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ABSTRACT

Enumeration and morphological characterization of circulating tumor cells (CTCs) can be useful in diagnosis and prognosis of metastatic
cancer patients. The bio-ferrograph (BF) with its five flow channels, which was developed in the late 1990s for magnetic isolation of biological cells and tissue fragments from fluids, is a modification of the analytical ferrograph. Its use for isolation of rare CTCs from human
whole blood (HWB) is a novel approach for the detection of cancer at a cellular level. The isolation process is facilitated by the interaction of specifically magnetized cells with a strong external magnetic field, yielding high recovery rates with no morphological alternation of
cells that are isolated on a coverslip glass slide, thus allowing complementary microscopic, chemical, biological, and mechanical analyses.
Here, a full mechanical and magnetostatic design of a novel high-throughput BF is presented. The system design is based on an optimized
procedure for bio-ferrographic isolation of CTCs from HWB. It incorporates a semi-automated CTC separation system consisting of sample preparation, labeling, and staining; magnetic isolation; and system recovery. The design process was optimized based on experimental
feasibility tests and finite element analyses. The novel bench-top system consists of 100 flow channels, allowing simultaneous analysis of
multiple samples from 20 patients in each run, with the potential to become a decision-making tool for medical doctors when monitoring
patients in a hospital setting. It opens a new route for early diagnosis, prognosis, and treatment of cancers, as well as other diseases, such as
osteoarthritis.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0053038

