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The sorting of specific cell populations is an established tool in biological research, with new applications
demanding greater cell throughput, sterility and elimination of cross-contamination. Here we report
‘vortex-actuated cell sorting” (VACS), a new technique that deflects cells individually, via the generation of
a transient microfluidic vortex by a thermal vapour bubble: a novel mechanism, which is able to sort cells
based on fluorescently-labelled molecular markers. Using in silico simulation and experiments on beads, an
immortal cell line and human peripheral blood mononuclear cells (PBMCs), we demonstrate high-purity
and high-recovery sorting with input rates up to 10% cells per s and switching speeds comparable to
existing techniques (>40 kHz). A tiny footprint (1 x 0.25 mm) affords miniaturization and the potential to
achieve multiplexing: a crucial step in increasing processing rate. Simple construction using biocompatible
materials potentially minimizes cost of fabrication and permits single-use sterile cartridges. We believe
VACS potentially enables parallel sorting at throughputs relevant to cell therapy, liquid biopsy and pheno-

rsc.li/loc typic screening.

Introduction

Cell sorting has found a vast range of applications in biology,
permitting the isolation and study of discrete cell
populations. The prevailing technology is the combination of
the jet-in-air sorter (JIA) with fluorescence cytometry,* com-
monly known as fluorescence-activated cell sorting (FACS).
State-of-the-art instruments sort millions of cells within an
hour, measuring multiple fluorescent markers simultaneously
with sensitivity down to tens of fluorophores per cell. How-
ever, several clinical and biotechnology research applications,
including cell therapy, liquid biopsy and high-throughput
phenotypic screening, are poorly served by JIA due to inherent
limitations including throughput, automation, reproducibility
and sterility.

Cell therapies, for example autologous chimeric antigen
receptor (CAR) T-cell therapies, are currently experiencing
vast increases in sophistication. These often demand selec-
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tion of a rare phenotype at >90% purity from an input popu-
lation ~10° cells, to produce efficacious doses of ~10°-10"°
cells.>® The output phenotype is typically defined by a small
number of surface markers, and may be a rare subpopula-
tion. For instance, regulatory T-cell (Treg) therapies rely on
target cells representing <10% of PBMCs.*’ Taken together,
it is estimated that therapeutic sorting requires a 10-20x pro-
cessing rate improvement on JIA instruments ie. ~0.5 x 10°
cells per h. Furthermore, therapeutic cell sorting must adhere
to good manufacturing practice (GMP): key concerns are
elimination of contamination, cross-contamination, and aero-
solized biohazards.

High-end JIA sorters typically process PBMCs with high
purity, high recovery and high viability at 1-2 x 10* cells per
s. Throughput is limited by cell viability, resulting from shear
rate or pressure drop across the nozzle, and decreases of
yield, purity and reliability, caused by a reduction of flow fo-
cusing and blocking of the nozzle by cell aggregates.®® Nota-
bly, these limitations apply to any single-stream sorter, in-
cluding the many recently-described microfluidic cell sorting
technologies."® >

We believe that the practical route to higher-throughput
sorting requires multiplexing: simultaneously operating a
parallel array of single-stream sorters. The key challenge to
enable high-throughput parallel sorters is to make an individ-
ual sorter much smaller and simpler than existing designs,
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without sacrificing switching speed. For example, ~0.5 x 10°
cells per h would be satisfied by 16 sorters, each processing
10000/s. However, arranged as a 4 x 4 array on chip, the
pitch must be <1 mm to achieve sufficient sensitivity with
reasonable optical components (lenses and filters <2 inch di-
ameter). While several parallel flow cytometers®* > and one
parallel sorter’® have been published, until now no micro-
fluidic cell sorters meet this specification, because of their
size (including actuators and side-channels), low sort rates,
or other complexities.

Here, we present VACS, a unique new sorting mechanism,
allowing JIA rates in scalable microfluidic devices, inspired
by recent discoveries in inertial microfluidics.*®

Notably, inertial vortices have already been created in
microfluidic devices and used for particle separation or en-
richment effects.>*® What distinguishes VACS from the
prior art, is that in VACS, the vortex is transiently created by
the interaction of a fast electronic actuator with the channel
geometry; the vortex is then shed and flows downstream.
These lead to the innovative use of the vortex in cell sorting:
i.e. VACS selects single particles in the flow, based on optical
cytometry. In the prior art, in contrast, vortices are created by
the interaction of the steady flow with the channel geometry:
these vortices persist at certain positions while particles enter
them and migrate to different paths according to how their
physical properties are affected by the fluid flow. Thus VACS
is able to sort particles based on fluorescently labelled
markers, while the prior art separates particles based on size,
density or other physical differences.

