lett. 2010;97:123701.

16. _Içöz K, Mzava O. Detection of proteins using nano magnetic parti-
cle accumulation-based signal amplification. Appl Sci. 2016;6:394.
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