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Abstract

Numerous applications in biology and medicine require efficient and reliable separation
of cells for disease diagnosis, genetic analysis, drug screening, and therapeutics. In this work, we
demonstrate a novel technology that integrates a passive and an active device to separate, enrich

and release cells on-demand from a complex blood sample, or cancer cells derived from a tissue

biopsy. We exploit the high throughput (>1 mL/min), size-based sorting capability of the

passive spiral inertial microfluidic (iMF) device to focus particles/cells towards an active lateral
cavity acoustic transducer (LCAT) device for size-selective enrichment. We demonstrate that

this platform is capable of efficiently (>90%) removing smaller cells, such as RBCs in a blood
sample or smaller cancer cells in a heterogeneous cell line, and provide 44,000x enrichment from
remaining sample within 5 min of device operation. Finally, we use this platform for two
applications: selective enrichment of side-population of DU-145 cells from tissue biopsy and
isolation of larger monocytes from blood. Our platform integrates the high throughput
(processing rate) capacity of spiral iIMF with the high selectivity of LCAT, thereby offering a
unique route for highly-selective, label—free particle/cell sorting, with potential application in

lab-on-chip platforms for liquid biopsy and diagnostics applications.



Introduction

The field of microfluidics has seen rapid development in the last decade, especially for
applications involving isolation and enrichment of cells or particles.? Enrichment of cells is
particularly critical to sample preparation of complex biological fluids and heterogeneous cell
samples, for a variety of applications.® For example, sub-populations of cancer cells have been
associated with stem cell like properties*® and may offer insights into cancer progression and
metastasis,” "® while heterogeneity in peripheral blood monocytes has been linked to
differentiation into mature tissue macrophages, osteoclasts and dendrite cells.*> ** The
advantages of using microfluidic sorting and enrichment systems lie in ease of use, small sample
volume requirements, high efficiency, cost-effectiveness and disposable platforms, along with a
wide range of separation modalities based on both physical and chemical properties of cells or

particles.??

Recently, microfluidic devices have been reported for separation of particles/cells based
on a variety of properties such as magnetic properties, electrical polarizability, deformability and
size.?* 3 These approaches can be broadly classified into passive and active, based on the
method of actuation and operation. Passive approaches such as inertial microfluidics (iMF),
filtration and deterministic lateral displacement (DLD) rely on pressure driven flows,
hydrodynamic forces and micro-channel geometry. On the other hand, active approaches like
magnetophoresis, dielectrophoresis and acoustophoresis use an external force field to enable
isolation. Passive methods based on DLD use pillars and posts for size and deformability based
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isolation. For example, Liu et al.” demonstrated label- free cell isolation using a DLD

microfluidic chip with high throughput (~2 mL/min), although the trade-off included high shear
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stress and fabrication complexity. In addition to DLD, McFaul et al.” used microstructured



constraints to filter lymphoma cells based on size and deformability but the filtration technique
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generally suffers with clogging and releasing of viable cells. Furthermore, Hur et al.”™ and Sollier

etal.l’

used inertial migration in straight channels with rectangular reservoirs for size-based
isolation, with enrichment ratios of 8x and 103x respectively. Additionally, Warkiani et al.*®
used spiral inertial microfluidic devices with trapezoidal cross section which combine cross
sectional Dean flows with inertial migration to separate a variety of cancer cells spiked in blood
with ~80% recovery rate, while Sun et al.*® used a double spiral to demonstrate separation from
diluted blood with 90% recovery rate. Although these devices present promising sorting systems

with high throughput (1-2 mL/min), they are limited to size-based selectivity and subsequent

purity of the sample obtained.

Active approaches for particle/cell isolation provide the much needed high selectivity and
enrichment. For example, ApoStream chip from Gupta et al.” used dielectrophoretic isolation

and Ding et al.?*

designed a device with tilted-angle standing surface acoustic waves to isolate
and separate cancer cells from WBCs with different compressibility (viability of >97% and
throughput of 18-25 pL/min). While these devices demonstrate good separation efficiency, they
add fabrication complexity and an extra step of blood pre-processing for RBC lysis. In addition
to electrophoresis, a number of microfluidic devices use the differential effect of magnetic field
on cells labeled with magnetic beads or cells which are magnetically responsive.?*?* Although
highly selective, magnetophoresis is limited by either sample contamination due to labeling or by
inherent magnetic properties of cells.?> ?° Recently, size based separation dependent on acoustic
actuation has gained importance due to higher cell viability, and maintenance of cell function
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post acoustic actuation. Augustsson et al.“" used acoustophoresis for enrichment of prostate

cancer cells and achieved a high recovery of 94-98% but the method suffers from erythrocyte



concentration in whole blood (used RBC lysed blood). Overall, size based active microfluidic
devices have suffered from trade-offs in selectivity, isolation efficiency and throughput. High
throughput is particularly critical when processing of a large sample volume is required for target
cell isolation such as rare cell isolation from a blood draw which may need dilution during
sample preparation. Hence, for isolation of particles /cells, especially where selective enrichment
IS important, sorting devices should be able to combine high sample processing rate (1-2

mL/min) with high enrichment ratios (>10* from RBCs in blood samples).

