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Abstract

Methods to separate circulating tumor cells (CTCs) from blood samples were intensively
researched in order to understand metastatic process and develop corresponding clinical assays.
However current methods faced challenges that stemmed from CTCs’ heterogeneity in their
biological markers and physical morphologies. To this end, we developed integrated
ferrohydrodynamic cell separation (iFCS), a scheme that separated CTCs independent of their
surface antigen expression and physical characteristics. iFCS integrated both diamagnetophoresis
of CTCs and magnetophoresis of blood cells together via a magnetic liquid medium, ferrofluid,
whose magnetization could be tuned by adjusting its magnetic volume concentration. In this paper,
we presented the fundamental theory of iFCS and its specific application in CTC separation.
Governing equations of iFCS were developed to guide its optimization process. Three critical
parameters that affected iFCS’s cell separation performance were determined and validated
theoretically and experimentally. These parameters included the sample flow rate, the volumetric
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concentration of magnetic materials in the ferrofluid, and the gradient of the magnetic flux density.
We determined these optimized parameters in an iFCS device that led to a high recovery CTC
separation in both spiked and clinical samples.

Graphical Abstract
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We present the fundamental theory and experimental validations of an integrated
ferrohydrodynamic cell separation (iFCS) method that can isolate circulating tumor cells with high
recovery rate.

Introduction

Separation of circulating tumor cells (CTCs) from cancer patients’ blood samples had
significant impacts on understanding the metastatic process and its diagnosis, prognosis, and
treatment choices.1-6 Individual and clustered CTCs were known to initiate metastasis that
was responsible for over 90% of cancer-related death.7-9 Clinical trials have shown that
elevated levels of CTCs in cancer patients were associated with poor prognosis in metastatic
and localized carcinomas.10-12 As a result, CTC separation technologies have been
intensively researched for the past decade with the hope that it would be routinely integrated
into clinical assays.13' 14 However, the development of CTC separation faced challenges as
CTCs were increasingly found to be not only a rare but also a heterogeneous cellular
population of different phenotypic subtypes.1 4: 8 15-17 For instance, a fraction of
epithelial tumor cells could transition into stem-like mesenchymal cells through epithelial to
mesenchymal transition (EMT).7: 8 18 This subpopulation of EMT CTCs were found to be
highly migratory, invasive and have the potential to initiate a new tumor site.7- 8' 18 Given
the phenotypic heterogeneity presented in patient-derived CTCs, and its extreme rarity in
blood circulation, separation methods relying on specific biomarkers or physical features of
these cells often leaded to incomplete recovery of these cells. As a result, new methods are
urgently needed to allow for a comprehensive recovery of CTCs independent of their surface
antigens and physical characteristics.13

Existing microfluidic CTC separation methods faced the same challenges in recovering
CTCs because they either relied on the use of specific markers on tumor cells’ surface or
physical features of tumor cells such as their elasticity or diameter.13: 14 The reliance of
these markers or features were problematic in that CTCs were both biologically and
physically heterogeneous.1' 4- 8 15-17 Separation methods relying on tumor cells’
biomarkers such as epithelial cell adhesion molecule (EpCAM) missed CTCs undergoing
EMT with their levels of EpCAM downregulated.19 On the other hand, separation methods
relying on physical features of tumor cells operated on either the elasticity difference or a
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presumed size difference between blood and tumor cells.13: 14 20- 21 For size difference
based separation, CTCs in blood circulation were found to be polydispersed in their physical
diameters. Clinically isolated CTCs were reported to have a diameter range of ~4 — 30 ym,
which overlapped significantly with the diameters of white blood cells (WBCs), the main
contaminant in CTC separation.22' 23 As a result, these methods either had to sacrifice CTC
recovery in order to reduce WBC contamination by choosing a relatively larger size
threshold, or sacrifice purity of CTCs in order to increase the recovery by choosing a smaller
size threshold.13: 24 In either case, the inherent bias in both biomarker-dependent and size-
dependent methods, and the recognition that CTCs were extremely rare and highly
heterogeneous, highlight the need to develop new methods that can enrich CTCs regardless
of their surface antigen and physical sizes.

To address the issues that faced existing CTC separation methods, we developed and studied
a new CTC separation scheme, namely integrated ferrohydrodynamic cell separation (iFCS)
method that allowed for the separation of CTCs independent of their surface antigen
expression and physical features. The working principle of iFCS is illustrated in Figure 1.
We integrated the principles of both “diamagnetophoresis” and “magnetophoresis” in iFCS
for the simultaneous isolation of CTCs and depletion of white blood cells (WBCs). In this
method, WBCs were rendered magnetic by magnetic beads with a combination of specific
leukocyte biomarkers, while CTCs remained label-free. Without cell focusing, WBC-bead
complex and CTCs continuously flowed through an iFCS device filled with a magnetic
liquid medium called ferrofluids, whose magnetization were tuned and optimized so that
unlabeled CTCs were expelled from the magnets due to “diamagnetophoresis” depending on
their physical sizes, while WBC-bead complexes were attracted to the magnets through
“magnetophoresis” depending on their levels of magnetization. As a result, CTCs regardless
of their biomarker expressions and size profiles were continuously separated from WBCs in
iFCS without cell focusing. To the best of our knowledge, iIFCS was the first method that
magnetically separated cells based on both their magnetic properties and physical sizes,
which differed significantly from either diamagnetophoresis or magnetophoresis alone
(Figures 1A and 1B). In diamagnetophoretic methods,25-29 manipulation specificity of
cells predominately focused cell size, and the difference in magnetic properties, such
magnetization between cells were not investigated for the purpose of cell separation. On the
other hand, manipulation specificity of magnetophoresis relied on only the magnetic
properties of cells, which typically led to the binary separation of magnetic objects from
diamagnetic ones, lacking the ability to separate cells based on the level of their
magnetization.30-32 In contrast, iFCS made use of both cellular magnetic property and
physical size together to separate cells from each other. Ferrofluids, the magnetic liquid
medium used in iFCS, provided a tunable liquid environment so that diamagnetophoresis
and magnetophoresis co-existed and took effect on cells simultaneously. Unlabeled and
diamagnetic CTCs were directed away from the WBCs that are magnetically labeled and
more magnetic than the ferrofluid, leading to a complete recovery of CTCs. iFCS was shown
recently to isolate CTCs from cancer patients’ blood in a biocompatible manner and
achieved high recovery and low WBC contamination.33 In this paper, we presented the
fundamental theory of iFCS, its design and optimization process in a device with simple
geometry and configuration, three important parameters that affected the performance of
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iFCS, and the validation of the device using microbeads, spiked samples as well as clinical
samples.

