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The usage of microfluidics for automated and fast immunoassays has gained a lot of interest in the last
decades. This integration comes with certain challenges, like the reconciliation of laminar flow patterns of
micro-scale systems with diffusion-limited mass transport. Several methods have been investigated to
enhance microfluidic mixing in microsystems, including acoustic-based fluidic streaming. Here, we report
both by numerical simulation and experiments on the beneficiary effect of acoustic agitation on the
uniformity of immunostaining in large-size and thin microfluidic chambers. Moreover, we investigate by
numerical simulation the impact of reducing the incubation times and the concentrations of the
biochemical detection reagents on the obtained immunoassay signal. Finally, acoustofluidic mixing was
successfully used to reduce by 80% the incubation time of the Her2 (human epidermal growth factor
receptor 2) and CK (cytokeratins) biomarkers for the spatial immunostaining of breast cancer cell pellets, or
reducing their concentration by 66% and achieving a higher signal-to-background ratio than comparable
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Introduction

Microfluidics has been very promising for use in many
scientific and engineering fields, such as medical diagnostics
and biochemical analytics,"™ chemical synthesis," drug
development,” forensics analysis,® energy applications,” and
environmental monitoring.® This has been facilitated by
diverse assets that microfluidics offer such as a reduced
device size, a reduced sample volume required, a lower
associated cost of analysis, a reduction in the time of
experimentation, and high-throughput and automation.”™?
The application of microfluidics in the field of spatial
molecular profiling of tumor tissues has gained a lot of
interest in the last years,"*"” especially with the increased
interest in personalized medicine and targeted therapy.
Simply, a dissected thin tissue section of the tumor is
mounted on a substrate slide (e.g., a glass slide) and
incubated inside a chamber with controlled fluid flow and
temperature, and different specific detection reagents such as
antibodies, or DNA oligos can be used to target the marker(s)
of interest, followed by subsequent visualization with
microscopic techniques (fluorescence or chromogenic bright-
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spatially resolved immunostaining with static incubation.