In this work, we present a novel integrated microfluidic platform that combines a passive
sorting technique with an active enrichment method for high throughput, size-selective isolation
of cells. The concept is illustrated in Fig. 1a. At the front end of the platform, a spiral inertial
microfluidic (iMF) separator exploits inertial focusing and Dean flows to remove non-target cells
at high processing rate and directs the remaining sample to a lateral cavity acoustic transducer
(LCAT) at the back end, for further selective enrichment of the target particles/cells (Fig.1b).
The integrated platform was first characterized using polystyrene particles and the limit of
enrichment was tested by spiking particles in blood. Following parametric optimization, the
integrated platform was tested for two applications: enrichment of larger sub-population of

prostate cancer cells derived from brain metastasis (DU-145 cells)®® %

and enrichment of larger
monocytes™® ! from human peripheral blood. The inherent mismatch between the operational
conditions and design restrictions for each of the two systems presented a number of design
challenges that needed to be addressed before integration. Thus, we first optimized each system
individually keeping the channel height fixed in both systems for ease of fabrication. The payoff

of this optimization and subsequent integration was the successful combination of two distinct

sample preparation steps of extraction, isolation, and enrichment in a single platform with sorting



throughput of 50 million cells/min, >85% sorting efficiency and 44,000x enrichment with
respect to RBCs. The demonstrated work is particularly relevant for applications requiring
selective enrichment of particles/ cells from a complex mixture, such as biochemical assays,
enrichment of a cell population from a tissue biopsy (such as sub-population of cancer cells) or

isolation of rare cells (such as larger monocytes) from blood.

Results and discussion

Spiral iMF cell extractor

Device concept. Sorting of particles using the concept of inertial microfluidics is
facilitated by the effects of inherent hydrodynamic forces within a laminar Poiseuille flow on
motion of particles in a microchannel.*** In flows with a moderate Reynolds number (Re) (~1 <
Re < ~200), these effects cause the suspended particles to focus in distinct streams according to
their size. The net lift force (F.) acting on these microparticles is highly dependent on their

diameter and can be defined as

F, = pG?*Cpa,* (1)
where p is the carrier fluid density, a, is the cell (or particle) diameter, C, is the lift co-efficient,
and G is the shear rate that is dependent on flow velocity and characteristic length.** 3% %

In a curved rectangular microchannel, the net lift force interacts with curvature induced
Dean drag (due to Dean vortices) leading to a single equilibrium position per particle size.?" 3%
The Dean drag force (Fp) can be defined as
Fp = 3nulpay, (2)

where W is fluid viscosity and U, is the average Dean velocity. Since the ratio of net lift force

and Dean drag is highly dependent on bioparticle size (F./Fp o apg), the balance of two forces



can be adjusted to manipulate the focusing positions of particles according to their respective
sizes.® 343> Syspended particles migrate towards a single focusing position near the inner
channel wall where the force due to Dean drag balances the net lift force, leading to particles

equilibrating near the center of inner channel wall with the largest particles focusing closer to the
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wall (Fig. 2a). This concept has been exploited by us and others”™™ to develop spiral inertial

microfluidic devices to successfully sort cells according to their size. For example,

Kuntaegowdanahalli et al.**

used Archimedean spiral to separate neural cells with ~80%
efficiency and Nivedita et al.* further improved the spiral sorter for high throughput, high
efficiency (~90%) plasma and blood sorting. Guan et al.*® used spiral channels with trapezoidal
cross section for >90% WBCs enrichment. In this work, we have exploited the existing concept

of spiral sorting to develop a high throughput, continuous RBC extractor that is both integrable

and highly efficient.

Parametric optimization. To confirm the focusing positions for the integrated device, we first
optimized the spiral iIMF extractor separately using polystyrene particles of sizes comparable to
target cells, WBCs and RBCs. These size- ranges were selected to represent blood cells since
blood is the most commonly tested biological fluid. As such, a number of other human biological
samples such as cancer cell lines DU-145 or HPET (human prostate epitheliall h TERT cancer cell
line) often have the comparable cell size range of 7-30pm.?* ? The Archimedean spiral design
was optimized to an aspect ratio of 0.5. The inner diameter was fixed at 2mm with the input port
of 1mm diameter. Center-to-center distance between each of the spiral loops was fixed to 200
pum, with the width of the channel being 200 um and height 100 um. For parametric
optimization, we used a mixture of polystyrene particles of diameter 7.32 um (standard

deviation, o = 0.53 um) to represent smaller cell sizes/non-target cells and 25 um (o = 2.5 um)



diameter particles to represent larger target cells. The two sizes represented the opposite ends of
the spectrum of the intended sample mixture. Unlike previous designs, we designed the outlet
system with an asymmetric bifurcation. This asymmetric bifurcation causes the majority of flow
to elute into outlet 1 (non-target cells) and only a small portion of the flow near the inner channel
wall elutes into outlet 2 (target cells to LCAT). This allows for a very efficient separation of the

focused streams of 7.32 and 25 um diameter particles, as described below.