Results and discussion

Governing equations of iFCS

(1) Analysis of magnetic force on a magnetizable body in a magnetizable
fluid (ferrofluids)—We first estimated the dominant forces on cells in iFCS. The forces
included magnetic force and hydrodynamic viscous drag force. Other forces were negligible
comparing to these two.34+ 35 Microscopically, a magnetizable cell experienced both
“diamagnetophoresis” from the magnetic nanoparticles in the ferrofluid colliding with its
cellular surface, and “magnetophoresis” from its attached magnetic beads. We have obtained
an expression of the force on the cell through the analysis of the magnetic stress tensor.36

—

The stress tensor of a magnetizable fluid ?m is given by the following expression

= oM P =S
Tym= —1p(pT)+ / v )HTdH+§u0H2 I +BH o
y :

where p(p, T) is thermodynamic pressure that depends on the density of the fluid p, and the
temperature 7. His the applied magnetic field strength, q is the permeability of the free

—

space, o is the specific volume and » = p—!, Mis the magnetization. T is the unit dyadic, B

is the magnetic flux density vector, and H is the magnetic field strength vector. We also
define a composite pressure term p* that is,

p* = p(p,T)+ ps+ Pm ()

where p; is the magnetostrictive pressure which takes the following form

oM
= 1o f D(W)H’TdH ®)

0
and py, is the fluid-magnetic pressure which takes the following form

H
= ,40/ MdH = ygyM H “

where M =

ml

| H
/ MdH is the field averaged magnetization.
0

We define f):; as the magnetic force exerted by the magnetizable fluid on just outside of a
magnetizable body, which takes the following form
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where

(6)

=

=1 Tp
where T is the unit vector normal to the surface of the magnetizable body.
From Egs. (1), (2) and (6), we can get the following expression of the magnetic force

—+ 1 N— 2

Fn= %(—(p*+§y0H )n +HBD) %

S+

From the ferrohydrodynamic Bernoulli equation,36 we get

p*+ pgh — woM H = py + pgh ®
From Egs. (7) and (8), we get
—+ — 1 2 — -
F,= ((—po—pgho+pgh—y0MH—§ﬂoH +Han)n +HtBnt)dS )

S+

where H = H,n + H t isused, t isthe unit vector tangential to the surface of the
magnetizable body.

We apply the divergence theorem to the following term in Eqg. (9), which results in

515(—(1)0 + pgho))ndS = f—(V(po + pghg))dV =0 10)
S+ 17
Therefore
o=t — 1 2 — —
Fr= ((_ uMH — 2 poH? + Han) 4 HB, t )ds i~
S+

In Eq. (11), we can rewrite the term uoM H + %MOHZ as the following term
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H

H
oM H + %MHZ = f (M + H)dH = [ BdH 12)
0 0

As a result, the magnetic force exerted by the magnetizable fluid on a magnetizable body has
the following expression

H

s —

Fpn= 515 Han—/BdH n + HB, t |dS 13)
S+ 0

Similarly, we can obtain the magnetic force exerted on just inside of a magnetizable body

H
—— — —
Fn= 55 Han—/BdH n + HB,t|dS (14)

The net force exerted by the magnetizable fluid on a magnetizable body ?m, which is the

. —+ —— .
difference between Fp, and F,, takes the following form

H
— -+ o s
Fu=Fpn-Fn= %HHBH—/BdH nds

S+ 0
H (15)

— — —
- %Han—deH ndS}+ ngtBntdS— ngtBntdS
0 S+ S -

Eqg. (15) states that the expression of f)m can be calculated from the solutions of the
magnetic fields alone. Because the tangential component of magnetic field strength H,, and
the normal component of magnetic flux density B, are continuous across the boundary of the
magnetizable body, we get the following

H =H{,Bf =8B, (16)

where the + sign indicates the location just outside the body and the — sign indicates the
location just inside the body. As a result, we get

(HB,)" = (H.B,)~ @an

From Egs. (15) and (17), we get
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For convenience, we define the following

[Han] = (Han)+ - (Han)_

gt

H H -
/ BdH| = / BYdHT - / B dH™
0 0

0

As a result of Egs. (19) and (20), Eq. (18) becomes

H

=
Fpy= 515 [H,B,|ndS — 55 / BdH|ndS
S S [0

Because the normal component of magnetic flux density B, is continuous across the
boundary of the magnetizable body, we get

H

=
Fo,= 55 B,[H,|ndS - 95 f BdH|ndS
S S [0

H
We get the following expression for both [H,] and | / BdH
0

[Hy] = Hy - Hy =

[ -

Lab Chip. Author manuscript; available in PMC 2022 May 04.

Page 7

(18)

(19)

(20)

()]

(22)

(23)



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Liuetal.

H HT H- HT
/ BdH | = f BYdH™ - f B dH™ = / po(M™ + H)dH™
0 0 0 0

-

- / po(M~ + H)dH™
0
Y H

= 1o / M*dH" - f M~dH™ |+ éﬂo(ZB M+—M_)(M_— M)

From Egs. (22), (23) and (24), we get

S
i H-
—yofMJ’dH“L—fMdH nds
0 0

Because

We get
Fn= yg —%yo((M+)2—(M_)2)—MO f MYdHT - f dH™|{ndsS
S

H
Because M = j MdH is defined as the field averaged magnetization, we get
0

F= - 515 {%yo((M+)2 = (M) + o M H* - M‘H‘)}?ds

S

By applying divergence theorem to Eq. (28), we get
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55 2,40 M+ ) — (M~ ))+/40(M H"-M H” );ndS
S
= - f \Y %MO((M+)2 - (M_)z) + uo( M HT - M‘H‘))dv (29)
14
_ Vv(; yo((M+) (M_)Z) + uo( M HT - M‘H‘))

Q

where Vs the volume of the magnetizable cell. In the case of an intensively applied
magnetic field, we get

%yo((M+)2 - (M_)z) < ;40(1\7+H+ - M H) (30)

Therefore

Fm= - V(oM HY = M H))= - ¥ (M* - M7)VH (31)

Consider the case where the ferrofluid is just outside the magnetizable body, we denote
M forro fluia 10 represent M, and M., to represent M. The expression of the net magnetic
force is then

— — —
Fp= - ﬂOV{(Mferroﬂuld Mcell) -V ]H (32)

(2) Analysis of hydrodynamic viscous drag force in ferrofluids—The magnetic
force f)m acting on the cell is balanced by the hydrodynamic viscous drag force Fd, when
there is a relative motion between the cell and the fluid flow. Its expression is,

-
Fg= - 371'11Dp(7p - 7f)ﬂ (33)

Where 7 is the ferrofluid viscosity, D,, is the diameter of a spherical object, 7,, and 7f are
the velocity vectors of the ferrofluid and the object. 4 includes the parallel (4) and
perpendicular (1;) components of the hydrodynamic drag force coefficient of a moving

object after taking into account the influence from one nearby flat surface.37- 38 Its
appearance indicates increased fluid viscosity as the object moves closer to the solid surface.

3 4 -1
,1” — 1_2 Dl’ +1 DP _ 45( DP _L L (34)
16\D,+24) " 8\D,+24) ~256\D,+24) ~ 16\D,+24
-1
9( D, 1 D,
- _Z — 35
A=l 8(D,,+2A)+2(D,,+2A @)
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where 4 is the shortest distance between the solid surface and the surface of the object. The
balance of Egs. (32) and (33) under laminar flow condition at low Reynold’s number was
used to predict the trajectories of magnetizable cells, which in turn guided the optimization
of iFCS devices in its application in CTC separation. Full set of equations in three-
dimensional space are in the supplementary information.

Measurement and approximation of critical parameters in iFCS

Equations developed in the previous section indicated that the primary operating parameters
that affected the CTC separation performance of the iFCS devices included sample
processing throughput (sample flow rates), gradient of applied magnetic fields, volume
fraction of magnetic materials in ferrofluids. Therefore it was critical to determine the
magnetic field distribution and the ferrofluid concentration both experimentally and
analytically so that both could be included in parametric studies to optimize iFCS. Here we
discussed the approaches to determine and approximate magnetic fields, ferrofluid
concentrations, and viscosity.

