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Abstract

Extraction of rare target cells from biosamples is enabling for life science research. Traditional
rare cell separation techniques, such as magnetic activated cell sorting (MACS), are robust but
perform coarse, qualitative separations based on surface antigen expression. We report a
quantitative magnetic separation technology using high-force magnetic ratcheting over arrays of
magnetically soft micro-pillars with gradient spacing, and use the system to separate and
concentrate magnetic beads based on iron oxide content (IOC) and cells based on surface
expression. The system consists of a microchip of permalloy micro-pillar arrays with increasing
lateral pitch and a mechatronic device to generate a cycling magnetic-field. Particles with higher
IOC separate and equilibrate along the miro-pillar array at larger pitches. We develop a semi-
analytical model that predicts behavior for particles and cells. Using the system, LNCaP cells were
separated based on the bound quantity of 1um anti-EpCAM particles as a metric for expression.
The ratcheting cytometry system was able to resolve a +13 bound particle differential, successfully
distinguishing LNCaP from PC3 populations based on EpCAM expression, correlating with flow
cytometry analysis. As a proof of concept, EpCAM-labeled cells from patient blood were isolated
with 74% purity, demonstrating potential towards a quantitative magnetic separation instrument.
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1. Introduction

Separating and concentrating cells from bulk solutions for analysis is a nontrivial task in life
science research, diagnostics, and industrial processing. As such, various approaches based
on physical[1] or biochemical[2] properties of cells have been developed to improve
separation efficiency. Biochemical moieties on cell surfaces are most commonly used to
distinguish cell populations, in which a specific receptor or protein is targeted with a
recognition element (e.g. antibody, aptamer, ligand) to yield a fluorescent or magnetic label
enabling downstream sorting.

The most widely used cell sorting techniques of this nature are fluorescence-activated cell
sorting (FACS) and magnetic activated cell sorting (MACS). In FACS, multiple cell
populations can be separated from heterogeneous mixtures based on the quantity of
fluorophore associated with the cell. Though effective, the FACS process is performed
serially and each cell is analyzed individually, increasing processing times for large sample
volumes. Comparatively, magnetic based approaches are advantageous due to their
simplicity and robustness, not requiring sophisticated fluid handling. These approaches are
also able to operate on minimal cell quantities and/or process larger volumes more
rapidly[3]. However, magnetic separation approaches remain less quantitative than FACS,
which can gate on the relative quantity of a biomarker. This lack of quantification from
traditional MACS is due to the fact that these approaches cannot discriminate effectively
based on the number of bound magnetic particles. Additionally, some magnetic particles
available today are not tightly controlled in size or magnetic content, further exacerbating
efforts for quantification of biomarker levels as correlated to number of bound particles,
emphasizing the need for techniques to purify particles based on magnetic content.

Several microfluidics approaches have been developed to quantitatively separate cells based
on bound or internalized magnetic content[4],[5],[6],[7]1,[8]1[9][10]. In general, these
techniques involve generating a magnetophoretic force orthogonal to a fluid flow direction,
inducing cell deflection across streamlines and separation into different outlets depending on
magnetic content. However, these “kinetic” based separations require precise tuning of flow
rate, fluidic resistance, and magnetic field positioning. Additionally, many of these systems
have low throughput as they rely on weaker bulk magnetic field gradients. Finally, the output
from flow-through based systems often yields diluted solutions which may require
concentration steps and is particularly challenging for isolating and locating rare cell types.

Magnetic ratcheting has the potential to achieve quantitative magnetic separations to both
purify magnetic particle populations and separate cells based on bound number of particles.
In magnetic ratcheting, arrays of magnetic micro-pillars combined with a directionally
cycled magnetic field create dynamic potential energy wells that trap and manipulate
superparamagnetic particles[11],[12],[13],[14] in a magnetic-content and particle-size
dependent manner. However, previous ratcheting platforms have utilized thin film magnetic
structures (height < 200nm), which have minimal force capacities on the order of 10pN, due
to the low aspect ratio of the structures used (SI Text). To compensate, larger particles are
used (~3-10um) to maximize the force envelope. However, larger particles have reduced
magnetic labeling efficiency for cell separations due to slow diffusive motions. This slow
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diffusive motion results in inefficient binding of large particles to cell surface targets and the
large increment in magnetic content per bound particle makes it difficult to relate bead
binding to target expression levels. The use of smaller magnetic particles is necessary to
increase labeling efficiency as well as provide a sensitive metric to relate bound particle
numbers with cell surface expression, but is not practically compatible with current
ratcheting technology. Additionally, previous ratcheting platforms[11] rely on velocity
differences between particles to achieve magnetic based separation. But again this is a
“Kinetic” separation requiring initial sample concentration prior to process initiation, and
time dependent collection functions. These challenges have limited use as a quantitative
sorting tool. Ideally, an equilibrium separation could achieve reduced dependence on initial
and final conditions of a sample yielding a more robust and quantitative separation.

