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� CtDNA extraction from blood samples
by superparamagnetic (SPM) bead
particles in a microfluidic platform for
early cancer detection was proposed.

� Computer experiments were
conducted in COMSOL Multiphysics
5.3a software by using blood samples
from stage I and II cancer patients to
extract ctDNA.

� An average of 5.7 ng of ctDNA was
separated for every 10 mL of whole
plasma input.

� The simulation also showed that the
device has ctDNA detection
sensitivity and specificity of 65.57%
and 95.38%, respectively for samples
from stage I and II cancer patients.

� The microchannel design with
filtration method and separation by
SPM bead particles has proved the
effective ctDNA extraction from
samples of stage I and II cancer
patients.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 22 April 2020
Revised 28 January 2021
Accepted 1 March 2021
Available online 6 March 2021

Keywords:
Circulating tumor DNA (ctDNA) detection
Cancer biomarker
Liquid biopsy Magnetic manipulation
COMSOL Multiphysics Simulation study
a b s t r a c t

Introduction: Conventional biopsy, based on extraction from a tumor of a solid tissue specimen requiring
needles, endoscopic devices, excision or surgery, is at risk of infection, internal bleeding or prolonged
recovery. A non-invasive liquid biopsy is one of the greatest axiomatic consequences of the identification
of circulating tumor DNA (ctDNA) as a replaceable surgical tumor bioQpsy technique. Most of the liter-
ature studies thus far presented ctDNA detection at almost final stage III or IV of cancer, where the treat-
ment option or cancer management is nearly impossible for diagnosis.
Objective: Hence, this paper aims to present a simulation study of extraction and separation of ctDNA
from the blood plasma of cancer patients of stage I and II by superparamagnetic (SPM) bead particles
in a microfluidic platform for early and effective cancer detection.
Method: The extraction of ctDNA is based on microfiltration of particle size to filter some impurities and
thrombocytes plasma, while the separation of ctDNA is based on magnetic manipulation to high yield
that can be used for the upstream process.
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Result: Based on the simulation results, an average of 5.7 ng of ctDNA was separated efficiently for every
10 mL blood plasma input and this can be used for early analysis of cancer management. The particle trac-
ing module from COMSOL Multiphysics traced ctDNA with 65.57% of sensitivity and 95.38% of specificity.
Conclusion: The findings demonstrate the ease of use and versatility of a microfluidics platform and SPM
bead particles in clinical research related to the preparation of biological samples. As a sample prepara-
tion stage for early analysis and cancer diagnosis, the extraction and separation of ctDNA is most impor-
tant, so precision medicine can be administered.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction ical stage. Such approaches, however, have failed to address the
Cancer is known as the primary cause of world level mortality
and morbidity. Over the past two decades, major advances in
molecular biology have allowed several improved therapies for
cancer treatment, however, these have caused numerous draw-
backs for instance, and deficiency of drugs against most genomic
aberrations and surgical examination of tumor tissue may lead to
infections [1]. These issues have received considerable critical
attention thus, recent advancement revealed that analysis of circu-
lating tumor DNA (ctDNA) as cancer biomarker is amenable for a
noninvasive liquid biopsy which gives quick access to study the
tumor sample [2,3].

CtDNA is a single or double-stranded DNA that is shed from pri-
mary cancerous cells and tumor cells into the circulatory or lym-
phatic system. CtDNA as tumor-derived fragmented DNA
typically found in plasma or serum of the patient’s blood, able to
provide information and define characteristics of the original
tumor [4]. This has illuminated fruitful information as a promising
cancer biomarker in the liquid biopsy to detect and diagnose can-
cer at an early stage. CtDNA detection as well as an early invasive
cancer biomarker can reveal mint of biological information about
the tumor and the realization of the concept of precision medicine
is highly possible according to the patient’s need [4,5]. The number
of ctDNA differs depending on the stage and location of the pri-
mary tumor [6,7]. Various studies have assessed the efficacy of
ctDNA as a cancer biomarker through several methods. For exam-
ple, droplet digital polymerase chain reaction (ddPCR) is known for
the most accurate tool to detect known mutation; beads, emulsion,
amplification and magnetics (BEAMing) is inexpensive and fairly
accurate but it screens known mutation only; tagged-amplicon
deep sequencing (TAm-Seq) has the ability of sequence millions
of DNA molecules; cancer personalized profiling by deep sequenc-
ing (CAPP-Seq) has ctDNA detection with the ability of 100% in
stage IV cancer; whole-genome sequencing (WGS) shows great
potential in clinical decision-making and rare mutations oncoge-
nes [8–10].