(1) Measurement and approximation of magnetizations of ferrofluids and
magnetic beads—Theoretically, the magnetization of either a ferrofluid or micron-sized
magnetic beads can be modeled through a Langevin function, assuming that the
concentration of magnetic nanoparticles within a ferrofluid or micron-sized magnetic beads
are small enough so that these nanoparticles are non-interacting. For a ferrofluid or micron-
sized magnetic beads with a log-normal diameter distribution, we get their magnetization
as39- 40

M(a) =My [ n(Dy)L(a)d Dy, (36)
/

where M is the saturation magnetization of the ferrofluid of the magnetic microbeads and
ny(Dy,) is the log-normal distribution of nanoparticle diameters which takes the following
form

ny(Dy,) =

—In*(D,,/D
1 l 0*(Dyn/ Dyny) o

J2xDylns " 2In’c

where D, is the diameter of the magnetic nanoparticles, D,,, is the volume-weighted median

magnetic nanoparticle diameter, o is the geometric standard deviation of the magnetic
nanoparticle diameter distribution. L(«) is the dimensionless Langevin function

L(a) = coth(a) — 1/a (38)
where « is the Langevin parameter representing the ratio of magnetic to thermal energy

oM yDy H

= 39
* 6kl (39)
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where M, is the bulk magnetization of the magnetic materials, y is the permeability of free
space, H is the strength of the magnetic field, kg is the Boltzmann constant and 7 is the
temperature. The relationship between bulk magnetization M, and saturation magnetization
Mg is

M;=¢pM, (40)

where ¢ is the volume fraction of magnetic materials in the ferrofluid or magnetic
microbeads.

Experimentally, the magnetization of either a ferrofluid or micron-sized magnetic particles
can be measured at equilibrium via a vibrating sampling magnetometer (VSM). We can then
fit the experimental equilibrium magnetization curve to the Eq. (36) to obtain magnetic
properties including D,,, D,,,, @, ¢ and other relevant parameters. A maghemite based

ferrofluid synthesized and used in this study was characterized by the VSM, whose data was
fitted to the Langevin function in Figures 2A and 2B. Full measurement and fitting of VSM
data on the ferrofluid and a commercial magnetic bead were in the supplementary
information. These magnetic parameters of the ferrofluid and the magnetic beads were used
in parametric studies for iFCS optimization.

(2) Measurement and approximation of magnetic fields from permanent
magnet(s)—We can get an analytical expression of the distribution of the magnetic field

strength Hofa rectangular permanent magnet.41 Assuming that the magnetic polarization
of the magnet is in the +ydirection (see Figure 1F for coordinates), the xand zcomponents
of the magnetic field strength, H, and H, have similar expressions as

(41)
(2= 2)+ [ =3+ (2= 2+ (=]
]1/2

(z—2p) + [(x - xm)2 +(z— 22)2 +(y— yk)2

k=1m=1
(x —x))+ [(x — x1)2 +(z— Zm)2 + (- yk)z]l/z (42)
(=) + [(x =3P+ (2= 20) 4 (v - Yk)2]1/2

The y component of the magnetic field strength H, is
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(43)
(x = x,)(z = Zp)

W= w)|(x = x)° + (2= 2)" + (v = 30

2]1/2

where M, is the remnant magnetization of the magnet. Egs. (41), (42) and (43) can be used
to calculate the gradients of the magnetic field. M, of a magnet can be determined by fitting

experimentally measured magnetic field distribution to Egs. (41), (42) and (43). We fitted
the analytical expressions of the magnetic field flux density to the measurement in Figure
2D and obtained the remnant magnetization of a neodymium permanent magnet. Using the
experimentally determined remnant magnetization M, of the neodymium magnet, we
compared the spatial distribution of the magnetic field and gradient of the magnetic field in a
microchannel next to the magnet obtained from the analytical expressions in Egs. (41), (42),
and (43), and from finite element method (FEM) based COMSOL Multiphysics package.
Figures 3 and 4 show the excellent agreement between the analytical expression of magnetic
field distribution and the COMSOL simulation. As a result, we used the magnetic field
distribution obtained from the analytical expressions in the iFCS optimization process.

(3) Measurement and approximation of ferrofluid viscosity—The viscosity of a

ferrofluid which consists of a suspension of magnetic solids is greater than that of the carrier
medium. In the case of no external magnetic field, the ferrofluid viscosity » can be related to
the viscosity of the carrier medium 5 and the volume fraction of magnetic materials ¢ using

a two-constant expression,36

o

n=——— 44
1+a¢+b¢2 @4

where aand b are the two constants to be determined by fitting experimental data to this
expression. We measured the viscosity of the ferrofluid used in this study under no external
magnetic field and fitted them to this expression in Figure 2D.

y— 1108 1073
1 — 127.3¢ + 4505¢°

(45)

In the case of strong magnetic field presence, magnetic nanoparticles in ferrofluids tend to
align to the field direction and form rigid chains, which leads to an increase in the overall

viscosity. The change of ferrofluid viscosity 45 due to the magnetic field can be related to
the field by36

An _ é 0.5aL(a)

.2
7 = 2T 05aL@ ™ (“6)
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where L(a) and « are Langevin function and its parameter defined in Egs. (38) and (39), g is
the angle between the ferrofluid vorticity and the local magnetic field. The maximum value
An can be estimated by

3
(V)max =3¢ (1)

For diluted ferrofluids such as the one used in this study, its volume fraction of magnetic
solids is on the order of 0.1%. As a result, the maximum change in the ferrofluid viscosity
due to local magnetic field is negligible for diluted ferrofluids. We used the analytical
expression of the ferrofluid viscosity in iFCS optimization.

Optimization of the iFCS

As we discussed above, three primary operating parameters affecting the CTC separation
performance of the iFCS devices included sample processing throughput (sample flow
rates), ferrofluid concentration (volume fraction of magnetic materials in the ferrofluid), and
gradient of applied magnetic fields. Our goal of optimizing these parameters was to obtain a
set of device operating parameters that would result in maximal spatial separation of
unlabeled CTCs and magnetic bead labeled WBCs at a high sample processing throughput.
The analytical model we developed in the previous section provided estimates of the effects
from the parameters. First, we tested the validity of the analytical model using
experimentally obtained beads’ trajectories. We compared simulated trajectories of
microbeads from the model with experimental ones, by imaging 15.0-um-diameter
diamagnetic beads and 11.8-um-diameter magnetic beads (measured volume fraction of
magnetic materials: 0.73% (v/v), see supplementary information) in an iFCS device. This
allowed us to compare the difference between the model and experiments. In this process,
we defined the deflection of beads in the y~direction of the microchannel (see Figure 1F for
coordinates), denoted as Y, and the separation distance between the two types of beads,
denoted as AY. The simulation results were carried out using three parameters including
sample processing throughput (10 — 600 uL/min, or 6 — 36 mL/h), ferrofluid concentration
(volume fraction of magnetic materials in ferrofluids, 0 — 1.0%, v/v), and gradient of applied
magnetic field flux density (20 — 280 T m~1). These parameters were chosen for practical
purposes. Firstly, the sample processing throughput range corresponded to the clinically
relevant target. In order to separate a sufficient number of circulating tumor cells, a
significant amount of blood samples (typically 10 mL) needed to be processed within 1 hour
to obtain sufficient tumor cells. Our chosen sample processing throughput range (10 — 600
pL/min, or 6 — 36 mL/h) would make the eventually optimized throughput clinically
relevant. Secondly, ferrofluid concentration (volume fraction of magnetic materials in
ferrofluids) was chosen to be 0 — 1.0% (v/v) because it approximately corresponded to the
volume fraction of magnetic materials in the labeled white blood cells in this study. Lastly,
gradient of applied magnetic flux density range was chosen to be 20 — 280 T/m, because it
was determined by the residual magnetic flux density of the permanent magnet, and the
distance between the magnet and the microchannel. For the permanent magnet used in this
paper, which had 1.33 T residual magnetic flux density (Figure 2D), and the approximate
distance between the magnet surface and microchannel edge, which is ~1 mm, we estimated
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that the gradient of applied magnetic flux density was 132 T/m at the center of the
microchannel. Therefore we chose a range of 20 — 280 T/m for the optimization study. Our
goal of optimization was to maximize the separation of diamagnetic beads from magnetic
beads, which translated to maximizing both Y and AY simultaneously. We extracted Y and
AY at the end of the microchannel and used them to compare simulation and experimental
results.