I. INTRODUCTION
Ferrography is a magnetic health/condition monitoring technique that allows the separation of ferromagnetic and paramagnetic
particles from a liquid onto a glass slide under a strong external magnetic field.1–3 Based on the number, size, shape, surface morphology,
and chemical composition of the isolated magnetic particles, the
level, origin, and mechanism of wear can be determined.1 Since its
invention in the early 1970s, ferrography has been found reliable
and sensitive for monitoring wear evolution in engineering systems
such as helicopter gearboxes.1 These are typically closed-loop systems, although the applicability of ferrography to an open-loop oil
system was demonstrated too.4
Approximately 25 years after the invention of the analytical ferrograph, the bio-ferrograph (BF) was invented to capture target biological matter such as cells and tissue fragments from body fluids.5,6
The magnetization of the biological matter can be either non-specific
(using solvents that contain rare earth salts, most commonly ErCl3 )
or specific (using antibodies conjugated to magnetic beads).1,2 In
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order to increase the sensitivity and to be able to isolate smaller particles with a weaker magnetic moment, the strength of the magnet was
increased, the fluid flow direction was changed from near-horizontal
to vertical, and the thickness of the microscope glass slide on which
the isolated particles are deposited was reduced.1,2 The trade-off
in this deposition scheme, however, is that larger/denser particles are no longer deposited preferentially upstream of smaller/less
dense particles.1 The BF allows flowing simultaneously up to five
fluid samples through five distinguishable bracketed areas on the
coverslip slide, without cross-contamination.1,2 Other advantages
of BF compared to filtration or other immunomagnetic isolation
(IMI) techniques include quantitative analysis of the captured biological matter while observing it microscopically, extremely high
selectivity and sensitivity, very high recovery rates, small and confined deposition area, preservation of the structure and morphology of the isolated particles, the ability to analyze different isolated
cells simultaneously, applicability to any liquid sample (including
whole blood), and the ability to capture particles as small as several
nanometers.1,2,7,8
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Bio-Ferrograph 2100, from Guilfoyle, Inc.,1,2,6 is a bench-top,
cytometry-based, high-gradient magnetic field separator. The magnetic field is generated by an interpolar gap of a ferrite-based (SrFe)
permanent magnet assembly and a pair of low-carbon steel pole
pieces. The interpolar gap forms a magnetic barrier to both inherently magnetic and magnetized particles suspended in a liquid. The
maximum magnetic flux density formed across the interpolar gap
was reported to be between 1.679 and 1.8 T.1 The gradient of the
field is maximal at the edges of the interpolar gap, where most
particle deposition takes place, thus forming two parallel particle
strips—primary and secondary—on the ferrogram (the microscope
coverslip slide with deposited particles).1,2,7 Consequently, a rectangular deposition band can be observed on the ferrogram, often
even by naked eye. The Bio-Ferrograph 2100 system utilizes a simple
five-syringe pump assembly that allows the simultaneous processing of five samples under identical flow and magnetic field conditions. Such a design allows running control samples together with
the actual samples. One of the main advantages of such a magnetic
separator is the freedom that it provides to utilize a wide variety
of complementary sample manipulation and characterization of the
isolated particles, thanks to the optical transparency, mechanical
rigidity, smooth surface, and low chemical reactivity of the coverslip
slide.
To date, bio-ferrography and related technologies of magnetic flow sorting [such as magnetic deposition microscopy (MDM),
and bactography] have been used successfully to track bacteria10–24
and malaria,25–27 capture rare magnetic minerals embedded in
a Vespinae comb,28 separate between carbon micro- and nanoparticles suspended in ethanol,8 isolate bone and cartilage tissue
fragments from the synovial fluids in human joints for diagnosis of
osteoarthritis (OA),2,29 determine the efficacy of a pain-relief drug
treatment,2,30 and isolate both polymeric and metallic wear particles
from artificial joints for mechanical wear evaluation.1,2,31–33 For the
purpose of OA evaluation, for example, magnetization of the target tissue fragments was achieved by mixing the synovial fluids with
cocktails containing monoclonal anti-collagen I and anti-collagen II
antibodies coupled to 50 nm paramagnetic magnetic-activated cell
sorting (MACSTM ) MicroBeads.29,30
Bio-ferrography and MDM have also been used to isolate
and characterize mechanically cancer cells, with some exciting
results.7,34–39 Circulating tumor cells (CTCs) detach from primary
or metastatic lesions and circulate in the peripheral blood. Liquid
biopsy, enumeration of CTC, and their single-cell morphological
(microscopic) and molecular/genetic analyses could provide significant clinical information for cancer diagnosis, assessment of recurrent risk, prognosis, and therapeutic strategies.40–47 CTCs also have
some important advantages compared to circulating tumor DNA
(ctDNA) and contribute complementary information.47 Unfortunately, CTCs have low prevalence in the blood circulation [one to ten
CTCs compared to a few million white blood cells and a billion red
blood cells in 1 ml human whole blood (HWB)],41,43 their half-life in
blood is short (∼1 to 2.4 h),42 and only a limited number of them
have metastatic capacity.42 Therefore, exceptionally high sensitivity, high specificity, low value of limit-of-quantification (LOQ), and
high recovery rates are expected from any technology for isolation
of CTCs from liquid biopsy.
Epidermal growth factor receptor (EGFR)-overexpressing
tumors include colorectal cancer (CRC), the third most
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commonly diagnosed cancer and the second leading cause of
cancer death, which suffers from a lack of diagnostic techniques
that are both effective and noninvasive.7 In Ref. 7, bio-ferrography
was used to separate between target (positive) A431 cells, which
simulate EGFR-overexpressing epithelial CTCs, from NIH 3T3
mouse embryo fibroblast nontarget (background or negative)
cells. Sample analysis was also made by MACS (Miltenyi Biotec,