At Re ~ 160, the 25 um diameter particles focused in a single stream near the inner
channel wall and 7.32 um diameter particles focused in a band near the center of the channel.
The intensity plot across the channel width at the end of the outer-most loop of the spiral, shows
the peak of focused stream of 25 um diameter particles with the FWHM (full width at half
maximum) of 25.11 um, indicating a tightly focused stream (Fig. 2b). The second peak in the
plot with the FWHM of 23.02 um shows the band of 7.32 um diameter particles focused towards
the center of the channel (Fig. 2b). The insets in Fig. 2b show samples collected at the inlet and
each of the outlets indicating the efficiency of separation. Sorting efficiency was then quantified
as a function of flow rate and with respect to each of the particle sizes in the mixture (Fig. 2c).
Sorting efficiency (SE) was calculated by counting the total number of particles/cells in each

outlet as

__Na
(Na‘HVb)

SE x 100 ©)

where N, is the number of target cells in the desired outlet (outlet 2) and Ny is the number of

target cells in other outlet (outlet 1). Flow rate was not increased beyond 2 mL/min as it
transitions into unstable secondary flow regime and disturbs the desired focusing regime. For Re
~ 165, >90% efficiency of sorting 7.32 um particles was observed, indicating that the spiral iIMF

exactor could provide a high throughput and highly efficient solution for RBC extraction in the



integrated system. The separated sample with larger target particles/cells could then be further
enriched using LCAT.
LCAT cell isolator

Device concept. Recently, microfluidic platforms using acoustic transduction of gas-
liquid interfaces for cells/particles sorting have received considerable interest. Previous work®’
on LCAT uses an array of acoustically actuated air-liquid interfaces to generate individual and
cumulative microstreaming flows (Fig. 2d). A piezoelectric transducer acts as an external
acoustic source causing air-liquid interfaces to oscillate with a first order oscillatory pulse
wave*®, formed at the junction of side channels and a main channel. This leads to the formation
of a secondary flow field near the air-liquid interface, called the microstreaming velocity (Fig.

2d).* The magnitude of this microstreaming velocity (Us) is defined as

Uy?

where U, is the first order velocity of cavitation microstreaming, w is the angular frequency (2xf,

where f is the frequency of oscillation), and r is the equivalent radius of the air-liquid interface.
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Liu et al.™ used the concept of microstreaming velocity for rapid mixing, whereas Tovar et a
used it for micro-pumping. Recently, microstreaming velocities at the oscillating interfaces have
also been used for DNA shearing* and size-based trapping of particles/cells*®. For the
application of size-based trapping, it has been demonstrated that large particles circulate in the
inner streamlines (micro-streaming vortices), while the smaller particles follow the outer
streamlines, eventually releasing with the bulk flow (Fig. 2d).** ** Previous work by Wang et
al.®*and Patel et al.** has shown that trapping and releasing of particles is dependent on the

distance between microstreaming vortex and air-liquid interface, dgap and the Reynolds number

Re. Cells/particles with diameter greater than 2dgap are pushed into the inner streamlines and get



trapped, whereas cells/particles with diameter less than 2dg,p follow the outer streamlines around
the microvortices, eventually entraining into the bulk flow.** % Here we use these microvortices
to trap larger particles while smaller blood cells/particles follow the outer streamlines and release

into bulk flow.

Parametric optimization For enrichment in the integrated device, LCAT device was
first optimized for flow rate and voltage separately. The main channel and side channel width
was fixed to 500 um and 100 um respectively, with the height of the channel set at 100 um. (Fig.
2d). The device was first primed at a flow rate of 10 pL/min (Re ~ 0.5) to form the air-liquid
interfaces. These interfaces were actuated at a resonating frequency of 49.8 kHz and peak-to-
peak voltage of 2.75V with the help of a function generator and a voltage amplifier. When a
mixture of 15 and 10 um diameter particles was introduced into the device at a bulk flow rate of
25 pL/min (Re ~ 1.4), the larger particles were trapped in the microvortices, whereas the smaller

particles were released in the bulk flow.

The entrapment of larger particles in a LCAT device is dependent on the competition
between bulk flow velocity and microstreaming velocity of the microvortices. Plot in Fig. 2e
shows trapping efficiency of the device as a function of flow rate for two different peak-to-peak
voltages (2.75V and 2.5V). For flow rates up to 27.5 pL/min, the observed trapping
concentration was similar to the expected concentration, but as the flow rate further increased,
there was a notable decrease in the concentration of trapped particles. This decrease in the
concentration of trapped particles can be attributed to the suppression of oscillation amplitude
and increase in dgqp at higher flow rates. Thus, the diameter of trapped particles no longer
remains greater than dgap and the particles then start to release from the microstreaming vortices.

Similar trend was observed for both applied voltages.



Once the operational parameters for the appropriate trapping efficiency were obtained,
we determined the effect of sample concentration on the trapping efficiency to ascertain whether
we will be able to enrich rare samples using LCAT. The standard curve in Fig. 2f illustrates the
trapping efficiency as a function of input sample concentration (number of particles/mL). The
device was operated at the bulk flow rate of 25 pL/min and peak-to-peak voltage of 2.75 Vpp.
Voltage switching was used to remove the excess smaller particles (10 pm) from the outer
streamlines, as described in the methods section. The slope of the standard curve is 1.0623,
suggesting that nearly all particles spiked into the sample were recovered experimentally, leading
to the trapping efficiency of ~99% even for spiked concentrations of <100 particles/mL.
Following individual design and parametric optimization, both the iMF extractor and LCAT cell
isolator were integrated to provide a novel platform for selective particle/cell isolation directly
from a label-free, Ht = 0.5 blood sample and sub-population isolation of DU-145 cell line, as
described in the following sections.

