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Introduction

Image-based cell sorting using focused travelling
surface acoustic wavest

Ahmad Ahsan Nawaz, @ 12 Despina Soteriou, @ 1 Catherine K. Xu, @2
Ruchi Goswami, ©2 Maik Herbig, ®° Jochen Guck @ *2 and Salvatore Girardo @ *?

Sorting cells is an essential primary step in many biological and clinical applications such as high-
throughput drug screening, cancer research and cell transplantation. Cell sorting based on their
mechanical properties has long been considered as a promising label-free biomarker that could
revolutionize the isolation of cells from heterogeneous populations. Recent advances in microfluidic
image-based cell analysis combined with subsequent label-free sorting by on-chip actuators demonstrated
the possibility of sorting cells based on their physical properties. However, the high purity of sorting is
achieved at the expense of a sorting rate that lags behind the analysis throughput. Furthermore, stable and
reliable system operation is an important feature in enabling the sorting of small cell fractions from a
concentrated heterogeneous population. Here, we present a label-free cell sorting method, based on the
use of focused travelling surface acoustic wave (FTSAW) in combination with real-time deformability
cytometry (RT-DC). We demonstrate the flexibility and applicability of the method by sorting distinct blood
cell types, cell lines and particles based on different physical parameters. Finally, we present a new strategy
to sort cells based on their mechanical properties. Our system enables the sorting of up to 400 particles
per s. Sorting is therefore possible at high cell concentrations (up to 36 million per ml) while retaining high
purity (>92%) for cells with diverse sizes and mechanical properties moving in a highly viscous buffer.
Sorting of small cell fraction from a heterogeneous population prepared by processing of small sample
volume (10 pl) is also possible and here demonstrated by the 667-fold enrichment of white blood cells
(WBCs) from raw diluted whole blood in a continuous 10-hour sorting experiment. The real-time analysis
of multiple parameters together with the high sensitivity and high-throughput of our method thus enables
new biological and therapeutic applications in the future.

(DLD)."* Such methods rely on a specific parameter (e.g. cell
size, deformation, fluorescence) which must be hard-wired

The isolation of specific cells from a heterogeneous
population with high sensitivity, reliability and purity, is a
fundamental requirement in many biological and clinical
research areas such as high-throughput drug screening,
cancer research,>® rare cell enrichment® and cell
transplantation.>® Different technologies are available to
enable cell isolation and can generally be classified as bulk
separation methods or single cell sorters. Common bulk cell
separation methods include centrifugation,” filtration,®
magnetic activated cell sorting (MACS),”' and microfluidic
approaches™ such as deterministic lateral displacement
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into the experimental setup. This means that the selection of
a single cell from a heterogeneous population using a
combination of parameters is highly challenging with such
approaches. Single-cell sorters, though slower in comparison
to bulk separation methods, are able to select single cells
based on their real-time analysis and sort them into the
desired outlets, based on multiple parameters.

Among single cell sorters, the gold standard is
fluorescence activated cell sorting (FACS)."® FACS is presently
a state-of-the-art commercially available product, however,
the procedure is time consuming, costly, and requires trained
personnel. It relies on the fluorescent labelling of cells,
rendering the user blind to cells without known molecular
markers. This limits the discovery of new cell populations,
for which markers are not yet identified. Moreover, for
certain applications, the presence of the fluorescent labels in
sorted cells may not be suitable,'* such as in personalized
medication and transplantation. Furthermore, although
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forward and side scatter are label-free, they do not provide a
direct representation of cell size, granularity or refractive
index and hence can be difficult to relate to physical
properties of cells.'?

In recent decades, the label-free characterisation of cells
has shown a relationship between inherent cell physical
properties and their specific state and function. This has led
to the development of novel methods combining microscopy
and microfluidics, which perform spatial and temporal
analysis of several cell physical and chemical properties with
high throughput and sensitivity. Among such methods are

Raman scattering,’® quantitative phase imaging,'”'®
impedance- and dielectrophoresis-based  analyses,
Brillouin microscopy,>" suspended micro-channel

resonators,”® deformability cytometry (DC),*® quantitative
DC** and real-time deformability cytometry (RT-DC).>>?® The
further integration of microactuators enabled the sorting of
single cells based on the selection and combination of
specific parameters, today frequently performed by the use of
artificial intelligence (AI).">?”*® This opened a new avenue
for label-free cell sorting approaches, such as:
dielectrophoresis,®® pneumatic valves,*®*’ on-chip solenoid
valve controllers,’® optical switches® and pulsed lasers.*?
However, cell viability,**** on-chip integration®” and
throughput®* still limit their broader use. Conversely, surface
acoustic wave (SAW)-based actuators are compact and easily
integrable with microfluidic systems providing high speed
actuation  without  affecting  cell  viability and
functionality.">*>*® Acoustophoretic motion induced by SAW
has been widely investigated both experimentally and
theoretically,”  demonstrating that acoustofluidic-based
microfluidic approaches are capable of manipulating cells
and particles. Cells or particles can be separated, sorted and
focused based on their density, and compressibility, without
restrictions based on their electric, magnetic, and optical
properties.*®

Recently, we demonstrated sorting from heterogeneous
populations, with >90% purity at rates of up to 100 cells per
s, by integrating real-time fluorescence deformability
cytometry (RT-FDC) with standing surface acoustic wave
(SSAW) actuation.'® Cells were imaged in real-time, while
they were hydrodynamically aligned and deformed in a
microfluidic constriction channel slightly bigger than the cell
diameter.>® Additionally, image-based cell sorting
approach only requires small sample volumes (~10 pl), a
feature which is critical for rare or precious samples (e.g.
retina cells, neonatal blood*®?°). Following the real-time
analysis, upon SSAW actuation the cell of interest was
transferred to the pressure node aligned in front of the target
outlet. Proper operation of the system relied on having one
single pressure node precisely located within the microfluidic
channel. This limited the maximum IDT frequency and
consequently the magnitude of the acoustic force.
Furthermore, precise alignment between the IDT and the
channel was required, or else further phase adjustments were
needed, making the chip fabrication and usage highly

our
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challenging and necessitating specialized users. All these
aspects restricted the maximum cell concentration, the
velocity, and the minimum pulse time, resulting in a
maximum throughput of 100 cells per s.

A promising alternative for SSAW is traveling surface
acoustic waves (TSAWs). The latter provides more flexibility
in IDT design and makes the approach more user-friendly,
since it does not require pressure node allocation.
Furthermore, the cell displacement distance is not limited by
the pressure node position as in the case of SSAW and can be
increased by increasing the resonance frequency.*’***> This
generates higher forces, and therefore a shorter pulse time is
required for particle displacement compared to SSAW.
Furthermore, using a curved, rather than straight, IDT can
provide more concentrated energy within a smaller sorting
region. Consequently, the cell concentration can be increased
and, in combination with a shorter pulse time, can enable
higher sorting throughput.

Here, we design and integrate a focused interdigitated
transducer (FIDT) with the existing image-based RT-DC
microfluidic analysis platform to enable cell sorting at a
throughput of up to 400 cells per s. Utilizing 28 pm
wavelength FIDTs, FTSAW produces concentrated acoustic
energy within a 50 um region such that a 1 ms pulse is
enough to translate the target cell into the desired outlet.
This allows one to increase the cell concentration compared
to the previous SSAW design.'® Furthermore, the new
geometry of the RT-DC chip reduces cell clumping and
thereby prevents clogging. This enables long sorting
experiments, which are fundamental for picking up lowly
populated cells within a concentrated heterogeneous
population. As a proof of concept, we tested the FIDT-based
sorting RT-DC platform (soRT-DC) with various cell types
and particles of different physical parameters. We
demonstrated high-precision size-based sorting of microgel
beads and cell mixtures. We performed deformation and
size-based sorting, as well as brightness and size-based
sorting, of different white blood cells from RBC-depleted
blood with a purity exceeding 92%. The system was able to
provide consistent results with increasing cell concentration
(up to 36 x 10° cells per ml) without affecting purity
(>92%) and cell viability (>90%). Sorting of small entities
in the size range of platelets was also possible. We
demonstrated, for the first time, a label-free 667-fold
enrichment of WBCs from raw diluted whole blood in a
continuous 10-hour sorting experiment, opening new
avenues for rare-cell sorting. Finally, we showed sorting of
sub-populations of cells with different mechanical
properties from a homogenous cell population. Our setup
provides a user-friendly, label-free, reliable, flexible and
high-throughput continuous cell sorting technology that
opens new possibilities for both basic biological and
therapeutic research. The FTSAW actuator itself, thanks to
its flexibility, robustness, easy operation and integration,
represents a promising option for sorting integration for
forthcoming technologies. In the future, an FIDT with a
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smaller aperture and higher/multiple frequencies can be
developed to further increase the rate of cell sorting.

Results and discussion
Sorting principle: FISAW vs. SSAW

The sorting principle of SSAW and FTSAW-based soRT-DC
devices is illustrated in Fig. 1(A-C) and (D-F), respectively. In
the SSAW based sorting approach, two IDTs are placed on
opposite sides of the primary channel as indicated in Fig. 1A.

v
The resonance frequency of the IDT is given by f = -, where

v is the velocity of sound in LiNbO; (3978 m s™) and 7 is the
acoustic wavelength equal to the periodicity of the fingers
(2d; d is the distance between two consecutive fingers). The
primary channel widens from 20 or 30 um (region of interest,
ROI) to 50 pum (sorting region-SR; Fig. 1A and C) to
accommodate cell lateral displacement for sorting. The
downstream bifurcation is designed so that the default outlet
is offset by 5 pm from the center of the primary channel.
When the SSAW is off, a hydrodynamically focused particle
flows through the main channel into the default outlet. Upon
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Fig. 1 Operation principle of a SSAW and FTSAW-based soRT-DC
device. (A) and (D) Hydrodynamically focused cells are deformed in the
primary deformation channel and analyzed in real-time in the region
of interest (ROI, dotted blue). A cell in the sorting region (SR, dotted
red), is pushed towards the target outlet, due to its interaction with (A)
SSAW and (D) FTSAW. (B) and (E) Side view of the device cross-section
in the sorting region including representation of the surface acoustic
wave (red lines) and main force (red arrow) generated by (B) SSAW and
(E) FTSAW. For the SSAW, (B) cells are pushed toward the pressure
node (vertical dashed red line). For the FTSAW, (E) the cells are pushed
away from the FIDT. (C) and (F) Bright-field images of the sorting chips
showing the SR during the sorting of WBCs from whole diluted blood
for the SSAW and FTSAW, respectively. The red zones indicate the
active SR. The concentration of cells is approximately four times higher
in FTSAW as compared to SSAW due to smaller and focused SR (red
zones).
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actuation, the constructive interference of counter
propagating waves generated by the IDT pairs results in
SSAW. By tuning the phase of the sound waves, the pressure
node is aligned in front of the target outlet (Fig. 1B). Under
such conditions, the acoustic radiation force (ARF), Fssaw
exerted on the particles is given by*°

Foony = (“ﬂ’ Vol f) $(6,p) sin(2kx) (1)
where P, is the acoustic pressure, V;, is the volume of the
particle, f is the particle compressibility, p is the particle
density, k is the acoustic wave number, x is the distance
between the particle and the pressure node, and ¢ is the
acoustic contrast factor that describes if the particle will
translate to the pressure node (¢ > 0) or the pressure
antinode (¢ < 0).