Bergisch-Gladbach, Germany) and EasySepTM (Stemcell Technologies, Vancouver, BC, Canada). Bio-ferrography was claimed
to apparently have some significant advantages also compared to
the semiautomated CellSearchTM (Menarini Silicone Biosystems,
Florence, Italy), the only validated method for CTC monitoring
that has been cleared by the US FDA.7,48–50 The main disadvantages
of CellSearch are that CTCs lacking EpCAM expression cannot be
captured and that this closed system does not allow easy access to
the captured CTCs for complementary molecular, morphological,
and other characterization.48,49
Levi et al.36 employed a design of experiment (DOE) methodology to both minimize the number of experiments necessary given
21 variables in the procedure (221 = 2 097 152 experiments!) and
optimize the bio-ferrographic CTC isolation procedure. An exceptional recovery rate of up to 97% was achieved when 2–100 CTCs
were suspended in 1 ml HWB. The optimized bio-ferrographic isolation process was later validated in a preliminary clinical study on
CRC patients (unpublished data). For comparison, CellSearch was
reported capable of capturing at least two CTCs per 7.5 ml blood
sample in only 99 out of 333 (∼30%) of metastatic CRC patients.51
Furthermore, CellSearchTM revealed maximum 50 captured cells in
CRC patients. Normalizing this number by the blood sample volume (7.5 ml), one can expect to typically observe maximum six
to seven cells on a ferrogram prepared from 1 ml blood sample,
which matches the observations of Levi et al. The aforementioned
results highlight the attributes and strengths of bio-ferrography for
the isolation of CTCs from HWB and position it as one of the most
promising technologies for detection and analysis of CTCs.
Here, a full mechanical and magnetostatic design of a novel,
high-throughput, sensitive BF-based medical device for the separation of CTCs from HWB is presented. The novel bench-top bioferrographic system52 contains 100 flow channels (compared to five
in Bio-Ferrograph 2100) that allow analyzing 20 patients simultaneously. The new system is also more automated in the run process,
but also heavier, than Bio-Ferrograph 2100. It will allow analysis
of up to 20 patients at a time, a requirement set to make it useful
in hospitals. The system design is based on the current optimized
procedure for bio-ferrographic isolation of CTCs from HWB. It
incorporates a semi-automated CTC separation system consisting
of sample preparation, labeling, and staining; magnetic isolation;
and system recovery. The design process was optimized based on
experimental feasibility tests and finite element analysis (FEA). The
complete design included reverse engineering of a BF magnetic core,
magnetostatic and structural FEA simulations, flow system design,
design of custom mechanical components, enclosure design, full 3D
computer-aided design (CAD) of the system, material and component selection, and feasibility experiments. The new instrument has
the potential to become a decision-making tool for medical doctors
when monitoring patients in a hospital setting. It opens a new route
for early diagnosis, prognosis, and treatment of cancers. Moreover,
it can be adjusted for other biomedical applications, for example,
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diagnosis, prognosis, and treatment of OA. Its market and beneficiaries include patients, medical doctors, medical organizations, and
companies that develop biomarkers, drugs, medical diagnostics, and
disease treatments.
II. DESIGN OF A NOVEL MULTI-CHANNEL
BIO-FERROGRAPH
In this study, we implemented a prescriptive design model
for the design of technical systems and products.53 The system
design block diagram is presented in Fig. 1 and is composed of
two main subsystems: (1) controlled flow subsystem (for reagent
delivery, priming, and system recovery) and (2) isolation subsystem. Other subsystems, namely, electricity, control, refrigeration,
and enclosure,52 are not discussed herein.
The designed system52 is sustained with the following external inputs: (1) 100 tubes filled with 1 ml blood samples, (2) biological and recovery reagents, and (3) 20-slide rack. The system’s
output consists of 20 slides, which are associated with 20 patients,
where each slide has five channels of isolated CTCs according
to the optimized bio-ferrography protocol.36 The optimized bioferrography-based CTC isolation procedure utilizes several operations with different pieces of equipment:36 centrifuge, orbital shaker,
cooling devices, and optical and fluorescence microscope. Specific
changes in the isolation protocol can be excluded if they do not
result in an apparent change in recovery rate. Hence, procedures
that involve centrifuge were excluded from the system requirements
and were replaced by primary washing of the patient blood sample. The step of washing excess antibodies and microbeads, which
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follows the cocktail-blood incubation, was excluded too. In contrast to the single-use BF flow system (disposable cassette, priming
cups, and syringes), the designed system is reusable. It utilizes highprecision metering pumps, reusable tubes, and manifolds (tube rack,
needles, and coverslip slides are disposable). Therefore, a system
recovery procedure was developed.
In summary, the designed system consists of the following
steps: (1) blood sample preparation and IM labeling, (2) isolation procedure, and (3) system recovery.52 The system design process accounts for possible requirements of the operator, medical
decision-maker, and maintenance team.
III. CONTROLLED FLOW SUBSYSTEM
The flow system is responsible for the delivery of reagents in an
accurate and controlled manner. Each stage in the system operation
requires its own reagents, as listed in Table I. To meet both the biological procedure and technical requirements, a conceptual design
of the flow system was made, as illustrated by the flow diagram
in Fig. 2. This design includes the definition of the flow direction
in any pipeline, the intersections, and the locations of the pumps,
reservoirs, valves, manifold, and tubes.
The design of the flow system was divided into two main
phases: (1) accurate portion delivery of the ingredients from the
required reservoir tubes into a control volume manifold and (2)
transportation of the ingredients from the control volume manifold into the target tubes. According to this system’s flow pattern,
the ingredients are prepared and installed by the operator at the
designated location in the refrigeration system. Each ingredient is