We first studied the sample processing throughput of the iFCS device. Simulation and
experimental results agreed well, and (Figure 5A) showed a monotonically decreasing trend
for AY as the throughput increased. Simulation (Figure 5D) and experimental results (Figure
5G) indicated highly dispersed trajectories for the 11.8 pm magnetic beads, and well-
deflected trajectories for 15.0 um diamagnetic beads. The highly dispersed trajectories of
magnetic beads were likely due to the randomly distributed starting positions of these beads
at the start of the iFCS microchannel. The second parameter we studied was the ferrofluid
concentration. We observed that a higher ferrofluid concentration resulted in larger magnetic
force on diamagnetic beads and a larger deflection in their y~direction. Meanwhile, magnetic
beads’ deflection changed its direction and magnitude in their y~direction as ferrofluid
concentration increased. This was because the magnetic force on the beads depended on the
contrast of magnetization between the magnetic beads and ferrofluids. When the contrast of
magnetization between the magnetic beads and ferrofluids became smaller, which happened
as the ferrofluid concentration approached that of magnetic beads (0.73 % v/v) (Figures 5E
and 5H), separation distance AY became smaller because of the decreased magnetic force
(Figure 5B). The last parameter we studied was the magnetic field gradient, whose value
could be adjusted by the distance between the magnet and the microchannel. Figure 5C and
5F indicated that in both simulation and experiments, the deflection for both beads increased
when the magnetic field gradient increased. This was because the magnetic force on beads
was proportional to the gradient of the magnetic field strength. In summary, through
comparing the simulation and experimental results, we concluded that both of them followed
the same trends in all three parametric studies (sample processing throughput, ferrofluid
volume concentration, gradient of magnetic field flux density).

We further validated the iFCS model with multiple beads separation experiments in order to
simulate a more realistic scenario in CTC separation where unlabeled tumor cells were
polydispersed in their physical sizes and labeled WBCs were magnetic. For this purpose, we
used a mixture of three diamagnetic beads (diameters: 5.7, 8.0, and 20.3 um) to represent the
polydispersity of CTCs in blood, and one magnetic beads (diameter: 11.8 um, magnetic
volume fraction: 0.73%) to represent labeled WBCs. The mixture of these beads was spiked
into the ferrofluid and separated in the iFCS device at variable sample throughput (flow
rates) and ferrofluid concentration. Figures 6A and 6B shows the comparison between the
simulated and experimental separation distance between each diamagnetic bead and
magnetic bead. Figure 6A shows all three diamagnetic beads could be fully separated from
the magnetic beads at a sample flow rate of 100 uL/min. Figure 6B shows a 0.049%
ferrofluid concentration that resulted in the full separation of 8 um diamagnetic beads and
11.8 ym magnetic beads. Possible sources of discrepancies between simulation and
experiments in Figures 6 included random starting positions of beads at the beginning of the
iFCS device and large variation of magnetic contents in commercial magnetic beads. Figures
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6D-F shows the experimental images of the separation of a mixture of 20.3 and 8.0 pm (red
fluorescence) diamagnetic beads and 11.8 um (yellow fluorescence) magnetic beads in the
iFCS device. Full separation of the diamagnetic and magnetic beads was achieved at the end
of the device (Figure 6F). Based on the above studies, we determined the following
operating parameters for an optimized iFCS device which led to maximal separation
distance of beads: 100 pL/min (6 mL/hour) as sample processing throughput, 0.049% as
volume concentration of magnetic materials in ferrofluids, and 132 T/m as gradient of
magnetic field flux density.

Validation of iFCS with spiked cancer cells.

With the optimized operating parameters determined through the previous section, we
validated the iFCS using WBCs spiked with cancer cells. iFCS can separate cancer cells
independent of their physical sizes and surface antigen based on its operating principle and
previous beads studies. To demonstrate its size-independent capability, we chose a total of 9
cell lines including one prostate cancer (PC-3), three breast cancer (MCF7, MDA-MB-231,
HCC1806), two non-small cell lung cancer (H1299, H3122), two small cell lung cancer
(DMS79, H69), and one canine melanoma cancer (Jones). These cancer cell lines had
different size distributions, as showed in measured size profiles in Figure 7A. We observed
that all cancer cells were polydispersed in their physical sizes, and there was a size overlap
between cancer cell lines and WBCs. This made the separation of cancer cells from WBCs
based on size difference alone challenging. Therefore in iFCS we employed a strategy that
integrated both “diamagnetophoresis” and “magnetophoresis” for the separation of cancer
cells regardless of the size distribution of cancer cells. In order to label the WBCs and
deplete them, we used a combination of two leukocyte surface biomarkers to label WBCs:
CD45 and CD66b antibody. Figure 7B shows that the mean number of magnetic beads
(dynabeads) on the surface of WBCs was 25 + 8 (mean + standard deviation), with more
than 99.8% of WBCs labeled. The minimum volume fraction of magnetic content in WBCs
was 0.032%, corresponding WBCs that were labeled with just one magnetic bead (Figure
7C). Based on the cancer cell size distribution and the labeling efficiency of WBCs, we
modified the optimized ferrofluid concentration to be 0.029% so that WBCs labeled with
only one magnetic bead could be separated from cancer cells. Based on the beads simulation
and experimental results (Figure 6A), the optimized throughput remained to be 100 pL/min,
and the gradient of magnetic field flux density remained to be 132 T/m to collect cancer
cells that were larger than 5.7 um in diameter.

Using optimized operation parameters in an iFCS device, we studied cancer cell separation
using 9 cancer cell lines that have distinct size distributions. Separation performance
including cancer cell recovery rate, WBC depletion, recovered cancer cell viability, and
sample processing throughput were used to evaluate iFCS. A typical cancer cell separation
process is shown in Figure 8A, in which ~100 cancer cells labeled with CellTracker green
fluorescence were spiked into 1 mL of human whole blood and flowed through an iFCS
device under optimized conditions. Cells were randomly distributed at the channel inlet, then
started to deflect towards the top of the channel when they entered the magnetic field region,
and were completely deflected into the top outlet at the end of the channel (Figure 8A, top
and middle panels). WBCs labeled with DAPI (blue fluorescence, Figure 8A, bottom panel)
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were either trapped at the bottom side of the channel due to their strong interaction with
magnetic fields or flowed into the bottom outlet at the end of the channel. There trapped
WBCs in the microchannel had little effect on the flow profile and cancer cell separation
performance when processing less than 3 mL of blood. We first measured the size profiles of
cancer cells before and after the separation. Figure 8B and Table 1 show the average
diameters of three cancer cells (MCF7, MDA-MB-231, and H1299) had no significant
change, demonstrating iFCS’s capability to separate cancer cells regardless of their size
distribution. We then determined the WBC contamination in the iFCS output. Figure 8C
shows the average number of magnetic beads enumerated on the surface of WBCs found in
the device output depended on the ferrofluid concentrations. The use of 0.029% (v/v)
ferrofluid resulted in the average number of beads on the contaminating WBC were 0.5. We
determined experimentally that there were ~1,620 WBCs contamination (99.973%
depletion) after processing 1 mL of blood. We also determined iFCS’s ability in recovering
cancer cells from spiked samples. Figure 8D shows the recovery rates of 99.68 + 0.56%,
97.92 £ 0.96%, 97.59 + 1.01 %, 98.75 + 1.43 %, 99.35 + 0.56 %, 98.71 + 0.58%, 98.58 +
0.87%, 94.99 + 1.22%, 95.93 + 1.34% for PC-3, MCF7, MDA-MB-231, HCC1806, H1299,
H3122, Jones, DMS79, H69 cell lines, respectively. It is worth noting that two small cell
lung cancer cells, DMS79 and H69, whose size distribution was very close to that of WBCs,
can be recovered in iFCS with a recovery rate of ~95%. We characterized the robustness of
the iFCS recovery rate at variable spike ratios using PC-3 prostate cancer cells. Figure 8E
shows a corresponding recovery rate of 98.8%. Figure 8F shows that for PC3 prostate cancer
cells the iFCS processing had little effect on their cellular viability.