A thermal inkjet (TIJ)-style actuator is employed to create
fluid displacement, but instead of using the vapour bubble to
directly displace cells,"™® the bubble creates a transient iner-
tial vortex, ie. rotational flow at a well-defined position in
the stream. Actuation by TIJ is attractive because the actuator
itself, a thin-film microresistor, is small relative to the target
pitch (typical dimension ~100 pm (ref. 18)) and can be made
using standard micro-electro-mechanical-systems (MEMS)
methods, from bio-compatible materials such as titanium
and gold on a glass substrate.>””*® TIJ actuators have been de-
veloped and studied extensively over four decades for use in
the digital printing industry. The benefit of using rotational
flow rather than direct deflection is that smaller bubbles of
shorter lifetime can be used, without necessitating side chan-
nels to focus the displacement in the deflection region.">'”
This allows a much smaller and faster sorter device.

We therefore believe that VACS has potential advantages
for practical miniaturization and multiplexing of high-
throughput cell sorting.

Methods

The vortex-actuated cell sorters were designed and tested by
multiphysics simulation, to test the core physical concepts
before they were built. The COMSOL models (COMSOL AB,
Stockholm, Sweden) are fully described in ESIT 2.1. The de-
vices were then built by standard microfabrication methods,
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namely thin-film deposition of metals on a glass substrate,
followed by casting in PDMS, alignment and bonding of a
microfluidic layer (fabrication steps described in ESI} 2.2).

The first experimental evidence of deflection via the tran-
sient inertial vortex was achieved by setting up a pulsed laser
rig, to create thermal vapour bubbles within a channel. The
transfer from a laser pulses of defined energy to a bubble
was done by adding an absorption dye to the liquid medium.
This was a convenient method as it allows a direct control of
energy transfer to the thermal vapour bubble and does not
require the fabrication of microresistors. Although we did
not take this method further, nor test it in an integrated
sorter instrument, we describe it in ESIf 2.3 for
completeness.

Experiments then progressed to setting-up and evaluat-
ing an integrated fluorescence-activated sorter system. VACS
chips incorporating an electrical microresistor as the ther-
mal vapour bubble actuator, were mounted in a custom-
built fluorescence-activated cytometry rig. ESIt 2.4 describes
the cytometry optics, while ESIt 2.5 describes the electronic
control system. A syringe pump with a 5 mL disposable sy-
ringe was used to introduce particle suspensions at a de-
fined volumetric flow rate into the VACS chip. The two out-
lets of the VACS chip (sort and waste ports) were piped to
15 mL centrifuge tubes to collect the sort and waste out-
puts respectively.

Quantitative experimental evaluation of the core device
was done first using strobe microscopy which gives a direct
means to evaluate sort efficiency by observing individual sort
events (strobe set-up described in ESI} 2.6). The strobe LED
and camera were triggered by detection of positive events,
thus enabling precise measurement of bead position with ar-
bitrary timing, in an uncorrelated sample of sort events. In
one configuration, the strobe LED was set up to flash twice
with configurable delay times to image the particle in two po-
sitions in the same frame: firstly at the maximum extent of
the thermal vapour bubble, and secondly after passing the
junction into sort and waste channels. In this way, we were
able to measure statistics of correctly sorted particles. Various
parameters were explored: the actuation delay time (position
of particle at time of actuation), feature dimensions of the
VACS device (including the channel dimensions, micro-
resistor dimensions and inertial focusser dimensions), flow
rates, particle densities, the actuation pulse (voltage, dura-
tion), and the control system (minimum repeat time, coinci-
dence detection and abort).

We then evaluated the sorting of populations of micro-
beads (ESI{ 2.7). The purity and recovery of the output was
measured, which depends on full system integration:
cytometric detection (fluorescence and forward scatter mea-
surement and gating), control system and power electronics
(sending appropriately timed pulses of reliable power and du-
ration), the loss of particles by adhesion and sedimentation
in vessels and tubing, and the VACS chips (testing production
of thermal vapour bubbles, efficiency of deflection over up to
millions of particles).