A large and growing body of literature has investigated the fea-
sibility of ctDNA in the early detection of metastasis throughout
tumor progression. It has conclusively been shown that ctDNA
detection is comparative to cancer stages. The detection rate is
90–100% for II-IV compared to stage I which is 50% for a specific
cancer type [9,11]. Data from several sources also have stated that
it is easier to separate and detect ctDNA than circulating tumor
cells (CTCs) as ctDNA is more stable and higher in proportion in
the bloodstream with high sensitivity [12–16]. Their concentration
is directly proportional to the tumor cascade [17,18]. In a recent
study by Coombes et al. (2019), plasma ctDNA was detected with
a sensitivity of 89% and specificity of 100% in cancer patients of
stage 0.5–24.0 months. This detection up to the cancer stage of
2 years provides a possible window for therapeutic intervention
[19]. Most of the studies presented thus far convey insights about
ctDNA detection at almost final stage III or IV of cancer, where the
number of escalating ctDNA can be observed quite clearly in the
circulatory system. Although ctDNA analysis is noninvasive biopsy
detection, these methods are limited to detecting cancer at a crit-
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capability of ctDNA analysis in the early stage of cancer progres-
sion. This is mainly due to the inadequate amount of ctDNA that
is present in the early stage of cancer. Despite the tremendous
potential of ctDNA in cancer research, there remains a paucity of
a quantitative study on ctDNA detection and analysis due to the
complexity of ctDNA isolation as that is present in low concentra-
tions in blood plasma. Thus, we anticipated the development of
extraction and separation of ctDNA from blood plasma by super-
paramagnetic (SPM) bead particles in a microfluidic platform for
early and effective cancer detection. Besides detection, ctDNA has
great potential in cancer management particularly from detection,
diagnosis, precision treatment selection and monitoring or follow-
up disease condition including non-hematological as well as pro-
gression. In a clinical study, SPM bead particles are mainly used
for magnetic DNA purification as a replaceable technique for cen-
trifuge and vortex dependent sample preparation system. They
can be used to isolate, extract, purify and separate DNA from a bio-
logical raw sample [20]. As a pilot study, computer experiments
were conducted in COMSOL Multiphysics 5.3a software by using
a blood sample from stage I and II cancer patients to extract ctDNA
for prompt cancer detection. COMSOL multiphysics� simulation
software was used for a preliminary study to prove the concept
of this study work. It is a cross-platform finite element analysis
(FEA) and solver based on an advanced numerical computerized
method for simulating scientific and engineering problems. The
software provides an interactive environment for modeling and
enables the reaction study of designs and devices towards real-
world effects. Accordingly, an accurate device can be fabricated
without misleading findings [21,22].
Materials and methods

The computer experiments for this work consisted of three sim-
ulation studies, which began with modeling of a microfluidic
device, a study of ferromagnetic material for magnetic manipula-
tion and lastly coupling of ctDNA extraction by SPM bead particles
with manipulation of the permanent magnet in a microfluidic plat-
form. The detailed descriptions of every simulation study have pre-
sented in the following subsections.
Modeling of the geometry of the microfluidic device

As shown in the perspective view of the device, Fig. 1, the sub-
strate was a rectangle of 75 mm length, 50 mm width and 1 mm
thick made up of polycarbonate material which is also known as
a thermoplastic polymer. The polycarbonate material is naturally
compatible with testing biological samples due to its characteristic
of less hydrophobicity thus, the microchannel showed better filling
behavior for laminar flow. Moreover, the microfluidic channels can
be directly used for further downstream processes that required
higher temperature applications such as PCR with chemicals such
as diluted acids, oils and alcohol deprived of a secondary reaction.