field). This allows for detecting the presence and the level of
expression of such markers. The two most common
techniques for tissue diagnostics are immunohistochemistry
(IHC) and in situ hybridization (ISH),"®*® where in the former
the expression of certain protein markers in a cell population
can be detected, and in the latter, a labeled RNA or DNA
probe can be used to study the gene expression in the cellular
environment. Three important factors affect the performance
and the quality of these diagnostic techniques using
microfluidic systems, namely, the uniformity of the tissue
staining, the used detection reagent concentration, and the
incubation times onto the tissue. The uniform staining of the
tissue plays an important role in the analysis since it ensures
that all relevant target analytes on the tissue are exposed
equally to the detection reagents, enhancing the signal
contrast and leading to consistent results.”* Non-uniform
staining might jeopardize the analysis of the tumor section,
leading to a false or biased diagnosis or prognosis.'®'%*!
There have been several reports on the adaption of a
microfluidic tissue processor system (MTP) for tissue
immunostaining,'*'*'9?>72% where the thin tissue section is
mounted on a glass slide and incubated inside a chamber
where a microfluidic distributing channel network is used to
distribute the bioreagents uniformly above the tissue. The
same concept of the distribution channel network has been
adopted for other research purposes such as in the
microfluidic concentration gradient generator,>”*° where the
common characteristic of these designs is the possibility to
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generate a concentration gradient across the channel width
and perpendicular to the flow direction. This concentration
gradient can be beneficial for chemotaxis studies, in which
chemicals need to be delivered to cells in a concentration-
gradient form,** and for optimized neural stem cells growth
and differentiation,® and for yeast gene expression under
gradients of pheromones,* or for gradient treatments of cells
across the width of the microchannel.>* However, these
gradients can have the disadvantageous effect of the uneven
staining of the tissue. The concentration gradients can be
minimized in tissue staining, including by applying extremely
high-pressure microfluidics to induce turbulent reagent
streams, by lowering the distance between the neighboring
streams in the microfluidic channel distribution network
(which can be limited with the maximum pressure the system
can withstand), or by prolonging the reagent's incubation
time to allow for the reagents to diffuse. The use of high
pressure in microfluidic systems would require high-pressure
pumps, and the firm sealing of the fluidic chamber; otherwise
fluid leakage might happen during the experiments leading
to non-proper functioning and possible safety concerns.'**°
At the same time, high flow rates can lead to high frictional
shear forces acting on the surface-mounted -cells thus
affecting their cellular function and biological responses,®”*®
and can affect the tissue morphology and integrity. Moreover,
high flow rates running through relatively small diameter
inlet holes and along sharp edges can lead to cavitation
microbubble,***° which, if trapped inside the chamber, can
alter the flow dynamics and the exposure of the tissue sample
to the detection reagents. Secondly, reducing the incubation
times of immune detection reagents with the tissue can be of
vital benefit, since this can shorten the analysis time and thus
provide faster results. Moreover, it can reduce the background
signal due to nonspecific binding.'>*>*' However, reducing
the incubation time would mean shorter exposure periods are
given to the detection reagents to interact with the target
tissue, reducing the immunostaining signal. In addition to
that, during the incubation time, a depletion region with a
low concentration of the reagents is formed above the
reacting surface (tissue), whereafter the immuno-reaction
starts to be diffusion-limited.*>** Biological molecules having
diffusion coefficients in the range of 107" to (107> m?
s)*** would need longer incubation times to be able to
diffuse throughout the chamber and interact with the tissue.
Finally, the concentration of the immunoreagents can have a
great impact on the immunoassays since reducing the
consumption of the bio-reagents can reduce the overall cost
of the experimental and diagnostic tests. Additionally, high
concentrations of antibodies used for immunohistochemistry
can lead to false positives or excessive background
staining,*®*” and it is frequently found that many antibody
production companies suggest the reduction of the antibody
concentration to reduce the nonspecific binding. On the other
hand, reducing the concentration of the reagent would lower
the amount of the available detection reagents above the
tissue and thus reduce the immunodetection signal. The
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impact of the low concentration on the detection signal is
larger when it is considered with the abovementioned
depletion region formation and the limited diffusional mass
transport of the bio-reagents. Several technologies have been
developed and integrated into microfluidics to induce a
disruption between the fluid thin layers associated with the
laminar flow regime by enhancing the fluidic mixing and thus
helping to counteract the diffusion-limited transport of the
bio-chemical reagents in microfluidic systems. For example,
magnetic-based microfluidic mixing was investigated where a
fluid of dispersed magnetic particles or rods inside the
chamber is actuated by an external magnet,”®*° but this
requires a closely attached magnetic actuator and the
magnetic beads can interfere with the immunoassay
performance while limiting the optical readout through the
chamber. Moreover, acoustic actuation of embedded
microstructures,®*? vibrating structures®** or trapped
microbubbles®>*® has been investigated for microfluidic
mixing which can require a lengthy microfabrication process,
and the efficient trapping of the microbubbles inside the
chamber throughout the full experiment, and possibly the
need for high-frequency matching and signal generators.””
Furthermore, electro-kinetic techniques such as the AC-
electrothermal technique have been used for enhancing the
microfluidic mixing and immunoassays, but it requires the
microfabrication of the actuating electrodes and, if not
optimized, can generate relatively high temperatures and lead
to electrolysis.**>%>°