FIG. 1. System block diagram. Phosphate-buffered saline (PBS) is used in all stages of IM labeling, fixation, priming, and recovery. Cocktail is used for IM labeling, 4%
paraformaldehyde (PFA) is used for fixation, and bleach is used for recovery.
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TABLE I. Required reagents in each stage of the procedure.

Procedure stage
Blood IM labeling
Fixation
Priming
Recovery

Reagents
Antibody cocktail, PBS
4% PFA, PBS
PBS
Bleach, ethanol, PBS

scitation.org/journal/rsi

pumped by its corresponding pump (A–D) through a designated
disposable needle and Tygon tube to the entry of the control volume
manifold (priming). This step facilitates the ability to deliver a precise amount of fluid at each stage of the delivery of the ingredients
using a metering pump with a precisely controlled volume [low-flow
miniature original equipment manufacturer (OEM) pump with a
dispense rate of 0–25 μl/revenue]. The control volume manifold is
equipped with one-way check valves in order to ensure that the inlet

FIG. 2. Flow system piping and instrumentation flow diagram.
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lines remain primed and that the pump dispense accuracy will not
decrease due to pressure changes in the control volume manifold.
Following the priming stage, the delivery flow system is ready for
use. According to each process, the appropriate pump delivers the
precise required volume of fluid into the control volume manifold.
The fluid is then delivered by a nitrogen gas pressure flow, which
“pushes” it through the Tygon tubes in the circular manifold into
the corresponding test tubes. The gas flow rate is controlled by a
mass flow controller that enables a stable flow rate with responsive
control of the process flow rates and pressures and real-time readings. This delivery concept enables the delivery of the reagents with
minimal residues in the tubes and minimal waste. In order to reduce
the inlet pressure of the mass flow-up controller to a workable level
(maximum 1 bar), a two-stage gas pressure regulator was integrated
into the flow system. It provides a constant delivery pressure, with
no need for periodic readjustment.
The reusable tubes that are integrated into the reagent delivery subsystem design are made of medical grade PVC (DEHP-free)
with an inner diameter (ID) of 1 mm and an outer diameter (OD)
of 2.1 mm. This tube material was selected due to its high resistance
against the chemicals in use. An essential subsystem requirement is
that the flow system facilitates full system recovery for subsequent
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system use. However, the cleaning of the outer tube surface area that
is in contact with blood is highly challenging, time demanding, and
expansive. Hence, the use of disposable needles and tubes was chosen. In this subsystem, contamination of the outer surface of both
the tubes that pump the reagents (Fig. 2) and the tube array outlet
(Fig. 3) might occur. The needles are designed to be easily mounted
and replaced in the tube mounting plate.
In the case of contamination of the tubes that are mounted on
the blood tube rack, a more complex design solution was needed.
The blood tube rack is assembled of 100 tubes, but manual disassembly of 100 needles is not practical. The solution concept involves
a design of 10 × 10 disposable tube array, which is easy and efficient. This disposable tube array is immersed in the blood tubes
on one side [Fig. 3(a)], and on the other side is connected to a
negative array of tube connectors, which is connected to the outlet
tube lines of the 1:100 manifold [Fig. 3(a)]. This connection fitting
between the arrays facilitates proper flow in two directions: The first
is the delivery of reagents into the blood tubes, while the second is
the delivery of the blood samples from the tube through the isolation system in the CTC isolation process (Fig. 2). In total, each of
the connection fitting arrays is assembled of 200 tube fittings—100
tubes for the reagents delivery into the blood samples and another