50p=20¢ Py

P-p) = 20, +ps PBr

(2)

The subscripts p and f stand for particle and fluid,
respectively. For a specific particle and fluid, the key
parameters which describe sorting with SSAW are: the IDT
wavelength (1) and the acoustic pressure (P,), that is inversely
related to the aperture of the IDT (length of overlapping
fingers of IDT-see Fig. 1C)."° These can be adjusted to
allocate a pressure node within the channel in front of the
target outlet and provide enough ARF to transfer the cell to
it. At the same time, a cell's residence time in the sorting
region must be large enough to enable this transfer. Ideally,
only one cell should be in the sorting region upon SSAW
activation to achieve high sorting purity. All these aspects
have been taken into account in the development of our
previous sorting method. A resonance frequency of 55 MHz,
(defined by 2 = 70 um), an IDT aperture of 200 um equal to
the length of the sorting region, and a pulse time of 2 ms
were necessary to effectively translate the target cell into the
target outlet, limiting the sorting throughput to 100 cells per
s at a maximum cell concentration of 1 x 10° cells per ml.

Increasing the throughput can be achieved by increasing
the cell concentration, however this requires reductions in
the IDT aperture size and pulse time to prevent the sorting of
non-target cells along with cells of interest. This in turn
necessitates a higher ARF by increasing frequency, which
would result in multiple pressure nodes within the channel
cross-section. Furthermore, the pressure node setting step
makes the sorting system operation tedious. These factors
limit the upgradability of the SSAW based sorting approach
and hence demand a different strategy to get sorting
efficiency close to the RT-DC analysis rate (1000 cell per s
circa) in a more user-friendly and reliable manner.

TSAW is a good alternative that provides flexibility in
device design. TSAW produced by a single IDT has been
shown to efficiently actuate fluids for various applications

such as mixing'® pumping” and nebulization.”
Furthermore, TSAW has also been employed in the
manipulation of micro-objects for separation,** trapping®’

This journal is © The Royal Society of Chemistry 2023
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and sorting.*® The interaction of TSAW with particles in
fluids can be classified in two regimes depending on the
value of the « factor:

x = 2ndy, fIC¢ 3)

where d, is the particle diameter, f is the resonance
frequency of the IDT and Cy is the speed of sound in the host
medium.*” Theoretically, for x > 1, anisotropic wave
scattering occurs.*® In this regime, ARF is dominant and the
time-averaged ARF is described by the following equation:*°

(Fare) = Yond,XE)/4 (4)

where Yr is the acoustic radiation factor which is dependent
on particle mechanical properties and size*”*° and (E) is the
time-averaged energy density. The ARF therefore increases
with increased particle size."” For x < 1, isotropic wave
scattering occurs and acoustic streaming flow (ASF),
originating from the dissipation of acoustic waves in the
fluid, dominates.”” However, experimentally, distinction of
the two regimes at x = 1.28 + 0.2 has also been suggested.*®
In this regime, ASF induces a drag force on the particle given
by Fp = 3nndv where 7 is the dynamic viscosity of the medium
and v is the cell velocity.

The velocity of sound in the measurement buffer (MB)
used in our experiments was 1487 m s ' as determined by
Brillouin scattering.”’ Therefore, for our system (f = 135
MHz) a « factor (eqn (3)) of 1.28 corresponds to a particle
diameter of 2.25 pm. Hence, lateral displacement
perpendicular to the flow direction is activated
predominantly by ARF for particles larger than 2.25 um and
by ASF for particles smaller than 2.25 pm.

Furthermore, particle displacement due to ARF does not
require pressure node setting. This provides more flexibility
in the design of IDTs, as frequency selection is not linked to
the channel dimensions. IDTs with smaller periodicity can be
used to provide higher frequency forces acting on particles in
a shorter pulse time. Furthermore, analogous to a convex
lens to focus light, a FIDT consisting of concentric circular
segmented fingers can focus the acoustic energy within a
tight region, thereby reducing the size of the sorting region
(Fig. 1D and F).

soRT-DC chip design

The FIDT employed for the present study is composed of 30
pairs of curved fingers with a periodicity of 28 um (Fig. S17)
resulting in a resonance frequency of 135 MHz. The FIDTs
were designed with an aperture of 100 pm at the front end
and 600 pm at the distal end subtending an angle of 42° at
the focal point. The focal length of the IDT is 170 pum (Fig.
S1t). A single FIDT was placed next to the primary channel,
as shown in Fig. 1D. The FIDT was aligned so that the
distance between the first FIDT finger and the farther
channel wall was equal to the focal length (Fig. S1t). This
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provided an acoustic energy concentrated within 50 um in
the center of the sorting region (Fig. 1F and S17). To prevent
energy loss, the distal end of the FIDT has reflectors that
direct the SAW energy towards the frontal end (Fig. S17). The
design of the FIDT allows a TSAW actuation after real-time
cell analysis with a pulse time of 1 ms, half the length of the
pulse time required for SSAW." The FIDT is connected to a
2-channel radio frequency (RF) function generator with an
inbuilt power amplifier and can provide a maximum power
of 33 dBm (~2.0 W). For the SSAW, 2 channels were used
with a total power of ~3.8 W, while for FTSAW only a single
channel is needed with a power of ~1.9 W. Theoretically, the
generated time-averaged acoustic radiation force (ARF) scales
with d,* and is dependent on the acoustic radiation factor
(Yr) which is a function of the cell/particle’'s mechanical
properties and size.”” In a previous study which employed an
FIDT with a resonance frequency of 132 MHz, it was shown
that the sorting of 7 um diameter polystyrene (PS) particles
was possible by using a power of 8 mW and a pulse time of
0.25 ms. A higher power (45 mW) and pulse time (1 ms) were
necessary to enable an effective displacement of ~20 pum
MCF-7 cells, which although bigger than PS particles, have a
lower acoustic contrast factor.’® However, the extent of cell
displacement is also affected by the viscosity of the buffer;
cell displacement may be drastically reduced in a buffer with
high viscosity due to the high drag force acting on cells
during their movement. For our system, higher power is
needed to yield a significant displacement of cells moving in
a highly viscous MB.

The new channel geometry has a shorter sorting region of
130 um, instead of 200 pm used in SSAW sorting region
(Fig. 1A and D) and a pillar cascade architecture at the inlet
regions, to prevent chip clogging (Fig. S21). In the sample
inlet region, the pillars are followed by six serpentine-like
channels, that help to separate cell aggregates (Fig. S21).>
The sheath fluid (MB) and sample fluid (cell suspension) are
supplied to the respective inlets via syringe pumps while the
default outlet is connected to a negative pressure controller
(Video S17). The improved geometry and the use of a negative
pressure controller, instead of a syringe pump, as was
previously used,” ensure fast flow stabilization and thus
enable reliable and long sorting experiments.

Assembly, interface and operation of soRT-DC chip

The soRT-DC chips presented are used for real-time label-free
analysis of cells based on their morpho-rheological properties
and downstream sorting of target cells by using FTSAW with
a pulse time of 1 ms and a power of 1.9 W. The schematic
and the picture of the soRT-DC chip are shown in Fig. 1A
and S3.F The design of the FIDT and chip geometry are
reported in Fig. S1 and S2.f The soRT-DC chip is composed
of two layers: i) the bottom layer is a LiNbO; substrate with a
microfabricated FIDT for FTSAW excitation coated with a
layer of 100 nm SiO, to enhance the bonding with the
polydimethylsiloxane (PDMS) element. The IDT was

Lab Chip, 2023, 23, 372-387 | 375
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fabricated by photolithography, E-beam evaporation,
subsequent lift-off and RF sputter coating and has a
resonance frequency of around 135 MHz, measured with a
vector network analyzer ii) the wupper layer is a
polydimethylsiloxane ~ (PDMS) microstructured element
including the microchannel geometry, fabricated by soft
lithography. The master templates used to fabricate the
PDMS replicas were fabricated by photolithography. The
bonding between the two layers was generated by an air
plasma treatment. Two different chips have been used for the
sorting experiments of cells with different sizes. The chips
are characterized by a flow-focusing geometry where cells are
focused in a narrow square channel with a side length of 20
pm or 30 um (deformation channel), which is slightly bigger
than the cell diameter to enable cell deformation by
hydrodynamic forces in a contact-free manner. The primary
deformation channel is followed by a wider (50 um), 130 pm-
long sorting channel, which bifurcates into the default and
target channels. The FIDT is aligned in front of the sorting
channel and located in a pocket separated from the sorting
channel by an 80 pm thick PDMS block. The FIDT design
and location provide a focal point located at the sorting
channel wall opposite the FIDT.