Lab Chip, 2019, 19, 2456-2465 | 2457
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After beads, we progressed to testing the sorter with an
immortal cell line (ESI} 2.8) and finally human PBMCs from
multiple volunteers (ESIT 2.9). These experiments tested the
feasibility of using VACS for viable sorting of living cells.

Human blood was taken from volunteers in accordance
with Good Clinical Practice and the Declaration of Helsinki
2013, and local regulations. The protocol was approved by
the local ethics committee (07/Q0108/3; National Research
Ethics Service, Cambridgeshire 2 Research Ethics Committee)
and all study subjects provided written informed consent (n =
7, age range 29-64, 3 female).

The VACS devices use a serpentine inertial focusser as
their input: its design and testing is described in ESIf 2.10.
The important characteristic of the inertial focusser is lateral
position error within the channel that may cause false posi-
tive or negative events. We evaluate frequency of outliers in
our chosen inertial focusser design.

Two modes of sorting were set up in the control system:
high purity and high recovery. In high-purity mode, sort
events are aborted if a negative coincidence is detected (i.e.
detection of a negative particle within the sort envelope). In
high-recovery mode, there is no rejection of positive particles,
except if they occur within a minimum repeat time parame-
ter. The statistics of the theoretical ideal high-purity and
high-recover sorter are described in ESI{ 2.11. We compared
the experimentally observed sorter performance with these
theoretical sorters.

Results
Device concept and simulation

The concept of vortex-actuated cell sorting is as follows: by
placing a sharp edge feature in a microchannel of ~100 um
dimension, transient flow caused by a microbubble expan-
sion and collapse may lead to localised inertial rotation in
the fluid sufficient to cause particle deflection. Fig. 1(a)
shows the device design, which incorporates a TIJ-style
microresistor actuator to generate the bubble. Since the ve-
locity due to both the steady flow (prevailing flow through
the sorter) and transient flow (caused by the actuator) is sig-
nificant (both of magnitude around 2 ms™), the channel
Reynolds number is of order 10> and therefore both steady
and transient flows may cause inertial effects.*® The Stokes
number of a particle such as a 10 um-diameter cell or polysty-
rene bead, having a density mismatch of 5-10% with water,
is of order 1072, suggesting that such particles will behave ap-
proximately like tracers in the flow: passively tracing the
streamlines of steady and transient flows.

Simulation makes a clear prediction of the vortex and its
effect on a particle: a vortex is created at the sharp edge fea-
ture. If a particle transits the feature coincident with the crea-
tion of this vortex, the vortex causes a permanent displace-
ment perpendicular to the streamlines of the steady flow. 2D
and 3D simulations of fluid flow in VACS were created in
COMSOL (ESIt 2.1, 3.1 and V1-V3). Fig. 1(d) shows a time se-
ries: the transient flow creates a vortex at the sharp edge,
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which is then shed and flows downstream. The vortex de-
flects a simulated 10 pm polystyrene particle within a narrow
region along the flow path. Fig. 1(e) shows trajectories of
these simulated particles, showing the direct displacement in
the transient flow of only 6 um, which is fully reversed by col-
lapse of the bubble. However, the subsequent creation of the
vortex causes a much larger permanent displacement of
around 18 um by the time the vortex has dissipated approxi-
mately 150 pm downstream of the sharp edge.

Note that if we remove mass from the simulation (i.e. set-
ting fluid density and particle mass to zero), then the vortex is
not created, and no deflection of a particle occurs. Thus the
simulation clearly predicts that the particle deflection effect is
inertial. This simulation is shown in V4: particles are injected
on the centre streamline, and the displacements caused by the
actuation are reversible such that no particle deflection occurs.

Also pictured in Fig. 1 is our concept of a 16x parallel
microfluidic cell sorter based on this principle (Fig. 1c), laid
out on a 4 x 4 array of pitch 1 mm. Although not yet built, it
is included to show that the VACS design potentially enables
a high density of parallelization on chip. ESIf 2.4 shows a
conventional architecture of an optical system for parallel
interrogation of these 16 sorters, with an array of laser spots
and array detectors for forward scatter, back scatter and fluo-
rescence, each aligned with the image of the sorter array.