FIG. 3. (a) Flow-line connection in exploded view. (b) Cross sectional assembly view of the tube array sealing.
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100 tubes that deliver the blood through the isolation system
(Fig. 3).
At the end of the outlets, a flat, 1-mm thick ethylene propylene diene monomer (EPDM) rubber gasket (50 Shore A hardness)
is glued. Following the connection of the two, the gasket is squeezed
between the mating surfaces as they are clamped together [Fig. 3(b)].
This facilitates proper flow of the reagents to the blood test tubes and
from there—toward the isolation system, with no dead volume for
blood clotting. The loading force that is required to achieve proper
sealing of the gasket and to prevent leakage of the tube fitting was
experimentally determined via a compression test. The tested gasket
was made of EPDM, 50 Shore A hardness, width 1 mm, ID 1 mm,
and OD 3.9 mm. Compression test results showed that a load of
6.2 N was needed for 20% deflection of the gasket seal. In total, the
tube array fitting is assembled with 200 gasket seals; thus, a compressive force of 1240 N in total is required to facilitate a proper
seal between the tube array fitting and the tube array. This is established by an operator’s manual tightening of designated four socket
head cap screws, which are located at each corner of the tube array
fitting.
Following a pre-isolation stage, which involves IM labeling and
incubation, a priming stage is required. The isolation flow lines are
filled with PBS to prevent air bubbles from forming in the flow
lines and flow channels. The formation of air bubbles might significantly reduce the recovery rate due to the change in the flow regime
and possible blood encapsulation in the formed air bubbles. Since
the designed ingredients’ flow subsystem is integrated with a PBS
reservoir and an assigned metering pump, the concentration system flow lines priming can be easily performed without adding an
additional PBS reservoir. Using a three-way controlled valve system
(valve 1, path I-II; valve 3, path I-II), made of Series 1 three-way
diaphragm polytetrafluoroethylene (PTFE) valve, through which the
PBS is pumped, and a 1:100 manifold, the PBS shall flood the cassette flow channels and fill the blood sample tubes to a final volume
of 2 ml. Following the priming stage and using the assigned PBS
pump, pipetting and mixing of the PBS-blood samples are executed
to improve the sample homogeneity.
Following the pre-isolation stage, which consists of blood IM
labeling, incubation, and priming, the system is ready for the CTC
isolation stage. Since one of the flow system requirements is to facilitate continuous flow through the flow lines, a diaphragm pump
operated in the vacuum mode was utilized. It allows continuous
flow in the system’s flow lines when integrated with a liquid trap
design, which acts as a pulse flow dumper, at the specified flow rate.
In addition, the liquid trap allows meeting the requirement for noncontamination of the flow matter since the flowing matter does not
flow through the pump (Fig. 2).
The flow pattern in the isolation stage is as follows. The
diaphragm pump (pump E) draws existing air in the liquid trap to
a specific, constant, negative pressure value. The pump cannot lock
pressure; therefore, a gas dual pressure controller (DPC, PCD series,
−15 to 0 psi) was integrated to maintain a constant and stable pressure during the whole isolation stage. The defined pressure value in
the liquid trap is the main parameter that determines the accepted
flow rate through the isolation flow system’s lines. The liquid trap
outlet is connected to a liquid flow controller (LFC), which controls
the concentration flow rate at a precise and constant value. When the
three-way controlled valve (valve 3, paths I–III, Fig. 2) is opened, the
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100 blood samples are drawn from the tube rack through the tube
array fitting and the magnetic core flow channels at a constant flow
rate of 0.021 ml/min. As the blood samples pass through the magnetic core, the samples flow through the controlled valve and are
gathered to a single flow line via a 100:1 manifold and are poured
into the liquid trap. The LFC stops the isolation process after pumping 1.9 ml of the sample (which takes ∼90 min) to avoid the entrance
of air into the flow lines.
The fixation stage consists of delivery of 4% PFA into the flow
channels, 20 min incubation, and washing of the whole flow system
with PBS. This is done using the reagent delivery flow subsystem and
the isolation flow subsystem, as described above. The LFC stops the
isolation process once the PFA fills the flow channels (the sample
tubes are filled with PFA up to the tube array fitting tubes’ inlet) in
order to avoid the entrance of air into the flow lines.
Once the isolation process is completed, the system is ready
for the recovery stage. The slides are disassembled and replaced
with a new recovery set slide case assembled with 20 new slides. In
order to prepare the flow system for the recovery stage, the manifold and the connected flow lines are first washed with ethanol, using
pump A and the nitrogen flow system through valve 2 (paths I and
II). Next, reservoirs B–D are disassembled, followed by drainage of
pumps B–D of ramming residues in the connecting flow lines into
the control volume manifold. Using the nitrogen delivery system
and valve 2 (paths I–III), the remaining residues are delivered to
the liquid trap. At this stage, the disassembled reservoir needles are
replaced with new ones by installing three reservoirs (B–D) filled
with bleach. The sample tube rack and the disposable tube array fitting are replaced with new ones to prevent flow line contamination
during the recovery stage.
The recovery stage itself comprises two washing steps: bleach
and ethanol. It starts by washing the flow lines with bleach, by drawing bleach to the tube rack (pumps B–D, valve 2, paths I–II), and by
nitrogen flow, followed by drawing of the bleach through the magnetic core using pump E and valve 3 (paths I–III) to the liquid trap.
The system priming flow lines are washed as well, using pump B,
through valve 1 (paths I and II) and valve 3 (paths II–III) into the
liquid trap. Before proceeding to the second stage, reservoirs B–D
are replaced with three reservoirs filled with ethanol. Pumps A–D
draw ethanol to the tube rack and the magnetic core, as described in
stage 1. In addition, using pump B and valve 3 (paths II–III), ethanol
is drawn through the priming flow lines to the liquid trap.
When both the isolation and recovery stages are completed,
the waste is disposed from the liquid trap through valve 4 (twoway diaphragm PTFE valve) and a drainage pump F to an external drainage. In order to ensure that the blood sample waste is not
drawn into the diaphragm pump, a magnetic liquid level switch was
integrated into the system design.
IV. MAGNETIC ISOLATION SUBSYSTEM
The magnetic isolation system of Bio-Ferrograph 2100 forms a
high-gradient magnetic field, which is generated by a single interpolar gap of a permanent magnet core. The unique assembly of the
SrFe permanent magnets, the magnetic isolator prism (pole shim)
made of Aluminum 1060 alloy, and the magnetic pole piece conductors made of AISI 1010 low-carbon steel create a closed circuit of
the magnetic flux (Fig. 4). The width of the interpolar gap defines
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FIG. 4. Magnetic field vector flow, demonstrating a closed circuit of the magnetic flux based on a single interpolar gap.