Validation of iFCS with canine/human cancer patient blood.

As a clinical validation of iFCS method, we first validated it with blood samples obtained
from one canine cancer patient under an approved protocol (University of Georgia,
CRC-525). For this canine patient, peripheral blood was collected from the patient with
newly diagnosed osteosarcoma (stage 1) before initiation of treatment. Blood sample was
processed with iFCS devices within 2 hours of blood draw. A total of 3 mL of blood sample
was processed from the patient. After iFCS processing, cytopathological staining of
collected cells was performed in order to identify CTCs and WBCs (Figure 9A). These cells
were concentrated and stained using the Alkaline Phosphatase stain (ALP), which was
commonly used for cytopathology analysis of clinical samples.42: 43 Isolated cells were
inspected by a cytopathologist and the number of CTCs found were enumerated. CTCs were
identified using a combination of the following criteria: (1) cells that demonstrated positive
cytoplasmic ALP staining; (2) large cells with high nuclear to cytoplasmic (N:C) ratio; (3)
cells that were 4-5 times the size of a WBC.42' 43 Figure 9A shows ALP-stained CTCs and
WBCs separated from the canine patient. These CTCs were ALP-negative, but their
morphology confirmed that they were CTCs. A total of 5 CTCs were separated from 3 mL
blood sample for this patient. This canine patient was presented with stage Il osteosarcoma
disease, which was a high-grade tumor with vascular invasion on histopathology but without
evidence of clinically detectable metastases at diagnosis. However, this patient was
euthanized three months later due to multifocal metastasis to the vertebral column. This
information provided evidence that the cells identified by iFCS were likely CTCs.
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We also validated iFCS with blood samples obtained from two human cancer patients with
stage IV breast cancer under an approved protocol (University of Georgia,
STUDY00005431). For these two human patients, peripheral blood was collected from them
before initiation of treatment. Blood sample was processed with iFCS devices within 2 hours
of blood draw. 3 mL of blood sample was processed from each patient. After iFCS
processing, cells separated from these two patients’ samples were immunofluorescence
stained with cytokeratin (CK), leukocyte marker CD45, and nuclear marker DAPI (Figure
9B). CTCs were identified as CK+/CD45-/DAPI+, while WBCs were identified as CK-/
CD45+/DAPI+. Based on the immunostaining criteria, 72 and 21 CTCs were identified in 3
mL blood sample from the two breast cancer patients’ samples respectively.

Comparison of iFCS to existing technologies

CTC separation has been under intensive research for the past decade and a myriad of
labeled-based and label-free technologies were developed based on either the use of specific
tumor cell markers or the use of physical features of tumor cells. While the emphasis of this
paper is to present the fundamental theory of iFCS, we compared iFCS to a total of 43 other
CTC separation technologies in order to evaluate iFCS’s performance (see supplementary
information table). We chose to use 4 performance metrics for the comparison, including
cell-processing throughput (volume of blood processed per hour), CTC recovery rate from
spiked samples at low spiking concentration (1-100 cells/mL), purity of CTCs after
separation (or contaminating cells carryover), and viability of separated CTCs. These
metrics had significant effects on the downstream analysis or expansion of CTCs after their
separation, and were often used in reviews of existing methods to evaluate performance of
CTC separation.1' 14 The performance metrics of iFCS reported in this paper were: (1) a
recovery rate of 98.8% at low CTC occurrence rate (~100 cells mL™1); (2) a WBC carryover
of 1620 cells for every 1 milliliter blood processed, (3) a blood processing throughput of 6
mL h~1, and (4) minimally affected cell viability after separation (before: 98.72 + 0.44%;
after: 97.25 £+ 0.75%). Firstly, we noted that the recovery rate of the iFCS (98.8%) was high
among existing methods, approaching that of monolithic CTC-iChip (99.5%).44 iFCS could
recover almost all CTCs from the blood sample because it didn’t select CTCs using surface
markers but rather depleted contaminating WBCs. This way, any potential CTCs which
didn’t present the specific markers used to deplete WBCs on their surface were enriched and
preserved, leading to a complete recovery of CTCs. Secondly, we noted that purity of
separated CTCs from iFCS was lower than some of existing technologies, including the ones
based on inertial forces (Vortex45), immunoaffinity (Magsweeper,46 CTC-Chip,47 GEDI,48
GEM-Chip49), immunomagnetic positive methods (Magnetic Sifter,50 SIM-chip,51 and
CTC-uChip52). Levels of CTC purity from iFCS depended on the efficiency of WBC
labeling and depletion, as well as the ferrofluid concentration. In this paper, we used a
combination of two antibodies (CD45 and CD66b) to target WBCs, which resulted in a
carryover of 1620 WBCs for every one milliliter of whole blood processed. In order to
increase the purity of CTCs and reduce the WBC carryover, more WBC targeting antibodies
could be used in combination to increase the efficiency of labeling and depletion. The
ferrofluid concentration (volume fraction of magnetic materials in the ferrofluid) could also
be further decreased so that large WBCs attached with just one magnetic bead could be
depleted to increase the purity. Thirdly, we noted that the cell processing throughput of iFCS
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was 6 mL/hour, which was lower than a few high throughput methods, including Vortex,45
and LPCTC-iChip.53 Finally, we noted that the red blood cell lysis step in iFCS could
potentially cause CTC loss in processing patient samples. In summary, iFCS had the
advantages of high recovery in CTC separation, but had the drawbacks of high WBC
carryover and the need of red blood cells lysis in its current form.

Conclusion

In this paper, we presented the fundamental theory of integrated ferrohydrodynamic cell
separation (iFCS), a scheme that could separate circulating tumor cells (CTCs) from blood
independent of surface antigen and physical size of cells. Relying on a magnetic liquid
medium, ferrofluid, whose magnetization could be tuned by adjusting its magnetic volume
concentration, iFCS integrated both diamagnetophoresis of CTCs and magnetophoresis of
blood cells together in order to separate the two. We developed governing equations of iFCS
in order to effectively guide its optimization process for specific cell separation applications.
In this process, we determined three critical parameters that affected iFCS’s cell separation
performance. These parameters included the sample flow rate, volumetric concentration of
magnetic materials in the ferrofluid, and the gradient of the magnetic flux density. We
studied these coupled parameters in an experimentally validated analytical model and
determined optimized parameters in an iFCS device with simple geometry. These parameters
led to a high recovery CTC separation in both spiked samples and clinical samples.

Experimental section

Custom-made biocompatible ferrofluid and determination of its physical and magnetic

properties.

A water-based ferrofluid is synthesized by chemical co-precipitation method based on
previous protocol.54- 55 The magnetic properties of the ferrofluid were measured by a
vibrating sample magnetometer (VSM; MicroSense, LLC, Lowell, MA). Measurement data
from VSM were fitted to a Langevin function in order to extract physical and magnetic
properties of this ferrofluid, including its particle diameter distribution and volume fraction
of magnetic materials. Transmission electron microscopy (TEM; FEI Corp., Eindhoven, the
Netherlands) was also used to determine the size and morphology of the maghemite
nanoparticles. The average diameter of nanoparticles in ferrofluid was measured to be 10.91
+ 4.87 nm. This measured particle diameter was consistent with the mean diameter
calculated from VSM measurement (10.8 nm). The viscosity of this ferrofluid was measured
with a compact rheometer (Anton Paar, Ashland, VVA) at room temperature. This ferrofluid
was made isotonic and had a 7.0 pH, coated with a neutral surfactant, and was colloidally
stable for up 10 months’ storage at room temperature.