The overall microfluidic channel was designed of 55 mm in
length, 40 mm in width and 150 mm thick on the substrate. It
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Fig. 1. Perspective view of a microfluidic device made up of polycarbonate
substrate with a = 50 mm, b = 1 mm and c = 75 mm.

Fig. 2. Detail design of microfluidic channel with 3 inlets and 2 outlets. The multi-
width rectangle channel of d = 5 mm, e = 2 mm and f = 1.5 mm is used for filtration
ctDNA from thrombocytes and impurities of plasma input. The ‘g’ represents a
curved channel for micromixing of SPM bead particles and targeted particles. The ‘h’
represents a rectangle channel that is used for separation and enhancement of
targeted particles by manipulation of a permanent magnet. The entire microchan-
nel is designed with i = 55 mm in length and j = 40 mm in width.
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was composed of three parts: 1. the main rectangle channel of two
different inlet points with multi-width; 2. curved microchannel for
micro-mixing; 3. rectangle channel with an outlet for magnetic
manipulation. The detailed design of the microchannel is described
in Fig. 2. The two inlets at the most left of the channel were used
for input of blood plasma and buffer solution which acts as lysis
solution and also will promote the binding of ctDNA into SPM bead
particles in later part, while another inlet point was mainly for the
input of SPM bead particle (Dynabeads Silane DNA kit from
Thermo Fisher Scientific). The different widths in the main channel
as shown in Fig. 2, (a = 5 mm and b = 2 mm) was used to separate
ctDNA from other impurities and platelets of a plasma sample.
The theory here is based on microfiltration and manipulation of
particle size to filter some impurities and thrombocytes plasma.
The typical size of ctDNA is 2.6 nm wide with 100 bp long and
thrombocytes are biconvex discoid structured with 2 mm to 3 mm
in diameter whereas, the SPM bead is 1 mm sphere particle. Hence,
ctDNA can be separated from thrombocytes before entering to next
part of the microchannel. Another inlet at another end of the
microchannel was designed with a width of 1.5 mm, especially
for SPM bead particle input. At this point, the ctDNA and SPM bead
particles will be moved to the second part of the curved
microchannel which was designed for the effective mixing of par-
ticles. The laminar flow in the microchannel normally has limited
mixing and diffusion behaviors. Hence, the circulating flow in a
curved microchannel with controlled droplet motion with a low
capillary number when releasing particles will enhance the mixing
rate with a high surface to volume ratio in the microfluidic chan-
nel. Accordingly, ctDNA able to intermingle fully with SPM bead
particles and smooth fluid movement can be expected without
clogging issues for effectively attached or absorbed to SPM bead
particles. As the solution moved to the third part of the microflu-
idic channel, a permanent magnet will be used to desorb or detach
ctDNA from SPM bead particles. The SPM bead particles will be
separated from ctDNA by the magnetic field by the permanent
magnet to hold SPM beads while ctDNA can be collected at the out-
let channel.

To put it briefly, the extraction of ctDNA will go through micro-
filtration for impurities separation and then magnetic separation
by SPM bead particles for enhancing the yield of ctDNA in terms
of quantity as well as quality. Lastly, the simulation was considered
for different mesh sizes to ensure reliable and mesh-independent
results. A triangular mesh with an element size of 5 mm and
3 mm are used respectively for the microchannel and the substrate.
Moreover, the simulation was studied in three time-dependent
study steps: step 1. microfluidic channel flow; step 2. magnetic
field in a microfluidic channel with a permanent magnet; step 3.
particle extraction using particle tracing module.

Modeling of ferromagnetic material as permanent magnet

Ferromagnetic material made of pure magnetic metals of mag-
netite, an oxide of iron was used for this study. As shown in Fig. 3a,
the permanent magnet has the material that can be magnetized by
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an induced external magnetic field and remain magnetized when
there is no external magnetic field applied. This phenomenon is
also known as ferromagnetism. The magnetic block with a dimen-
sion of 60 mm length, 10 mm width and 5 mm height will be
placed at magnet array at the bottom of the microfluidic device
particularly to manipulate SPM bead particles to desorb or detach
ctDNA from the beads (Fig. 3b).