The assembled device (Fig. S3At) is mounted on the
microscope stage by using a custom-made chip holder which
includes the SubMiniature version A (SMA) connectors for its
interface with the function generator (Fig. S3Bf). It is
connected to the external flow controllers via fluorinated
ethylene propylene (FEP) tubing fitted into the PDMS access
holes. The sample and sheath inlets are connected to two
syringe pumps, the default outlet to a negative pressure
controller and the target outlet to a collection tube. Initially,
the chip is flushed with MB through the tubing connected to
the sheath inlet until the chip is filled with buffer and all air
bubbles are removed. The sample tubing containing the cells
or particles is then connected and the sample flow (0.01 ul
s™) and sheath flow (0.03 ul s™* and 0.07 ul s, respectively,
for the chip with 20 um and 30 pm deformation channels)
are activated. The flow in the default channel is further
adjusted via a negative pressure controller to keep the cell
stream as close as possible to the bifurcation wall (Video

View Article Online
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S1t). This is necessary to translate the cell of interest into the
target outlet upon FTSAW actuation. After the flow
stabilization, the positioning of the ROI within the
deformation channel is adjusted to encompass 1 ms delay
between cell detection and FTSAW initiation. The sorting
parameters are fed into the sorting software based on the
sorting gating strategies (Table 1) and the experiment is
started momentarily to verify whether the cells can be
effectively translated towards the target outlet or if further
adjustments in negative pressure and/or ROI positioning are
necessary. Before starting the sorting experiment the cell
physical properties of interest are analyzed by RT-DC and the
resulting scatter plot is used for gating target cells. Based on
the gating strategy the initial purity is calculated as the
percentage ratio of the number of target cells (cells in the
gating area of the scatter plot) to the total number of
detected cells. Once the sorting experiment begins, the
flowing cells are analyzed in real-time in the principal
deformation channel and the feedback system actuates the
FIDT to generate FTSAW to translate the target cells into the
target outlet. After sorting the cells collected in the target
tube are reanalysed by RT-DC and the target purity is
calculated as the ratio of the number of cells inside the
gating area to the total number of detected cells.

Acoustic streaming and cell displacement in soRT-DC chip

The cells in the soRT-DC chip flow in a high viscous MB
which is necessary to enhance cell deformation and also
ensure slower cell sedimentation within the connecting
tubing. The MB is a solution of methylcellulose in PBS (0.6%
w/w) and has a shear thinning behaviour with an effective
viscosity in the sorting channel of ~9.8 mPa s and ~10.1
mPa s, respectively, for the sorting chip with 20 um (total
flow rate 0.04 ul s™*) and 30 um (total flow rate 0.08 ul s™)
deformation  channels.”® The microfluidic chip is
characterized by a 2D flow-focusing geometry where cells are
focused in the center of the deformation and sorting
channels. Cell positioning can vary along the channel height
direction due to different cell sizes. The straight sorting
channel develops into a downstream bifurcation, where the

Table 1 Experimental details of sorting gating strategies and sorting performance for cells of different sizes and Young's modulus (YM). The apparent
Young's modulus and standard deviation (S.D.) were calculated by Shape-Out 2.8.11 software using a look-up table derived from simulations based on
the finite element method and an analytical model.”%”” The same calculation was not possible for platelets due to their small size and consecutive low

resulting deformation. As reference, a YM value from Lam et al. is reported®!

Sample Size [um?] Deformation Brightness Area ratio YM =+ S.D. [kPa] IP/TP [%] Enrichment [fold]
PAAm beads (Fig. 3B) 115-135 — — <1.05 1.8 + 0.9 52.6/86.3 1.64
PAAm beads (Fig. 3C) 125-135 — — <1.05 21210 26.8/87.7 3.39
Myeloid (Fig. 4A) 53-120 <0.15 — <1.08 0.8 +0.2 36.0/96.7 2.68
Lymphocytes (Fig. 4B) 25-45 <0.1 — <1.08 1.3+0.8 18.0/92.0 5.11
Neutrophils (Fig. 4C) 56-100 — 100-115 <1.08 1.2 +£0.4 30.8/96.7 3.13
Platelets (Fig. 4D) <20 80-100 <1.08 ~10 (ref. 81) 18.0/40.0 2.22
WBC (Fig. 5) 23-100 <0.1 — <1.08 1.5+ 1.0 0.09/60.0 667
HL60/S4 (Fig. S67) 75-125 <0.2 — <1.08 0.7+0.3 40.1/97.0 2.41
KC167 (Fig. S4AT) 25-77 <0.15 — <1.08 1.1+0.6 24.1/94.1 4
HL60/S4 (Fig. S4B¥) 100-200 <0.15 — <1.08 0.61 £ 0.07 59.4/91.5 1.54
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default outlet is 5 um offset from the center of the primary
channel. When the FTSAW is off, cells flow through the
main channel into the default outlet. The default outlet is
connected to a negative pressure controller, where the
applied negative pressure is adjusted to ensure that all the
cells move close to the bifurcation wall and into the default
channel when the FTSAW is inactive (Video S1f). Upon
actuation, the propagating waves generated by FIDT result
in FTSAW, which can displace cells/particles by ARF and/or
ASF. Cells moving in MB are subjected to high drag forces;
high power is therefore required (~1.9 W) to produce an
effective cell displacement by FTSAW with a pulse time of
1 ms activated by using FIDT with a resonance frequency
of 135 MHz. To investigate how the FTSAW activation
affects cell migration and MB flow, we performed
experiments where the flow-focused trajectory of 0.6 um
polystyrene (PS) particles with and without HL60/S4 cells,
was analyzed through the acquisition of high frame rate
videos (9000 fps) during 1 ms pulsed focused FTSAW
activation at 100 ms intervals. In the time window of 1 ms
upon FTSAW actuation, the PS particles continue to move
straight in the sorting channel following the laminar flow-
focused profile (Fig. 2A). For our system, the minimum
particle size for effective ARF particle displacement is
around 2.25 pm (k > 1). Therefore, for 0.6 um PS particles
the ARF can be neglected and the flow is primarily
dominated by the flow drag, here enhanced by the high
viscosity of the MB. After 1 ms, ASF perturbed the flow-
focused trajectory and the central flow-focused streamline
started to develop into a sinusoidal-like wave profile which
after 2 ms circa disrupts in front of the channel bifurcation
(Fig. 2A). The dispersion of HL60/S4 cells together with PS
particles provided a clear picture of the impact of ARF and
ASF on particle trajectory. In the first 1 ms, HL60/S4 cells,
much bigger than PS particles, can be pushed by ARF
towards the target outlet (Fig. 2B, panel 1). Interestingly,
our analysis shows that in the timeframe of 1 ms a
contribution to the cell sorting can be also provided by ASF
(Fig. 2B, panel 2). The ASF can still affect the cell trajectory
after 1 ms, enhancing the cell displacement towards the
default outlet (Fig. 2B, panel 3). After 2 ms, the cells move
towards the default outlet, with no observed effects from
either ARF or ASF (Fig. 2B, panel 4). To the best of our
knowledge, sorting by FTSAW in a highly viscous buffer
has not been investigated before and has mostly
demonstrated in buffers with viscosity similar to water by
using FIDT providing a resonance frequency in the range
of 132-386 MHz, an acoustic power between 45 mW to 100
mW, and a pulse time in the range of (25 ps-1 ms).*®>%%2

Testing soRT-DC performance

First, the performance of soRT-DC system was tested on
polyacrylamide (PAAm) microgel beads that mimic physical
properties of cells such as size and elasticity.”® We
demonstrated precise size-based sorting from a mixture of
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Fig. 2 Acoustic streaming and cell displacement. (A) Time evolution of
the flow-focused trajectory of 0.6 pum polystyrene particles upon
FTSAW actuation with a pulse time of 1 ms. The particles in a 0.01 ul
s flow are focused in the center of the square deformation channel
(size 20 pm) by a focusing 0.03 ul s™* sheath flow. The black arrows
show the direction of FTSAW propagation with an energy
concentration within a region of 50 um in the sorting region (SR; red-
shaded area). The red arrows show the tangent to the curve in the
points where ASF affects the cell trajectory inducing a cell movement
towards the target or default channel, as shown in the corresponding
frame in the right column. The frames were extracted from a video
acquired at 9000 fps and the corresponding time is reported for each
image. (B) Brightfield images of HL60/S4 and 0.6 um PS particles
dispersed in MB under the same experimental condition reported for
(A). In each panel (blue frame) the top image shows the streamline
status at the moment that the cell enters the SR, which is equivalent to
the cycle stage shown in the left column. The bottom image in each
panel shows the overlay of consecutive frames with a time difference
of 0.33 ms to depict the overall cell trajectories. The four panels
provide an overview of the acoustic radiation force (ARF) and acoustic
streaming flow (ASF) contribution to the cell trajectories. Panel 1: the
cell is pushed down by ARF and monotonically moves toward the
target outlet. Panel 2: at the entrance of the SR the cell is initially
pushed down by ARF, then moves up by ASF, following the distorted
streamline until the end of the sorting region where it starts moving
toward the target outlet in the direction tangent to the curved
streamline (red arrow in the 1.21 ms frame). Panel 3: cell trajectory is
affected by ASF. The cell follows the curved streamline in the first half
of the sorting channel and continues to move towards the default
outlet in the direction tangent to the curved streamline (red arrow in
the 2.09 ms frame). Panel 4: cells are not affected by ARF and ASF and
move directly towards the default outlet.

closely-sized bead populations (with a modal diameter
difference, Ad, equal to 1.7 pm), as illustrated in Fig. 3A. We
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Fig. 3 Sorting for narrowing-size distribution of microgel beads: size-based sorting sensitivity. Size-based sorting of a mixture of microgel beads
of two different sizes (modal diameter difference, Ad = 1.7 um). Deformation vs. cell size scatter plot of (A) the initial bead populations. The pink
and purple rectangles indicate the employed sorting gates: 115-135 um? and 125-135 um? respectively. The percentages indicate the number of
beads within the sorting gates, 52.6% and 26.8% respectively. (B) Deformation vs. bead size scatter plot of the first sorted target population (115-
135 um?) showing an 86.3% target purity and of (C) the second target population (125-135 um?) showing an 87.7% target purity. The histograms of
bead size presented in the scatter plots are shown on top of the corresponding scatter plots. The histograms were fit with a Gaussian kernel
function (solid lines). The color map in the scatter plots represents the event density.

first sorted the smaller bead population using a size range of
115-135 um® (Fig. 3A). Post-sorting analysis of the target
sample showed an increase in purity from 52.6% (initial
purity) to 86.3% (target purity) which corresponds to a 1.64-
fold enrichment (Fig. 3B). Here, we define target purity (TP)
as the percentage of the total number of cells in the sorted
sample with the desired properties for sorting, and initial
purity (IP) as the percentage of the total unsorted initial
sample with the target properties. Enrichment is defined as
the ratio of purity in the sorted sample to initial purity. To
test the sensitivity of our system, a narrower size sorting gate
(125-135 pum?; Fig. 3C) was applied within the smaller bead
population (with an initial coefficient of variation, C.V. =
3.2%). Analysis of the sorted sample showed a 3.39-fold
enrichment, from 26.8% IP to 87.7% TP, with the C.V.
reduced to 2.1%.