the intensity of the magnetic flux at the gap edges. With a proper
width, a high magnetic flux gradient is formed, which enables the
maximal magnetic field at both edges (in opposite directions) of the
interpolar gap. The absolute values of the magnetic field flux are
maximal at the edges of the interpolar gap at the upper surface of
the assembly and decrease sharply as the distance from the interpolar gap surface increases. As part of the system design requirements,
the CTC isolation system is able to analyze up to 100 flow channels simultaneously. Hence, a modification of the magnetic core was
performed.
Two modified configurations were examined, Fig. 5(a)–
extended configuration and parallel configuration. The extended
configuration is based on extension of the interpolar gap length.
In this approach, there is no actual difference in the magnetic
field value at the interpolar gap in comparison to the magnetic
core assembly of Bio-Ferrograph 2100 due to the plane symmetry of the magnetic core. The main drawback of this configuration is the resulting large physical dimensions of the magnetic core
assembly. The parallel configuration approach is based on a parallel
assembly of several interpolar gaps parallel to each other. A fourcapture-band parallel configuration was designed to enable simultaneous analysis of 20 slides with the most compact dimensional
configuration, Fig. 5(b).
FEA magnetostatic analysis (Maxwell 16.0, ANSYS, Inc.,
Canonsburg, PA, USA) was utilized to validate that the formed magnetic field magnitude established at the four-interpolar-gap magnetic core is consistent and satisfying. The simulation was defined to
solve Maxwell’s equations (by a Gaussian elimination method) for
the static magnetic field of a given permanent magnetic core geometry, materials, and boundary conditions [see Fig. 6(a)] over a finite
region of space.54,55 The 3D problem was reduced to a 2D problem,
considering the problem’s plane symmetry as the magnetic field is
identical at each section of the element normal to the z-axis, neglecting end effects. The analysis was done in gradual steps by changing
the number of the six-node quadratic triangle element, until the
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convergence value of the magnetic field target parameter was
achieved. The graduate mesh refinement was used by an automatic
adaptive meshing. Both the number of elements and the number of
passes are determined by the initial convergence target of the energy
error percent (which was set to 10−5 ). Following the mesh refinement iteration process, 31 passes of solution were acquired for convergence of the magnetic field magnitude. At the convergence pass,
the total number of mesh elements was ≈1.07 × 106 , with a mean element area of 6.34 × 10−8 mm2 . The FEA magnetostatic model was
first validated by comparing the simulated results of the traditional
BF 2100 single-gap magnetic core to a reference measurement by a
Gaussmeter measuring device.56
Figure 6 demonstrates the magnetic field gradient around the
interaction interface of the pole piece, the insulator material, and the
air region. Though the maximal value of the magnetic field magnitude at the edges of the interpolar gap is allegedly 5.464 T, this is
not the apparent magnetic field that the CTCs passing through the
flow channel sense. One should consider that the maximal magnetic
field magnitude is located at the sharp corner of the gaps, where a
singularity of the magnetic field solution occurs.
The FEA results match well the measured magnetic field. The
magnetostatic simulation results show that the four-capture-band
parallel configuration magnetic core creates a closed circuit of the
magnetic flux, enabling the appearance of a maximal magnetic field
gradient at the interpolar gap [Fig. 6(a)]. As shown in Figs. 6(a)–6(c),
the magnetic field is maximal at the edges of the interpolar gap at the
magnetic core’s upper surface and decreases sharply as the distance
increases from the interpolar gap surface. These results match well
the field distribution for the one-isolation band magnetic core configuration in the Bio-Ferrograph 2100 system. Figure 7 shows the
change of the magnetic field along the lateral axis at 0.15 mm from
the magnet’s top plane.
The FEA magnetostatic analysis reported herein is somewhat
different from previous work by Nath et al.57 who utilized a multistage parallel configuration permanent type magnet for increasing
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FIG. 5. (a) Parallel and extended configurations of the magnetic core. Magnetic
flux direction (arrows), isolation material
components (I), and conduction material
components (C) are labeled. (b) A parallel configuration of the magnetic core
with a four-capture-band assembly, 3D
isometric with a cross sectional view
(green plane).

the cell capturing efficiency of magnetically and fluorescently labeled
Jurkat cells. It is also different from previous work by Sun et al.58
where FEA was used to map the magnetic field in combination
with laminar flow conditions to theoretically predict the trajectory
of intrinsically magnetic spores and red blood cells in a flow channel
of a MDM system.
The actual magnetic field magnitude that the CTCs sense while
passing through the flow channel should be considered across the
actual thickness of the glass coverslip. The influence of coverslip
thickness on the simulated magnetic field with a significant distance
of the singularity points was analyzed (Table II). The manufacturer’s
tolerance of coverslip glass slide No. 0 (0.08–0.15 mm) is considered.
As expected, due to the high magnetic field gradient at the interpolar gap edge, a significant decrease in the magnetic field occurs
with the increase in the slide thickness. An interesting phenomenon
arises, resulting from the parallel magnetic core configuration—a
“bath” type distribution of the maximal magnetic field magnitude
at the interpolar gap edges (corresponding to the results presented
in Table II). This type of behavior could be expected due to both
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the plane symmetry of the problem relative to the y-axis and the
change in the distance of the interior gaps (i.e., gaps 2 and 3) and the
external gaps (i.e., gaps 1 and 4) relative to the magnetic cores that
are placed on both sides of the magnetic core assembly. Despite this
phenomenon, the difference in the simulated magnetic field between
the interior interpolar gap edges 2 and 3 and the exterior gap edges
1 and 4 is relatively negligible (∼0.07 T). Thus, the suggested design
is expected to be suitable for the magnetization of CTCs.
The obtained FEA magnetostatic analysis results of the parallel configuration magnetic core were also compared with the single interpolar gap magnetic core configuration. Zborowski et al.9
reported a calculated magnetic field of 1.67 T at the interpolar
edges at an average coverslip No. 0 thickness of 0.11 mm. The field
value was extrapolated from the field measurements taken as a function of distance from the interpolar gap. This report is consistent
with the FEA of the four-band parallel magnetic core configuration
(Table II). The above discussion shows that the suggested magnetic
core with a parallel configuration is applicable for the isolation of
CTCs.
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FIG. 6. (a) Magnetic field vector flow, demonstrating a closed circuit of the magnetic flux. (b) Magnetic field magnitude of the magnetic core assembly. (c) Magnification of
the magnetic field magnitude at the labeled area in (b). (d) Magnification of the magnetic field magnitude at the labeled area in (c), demonstrating the high magnetic field
gradient very close to the interpolar gap.