AC/DC module in COMSOL multiphysics was used to define the
properties of the magnetic block by selecting steady magnetic
fields with no currents interface. Magnetostatics mechanism was
replicated for the magnetic block for microchannel applications
where the magnetic field does not change concerning time.

Coupling of ctDNA extraction by SPM bead particles with manipulation
by a permanent magnet

A permanent magnet was manipulated for attaching and
detaching SPM bead particles to collect ctDNA at the outlet chan-
nel. This study related to the separation of slow-moving micropar-
ticles using a magnetic field. Thus, the simulation was
accomplished by specifying computational fluid dynamics (CFD)
in laminar flow, particle tracing module and magnetic field with-
out applied current. These three studies were integrated to visual-
ize the extraction of ctDNA. The particle tracing module was
selected based on its ability to envisage and compute particle tra-
jectory in a fluid mixing scenario under the influence of electro-
magnetic force. The sample mixing and separation was
accomplished in isotropic continuous flow conditions. All the
parameters used to define the simulation were shown in Table 1.

Results

Microfluidic channel design

The particles and fluid flow in the microfluidic channel were
numerically simulated using Navier-Stokes equations. A detailed
illustration of the velocity flow of particles of isotropic conditions
in the microfluidic channel is shown in Fig. 4.



Fig. 3. a) Magnetic block that made up of ferromagnetic material for ctDNA separation, b) A magnetic block placed at magnetic array at the bottom of the microfluidic channel
to manipulate SPM bead particle with ctDNA.

Table 1
Parameters used to define the simulation of ctDNA extraction and separation by SPM
bead particles in a microfluidic channel.

Description Value

Average thrombocytes diameter 2.5 mm
Average thrombocytes density 1.08 g/mL
Average ctDNA diameter 2.6 nm
Average ctDNA length 90 bp
Average ctDNA density 1.7 g/cm3

Particle conductivity: ctDNA
SPM bead particles input

0.20 ms/m
2 mL

Average SPM bead particles diameter 1.0 mm
Average SPM bead particles density 2.0 g/cm3

Particle conductivity: SPM bead particles 0.32 ms/m
Particle relative permittivity: SPM bead particles 59
Impurities diameter 2.0 mm to 1.5 mm
Average impurities density

Sample input
1.08 g/mL
10 mL

Sample inflow rate 5 mL/min
SPM bead particles inflow rate

Buffer solution input
5 mL/min
20 mL

Buffer solutions inflow rate 10 mL/min
Material fluid relative permittivity 80
Material fluid dynamic viscosity 0.001 mPa.s
Fluid medium conductivity 0.055 s/m
Fluid density 1000 g/m3

Fig. 4. Velocity magnitude profile (mm/s) of particles in the microfluidic channel.
The Newtonian fluid and particles flow regime described parabolic velocity profile
as a function of the Reynolds number in the microfluidic channel.
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The laminar flow of the particles at a boundary in the velocity
distribution was noticed in the simulation outcome. All the parti-
cles were released in droplet motion to avoid clogging issues, espe-
cially in a narrow microchannel. As a result, a parallel parabolic
velocity profile was depicted in the microfluidic channel. Further-
more, the pressure-driven particle flow of isotropic conditions in
the microfluidic channel was also a replicated laminar velocity pro-
file as shown in the electronic supplementary material.

Analysis of magnetic material and magnetic field in a microfluidic
channel

The magnetic field profile produced by the block placed under-
neath the microchannel was tangential to the boundary on the xy-
plane and perpendicular to the boundary on the xz-plane with zero
magnetic scalar potential conditions. Based on the aftermath of the
model study as shown in the simulation Figure that can be found in
electronic supplementary material, the orientation of the magnetic
fields of the individual domains tends to line up according to the
magnetic field formed by the magnet bar.

Analysis of CtDNA extraction and separation by SPM bead particles in
magnetic field

The detailed phases of ctDNA filtration and separation in the
presence of a magnetic field were shown in electronic supplemen-
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tary material and the overall representation of the ctDNA extrac-
tion was summarised in Fig. 5.

