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Simultaneous cell profiling and isolation based
on cellular antigen-binding capacity plays an important role in
understanding and treating diseases. However, fluorescence-
activated cell sorting (FACS) and magnetic-activated cell
sorting (MACS) are not able to meet this need, due to their
requirement for a large quantity of target cells and the
limitation stemming from bimodal separation. Here we report
a microfluidic method, termed quantitative ferrohydrodynamic
cell separation (qFCS), that achieved multimodal rare cell
sorting and simultaneous antigen profiling at a ~30,000 cell
min~' throughput with a 96.49% recovery rate and a 98.72%
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purity of recovered cells. qFCS profiles and sorts cells via cellular magnetic content of the magnetically labeled cells, which
correlates to cellular antigen-binding capacity. By integrating cellular magnetophoresis and diamagnetophoresis in
biocompatible ferrofluids, we demonstrate that the resulting qFCS device can accurately profile and isolate rare cells even
when present at ~1:50,000 target to background cells frequency. We show that the qFCS device could accurately profile and
isolate T lymphocytes based on a low-expression CD154 antigen and allow on-device analysis of cells after processing. This
method could address the need for simultaneous and multimodal rare cell isolation and profiling in disease diagnostics,

prognostics, and treatment.

cell separation, antigen-binding profiling, antigen-based separation, ferrohydrodynamic cell separation, rare cell separation,

ferrofluid

rofiling of surface antigen expression on rare cells and

their isolation for subsequent functional, protein, and

genetic analyses in a biological sample have significant
implications in disease diagnostics, prognostics, and treat-
ment."™* For example, in human immune-mediated diseases,
rare immune cells collected from patients were separated and
analyzed according to their antigens to evaluate the immune
function, disease state, and therapeutic effects.’”” In human
cancers, rare circulating tumor cells in the blood circulation of
the patients were sorted and characterized based on their
antigens to understand metastasis and inform therapeutic
options.*"? Surface antigen molecules on the rare cells are
responsible for a wide range of cellular functions, and their
expressions are often heterogeneous and can evolve dynam-
ically over the course of the cell cycle, making simultaneous
antigen-based profiling and cell isolation a critical but
challenging task. This task is further compounded by the
rarity of the target cells, which can occur when they exist at
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very low frequencies in a complex matrix or when a limited
amount of samples is available. These challenges made it
difficult for the application of conventional methods to
accomplish antigen profiling and cell isolation at the same
time.® Even though fluorescence-activated cell sorting (FACS)
has been well established for antigen profiling, it has limited
success in rare cell applications, and cells profiled by FACS are
not always suitable for subsequent analyses.'* An alternative
magnetic-activated cell sorting (MACS) can isolate rare cells
from a sample for downstream analysis via magnetic labeling of
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Figure 1. Overview of the quantitative ferrohydrodynamic cell separation (QFCS) method and its prototype device. (a) Schematic of indirect
magnetic labeling in which a primary antibody binds against a specific cell surface antigen, a secondary antibody conjugated to a magnetic
bead, then binds to the primary antibody through secondary binding sites. In this process, the cellular magnetic content of the cell-beads
complex becomes proportional to the cell’s antigen-binding capacity (the number of primary antibodies bound to the cell surface) under
specific conditions. (b) Schematic of a cell-beads complex experiencing competing “magnetophoresis” and “diamagnetophoresis” in
ferrofluids, which is a colloidal suspension of magnetic nanoparticles. Magnetophoretic force on the cell-beads complex results from the
conjugated magnetic beads and directs the cell-beads complex toward the maximum of a nonuniform magnetic field (black arrows).
Diamagnetophoretic force on the cell-beads complex results from magnetic nanoparticle-induced pressure imbalance on the cell-beads
complex’s surface and directs it toward the minima of the magnetic field (red arrow). These two magnetic forces are in opposite directions.
Color bar indicates the gradient of the magnetic field. (c) Schematic of the qFCS device design. Cell-beads complexes continuously flow
through six stages of the ferrofluids in the QFCS. When the condition @ .ji_peads < Prerroftuia is met, diamagnetophoretic force on the cell-bead
complex equals or overcomes the magnetophoretic force and drives it to the next stage. When the condition @ ._peads > Prerrofiuia i met, the
magnetophoretic force outweighs the diamagnetophoretic force and traps the cell-beads complex in the current stage. Each stage of the
qFCS with a ferrofluid concentration @ rouidatn (1 is n'™ stage) can trap cell-beads complexes with their cellular magnetic contents falling
in the range of P rofuid@tn-1 = Peell-beads > Prerrofiuid@#n Which is proportional to the cell’s surface antigen-binding capacity @, resulting in cell
isolation based on the levels of antigen-binding capacity. At the same time, distributions of a specific antigen-binding capacity among the cell
population can be profiled in gFCS by counting the cell-beads complexes in each stage. Blue arrows indicate the gradient of the magnetic
field. Green coloring in the device indicates the gradient of the ferrofluid concentration. (d) A photo of the microfluidic channels in the
qFCS device. (e) Top view of the gFCS microchannels. Cells suspended in the ferrofluid are injected into inlet A, and PBS buffer from inlet
B is applied to mix with the ferrofluid for dilution and generate spatially stable and variable concentrations in qFCS stages and cell-collection
chambers #1—6. (f) (Top panel) Ferrofluid concentration decreases continuously from stages and cell-collection chambers #1—6 in the
qFCS device. (Bottom panel) Experimental images of the qFCS device in the isolation of white blood cells (WBCs) labeled with CD45-
modified magnetic beads. As the ferrofluid concentration decreases from stage #1 to #6, the number of microbeads on WBCs and the
corresponding cellular magnetic contents also decrease.

surface antigens; however, it lacks the ability to perform
multimodal isolation based on the quantitative levels of antigen
expressions, due to the fact that it operates primarily via a
bimodal separation mechanism."> Because of the limitations
facing the conventional methods, it is urgently needed to
profile surface antigens from limited amounts of biological cells
and isolate the cells based on their antigen expressions in a
multimodal manner.

We report a microfluidic method that performs simultaneous
and multimodal rare cell profiling and isolation based on a
cellular property—cellular magnetic content—which is shown
to correlate to a magnetically labeled cell’s antigen-binding
capacity. This method relies on a microfluidic device
architecture that achieves precise control over the concen-
tration of a magnetic medium (ferrofluids) along a micro-
channel, resulting in concurrent characterization and isolation
of magnetically labeled rare cells according to their magnetic
contents and antigen-binding capacities with single-cell
resolution. We term this method, which achieves antigen
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profiling and cell isolation via ferrohydrodynamic forces acting
on cellular magnetic contents in a quantitative and multimodal
manner, quantitative ferrohydrodynamic cell separation
(qFCS). We show that qFCS allows the sorting of rare cells
into multiple cell-collection chambers in a prototype qFCS
device that integrates cellular “diamagnetophoresis” and
“magnetophoresis” in biocompatible ferrofluids in a continu-
ous-flow microfluidic device, leading to an overall 96.49%
recovery of rare cells with a high cell purity of 98.72% across
multiple cell lines. We find that qFCS has a very high level of
sensitivity and is able to quantitatively profile rare cells’
antigen-binding capacities accurately even when they are
present at ~1:50,000 target to background cell frequency and
when the cellular antigen expressions are low. The profiled
cells are isolated simultaneously into multiple cell-collection
chambers of the qFCS device according to the levels of their
antigen bindings, resulting in a multimodal isolation method
that can differentiate target cells with subtle cellular magnetic
content differences. qFCS offers high-performance antigen
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profiling and cell isolation that is not available in existing
magnetism-based microfluidic methods (Supporting Informa-
tion Table S1).%'72° In the next sections, we discuss the
theoretical background of qFCS, the design and calibration of
qFCS for specific cell applications, the evaluation of qFCS in
recovering rare cells and profiling rare cells’ antigen-binding
capacities, and the application of qFCS in T lymphocyte
profiling and isolation via a low-expression CD154 surface
antigen.

RESULTS AND DISCUSSION

Theory of Quantitative Ferrohydrodynamic Cell
Separation. The goal of the qFCS method is to
simultaneously provide quantitative information about the
antigen-binding capacity within the rare cells and isolate rare
cells based on their antigen-binding capacity in a multimodal
manner. This goal is achieved through a qFCS device that can
perform cell isolation according to cellular magnetic content, a
dimensionless variable defined as the volume fraction of
magnetic materials in a magnetically labeled cell. In this
section, cellular magnetic content is shown to correlate to the
cell’s antigen-binding capacity. We first discuss the relationship
between antigen-binding capacity and cellular magnetic
content, then derive the governing equations for qFCS to
guide the design and calibration of its devices.

Linking Cellular Magnetic Content of a Cell-Bead
Complex to Its Surface Antigen-Binding Capacity. The
predominant approaches in magnetic cell labeling include
direct and indirect labels.”” Direct labeling uses primary
antibodies conjugated to magnetic beads, in order to
selectively bind to cells that express the corresponding antigen
molecules. On the other hand, indirect labeling, a two-step
process, first uses a primary antibody against a specific cell
surface antigen, then uses a secondary antibody conjugated to a
magnetic bead to bind to the primary antibody through its
secondary binding sites. Here we derive equations to relate the
cellular magnetic content @ q_peads (@ dimensionless variable,
defined as the volume fraction of magnetic materials in a
magnetically labeled cell) from its magnetic bead labeling to its
surface antigen-binding capacity. We first consider the more
commonly used indirect magnetic labeling process. This
relationship derived for indirect labeling also holds true for
the case of direct labeling (Supporting Information, Figure S1).
The indirect magnetic labeling process is illustrated in Figure
la, where a primary antibody with secondary binding sites is
first bound to a specific antigen on a cell’s surface. Magnetic
beads with secondary antibodies then bind to the secondary
binding sites on the primary antibody, which forms a magnetic
cell-beads complex. The total number of magnetic beads

bound to a single cell's surface through indirect labeling
. 19,28,29
is

n =aXpXy

(1)
where a is the cell surface antigen-binding capacity, which is a
quantitative measure representing the number of the primary
antibodies bound to the cell. @ depends on three parameters,
including the total number of binding sites of both specific and
nonspecific antigens on the cell surface, the fraction of antigens
(specific and nonspecific) bound by the primary antibodies,
and the valence of the primary antibody (i.e., the number of
antigen-binding sites occupied by one primary antibody). /3 is
the antibody amplification due to the secondary antibody

‘magnetic-beads
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binding to multiple sites on the primary antibody. f is also a
quantitative measure that corresponds to the number of
secondary antibodies per primary antibody. It depends on
three parameters, including the number of binding sites on the
primary antibody recognized by the secondary antibody, the
fraction of binding sites on the primary antibody that are
bound by the secondary antibody, and the valence of
secondary antibody binding (i.e, the number of secondary
binding sites occupied by one secondary antibody). Finally, y
represents the number of magnetic beads conjugated to each
secondary antibody. For a more detailed derivation and
explanation of eq 1, the readers can refer to the Supporting
Information and previous publications.'”***’

Equation 1 shows that the total number of magnetic beads
bound to a single cell’s surface through indirect magnetic
labeling is determined by three parameters: « (antigen-binding
capacity, the number of the primary antibodies bound to the
cell), f (antibody amplification, the number of secondary
antibodies per primary antibody), and y (the number of
magnetic beads conjugated to each secondary antibody). For
cells used in this study, we assume that both f and y are
constant for the secondary antibody and magnetic beads when
they are made from the same batch. As a result, the total
number of magnetic beads 71,,gnetic-beads POUNd to a single cell’s
surface becomes proportional to the remaining variable, cell
surface antigen-binding capacity @, which corresponds to the
number of the primary antibodies bound to each cell.