Modeling and simulation

Bead and cell trajectories in the iFCS optimization process were simulated in MATLAB
(MathWorks, Natick, MA) by balancing the magnetic force and hydrodynamic viscous drag
force in the laminar flow condition. Full set of equations and solver are in the supplementary
information. Estimated Reynold’s number was 0.3 — 3.8 Magnetic field distributions were
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obtained from analytical expression in MATLAB, as well as three-dimensional simulation in
COMSOL Multiphysics (COMSOL Inc, Burlington, MA).

Magnetic field measurement and approximation

The remanent magnetization of a neodymium permanent magnet (50.8 x 12.7 x 12.7 mm, L
x W x H; N52, K&J Magnetics, Pipersville, PA) used in the iFCS device were measured
with a Gauss meter (Model 5080, F.W. BELL, Orlando, FL). The setup of the measurement
was shown in the supplementary information. The measured value of the remanent
magnetization of the magnet was 1,055,693 A/m, and the residual magnetic flux density of
the magnet was 1.33 T. The measured remanent magnetization of the magnet was then used
in Equations (41-43) to approximate the magnetic field distributions in the microchannel. In
experiments, the permanent magnet was placed 1 — 4 mm away from the microchannel
(surface of the magnet to channel wall) to adjust the field distribution inside the channel.

Microbeads calibration.

Polystyrene microbeads with diameters of 20.3 um (Bangs Laboratories Inc., Fishers, IN),
15.0 um and 8.0 um (Thermo Fisher Scientific Inc., Fremont, CA), and 5.7 pm
(Polysciences, Inc., Warminster, PA) were used in iFCS validation. Diamagnetic beads are
mixed with magnetic beads with a diameter of 11.8 um (Spherotech Inc, Lake Forest, IL) at
a concentration of 1x10* particles per 1mL in ferrofluid.

iFCS device fabrication.

Microfluidic devices were made of PDMS by replicating the master mold which was
fabricated using standard photolithography methods. The thickness of the channel was
measured by a profilometer (Veeco Instruments, Chadds Ford, PA). One neodymium
permanent magnet (50.8 x 12.7 x 12.7 mm, L x W x H; N52, K&J Magnetics, Pipersville,
PA) was embedded 1 mm away from the PDMS channel with their magnetization direction
vertical to the channel. Devices were flushed with 70% ethanol and then primed with 1x
PBS supplemented with 0.5% (w/v) BSA and 2mM EDTA (Thermo Fisher Scientific,
Waltham, MA) before each use.

Cell culture.

Eight human cancer cell lines including three breast cancer cell lines (MCF7, MDA-
MB-231, and HCC1806), two non-small cell lung cancer (NSCLC) cell lines (H1299 and
H3122), two small cell lung cancer (SCLC) cell lines (H69 and DMS79) and one prostate
cancer cell line (PC-3) were obtained from ATCC (Manassa, VA). One canine melanoma
cell line (Jones) was obtained from Dr. Meichner’s lab at the University of Georgia. Cell
cultures followed the manufacturing instructions. MCF7 and MDA-MB-231 cells were
cultured in Dulbecco’s modified eagle medium (DMEM,; Life Technologies, Carlshad, CA)
with 10% (v/v) FBS, 1% (v/v) penicillin/streptomycin solution and 0.1 mM NEAA (Life
Technologies, Carlsbad, CA). Other cell lines were cultured in RPMI-1640 medium (Life
Technologies, Carlsbad, CA) supplemented with 10 % (v/v) FBS and 1% (v/v) penicillin/
streptomyecin solution. All the cell lines were cultured at 37 °C under a humidified
atmosphere with 5% CO, supplied.
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Cancer cells staining and preparation.

Cancer cell lines were washed with phosphate-buffered saline (1x PBS; Life Technologies,
Carlsbad, CA) and released with a 0.05% trypsin-EDTA solution (Life Technologies,
Carlsbad, CA) before each use. 2 uM CellTracker Green (Life Technologies, Carlsbad, CA)
was used to fluorescently stain cancer cells. The CellTracker working solution was replaced
with culture medium after 30 minutes. Cells are counted with a hemocytometer (Hausser
Scientific, Horsham, PA) and diluted to 1 x 10* cells per mL with culture medium. The exact
number of cells in the diluted solution was measured twice with a Nageotte counting
chamber (Hausser Scientific, Horsham, PA). Different numbers of cancer cells (100, 500,
1000, 2000, 10000) and 1 million WBCs were spiked into 1 mL ferrofluid.

Cancer cell recovery rate calculation.

Collected cells from iFCS outlets were stained with 2 uM DAPI (Thermo Fisher Scientific,
Waltham, MA) to identify the nucleated cell. The number of cells was counted with a
Nageotte counting chamber. Cells with CellTracker signal was identified as cancer cells,
while other cells with DAPI signal was classified as WBC contamination. The recovery rate
was calculated by the number of collected cancer cells / number of spiked cancer cells.

Cell size measurement.

Cells were deposited onto microscope slides and imaged with a microscope in bright field
mode. Images of cells were analyzed by the ImageJ software. The effective diameter of the
cells was calculated using their surface areas with the assumption that cells were spherical.

Live subject statement

All experiments in this study were performed in compliance with the regulations of the
United States Office for Human Research Protections, the University of Georgia Human
Subjects Office, and the University of Georgia Clinical Research Committee and Hospital
Board. Human whole blood was obtained from healthy donors following a protocol
approved by the Institutional Review Board (IRB) at the University of Georgia
(STUDY00005431). Human cancer patient blood samples were obtained from the
University Cancer and Blood center (Athens, GA) following a protocol approved by the
Institutional Review Board (IRB) at the University of Georgia (STUDY00005431). Informed
consent was obtained for the healthy donors and cancer patient participants. Canine cancer
patient blood samples were obtained from the University of Georgia Veterinary Teaching
Hospital (Athens, GA) following an protocol approved by the University of Georgia Clinical
Research Committee and Hospital Board (CRC-525).

Human patient blood processing.—The sample was loaded into a 3mL syringe (BD,
Franklin Lakes, NJ,) followed by processing with the iFCS device at a throughput of 100 pL/
min. After separation, the iFCS device was flushed by 1x PBS at 500 uL/min for 20 minutes
to remove cells in the outlet reservoir. Collected cells were preserved in RPMI-1640 medium
(Life Technologies, Carlsbad, CA) supplemented with 10 % (v/v) FBS and 1% (v/v)
penicillin/streptomycin solution. Collected cells were then concentrated and immobilized
onto poly-L-lysine coated glass slides with a customized cell collection chamber.
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Canine patient blood processing.—The labeled cells were resuspended win 0.029%
ferrofluid and collected using the same process described above.

WBC labeling.

Human sample: Human whole blood was obtained from healthy donors following a
protocol approved by the Institutional Review Board (IRB) at the University of Georgia
(STUDY00005431). The amount of biotinylated antibodies and magnetic beads required
were calculated based on the WBC count. 100 fg per WBC for anti-human CD45
(BioLegend, San Diego, CA) and anti-human CD66b (Life Technologies, Carlshad, CA)
were used. WBCs were labeled with magnetic beads (Dynabeads Myone streptavidin T1,
Life Technologies, Carlshbad, CA). Dynabeads were washed twice with 0.01% TWEEN 20 in
PBS, then washed with 0.1% BSA in PBS and resuspended in PBS. Whole blood was firstly
labeled with antibodies for 30 minutes and lysed by RBC lysis buffer (EBioscience, San
Diego, CA) for 7 minutes at room temperature. Cell mixtures were centrifuged for 5 minutes
at 800xg and the pellet was suspended in PBS with dynabeads. Cells and Dynabeads were
incubated for 25 minutes on the rocker. Ferrofluid and 0.1% (v/v) Pluronic F-68 non-ionic
surfactant (Thermo Fisher Scientific, Waltham, MA) were added into the mixture to achieve
the same volume with whole blood.