Here we introduce the integration of a low-frequency
acoustofluidic mixing device for enhancing microfluidic
immunostaining. Piezoelectric actuators are mounted with
water-soluble glue on the exterior surface of a microfluidic
staining system and the actuation of the piezoelectric
elements leads to the generation of vortex-like patterns of
acoustic streaming within the microfluidic chamber. The
proposed idea has several advantages, including ease of
integration, working at low frequencies thus omitting the
need for advanced and accurate high-frequency devices, a low
cost of the core element (our piezoelectric actuator costs less
than 1 USD), the absence of any microfabrication steps and
retaining the possibility of microscopic imaging over the
complete thin chamber, and, finally, the absence of thermal
interference with the conducted experiments. We performed
a preliminary investigation by the numerical simulation to
explain the working mechanism behind the reported work,
including the investigation of the effect of the piezoelectric
element actuation on the system vibration and more
specifically at the solid-fluid interface. The simulated
acoustic pressure and solid mechanical stress are then
coupled to the fluidic domain to investigate acoustic
streaming and the associated microparticle motion. The
presence of acoustofluidic vortex-like patterns was then
validated by the experimental tracing of fluorescence
microparticles. Acoustofluidic mixing was investigated for its
potential with respect to the immunostaining performance
(elimination of non-uniform staining due to microfluidic
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gradients, reducing the reagents' incubation times, and
enabling the wuse of reagent concentrations).
Furthermore, numerical simulation was used to investigate
the formation of the concentration depletion region above a
reacting surface and the associated rapidly decaying reaction
rate, and the effect of using lower reagent concentration on
the surface reaction. Finally, we demonstrate the feasibility of
using the acoustofluidic mixing to enhance the
immunostaining of several antibodies with different
molecular weights such as the Her2 tumor marker (human
epidermal growth factor receptor2, also known as ERBB2)
and CK (cytokeratins) antibodies cocktail on Bt-474 cancer
cell pellet sections. The Her2 gene is amplified in 18-20% of
the primary breast cancer cases, leading to the
overexpression of the associated protein, rapid tumor
proliferation, and poor prognosis of the disease.®® CK has
been widely used in the histopathological evaluation of
breast carcinoma to identify tumor epithelial cells and help
in differentiating between the specific breast cancer
subtypes.®’ To the best of our knowledge, this is the first
research that demonstrates acoustofluidic mixing for
immunostaining on cell pellet sections, and we believe this
can be also applied for more accurate and enhanced spatial
proteomic and transcriptomic analysis. The experimental
acoustofluidic mixing device was successfully used, and in
contrary to the results that might be anticipated based on the
simulation of static incubation of surface reactions, to reduce
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the reagents incubation time by 80% and reducing the
reagents consumption by 66%, while still obtaining higher
signals than a static incubation.

Experimental setup

The experimental setup relies on a wide and thin
microfluidic system that has been used before for tissue
diagnostics.'>'®'?272¢ The core element is a polymer chip
(Fig. 1a) which provides the fluidic connections to the
chamber (through the small white inlet holes). The latter has
a glass coverslip at its top, which allows for imaging
accessibility. The staining chamber is realised by clamping
the polymer chip against the substrate slide that carries a
tissue or cell pellet slice and being in contact with a bottom
temperature-controlling system (Fig. 1b). An O-ring (Fig. 1b)
is used to ensure chamber sealing and prevent fluidic
leakage. Two piezoelectric transducers (RND 430-00018)
(Fig. 1) are glued on the exterior face of the stainer top plate
and aligned horizontally with the microfluidic chamber. A
water-based glue (Tensive conductive adhesive gel) was used
which allows the easy positioning and re-application of the
transducers. The piezoelectric transducers are actuated with
a function generator (AFG3021B, Tektronix), and the signal is
amplified with a high voltage amplifier (WMA-300, Falco-
system) and monitored by an oscilloscope (54602B, HP). The
transducer located to the left of the chamber is actuated at

Outlet AF- Off €
e Fluid flow

7’

fluidic mixing

Fig. 1 Experimental setup. (a) Top schematic view of the microfluidic setup with the piezoelectric transducers mounted on the two sides of the
stainer top plate, and the polymer chip used with the distributed channel network design (the larger white inlet hole supplying the fluid into the
multiple fluidic paths represented by the blue dashed arrows to dispense the liquid into the chamber through the small white holes, and similar for
the outlet). A glass coverslip is located at the polymer chip centre which allows imaging accessibility from the top. (b) Cross-sectional schematic
side view of the closed system setup showing the polymer chip clamped against the substrate holding the sample (e.g., a tissue) with an O-ring
that seals the microfluidic chamber (15 x 15 x 0.05 mm?). A heating system is used to control the temperature of the setup. (c and d) Simplified
schematic of the acoustofluidic mixing within a part of the microfluidic chamber, showing three inlet/outlet ports, and a thin tissue located at the
chamber bottom, before (c) and after (d) actuating the piezoelectric transducers. (e) Front view image of the chamber (at the cross-section line of
Fig. 1(c)), with the thin tissue located at the bottom, and a cross-sectional dash-line and dash-line box showing the region considered for further