= ka )
where k = f/ X y is assumed to be a constant for the same batch
of secondary antibody modified magnetic beads. For direct
magnetic labeling, antibody amplification is not present, which
leads to ff = 1. As a result, in both direct and indirect labeling
Processes, Myuonetic-beads aPPeArs to have a linear relationship
with @ when «a is relatively small. However, as « increases, the
available area on a cell’s surface becomes limited for magnetic
bead binding, and ygnetic-beads cOUld saturate due to steric
hindrance between neighboring magnetic beads. We show in
the Supporting Information that the linear relationship in eq 2
between f,,oneticbeads 20d @ is still valid for the cells and
magnetic beads used in this study because #,,gnetic-beads 1S below
the estimated saturation number (Supporting Information
Figure S2). For a detailed discussion on the steric hindrance
due to magnetic beads, the readers can refer to the Supporting
Information and previous publications.'”***’

We now establish the relationship between the cellular
magnetic content (. _peaqs and the total number of magnetic
beads @ pagnetic-beads PoUNd to a single cell’s surface, thus the cell
surface antigen-binding capacity @. The cellular magnetic
content ¢ q_peags Of @ cell—beads complex is defined as

nmagnetic—beads

¢ _ Vmagnetic-content
Cell-beads —
3)
where Viyenetic-content 15 the volume of magnetic materials of the
cell-beads complex, and V__pe.qs is the total volume of the
cell-beads complex including the cell and magnetic beads and
has the following expression:

‘/cell —beads

3 3
]TDceII ”Dmagnetic-bead

6 + nmagnetic—beads X 6

‘/cell—beads =

(4)

where the spherical diameter of the cell is D,y and the
diameter of a single magnetic bead is D,gnetic-bead- Substituting
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eq 4 into eq 3, we have the following expression to relate the
cellular magnetic content b peqs to the total number of
magnetic beads 71ygnetic-beads POUNd to a single cell’s surface:

3
7D agnetic-bead
X

nmagnetic —beads 6

¢magnetic— bead

d)cell—beads D3

‘magnetic-bead

zrDCSE
6" +n X

magnetic- beads 6
nmagnetic—beads X D magnetic-bead X ¢magnetlc bead

D} XD

c ell

magnetic—beads magnetic-bead

©)
The relationship between the cellular magnetic content
P cell-beads and the number of magnetic beads @ agnetic-beads O
the cell surface in eq 5 can be approximated as a linear
relationship when the cellular diameters are constant
(Supporting Information Figure S3). However, for realistic
cellular applications, cell diameters are heterogeneous; thus we
need to take into account its effect. For this purpose, eqs 2 and
5 are combined and simplified assuming D2, > Minagnetic-beads X
Dmagnetlc bead (the diameter of magnetic beads P rmagnetic-beads I
this study is ~10 times smaller than that of a cell D), which
leads to the following relationship between the cellular
magnetic content . pegs and the cell’s surface antigen-

binding capacity a:

_ 3
¢cell—beads - (kDmagnetlc bead¢magnetlc bead)

Dce]l (6)

Equation 6 shows that the cellular magnetic content @ . peads
is proportional to a “cell volumetric antigen-binding capacity”
OI/Dgeu when other ParamEterS k! Dfnagneticfbead) and ¢magnetic7beads
are constant. Equation 6 can be further transformed by
introducing a “cell surface density of antigen-binding capacity”
as = a/(xD?2,), which leads to

= (7kD?

magnetic- bead¢magnetic— bead)
Dy

B
cell—beads (7)
Equation 7 shows that the cellular magnetic content @ ._peads
is proportional to the ratio of surface density of antigen-
binding capacity to cellular diameter ag/D,y.

Equations 6 and 7 relate an experimentally measurable
entity—cellular magnetic content @ _t.q—t0 cells’ intrinsic
properties including their diameters and antigen-binding
capacities. The relationships between cellular magnetic content
@ cell-beads and the cell’s surface antigen-binding capacity a, or
the cell’s surface density of antigen-binding capacity a, depend
on the cellular diameter. As a result, once the cellular magnetic
content @ yi_pe.ds and cellular diameter D are determined, we
can use them to calculate the antigen-binding capacity or its
density. In the next section, we introduce the governing
equations of the quantitative ferrohydrodynamic cell separa-
tion, which enables us to experimentally measure the cellular
magnetic content @.._peads-

Governing Equations of gFCS. Given that in this study
cellular magnetic content (. pe.qs is related to the cell’s
surface antigen-binding capacity a and the cell’s surface density
of antigen-binding capacity @5, we aim to develop a
microfluidic technology that can experimentally quantify
@Peell_beads among a cell population while simultaneously
isolating cells based on their ¢ g pe,q. We achieved this goal
by integrating cellular “diamagnetophoresis” and “magneto-
phoresis” in biocompatible ferrofluids in a continuous-flow
microfluidic device. We term this method “quantitative
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ferrohydrodynamic cell separation” because it can isolate
cells based on the quantitative levels of an individual cell’s
antigen-binding capacity a. In comparison, traditional MACS
only performs binary cell separatlon in which labeled cells are
separated from unlabeled ones.'

The working principle of qFCS is summarized in Figure
1b,c. Within a cell population, cells of interest are first rendered
magnetic by either direct or indirect magnetic labeling. The
cellular magnetic content @ pe.qs Of 2 cell-beads complex
after labeling becomes related to its antigen-binding capacity a.
The cell population then continuously flows through a qFCS
device, which has multiple stages of ferrofluids with spatially
stable and variable magnetic concentrations over the course of
experiments. Within the device, gFCS generates a magnetic
force on the cell-beads complex, whose magnitude is dictated
by the delicate balance between the cell-beads complex’s
magnetization from the labeling of magnetic beads and the
cell-beads complex’s surrounding magnetic medium: ferro-
fluids. When the cell-beads complex’s magnetization
M_ji_beads €xceeds its surrounding ferrofluid’s magnetization
M. ronua the net magnetic force on the cell-beads complex
traps it in one of the stages of the device. On the other hand,
when the cell-beads complex’s magnetization My peags 1S
equal to or less than its surrounding ferrofluid’s magnetization
M. oquier the net magnetic force on the cell-beads complex
drives it to the next stage of the device. This way, as the cell
population flows through the qFCS device, cells can be isolated
into one of the chambers with a ferrofluid concentration that
matches their cellular magnetic contents, as well as their
antigen-binding capacity (Figure 1c).

The magnetic forces on the cell-bead complex in qFCS are
introduced as follows. Under an external magnetic field,
ferrofluids have a magnetization of Mofia, While the cell—
beads complex possesses a magnetization of My _pe.q0 due to
its labeling of magnetic beads. The interaction of the cell-bead
complex with the external magnetic field depends on the
balance of both “magnetophoresis” and “diamagnetophoresis”.
Figure 1b shows that magnetophoretic force results from the
conjugated magnetic beads on the cell and directs the cell
toward the maximum of a nonuniform magnetic field, while
diamagnetophoretic force results from the ferrofluids” magnetic
nanoparticle-induced pressure imbalance on the cell’s surface
and directs the cell toward the minima of the magnetic field.
The overall magnetic force on the cell-bead complex in the
ferrofluid under an external magnetic field can be found in
previous reports’* > and is also derived in detail in the
Supporting Information. Here we have the overall magnetic
force acting on the cell-beads complex, which is the sum of
the two competing forces: diamagnetophoretic and magneto-
phoretic forces:

+F

magnetophoretic

- Mceﬂ—beads) Y }H

P =

Fdiamagnetophoretic

(8)

Equation 8 is derived in detail in the Supporting Information.
We note that this magnetic force expression does not consider
magnetic bead-to-bead interaction and its effect on the force
experienced by the cell-beads complex. We estimated the
bead-to-bead interaction and its effect on the magnetic force in
the Supporting Information and found it to be negligible in our
experimental conditions. From eq 8, we know that the
direction and magnitude of the overall magnetic force F,
acting on a cell-beads complex in qFCS depends delicately on