To address these fundamental challenges we developed magnetic ratcheting arrays
composed of 1:1 aspect ratio, electroplated magnetic structures, increasing the force capacity
by 10 fold. Furthermore, the array was designed with increasing horizontal pitch enabling
rapid magnetophoretic equilibrium separation of particles or cells, yielding concentrated
“bands” which are quantized and proportional to magnetic content.

Our gradient magnetic ratcheting system (Movie S1) was able to rapidly separate and
concentrate magnetic particles based on iron oxide (10) content with high precision;
yielding complete equilibrium separation of a particle batch in less than 60 seconds. The
platform was then used to evaluate EpCAM expression on PC3 and LNCaP cells using the
quantity of bound anti-EpCAM 1um IO particles as a marker of expression. The system was
able to successfully distinguish PC3 and LNCaP cell populations and was highly correlated
with EpCAM expression as determined by flow cytometry of the two cell lines. We also
demonstrated applicability as a rare cell cytometer achieving a capture efficiency of 26£4%
and a purity of 67+35% of LNCaP cells spiked into 1mL of whole blood, which was
comparable with other MACS-based systems[15],[16] but with a substantially higher
separation purity. As an initial proof of concept, ratcheting cytometry was used to purify
circulating tumor cells from blood samples obtained from three patients with metastatic
castration resistant prostate cancer. In 2 of 3 patients, approximately 8-10 large nucleated
CD45-negative cells were extracted and concentrated due to their large anti-EpCAM bound
particle content with an average purity of 71%.

Transport of magnetic particles by ratcheting is achieved using arrays of magnetically soft
micro-pillars combined with a directionally cycled magnetic field to dynamically modify the
potential energy landscape. This creates translating potential wells that trap and manipulate
magnetic particles (Figure S1). Upon application of a magnetic field from a mechatronically
controlled magnetic system (Figure S2, Figure S3, & Movie S1), the micro-pillars magnetize
in alignment to the bulk field, introducing potential wells in which superparamagnetic
magnetic particles become trapped. As the magnetic wheel is cycled, particles follow the
potential wells and ratchet through the pillars based on their size and magnetic properties
(Figure la-h).
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Similar ratcheting transport , which has been previously studied in thin film uniform pitch
ratcheting platforms[11],[12],[13],[14] , is characterized by a balance of the time averaged

magnetic force, F,,,,4, With the time averaged drag force Fy,.., (Equations 1 & 2). The time
averaged magnetic force is dependent on several parameters including magnetic particle
volume Vp, the particle susceptibility yp, the permeability of free space g, and the
magnetic flux density B.

Vo Xp——
X2 (B V)B _
Ho Equation 1

mag—

Assuming a Stokes drag condition, the time averaged drag force can be described in terms of
fluid viscosity Wy, particle radius rp, and the time averaged particle speed w,. The time
averaged particle speed can be further represented in terms of the total distance traversed

over one ratcheting cycle, X, and the ratcheting frequency f (Equation 2).
Farag=6mpsrpUp=6mpsrpXpf  Equation 2

Assuming the magnetic and drag forces equate, a particle ratcheted at a given frequency will

be able to traverse a ratcheting array of pitch P given that P < X, and the average particle
velocity becomes Pf (Movie S2). However, when the pitch reaches a critical value

P=P,,;;>X,, the particle does not have sufficient migration time to reach the next pillar
(and potential well) and will oscillate and become trapped (Equation 3).

Vv
P Xp V)B

1
PCT’it> A _ . 5
HobmpsTp f Equation 3

This bimodal behavior, which has also been observed in thin film ratcheting systems[11], is
dependent on driving frequency, horizontal pitch between magnetic micro-pillars, particle
size, and particle magnetic content. By designing a micro-pillar array with a gradient in
horizontal pitch ( Figure 1¢c & Figure S4), particles with varying magnetic contents will
equilibrate in different spatial locations and be separated from each other; as particles with
higher magnetic content will have higher critical pitches. Furthermore, particles with similar
magnetic content will concentrate into quantized bands at the critical pitch under a given
driving frequency.