analysis in Fig. 4-6.
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Fig. 2 Acoustofluidic simulation. (a) The components used in the 2D
setup (side view) for the characterization of the acoustic vibration and
solid mechanics of the system. A transducer (lead zirconate titanate,
PZT) is actuated by the AC signal (+ve and -ve) and mounted on the
top of a metallic (aluminium) plate which is clamped against the
polymer (plastic) chip, and the glass coverslip and glass substrate, and
the water chamber sealed from the side with a PDMS ring. (b) The
solid displacement of the system at the region of interest (ROI) is
indicated by the dash-circle in Fig. 2a as a result of the actuation of
the PZT transducer. The solid deformation shows the displacement of
the plastic and PDMS domains. (c) The solid velocity at the same ROI
showing the maximum velocity point is located at the PDMS-water
interface boundary, and the arrows show the solid velocity direction
with the arrows' size proportional to the solid velocity components (X,
Y). (d) The 2D setup (top view) that is used for the characterization of
the pressure acoustics and the fluid flow and particles' tracing, taking
the side walls as vibrating boundaries as obtained from the 2D
simulation in Fig. 2c.

6.5 kHz and 18 mArms while the transducer located to the
right of the chamber is actuated at 5.4 kHz and 18 mArms
throughout the whole presented work. The frequencies were
selected to provide the maximum fluid velocity observed by
the fluorescent microparticles, while the acoustic power was
selected to provide a strong and homogeneous
immunostaining of the incubated tissue/cells. For each
experiment with acoustofluidic mixing, the experiment
duration was divided into four-time slots, and the two

This journal is © The Royal Society of Chemistry 2023
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transducers were actuated sequentially (e.g., for the 4
minutes experiments, the 1st minute: right PZT-on and left
PZT-off, then for the 2nd minute: right PZT-off and left PZT-
on, ...etc.). All fluid handling and flow rates were controlled
by an integrated pressure pumping system. Fig. 1c shows a
simplified schematic section of the core of the microfluidic
chamber (showing here only 3 inlet/outlet ports, while the
actual chip has multiple of inlets/outlets) that allows
dispensing laminar flow streams of the reagents from the
small holes over the thin tissue located at the bottom of the
chamber. Fig. 1d shows a simplified schematic of the
acoustofluidic mixing patterns generated after the actuation
of the piezoelectric transducers located at the sides of the
chamber. All details of the immunoassay and fluorescence
imaging are described in the ESI} (ESI protocols). The
temperature generated by the transducers was monitored by
a thermal IR camera and the results (ESIT Fig. S1) showed no
change in the temperature due to the actuation of the
piezoelectric transducers.

Numerical simulations
Surface-based reaction and microfluidic analyte transport

It is presumed that the reaction between the diffusing
reagent analyte and the surface-immobilized target (tissue)
will proceed according to a first-order Langmuir adsorption
model.®> Eqn (1) relates the target density B, to the reagent
analyte concentration at the reaction surface Agyf.ce and the
molar concentration of the analyte-target complex [AB] being
generated over the reaction time,*?

% = kon [A]Surface {[BO] - [AB”’ —kq [AB] (1)

where k,,, kq are the association and dissociation rate
constants respectively. The initial target density used is B, =
3.3 x 10~® [mol m™], and the reagent dissociation constant k4
=107 [1 s7'], and the reagent association constant k., was
simulated for the value of k,, = 10° [m® s mol™], all
simulations were done by COMSOL Multiphysics 6.0. The
initial bulk reagent analyte concentration Ag,face available at
the reacting surface (tissue) was simulated for the range of
107", 0.5 x 107'%, 0.33 x 107*°, and 0.25 x 107*° (mol m™).
The reagent bulk concentration over the reacting surface
tissue can be replenished by the fluid flow according to Fick's
second law of diffusion, as shown in eqn (2),**

%Jr U-VIA| = D V*[A] + R (2)

where A is the reagent analyte concentration in the bulk
fluid, U is the fluid flow velocity, D is the reagent analyte's
diffusion coefficient, and R is the reaction rate, which in the
bulk fluid equals zero given that there is no reaction
occurring in the fluid.