Integrated platform

Particle optimization in the integrated device

After the optimization and parameterization of the individual components of the whole
device, we integrated them together to validate the sorting and enrichment in the same, single
device. Our integrated platform combines spiral iMF and LCATS for the extraction of smaller
non-target cells and subsequent enrichment of larger target cells. As discussed earlier,
integration presented a wide mismatch of volumetric flow rate (Q) requirements between the two
components. Spiral iMF device demonstrated optimal sorting efficiency at flow rates in the order
of Q ~ 1500 pL/min, whereas the LCAT gave high trapping efficiency at Q ~ 25 pL/min. We

resolved this 60x% gap between the operational flow rates of the two devices by manipulating the



pressure drop across spiral outlet system and the interconnecting channel (Fig. 3a). The
expansion of channel width to 1000 um in spiral iMF outlet system aided in sorting by

separating the focused streams of particles/cells. Additionally, this expansion allowed

distribution of the fluid/sample volume across a larger width, thereby allowing further sectioning
of the flow at the bifurcation/outlets causing a resultant decrease in volumetric flow rate at the

entrance of the LCAT to ~35 pL/min. This reduction in flow rate provided LCAT with the bulk

flow needed for trapping of larger cells/particles, although at a higher voltage (6.5V) as
compared to standalone LCAT device. Based on this concept, we designed an integrated device
with the capability of extraction of bulk non-target cells in the first stage (spiral iMF) and
entrapment of larger target cells in microvortices from the remaining sample in the second stage
(LCAT).

Integration affected the flow and operational regime in both the components. Since, the
trapping efficiency in LCAT depends on bulk flow velocity, the input flow rate at spiral iIMF
inlet needed to be reduced to reach the optimum value. It was imperative to accomplish a
reduction in volumetric flow rate, while maintaining the range of operational parameters and
projected sorting and trapping efficiencies as determined in the individual optimization. For this
purpose, the height of the entire platform was reduced to ~75 um. The aspect ratio of spiral iIMF
was maintained (AR = 0.5) by reducing the width to 150 um. The input Re was kept at ~160 as
determined in the previous sections.

To confirm the appropriate reduction in flow rate within the platform, we performed PIV
(particle image velocimetry). The flow was seeded with fluorescently labeled polystyrene
particles with diameter 2.1 um (Fig.3b). Vector plots were extracted for each of the critical

sections in the design namely, (i) outlet channel of the spiral, (ii) expansion channel after the
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spiral extractor and (iif) LCAT entry channel post the inter-connecting channel. Fig.3b shows the
velocity plots obtained for each of the aforementioned three sections. These plots illustrate the
required reduction in the functional flow rate for LCAT to entrap the target particles, while
keeping the net/input processing flow rate high.

We started with optimizing the integrated device parameters with polystyrene particles
before testing the device with any biological sample. We mixed 7.32 um and 18+ pum diameter
particles (20 um and 25 um diameter particles) to simulate the opposite ends of the cell size
spectrum in a blood sample. The 7.32 um diameter particles at a concentration of 108/mL
represented non-target cells such as RBC/WBCs, while the 18+ pm diameter particles at a
concentration of 10,000/mL represented larger target cells such as monocytes or side-populations
from tumor biopsies. For the formation of air-liquid interfaces in LCAT section of integrated
device, sample solution was directly infused into the integrated device inlet. At Re ~ 160, we
observed that 7.32 um particles eluted into outlet 1 and 18+ pum particles eluted into the
interconnecting channel leading to LCAT. To illustrate the focusing regime, we plotted intensity
scan across iMF channel width at the inner-most loop and the outer-most loop (Fig. 3c). At
inner-loop, the entire channel had uniform distribution of particles and as the flow progressed to
outer loop, 7.32 um diameter particles focused in a band, thereby eluting into outlet 1. The 18+
pm diameter particles focused closer to inner channel wall, thereby eluting into the
interconnecting channel towards LCAT. The intensity scan was taken using the standard
deviation z-stack of the bright field images of focused particles.

The bifurcation at asymmetric outlet of spiral iMF was designed to be blunt because
sharp corners can often result in formation of microvortices due to acoustic actuation, which in

turn can interfere with inertial focusing. Hence, when PZT was turned on, we observed that the
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particles stay in the desired focusing regions irrespective of slight focusing fluctuations (Fig. 3d).
After the actuation of the device at 6.5 Vpp, the 18+ um diameter particles were trapped in the
microstreaming vortices as expected (Fig. 3d). Higher voltages were used for optimal trapping to
compensate for the variation of bulk flow rate in the integrated device. Following the parametric
determination, we tested the integrated device with particles spiked in human blood sample.