Lab-on-chip microfabrication and integration with
experimental sorter system

Fig. 1(b) shows the VACS device made by conventional
MEMS/lab-on-chip techniques (ESIT 2.2, with variations of
the design for experiments described). The microheater is a
sputtered layer of titanium on a borosilicate glass substrate,
while the conductor tracks are gold on a titanium adhesion
layer. The microchannels are cast in a layer of PDMS, bonded
to the glass substrate by plasma surface treatment.

The experimental sorter rig integrates optical detection
(fluorescence, forward scattering, back scattering, bright-field
transmission strobe imaging, as described in ESI} 2.4), a
VACS chip with an 80 x 180 um microheater, an FPGA-based
control system to decide which particles to deflect (ESI} 2.5),
and an image analysis algorithm to analyse the strobe images
and verify a sample of the sorting events (ESIf 2.6). Suspen-
sions of particles are focused by an inertial focusing element
and carried at a centre-stream velocity of around 2 ms™ in the
sorting region (ESIT 2.10). The particles are analysed optically
at the laser focus, approximately 200 um upstream of the sort
envelope. Control logic is set up on the FPGA with a ‘firing de-
lay time’ between the detection and the microheater pulse;
this delay time is scanned to determine the ‘sort envelope’.

Applying electrical current to the microresistor causes
rapid heating, which nucleates a thermal vapour bubble. The
design and development of the actuator is described in ESIf
3.3; the size and lifetime of the bubble has a complicated de-
pendence on the size of the heater, the power dissipation
rate, and the dynamic resistance of the channel.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Concept and simulation of VACS. (a) The VACS design incorporating several extra features: a symmetric serpentine inertial focusser, a
heater pocket to put a safe distance between the hot vapour bubble and the particles to be sorted, and a pair of bends in the channel, to direct
the particles closer to the vortex-creating edge. (b) Assembled VACS device on a microfluidic sorter chip, made using MEMS and lab-on-chip tech-
niques. (c) Multiplex sorter device, currently in development, enabled by the vortex sorter. (d) 2D fluid flow simulation of the vortex sorter, incor-
porating a steady flow (carrying the particles from the left at 2 ms ! in the centre-stream), a transient flow from the top wall to simulate the ther-
mal vapour bubble, and tracer particles. Two sequences are shown, with time slices relative to the time of maximum bubble extent: (d.i) showing
streamlines and the total flow field from -10 us to 300 ps, by which time the particle has entered the sort channel, and (d.ii) a detail of the transient
component of the flow, showing how the vortex is generated at the sharp edge and shed downstream, subsequently decaying over tens of micro-
seconds. (e) Simulated trajectories of tracer particles are plotted to compare deflection caused directly and via the vortex. The direct displacement
is up to 6 um and transiently affects not only the selected particle (magenta trace) but two neighbouring particles of 100 ps separation (cyan/
brown traces), while the permanent displacement caused by the vortex is 18 um and only affects the selected particle. The vortex decays within

around 150 um as it flows downstream.

Evaluation of core device and sorter system with microbeads

The sorter was first evaluated with suspensions of 6 pm and
10 um polystyrene beads, introduced by a syringe pump (ex-
perimental conditions described in ESIt 2.7). Strobe micros-
copy provides a means to sample individual sort events and
evaluate the statistics of deflection (described in ESI{ 3.4-
3.5). A minimum resistor size of 80 x 120 um was required to
sort particles, but reliable high-efficiency sorting required a
resistor size of 80 x 180 um.

Fig. 2(a) and Videos V6 and V7 show examples of strobe
microscopy to track particles through the vortex actuation
and evaluate individual sort events. The ‘sort envelope’ repre-
sents the ability to pick individual particles from a stream,
which is the key performance attribute of the core device.
This envelope can be defined spatially (particle position at
the time of actuation, along the contour of particle posi-
tions), or temporally (delay time of actuation after optical de-
tection of the particle). Ideally, the probability of deflection is
100% within and 0% outside the sort envelope.

Fig. 2(b) shows statistics of 2100 individual events, in
which a 10 um bead was either found to be deflected into the
sort channel or undeflected into the waste channel. The his-
togram of proportion sorted reveals a sort envelope of 52 pm
(spatial units) or 23 us (temporal units), which is the distance
or time respectively to go from 0% probability of sorting, to
100% to 0% again. This histogram allows direct estimation
of error rates for the device: false positive rate <0.06% and
false negative rate <0.25% (ESIt 3.4).