The net magnetic force on a magnetically labeled cell can be described as a summation of
forces exerted by each bound particle Np. The magnetic gradient, as well as magnetic force,
decays strongly with inter-pillar distance and is concentrated locally near the magnetized
pillars. We quantified this empirically by recording particle speeds across the chip at various
frequencies at each pitch and deriving the magnetic force (Figure S5). The magnetic force
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was best fit by a form a~2, where a=550 pNum? with R2=0.85. Therefore the total

magnetic force on a labeled cell becomes Fmag:aNpP*?

Equating the magnetic and drag forces on the cell and setting P =Pgritcerl, & relationship
between the number of bound particles and the critical pitch can be derived (Equation 4)
where the cells critical pitch, Pgritcerr , relates to Np1’3.

« 1

1/3
NP
6mp 1 cen f Equation 4

Pcritcell >

Using Equation 4 as a predictive model, gradient ratcheting arrays can be intelligently
designed to achieve quantitative and highly resolved equilibrium magnetic separation of
particles and cells.

2. Results and Discussion

To realize a magnetic ratcheting based separation system we designed and fabricated micro-
pillar arrays with gradients in horizontal pitch as well as a mechatronic system to generate
the ratcheting field. As discussed theoretically, the pillar pitch and driving frequency can be
modulated to control the trapping behavior of particles with varying magnetic content. The
theoretical model informed the design of two gradient-pitch chips with linearly increasing
pitch of either 10um or 2um increments for large dynamic range or high resolution
separations.

2.1 Particle Equilibrium Separation Discretized by Iron Oxide Content

To characterize the system separation behavior, superparamagnetic particles with varying
diameters and 10 contents were separated under several driving frequencies. Particles
ratcheted at a given frequency will traverse an array as long as the pitch, P, remains at or
below that particle’s critical pitch value, Pei;. In this regime the particle displays a linear
relationship between particle speed and frequency. The particle will traverse the array until P
> Perit, Where it is unable to traverse to the next micro-pillar and will equilibrate and
concentrate at the edge of this pitch region (Figure 2a—b).

Successful separation of mixed 1um and 4.6um particles was achieved using a 10um
incremented chip at 30Hz achieving =90% purity and 9 pg of 10 resolution (Figure 2c—d).
Though small, some inter-population overlap was observed which we suspect is due to 1um
particle aggregates or a lack of quality control in particle size. In addition to separation, each
particle population was concentrated by 500 fold from bulk solution. As expected, the 2um
incremented chip leads to finer resolved separations with a mixture of three particle types
demonstrating a resolution of 5.6 pg of 10 (Figure 2e—f). The 2.8um particles could be easily
separated from 5um particles with a >90% purity. Interestingly, the 4.6um particles
subdivided into three subpopulations at the 20, 22 and 24um pitches which was unexpected
as our model predicted a critical pitch of 24um for this particle. We determined that this
behavior was most likely due to variations in 10 content as derived from the particle data
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sheet[17]. This suggests that the system can achieve resolutions bordering on 1pg of 10.
However, these findings also demonstrate that the system is highly sensitive to variability in
particle manufacturing which could be a potential limitation if the iron oxide content varies
significantly between particles. To address this challenge, another potential application for
the system is as a quality control tool for enriching particles with similar iron oxide content
or assessing the distribution of 10 content within a sample. Using this mode, we found that
1um particles were highly homogenous in iron oxide content where > 90% of the injected
particle population equilibrated at a single critical pitch. After characterizing separation
behavior, we employed the magnetic ratcheting separation system to measure and
concentrate cell populations based on surface expression level of Epithelial Cell Adhesion
Molecule (EpCAM) using the 1um particles.

2.2 Quantitative Magnetic Cell Separation Based on EpCAM Surface Expression

We first found that the quantity of 1 pm diameter, anti-EpCAM magnetic particle binding
correlated with a EpCAM immunofluorescence on two prostate cancer lines with differential
expression. LNCaP cells have been reported to have high but varying EpCAM expression
(337,000 + 37% molecules/cell[18]), which was in agreement with our flow cytometry
analysis that demonstrated a variation from mean fluorescence of + 27% (Figure S6). PC3
cells have comparatively lower EpCAM expression levels, ~ 52,000+78% molecules/cell
which we confirmed with flow cytometry analysis. Quantity of bound magnetic particles
followed a similar trend where PC3 cells ranged between 1-41 bound particles per cell while
a majority of LNCaPs ranged between 21-103 particles per cell (N ncap=508, Npc3=57,
p=5.7e-6).