Size-based sorting was further tested on a cell mixture
(Kc167 and HL60/S4 cells mixed in a 1:4 ratio), gating for
the Kc167 (target gate 25-77 um?, Fig. S4Af), where smaller
Kc167 cells can result in a lower acoustic radiation force.””>*
A 4-fold enrichment of Kc167 cells was achieved from 24.1%
IP to 94.1% TP (Fig. S4Af). Sorting was similarly successful
for a mixture of suspension and adherent cells (HL60/S4 and
HeLa cells, mixed in 1:1 ratio) with a 1.54-fold enrichment
from 59.4% IP to 91.5% TP (Fig. S4Bf). Our results
demonstrate the sensitivity, efficiency and flexibility of our
method, as applied to different types of cells and particles.
Furthermore, post-sorting analysis of HL60/S4 cells exposed
to TSAW showed that the high frequency and acoustic energy
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concentration within 50 pm did not affect cell proliferation
or viability (Fig. S5A and Bf). For comparison, we included
the following controls: 1) initial: cells which were
resuspended in MB but not passed through the microfluidic
channel; 2) default: cells collected during the sorting
experiment in the default outlet, i.e. all non-target cells; 3)
culture medium: cells that were never exposed to MB; 4) no
SAW: cells that were resuspended in MB and passed through
the microfluidic chip without activating the FTSAW. Cell
proliferation was monitored by culturing the cells over a
4-day period and assessing their growth and viability daily. As
shown in Fig. S5A and B,i exposing HL60/S4 cells to FTSAW
(‘target’) or MB buffer (‘initial’) did not affect cell growth or
viability, which was comparable to cells that were never
exposed to sorting or sorting buffer labelled as ‘culture
medium’.

Considering a pulse time of 1 ms, theoretically,
approximately 1000 cells could be sorted in a second.
However, only one cell must be present in the sorting region
to avoid sorting of non-target cells. This limits the maximum
sorting rate, given by the product of the maximum cell
concentration and the applied flow rate. Provided that the
volume of the sorting region is 0.2 nl, the maximum cell
concentration in the device is 5 x 10° cells per ml. We applied
a total flow rate of 0.08 ul s™* to have a cell residence time
(ca. 2.5 ms) in the sorting region higher than the pulse time
(1 ms). At this flow rate the maximum sorting rate is 400 cells
per s. Using a 7:1 sheath to sample flow ratio, our system
can handle a maximum cell concentration of approximately

This journal is © The Royal Society of Chemistry 2023
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40 x 10° cells per ml. To test this, we performed a series of
sorting experiments with increasing cell concentration per
ml of MB. We tested a range of concentration, starting
from 3 x 10° cells per ml up to 36 x 10° cells per ml, and
achieved a target purity of >92% (Fig. S5C and S67) at all
cell concentrations. This result demonstrates the robustness
of our method across different experimental conditions.
Moreover, the average cell recovery for these experiments
was approximately (72 + 15)%. Recovery is defined here as
the percentage ratio of the cells collected in the target tube
to the total number of cells reported to have been sorted
by the instrument. As expected, we observed that the
percentage purity of the target cells did not decrease even
at the highest maximum concentration allowed by our
system.

Blood cell sorting: parameter selection strategy, small cell
size and small cell fraction

Sorting a single cell population from a heterogeneous cell
mixture is essential to classify a cell sorter as
accommodating for demanding biological applications.
Blood is an ideal test-case sample to showcase the
flexibility and applicability of our method, as it is a natural
heterogeneous cell mixture, consisting of numerous sub-
populations of cells.

Blood is a crucial bodily fluid which provides health status
of various organs when analysed thoroughly. Traditionally,
various diseases are diagnosed only after fluorescent labelling
of blood cells and their subsequent analysis via FACS."
Deeper investigation may require downstream isolation of
diseased, fluorescently labelled blood cells. However, besides
adding cost and preparation time, fluorescent labels might
alter cells and their functionality. Additionally, the
fluorescently labelled sorted cells might not be compatible
with downstream applications such as transplantation.
Starting from whole blood, RT-DC can be used as a label-free
tool to identify all major cell types®® and also to detect their
pathological changes in several disease states by single-cell
morpho-rheological phenotyping of blood.>>® Recently, it
was shown that physical phenotype of blood cells is altered
in COVID-19 patients’ blood.”” This might be a unique way
for monitoring long-term disease progression in a label-free
manner. The sorting of cells based on their morpho-
rheological phenotype could play a key role in identifying
new biological markers connected to cell physical properties
in relation to their functionality. In the future, the analysis
and combination of several cell markers at the single-cell
level in cooperation with single-cell sorting and single-cell
genomics technologies®® can be a disruptive method for cell
classification in diagnostic applications and also for the
discovery of new types of cells.

By utilising deformation and cell size alone, three blood
cell populations can be distinguished as shown in Fig. 4A:
red blood cells, lymphocytes, and granulo-monocytes (GM -
often referred to as myeloid cells; myl). We used these

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Size, deformation and brightness-based sorting of cells from
RBC-depleted blood. (A and B) Deformation vs. cell size scatter plots
of RBC-depleted blood (dextran-sedimentation). The scatter plots on
the left show the initial cell populations, the ones on the right the
sorted target cell populations. The insets in the right scatter plots are
representative bright-field images including the contour detection (red
line) acquired during the RT-DC analysis for (A) a myeloid cell, (B) a
lymphocyte, (C) a neutrophil. The gates used for sorting are indicated
in orange for myeloid cells (A) and blue for lymphocytes (B).
Deformation and cell size-based sorting for myeloid cells with a 2.6-
fold enrichment from 36% initial purity to 96.7% target purity (A) and
for lymphocytes with a 5-fold enrichment from 18% initial purity to
92% target purity (B). The grey lines in the graphs are isoelasticity lines.
(C and D) Brightness and cell size-based sorting of (C) neutrophils and
(D) platelets from RBC-depleted whole blood. The gates used for
sorting are indicated in pink for neutrophils and green for platelets.
The brightness is presented in arbitrary unit (a.u.). The scatter plots on
the left represents the initial cell populations and, on the right, the
sorted target cell populations. 3.1-Fold enrichment was obtained for
neutrophils (from 30.8% to 96.7%); 2.2-fold enrichment for platelets
(from 18.0% to 40.0%). The color map in the scatter plots represents
the event density. The percentages indicate the number of cells within
the sorting gates.
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parameters to test the ability of soRT-DC to sort myeloid cells
and lymphocytes from RBC-depleted (dextran-sedimented)
blood. We performed a label-free sorting of myeloid cells
based on size (50-100 um?®) and deformation (<0.12),
achieving a 2.6-fold enrichment from 36.0% IP to 96.7% TP
(Fig. 3A). We also sorted lymphocytes based on a size gate of
(23-45 um?) and deformation (<0.1), reaching a 5-fold
enrichment from 18.0% IP to 92.0% TP (Fig. 4B).

Another strategy to differentiate sub-populations of cells
which are otherwise obscure in cell deformation and size
analysis is using average brightness and size. This allows the
further classification of myeloid cells into neutrophils,
monocytes, basophils and eosinophils."*>® We therefore used
the average cell brightness together with cell size to assess
whether we could successfully sort neutrophils from RBC-
depleted blood (Fig. 4C). Using a cell size gate of 50-100 um®
and an average brightness of 100-115 arbitrary units (a.u.),
we achieved a 3.1-fold enrichment; an increase in purity from
an initial 30.8% to a 96.7% in the sorted sample (Fig. 4C).
This proves the high sensitivity and efficiency of our system,
at high sorting rates.

Altogether these results show the flexibility of our sorting
method based on the combination of multiple physical
parameters and the efficacy of the ARF in pushing cells with
size bigger than 23 um?® (x > 1, eqn (3)) and with Young's
modulus varying in the range of 0.4-3.0 kPa circa (Table 1),
where both size and cell mechanical properties can affect the
cell acoustic contrast factor and consequently the cell
displacement by ARF.””*° To test whether, despite the lower
ARF, sorting of even smaller cells would be possible, starting
from RBC-depleted blood, we used a gating strategy that
identifies platelets, which are approximately 2-4 pum in
diameter. In this size range, most of the cells can still be
pushed by ARF, but due to the force scaling with d,°, the
resultant force might be too low to generate an effective
displacement towards the target outlet of all analyzed
platelets, given the high viscosity of the buffer. Using a gate
based on size <20 pm® and brightness of 80-110 a.u., we
achieved a 2.2-fold enrichment, from 18.0% IP to 40.0% TP
(Fig. 4D). Although the final 40.0% purity is low compared to
sorting results obtained for bigger particles, it is the first
time that sorting of small cells by TSAW has been shown. In
the future, this result might be improved by using FIDT with
a higher frequency and smaller aperture. This will open the
opportunity to sort even smaller entities with high purity. In
a previous study, it was shown that morphorheological
characterization of blood can be used to distinguish between
viral and bacterial infection.>® As sorting of RBCs has already
been demonstrated previously’®> and here improved and
extended to still smaller entities, in the future, parasite-
infected RBCs or even small living organisms, such as
bacteria, could be separated from whole blood. The further
downstream  analysis facilitate their  genetic
identification to determine the most effective antibiotics.
Currently, the sorting of smaller entities by TSAW has been
mostly demonstrated on polystyrene (PS) particles, having an
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acoustic contrast factor, Yy, higher than that of cells.”® Ma
et al. showed sorting of 7 pm PS particles suspended in PBS
by using an FIDT with a resonance frequency of 132 MHz
operated with a power of 8 mW and a pulse time of 0.25
ms.”® They showed that the displacement of ~20 pm MCF-7
cells by ARF is drastically reduced compared to 7 pm PS
particles and higher power (45 mW) and a longer pulse time
of 1 ms was necessary to enable their sorting.”® Collins et al.
demonstrated the displacement of smaller 2 um polystyrene
particles under flow in water by using an FIDT with a higher
resonance frequency (386 MHz), a higher power of 100 mW
and a pulse time of 1 ms.*® In our system, cells move in a
high viscosity MB, increasing drag force, and thereby
requiring higher power to cause their effective displacement
towards the target outlet. Nevertheless, we have shown high
sorting performance with a purity >92% among several cell
types with a wide range of sizes. A significant reduction in
sorting performance was observed only for the platelets, at
the extreme lower end of the theoretical size range. In
addition to the lower ARF, the low sorting efficiency of
platelets could be also affected by an increased variation in
the particle velocities through the device. Our system
employs 2D flow-focusing in the xy-plane, so that cells with
sizes much smaller than the size of the channel can flow in
different z-planes with different velocities. Analysing the cell
flow velocity in real time and thus adjusting the timing of
FTSAW activation could therefore provide a strategy by which
to increase the efficiency of sorting small particles. Several
methods such as image-based, laser detection, and
impedance methods can be used to extract cell velocity
within microfluidic channels.”**