Particles spiked in blood

The inherent hydrodynamic forces acting on cells used in size based sorting in an inertial
microfluidic device are drastically affected by blood rheology. Whole blood is highly viscous
and non-Newtonian owing to the concentration of plasma proteins, hematocrit, and leukocyte
and platelet counts. Dean vortices have been known to manifest in viscous fluids, however,
inertial lift forces which balance the Dean drag to focus the cells and particles in a spiral iIMF are
substantial only in a Newtonian, Poiseuille flow. To focus cells and particles in the optimized
flow conditions, whole blood was diluted to reduce cellular interactions and approach Newtonian
flow regime. We initially diluted whole blood with a factor of 20x (hematocrit Ht = 2.4%) and
spiked it with 25 um diameter particles at 10,000 particles/mL concentration (Fig. 4a). At Re ~
160, we observed that the particles focused closer to the inner channel wall and eluted into
interconnecting channel towards LCAT. RBCs focused in a broad band near the center of the
channel and eluted into outlet 1 (Fig. 4b and supplementary material, video 1). To further
optimize the sorting efficiency of the device, we tested blood samples with dilutions ranging
from 20x to 200x and the resulting Ht of 2.4% to 0.24%.

Since the dilution factor is dictated mainly by the inertial lift forces required for focusing,
sorting efficiency and purity of the 25 um diameter particles were evaluated in spiral iIMF section

of the integrated device. As expected, the sorting efficiency improved to 95% with higher
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dilution owing to reduction in cell-to-cell interaction as well as more precise control over inertial
lift forces (Fig. 4c). However, the ideal sample conditions dictate that there should be minimum
sample dilution before running it through the device. Since we observed ~85% sorting efficiency
at 20x dilution in spiral iMF, we decided to operate the integrated device at 20x dilution or lower
and evaluate the enrichment of 25 um diameter particles in the trapped sample by the LCAT
section of integrated device.

After the majority of RBCs were separated using spiral iMF, the 20x diluted sample with
WBCs and larger particles (25 um diameter) eluted into the LCAT section for further
enrichment. The concentration of 25 pum diameter particles in input blood sample was varied
from 10,000 particles/mL to 1 particles/ ml to evaluate the enrichment limit of integrated LCAT.
Lower limit of 1 particle/mL was assigned to provide the baseline for extraction at rare
concentrations and evaluate the sensitivity of entrapment to extreme requirements. Entrapment of
the particles was observed at PZT actuation of 6.5Vpp (Fig. 4d). In fact, the selectivity was high
enough to allow entrapment even at the low concentration of 1 particle/mL. After the collection
of enriched sample by flowing buffer (PBS) through the device, we evaluated the enrichment
ratio at each spiked concentration with respect to the remnant of RBCs and obtained enrichment
ratios on the order of 10* (Fig. 4e). Additionally, we observed an increase in enrichment ratio
with decrease in spiked particle concentration, suggesting that the device is selective and
sensitive enough to sort out even the most rare particle populations. The reduction in enrichment
ratio for the concentration of 1 particle/mL (4.4 x 10%) can be attributed to the entrapment of
non-target particles in the empty microstreaming vortices over time. Hence, the integrated
platform provides highest enrichment (8.8 x 10%) at the target concentration of 10 particles/mL.

We also determined the recovery rate for enriched particles from blood to be 66.6%. These
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results suggest that the integrated device is capable of successfully extracting smaller non-target
cells such as RBCs from the given heterogeneous sample at a high throughput and selectively
trapping the desired particles/cells, thereby providing high enrichment of the target particles even
at the lower concentrations. Following the optimization with particles spiked in blood, we tested
the platform for two target applications: 1) sub-population isolation of DU-145 cells, and 2)
enrichment of monocytes from human blood.

Target applications for cell enrichment

Cell enrichment is particularly vital in fundamental cell biology research. One of the
critical questions being investigated, particularly in cancer biology, is the mechanism governing
cancer progression and metastasis. Of particular interest are the rare sub-populations of cells
within a cancer cell line that have been found to be therapy resistant.*® * “® These cells are often
different in terms of the markers they express, the ability to self-renew, along with being
morphologically different from the rest of the cancer tissue.*® *’ Hence, size-based enrichment
of these sub-populations provides an alternate sample preparation modality for further
investigation into their phenotype as well as their migration and invasion properties.
Additionally, size-based enrichment of these sub-populations can be used to determine if size is a
defining marker for such cells to possess properties of self-renewability (stem-cell like
properties). Furthermore, size-based enrichment provides a label-free approach, which ensures

the maintenance of sample integrity for further investigation and analysis.

We used our integrated platform to significantly enrich (~77x) a sub-population of larger
DU-145 cells (>16um). The DU-145 cell line is derived from the prostate metastatic tumor in
brain.?® %° The cell size range of the DU-145 cell line was found to be very heterogeneous with

cell sizes ranging from 7um-28um.?* 2° We prepared an input sample with average concentration
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of 25,000 cells/mL and infused the sample with a rate of ~1.1 mL/min. DU-145 cells are
adherent cells, therefore, the cell concentration at the input sample was maintained at 25,000
cells/mL to ensure that cells don’t adhere to each other to form aggregates. We observed
entrapment of larger (>16 pum) cells in the microvortices at the optimized PZT actuation voltage
of 6.5 Vpp (Fig. 5a and supplementary material, video 2). The imaging of the outlet sample
revealed enriched larger DU-145 cells. We compared the inlet and the outlet samples using a box
plot, which shows significant enrichment of larger cells in the outlet sample (Fig. 5b). The
enrichment of DU-145 cells was achieved at a high processing rate of ~28000 cells/mL and high
purity of ~91.7%. Additionally, we were able to achieve a recovery rate of 67.5%, which is

comparable to the recovery rate obtained for particles spiked in blood.