= _ﬂo V;ell—beads { (M ferrofluid
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Figure 2. Design of the quantitative ferrohydrodynamic cell separation (QFCS) method for cell isolation. (a) Schematic of the qFCS device
shows the location of the permanent magnet and the microfluidic channels. This configuration leads to a magnetic flux density and gradient
sufficient for cell isolation. The permanent magnet (50.8 mm X 6.35 mm X 6.35 mm, L X W X H, N52 neodymium magnet) is placed
relative to the microfluidic device, as shown here. Under such configuration, a magnetic flux density of up to 0.36 T in the x—y plane (z = 0,
top panel) and up to 0.28 T in the x—z plane (y = 0, bottom panel) is generated (Supporting Information Figure S7). (b) (Simulation)
Simulated ferrofluid concentrations (@ ofuia) in the six cell-collection chambers at different time points. In this simulation, a 0.3% (v/v)
ferrofluid is injected into inlet A at a flow rate of 5 uL min~’, and a PBS buffer solution is injected into inlet B at a flow rate of 50 gL min~".
Prerrofiuia in each cell-collection chamber (#1—6, red dashed rectangles) is shown at 0.1, 0.3, 0.6, 1, 2, 5, and 10 min. Spatially stable ferrofluid
concentration can be established in the effective cell flow region of cell-collection chambers in 1 min. Color bar shows the magnitude of the
ferrofluid concentrations. (c) (Simulation) Spatially stable and monotonically decreasing . ofuia profile can be established in the qFCS
device after 1 min. Concentration is calculated by averaging the effective flow region in each chamber. (d) (Experiment) Bright-field images
of the ferrofluid in the cell-collection chambers of the qFCS device at variable concentrations from 0.03% to 0.3% are used to determine a
linear relationship between the light absorbance of ferrofluids and @ onuq- The theory of this linear relationship is discussed in the
Supporting Information. The light absorbance of the ferrofluid is calculated by log,(ip/iferromuia)s Where iy is the mean of the grayscale value
of a bright-field image without ferrofluids, and i, .4 is the mean of the grayscale value of a bright-field image with ferrofluids. The bright-
field images are taken near the ferrofluid inlet (inlet A) of the qFCS device. (e) (Experiment) The linear relationship between the
experimentally measured magnetization of the ferrofluid and @ onuq- Linear fitting of the relationship (R* = 0.9997, n = 3) shows that
ferrofluid magnetization is proportional to (¢...oquiq as expected. (f) Simulation (left panel) and experimental (right panel) results of Pg.rroauia
in the cell-collection chamber at variable flow ratios (ferrofluid: buffer). The ferrofluid flow rate (inlet A, 0.3%, v/v ferrofluid) is 5 L min™,
while the buffer flow rate (inlet B, PBS buffer) is 40—100 gL min". (g) (Simulation) Simulated cell trajectories in stage #1 of the qFCS
device. (Left panel) In the case of @ o_peads < Prerrofiuiay it Which the cellular magnetic content ¢ _y.q4s of a cell-beads complex (10 gm
diameter, labeled with five magnetic beads (magnetic beads: 1.05 gm diameter, 11.5% (v/v) magnetic content)) is less than or equal to the
ferrofluid concentration bg,oquq in that stage (stage #1), the cell-beads complex is driven to the next stage of the device. (Right panel) In
the case of @ e peads > Prerrofiuicy i Which the cellular magnetic content b ._p.q; Of a cell-beads complex (10 ym diameter, labeled with 30
magnetic beads (magnetic beads: 1.05 gm diameter, 11.5% (v/v) magnetic content)) is larger than the ferrofluid concentration @ ofuiq in
that stage (stage #1), the cell-beads complex is trapped at stage #1. The ferrofluid (0.3% v/v) flow rate is 5 yL min~' and buffer flow rate is
50 pL min~" in the simulation. Color bar shows the magnitude of the magnetic flux density. (h) (Experiment) Phase contrast (top) and
fluorescent (bottom) images of cell trajectories of human white blood cells (WBCs) labeled with magnetic beads targeting CD45 in the
qFCS device (stage #1). Ferrofluid concentration is 0.3% (v/v), ferrofluid flow rate is 5 gL min~", and buffer flow rate is 50 gL min". Purple
dashed ellipse shows the cell-beads complexes with @ .jj_peads < Perroiuiav While the red solid ellipse shows the cell-beads complexes with
Peetlbeads > Prerrofiuia- The green box on the device schematic shows the location of the observation window (stage #1).

the product of the cell-beads complex’s volume and the concentration, which is the volume fraction of magnetic

magnetization contrast between the cell-beads complex and materials in the ferrofluid) and the bulk magnetization of

the ferrofluid, i.e., the term Vg peads Meerrofiuid — Meell—beads) i magnetic materials in the ferrofluid My, ferrofluia:

eq 8. We note that similar to the case where a cell-beads R . -

Complex’s magnetization Mcell—beads is the PrOduCt of its Mferroﬂuid = ¢ferroﬂuid X Mbulk—ferroﬂuid (9)

magnetic content ¢e_peds and the bulk magnetization of

magnetic materials in the magnetic bead My cell-beads 2 Now we consider the case in which a cell-beads complex flows

ferrofluid’s magnetization Mg oquq iS also the product of its through one of the stages of the ferrofluids in the qFCS

magnetic content (ponuq (Often referred to as ferrofluid (Figure 1c). When the condition of M _peads < Mierrofiuid 1S
98 https://doi.org/10.1021/acsnano.2c04542
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met, i.e., Pl beads < Prerrofiuia assuming the ferrofluid and the
magnetic beads are made of the same magnetic material, the
diamagnetophoretic force overcomes the magnetophoretic
force and drives the cell-beads complex to the next stage
against a hydrodynamic viscous drag. On the other hand, when
the condition of Mcellfbeads > Mferroﬂuid is met, i.e, ¢cellfbeads >
QPrerroiuiay the magnetophoretic force outweighs the diamagne-
tophoretic force and traps the cell-beads complex in that
stage. This way, each stage of the qFCS with a variable
ferrofluid concentration g oqiq can trap cell-beads com-
plexes with matching cellular magnetic content. Because
cellular magnetic content ¢b . peqqs i shown to correlate to
the cell’s surface antigen-binding capacity @ and the cell’s
surface density of antigen-binding capacity ag, we can then use
gFCS to isolate cells based on their binding levels of a specific
antigen, while also measuring the distribution of that antigen’s
binding capacity among the cell population.

We applied the above-mentioned qFCS principle to the
design and fabrication of a prototype device, which consists of
a microfluidic device and a permanent magnet (Figure Ic).
The microfluidic device, shown in Figure 1d,e, has six stages of
spatially stable and concentration variable ferrofluids that can
be generated and maintained over the course of the
experiments (Figure 1f, top panel). Each stage of qFCS has
a corresponding cell-collection chamber (dashed boxes in
Figure le) that is used to collect cell—beads complexes with a
matching cellular magnetic content to the ferrofluid concen-
tration in that stage. This prototype device could isolate
human white blood cells (WBCs) into the cell-collection
chambers based on their cellular magnetic contents ¢.q_peads
and their antigen-binding capacity of CD45 (Figure 1f, bottom
panel). In the following section, we discuss the design
considerations and calibration processes of the prototype
qFCS device for specific cell separations.

Design and Calibration of qFCS. Design of gFCS. From
the discussions in the previous section, we learn that the
following outcomes are desired in order to apply the qFCS
method for cell separations: (1) generation and maintenance
of multiple spatially stable ferrofluid stages with variable
concentrations; (2) trapping of the cell-beads complex in a
stage that satisfies the condition of @ e _peads > Prerrofiuia- We
addressed these considerations through a prototype qFCS
device illustrated in Figures 1d,e and 2a. In this device design, a
ferrofluid flow with cells (inlet A, Figure le) is continuously
mixed with a buffer flow (inlet B, Figure le) and diluted in its
concentration as it flows through the six stages (#1—6, Figure
le) of the device. In this process, six cell-collection chambers
(dashed box #1—6, Figure le) with spatially stable and
decreasing ferrofluid concentrations are generated and
sustained over time to allow for cell isolations in these
chambers. A permanent magnet (Figure 2a) is positioned
underneath the microfluidic device and close to the chambers,
so that sufficient magnetic forces (Supporting Information
Figure S7) can be produced to either trap the cell—bead
complex in one of the cell-collection chambers or drive it to
the next stage of the device, based on the contrast between the
cellular magnetic content and the ferrofluid concentration in
that stage. Separated cells in each cell-collection chamber can
be characterized for their cellular magnetic contents or
collected via the outlets (outlets, Figure le) for further
analysis. In designing this prototype device, we chose the
number of stages and cell-collection chambers to be six in
order to balance the complexity of the device and the ability to
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separate cells in a multimodal manner. The rationale to balance
device complexity and multimodal cell separation can be
explained as follows: as the number of stages and cell-
collection chambers in a qFCS device increase, the complexity
of the overall microfluidic channels, especially the number of
microchannels used for ferrofluid dilution (serpentine-shaped
channels in Figure 2b) increases, which leads to a reduced
maximum cell flow rate and cell-processing throughput of the
device; on the other hand, as the stages and cell-collection
chambers decrease, the modes (cell-collection chambers) of
the magnetic content-based cell isolation decrease. The current
qFCS device has six stages and cell-collection chambers so that
it can process a reasonable amount of cell samples at a ~5 uL
min~" flow rate and a ~ 30,000 cell min™" throughput, while
still providing six modes (cell-collection chambers) that can
completely separate cells with a minimum difference in their
cellular magnetic contents.