Once we confirmed that particle binding correlated positively with EpCAM expression,
LNCaP cells were magnetically labeled and separated using the ratcheting system (Movie
S3). Labeled LNCaPs driven with a 5Hz ratchet separated and equilibrated at critical pitches
according to their bound particle quantity (Figure 3a—b). Using kmeans statistical analysis,
cells were binned (unpaired two-tailed t-test, p<<0.05) into five subpopulations with particle
binding quantities of 1-25, 22-46, 40-70, 83-123 &130-180 particles per cell (PPC) each
equilibrating at their corresponding critical pitches. The average PPC’s for each
subpopulation demonstrated the expected 1/3 power relationship between critical pitch and
PPC, in agreement with the predictive (Equation 4, R2=0.91). Furthermore, the system was
able to resolve the cells at high resolution resolving a 13 particle differential between the
10-24um pitch regions. Additionally, the population distribution from the ratcheting
cytometry chip (Figure 3c) was similar to flow cytometry data on the same LNCaP
population (Figure 4a&b). The LNCaP distribution was centered on the 22um pitch and had
a coefficient of variation of 37%, which was close to the flow cytometry distribution with a
27% coefficient of variation.

To accommodate separation and enrichment of cells with larger magnetic signatures,
ratcheting cytometry with labeled LNCaPs was also performed on a 10um incremented chip
driven at 5Hz (Figure 3d & e). Using the same kmeans and t-test analysis, three PPC ranges
of 1-165, 160-755 and 720-1598 PPC were resolved. This behavior on the 10um
incremented chip also correlated with the predictive model (R?=0.89) and separated a
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subpopulation of cells that was not detected in the 2um increment. This population, with a
PPC range of 720-1598, was not observed in the 2um incremented chip most likely due
insufficient pitch length, whereby this population may have ratcheted off the end of the chip.

In addition to LNCaP cells, ratcheting cytometry was also performed on PC3 cells to
compare EpCAM expression profiles. Using a 2um incremented chip, we were able to see
differences in equilibrium pitches between LNCaP cells and PC3 cells ratcheted at 5Hz, in
agreement with EpCAM expression levels (Figure 4a). PC3s exhibited PPC signatures of 1—-
23 and 19-41 (p=0.01), which equilibrated at 14-20um and 22—26um pitches respectively.
In characterizing cell separation behavior on both the 2um and 10um incremented chips we
determined that each chip design was optimal for different use cases. The 2um incremented
chip was best used for precise surface marker analysis and separation within a single cell
population or between populations with similar expression. The 10um incremented chip was
best used in purifying a target cell population from heterogeneous cell solutions, such as
blood, where the expression level of the target cells were significantly higher than the other
populations.

2.3 Ratcheting Cytometry of Prostate Circulating Tumor Cells

The system was then assessed as a rare cell cytometer by spiking approximately 100 cancer
cells into healthy blood, simulating prostate circulating tumor cell (CTCs) samples[19]. Our
goal was to quantify surface expression profiles on CTCs but also address the major barrier
of CTC purification which has limited MACS and other CTC capture systems. Using
magnetic ratcheting cytometry, highly expressing CTCs can be quantitatively separated from
the leukocyte background at high purity streamlining downstream precision assays. As a
control, healthy blood was labeled with 1um aEpCAM particles and ratcheted through a
10um incremented chip to quantify contaminating leukocyte background. Most of non-
specifically labeled leukocytes occupied a pitch range from 10-60um and equilibrated
mostly at the 20um pitch corresponding to a PPC range of 1-25 (Figure S7). From this data
we set a “cut-off” pitch at 60um. Therefore, CTCs could be successfully purified as long as
they equilibrated at a =70um pitch.