To assess the viability of cells post enrichment, we used Trypan Blue to determine the

number of viable cells obtained after passing through the integrated platform (Fig. 5¢). We
obtained 98.7% viable cells in outlet 1 (non-target cells). These cells passed only through the
first stage, spiral extractor of the integrated platform. Cells in outlet 2 (enriched target cells
exhibited 90% viability, having passed through the entire integrated platform (spiral extractor+
LCAT). Enrichment of a sub-population of cells that are morphologically different (size) from
the rest of the cancer cell population, provides a unique sample set for further investigation into
cancer progression and metastasis. Post enrichment, these cells can be grown to the required
confluency in a 3D culture and then specific assays can be performed to determine the migration
and invasion ability, along with self-renewability of the enriched cells. This information will
potentially provide vital insight into development of tumor as well as regression in patients

undergoing therapy.
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In addition to cancer biology, size- based enrichment is particularly relevant to
hematopoietic cells which are significantly heterogeneous in size. The monocyte heterogeneity
has been linked to macrophage lineage and differentiation into mature tissue osteoclasts and
dendrite cells.'® % %% “° The classification of monocytes into classical, intermediate and non-

classical has been dependent on expression of CD14 and CD 16. ** '* Recent work has shown

that there may be sub-populations of monocytes that differ in size, granularity, functionality and
gven nuclear morgholog¥.@ Furthermore, these sub-populations have not yet been fully
characterized and the surface markers specific to each type have not yet been fully identified. For

in depth investigation into how this differentiation is linked to the sub-populations of

11, 48, 49

monocytes , It is significant to be able to sort these sub-populations without any labeling.

The integrated platform proposed in this work can sort and enrich a rare sub-population of
monocytes. Since this method is label free (size being the only marker) the collected cells can be
further characterized for differentiation patterns, granularity and functionality. Here, we have

used our platform to enrich the extremely rare sub-population of larger monocytes (18um+). We
infused 10x diluted blood at the rate of 1.1mL/min into the integrated device and were able to
successfully obtain an extremely pure, enriched sample containing only larger monocytes (Fig.
5d). The presence of monocytes in the outlet sample was confirmed by CD14 staining. Owing to

10, 48, 49

the extreme rarity of larger monocytes (~2.2% of mononuclear cells) , It was difficult to

determine the exact number of cells in the inlet sample.

We estimated the enrichment of the target cells (large monocytes) with respect to non-
target cells to be 987.6x. Fig. 5e shows the size comparison of the enriched sub-population of

larger monocytes (as compared to the input blood sample and the non-target cells (RBCs and

smaller WBCs) collected at outlet 1. The average size of the enriched sub-population of

16



monocytes was 17.3 um. For this application, we used human blood sample without any
modifications to its cellular composition. Therefore, exact recovery rate could not be calculated
because initial monocyte percentage varies from sample to sample, so the initial concentration
can’t be determined. However, we are able to report the recovery rate of DU-145 cells and
particle spiked blood as 67%. Furthermore, use of microstreaming for acoustic actuation instead

of standing wave or cavitation, preserves cell physiology and functionality for further analysis of

enriched cells.>*2 The ability of the device to successfully enrich sub-population of DU-145
and larger monocytes at the high processing rate along with high purity of enriched sample,
shows the potential versatility and utility of the platform. Further improvement on enrichment
ratio and throughput will ensure that the device is comparable to current state of the art lab-on-

chip enrichment devices.

Conclusions

In this work, we have successfully demonstrated an integrated iMF+LCAT device for
selective isolation and enrichment of cells from a heterogeneous mixture like cancer cell line and
blood. Our integrated system combines passive and active microfluidic components for sample
extraction and enrichment, despite the significant disparity in the operational flow rates of the
two devices. Using this platform, we demonstrated successful removal (up to >90%) of smaller
non-target cells (smaller DU-145 cells and RBCs and smaller WBCs) in spiral iMF at the front
end for minimum interference in the isolation of larger target cells. LCAT or the back end of the
platform was used to trap larger (18+) cells with ~90% viability (Larger DU-145 cells and large
monocytes).

The platform can enrich even the lowest of concentrations of spiked particles in blood (1

particle/mL) with high purity/enrichment ratio (44,000x%). The overall throughput is controlled by
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the amount of sample processed by the entire platform, which is ~1mL/min (for bulk non-target
cell extraction). Additionally, the enrichment of target cells in 50pL volume provides a highly
concentrated sample of the target cell population. Using this platform, we were able to
successfully enrich larger side-population of DU-145 cells with >91% purity. Additionally, we
were able to isolate rare larger monocytes from 10x diluted blood with enrichment of 987x%. In
comparison with the current microfluidic devices that are limited by shear induced stress™, low

throughput® or reliance on labeling®®>*

, our integrated platform offers label free and size-
selective sample sorting and enrichment in a single pass. In fact, our approach dispenses with the
need for pre-processing of input sample such as RBC lysing®® ?*? for pre-processing of a blood

sample prior to enrichment, thereby maintaining sample integrity.