We proceeded to calibrate the qFCS device to evaluate its
ability to isolate and profile cells based on cellular magnetic
content. The device was first examined for its ability to
generate and maintain six stages of spatially stable and
concentration-variable ferrofluids over time. Simulated profiles
in Figure 2b,c show that spatially stable ferrofluid concen-
trations in the effective cell flow region of the cell-collection
chambers can be established in ~1 min and maintained with a
continuous flow of ferrofluids (inlet A, Figure le) and buffer
(inlet B, Figure le). The effective cell flow region of cell-
collection chambers is defined as the region where the cells can
travel to. In order to experimentally measure the ferrofluid
concentrations in the qFCS cell-collection chambers, we first
established a linear relationship between a ferrofluid’s light
absorbance and its concentration (volume fraction of magnetic
materials) in Figure 2d. The theory of this linear relationship is
derived in the Supporting Information and Figure SS. Using
this linear relationship, together with the fact that a ferrofluid’s
magnetization is proportional to its concentration (Figure 2e),
we obtained the ferrofluid concentration in the qFCS cell-
collection chambers based on its light absorbance through
imaging. This enabled us to investigate the ferrofluid
concentration profiles in these chambers at variable flow
rates and flow ratios (ferrofluid: buffer). Figure 2f shows the
relationship between the ferrofluid concentrations in the cell-
collection chambers at a constant ferrofluid flow rate, but with
variable flow ratios (ferrofluid: buffer). Both simulation and
experimental data in Figure 2f confirm that monotonically
decreasing ferrofluid concentrations can be established in the
qFCS device across stages and cell-collection chambers #1—6.
Lowering flow ratios between the ferrofluid and the buffer
accelerates the dilution of ferrofluids (Figure 2f) while keeping
the flow ratio between the ferrofluid and buffer constant results
in the same decreasing trend of dilution (Supporting
Information Figure S6). From these results, we confirm that
(1) a total of six spatially stable ferrofluid concentrations can
be established in ~1 min in the qFCS device and sustained
over time to allow for subsequent cell profiling and isolation;
(2) the maximum of the ferrofluid concentrations in the qFCS
device is determined by the concentration of the starting
ferrofluid flow (Supporting Information Figure S8), while the
decreasing trend of the ferrofluid concentrations across six
stages and cell-collection chambers in the qFCS device is
determined by the flow ratio between the ferrofluid and the
buffer. These findings allow us to design patterns of ferrofluid
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Figure 3. Calibration of the quantitative ferrohydrodynamic cell separation (qQFCS) method for cell isolation. (a) (Simulation) Estimated
distribution of cellular magnetic contents (@ q_peaqs) for the cells used in this study. ¢ y_peqgs is 0.25 + 0.51% (v/v, mean + s.d., n = 2,550),
for the cellular diameter and magnetic beads used in this study (cell diameter: 5S—30 gm, number of magnetic beads per cell: 1-50, each
magnetic bead has a diameter of 1.05 gm and a magnetic content of 11.5% (v/v)). (b) (Simulation) (Left panel) Distribution of b ej_peags in
the six cell-collection chambers of the qQFCS device under the following conditions: a ferrofluid flow rate of 5 yL min™' and a buffer flow rate
of 50 uL min™. @ _peads (%, v/v, mean + s.d.) are 1.01 + 0.74 (chamber #1, n = 509), 0.26 + 0.02 (chamber #2, n = 88), 0.19 + 0.02
(chamber #3, n = 167), 0.12 + 0.02 (chamber #4, n = 241), 0.07 + 0.01 (chamber #5, n = 317), 0.04 + 0.01 (chamber #6, n = 409), and 0.01
+ 0.01 (waste outlet, labeled as “W”, n = 819). (Right panel) Distribution of ¢ j_p..4 in the six cell-collection chambers of the gFCS device
under the following conditions: a ferrofluid flow rate of 5 uL min~"' and a buffer flow rate of 100 gL min™". ¢ oy_peads (%, v/v, mean + s.d.)
are 1.01 + 0.74 (chamber #1, n = 509), 0.22 + 0.04 (chamber #2, n = 247), 0.12 + 0.02 (chamber #3, n = 269), 0.06 + 0.01 (chamber #4, n
=323), 0.03 + 0.01 (chamber #5, n = 403), 0.02 + 0.004 (chamber #6, n = 382), and 0.01 + 0.004 (waste outlet, labeled as “W”, n = 417).
The starting ferrofluid concentration (@r.rrofiuia@e:) is 0.3% (v/v) in both simulations. (c) (Experiment) Bright field images of anti-CD45-
modified magnetic beads labeled white blood cells (WBCs) isolated in the cell-collection chambers of the qFCS device. Isolated WBCs in
each cell-collection chamber are imaged to extract cell diameters and count the number of magnetic beads per cell to calculate ¢ j_peags- (d)
(Experiment) Distribution of cell diameters and @) yj_peaqs in each cell-collection chamber. The number of magnetic beads on each cell is
shown. (e) (Experiment) Distribution of b jj_pe.as cell—beads complexes in each cell-collection chamber of the qQFCS device is summarized
for WBC isolation based on their CD45 binding capacity. (Left panel) ¢ ji_peaas (%, v/v, mean + s.d.) of WBCs are measured to be 0.51 +
0.18 (chamber #1, n = 1,481), 0.26 + 0.02 (chamber #2, n = 706), 0.19 + 0.02 (chamber #3, n = 1,171), 0.12 + 0.02 (chamber #4, n =
1,064), 0.07 + 0.01 (chamber #5, n = 458), 0.04 + 0.01 (chamber #6, n = 174), and 0.02 + 0.00 (waste outlet, labeled as “W”, n = 49).
(Right panel) The percentages of cells in each cell-collection chamber in the qFCS device after cell isolation. This experiment is conducted
with a starting ~5,000 WBCs at a concentration of 25,000 cells/mL that are indirectly labeled with anti-CD45 magnetic beads (magnetic
beads: 1.05 ym diameter, 11.5% (v/v) magnetic volume fraction) and processed in the qFCS device with the following conditions: starting
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Figure 3. continued

ferrofluid concentration (g, onuida 0-3% (v/v), ferrofluid flow rate S uL min~", buffer flow rate SO #L min~". (f) (Experiment) Similar study
of WBC isolation based on their CD45 binding capacity in the qFCS device as in (d), except that the buffer flow rate is 100 gL min~". (Left
panel) @ .ii_peads (%, V/V, mean + s.d.) are 0.52 + 0.15 (chamber #1, n = 1,341), 0.22 + 0.04 (chamber #2, n = 1,906), 0.12 + 0.02 (chamber
#3, n = 1,094), 0.07 + 0.01 (chamber #4, n = 422), 0.04 + 0.01 (chamber #5, n = 158), 0.02 + 0.00 (chamber #6, n = 45), and 0.01 + 0.00
(waste outlet, labeled as “W”, n = 4). (Right panel) The percentages of cells in each cell-collection chamber in the qFCS device after cell
isolation.

Table 1. Quantification of Multimodal and Nonoverlapping Cell Profiling and Isolation Based on Cellular Magnetic Contents
in the qQFCS Device

range of cellular magnetic contents in the cell-collection chambers (v/v, %)

cell cell cell cell cell
starting ferrofluid flow ratio range of cellular magnetic ~ collection  collection  collection  collection  collection
concentration (ferrofluid: sources of contents that can be chambers chambers chambers chambers chambers  cell collection
(v/v, %) buffer) data profiled (v/v, %) #1 #2 #3 #4 #5 chambers #6
03 Vierrotuia: Vousier = Simulation 0.00049-3.64 030-3.64 023-030 015-023  0.09-0.5 005-0.09  0.03-0.05
SISOUL min™' Byoeriment 0.013-1.16 030-1.16 0.23-030 0.15-023 0.09-0.15  0.05-0.09  0.03—0.05
Vieofuia: Vourer = Simulation 0.00049—3.64 030-3.64 0.15-030 0.09-015 0.05-0.09  0.03-0.05  0.01-0.03
$:100uL min™"  Eyperiment 0.012—1.18 030-1.17  0.15-030 0.09-0.15 0.05-0.09 0.03-005  0.02-0.03
0.03 Vierotuida: Vouter = Simulation 0.00049—3.64 0.030— 0.023— 0.015— 0.009— 0.005— 0.003—0.005
5:50 uL min™" 3.640 0.030 0.023 0.015 0.009
Viemofuid: Vourer = Simulation 0.00049—3.64 0.030— 0.015— 0.009— 0.005— 0.003— 0.001—0.003
5:1004L min~ 3.640 0.030 0.015 0.009 0.005
concentration in the qFCS device according to specific cell ferrofluid concentration and flow ratios between the ferrofluid
separation needs. and the buffer, should be carefully optimized by taking into
The qFCS device was also examined through simulation and account the physical and magnetic properties of the cells. The
experiments for its ability to trap cell-beads complexes in a cells used in this study, including cancer cells and peripheral
cell-collection chamber that satisfies the condition of ¢ qj_peads blood mononuclear cells (PBMCs), are estimated to have a
> Prerrofiuia- We chose a total flow rate for the gFCS device that physical diameter of 5—30 um, with each cell being indirectly
was sufficiently slow so that cells passing through the device labeled with 1—50 magnetic beads. The magnetic beads used
were predominately distinguished based on the contrast of in this study have a 1.05 ym diameter and an 11.5% volume
their cellular magnetic contents and the ferrofluid concen- fraction of magnetic materials. Using these physical and
tration (Supporting Information Figure S9). Simulated cell magnetic properties, we estimated the distribution of cellular
trajectories in Figure 2g show that the stages and cell-collection magnetic contents among the cell population to be 0.25 +
chambers in the qFCS device can successfully differentiate 0.51% (v/v, mean + s.d, n = 2,550) in Figure 3a. The
cell-beads complexes based on the contrast of their magnetic estimated cellular magnetic content instructed us to choose the
content @ _pegs and the concentration of surrounding starting ferrofluid concentration to be ~0.3% (v/v) so that the
ferrofluids Qg onuiq- For example, in the case of Pea_peads < majority of the cell-beads complexes can be isolated and
@Prerrofiuia Shown in the left panel of Figure 2g, diamagnetopho- profiled in the six cell-collection chambers of the qFCS device.
retic force on the cell-beads complex equals or outweighs the Prior to the cell experiments, we used simulations to
magnetophoretic force and drives it to the next stage of the investigate the range of cellular magnetic contents in the
device. In the case of @y peads > Prerrouid in the right panel of qFCS’s cell-collection chambers. Figure 3b shows the data in
Figure 2g, magnetophoretic force exceeds diamagnetophoretic which a total of 2,550 cell-beads complexes, with their
force on the cell-beads complex and traps it in the current physical and magnetic properties sampled from Figure 3a, were
stage. Experimental images of the cell trajectories in Figure 2h simulated using different flow ratios (ferrofluids: buffer). First,
reveal that the magnetic force generated by the permanent we learn that spatially stable and variable concentrations of
magnet (Supporting Information Figure S7) in the qFCS ferrofluids were generated and sustained in both simulations.
device resulted in a clear differentiation of two groups of cells In both cases, the maximum ferrofluid concentration was
based on their magnetic contents (Peei_peads < Prerrofiuid OF decided by the starting ferrofluid concentration ferofuid@wis
QDeelibesds > Prerrofiia) in one of the stages (stage #1). In which was 0.3% (v/v). The decreasing trend of ferrofluid
summary, through both simulation and experiments, we concentrations across six stages was decided by the flow ratio
designed a qFCS device that can generate and sustain spatially between the ferrofluid and the bufter. Having a larger flow ratio
stable and variable ferrofluid concentrations across its six stages between the ferrofluid and buffer led to a faster dilution of
and cell-collection chambers to enable multimodal magnetic ferrofluids, therefore a smaller minimum ferrofluid concen-
content-based cell profiling and isolation. This device is tration (r.onudess at the last stage (sixth stage) of the device.
calibrated in the next section to optimize its operating Second, cell-beads complexes were successfully isolated into
parameters for specific cell applications. one of the cell-collection chambers with matching cellular
Calibration of gFCS. We now have a qFCS device that can magnetic content and ferrofluid concentration. For example,
generate and sustain six stages of decreasing ferrofluid the n™ cell-collection chamber with a ferrofluid concentration
concentrations @014 and profile and isolate cells based on Of Pperrofuid@#n €an isolate cell—beads complexes with a cellular
cellular magnetic contents. However, for specific cell types, the magnetic content (. peqs that falls into the range of
operating parameters of this device, including its starting Prerrofluid@tn—1 > Peell—beads > Prerrofluid@tn We summarize the
101 https://doi.org/10.1021/acsnano.2c04542
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Figure 4. Experimental validation of the qFCS device for its capabilities of quantifying antigen-binding capacity. (a—e) qFCS quantifies
“volumetric antigen-binding capacity” in cultured cancer cells and peripheral blood mononuclear cells (PBMCs) through cellular magnetic
contents . _pc.qs Five separate experiments were conducted using qFCS. Each qFCS experiment started with ~1,000 cells (MCF7 breast
cancer, MDA-MB-231 breast cancer, or PMBCs), which were labeled with magnetic beads (diameter: 1.05 gm; magnetic content: 11.5% (v/
v)) through indirect labeling of respective antibodies (anti-EpCAM for MCF7 breast cancer cells or MDA-MB-231 breast cancer cells, anti-
CD45, anti-CD3, and anti-CD11b for PMBCs). These ~1,000 labeled cells were spiked into ~1,000,000 unlabeled PBMCs with a final
volume of 200 #L and then processed by the qFCS devices. qFCS device processing parameters included a starting ferrofluid concentration
Prerrofiuia Of 0.15% (v/v), a ferrofluid flow rate of 5 uL min~', and a buffer flow rate of 50 #L min™". Isolated cells in the chambers of the qFCS
device were counted and calculated for their cellular magnetic contents ) _peaase The numbers in the gFCS plots are the number of cell-
collection chambers. (a) Cellular magnetic content @b .jj_pe.qs targeting EpCAM for MCF7 breast cancer cells. (b) )coi_peaqs targeting EpCAM
for MDA-MB-231 breast cancer cells. (¢) @ oi_peags targeting CD45 for PMBCs. (d) @ uji_peass targeting CD11b for PMBCs. (e) @ ei—peads
targeting CD3 for PMBCs. (f) ).ai_peads targeting CD11b and CD3 for PMBCs with a 0.3% (v/v) starting ferrofluid concentration. (g)
Comparison of ¢ ._peaqs targeting CD45 for PMBCs with different flow ratios. (h) Means of ¢ jj_peaqs in €ach cell-collection chamber of the
qFCS device. The means are calculated using experimental data from (a)—(e). @ co_peags (%, V/v) are 0.28—0.34 (chamber #1), 0.13—0.15
(chamber #2), 0.09—0.10 (chamber #3), 0.05—0.07 (chamber #4), 0.03—0.05 (chamber #5), 0.02—0.03 (chamber #6), and 0.005—0.01
(waste outlet). (i) Comparison between flow cytometry and qFCS in profiling CD4S density in PBMCs. qFCS used magnetic bead density,
which was proportional to antigen-binding capacity density. (j) qQFCS profiled and isolated cells based on CD45 density into its six cell-
collection chambers. (k) Mean magnetic bead densities in each cell-collection chamber. (I) Three modes of antigen-binding capacity based
operation of qFCS, depending on cellular diameters.