CtDNA was filtered out from impurities and thrombocytes and
then separated by SPM bead particles for high yield outcomes.
The particle mixing (ctDNA and SPM bead particles) with buffer
solution was shown in curved microchannel and then separated
by magnetic manipulation. By using particle tracing module cou-
pling with the electromagnetic field, ctDNA was traced and sepa-
rated from SPM bead particles. The behavior of ctDNA towards
SPM bead particles and feature separation as shown in Fig. 6. The
detailed picture of ctDNA absorption into SPM bead particles was
shown in Fig. 6 as well.

The input of buffer solution promotes binding of ctDNA into
SPM bead particles. Once the ctDNA was absorbed into SPM bead
particles, other molecules and impurities were washed out by
using a magnetic field to hold the SPM bead with ctDNA. Then,
an elution buffer with low pH and low ionic strength was dis-
pensed to desorb the ctDNA from SPM bead particles. The ctDNA
was separated from SPM bead particles and collected at the outlet
channel. The final separation and collection of ctDNA were shown
in Fig. 7. The strong magnetic response of the beads with high sta-
bility employing chemical as well as mechanical has promoted the
ctDNA separation in a magnetic field.

The separation step is significant for a high and pure yield of
ctDNA collection. Although most of the impurities defined to be



Fig. 5. Top view of the microfluidic channel: filtration of ctDNA from thrombocytes of plasma input, mixing of ctDNA and SPM bead particles in curved microchannel and
binding of ctDNA into SPM bead particles for further separation by magnetic field.
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washed out, yet some were remaining at the long channel together
with DNA and SPM beads residual. As stated in previous research
work [20], further ctDNA amplification process for further analysis
could be successfully implemented even in the presence of SPM
beads due to the chemical properties of amplification reagent as
elution buffer. The low ionic strength of the amplification reagent
can be used for further desorption of DNA from SPM (if required).

The potential of the magnetic block to bind SPM beads in the
suspension of ctDNA and impurities in the microfluidic channel
under the influence of a weak electromagnetic field of �10 mT
was noticed. Based on theoretical calculation, an average of
5.7 ng of ctDNA was separated for every 10 mL of whole plasma
input (Fig. 8).

The particle tracing equation is composed of the COMSOL sim-
ulation software based on all the below-stated equations in the fol-
lowing part. The simulation showed that the device has a ctDNA
detection sensitivity and specificity of 65.57% and 95.38%, respec-
tively for samples introduced from stage I and II cancer patients.
Although the end yield has a residual cell concentration of less
than 0.5%, the microchannel design with filtration method and sep-
aration by SPM bead particles has proved the specific ctDNA
extraction from a sample of stage I and II cancer patients. This also
showed that early detection of cancer is possible by the proposed
device.

Discussion

Analysis of microfluidic channel design

The velocity flow was derived from the conservation principles
of mass, momentum and energy for fluid flow with particles and
then simplified by several assumptions to mimic actual flow in a
microfluidic channel in a real situation. The assumptions were
made included, the fluid flow in the microfluidic channel is incom-
pressible (density is constant over space and time), Newtonian
flow in a microfluidic channel with uniform viscosity and the fluid
dynamics is based on non-slip boundary condition in the channel.
Hence, the velocity flow profile can be derived from the Navier-
Stokes and Reynolds number equations as below:

Re
@u
@t

þ u � rð Þu
� �

¼ � 1
q
rqþ vr2uþ f ð1Þ
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Re ¼ quL
v ð2Þ

u � r ¼ 0 ð3Þ
where Re is a non-dimensional number that gives the ratio between
inertial and viscous forces to indicate flow regime, u (m/s) is the
fluid and particle velocity field, q (kg/m3) is fluid and particle den-
sity, v (m2/s) is the kinematic viscosity, f (m/s2) is an external accel-
eration field due to gravity and L (m) is the hydraulic diameter in
the microchannel. Due to the small dimensions of the microchan-
nel, the Re is usually much less than 100, thus, the flow regime is
governed by laminar flow across the device (Fig. 4) where the vis-
cous forces dominated over inertial forces. Note, the greater velocity
at the center of the microchannel was due to non-slip boundary
conditions which commanded the velocity of a fluid at a stationary
interface will be zero. As the particles at the center are free to flow
compared to particles near the walls of the microchannel which
also interacting with neighboring particles, therefore simulation
defined the velocity of the particles at a boundary as equivalent
to the velocity of the boundary itself. In the pressure-driven flow,
the fluid was assumed to be pumped through for droplet motion
in a low capillary number in the device via positive displacement
pumps. The pressure driven by laminar flow and non-slip boundary
condition showed a parabolic velocity profile within the channel.