To simulate patient samples LNCaP (~100 cells/mL) were spiked into 1mL volumes of
whole blood from a healthy donor, diluted 5x in PBS, and then labeled with anti-EpCAM
particles. The entirety of the sample was then flowed over the chip’s loading patch while
magnetized to pull the labeled cells onto the loading patch. After accumulation onto the
loading patch, the cells were separated on a 10um incremented chip at 5Hz (Figure 5a). The
spiked cells were successfully extracted from the leukocyte background and equilibrated
mostly at the 80pm pitch (Figure 5b). Of the spiked cells approximately 24.9+1.94% were
purified on the ratcheting chip. This capture efficiency is comparable to MACS based
techniques targeting prostate cancer cells with EpCAM[15],[16]. However, compared to
standard MACS techniques[20][21][22][23][24][25][26][10][27] the separation purity
(Figure 5c¢) was significantly higher, the max being 51% [23], where a majority of the
LNCaPs were successfully extracted from the leukocyte background. Note that for
traditional MACS any amount of magnetic labeling leads to capture, ultimately resulting in
lower purity which ranges between 51% to 0.1%.
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Interestingly, the spiked LNCaPs and non-specifically-labeled leukocytes occupied higher
pillar pitches than observed in buffer. A majority of the LNCaPs, 74%, resided at the 80um
pitch which we hypothesize is attributed to an effective particle concentration increase due
to the excluded volume of the red blood cells. Additionally, the non-specifically labeled
leukocyte population demonstrated a shift towards the higher pitches but a vast majority,
~90%, remained at or below the cutoff pitch of 60um and therefore did not significantly
affect the 70um-100um pitch purities. The system demonstrated minimal loss as shown in
the cumulative distribution plots (Figure 5¢). 74% of the extracted LNCaPs were cleared
past the cut-off pitch and highly purified. The purity of the extracted cells above an 80pum
pitch was 67+35% and contained 47+14% of the extracted population. In total, the
ratcheting cytometry system was able to successfully concentrate and purify low
concentrations of cancer cells from blood making it a tenable option as a clinical purification
instrument for CTCs.

After validating the magnetic ratcheting cytometry system with spiked cancer cells, clinical
blood samples of metastatic prostate cancer patients were run on the chip. We expected
some prostate CTCs to exhibit high EpCAM expression (PPC 1700-3600) as observed in
the spiking experiments, thereby equilibrating past the cutoff pitch under a 5Hz ratchet. Of
note, we define suspected prostate CTCs as large nucleated cells (diameter=9um) with high
EpCAM expression (PPC=1700) and no detectable CD45 expression as quantified by
florescence. Three patient samples were labeled and separated on the chip, two of which had
several large, CD45 negative cells which equilibrated at the 70-100um pitches (Figure 6a).
These results were similar to our spiking experiments and, upon observation, demonstrated
morphological characteristics consistent with CTC profiles including large nuclear to
cytoplasmic ratio or multinucleated cells (Figure 6b). The CTC separation purity was high,
where each binned purity for the 70-100um pitches ranged between 50% to 100% for these
two patients (Figure 6a Pat 46.1 & 10.3). Furthermore, the loss of suspicious cells was low
as the cumulative populations of suspected prostate CTCs for these patients exhibited a skew
towards the 70-100um pitch values. Between 78% and 100% of the suspected CTCs were
above the cut-off pitch for the two patients respectively, demonstrating high purity
separation without significant loss of the captured cells.

However, one patient exhibited a ratcheting profile more akin to the healthy controls where
no cells occupied the 70-100um pitch ranges (Figure 6 Pat 43.2). While many cells
equilibrated at the lower pitches had little to no CD45 expression (N=188), they had small
nuclei (< 9um) and are therefore most likely non-specifically labeled leukocytes with low
CD45 expression such as neutrophils or granulocytes [28].

In a parallel study with the same patient group, CTCs were captured using microfluidic
vortex CTC isolation technology[29]. The findings from the ratcheting cytometry correlated
with the vortex technology findings in two patients. The vortex chip detected high suspected
CTC counts in Patient 46.1 and little to no CTCs in patient 43.1 which matched the findings
of the ratcheting cytometer. Interestingly, ratcheting cytometry extracted several large
suspected prostate CTCs from 10.3 where the vortex chip isolated only little to no CTCs.
This discrepancy is most likely due to the clustered nature of the cells which prevented
entrance into the vortex chip. Overall, the ratcheting cytometry system isolated EpCAM
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expressing suspected prostate CTCs from peripheral whole blood with an average purity of
~74%, a substantial improvement over traditional MACS-based techniques. The system
shows promise as a high efficiency extraction method where high purity is also necessary,
such as is the case for downstream sequencing for precision medicine.

3. Conclusion

Magnetic ratcheting cytometry enables widely used magnetic labeling techniques to be
deployed for robust, efficient, and quantitative separations, while simultaneously
concentrating target cells. Using 1:1 aspect ratio permalloy micro-pillar arrays we have
increased the magnetophoretic force envelope 10 fold compared to thin film ratcheting
systems. Increased force not only decreases processing time but enables the use of small
particles which is advantageous due to their increased labeling efficiency attributed to large
diffusion lengths. In developing a theoretical framework for high force magnetic ratcheting,
arrays with gradient pitch can be rationally designed and constructed to achieve separation
and concentration of magnetic particles and cells. Furthermore, these gradient pitch arrays
achieve separation in a temporally stable, equilibrium based manner making them more
robust than kinetic or flow based separation techniques which are sensitive to dynamic
physical parameters such as flow rate. Additionally, magnetic ratcheting cytometry cleanly
integrates separation and quantification (on the gradient pillar slide) into a single step assay,
bringing a much needed quantitative aspect to MACS systems.