ranges of cellular magnetic contents in each cell-collection ratio (Figure 3b, left panel, Viofuia: Voutier = 5:50 #L min™"),
chamber when the sample passed through the device in Table the decreasing trend of ferrofluid concentrations is slower,
1, which shows that each chamber isolated a specific and which leads to a narrower range of cellular magnetic contents
nonoverlapping range of cellular magnetic contents. We note that can be isolated and profiled. On the other hand, a smaller
that the ranges of cellular magnetic contents between flow ratio (Figure 3b, right panel, Viopuia: Vouter = 5:100 L
neighboring chambers are not uniform, mainly because of min~') results in a faster-decreasing trend of ferrofluid
the nonlinearity in the decreasing trend of the ferrofluid concentrations, which implies a broader range of cellular
concentrations in the current device. We also note that cell- magnetic contents that can be isolated and profiled (Table 1).
collection chamber #1 has a much wider range of cellular These simulation findings were compared with cell experi-
magnetic content comparing to other chambers, because it ments in which ~5,000 WBCs with 6—23 um diameters,
captures any cell-bead complex that satisfies the condition indirectly labeled with anti-CD45-modified magnetic beads,
Deeli—beads > Pferrofiuid@rr- Third, the flow ratio between the were profiled and isolated by the qFCS devices in Figure 3c—f.
ferrofluid and the buffer determined the decreasing trend of First, experimental images in Figure 3c,d from the WBC
ferrofluid concentrations across six stages. With a larger flow profiling and isolation experiments show that neighboring cell-

102 https://doi.org/10.1021/acsnano.2c04542
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collection chambers in the gFCS device can differentiate cell—
beads complexes based on their cellular magnetic contents
@ cell—beads- In each cell-collection chamber, qFCS captures a cell
subpopulation that has variable cellular diameters and a
variable number of magnetic beads. Mean diameters of cells
increase from chamber #1 to #6 (Supporting Information
Figure S11). Within each chamber, the number of magnetic
beads on cells increases as the cell diameter increases
(Supporting Information Figure S12). However, the cells in
each chamber have a predetermined range of cellular magnetic
contents .o peags that is decided by the ferrofluid concen-
tration in that stage, demonstrating qFCS’s ability to
differentiate cells based solely on @ _peaqss The experimental
range of cellular magnetic contents in each chamber matched
the simulation data in Table 1. Second, we note that the
ferrofluid concentration profiles and the range of cellular
magnetic contents that can be processed from these experi-
ments in Figure 3ef are consistent with the simulation
estimates. The comparisons of simulation and experimental
data are presented in Table 1. Third, we note that the waste
outlets in WBC experiments in Figure 3e,f contain a 1 to 2
orders of magnitude smaller number of cells compared to their
simulation estimates in Figure 3b. This can be attributed to the
fact that the simulations in Figure 3b overestimated the
number of cells that have small cellular magnetic contents
(large diameters with very few magnetic beads attached).
Taken together, these findings validated the simulation data so
that the simulation process can be used in the future to
determine the operating parameters of the qFCS device,
including the starting ferrofluid concentration and flow ratios
between the ferrofluid and the buffer, for specific cell
separation applications.

Evaluating gFCS for Simultaneous Cell Profiling and
Isolation. Cell Profiling by gFCS. Using the prototype qFCS
device and its optimized operating parameters, we validated
the device with spiked cancer cells and PBMCs. These
experiments were conducted to evaluate the performance of
qFCS in both profiling antigen bindings and isolating rare cells
based on their antigen bindings among a cell population. First,
we evaluated the ability of qgFCS in quantifying antigen-binding
capacity in cultured cancer cells and PBMCs. qFCS profiles
and separates cells based on the cellular magnetic content
@ecell_beads Which correlates to cells” antigen-binding capacities
and their cellular diameter as discussed in eqs 6 and 7. From
the discussion we know that cellular magnetic content
@cell_beads 18 proportional to a “cell volumetric antigen-binding
capacity” a/D3,, as well as to the ratio of antigen-binding
capacity density to cellular diameter ag/Dy. It also follows
that @ e peaqs 18 proportional to a when cellular diameters are
constant. As a result, the experimental determinations of
@cell_beads and/or D can be used to profile the cells” antigen-
binding capacity.

The experiments in this section optimized the operating
parameters of the qFCS device, including a starting ferrofluid
concentration (gofud of 0.15% (v/v), a ferrofluid flow rate of
5 uL min~!, and a buffer flow rate of S0 yL min~'. The
parameters were chosen after evaluating the cells’ physical
features and magnetic labeling. Five separate cell experiments
were conducted to evaluate the profiling performance of the
qFCS. The qFCS device can profile cells even with a low
number of target cells. Each qFCS cell experiment started with
~1,000 cells from a single culture (MCF?7 breast cancer, MDA-
MB-231 breast cancer, or PMBCs). The cells were indirectly

103

labeled with magnetic beads (diameter: 1.05 ym; magnetic
content: 11.5% (v/v)) that use antibodies targeting specific
antigens on the cell surface (anti-EpCAM for MCF7 breast
cancer cells or MDA-MB-231 breast cancer cells, anti-CD4S,
anti-CD11b, and anti-CD3 for PMBCs). Labeled cells were
then spiked into ~1,000,000 unlabeled PBMCs with a final
volume of 200 yL and processed by a qFCS device. Cells in
each cell-collection chamber of the device were imaged and
analyzed for their cellular magnetic contents ¢ ._pe.as (Figure
4a—e). We note that the qQFCS devices profiled the “volumetric
antigen-binding capacities a/DZ;" of all five types of cells,
through their cellular magnetic contents @ s at a low
target to background cell frequency of 1:1,000. qFCS profiling
depended sensitively on the experimental conditions including
the starting ferrofluid concentration @g,ofuia@er and the flow
ratio (ferrofluid: buffer). Figure 4f compares the difference of
CDI11b and CD3 profiling of PBMC between a starting
ferrofluid concentration @y onuids 0-3% (v/v) and 0.15% (v/
v) presented in Figure 4d,e. Shifting the starting ferrofluid
concentration in a qFCS device could lead to a shift in
@ cell_beads profiles. Figure 4g shows that decreasing the flow
ratio (ferrofluid: buffer) resulted in a slightly larger range of
@D cell_beads Deing profiled. Taken together, these data show that
the qFCS devices are flexible in profling ¢ .. _peaqs With variable
combinations of ferrofluid concentrations and flow ratios
(ferrofluid: buffer) to suit specific cell types and properties. We
observe that the current qFCS device provides excellent
multimodal cell isolation in differentiating cell-beads com-
plexes with subtle cellular magnetic contents @ _peqs Figure
4h summarizes the mean cellular magnetic contents @ g peags
in each cell-collection chamber of the device from the five cell
experiments described above. Each cell-collection chamber of
the qFCS device can profile cells with consistent cellular
magnetic contents (b y_peags across different cell types (0.28—
0.34 in chamber #1, 0.13—0.15 in chamber #2, 0.09—0.10 in
chamber #3, 0.05—0.07 in chamber #4, 0.03—0.05 in chamber
#5, 0.02—0.03 in chamber #6, and 0.005—0.01 at the waste
outlet). We summarize the ranges of cellular magnetic contents
Deeli—beads i each cell-collection chamber in Table 1, which
shows that the simulation and experimental data obtained from
the qFCS calibration in Figure 3 are consistent with each
other.