With channel dimensions suitable for PBMCs, our mea-
sured sort envelope of 23 ps compares with the 8 us pre-
dicted by simulation: the difference is probably caused by
mechanical compliance of the channel walls. We can define a
‘sort envelope rate’ of 1/(23 us) = 43 kHz which represents
the maximum rate to address individual particles. This may
be directly compared with the droplet rate on a JIA sorter,
with the caveat that there may be other important rates limit-
ing the thermal vapour bubble generation, as further
discussed below. In the case of sorting a rare positive cell
subset out of a largely negative population, the sort envelope
rate is equivalent to a droplet rate. The demonstration of
bead and cell sorting (below) gave purities and recoveries
consistent with this sort envelope.

Strobe microscopy also reveals bead deflection by the iner-
tial vortex, shown in Fig. 2(c). These trajectories agree quali-

2460 | Lab Chip, 2019, 19, 2456-2465

tatively with the simulation, in that no permanent deflection
occurs in the region of the bubble, but deflection starts from
near the sharp edge and gradually increases to a maximum
within ~200 pum from the sharp edge. The direct displace-
ment in the firing zone is ~3 pm, while the displacement be-
fore the sort junction is ~20 pm. The inertial vortex thus
causes a displacement amplification of around 7, in order-of-
magnitude agreement with the simulations.

Two other important rates in our system are ‘peak sort
rate’, the inverse of the minimum repeat time of actuation,
and ‘sustained sort rate’, the average rate that we can contin-
uously operate our actuator. We studied peak sort rates in
two ways and found that deflection efficiency did not deterio-
rate noticeably up to a peak sort rate of at least 10 kHz.
Firstly, deflection efficiency was measured directly: we found
near-100% efficiency at peak sort rates up to 5 kHz (mini-
mum repeat time 200 ps, ESI{ 3.5), beyond which it became
difficult to use strobe microscopy to count deflected particles
unambiguously. Secondly, measuring deflection efficiency in-
directly by comparing recovery statistics to a theoretical
sorter (see results below), reveals no significant deterioration
of recovery at peak sort rates of 10 kHz.

Sustained sort rates in the experimental system were lower
than peak sort rates: we found that the microresistors tended
to fail faster if we allowed sustained actuation at greater rates.
In the sorting experiments presented below, we limited
sustained sustained sort rate to 1-2 kHz, which resulted in a
typical lifetime of around 2-3 million sort events. By this
number of actuation cycles, the microresistor tended to have
failed by thermal, mechanical or electrochemical damage.
Higher sustained actuation rates tended to reduce the lifetime
measured as number of sort events, presumably due to higher
stress or temperatures in the microresistor. We note that our
current experimental devices lack the passivation and anti-
cavitation layers of the analogous TIJ devices that ensure
much longer lifetime and much higher sustained actuation
rates in otherwise similar conditions, as discussed below.

The overall sorting performance was tested by mixtures of
fluorescent and non-fluorescent beads. We sorted firstly 10
pm beads in ‘high-recovery’ mode (without rejecting coinci-
dence events), and secondly 6 um beads in ‘high-purity’
mode (with rejection of coincidence events). Representative
results are shown in Fig. 2(d) and Table 1. The output purity
and recovery were measured subsequently with a Sysmex

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Demonstration of core device and complete sorter system using polystyrene beads. (a) Double strobe image of a single bead deflected by
an inertial vortex out of a stream of 10 um beads. (b) Sort envelope histogram, containing statistics of 2100 particles. (c) Trajectories of beads
going to sort (blue +) and waste (red 0), showing the displacement due to the inertial vortex effect of around 20 um. (d) Sorting mixtures of
fluorescent and non-fluorescent beads. Three mixtures were tested: (d.i) 10 um beads, common positive, high-recovery mode, 1035/s: pre-sort
50.1% is purified to 99.7% with recovery of 93.5%; (d.ii) 10 um beads, rare positive, high-recovery mode, 9930/s: pre-sort 5.06% is purified to 99.1%
with recovery of 96.9%; and (d.iii) 6 um beads, very rare positive, high-purity mode, 13299/s (the top four peaks of the Spherotech RCP-60-5 rain-
bow beads are sorted from the lower peaks and non-fluorescent beads): pre-sort 0.11% is purified to 56% with recovery of 72%.
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Table 1 Sorting results for mixtures of fluorescent and non-fluorescent beads. Purity is defined as the ratio of positive particles to all particles in the
sort output. Recovery is defined as the ratio of positive particles in the sort output to positive particles in the input. Theoretical sorter purity and recovery
were calculated using the equations in ESI 2.11, taking sort envelope time 23 ps, minimum repeat time of 100 us and the relevant input rate and pre-