Lab Chip, 2023, 23, 3258-3271 | 3261
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Fig. 3 Acoustofluidic mixing. (a) and (b) show the experimental (I and Il) and the simulation (lll and IV) results of the acoustofluidic motion
generated after the activation of the piezoelectric transducers, positioned to the left (a) or to the right (b) of the microfluidic chamber, as shown in
Fig. 1(a). The left and the right transducer were actuated at the frequencies of 6.5 and 5.4 kHz, respectively, each generating two vortex-like
patterns of fluidic motion. Sub-figures (I and Il) show the experimental superimposed images of fluorescent microparticles observed at the top (I)
and the bottom (Il) parts of the chamber. The red and blue arrows indicate the observed acoustofluidic motion direction when the left (red) or the
right (blue) transducers were activated. Sub-figures (lll and IV) show the microfluidic fluidic motion direction (lll) and the microparticles (3 um)
tracing (IV) in the square chamber, resulting from the actuation of each of the side boundary layers. The simulation was carried out according to
the model shown in Fig. 2(d) and as described after. Both figures show two fluidic vortices that are similar in fluid direction to those observed in

Left lower motion Particles t

sub-figures (I and Il) at the top and bottom of the chamber.

Acoustofluidics

The numerical simulation (using COMSOL 6.1) of the
acoustofluidic motion was done in two steps. In the first part,
the setup in 2D from the side view was simulated to gain
insights into the effect of the transducer actuation and the
accompanying acoustic pressure distribution, and the solid
stress and strain (Fig. S3bf). The electrostatic module was
used to actuate the transducer (lead zirconate titanate, PZT)
by applying an AC signal as shown in Fig. 2a, and the solid
mechanics module was used to compute the solid
components' structural analysis. The PZT material was used
in the stress-charge form using the PZT-4D properties.
Finally, the pressure acoustics module was simulated to
compute the pressure variation and the acoustic wave
propagation into the fluid. All three modules were solved in
the frequency domain and the piezoelectric effect was used
to couple the electrostatics and solid mechanics physics,
while the acoustic-structure boundary was used to couple the
pressure acoustics and the structural components of the
system, as shown in ESIf (Fig. S3a). Fig. 2b shows the solid
displacement at the region of interest (ROI) (indicated by a
dashed circle in Fig. 2a), which is situated at the first contact
point (close to the PZT) between the solid components and

3262 | Lab Chip, 2023, 23, 3258-3271

the fluid domain. The system deformation at that region
shows the displacement of the plastic and PDMS domains
(soft materials,®*®*) as a result of the transducer actuation.
Furthermore, the solid velocity as a result of the acoustic
structural boundary coupling was computed which takes
into account the fluid load on the structure and the
structural acceleration as experienced by the fluid. Fig. 2c
shows that the maximum solid velocity point of the whole
simulated setup is located at the boundary layer of the
PDMS-water interface, while the colored arrows show that
the solid velocity components in the x (lateral) direction
are the highest. Both the solid displacement and velocity
are scalable with the applied acoustic power, and thus
higher actuation (higher voltages) would lead to higher
velocities (ESIf Fig. S5). In the second 2D simulation, the
fluid domain from the top view, as shown in Fig. 2d, with
the side acoustic boundary layers was used to simulate the
pressure variations and the propagation of acoustic waves
and the resulting acoustofluidic motion, as described in
the ESIf (Fig. S3b). The pressure acoustics module was
used, where a thermoviscous acoustic boundary layer is
applied to the right or the left side of the fluid chamber.
A mechanical wall vibration was used taking into account
the range of wall displacements® " computed in the first

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Smoothening of microfluidic gradients by acoustofluidics. (a) The reagent concentration (mol m~) (at the middle of the chamber as
indicated by the cross-sectional dashed line in Fig. 1c and across the middle of the chamber height, as indicated by the cross-sectional dashed line
in Fig. 1e), for three fluidic flow rates 300, 900, and 1500 pl min™* after 5 and 10 seconds, obtained by numerical simulation. (b) Fluorescence
images of a Bt-474 cancer cell pellet stained with Her2 marker (green) and CK marker (red) at a 300 ul min™ dispense flow rate, followed by an
incubation time of 1 min, without (I) and with (Il) the acoustofluidic mixing. (c) Analysis of the experimental microfluidic staining gradients (ratio of
the lowest over the highest fluorescent intensity). Different flow rates and incubation times were used (300 ul mint for 1, 2, and 4 min incubation
time and 900 and 1500 ul min™ for 1 min incubation time), all without acoustofluidic mixing, and finally 300 ul min™ with 1 min incubation time

with acoustofluidic mixing showing the absence of the staining gradients.