V. CASSETTE-MAGNET SEALING SUBSYSTEM
The new system is designed to have a reusable cassette system
that facilitates 100 flow channels. The cassette-magnet subsystem
design was divided into two parts: (1) cassette and slide assembly
and (2) cassette-magnet tightening.

Rev. Sci. Instrum. 92, 074103 (2021); doi: 10.1063/5.0053038
Published under an exclusive license by AIP Publishing

The conventional Bio-Ferrograph 2100 uses a disposable cassette, which is attached to a designated silicone gasket and a single coverslip slide. This type of assembly forms five individual flow
channels after installation onto the magnetic core. The cassette
installation is facilitated using two latches, which generate a force
of ∼250 N on each side of the cassette in order to prevent leakage.
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FIG. 7. Change in the simulated magnetic field of the four interpolar gaps along
the lateral axis on the magnetic core surface.

In order to facilitate 100 reusable flow channels, a new concept of
cassette and slide assembly was designed. The cassette-slide assembly design allows the operator to install 20 slides into the system
at once, using the coverslip slide rack [Fig. 8(a)] while establishing 100 flow channels quickly and conveniently in a precise location
over the magnetic core. The installation of the slides is done by the
operator by inserting the slides into a designated slot on the magnet
surface. The flow channels are formed by tightening permanent Oring seals, which are installed in curved grooves at the backside of
the cassette, toward the coverslip slide [Fig. 8(b)]. Tygon tubes are
permanently connected to the cassette’s backside, so the samples are
able to enter the flow channels and exit through the outlet Tygon
tubes to the drain [Figs. 8(c) and 8(d)]. The permanent O-ring
seal is a key component in the tightening system, which allows the
establishment of the flow channels between the coverslip slide and
the magnetic core. As shown, the magnetic field decreases sharply
as the distance increases from the interpolar gap surface; therefore, the flow channel’s minimal thickness is essential for optimal

TABLE II. Influence of slide thickness on the maximal magnetic field magnitude at the
interpolar gap edges (L and R correspond to the left and right edges of the interpolar
gap, respectively).

B (T)