As demonstrated, ratcheting cytometry is an effective tool to capture and quantitatively
separate rare cell types in both laboratory and clinical settings. Particularly, the system
addresses the major challenge of purity that has plagued traditional MACS based systems. In
future works separation resolution can be increased by using smaller magnetic particles to
reduce the effective iron content per particle which will likely increase sample purity by
reducing labeling time and off-target labeling. Another future system improvement could
include a combined 10pum and 2um incremented chip to enable both high dynamic range and
high resolution separation. First cell populations can undergo a coarse separation in one axis
and a fine separation in an orthogonal axis, thereby accommodating samples with a large
PPC range without sacrificing separation resolution. Furthermore, ratcheting separation and
manipulation can be combined with other size or deformability based techniques [30][29] to
obtain thorough phenotypic profiles of enriched target cells. However, a significant
challenge that needs to be addressed in transitioning this technology to a clinical instrument
is the ability to extract the cells from the chip after separation. One option is to concentrate
the separated cell populations by ratcheting vertically relative to the array to collect the cells
at the bottom of each pitch zone (Movie S4). In this way, the concentrated cells could be
extracted from the chip via fluid access wells aligned with the bottom of each pitch zone.
Another option is to integrate all required analysis into the chip where cells, once separated,
can be manipulated at high resolution into different modules directly on chip (Figure S8 &
Movie S5). Indeed, ratcheting cytometry is not limited solely to separation but can be used
as a manipulation platform to develop fully integrated lab-on-a chip systems enabling assays
to be performed from whole samples down to single cells directly on the same chip. For
example, target cells can first be quantitatively separated and concentrated using the gradient
pitch arrays and then manipulated through fluid reservoirs to perform wash steps or various
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biochemical assays, or arrayed to enable single-cell interrogation. We envision the ratcheting
system as a new platform for lab-on-a-chip automation, enabling sample-to-answer assays to
be performed rapidly with single cell resolution.

4. Experimental

4.1 Automated Ratcheting System

The automated ratcheting system (Figure S2) consisted of a radial array of N52 grade rare
earth neodymium ferrite magnets (KJ Magnetics), with a quasi halbach array arrangement
(Figure S3, strength ranged from 20-200mT), driven by a custom designed mechatronic
system and Labview® interface.

4.2 Chip Fabrication

Borosilicate glass (Fisher) slides were piranha cleaned and coated with a Ti-Cu-Ti metal
seed layer via e beam evaporation. SPR220 resist was used to make electroplating molds,
after which permalloy micro-pillars (1:1 aspect ratio ~4um height) were electroplated. The
chip was then sealed with silicon nitride and coated with spin-on polystyrene. Chips were
soaked in 2% pluronic F127 solution before use. To create a fluidic chamber, PDMS (Dow-
Corning) milli-channels were fabricated using scotch tape lithography[31] to create fluid
access (Figure S4c—e). Solutions were added or injected onto the loading patch of the chip
using a syringe See Sl Text for details.

4.3 Particles and Particle Separations

Magnetic particles of 1um, 2.8um, 4.6pum and 5um were made fluorescent through a variety
of surface modifications (SI Text). Particle concentrations ranged between 0.5~1 x 10°
particles/mL. Particle separation was observed by inverting the chip onto a PDMS milli-
channel which was placed on the stage of a Nikon Eclipse Ti fluorescent microscope and
positioning the mechatronic system above it. Of note that the Particles were injected onto the
ratcheting chip loading patch, ratcheted at various frequencies, and imaged. Image analysis
with ImageJ was used to identify particle distributions (Figure S9).