Along with the flexibility in sorting strategy, supported by
an effective, pure, and high-throughput FTSAW sorting, the
stability of the system over time is a fundamental
requirement to enable the sorting of small cell fraction
within a concentrated heterogeneous population. Here, we
demonstrate for the first time the sorting of WBCs from
whole diluted blood (1:50 dilution in the MB), in a
continuous 10-hour long experiment. WBCs comprise only
0.09% of the entire blood population (Fig. 5). The sorting of
WBCs based on size (23-100 pm?) and deformation (<0.1),
resulted in a 667-fold enrichment, yielding a TP of 60%
(Fig. 5). This result is not trivial, considering that cells with
time tend to cluster and that unprocessed raw blood contains
several substances that can lead to chip clogging. With this
experiment we showed that the new chip design can support
a reliable long sorting experiment, avoiding any channel
blockage, due to the new pillar geometry and the six-
serpentine channels included after the sample inlet (Fig.
S21). These served to block large-sized debris or cellular
aggregates and to break cell clusters, which are often
observed during continuous long sorting experiments. During
this experiment cells were detected at a rate of ~400 cells per
s, ending with a total of circa 14 million screened cells, and a
total of circa 12000 sorted WBCs. This demonstrates that our
method is applicable for downstream - omics experiments

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Deformation-based sorting of white blood cells (WBC) from diluted whole blood. Deformation vs. cell size scatter plot of whole blood (left
graph) and of the sorted cell populations (right graph). The gates used for sorting are indicated in pink. The percentage indicates the number of
cells within the sorting gates. The initial percentage of WBC in diluted whole blood was 0.09%. After a 10-hour sorting experiment WBC were
enriched to 60%, corresponding to a 667-fold enrichment (right scatter plot). The color map in the scatter plots represents event density. The
histograms of features presented in the scatter plots are shown on top and on the right of the corresponding scatter plots. The histograms were

fitted with a Gaussian kernel function (solid lines).

and even cell transplantation experiments, where tens to
hundreds of thousands of cells are required.”®®' The cell
sorting yield can further be enhanced just by increasing the
cell sample concentration. We have shown that our system
enables sorting at higher cell concentration (up to 36 x 10°
cells per ml) while retaining high purity (>92%), (Fig. S5C
and S67) and RT-DC can support cell analysis with a rate of
up to 1000 cell per s.

In the future the combination of our sorting platform with
deep neural networks (DNNs) can help with the identification
and selection of specialized cells and with the discovery of
novel cell populations. Different neural networks models
have been developed to classify cells. Dendritic cells have
been counted reliably via image processing algorithms
(CasDC) for cancer treatment monitoring,'* macrophages,®
B and T lymphocytes,”” stem cells®® and circulating tumor
cells®* have been also identified based on label-free image-
based analysis. DNN-based sorting has been demonstrated in
our first paper'® and more recently improved and extended
to single cells from nervous tissue.*® This was achieved by
using sorting based on SSAW and the sorting performance
can now be improved thanks to FTSAW.

Furthermore, in a recent study, it was shown that a
mechanomics approach can be employed to identify the
genes involved in the regulation of cell mechanical
properties.®® The additional single-cell sorting based on cell
mechanical properties can open new avenues in
mechanobiology of how intrinsic or induced variation in cell
mechanical properties can dictate cell function, which could
in turn be harnessed for novel diagnostic and therapeutic
approaches.®®

This journal is © The Royal Society of Chemistry 2023

Sorting based on cell mechanical properties

Mechanical properties of cells have been shown to be linked
to their functional state,®® and are a promising label-free
biomarker for cell sorting. Microfluidic cell sorting based on
these properties have been demonstrated using both passive
and active approaches (summarised in a recent review).®’
Passive approaches include among others deterministic
lateral displacement (DLD) to sort skeletal progenitor cells®®
or filtration methods to sort leucocytes® or cancer cells®
based on their deformation with high throughput. The
applicability of such methods is limited to cells with specific
physical properties which dictate the microfluidic chip
geometry and the flow conditions, that cannot be adjusted
during the experiment. Furthermore, information on
individual particle deformability cannot be extracted and
inherent clogging occurrence with time can compromise the
chips functionality and the selectivity of the methods.®”
These limitations can be overcome by active sorting,
providing more flexibility, stability and sensitivity, albeit at
the expense of the sorting rate. The first active approach
involved the use of a microfluidic optical stretcher to sort
single cells based on their mechanical properties.”’ However,
the sorting throughput was limited to 100 cells per h.
Dielectrophoresis has been used as an actuation force for cell
manipulation,” separation,’® trapping’® and deformation.”*
Based on their intrinsic electric properties, cells can be
deformed by using dielectrophoresis and a model has been
recently introduced to determine a lumped parameter
indicative of cells' electrical and mechanical properties. The
authors proposed that this parameter can be used in a high
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throughput system to distinguish between different cell
types, but this has not yet been demonstrated.*® Other active
approaches have been developed to increase the sorting rate,
but they showed sorting mostly on a heterogeneous mixture
of cells®'® or beads” with distinct mechanical properties.
Recently, using a SSAW actuator we demonstrated
deformation-based sorting of RBCs."® However, deformation
is not solely dependent on mechanical properties but also on
cell size, as a bigger cell will experience more stress and thus
deform more in the channel.>’® To isolate cells with similar
mechanical properties we employed a polygon gate strategy,
where a specific cell population (stiff or soft) is selected
based on the isoelasticity lines of the deformation-cell size
scatter plot. The isoelasticity lines (grey lines in Fig. 6) which
are derived from numerical simulations”®”” define regions of
identical stiffness.”>”® We made use of the isoelasticity lines
to select a subpopulation of HL60/S4 cells and sorted for
either stiffer (Fig. 6A and B) or more compliant
(Fig. 6C and D) cells. Re-analysis of the target cells showed
an enrichment of the cells within the sorting region
(Fig. 6A and C). The Young's modulus distribution of the
respective target cells suggested an enrichment for stiffer
cells (Fig. 6B) and more compliant (Fig. 6D). The apparent
Young's was calculated, using an established theoretical
framework.”®”” Here, we demonstrated a new gating strategy
to separate a homogenous cell population into sub-
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populations with different mechanical properties. In the
future, this can be exploited to sort cells with different
mechanical properties and to assess how their functional
state varies with stiffness.

Materials and methods
FTSAW based soRT-DC chip fabrication

The soRT-DC device substrate is a 128° Y-cut lithium niobate
(LiNbO3). The sodalime chrome photomask (JD Photo Data,
U.K.) was designed using Klayout software (version 0.26.8).
AZ 5214E photoresist (MicroChemical GmbH, Germany) was
spun onto a LiNbO; wafer in a two steps process. Step 1: 500
rpm (100 rpm s ') for 10 s; step 2: 4000 rpm (300 rpm s ') for
30 s. The substrate was soft baked at 112 °C for 60 s followed
by UV exposure (at 100 m] m™2) through the photomask via a
Mask Aligner (MA6 Gen4; Suess MicroTec GmbH). The
exposed substrate was developed for 45 seconds using
AZ400K developer (MicroChemical GmbH, Germany) diluted
1:3 ratio in deionized water to remove the unexposed
photoresist. After development, MEB550S E-beam evaporator
(PLASSYS, France) was used to deposit on the substrate a
layer of 10 nm chromium (Cr), inter-adhesion layer, followed
by a layer of 100 nm gold (Au). The photoresist coated with
Cr/Au was removed by a lift-off process in acetone. The final
substrate has on his surface Cr/Au features reproducing the

This journal is © The Royal Society of Chemistry 2023
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FIDT geometry. Finally, the substrate was coated with 100 nm
of SiO, layer using RF sputter coating (Orion-5, AJA Int. USA).
The SiO, layer increases the shelf-life and reusability of FIDT
substrates and enhances the bonding strength between the
polydimethylsiloxane (PDMS) element and the LiNbO;
substrate. The textured PDMS element was generated starting
from a master template produced by standard
photolithography process. AZ® 15 nXT photoresist
(MicroChemical GmbH, Germany) was spun onto a 4-inch
Si0, wafer (2000 rpm (5000 rpm s~ ') for 4.6 s) and soft-baked
at 110 °C for 4 minutes. The chip design reported on a
photomask was transferred on the coated substrate by UV
exposure at 690 mJ m™> (MA6 Gen4; Suess MicroTec GmbH,
Germany), followed by a post-baking at 120 °C for 120 s and
150 s development in AZ® 400 K developer, diluted 1:3 in
deionized water. The final master template was coated with
1H,1H,2H,2H-perfluorooctyl-trichlorosilane  (no. 448931,
Sigma-Aldrich) by vapor deposition under vacuum. This
provided a hydrophobic coating for an easy peel-off of the
PDMS element during the replica molding process. A PDMS
mixture (base to curing agent ratio of 10:1 (w/w); no.
634165S, SYLGARD 184, VWR) was poured over the master,
degassed, and cured at 78 °C for 1 hour. Harris Uni-Core
biopsy punchers (1.5 mm) was used to punch holes for
sample/sheath inlets and default/target outlets.

For the chip assembly, LiNbO; substrate and PDMS
element were subjected to plasma activation (50 W, 15 s;
Plasma Cleaner Atto; Diener Electronic) and assembled after
their alignment under a stereo microscope (Zeiss Stemi DV4).
The bonding was further strengthened by curing the
assembled chip in an oven at 78 °C for 24 hours. Two
microfluidic chips were produced with 20 um or 30 um
squared primary deformation channel.