Next we evaluated qFCS ability in profiling the density of
antigen-binding capacity ag for cells and compared it to flow
cytometry. We know that cellular magnetic content @ .y p.cags is
proportional to ag/D. from eq 7. As a result, once the cellular
magnetic content . pegs and cellular diameter D are
experimentally determined, we can use them to calculate as.
Because k in eq 2 was unknown in this experiment, we chose to
profile cells based on the density of #,,gnetic-beady Which is
proportional to ag. For experiments, we first conducted a flow
cytometry measurement for ~1,000,000 PMBCs that were
fluorescently labeled with an antibody targeting anti-CD4S.
After flow cytometry analyses, fluorescent intensities of
~10,000 cells from this experiment are summarized and
plotted (Figure 4i, inset). We note that the flow cytometry
requires a relatively large number of target cells for antigen
profiling. In contrast to flow cytometry, the qFCS device
provided accurate profiling of antigen-binding capacity
densities even with only ~1,000 target cells. These ~1,000
PMBCs in the qFCS experiment were indirectly labeled with
magnetic beads (diameter: 1.0S ym; magnetic content: 11.5%
(v/v)) that use the same antibody targeting the same antigen
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Figure S. Experimental validation of the gFCS device for its capabilities of isolating rare cells. (a) Recovery rates and purities of spiked cells.
Recovery rate of 96.96 + 3.59%, 94.95 + 4.87%, 99.90 + 1.01%, 97.45 + 0.76%, and 93.18 + 4.63% were achieved for MCF7 targeting
EpCAM, MDA-MB-231 targeting EpCAM, PBMCs targeting CD45, PBMCs targeting CD3, and PBMCs targeting CD11b, respectively (all
values are mean =+ s.d., n = 3). Purities of 99.27 + 0.35%, 98.95 + 0.24%, 99.03 + 0.48%, 98.03 + 1.24%, and 98.31 + 0.76% were achieved
for MCF7 targeting EpCAM, MDA-MB-231 targeting EpCAM, PBMCs targeting CD45, PBMCs targeting CD3, and PBMCs targeting
CD11b, respectively (all values are mean + s.d., n = 3). (b) Relationship between the cell recovery rate and the number of spiked cells. A
series of cell spike-in experiments were conducted to quantity the recovery rate of the gFCS device in recovering low-concentration cells. A
certain number (20, 100, 500, 1,000, and 2,000) of PBMCs indirectly labeled with magnetic beads targeting CD3 were spiked into
~1,000,000 unlabeled PBMCs and processed by qFCS devices. Recovery rates of 93.78 + 4.39%, 97.11 + 0.68%, 97.92 + 0.74%, 97.44 +
0.76%, and 96.98 + 0.37% were achieved for 20, 100, 500, 1,000, and 2,000 spiked cells, respectively (all values are mean + s.d., n = 3). (c—
e) Quantifying antigen binding of CD3 among PBMCs with the qFCS devices at extremely low target cell frequencies. (c) ~20, (d) 100, and
(e) 500 human white blood cells (WBCs) labeled with CD3-modified magnetic beads. These labeled cells were spiked into ~1,000,000
unlabeled PBMCs with a final volume of 200 L and then processed by the qFCS devices. qFCS device processing parameters included a
starting ferrofluid concentration .. Of 0.15% (v/v), a ferrofluid flow rate of 5 gL min~’, and a buffer flow rate of 50 uL min™". Isolated

cells in the chambers of the qFCS device were counted and calculated for their cellular magnetic contents @ . peads-

as in the flow cytometry experiments (anti-CD45). Before
qFCS processing, these cells were first imaged and analyzed for
both cellular magnetic contents ¢ peqs and cellular
diameters D and showed a similar antigen-binding capacity
density profile to the flow cytometry (Figure 4i). Labeled cells
were spiked into ~1,000,000 unlabeled PBMCs with a final
volume of 200 uL, then processed by a qFCS device. Cells in
each cell-collection chamber of the device were analyzed again
for their antigen-binding capacity densities. Figure 4j shows
that after qFCS processing qFCS returned a similar profile of
overall cellular antigen-binding capacity density to the one in
Figure 4i. Figure 4j also shows that the cells separated into
different cell-collection chambers possessed distinct bead
densities which are proportional to antigen-binding capacity
densities, confirming qFCS’ ability to profile and separate cells
based on antigen binding (Figure 4k). In summary, through
the experimental determination of cellular magnetic content
@eell_beads in QFCS, together with the determination of cellular
diameter Dy from imaging analysis, we can profile cells
according to their antigen-binding capacity in three scenarios
(Figure 41): (1) cell profiling based on a “cell volumetric
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antigen-binding capacity” a/DZ; (2) cell profiling based on
the ratio of antigen-binding capacity density to cellular
diameter ag/D.q; (3) cell profiling based on antigen-binding
capacity a alone when cellular diameters are constant.

Cell Isolation by qFCS. We next evaluated the qFCS device
in its ability to isolate rare cells based on their antigen bindings
among a cell population. We assessed the performance of
gFCS in the cancer cell and PBMC isolation, including the cell
recovery rate and purity at extremely low target cell
frequencies. For a total of five cell and antigen types, qFCS
showed close-to-complete recovery rates across all five
experiments (96.96 + 3.59%, 94.95 + 4.87%, 99.90 + 1.01%,
9745 + 0.76%, and 93.18 + 4.63% for MCF7 targeting
EpCAM, MDA-MB-231 targeting EpCAM, PBMCs targeting
CD4S, PBMCs targeting CD3, and PBMCs targeting CD11b,
mean + s.d., n = 3 for each experiment) (Figure Sa). Purities of
recovered cells are 99.27 + 0.35%, 98.95 + 0.24%, 99.03 +
0.48%, 98.03 + 1.24%, and 98.31 + 0.76% for MCF7 targeting
EpCAM, MDA-MB-231 targeting EpCAM, PBMCs targeting
CD45, PBMCs targeting CD3, and PBMCs targeting CD11b,
respectively (all values are mean + s.d., n = 3). The mean
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Figure 6. Quantifying and isolating T lymphocytes based on the antigen binding of a low-expression CD154. (a) Quantification of CD154
antigen expressions of ~10,000 nonactivated (left panel) and activated (right panel) T lymphocytes using flow cytometry. (b) (Left panel)
Quantification of CD154 expressions of ~1,000 activated T lymphocytes in a qFCS device. About 1,000 cells labeled with CD154-modified
magnetic beads were spiked into ~1,000,000 PBMCs and suspended in a 200 uL ferrofluid. gFCS processing conditions included a starting
ferrofluid concentration (g ofua Of 0.03% (v/v), a ferrofluid flow rate of 5 uL min~', and a buffer flow rate of 50 uL min'. (Right panel)
Fluorescent image of an activated T lymphocyte. After qFCS processing, isolated T lymphocytes were immunofluorescently stained with
anti-CD3 (AF647), anti-CD154 (AF488), and nucleic marker (DAPI). (c) Procedure of T lymphocyte cytokine secretion assay. After gFCS
processing, isolated cells were relocated toward the collection outlet by moving the permanent magnet. Reagents were then loaded into the
collection outlet while the cells were trapped by the magnet. Cells were incubated on the device and imaged. (d) Fluorescence images of
nonactivated (top panel) and activated (bottom panel) T lymphocytes. T lymphocytes were incubated with reagents designed to capture
their secreted cytokine (IL2). Activated T lymphocytes were collected from cell-collection chamber #3 of the qFCS device. Fluorescence
intensities of T lymphocytes labeled with IL-2 capture reagent. The mean cell fluorescence intensities were 1,502 + 1,934 (mean + s.d., n =
201) for the nonactivated cells and 7,623 + 6,722 (mean + s.d., n = 390) for the activated cells.

recovery rate across all experiments is 96.49%, and the mean ation of isolated cells expressing CD3 from a qFCS device.
purity of recovered cells across all experiments is 98.72%. We After a 30-day expansion, flow cytometry data show that
further challenged the qFCS device with low-frequency cell isolated cells have lower carboxyfluorescein succinimidyl ester
spiking to evaluate its ability to recover rare cells, in which a (CFSE) intensity due to the cell proliferation compared to a
controlled number (20, 100, 500, 1,000, and 2,000) of PBMCs control group, confirming that isolated cells retain their
indirectly labeled with magnetic beads targeting CD3 were proliferation function. Taken together, these experimental

spiked into ~1,000,000 unlabeled PBMCs (lowest target to data show that the qFCS method can simultaneously profile
background cells frequency: 1:50,000) and processed by qFCS antigen-binding capacities and isolate rare cells based on their

devices. Close-to-complete recovery rates of 93.78 + 4.39%, antigen-binding capacities in a multimodal and biocompatible