Our integrated platform eliminates the trade-off between high purity and high throughput
as experienced in previous size-based microfluidic devices. Furthermore, our approach offers a
continuous, flow through, single step operation, unlike the multi-step devices such as the vortex
isolator*? that relies on a two-step process of trap and release with different flow rates. In future,
we will be working on fine-tuning the size-selection criteria of the platform for higher
enrichment. Overall, this work demonstrates a highly promising approach to selective isolation
and enrichment of particles/cells, and ultimately could lead to development of a single-step blood

liquid-biopsy platform.
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Methods

Device Fabrication. The devices were fabricated using standard soft lithography. PDMS
(polydimethyl siloxane) was cast on a mold fabricated using SU-8 (MicroChem) as negative
photoresist. After curing PDMS at 65°C for 2 hours, it was peeled and bonded to a glass
coverslip (0.17 mm thick) using standard plasma bonder (Harrick). Bonding to coverslip was
done to ensure efficient actuation and induction of acoustic field and the device was kept on a
hot plate at 65°C overnight to render hydrophobicity.

Device Operation. Syringe interfaced with clear Tygon tubing and FEP tubing (1/16”’
diameter) using luer connector was inserted in syringe pump (New Era) to control the flow rate.
For acoustic actuation, function generator (Agilent Technologies) with voltage amplifier (Krohn-
Hite Corp.) was used to provide desired amplitude (Vpp) square waveform. These square waves
actuated a Piezoelectric Transducer (Steiner and Martins) at a resonating frequency of 49.8 kHz.
For individual spiral iMF and the integrated device particle optimization, a mixture of
fluorescent polystyrene particles of diameter 7.32 um (Bangs Lab, S.D. = 0.53um) (representing
RBCs) and 25 um (Polysciences Inc., S.D. = 2.5um) diameter particles (representing larger rare
cells) was used. The distribution of particles across the channel was observed using an inverted
fluorescence microscope (1X-71, Olympus). The images captured by the 12-bit CCD Camera
(Retiga Exi, QImaging), were Z-stacked (~10-100 images) using Image J software. The
individual LCAT device was optimized using a mixture of 15 um (Phosphorex Inc., S.D. =
0.140) and 10 um (Phosphorex Inc., S.D. =1.270) diameter particles. 1’’x1°’ silicon wafer was
glued (Krazy Glue) on the PZT to make the surface more reflective. PZT was mounted on a
cover of a standard petri dish using double sided tape. Ultrasound gel (Parker Labs Inc.) was

used for improved conduction between the glass cover slip of the device and silicon wafer
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attached to the PZT. Images were taken using Phantom v310 (Vision Research Inc.) camera by
means of an upright microscope (Nikon LV150). The flow was switched from sample to PBS
from a second syringe pump maintained at the original flow rate using a 2-way valve. PBS (Life
Technologies) was used to release the trapped particles and collect the enriched sample from
LCAT after the function generator was switched off. All cells/particles were counted by ImageJ
using a Countess cell counting chamber slide (Life Technologies) under an inverted microscope
(Olympus). De-identified male whole blood samples were obtained from Hoxworth Blood
Center (University of Cincinnati) or from Institute of Clinical and Translational Science
(University of California, Irvine). The blood samples were diluted using 0.9% saline or PBS. For
the spiral iIMF section of integrated device, bright field images were taken with an exposure of
10 ps and ~10-20 images were stacked to represent the focusing regime. Single images were
taken at an exposure of 300 us for imaging trapped particles in microstreaming vortices formed
in the LCAT section of the integrated device.

Cell sample preparation and analysis. DU-145 cell culture and sample preparation:

DU-145 cells were cultured as a monolayers on a T-75 cell culture flask. ATCC-formulated
Eagle’s minimum essential medium was used as the basal medium to which fetal bovine serum
(FBS) was added (10% by volume). After the cells reached desired confluency, the culture
medium was discarded and the adherent cells layer was rinsed with 1X PBS. 2.5mL of Trypsin +
EDTA was added to the flask to disassociate the adherent cells. Cells were observed to have
disassociated in approximately 3 minutes. Cells were then transferred to 10mL Eppendorf tube
and 7.5 mL of the growth medium with FBS was added. Cells were then centrifuged at 1000rpms
for 5min and the pellet was re-suspended in 10mL growth medium. The cell concentration in the

resulting suspension was determined and appropriately diluted to 25000 cells/mL. This sample
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was then infused into the integrated device at the volumetric flow rate of 1.1mL/min using a
syringe pump. The PZT was actuated at 6.5Vpp for entrapment of larger DU-145 cells in

microvortices.

Viability assay: Viability of cells were tested by using Trypan Blue viability test. In this
test, the dye is taken up by dead cells which turns them blue, whereas live cells stay clear. Cell
samples (10 uL each) were taken from inlet, outlet 1 (non-target cells) and outlet 2 (target cells).
10 pL of Trypan Blue was added to each of the sample. Live cells were counted by ImageJ using
a Countess cell counting chamber slide (Life Technologies) to determine the viability of cells in

each sample.