4.4 Cell Labeling

1um iron oxide particles (Invitrogen) with anti-EpCAM (abcam) were diluted with PBS
+0.5% BSA to a concentration of 108 particles/mL and added to a solution of fixed LNCaP
or PC3 cells (4% paraformaldehyde) at a 1:100 cell to particle ratio. Labeling was performed
at room temperature with gentle mixing for at least 1 hour. Anti-mouse IgG Alexa Fluor-488
secondary (Invitrogen) was added to stain and visualize the particles. The solution was then
washed and resuspended into 1mL of PBS. The quantity of particles per cell was determined
using florescent image analysis, where the bound particle intensity was summed over the
cell and normalized to the nuclear area. This metric was in turn used to determine PPC
values (See Sl Text and Figure. S 10).
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4.5 Flow Cytometry

For flow cytometry experiments, the same fixed cells were used. ~10° cells of each type was
labeled using anti-EpCAM PE (BD Biosciences) and incubated for an hour. The cells where
then washed and resuspended in ~1mL of PBS. Flow cytometry was performed on a BD
Accuri C6 flow cytometer with sampling of at least 2000 events.

4.6 Ratcheting Cytometry Separation based on EpCAM

1um magnetically labeled LNCaP and PC3 cells (Hoechst stained) were injected at
50uL/min via a syringe/PEEK tube assembly onto the ratcheting chip’s loading patch. Note
that chips with both 2um and 10um pitch increments where characterized. Simultaneously
the mechatronic system was positioned over the loading patch to concentrate the cells.
Ratcheting was initiated at a frequency of 5Hz for ~ 10 minutes. The entire chip was imaged
under DAPI and FITC wavelengths.

4.7 Image Analysis and Aggregate Statistics

Stitched images of ratcheted cells and particles were analyzed using an automated MATLAB
script to crop each cell, sum the intensity value of the particles (FITC), and normalize to the
total cell area (DAPI). This numerical value was proportional to the number of bound
particles per cell and was calibrated for each image analyzed to determine the PPC value
(Figure. S 10).

Kmeans and t-test statistical analysis was used to characterize the relationship between
bound particles and pillar pitch. Using a MATLAB script with a kmeans algorithm, the
number of statistically significant populations (p<0.05) and their mean PPC was determined.

4.8 Blood Spiking, Capture Efficiency and Purity Experiments

Peripheral whole blood collected from healthy donors, including 1 age matched, were
aliquoted into ImL volumes then spiked with ~100 FITC labeled LNCaPs. The blood was
then diluted 5x with PBS and labeled with 1um anti-EpCAM particles at 108 particles/mL
(SI Text). Ratcheting separation was carried out at 5Hz and the entirety of the chip was
imaged under DAPI and FITC filter sets. Capture efficiency was determined by counting the
number of FITC positive cells and comparing to a control. Purity characterization was
performed similarly where ~2000 FITC labeled LNCaP cells were spiked into 1mL of whole
blood, labeled, then separated at 5Hz. Purity was defined as the ratio of spiked LNCaP cells
to the total number of cells binned by pitch.

4.9 Ratcheting Cytometry with Prostate Cancer Patients

Blood was obtained from prostate patients with metastatic castration resistant cancer being
treated at the UCLA medical center according to IRB approved protocol. Blood was
aliquoted, stained with Hoechst & CD 45, diluted 5x in PBS and labeled with particles (SI
Text). Similar to blood spiking experiments the cells were separated using a 5Hz ratchet and
imaged under DAPI and TRITC filter sets.
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Figure 1.

Magnetic ratcheting utilizes arrays of electroplated permalloy micro-pillars, of pitch P, to
create dynamic potential energy wells which can be used to trap and manipulate
superparamagnetic particles. (a) The magnetic ratcheting system is comprised of a
mechatronic instrument driving a rotating magnetic wheel as well as a microchip composed
of permalloy micro-pillar arrays, with each pillar having a 1:1 aspect ratio. When proximal
to the magnetic wheel, the micro-pillars magnetize in alignment to the bulk field; modifying
the magnetic potential energy landscape and introducing potential wells in which
superparamagnetic particles migrate. (b)As the wheel is cycled at frequency f, particles will
follow the potential wells and ratchet through the pillars based on size and iron oxide
content. Using a chip consisting of micro-pillar arrays with gradient horizontal pitch (c),
particles will traverse the array until reaching their critical pitch, P where they will
collect and oscillate. Particles with increasing magnetic content will have correspondingly
higher critical pitches and can therefore be separated.
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Figure 2.