Experimental setup and feedback system

The experimental setup consists of an RT-DC system
(zellmechanik Dresden, Germany) interfaced with a radio
frequency (RF) function generator (BSG F20, BelektroniG) for
FTSAW actuation. The function generator has an inbuilt
power amplifier with the capability of producing 2 Watts at
each of the two channels. For TSAW only one channel was
utilized. FIDT were characterized using a NanoVNA
(handheld Vector Network Analyzer: range 50 kHz-900 MHz).
It indicated a return loss (S;;) of -10 to -14 dB at the
resonance frequency of 135 MHz. The soRT-DC chip was
placed onto an inverted microscope (Axio Observer Z1, Zeiss)
equipped with a pulsed, high-power LED and an objective
(Plan-Apochromat,  20x/0.8; no. 440640-9903, Zeiss).
Birefringence of LiNbOj; was corrected using a polarizer
(Polarizer D, 90° rotatable, removable; no. 427706-0000-000,
Zeiss). Image acquisition was performed at 2700 fps by a
high-speed CMOS camera (EoSens CL, MC1362, Mikrotron),
linked to a standard PC via frame grabber card (PCle-1433,
National Instruments).
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A custom C++ based software, developed on an OpenCV
platform, was used for the image acquisition and processing
and to trigger the RF generator via a frame grabber card after
a target cell was detected. After background subtraction, a
contour finding algorithm was applied”® to detect the convex
hull of the contour. The cell size (4) is calculated from the
projected cross-sectional area of the cell within the contour
of the binarized image. Deformation (D) was derived from
the perimeter (/) and the area (A) of the particle, using

2/ TA .. .
D=1- — Area ratio is the ratio of the area of the convex

hull of the detected contour and the area of the original
contour. The brightness of an object was obtained by
masking the grayscale image using the original contour and
calculating the mean of all grayscale values inside the
contour.”>®

Experiments were performed using a total flow rate of 0.04
uL s and 0.08 uL s, for a primary deformation channel of
20 um and 30 um respectively. The average cell velocity was
~15 cm s~' in both settings. The center of the measurement
region (region of interest — ROI) was 60 pm away from the
sorting region.

FEP tubing (0.0625 inch OD, 0.03 inch ID; no. 1520XL,
Postnova Analytics) were used to connect the sheath and
sample inlets of the soRT-DC chip to syringes (BD Luer-Lock
5 ml syringe no. 613-2043 P and BD Luer-Lock 1 ml syringe
no. 613-4971; VWR) controlled via high precision syringe
pumps (Nemesys S, Cetoni). A negative pressure controller
(Lineup flow EZ™ Fluigent), operating in the range of 0-25
mbar, was connected to the default outlet. The negative
pressure pump was adjusted to ensure that the cell stream
was close to the bifurcation wall (Video S1t), which is
necessary to translate the cell of interest into the target outlet
upon FTSAW actuation. Target cells were collected into a 1.5
ml Eppendorf tube.

Measurement buffer preparation

For all sorting experiments we used a high viscosity
measurement buffer (MB) produced using 0.6% (w/w) methyl
cellulose (4000 cPs; Alfa Aesar) diluted in phosphate buffer
solution (PBS) without calcium and magnesium, adjusted to
an osmolality of 310-315 mOsm kg™ and pH 7.4. The
viscosity of the buffer was adjusted to (25 + 0.5) mPa s at 24
°C using a falling sphere viscometer (HAAKE Falling Ball
Viscometer Type C, Thermo Fisher Scientific). The use of a
high viscosity fluid for sorting experiments ensured slower
cell sedimentation rate compared to PBS. Moreover, due to
its high viscosity, the MB enhanced cell deformation due to
hydrodynamic forces in a cell-comparable sized microfluidic
channel.

Polyacrylamide bead preparation

A mixture of polyacrylamide microgel beads of comparable
elasticity and two different sizes was dispersed in 0.6% MB
to achieve a final concentration of 8 x 10° beads per ml.
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The beads were produced as described in a previous
study.> Briefly, a flow-focusing droplet microfluidic chip
was used to produce droplets dispersed in an oil phase.
The droplets had a well-defined diameter and contained a
polyacrylamide pre-gel mixture with a total monomer
concentration of 7.9%. After polymerization, the final beads
were washed and stored in PBS. All bead sorting
experiments were performed using a 30 um microfluidic
chip, a sheath flow rate of 0.07 pl s, and a sample flow
rate of 0.01 pl s,

Cell culture and preparation

Kc167 Drosophila cells (from B. Baum at the MRC Laboratory
for Molecular Cell Biology, University College London, UK)
were cultured in M3 shields and Sand medium (Invitrogen)
supplemented with 10% heat-inactivated FBS (no. 10270106,
Thermo Fisher Scientific) and 1% penicillin-streptavidin (no.
15140122, Thermo Fisher Scientific) under atmospheric CO,
concentration at 24 °C.

HL60/S4 cells were cultured in ATCC-modified RPMI-1640
medium (no. A1049101, Thermo Fisher Scientific)
supplemented with 10% heat-inactivated FBS and 1%
penicillin-streptavidin, at 37 °C, 5% CO,. The cells were
passaged every 48 hours and re-suspended to a concentration
of 1.2 x 10° cells per ml. For the sorting experiments cells,
were counted using a hemocytometer, then centrifuged at
200g for 3 minutes, and the cell pellet was resuspended in
MB at the desired concentration; ranging from 3 x 10° cells
per ml to 36 x 10° cells per ml. All sorting experiments for
HL60/S4 cells were performed using a 30 pm microfluidic
chip, a sheath flow rate of 0.07 ul s*, and sample flow rate
of 0.01 ul s

HeLa cells (HeLa Kyoto) were cultured at 37 °C, 5%
CO,, in high glucose DMEM (Dulbecco's modified Eagle
medium; Thermo Fisher Scientific) supplemented with 10%
foetal bovine serum (FBS; Thermo Fisher Scientific) and
100 units per ml penicillin/streptomycin (Thermo Fisher
Scientific). Cells were sub-cultured at approximately 70%
confluency. Briefly, the cell culture medium was aspirated,
cells were washed with PBS and incubated with 0.25%
trypsin/EDTA (Thermo Fisher Scientific) for 5 minutes at 37
°C. Detached cells were resuspended in culture medium,
centrifuged at 200g for 3 minutes and counted using a
haemocytometer. For sorting experiments, cells were seeded
48 hours prior to the experiments, at a density of 10000
cells per cm?®. After trypsinisation cells were counted using
an automated cell counter (LUNA-II™; Logos Biosystems,
South Korea) and resuspended in MB at a concentration of
3 x 10° cells per ml. Prior to sorting HeLa were mixed at a
1:1 ratio with HL60/S4 cells also resuspended at 3 x 10°
cells per ml. Sorting experiments of a mixture of HeLa and
HL60/S4 cells were performed using a 30 pm microfluidic
chip, a sheath flow rate of 0.07 ul s™' and sample flow rate
of 0.01 ul s
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Cell viability and proliferation assay

HL60/S4 cells resuspended in MB and exposed to TSAW
during sorting were collected in the target outlet and used
for monitoring cell proliferation and viability. For
comparison, we included the following controls: 1) initial:
cells resuspended in MB but not passed through the
microfluidic channel; 2) default: cells collected during the
sorting experiment in the default outlet, i.e. all non-target
cells; 3) culture medium: cells that were never exposed to
MB; 4) no SAW: cells that were resuspended in MB and
passed through the microfluidic chip without activating the
FTSAW. Briefly, following sorting 1 ml of medium was added
to all cells suspended in MB and centrifuged at 200g for 5
minutes. The cell pellets were resuspended in 1.3 ml of
culture medium and the total cell number was calculated
using a haemocytometer and erythrosin B stain (Logos
Biosystems). For each condition tested, equal number of cells
were transferred in triplicates in a 48-well plate. The number
of cells seeded was adjusted for each experiment according
to the total number of cells in the target. The total number of
cells and the viability was then measured daily using trypan
blue staining (Merck KGaA; Sigma-Aldrich, Germany) and
LUNA-II™ automated cell counter. After 48 hours the cells
were transferred to a 12-well plate with 2 ml of fresh medium
to provide enough nutrients and space for growth. Viability
and proliferation were monitored for a total of 4 days.

Blood preparation

Whole blood was drawn from human donors at Uniklinik
Erlangen (Germany) after informed consent into 10 ml
sodium-citrate tubes (S-Monovette 10 ml 9NC; no.
02.1067.001, Sarstedt). RBC-depleted blood was prepared
using dextran-sedimentation. Briefly, 6% dextran (Dextran
T500, Pharmacosmos) diluted in 0.9% NacCl (Sigma Aldrich)
was added to whole blood at a 1:4 ratio, gently mixed by
inverting and allowed to settle for 30 minutes at room
temperature. Following sedimentation of RBCs, the upper
layer that contains the plasma, was carefully transferred to a
50 ml falcon tube, filled with PBS solution. Cells were
centrifuged at 100g for 10 minutes, the supernatant was
removed, and the cell pellet was resuspended in 200 pl of
0.6% MB for sorting experiments. For whole blood
measurements, the blood was diluted in a 1:50 dilution in
the MB. WBCs, platelets and neutrophils were sorted using a
30 pum microfluidic chip, a sheath flow of 0.07 pl s and a
sample flow of 0.01 ul s™'. Lymphocytes and myeloid cells
were sorted using a 20 um microfluidic chip, a sheath flow of
0.03 pL s ' and a sample flow of 0.01 pl s,

Data analysis

The data analysis was processed using Shape-Out version
2.7.3 (available at https://github.com/ZELLMECHANIK-
DRESDEN/ShapeOut2), Python 3.7 and Origin Pro 2020.
Table 1 describes in detail the sorting gating strategies and
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the filtering gates used for plotting and calculating the
purity.