Canine sample: Canine whole blood was obtained from healthy dogs from UGA
Veterinary Teaching Hospital (Athens, GA) following an approved protocol at the University
of Georgia (CRC-525). 100 fg per WBC for anti-canine CD45 (Thermo Fisher Scientific,
Waltham, MA) and anti-canine CD4 (R&D Systems, Minneapolis, MN) were used.
Dynabeads labeling and washing process was the same as in human sample processing.

CTC identification.

Human cancer sample: Collected cells were fixed with 4% (w/v) PFA for 10 minutes
and subsequently permeabilized with 0.2% (v/v) Triton X-100 in PBS for 10 minutes. Cells
were then blocked by 0.5% (w/v) BSA in PBS for 30 minutes. After blocking nonspecific
binding sites, cells were immunostained with primary antibodies including anti-cytokeratin
(Milteryi Biotec, Auburn, CA) and anti-CD45 (Abcam, Cambridge, MA). Nuclei were
counterstained with DAPI (Thermo Fisher Scientific Inc., Fremont, CA). After
immunofluorescence staining, cells were washed with PBS and stored at 4 °C or imaged
with a fluorescence microscope.

Canine cancer sample: Collected cells were stained with Alkaline Phosphatase Staining
Kit (Millipore Sigma, Burlington, MA) following the manufacturer’s protocol. Briefly, the
sample was stained with Wright’s Giemsa (Millipore Sigma, Burlington, MA) for initial
cytologic diagnosis following incubation with ALP staining for 60 minutes. Samples were
then rinsed with tap water, air-dried, and inspected by a cytopathologist. Neutrophils from a
previously stained horse blood smear were used as the positive control. CTCs were expected
to be ALP positive, but some CTCs are ALP negative and required morphological
confirmation. Based on the combination of a high nuclear to cytoplasmic ratio, large size,
and nuclear morphology, cells were identified as CTCs.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Overview of integrated ferrohydrodynamic cell separation (iFCS) and its prototype. (A)

Schematic illustration of a traditional label-based magnetophoresis for CTC separation, in
which CTCs were labeled via specific biomarkers such as epithelial cell adhesion molecule
(EpCAM) through functionalized magnetic particles to be separated by magnetic force
towards magnetic field maxima in a continuous-flow manner. (B) Schematic illustration of a
label-free ferrohydrodynamic cell separation of CTCs. CTCs with increased physical sizes
in ferrofluid experienced increased magnetic buoyance force via diamagnetophoresis and
were pushed towards the magnetic field minimum. (C) Schematic illustration of an
integrated ferrohydrodynamic cell separation (iFCS) scheme for CTC isolation. Unlabeled
CTCs of different sizes and magnetically labeled WBCs were pushed towards opposite
directions via different mechanisms (diamagnetophoresis for CTCs and magnetophoresis for
WBCs), resulting in a spatial separation at the end of the device. (D) A prototype iFCS
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device. (E) Top view of the iFCS microchannel with labels of the inlet and outlets. (F)
Simulated magnetic flux density distribution and trajectories of 11.8 um magnetic beads and
15 um diamagnetic beads in the microchannel (LxWxH, 57.8 mmx0.9 mmx0.15 mm) with
a neodymium permanent magnet (LxWxH, 50.8 mmx12.7 mmx12.7 mm). The dimensions
of the microchannel and the magnet were not drawn to scale. Particles were simulated using
0.05% (v/v) ferrofluid and a flow rate of 200 puL/min.
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Experimental measurement and analytical approximation of critical operating parameters in
iFCS. (A) Normalized experimental magnetization curve and fitted Langevin function of a
maghemite ferrofluid used in this study. Fitted data at high field magnetization yielded a
saturation magnetization M, of 1,085 A/m, which corresponded to a volume fraction ¢ of

0.029 of magnetic materials in this ferrofluid. Goodness of fit (R2) was 0.999. Full
measurement data were in the supplementary information. (B) Fitted data of the
magnetization curve with a log-normal distribution of particle diameters yielded a volume-
weighted median magnetic nanoparticle diameter D,,,, of 10.8 nm, and a geometric standard

deviation of the magnetic nanoparticle diameter distribution inc of 0.44. Temperature was
298 K, bulk magnetization of maghemite was 370,000 A/m, density of the ferrofluid was
1060.6 kg/m3, demagnetization factor due to the sample holder of the vibrating sampling
magneto-meter was 0.211. (C) Experimentally measured ferrofluid viscosity and its fitted
curve under no external magnetic field. The ferrofluid was a suspension of maghemite
nanoparticles in a mixture of water and HBSS buffer with Atlox 4913 (Croda, Inc., Edison,
NJ) graft copolymer as surfactants. Goodness of fit (R2) was 0.979. (D) Comparison of the
measured magnetic flux density (error bar was the standard deviation of 3 measurements) to
the analytical expressions in Eqgs. (41-43). The x-axis label is the distance between the
active area of the sensor and the magnet surface. The dimensions of the neodymium magnet
were (LxWxH, 50.8 mmx12.7 mmx12.7 mm). The remnant magnetization from this fit was
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determined to be 1,055,693 A/m (residual magnetic flux density 1.33 T). Goodness of fit
(normalized mean square error) was 0.997 (1 was perfect fit).
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Figure 3.
Comparison of the magnetic field distribution obtained from analytical expressions and

finite element method simulation (COMSOL Multiphysics version 3.5) showed excellent
agreement between the two. (A) and (B) show the y component of the magnetic field
strength comparison. The unit of the color bar is A/m. (C) and (D) show the x component of
the magnetic field strength comparison. The unit of the color bar is A/m. (E) and (F) show
the zcomponent of the magnetic field strength comparison. The unit of the color bar is A/m.
(G) and (H) show the comparison of the magnetic flux density norm. The unit of the color
bar is T. The plane of the field distribution is at 2= 0 (center of the microchannel in the 2
direction).

Lab Chip. Author manuscript; available in PMC 2022 May 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Liuetal.

Y(m)

Y(m)

Y(m)

4 A. Analytical Field Gradient 9H_/dy (z=0)
510 x Y

o
T

o
T

T T T T

-3 -2 -1 0 1 2

X(m)
<10 C. Analytical Field Gradient :')Hylz')x (z=0)

3
%107

-3 -2 -1 0 1 2

X(m)

3
x10°

104 E- Analytical Field Gradient oH, /z (2=0)

Figure 4.

%107

Comparison of the gradient of the magnetic field obtained from analytical expressions and
finite element method simulation (COMSOL Multiphysics version 3.5) showed good
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Optimization of iFCS device via simulation and beads validation. Parametric studies of
beads’ deflection Y and separation distance AY between magnetic and diamagnetic beads
were conducted with three parameters: (A)&(D)&(G) sample processing throughput (sample
flow rate), (B)&(E)&(H) volumetric concentration of magnetic materials in the ferrofluid,
and (C)&(F)&(I) gradient of magnetic flux density. Ferrofluid concentration was constant at
0.292% (v/v) for the results in (A)&(D)&(G)& (C)&(F)&(1), gradient of magnetic flux
density was 132 T m~1 (at the center of the microchannel) for (A)&(D)&(G), and sample
processing throughput was 100 pL/min for (B)&(E)&(H)& (C)&(F)&(1). (A)&(B)&(C)
were the comparison between simulated and experimentally obtained separation distance at
the end of the iFCS device. (D)&(E)&(F) were simulated beads trajectories with randomly
distributed starting positions at the inlet of the device. (G)&(H)&(I) were experimentally
obtained normalized bead distributions at the outlets of the device. SD in (A)&(B)&(C)
represented standard deviation of bead trajectory distribution.