Equilibrium separation by ratcheting magnetophoresis on gradient-pitch permalloy arrays.
(a) Ratcheting of 2.8um diameter particles (10 content 10.1pg) within the chip demonstrate
bimodal transport behavior dependent on the array pitch. (b) When P < Pj; the particle
speed correlates linearly with frequency, but when P > P; particles will trap and
concentrate on the pillar edge. (¢ &d) Fluorescently labeled particle mixtures of green 1um
diameter and red 4.6um diameter (10 contents of 0.98 and 11.1pg respectively) were
separated on a 10um increment chip ratcheted at 30Hz. 83% of the 1um particles
equilibrated at the 10um pitch and 92% of the 4.6um particles equilibrated at the 20um
increment patch, demonstrating a >90% separation purity. (e & f) Particle mixtures of blue
2.8um, green 4.6um and red 5um (10 contents 10.1, 11.1 and 67.4 pg respectively) were
separated on a 2um pitch increment chip at 30Hz. 77% of the 2.8 and 41% of the 4.6um
particles equilibrated in the 20um pitch region. An additional 41% of the 4.6um particles
occupied the 22pum pitch region while 85% of the 5um particles collected at 26 and 28um
pitches.
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Figure 3.
Equilibrium separation and analysis of LNCaP EpCAM distribution in a gradient pitch array.

(a) A stitched image is shown of magnetically labeled LNCaP cells equilibrating at different
pitches within a 2um incremented chip driven at 5Hz frequency. Insets show cells
equilibrating at pitches according to quantity of particles per cell (PPC). (b) The graph plots
the PPC versus the on-chip location and critical pitch of individual cells (points). The
theoretical 1/3 power relationship between PPC and pitch is shown as a solid line. Five
statistically significant (p<0.05) populations were identified ranging from 1-25, 22-46, 40—
70, 83-123 &130-180 particles per cell with corresponding averages (black circles). Each
subpopulation equilibrated at increasing horizontal pitches, correlating well with the
theoretical model (R2=0.91). (c) Independent of the attached particle number, the cell
distribution as a function of pitch for both chips is also shown (N=508). (d)The PPC
distribution of magnetically labeled LNCaP cells is also plotted for a 10um incremented chip
at 5Hz, again correlating with the predicted model (R?=0.89). More punctate trapping is
observed due to the coarseness of the pitch gradient and additional populations of more
strongly labeled cells are observed compared to the 2um incremented chip. (e) The cell
distribution as a function of pitch for this chip is also shown.

Small. Author manuscript; available in PMC 2017 April 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Murray et al. Page 17

[ LNCaP
B PC3

w
i

04
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42
(b) Horizontal Pitch [um]

— [CILNCaP
WPC3

—_
o

Cell Population [%)]
O = N W & OO N &® ©

g,

0.8 1.1 1.2 14 16
EpCAM Flourescence [Au]

Figure 4.
Ratcheting cytometry of PC3 and LNCaP cells showed differential population distributions

consistent with flow cytometry analysis. (a) PC3 cells demonstrate lower EpCAM
expression and therefore equilibrate at lower critical pitches when ratcheted at 5Hz on a 2um
incremented chip compared to the LNCaP cells. (b) Flow cytometry analysis shows a similar
trend in differential expression between the PC3 and LNCaP cell populations.
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Figure 5.
Separation of LNCaP cells from leukocytes as a function of pitch. (a) After quantification of

leukocyte background and setting a cut-off pitch at 60um, LNCaP cells spiked into blood
were separated and purified from the leukocyte background on a 10pum incremented chip
under a 5Hz ratchet. (b) High purity separation of LNCaPs from leukocytes was achieved
despite both populations shifting to higher pitches. The LNCaP majority equilibrated at the
70-100um pitches peaking at 80um while the leukocytes equilibrated between the 10-60um
pitches peaking at 50um. (c) Purity, defined as the total number of LNCaPs to total cells, for
each pitch was determined showing a maximum purity of 67+35% at the 80um pitch. The
cumulative population (Cu Pop) the spiked cells was determined by sequentially summing
the spiked population beginning at the 10pm pitch and showed 26% of the spiked population
equilibrated below the cut-off pitch.
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Blood biopsies (1ml volume) from prostate patients with metastatic castration resistant
cancer were magnetically labeled with 1um aEpCAM particles and cells were separated on
the ratcheting cytometry system. (a) Patients 46.1 and 10.3 had several cells (N=7 and N=8
CTCs respectively) which equilibrated between the 70-100um pitches with purity ranging
from 50% to 100%. In contrast, patient 43.2 exhibited no cells in the 70-100um pitches and
a skewed cumulative population towards the lower pitches. Suspected prostate CTCs
extracted from patients 10.3 (b) possessed morphological characteristics consistent with
CTCs including large nuclear to cytoplasmic ratio, and large lobed or multiple nuclei in

addition to being

CD45 negative.
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