Conclusion

In this work, we showed how the integration of FIDT into a
standard RT-DC setup can enable sorting by FTSAW with a
throughput, stability, flexibility, and purity superior to other
image-based sorting methods. High frequency (135 MHz)
FIDTs produce concentrated acoustic energy within a 50 pm
region such that a 1 ms pulse is enough to translate the
target cell moving in a high viscous buffer into the desired
outlet at a throughput of up to 400 cells per s. Our
experimental results demonstrated the applicability of the
soRT-DC method to different cell types in a wide range of
sizes and mechanical properties resembling most
mammalian cells of interest for biological and biophysical
applications. We have shown that the use of FTSAW instead
of SSAW eliminates the use of the tedious pressure-node
setting step. Furthermore, the new chip geometry allows for
long sorting experiments to enrich small cell fraction within
a concentrated heterogeneous population. Overall, our
FTSAW based soRT-DC setup provides a user-friendly, label-
free, reliable, and high-throughput device for continuous cell
sorting. This can enable sorting of different cell types based
on multiple physical parameters with high purity and
sensitivity. This is essential for downstream biological
applications, such as - omics studies, drug screening or
transplantation,*® where a large number of cells is required.
Finally, we demonstrate a new gating strategy to sort cells
based on their mechanical properties. We envision that in
the future this will provide a unique approach to investigate
how intrinsic or induced variation in cell mechanical
properties can dictate cell function which could be harnessed
for novel therapeutic approaches. The FTSAW actuator itself,
thanks to its flexibility, robustness, easy operation and
integration, represents a valuable option for sorting
integration of forthcoming technologies. In the future, FIDT
with smaller aperture and higher/multiple frequencies can be
designed and tested to further reduce the gap between
sorting rate and cell analysis throughput.

Author contributions

Conceptualization: A. A. N., S. G. and ]. G.; methodology: A.
A. N, D. S, R. G, M. H, S. G. and ]. G.; investigation: A. A.
N, D. S., C. K. X. and S. G.; data analysis and interpretation:
A.A. N, D. S, C. K. X,, and S. G.; writing - original draft: A.
A. N, D. S. and S. G.; writing - review & editing: A. A. N., D.
S, C. K. X, R. G,, M. H,, S. G. and ]. G.; funding acquisition:
S. G. and ]. G.; supervision: S. G. and J. G.

Conflicts of interest

The authors declare that they have no competing interests.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

Acknowledgements

This study was supported by the European Unions Horizon
2020 research and innovation programs No. 953121 (project
FLAMIN-GO). We thank Parth Patel, part of TDSU Lab-on-a-
chip systems at MPL, for the production of the master
templates and chips. We thank Dr. Kyhoohun Kim for helping
with Brillouin scattering measurements. We thank Christine
Schweitzer and Cornelia Liebers for helping with culturing
HL60 and Kc167 cell lines. We thank Dr. Irina Harder and
Alexander Gumann, part of TDSU Micro- & Nanostructuring
at MPL Erlangen, for providing SiO, coatings on lithium
We thank Felix Reichel and Beyza
Buytikurganci for the rheological analysis of the MB. We also
want to thank Dr. Alexandru-Emil Matei, from Uniklinik
Erlangen, for providing blood samples. The HL60/S4 cells
were a kind gift from D. E. Olins and A. L. Olins (University of
New England), and Kc167 cells were a kind gift from B. Baum
(Laboratory for Molecular Biology, Cambridge). Open Access
funding provided by the Max Planck Society.

niobate wafers.

References

1 E. Fung, P. Sugianto, J. Hsu, R. Damoiseaux, T. Ganz and E.
Nemeth, Mol. Pharmacol., 2013, 83, 681-690.

2 N. S. Barteneva, K. Ketman, E. Fasler-Kan, D. Potashnikova
and I. A. Vorobjev, Biochim. Biophys. Acta, Rev. Cancer,
2013, 1836, 105-122.

3 W. Qi, C. Zhao, L. Zhao, N. Liu, X. Li, W. Yu and L. Wei,
Cancer Cell Int., 2014, 14, 3.

4 M. Antfolk, C. Magnusson, P. Augustsson, H. Lilja and T.
Laurell, Anal. Chem., 2015, 87, 9322-9328.

5 C. Stamm, B. Westphal, H. Kleine, M. Petzsch, C. Kittner, H.
Klinge, C. Schiimichen, C. A. Nienaber, M. Freund and G.
Steinhoff, Lancet, 2003, 361, 45-46.

6 U. Bartsch, W. Oriyakhel, P. F. Kenna, S. Linke, G. Richard,
B. Petrowitz, P. Humphries, G. J. Farrar and M. Ader, Exp.
Eye Res., 2008, 86, 691-700.

7 R. Harwood, in International Review of Cytology, ed. G. H.
Bourne, J. F. Danielli and K. W. B. T.-I. R. of C. Jeon,
Academic Press, 1974, vol. 38, pp. 369-403.

8 P. Preira, V. Grandné, ].-M. Forel, S. Gabriele, M. Camara
and O. Theodoly, Lab Chip, 2013, 13, 161-170.

9 S. Miltenyi, W. Miiller, W. Weichel and A. Radbruch,
Cytometry, 1990, 11, 231-238.

10 1. Safarik and M. Safarikova, J. Chromatogr. B: Biomed. Sci.
Appl., 1999, 722, 33-53.

11 C. Wyatt Shields IV, C. D. Reyes and G. P. Lopez, Lab Chip,
2015, 15, 1230-1249.

12 J. P. Beech, S. H. Holm, K. Adolfsson and J. O. Tegenfeldt,
Lab Chip, 2012, 12, 1048-1051.

13 H. M. Shapiro, Practical Flow Cytometry, Wiley, 2003.

14 A. A. M. Suberi, W. N. W. Zakaria and R. Tomari, Procedia
Comput. Sci., 2017, 105, 177-182.

15 A. A. Nawaz, M. Urbanska, M. Herbig, M. Notzel, M. Kréter,
P. Rosendahl, C. Herold, N. Toepfner, M. Kubankova, R.

Lab Chip, 2023, 23, 372-387 | 385


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2lc00636g

Open Access Article. Published on 09 January 2023. Downloaded on 4/4/2026 2:03:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Goswami, S. Abuhattum, F. Reichel, P. Miiller, A.
Taubenberger, S. Girardo, A. Jacobi and ]. Guck, Nat.
Methods, 2020, 17, 595-599.

N. Nitta, T. Iino, A. Isozaki, M. Yamagishi, Y. Kitahama, S.
Sakuma, Y. Suzuki, H. Tezuka, M. Oikawa, F. Arai, T. Asai, D.
Deng, H. Fukuzawa, M. Hase, T. Hasunuma, T. Hayakawa, K.
Hiraki, K. Hiramatsu, Y. Hoshino, M. Inaba, Y. Inoue, T. Ito,
M. Kajikawa, H. Karakawa, Y. Kasai, Y. Kato, H. Kobayashi,
C. Lei, S. Matsusaka, H. Mikami, A. Nakagawa, K. Numata,
T. Ota, T. Sekiya, K. Shiba, Y. Shirasaki, N. Suzuki, S. Tanaka,
S. Ueno, H. Watarai, T. Yamano, M. Yazawa, Y. Yonamine, D.
Di Carlo, Y. Hosokawa, S. Uemura, T. Sugimura, Y. Ozeki
and K. Goda, Nat. Commun., 2020, 11, 3452.

M. Paturzo, A. Finizio, P. Memmolo, R. Puglisi, D. Balduzzi,
A. Galli and P. Ferraro, Lab Chip, 2012, 12, 3073-3076.

E. R. Polanco, ]. J. Griffin, N. Western and T. A. Zangle, in
Quantitative Phase Imaging V, ed. G. Popescu and Y. Park,
SPIE, 2019, p. 65.

P. Li and Y. Ai, Anal. Chem., 2021, 93, 4108-4117.

I. I. Hosseini, M. Moghimi Zand, A. A. Ebadi and M.
Fathipour, Sci. Rep., 2021, 11, 2341.

R. Schliifiler, S. Mollmert, S. Abuhattum, G. Cojoc, P. Miiller,
K. Kim, C. Mockel, C. Zimmermann, J. Czarske and J. Guck,
Biophys. J., 2018, 115, 911-923.

S. Byun, S. Son, D. Amodei, N. Cermak, J. Shaw, J. H. Kang,
V. C. Hecht, M. M. Winslow, T. Jacks, P. Mallick and S. R.
Manalis, Proc. Natl. Acad. Sci. U. S. A., 2013, 110, 7580-7585.

D. R. Gossett, H. T. K. Tse, S. A. Lee, Y. Ying, A. G. Lindgren,
0. O. Yang, J. Rao, A. T. Clark and D. Di Carlo, Proc. Natl.
Acad. Sci. U. S. A., 2012, 109, 7630-7635.

K. D. Nyberg, K. H. Hu, S. H. Kleinman, D. B. Khismatullin,
M. ]J. Butte and A. C. Rowat, Biophys. J., 2017, 113,
1574-1584.

O. Otto, P. Rosendahl, A. Mietke, S. Golfier, C. Herold, D.
Klaue, S. Girardo, S. Pagliara, A. Ekpenyong, A. Jacobi, M.
Wobus, N. Tépfner, U. F. Keyser, J. Mansfeld, E. Fischer-
Friedrich and J. Guck, Nat. Methods, 2015, 12, 199-202.

P. Rosendahl, K. Plak, A. Jacobi, M. Kraeter, N. Toepfner, O.
Otto, C. Herold, M. Winzi, M. Herbig, Y. Ge, S. Girardo, K.
Wagner, B. Baum and J. Guck, Nat. Methods, 2018, 15, 355-358.
N. Nitta, T. Sugimura, A. Isozaki, H. Mikami, K. Hiraki, S.
Sakuma, T. Iino, F. Arai, T. Endo, Y. Fujiwaki, H. Fukuzawa,
M. Hase, T. Hayakawa, K. Hiramatsu, Y. Hoshino, M. Inaba,
T. Ito, H. Karakawa, Y. Kasai, K. Koizumi, S. Lee, C. Lei, M.
Li, T. Maeno, S. Matsusaka, D. Murakami, A. Nakagawa, Y.
Oguchi, M. Oikawa, T. Ota, K. Shiba, H. Shintaku, Y.
Shirasaki, K. Suga, Y. Suzuki, N. Suzuki, Y. Tanaka, H.
Tezuka, C. Toyokawa, Y. Yalikun, M. Yamada, M. Yamagishi,
T. Yamano, A. Yasumoto, Y. Yatomi, M. Yazawa, D. Di Carlo,
Y. Hosokawa, S. Uemura, Y. Ozeki and K. Goda, Cell,
2018, 175, 266-276, e13.

M. Herbig, K. Tessmer, M. Noétzel, A. A. Nawaz, T. Santos-
Ferreira, O. Borsch, S. J. Gasparini, J. Guck and M. Ader, Sci.
Rep., 2022, 12, 1-17.