Lab Chip. Author manuscript; available in PMC 2022 May 04.



1duosnuey Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

Page 32

A B
900 900
E =
2 600 2 600
> >
< <
———20.3 pm (simulation) --M--20.3 pm (experiment) ——0.098% (simulation) --®-- 0.098% (experiment)
300 —— 8.0 um (simulation) ~ --m-- 8.0 um (experiment) — 0.049:/0 (s!mulahon) © 0.049:/0 (experiment)
—— 5.7 um (simulation)  --M--5.7 um (experiment) 300 ——0.024% (simulation) --=--0.024% (experiment)
0 100 200 300 0 50 100 150 200
& Throughput (uL/min) Throughput (uL/min)
mm 8.0 ym diamagnetic beads 11.8 ym magnetic beads

Magnetic field
D E F
. : ‘ o : ‘..'4 ‘ 5 oL :
‘ -‘ : :Q <_.
= Y B N P

Figure 6.
Multiple sized bead separation in an iFCS device. (A) Averaged separation distance (number

of experiments n=3) between diamagnetic beads and magnetic beads. Diamagnetic beads
(20.3 pm, 8.0 um, and 5.7 pm) and magnetic beads (11.8 um) were spiked into a 0.292%
(v/v) ferrofluid at variable sample throughput (10 — 350 uL/min). (B) Averaged separation
distance (number of experiments n=3) between 8.0 um diamagnetic beads and 11.8 um
magnetic beads at ferrofluid concentration between 0.01% and 0.1%, and throughput
between 10 and 210 uL/min. (C) Bead trajectories of 8.0 pm diamagnetic beads (red) and
11.8 um magnetic beads (yellow) at sample throughput of 100 pL/min. A ferrofluid with a
concentration of 0.049% (v/v) was used. The green arrows indicate the flow direction. (D) In
absence of magnetic fields, all beads (20.3 and 8.0 pum diamagnetic beads, and 11.8 um
magnetic beads) were randomly distributed in the channel at the outlets. (E) When magnetic
fields were present, diamagnetic beads (20.3 and 8.0 um) flowed into the top outlet. Majority
of magnetic beads (11.8 pm) flowed into bottom outlet. (F) Image of collected beads from
outlets. The red fluorescent signal was from 8.0 um diamagnetic beads and the yellow
fluorescent signal was from 11.8 um magnetic beads. Gradient of magnetic field flux density
was 132 T/m (at the center of the microchannel) in all figures. Scale bars in (C-F): 200 um.
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Figure 7.
Measurement of physical size distribution of cancer cells and magnetic labeling of WBCs.
(A) Size distribution of cancer cell lines — Prostate cancer (PC-3), Breast cancer (MCF7,
MDA-MB-231, HCC1806), non-small cell lung cancer (H1299, H3122), small cell lung
cancer (DMS79, H69), and white blood cells from healthy donors. (B) Percentage of labeled
WBCs versus the number of magnetic beads (dynabeads) per WBC (n=500). The average
dynabeads per WBC was 25 + 8 (mean + standard deviation). The insert was the percentage
of WBCs labeled with <=7 dynabeads. More than 99.5% of WBCs were labeled with more
than one dynabeads (C) Percentage of labeled WBCs versus their volumetric fraction of
magnetic materials. The volume fraction of magnetic materials in a WBC
(¢pwBc = nx D%y,,abead X ¢Dyna,,ead/(D;3,V BC+nX D%ynabead) was calculated based on the

following parameters — number of Dynabeads on each WBC (), the diameter of the WBC in
question (Dy ), the volume fraction of magnetic materials in each Dynabead (¢ pynabead):

and the diameter of the Dynabead (Dpyuapeqaq). The volume fraction of magnetic materials in
each Dynabead (¢ pynaseaq) Was provided by the manufacturer to be 11.5% (v/v), and the
diameter of the Dynabead (Dpynabeaq) is 1.05 pm. The number of Dynabeads on each WBC

(m) was determined experimentally from image analysis, and the diameter of the WBC in
question (Dy, gc) Was calculated using their surface areas with the assumption that cells

were spherical.
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Figure 8.
Validation of iFCS using spike-in cancer cells. (A) Visualization of a typical separation

process of cancer cells and WBCs in one iFCS device. ~10° PC-3 cancer cells and ~10°
WBCs were spiked into a ferrofluid with a concentration of 0.029% (v/v) prior to the
separation. The concentration of cancer cells was chosen to be much higher than CTC
concentration in blood circulation for better visualization of the separation process. The
cellular mixture was processed in the iFCS device at a throughput of 100 puL/min; the
gradient of magnetic flux density was 132 T/m at the center of the microchannel. Bright-
field and fluorescent images of cancer cells and WBCs were shown here. Green fluorescence
was from PC-3 cancer cells and blue fluorescence was from the WBCs. Scale bar: 500 pm.
(B) Comparison of size distributions of H1299, MCF7, and MDA-MB-231 cancer cells
(n=3000) before and after iFCS separation showed no significant changes. (C) Magnetic
beads enumeration on the WBCs found in the iFCS output at different concentrations of
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ferrofluids. (D) Recovery rate for different cancer cell lines (spike ratio: ~100 cells spiked
per 1mL of blood). Recovery rate of 99.68 + 0.56%, 97.92 + 0.96%, 97.59 + 1.01 %, 98.75
+1.43 %, 99.35 £ 0.56 %, 98.71 £ 0.58%, 98.58 + 0.87%, 94.99 + 1.22%, 95.93 + 1.34%
and were achieved for PC-3, MCF7, MDA-MB-231, HCC1806, H1299, H3122, Jones,
DMS79, H69 cell lines, respectively. Error bars indicate standard deviation of three
experiments. (E) Recovery of spiked PC-3 cancer cells at variable ratios (spike ratios: 100,
250, 500, 1000, and 2000 PC-3 cells per one milliliter of blood). An average recovery rate of
98.8% (linear fit, R? = 0.9998) was calculated for PC-3 cancer cells. (F) Short-term viability
of recovered PC-3 cancer cells comparison before and after the iFCS separation. Cell
viability of PC-3 cells before and after separation was determined to be 98.72 + 0.44%, and
97.25 + 0.75%.
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Figure 9.
Validation of iFCS with canine and human cancer patients’ blood sample. (A)

Cytopathological staining of isolated CTC from a canine patient with stage 11 osteosarcoma.
CTCs were indicated by dotted green circles; WBCs were indicated by dotted red circles.
Scale bar: 10 um. (B) Bright-field and immunofluorescence images of 3 selected CTCs and
1 WBC separated from 2 human patients with stage IV breast cancer. Four channels were
used in immunofluorescence staining, including the CTC marker cytokeratin (CK, green),
leukocyte marker CD45 (red), and nucleus marker DAPI (blue). Cells were identified as
CTC if the staining pattern is CK+/CD45-, WBCs were identified as CK-/CD45+. Scale
bar: 10 pm.
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Table 1.

Distributions of physical diameters of three types of cancer cells before and after iFCS processing.

Cancer cell line Minimum Minimum cell average diameter average diameter P value, t-test
diameter (spiked, diameter (collected, (spiked, pm) (collected, pm)
Hm) Hm)
MCF7 7.12 6.55 17.48 £ 4.28 18.76 £+ 5.31 0.0001
MDA-MB-231 7.05 7.01 19.10 £ 3.57 19.92 £4.59 0.0001
H1299 6.64 7.77 19.89 + 4.64 20.44 + 4.86 0.017
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