sort fraction

Bead diameter Input rate  Pre-sort FL+ Theoretical sorter ~ Theoretical sorter
Experiment [pum] [/s] fraction Purity Recovery purity recovery
Common sort, recovery mode 10 pm 1.04 x10°  50.1% 99.7%  93.5% 98.7% 96.7%
Rare sort, recovery mode 10 pm 9.93 x10°  5.06% 99.1%  96.9% 82.3% 96.6%
Very rare sort, purity mode 6 pm 13.3x10°  0.11% 56.1% 72.1% 100% 73.6%
Deflect all particles, recovery mode 10 um 1.48 x 10°  100% 99.9%  97.5% 100% 90.0%

Partec Cyflow Cube 8 cytometer (Sysmex Partex GmbH,
Gorlitz, Germany; details in ESIT 2.7).

Sorting results are compared with an ideal ‘theoretical
sorter’, whose only errors are due to coincidence events
within the sort envelope (accepting or rejecting coincidences)
and minimum repeat time (dropping events), assuming non-
correlation of events in the stream. The theoretical sorter's
purity and recovery for high-purity and high-recovery modes
can be calculated with Poisson statistics (equations given in
ESIf 2.11).

In high-recovery mode, both purity and recovery are re-
markably close to or higher than the theoretical sorter for
our example ‘common positive’ and ‘rare positive’ sorts, for
input rate 1.04 x 10°, positive fraction 50.1%, and 9.93 x 10°/
s, positive fraction 5.1% respectively. That the integrated in-
strument achieved purity higher than the theoretical sorter in
both cases is likely due to solid sphere exclusion and particle
entrainment inertial effects, which cause the arrival of the
cells to deviate from Poisson statistics.>'*° This could be of
benefit for high-purity/high-recovery sorting, since coinci-
dence events might be significantly reduced with careful
tuning of the design.

In an example ‘very rare positive’ sort, we processed input
rate 1.3 x 10*/s and positive fraction 0.11%. We obtained close
to the theoretical recovery, but a sort purity of 56%. This
would correspond to an error rate of 0.07% false positives.

The final example is a ‘deflect all particles’ sort, where we
processed an input rate of 1500/s and attempted to deflect ev-
erything, except events that fell within the 100 ps minimum
repeat time. That the recovery is higher than the theoretical
sorter recovery in this case is likely due to the non-Poisson ar-
rival time of the events mentioned above. However, it also
suggests consistency with the peak sort rate of 10 kHz =
1/(minimum repeat time of 100 us). The predicted recovery
for a peak sort rate of 5 kHz would be approximately 10%
lower. That we did not see a loss of performance suggests
that deflection efficiency has not dropped greatly at a peak
sort rate of 10 kHz.

Evaluation of sorter system with live cells

Second, the sorter was tested with Jurkat cells, an immortal
human T-cell line. These were stained to produce an arbitrary
fluorescent sub-population and sorted with high recovery (ex-
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ample result in ESI{ 3.6). No evidence of cell damage or dis-
ruption was evident in light microscopy. Sorted cells contin-
ued to proliferate when put back into cell culture media and
incubated.

Third, the sorter was evaluated with human PBMCs (ESI}
2.9, 3.7), extracted from heparinised venous blood, taken
from healthy volunteers (n = 7).

For proof-of-principle, T-cells (CD3+) and B-cells (CD19+)
were sorted, since each can be labelled with a single fluores-
cent antibody. As arbitrary common and rare compartments
respectively, these demonstrate how the sorter could be used
for selecting phenotypes in cell therapy. Each labelled sample
was resuspended at density 1-2 x 10%/mL, 5 mL total volume,
and sorted in high-purity mode.