M. T. Guo, A. Rotem, J. A. Heyman and D. A. Weitz, Lab
Chip, 2012, 12, 2146-2155.

386 | Lab Chip, 2023, 23, 372-387

30

31

32

33
34

35

36

37

38

39

40

41

42
43

44

45

46
47

48

49

50

51

52

53

54

55

View Article Online

Lab on a Chip

A. Y. Fu, H.-P. Chou, C. Spence, F. H. Arnold and S. R.
Quake, Anal. Chem., 2002, 74, 2451-2457.

M. M. Wang, E. Tu, D. E. Raymond, J. M. Yang, H. Zhang, N.
Hagen, B. Dees, E. M. Mercer, A. H. Forster, I. Kariv, P. J.
Marchand and W. F. Butler, Nat. Biotechnol., 2005, 23, 83-87.
Y. Chen, A. J. Chung, T.-H. Wu, M. A. Teitell, D. Di Carlo and
P.-Y. Chiou, Small, 2014, 10, 1746-1751.

J. Zhao and Z. You, Cytometry, Part A, 2018, 93, 222-231.

W. Tang, D. Jiang, Z. Li, L. Zhu, J. Shi, J. Yang and N. Xiang,
Electrophoresis, 2019, 40, 930-954.

A. A. Nawaz, Y. Chen, N. Nama, R. H. Nissly, L. Ren, A.
Ozcelik, L. Wang, J. P. McCoy, S. J. Levine and T. J. Huang,
Anal. Chem., 2015, 87, 12051-12058.

T. Franke, S. Braunmiiller, L. Schmid, A. Wixforth and D. A.
Weitz, Lab Chip, 2010, 10, 789-794.

M. S. Namnabat, M. Moghimi Zand and E. Houshfar, Sci.
Rep., 2021, 11, 13326.

W. Connacher, N. Zhang, A. Huang, J. Mei, S. Zhang, T.
Gopesh and ]. Friend, Lab Chip, 2018, 18, 1952-1996.

W. Hellstrom, L. Forssell, E. Morsing, K. Sdvman and D. Ley,
Acta Paediatr. Int. J. Paediatr., 2020, 109, 679-687.

X. Ding, P. Li, S.-C. S. Lin, Z. S. Stratton, N. Nama, F. Guo, D.
Slotcavage, X. Mao, J. Shi, F. Costanzo and T. J. Huang, Lab
Chip, 2013, 13, 3626-3649.

R. Shilton, M. K. Tan, L. Y. Yeo and J. R. Friend, J. Appl
Phys., 2008, 104, 014910.

J. Friend and L. Y. Yeo, Rev. Mod. Phys., 2011, 83, 647-704.
M. Kurosawa, T. Watanabe, A. Futami and T. Higuchi, Sens.
Actuators, A, 1995, 50, 69-74.

G. Destgeer, K. H. Lee, J. H. Jung, A. Alazzam and H. J. Sung,
Lab Chip, 2013, 13, 4210-4216.

L. Li, K. Jia, E. Wu, Y. Zhu and K. Yang, Biomicrofluidics,
2020, 14, 034107.

D. J. Collins, A. Neild and Y. Ai, Lab Chip, 2016, 16, 471-479.
G. Destgeer, B. H. Ha, J. Park, J. H. Jung, A. Alazzam and
H. J. Sung, Phys. Procedia, 2015, 70, 34-37.

F. Li, Y. Xiao, J. Lei, X. Xia, W. Zhou, L. Meng, L. Niu, J. Wu,
J. Li, F. Cai and H. Zheng, Appl. Phys. Lett., 2018, 113,
173503.

F. G. Mitri, Wave Motion, 2005, 43, 12-19.

Z. Ma, Y. Zhou, D. ]. Collins and Y. Ai, Lab Chip, 2017, 17,
3176-3185.

C. Herold, arXiv,
arXiv.1704.00572.

P. Li, Z. Ma, Y. Zhou, D. J. Collins, Z. Wang and Y. Ai, Anal.
Chem., 2019, 91, 9970-9977.

S. Girardo, N. Triber, K. Wagner, G. Cojoc, C. Herold, R.
Goswami, R. Schltufiler, S. Abuhattum, A. Taubenberger, F.
Reichel, D. Mokbel, M. Herbig, M. Schiirmann, P. Miiller, T.
Heida, A. Jacobi, E. Ulbricht, J. Thiele, C. Werner and J.
Guck, J. Mater. Chem. B, 2018, 6, 6245-6261.

G. Destgeer, B. H. Ha, J. H. Jung and H. ]J. Sung, Lab Chip,
2014, 14, 4665-4672.

M. Koch, K. E. Wright, O. Otto, M. Herbig, N. D. Salinas,
N. H. Tolia, T. J. Satchwell, J. Guck, N. J. Brooks and ]J.
Baum, Proc. Natl. Acad. Sci. U. S. A., 2017, 114, 4225-4230.

2017, preprint, DOI:  10.48550/

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.48550/arXiv.1704.00572
https://doi.org/10.48550/arXiv.1704.00572
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2lc00636g

Open Access Article. Published on 09 January 2023. Downloaded on 4/4/2026 2:03:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Lab on a Chip

56

57

58

59

60

61

62

63

64

65

66
67

68

N. Toepfner, C. Herold, O. Otto, P. Rosendahl, A. Jacobi, M.
Kréter, J. Stdchele, L. Menschner, M. Herbig, L. Ciuffreda, L.
Ranford-Cartwright, M. Grzybek, U. Coskun, E. Reithuber, G.
Garriss, P. Mellroth, B. Henriques-Normark, N. Tregay, M.
Suttorp, M. Bornhiuser, E. R. Chilvers, R. Berner and ]J.
Guck, eLife, 2018, 7, 1-22.

M. Kubankova, B. Hohberger, J. Hoffmanns, J. Fiirst, M.
Herrmann, J. Guck and M. Kréter, Biophys. J., 2021, 120,
2838-2847.

T. H. Hong and W.-Y. Park, Exp. Mol. Med., 2020, 52,
1407-1408.

T. Sun and H. Morgan, Microfluid. Nanofluid., 2010, 8,
423-443.

C. Van Berkel, J. D. Gwyer, S. Deane, N. Green, J. Holloway,
V. Hollis and H. Morgan, Lab Chip, 2011, 11, 1249-1255.

D. Eberle, S. Schubert, K. Postel, D. Corbeil and M. Ader,
Invest. Ophthalmol. Visual Sci., 2011, 52, 6462.

H. M. Rostam, P. M. Reynolds, M. R. Alexander, N. Gadegaard
and A. M. Ghaemmaghami, Sci. Rep., 2017, 7, 3521.

H. Ogi, S. Moriwaki, M. Kokubo, Y. Hikida and K. Itoh, Sci.
Rep., 2019, 9, 633.

Z. Guo, X. Lin, Y. Hui, ]J. Wang, Q. Zhang and F. Kong, Front.
Oncol., 2022, 12, 843879.

M. Urbanska, Y. Ge, M. Winzi, S. Abuhattum, M. Herbig, M.
Kréter, N. Toepfner, J. Durgan, O. Florey, M. Dori, F.
Calegari, F.-N. Lolo, M. A. del Pozo, A. Taubenberger, C. V.
Cannistraci and J. Guck, bioRxiv, 2021, preprint, DOI:
10.1101/2021.04.26.441418.

J. Guck, Biophys. Rev., 2019, 11, 667-670.

G. Choi, Z. Tang and W. Guan, Nanotechnol. Precis. Eng.,
2021, 4, 045002.

M. Xavier, S. H. Holm, J. P. Beech, D. Spencer, J. O.
Tegenfeldt, R. O. C. Oreffo and H. Morgan, Lab Chip,
2019, 19, 513-523.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

69 J. Lv, Y. Liu, F. Cheng, ]J. Li, Y. Zhou, T. Zhang, N. Zhou, C.

70

71

72

73

74

75

76

77

78

79

80

81

Li, Z. Wang, L. Ma, M. Liu, Q. Zhu, X. Liu, K. Tang, J. Ma, H.
Zhang, J. Xie, Y. Fang, H. Zhang, N. Wang, Y. Liu and B.
Huang, EMBO J., 2021, 40, 1-14.

C. Faigle, F. Lautenschldger, G. Whyte, P. Homewood, E.
Martin-Badosa and J. Guck, Lab Chip, 2015, 15,
1267-1275.

R. Javidi, M. M. Zand and K. Dastani, Microsyst. Technol.,
2019, 25, 2699-2711.

K. Zhao, L. Larasati, B. P. Duncker and D. Li, Anal. Chem.,
2019, 91, 6304-6314.

R. Javidi, M. Moghimi Zand and R. Nouri, Sci. Iran.,
2020, 27, 1302-1312.

K. Dastani, M. Moghimi Zand, H. Kavand, R. Javidi, A. Hadi,
Z. Valadkhani and P. Renaud, Sci. Rep., 2020, 10, 68.

G. Choi, R. Nouri, L. Zarzar and W. Guan, Microsyst.
Nanoeng., 2020, 6, 11.

A. Mietke, O. Otto, S. Girardo, P. Rosendahl, A.
Taubenberger, S. Golfier, E. Ulbricht, S. Aland, J. Guck and
E. Fischer-Friedrich, Biophys. J., 2015, 109, 2023-2036.

M. Mokbel, D. Mokbel, A. Mietke, N. Triber, S. Girardo, O.
Otto, J. Guck and S. Aland, ACS Biomater. Sci. Eng., 2017, 3,
2962-2973.

S. Suzuki and K. Be, Computer Vision, Graphics, and Image
Processing, 1985, 30, 32-46.

M. Urbanska, P. Rosendahl, M. Kriter and J. Guck, in
Methods in cell biology, 2018, vol. 147, pp. 175-198.

M. Herbig, M. Kriter, K. Plak, P. Miiller, J. Guck and O. Otto,
in Flow Cytometry Protocols, ed. T. S. Hawley and R. G.
Hawley, Humana Press, New York, NY, 2018, vol. 91, pp.
347-369.

W. A. Lam, O. Chaudhuri, A. Crow, K. D. Webster, T. De Li,
A. Kita, J. Huang and D. A. Fletcher, Nat. Mater., 2011, 10,
61-66.

Lab Chip, 2023, 23, 372-387 | 387


https://doi.org/10.1101/2021.04.26.441418
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2lc00636g

	crossmark: 