Slide Thickness (mm)
0.08
0.11
0.13
0.15

Gap 1

Gap 2

Gap 3

Gap 4

L

R

L

R

L

R

L

R

1.71
1.61
1.55
1.51

1.69
1.59
1.53
1.49

1.64
1.53
1.48
1.43

1.64
1.53
1.48
1.43

1.64
1.53
1.48
1.43

1.64
1.53
1.48
1.43

1.69
1.59
1.53
1.49

1.71
1.61
1.55
1.51
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magnetization of the IM labeled CTCs. The dimensions of the
individual flow channel were experimentally determined (see the
supplementary material).
The flow channel is formed by tightening permanent O-ring
seals placed in a curved groove at the cassette’s front side toward
the coverslip slide and the magnetic core. EPDM O-ring seals with
50 Shore A hardness were selected due to their low hardness and
good chemical resistance. The load required to facilitate a leakagefree flow channel of a single O-ring was experimentally found using
a compression test. The compression test revealed that a load of
16.5 N is required to deform a single O-ring by 0.35 mm (at 20%
deformation of the initial O-ring width). While the external applied
load necessary for the tightening of a single O-ring is achievable
quite easily, the formation of 100 leakage-free flow chambers (corresponding to the compression of 100 O-rings) requires the generation
of 1650 N continuously.
The cassette-magnetic core tightening system was thus
designed to meet the following requirements: (1) Facilitate continuous axial load (for several hours), (2) fully automated and controllable, (3) load-based control, (4) high accuracy and repeatability, (5) facilitate dispersed load over the cassette, (6) minimal
maintenance, (7) minimal size and weight, (8) horizontal installation option, and (9) equal dispersion of the load over all 100
flow chambers. An electrical-based linear actuator meets the abovementioned requirements; thus, it was selected as most suitable for
tightening.
The isolation of the loads applied by the tightening system on
the outer system enclosure is essential to prevent its mechanical failure. An isolation frame was designed to absorb the subjected load
and eliminate the applied stress on the enclosure unit [Fig. 9(a)].
A 3D FEA structural static analysis was performed to validate that
the designed frame absorbs the applied loads with minimal displacements of its structural elements [Figs. 9(b) and 9(c)]. The ANSYS
structural software was used to solve the linear static structural
analysis. The 3D problem was simplified and analyzed. Structural
elements of the tightening assembly, which do not influence the
solution, were eliminated from the FEA model [Figs. 9(a)–9(c)].
Material definition was performed, according to the material selection design. For analysis settings, boundary conditions of fixed support were defined: top and bottom surfaces of the back plate (magnetic core side) and displacement support (ux = uz = 0, uy = free). To
be on the safe side, a safety factor was added to the estimated applied
load (4000 N dispersed on the corresponding surface area perpendicular to the simplified cassette). This simulates the subjected
compression load on the frame. 3D geometry meshing was performed using both hexagonal and tetrahedral mesh elements, with
consideration of the modeled geometry. The solution analysis was
repeated until convergence of the displacements was achieved, each
iteration accompanied by mesh refinement at the critical inspected
areas.
The FEA simulation confirmed that all inspected frame structure elements show considerably small displacements. Furthermore,
the resulting stresses were, without exception, substantially lower
than the yield strength specification of the materials selected for
the cassette-magnet sealing subsystem. This implies a linear elastic
material behavior (i.e., without nonlinear material plasticity behavior). Hence, after tightening, the load will discharge and the frame
elements will recover to their original form. This ensures a proper,
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FIG. 8. (a) Top view of a coverslip slide rack allowing the installation of 20 slides. (b) Top view of the designed cassette with general dimensions. (c) Cross sectional view
(A–A) from figure (b) of five O-ring grooves. (d) Cross sectional view (B–B) from figure (b) of a single O-ring groove. All dimensions are in mm.

FIG. 9. (a) Tightening subsystem assembly. 3D mechanical FEA simulation results (isometric view) of a simplified tightening subsystem: (b) equivalent (von Mises) stresses
and (c) total displacement.
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long service life of an independent cassette-magnetic core tightening
subsystem, with minimal effect on the system’s enclosure unit.
VI. CONCLUSIONS
Here, a design of a high-throughput bio-ferrography-based
CTC isolation medical device is presented. The system design is
based on an optimized procedure for bio-ferrographic isolation of
CTCs from HWB and takes into account the needs of different interested parties, e.g., the operator, medical doctor, and hospital. The
designed system allows the effective IMI in 100 flow channels, suitable for 20 patients simultaneously. For each patient, only 1 ml blood
sample per channel is required. The design of two main subsystems
is described herein—controlled flow subsystem and magnetic-based
isolation subsystem. The new flow system allows the efficient delivery of the reagents in a controlled and accurate manner for the IM
labeling of CTCs in the blood samples. The designed flow system also
promotes automatic priming, isolation, and system recovery procedures. On top of that, the design of a new high-gradient magnetic
core with four extended interpolar gaps in a parallel configuration
that allows running 20 slides simultaneously with the most compact dimensional configuration is presented. The novel design of
the magnetic core was validated using FEA magnetostatic simulation and calibrated by physical measurements on Bio-Ferrograph
2100. The results confirmed that the maximal absolute magnetic
field magnitude is at the interpolar edges, where the magnitude of
the magnetic field decreases sharply as the distance increases from
the surface of the interpolar gaps. Interestingly, the maximal magnetic field magnitude exhibits a “bath” type distribution between the
four parallel interpolar gaps, where the magnetic field at the interior gaps is slightly lower (by ∼0.08 T) than at external gaps. The
magnetic field magnitude at all four interpolar gaps was analyzed
according to the used coverslip slide’s tolerance thickness integrated
into the system. The results show that the CTCs that pass through
the magnetic core are subjected to a magnetic field in the range
of 1.43–1.71 T, depending on the coverslip slide thickness and the
gap location. The presented magnetic core design was confirmed
to produce a suitable magnetic field for an efficient magnetization
of CTCs. Following the CTC isolation process, the isolated cells
can be further counted and identified using advanced artificial neural network-aided driven microscopy techniques and characterized
by complementary chemical, biological, and mechanical analyses.
Overall, the presented high-throughput bio-ferrography-based CTC
isolation medical device may serve as an important decision-making
tool for medical doctors when monitoring cancer patients in a hospital setting. It opens a new route for early diagnosis, prognosis,
and treatment of cancers, as well as other diseases, for example,
osteoarthritis.
SUPPLEMENTARY MATERIAL
See the supplementary material for the determination of the
flow channel dimensions and topological system operation.
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