97.11 + 0.68%, 97.92 + 0.74%, 97.44 + 0.76%, and 96.98 + manner.
0.37% were achieved for 20, 100, 500, 1,000, and 2,000 spiked Simultaneous Profiling and lIsolating Rare Cells
cells, respectively (all values are mean + s.d., n = 3). The Based on a Low-Expression Antigen. We further evaluated
profiling ability of qFCS was also evaluated at these extremely the qFCS device for its ability to simultaneously profile and
low target cell frequencies, as shown in Figure Sc—e. Even at isolate T lymphocytes based on the binding of a low-expression
the lowest target to background cell frequency of 1:50,000, surface antigen molecule: CD154. CD154, also known as
where ~20 PBMCs indirectly labeled with magnetic beads CD40 ligand, is a member of the tumor necrosis factor (TNF)
targeting CD3 were spiked into ~1,000,000 unlabeled PBMCs, family and a type II transmembrane protein predominantly
qFCS still returned accurate cellular magnetic content profiles expressed on activated CD4 T lymphocytes.’® Because of its
like the ones in higher target cell frequencies. potent effects in both humoral and cell-mediated immunity,
We evaluated the biocompatibility of the gFCS method by dysregulation of CD154 expression has been found in
first measuring the viabilities of cells expressing CD3 before autoimmune diseases. Quantification of the CD154 expression
and after the qFCS processing, whose values were determined and isolation of cells according to their CD154 levels for
tobe 93.7 + 2.2% (mean + s.d.,, n = 3) and 91.8 + 1.6% (mean downstream analyses become important in diagnosing and
+ s.d, n = 3), respectively (Supporting Information Figure understanding autoimmune diseases. However, lower surface
S13), showing a negligible impact on cell viability from the expression of CD154 is a well-known challenge that makes it
qFCS processing. We also measured the long-term prolifer- difficult to accurately profile CD154 expression and isolate
105 https://doi.org/10.1021/acsnano.2c04542
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cells that express CD154. We applied the qFCS devices to
profile and isolate T lymphocytes that express CD154 among
PBMC:s at a low target cell frequency. We first measured the
expression of CD154 on activated T lymphocytes with flow
cytometry. Figure 6a shows that the majority of ~10,000
activated T lymphocytes have lower expression levels of
CD154. As a result, we optimized the qFCS operating
parameter by choosing a low starting ferrofluid concentration
of 0.03% (v/v), which allowed us to profile and isolate T
lymphocytes with low-expression CD154. T lymphocytes used
in this experiment were first activated and treated with CD40
antibody with a commercial kit to prevent the loss of
transiently upregulated CD154. These activated T lympho-
cytes were indirectly labeled with biotinylated anti-CD154
magnetic beads (diameter: 1.05 pum; magnetic content: 11.5%
(v/v)). About 1,000 labeled T lymphocytes were spiked into
~1,000,000 unlabeled PBMCs with a final volume of 200 uL
and then processed using a qFCS device. Figure 6b shows that
the qFCS device not only returned a CD154 binding profile at
the single-cell resolution that resembled flow cytometry but
also recovered CD154+ T lymphocytes with a recovery rate of
91.84% and a purity of 99.17%. Recovered CD154+ T
lymphocytes from the qFCS device were confirmed for their
identity via immunofluorescence (CD3+/CD154+/DAPI+) in
Figure 6b. We also studied the impact on the T lymphocytes
from the qFCS processing through a cytokine secretion assay
that was performed entirely within the qFCS device (Figure
6¢c). In this assay, isolated CD154+ cells within the cell-
collection chambers of the qFCS device were relocated and
held by the permanent magnet to allow for their on-device
cytokine secretion assay. Figure 6d shows that the isolated
CD154+ cells have increased secretion of IL-2 compared to the
nonactivated cells, confirming that qFCS can isolate T
lymphocytes with a low-expression CD154 on their surface
while maintaining their important cellular functions.

CONCLUSIONS

Multimodal sorting of rare cells based on the levels of a specific
surface antigen while at the same time quantifying the binding
capacity of that antigen is essential in understanding and
treating diseases. Unfortunately, conventional methods,
including FACS and MACS, did not meet this need, as they
either need a large number of target cells or their output is
bimodal. Recognizing the need, we developed a microfluidic
method, termed quantitative ferrohydrodynamic cell separa-
tion, that achieved multimodal rare cell sorting and
simultaneous antigen profiling via cellular magnetic content
of magnetically labeled cells, which correlates to the cell’s
antigen-binding capacity. We exploited this correlation in a
prototype qFCS device that offers characterization and
isolation of magnetically labeled rare cells with single-cell
resolution according to their antigen-binding capacity.

Even though magnetism-based cell separation methods have
been demonstrated in the past, none of them used a
combination of both cellular “diamagnetophoresis” and
“magnetophoresis” in biocompatible ferrofluids for cell
applications. The integration of these two magnetic manipu-
lation mechanisms in one qFCS device enabled us to
simultaneously measure a single cell’s intrinsic antigen-binding
capacity through magnetic labeling and manipulate the labeled
cell into one of the cell-collection chambers according to its
antigen-binding capacity for further analysis. To understand
the benefit of qFCS over other existing methods, we surveyed a
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total 11 magnetism-based cell profiling and/or separation
methods and compared their performance to the qFCS
(Supporting Information Table §1).%1972¢ gFCS and its
device have the following advantages over existing methods,
including recently lpublished magnetic ratcheting,'® magnetic
ranking cytometry,"” cell tracking velocimetry,'” and magneto-
phoretic cytometer.'® First, qFCS not only profiles cells’
antigen-binding capacities but also sorts and recovers cells in a
biocompatible manner for both on-device and downstream
analyses, while other methods including magnetic ranking
cytometry, cell tracking velocimetry, and magnetophoretic
cytometry only provide antigen-profiling capabilities.'” ™"’
Second, qFCS offers better overall performance in the
multimodal separation of cells with a mean 96.49% recovery
of rare cells and a 98.72% purity of recovered cells compared to
existing methods."*™"" Third, qFCS has a high level of
sensitivity and is able to profile and isolate rare cells accurately
when they are present at down to 1:50,000 target to
background cell frequency, while only one of the existing
methods—magnetic ranking cytometry—can offer a compet-
ing level of sensitivity.'” Lastly, qFCS is versatile in that it can
profile and isolate cells even when the antigen expressions are
extremely low. qFCS allows users to adjust the starting
ferrofluid concentration and the flow ratio so that the range of
the antigen-binding capacity profiling can be varied to suit
specific cell types and properties.

The current qFCS device has its own limitations that need
to be addressed in future development. First, the current qFCS
device has a limited number of stages and cell-collection
chambers, which makes its cell profiling coarse when compared
to conventional methods such as FACS. Increasing the number
of stages and cell-collection chambers for gFCS is not trivial, as
it involves a delicate balance of sample flow and device
complexity. Second, the current qFCS device is suitable for
processing a limited number of cells due to its relatively slow
flow rate. Increasing its flow rate and cell-processing
throughput would require a redesign of the overall device
architecture. Third, when used for cell profiling, gFCS relies on
information including both cellular magnetic contents and
cellular diameters in order to quantify cells’ antigen-binding
capacity. This requires additional imaging and analysis of cells
after qFCS processing. Future generations of qFCS should
consider developing on-device cell diameter measurement to
automate the quantification of antigen-binding capacity.

METHODS/EXPERIMENTAL

Modeling and Simulation. Flow profiles and ferrofluid
concentrations in the qFCS device were simulated and optimized
using COMSOL Multiphysics version 5.5 (COMSOL Inc., Stock-
holm, Sweden). Creeping flow and transport of diluted species
modules were used in the COMSOL studies to simulate flow profiles
and distributions of ferrofluid concentration in the qFCS device.
Ferrofluid properties, including the density of the ferrofluid of 1,030—
1,060 kg/cm®, the viscosity of ferrofluid of 0.99—1.68 mPa-s, and
mean diameter of maghemite nanoparticles of 11.2 nm, were used in
these studies. Flow rates of the ferrofluid and the PBS buffer were 1—
10 #L/min and 10—100 #L/min, respectively. Initial concentration of
the ferrofluid was 0.03—0.3% (v/v).

Magnetic fields, cell trajectories, and the cell isolation process in the
qFCS device were simulated in MATLAB (MathWorks, Natick, MA,
USA) using a previously published physical model.**”>° Briefly, this
three-dimensional model simulates the transport of magnetizable cells
in a ferrofluid inside a microfluidic channel coupled with permanent
magnets. This model uses the combination of an analytical solution of
magnetic field distribution and experimentally verified ferrofluid
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magnetization together to calculate magnetic forces on cells. The
balance of magnetic force and hydrodynamic drag force on cells in
low-Reynolds-number flow condition is then used to simulate the cell
trajectories. Parametric studies of device geometries/dimensions,
magnetic field distributions, and operating parameters including
ferrofluid concentration and flow rates can be conducted in MATLAB
using this model. Ferrofluid concentration values can be obtained
from previous COMSOL simulations. Details of the model can be
found in the Supporting Information.

Microfluidic Device Fabrication. The mold of the qFCS device
was fabricated using an SU-8 2025 photoresist (Kayaku Advance
Materials, Westborough, MA, USA) with a height of ~50 um.
Microfluidic devices were fabricated using polydimethylsiloxane
(PDMS) following standard soft lithography procedures. The
fabricated microfluidic device was placed on a 3D-printed manifold
to be integrated with one NdFeB permanent magnet (NS2, K&J
Magnetics, Pipersville, PA, USA). The permanent magnet had a
geometry of 50.8 mm X 6.35 mm X 635 mm (L x W x H) and a
measured remnant magnetization of 1.48 T.

Ferrofluid Synthesis and Characterization. The water-based
biocompatible ferrofluid was synthesized by a chemical co-
precipitation method following a developed protocol.*>*" Size and
morphologies of the maghemite nanoparticles in the ferrofluid were
characterized using a transmission electron microscope (TEM; FEI,
Eindhoven, The Netherlands). The diameter of magnetic nano-
particles was measured to be 10.91 + 4.86 nm. Magnetic properties,
including saturation magnetization (1,107 A m™') and volume
fraction of magnetic contents (0.298%, v/v) of the as-synthesized
ferrofluid, were obtained through fitting to the Langevin function with
data measured using a vibrating sample magnetometer (VSM,
MicroSense, Lowell, MA, USA).** The viscosity of the as-synthesized
ferrofluid was measured to be 1.7 mPa's using a compact rheometer
(Anton Paar, Ashland, VA, USA).