Sample preparation for Monocyte isolation: De-identified male blood sample was

obtained from Institute of Clinical and translational science, Irvine. The blood sample was
diluted to 10x by adding 0.9% saline or 1x PBS. This diluted sample was then infused into the
integrated platform using a single syringe pump at the volumetric flow rate of 1.1mL/min. The
PZT was actuated at 6.5 Vpp allowing larger monocytes to be trapped in the micro-vortices and
subsequent collection at the outlet of the platform. On collection at the outlet, the collected
monocytes were stained with CD14 antibody for confirmation. The protocol for CD14 antibody
staining involved blocking the collected cell sample with FcR block (Miltenyi biotec) by
addition of 60 pL of Staining buffer (1% BSA, 0.1% NaN3 in 1X PBS, pH 7.4) for resuspension
of cell pellets and addition of 20puL FcR. The samples were incubated on ice for 10 min. 4 pL of
CD14-PE dazzle 594 (Biolegend) antibodies were added to stain the samples for 30min/on ice.
The stained sample was then washed twice with 1mL of staining buffer and then centrifuged at
1000 rpm for 5min. The cell pellet was then resuspended in fresh staining buffer and analyzed on

a counter slide using a fluorescent microscope (TRITC filter).
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Fig. 1 An integrated platform for separation of particles from blood. (a) A spiral iIMF device
is integrated in the front end for RBC extraction, with an LCAT in the back end for target cell
isolation and enrichment. (b) Schematic illustrating the size-based separation dynamics in the
integrated platform.
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Fig. 2 Design and optimization of individual devices (spiral cell extractor and LCAT
isolator). (a) Schematic of formation of cross sectional Dean vortices in a curved rectangular
channel and the cell/particle focusing regime. (b) Intensity plot across the channel width at the
outer-most loop and before the expansion in the spiral sorter. Insets show the images of the
collected sample at the inlet, outletl and outlet 2. (c) Plot of sorting efficiency of 25 and 7.32 um
diameter particles as a function of flow rate. Inset shows the fluorescent image of the focused 25
pum diameter particles eluting into outlet 2 and 7.32 um diameter particles eluting into outlet 1.
(d) Schematic of the operational regime of LCAT device showing the entrapment of larger
particles in the microvortices near the air/liquid interface. (e) Plot of concentration of trapped
particles as a function of bulk flow rate and two operational peak to peak voltages. (f) Trapped
particles as a function of concentration of spiked particles (input). Inset shows the bright field
image showing the trapped larger (15 pm) particles and smaller (10 pum) particles following the
bulk flow.
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Fig. 3 Integrated device design and parametric optimization. (a) Schematic of the integrated
device with the spiral iMF and LCAT sections integrated into a single platform. (b) PIV scan and
subsequent plots of the velocity magnitude as observed at (i) spiral outlet channel, (ii) expansion
channel and (iii) LCAT entry channel. (c) Intensity scans across the channel width of the spiral
IMF section within the integrated device. The scans were taken at the inner most loop and the
outermost loop, for the std. deviation z-stack. Inset shows the pseudo colored standard deviation
z-stack of the focused 7.32 um diameter particles and >18 um diameter particles. (d) Bright field
images of the 7.32 um diameter particles eluting into outlet 1 and > 18 um diameter particles
eluting into the LCAT, where they get trapped in the microvortices actuated at 6.5Vpp (second
bright field image).
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Fig. 4 Integrated device operation with particles spiked in blood. (a) Z-stack of the bright
field images of 25 um diameter particles spiked in 20x diluted blood sample at the inlet of the
integrated device. (b) Z-stack of the bright field images of focused 25 pum diameter particles
eluting into the interconnecting channel towards LCAT and RBCs eluting into outlet 1. (c)
Sorting efficiency of the spiral iIMF in the integrated device for 25 pum diameter particles and the
purity of the sample that eluted into the LCAT. (d) Trapped 25 um diameter particles in
microvortices in the LCAT section of the integrated device at varying spiked concentrations. (e)
Enrichment ratio evaluated at each of the spiked concentrations at the input of the integrated
device, providing the enrichment factor for the target particles/cells.
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Fig. 5 Integrated device used for two applications in cellular biology. (a) Bright field image
of the larger DU-145 cells trapped in the micro-vortices of the integrated device (left), along with
images showing the inlet sample and sample at the outlet (right). (b) Box plot showing the range
of cell-sizes of both the DU-145 cell sample at the inlet and the sample obtained after the
enrichment using integrated platform. The plot shows enrichment of larger DU-145 cells in the
outlet sample. (c) Plot showing the viability of DU-145 cells. We obtained 90% viability of
enriched target cells. (d) Images showing the use of integrated device for isolation of sub-
population of monocytes. The Wright-Geimsa stained inlet sample shows a majority of RBCs
with a few WBCs (left). The outlet sample obtained contained only monocytes, the presence of
which was confirmed using CD14 fluorescent antibody (middle). (e) Box plot showing size
comparison of cells at the inlet (blood sample), outlet 1 (non-target cells) and extracted larger
monocytes (target cells) from outlet 2.
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