Analysis of magnetic material and magnetic field in a microfluidic
channel

The magnetic force formed by the magnetic bar can be defined
as stated by Ampere’s circuital law as Eq. (4).

B ¼ l0I
2pr

; l0 ¼ 4p� 10�7H=m ð4Þ

l0 ¼ 4p� 10�7 T �mð Þ
A

ð5Þ

where B (T) is the magnetic field magnitude, l0 (N/A
2) is the perme-

ability of free space, I (A) is the magnitude of the electric current
and r (m) is the distance interacting magnetic materials. Addition-
ally, in the current free region, where r� H ¼ 0; given H is mag-
netic field intensity, for the static electric field the scalar
magnitude potential, Vm is defined as H ¼ �rVm. This is analogous



Fig. 6. a) The flow of ctDNA, SPM bead particles and impurities in absence of
magnetic field, b) CtDNA moved towards SPM bead particles, c) Binding of ctDNA
into SPM bead particles where they can be detached by the applied magnetic field.

Fig. 7. Separation of ctDNA from SPM bead particles through the magnetic field
formed by the magnetic block.

Fig. 8. a) Enumeration of outcomes collected at the outlet channel for every 10 mL of
sample, b) Enumeration of CtDNA for every 10 mL of sample where x-axis represents
time(s) and y-axis represents particle count (ng).
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to the definition of the electric potential for static electric fields.
Using the constitutive relation between the magnetic flux density
and magnetic field as shown in the graphical figure as in electronic
supplementary material, the numerical simulation was solved
according to equations given by the simulation module as below:

B ¼ l0 H þMð Þ ð6Þ

r � B ¼ 0 ð7Þ

�r � l0rVm � l0lM0

� � ¼ 0 ð8Þ
The magnetization of the material produced in the magnetic

field when I = 0 was represented in Fig. 7. The curve which also
known as the B-H loop was measured by the generated magnetic
flux of the defined ferromagnetic material (magnetic block) in
the presence of magnetizing force. The B-H loop was created based
on the saturation point, retentivity point and coercivity point of the
material. The material reached a point of saturation as shown in
Fig. 7 when most of the magnetic domains are aligned in magnetiz-
ing force in a positive direction. Some magnetic flux remains in the
material once the magnetizing force is reduced to zero. This level of
residual magnetism in the material is shown by the point of reten-
tivity. Coercivity occurred when the magnetizing force is reversed
and has flipped enough domains in zero magnetic flux within the
material. As the magnetizing force is increased in a negative direc-
tion, again the material becomes magnetically saturated in the
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opposite direction and the curve continues in the opposite direc-
tion. In brief, the typical B-H loop confirmed the true performance
of the defined magnetic block to produce a magnetic field for fur-
ther analysis.

Analysis of CtDNA extraction and separation by SPM bead particles in
magnetic field

SPM beads consist of a nanometer scaled superparamagnetic
iron oxide core encapsulated by a high purity porous silica shell.
The superparamagnetism by SPM beads particle enables them to
flip themselves into an anisotropy direction. Moreover, the weak
magnetic moment of SPM beads allows the external magnetic field
produced by magnetic block to magnetize and demagnetize the
SPM beads based on applications. The mechanical and chemical
stability of the silica surface provides an excellent chromatography
separation medium for biological samples. In this application, they
become negatively charged particles at high acidic with low ionic
strength condition and show specific binding in the absence of a
magnetic field. The absorption of ctDNA into SPM bead particles
was stimulated by lysis solution and the desorption of ctDNA from
SPM bead particles was promoted by elution buffer. When the SPM
bead particles with absorbed ctDNA were moving into the mag-
netic field by the permanent magnet, a force is exerted on the mov-
ing particles. The force depends on the charge of the particles, the
cross product of the particles’ velocity and the magnetic field as
stated by Lorentz law as Eq. (9).