Output was measured using standard instruments (a
Becton Dickinson FACSCanto II flow cytometer was employed
for measuring purity and a Beckman Coulter Z2 Coulter
Counter was employed for absolute counting): Fig. 3(a) shows
example cytometry gating. Video V8 shows strobe microscopy
of PBMC sorting. Fig. 3(b and c¢) shows full purity and recov-
ery statistics compared with the theoretical sorter. These re-
sults are also tabulated fully in Tables S5 and S6t1 for CD3+
cells, purity averaged 98% (from 63% pre-sort, n = 5). For
CD19+ cells, purity averaged 82% (from 1% pre-sort, n = 7).
Recovery is close to the expected recovery, allowing for the co-
incidence rejection and minimum repeat time settings. The
difference between sorting performance for beads and
PBMCs is likely to be due to defocused cells, ambiguities of
gating and coincidence detection, adhesion of cells and
counting with external instrumentation.

We expect that refinements of the cytometry optics, con-
trol logic, inertial focusser and microchannel material will
close this gap. PBMC viability was unaffected by sorting
(mean 99.0% pre-sort; 99.5% sort output, n = 4, ESI{ 3.8).
The devices were observed to be resistant to clogging: we reg-
ularly processed ~10” PBMCs in each run without failures
due to cell aggregation or debris build-up.

Discussion

The VACS concept and its performance have thus been ex-
plored on several levels: fluid simulations, strobe microscopy
event observations, and finally realistic performance of an
integrated fluorescence-activated sorter. The latter has been

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Evaluation of the sort purity and recovery using human PBMCs. (a) Gating procedure for generation of data from pre- and post-sort CD19/
CD3 positive cells. This includes an overlay, backgated from the CD14-positive (monocyte) population, to determine the position of the lympho-
cyte gate on forward/side scatter plots. Example gating is for pre-sort and sort output data on the standard cytometer. (b and c) Scatter plots
showing all data from CD19 and CD3-positive cells respectively (pre-sort positive fraction, sort output purity and recovery), with median values
(red line) and median prediction of purity and recovery for an ideal theoretical sorter in high-purity mode (i.e. errors due to event coincidences
only, taking sort envelope width of 23 us and minimum repeat time of 100 us and 1000 pus respectively) (black dashed line). Flow cytometry dot
plots are shown below of a representative subject sample from which the scatter plot was derived.
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demonstrated with beads, an immortal cell line and human
PBMCs from several volunteers.

The main quantitative result is a sort envelope of 23 us in
a device of lateral dimension 250 um without side channels,
which compares favourably to previous microfluidic sorters
that employed TIJ-style actuators,"”™® and is due to the inno-
vation that we have introduced: the generation of a transient
inertial vortex. We also included a 16x parallel design (4 x 4
sorters on a 1 mm pitch) to show that the device could poten-
tially be parallelized at a high density on chip.

The current devices are limited by sustained actuation rate
(approx. 1 kHz) and lifetime of the microresistor (approx. 2-3
million cycles). In fact, much effort in the early development
of TIJ printing was dedicated to successfully solving this
problem, by using thin film passivation and anti-cavitation
layers to prevent similar failure modes in electrolyte solu-
tions. Commercial devices since over 20 years ago typically
achieve sustained actuation rates >15 kHz and lifetimes of
billions of cycles.”® We believe similar microfabrication mate-
rials and processes should significantly raise the sustained
actuation rates and extend the lifetime of our devices.

Output purity from the current devices seems to be lim-
ited by errors in particle focusing. However, for particles of
the size of lymphocytes or larger, this only seems to affect pu-
rity significantly when approaching positive fraction of the
order of 0.1%. This could be reduced by improvements in the
inertial focusser design.

In summary, we have invented a novel means of cell
sorting, and provided experimental evidence of its functional-
ity. We believe VACS is potentially a disruptive, scalable tech-
nology that could enable practical processing of hundreds of
millions, to billions of cells in a batch, by high density on-
chip multiplexing. A multiplex demonstration rig is in devel-
opment at the time of writing.

Moreover, the comparative simplicity of the sort mecha-
nism and device construction using biocompatible materials
should make VACS suitable for low-cost disposable sorting
cartridges. These advantages should enable a variety of re-
search and clinical applications, including cell therapeutic
applications, that are currently constrained by existing
methods.
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