Cell Culture. Cancer Cell Lines. Human breast cancer cell lines,
MCEF-7 and MDA-MB-231 (ATCC, Manassas, VA, USA), were
cultured in the DMEM medium (Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% (v/v) fetal bovine serum
(Thermo Fisher Scientific), 0.1 mM nonessential amino acids
solution (NEAA, Thermo Fisher Scientific), and 1% (v/v)
penicillin/streptomycin solution (Thermo Fisher Scientific). Cultured
cells were harvested through incubation with 0.05% trypsin-EDTA
(Thermo Fisher Scientific) at 37 °C for 3 to 5 min. The concentration
of cells was measured with an automated cell counter (Countess,
Thermo Fisher Scientific).

Peripheral Blood Mononuclear Cells. Human buffy coat blood
was purchased from a commercial vendor (Zen-Bio, Research
Triangle, NC, USA) and diluted with an equal volume of
noncomplemented DMEM medium. To obtain PBMCs from the
blood sample, 20 mL of Ficoll-Paque PLUS (Cytiva, Marlborough,
MA, USA) was added to the bottom of a S0 mL conical tube; then 30
mL of diluted blood was loaded into the tube. The tube was
centrifuged at room temperature at 760g for 20 min with the brakes
off. PBMCs were harvested between the Ficoll and plasma layer and
washed three times with PBS by centrifugation at 350g for 8 min. The
concentration of PBMCs was measured by the automated cell counter
and adjusted to 1 X 10° cells mL™". PBMCs were cultured in 24-well
plates (37 °C, 5% CO,) at a density of (1—10) X 10° cells mL™,
using RPMI-1640 medium (Thermo Fisher Scientific) supplemented
with 10% (v/v) fetal bovine serum (FBS), 0.1 mM NEAA solution,
and 1% (v/v) penicillin/streptomycin solution.

Cell Labeling. Magnetic Bead Preparation. Streptavidin-coated
magnetic beads (Dynabeads, Thermo Fisher Scientific) used in this
study have a physical diameter of 1.05 uym. The volume fraction of
magnetic material in the beads was determined to be 11.5%.>" The
magnetic beads were first washed with 0.01% Tween 20 solution (Alfa
Aesar, Haverhill, MA, USA), followed by blocking with 0.1% bovine
serum albumin (BSA, Thermo Fisher Scientific) in PBS solution.
Biotinylated primary antibodies, including anti-EpCAM (Miltenyi
Biotec, Bergisch Gladbach, Germany), anti-CD3 (Miltenyi Biotec),
anti-CD45 (eBioscience, San Diego, CA, USA), anti-CDI11b
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(eBioscience), and anti-CD154 (Biolegend, San Diego, CA, USA)
were first diluted to a concentration of 0.1 mg mL™". The beads were
then precoated with the biotinylated primary antibodies at room
temperature for 30 min and then washed twice with PBS before use.

Cell Preparation. Harvested cells were mixed with biotinylated
primary antibody-coated magnetic beads for 30 min at room
temperature. The labeled cells with >1 beads were captured using a
magnet system (DynaMag, Thermo Fisher Scientific) and washed
with PBS. The number of labeled cells was confirmed with a Nageotte
counting chamber (Hausser Scientific, Horsham, PA, USA). In cell
tracking experiments, labeled cells were stained with CellTracker
Green (Thermo Fisher Scientific), and background cells (unlabeled
PBMCs) were stained with CellTracker Orange (Thermo Fisher
Scientific) to track their trajectories. Cells were mixed with the
ferrofluid before use.

gqFCS Experiment Procedure. qFCS devices were first treated
with air plasma for 3 min, followed by 70% (v/v) ethanol flushing for
10 min to render the channel surface hydrophilic. The microchannel
of the qFCS devices was then primed to reduce nonspecific binding
using PBS supplemented with 0.5% (w/v) BSA and 2 mM EDTA
(Thermo Fisher Scientific). The microchannel was flushed with PBS
for 10 min to remove debris before sample loading. Cell-collection
outlets of the qFCS devices were blocked with 3D-printed pillars
during isolation experiments. Sample fluids (ferrofluid and cells) and
buffer fluids (PBS) were individually controlled with a syringe pump
(Chemyx, Stafford, TX, USA) at variable flow rates during the
experiments. After qFCS processing, images of cells in the qFCS
device’s cell-collection chambers were obtained using an inverted
microscope equipped with a CCD camera (Carl Zeiss, Germany).
Images of cells were analyzed by the ImageJ software to extract the
cell’s diameter. The effective diameter of the cells was calculated using
their surface areas with the assumption that cells were spherical. The
number of magnetic beads on each cell was counted and used to
calculate cellular magnetic contents for individual cells.

Cell Recovery Rate and Purity Calculations. Cells were
counted from both the cell-collection chambers and the waste outlet
after a qFCS cell isolation experiment. Cells with CellTracker green
fluorescent signal were identified as the target cells, while cells with
CellTracker fluorescent orange signal were identified as the
background cells. The recovery rate of target cells in a qFCS
experiment was calculated b)’ ntarget-cell-chambers/(ntarget-cell-charnbers +
ntarget-cell-waste)l where ntarget-cell-chambers is the number of target cells in
all six cell-collection chambers and 1y ger-cell-waste 1S the target cells in
the waste outlet after a QFCS experiment. The purity of target cells in
a qFCS eXperiment was calculated as ntarget-cell-chambers/(ntarget-ce]l-chambers
+ nbackground-cell-chambers)) where nbackground-cell-chambers is the number of
background cells in all six cell-collection chambers.

Flow Cytometry. The expression levels of antigens were profiled
using a flow cytometer (Agilent Quanteon, Agilent, Santa Clara, CA,
USA). In a typical flow cytometry experiment, cells were first blocked
with UltraCruz Blocking Reagent (Santa Cruz Biotechnology, Dallas,
TX, USA) at 4 °C for 20 min. Cells were then suspended in PBS
solution supplemented with 2% BSA, 2 mM EDTA, and 2 mM NaNj,
(Sigma-Aldrich, St. Louis, MO, USA). Antibodies with fluorophore
were spiked into PBS solution with a volume ratio of 1:50 and
incubated with the cells on ice for 30 min, then washed twice and
resuspended in cold PBS prior to the flow cytometry. A control group
with unlabeled cells was used to set the gate.

T Lymphocytes Activation Assay. PBMCs were cultured in a
24-well plate at a density of 1 X 107 cells mL™". To activate the T
lymphocytes, 20 uL of CytoStim reagent (Miltenyi Biotec) and 10 uL
of CD40 (1 pug mL™', Miltenyi Biotec) were added, mixed, and
incubated with 107 PBMCs at 37 °C for 4 h. Cells were mixed with
cold isolation buffer (AutoMACS rinsing solution, Miltenyi Biotec)
supplemented with 5% BSA, centrifuged at 300g for 10 min to remove
the supernatant, and resuspended with 100 uL of cold isolation buffer.
Biotinylated anti-human CD154 (Miltenyi Biotec) was conjugated
with magnetic beads, and the biotinylated anti-CD154 coated
magnetic beads were added into the cell suspension with a volume
ratio of 1:30 and incubated for 30 min at room temperature. Labeled
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cells were harvested using the DynaMag and resuspended with an
isolation buffer. The exact cell number was determined using a
Nageotte counting chamber.

On-Device Cytokine Secretion Assay. After processing with
qFCS, anti-CD154-labeled cells were directed into the incubation
chamber by moving the permanent magnet toward the cell-collection
outlets and flushed with warm FBS-free cell culture medium. The
device was placed in a cell incubator (37 °C, 5% CO,) for 20 min.
The IL-2 secretion assay was performed using a cell enrichment and
detection kit (Miltenyi Biotec). Briefly, the IL-2 catch reagent was
infused into the device and incubated for 50 min to allow IL-2
secretion and capture. Cells were then washed with cold buffer (PBS
supplemented with 0.5% BSA and 2 mM EDTA) to remove extra
reagent. IL-2 detection antibody was infused into the cell-collection
chamber and incubated with the cells for 10 min on ice. The
chambers were washed with cold buffer and imaged. A control group
was prepared with nonactivated cells.

On-Device Immunofluorescence Staining. After processing
with qFCS, the medium in the cell-collection chambers was replaced
with PBS. The isolated cells were fixed with 4% (w/v)
paraformaldehyde solution (PFA, Santa Cruz Biotechnology) for 10
min and subsequently permeabilized with 0.1% (v/v) Triton X-100
(Alfa Aesar) for 10 min. UltraCruz blocking reagent was applied to
the cells for 30 min at room temperature to reduce nonspecific
bindings. After blocking, cells were immunostained with primary
antibodies, including anti-CD154-Alexa Fluor 488 (eBioscience) and
anti-CD3-Alexa Fluor 647 (Santa Cruz Biotechnology). After
overnight immunofluorescence staining, cells were washed and
stained with DAPI (Electron Microscopy Sciences, Hatfield, PA,
USA) for imaging.

Cell Viability and Proliferation Assay. Live/Dead Assay.
Isolated cells in the cell-collection chambers were washed with
Dulbecco’s phosphate-buffered saline (D-PBS, Thermo Fisher
Scientific) to remove the ferrofluid. Cells were then incubated in
the chambers with D-PBS buffer containing 2 uM Calcein AM and 4
#M EthD-1 for 30 min at room temperature. After the incubation,
cells were washed with D-PBS to remove extra reagents and imaged.

Proliferation Assay. Isolated cells in the cell-collection chambers
were collected and placed in a 24-well plate. A 0.5 mL amount of PBS
supplemented with 5 uM CellTrace CFSE staining solution (Thermo
Fisher Scientific) was added to each well, and the cells were incubated
at 37 °C for 20 min. A 1 mL amount of warm OpTmizer T cell
Expansion SFM (Thermo Fisher Scientific), supplemented with 2
mM L-glutamine (Thermo Fisher Scientific) and 150 IU mL™'
(Thermo Fisher Scientific), was then added to each well and
incubated for an additional S min. Cells were centrifuged (S min,
300g) and resuspended with OpTmizer T cell Expansion SFM. Cells
were stimulated with 1 yg mL™" CD3 and 1 g mL™" CD28 on day 1
and restimulated every 7 days. A control group was prepared using
cells without CD3 and CD28 stimulation. On day 30, cells were
harvested and analyzed for CellTrace CFSE signals with the flow
cytometer (Agilent Quanteon, Agilent).
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