F
!¼ qv!� B

!¼ qvBsinhbn ð9Þ
where F (N) is the magnetic force vector, q (C) is the charge of mov-
ing particles, v (m/s) is the particle velocity magnitude, B (T) is the
magnetic field vector and bn is the cross product direction vector.

The force, F
!

acting on magnetic particles under the magnetic field
was cited as Eq. (10).

F
!¼ qVDv B

!
: M
�!

0

� �
þ VDvbeads

l0
B
!
:r

� �
B
!
;B ¼ AemI

Ama
ð10Þ

where V is the volume of the suspended particles (m3), Dvbeads is the
difference in magnetic susceptibilities between the SPM and the

external magnetic force, l0 is the permeability of vacuum and B
!

is the applied magnetic field (T) at the area of the magnetic array,
Ama ¼ length; l�width;w, q is the density of the SPM beads (kg

m�3), M
�!

0 is the initial magnetization of the beads (A m2 kg�1).

The magnetic moment of SPM beads, M
�!

bead is directly proportional

to H
!
. Thus, M

�!
bead and F

!
bead was calculated as given in Eq. (11) and

Eq. (12) assuming a reduced amount of viscous drag force for uni-
form distribution of SPM beads in the microfluidic channel.

M
�!

bead ¼ qV M
�! ¼ qV M

�!
0 þ M

�!
B
!� �� �

¼ qV M
�!

0 þ vbeads

q
B
!
l0

 !
ð11Þ

F
!

bead ¼ m!bead � r
� �

B
!

¼ qV M
�!

0 � r
� �

B
!þ Vvbeads

l0
B
!�r
� �

B
! ð12Þ

Hence, there are two varieties of forces influencing SPM beads
in the microfluidic channel which includes, the magnetic force,

F
!

bead induced by an applied magnetic field, B
!

and the viscous drag
force by moving SPM beads in a medium as indicated by Stokes law
as discussed earlier in Eqs. (1)–(3). According to Stokes law, a
spherical object with a very small Reynolds number will be expe-
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riencing a drag force that is exerted on it either in the laminar or
creeping flow of the viscous medium. Hence, in a viscous medium,

hydrodynamic drag force, F
!

drag in conjunction with gravitational

force, F
!

g was taken into consideration (Eq. (13)). However, due
to the microscopic size of SPM beads, the gravitational force shall
be negligible for the computation of net force for the binding of
SPM beads through the induced magnetic field (Eq. (14)).

F
!

drag ¼ 6prg Vp � Vmedium
� � ð13Þ

F
!

bead ¼ F
!

drag ð14Þ
where r is the radius of SPM beads Vp is SPM bead velocity, Vmedium

is the velocity of viscous medium, qp is SPM bead density and
qmedium is the density of the medium.

Subsequently, the model calculated extracted ctDNA composi-
tion by using particle tracing equation as stated in COMSOL Multi-
physics� (Eqs. (15) and (16)).

�qþ l rþruTÞ� 	
n ¼ �cq0n


 ð15Þ

v ¼ vc � 2 n � vcð Þn ð16Þ
where vc is the particle velocity when striking the wall and it varies
for every corresponding solution thus solves by COMSOL Multi-
physics. Since the magnetic field of surface and released SPM parti-
cles varies over time, ctDNA tracing was studied in a time-
dependent mode for every 10 s. To sum up, this study proved an
early and effective cancer detection can be done by tracing and sep-
arated ctDNA from cancer patients I and II. Hence, accurate cancer
management which typically initiates from diagnosis, precision
treatment selection and monitoring or follow-up disease condition
including non-hematological as well as progression can be
prescribed.

Conclusions

In brief, ctDNA separation by manipulation of SPM bead parti-
cles in presence of a magnetic field is a favorable and convenient
method for rapid as well early cancer analysis. This is supported
by this simulation work, where an average of 5.7 ng of ctDNA
was separated efficiently for every 10 mL blood plasma input from
cancer patients of stage I and II. Furthermore, the particle tracing
module traced ctDNA with 65.57% of sensitivity and 95.38% of
specificity. The ease of use and versatility of SPM bead particles
are the main fascination extensively used in clinical research
related to the preparation of biological samples which contain
complex matrices that mostly preclude direct analysis.
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