part, with a velocity Vi = Dow (m s') where D, is the
displacement magnitude and « is the angular frequency.
The fluid domain was assumed to be thermally conducting
and viscous to take into account the attenuation due to
bulk viscous losses. Due to the acoustic wave attenuation
and the generated gradients in the time-averaged acoustic
momentum flux in a viscous fluid, a net displacement of
the fluid particles is generated leading to a steady fluid
flow known as acoustic streaming.®®*”° For fluids and
assuming that the pressure varies harmonically in time,
the acoustic field pressure can be described according to

eqn (3),

This journal is © The Royal Society of Chemistry 2023

2
v.(-lvP)-yzo 3)

pC c pC
where p is the pressure (Pa), p. is the density (kg m™), ¢
is the speed of sound (m s™), and w is the angular
frequency of the pressure field. After solving for the
acoustic pressure and the sound levels and the acoustic
acceleration in the system, the output was coupled to the
laminar flow module, where the pressure and velocity
fields of the time-average fluid flow using the Navier-
Stokes equations were computed. Finally, the time-
averaged Stokes drag force (Farg) on spherical particles
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with radius (r,) and moving with a velocity (x) while being
located inside a viscous fluid with a streaming velocity (v)
can be calculated by eqn (4),*”

Farag = 6murp(v — u) (4)

where y is the dynamic viscosity of the fluid (Pa s).

Results & discussion
Acoustofluidic mixing

When the piezoelectric transducers located at the sides of the
experimental setup shown in Fig. 1 and 2a are actuated, the
device resonates. Since the device components are firmly
clamped against each other, the resonation of the transducer
is translated throughout the device, depending on several
factors including the speed and attenuation of sound on each
material component. Since most of the setup components
are firmly fixed against each other and the surrounding
device and are highly sealed to ensure no leakage during the
experiments, an analysis of the resulting acoustic pressure
distribution and the solid mechanics shows that the inner
sides of the polymer chip facing the fluidic chamber possess
the highest vibration amplitude, as shown in Fig. 2b and c.
This is mainly because the sidewalls made of PDMS are the
softest material (with the highest vibration amplitude) used
in the system. Since these elements are in direct contact with
the fluid, their vibration would lead to the agitation of the
fluid and the generation of the acoustofluidic motion.
Fig. 3a and b show the experimental and numerical
simulation results of the acoustofluidic motion observed in
the chamber under the actuation of the left transducer
(Fig. 3a) at 6.5 kHz or the right transducer (Fig. 3b) at 5.4
kHz. This range of frequencies was found to generate the
strongest microfluidic motion, as observed by the tracing of
the fluorescence microparticles. The difference in the
frequencies can be due to the non-symmetrical shape of the
system components such as the polymer chip and the
location where the chip is mounted in the system. Generally,
in each case, two large-scale vortex-like patterns of acoustic
streaming were observed at the top and bottom regions of
the chamber with opposite directions of motion. Fig. 3a-
I and -II and b-I and -II show the superimposed images of
the fluorescence microparticles when the left (Fig. 3a) or the
right (Fig. 3b) transducer was actuated. The direction of the
fluid motion is generally pointing horizontally away from the
actuated transducer and away from the close upper and lower
corners of the chamber. ESIT Videos S1 and S2 show two
regions showing vortex-like fluid motion indeed, as observed
for actuating the transducer located to the right of the
chamber at 5.4 kHz (Video S1t) or to the left at 6.5 kHz
(Video S27), where several sizes of fluorescent microparticles
(4, 4.96, 8.87, 10.14 um) were tested. We have noted that
some particles tend to aggregate over time, even before
applying the acoustic field, probably due to particle-particle
interactions.”! Moreover, some particles under the effect of
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the acoustic field, showed a circular motion while following
the large acoustofluidic vortices. This can be due to the
viscous torque as a result of the acoustic streaming in the
viscous boundary layer around the particle itself or the
acoustic torque induced on the object.”>””* Fig. 3a-III and b-
III show the numerical simulation results (full chamber) of
the fluid vortices (two vortices for each transducer) under the
actuation of the left (a) or the right (b) sides of the chamber
(shown in Fig. 2d) as a pressure acoustic boundary layer. The
simulated domain is filled with water at 37 °C and assumed
to be a thermally conducting and viscous fluid while the
acoustic streaming is coupled from the pressure acoustics to
the fluid domain and its borders. The acoustic pressure of
the fluidic chamber is shown in ESIf (Fig. S4). For each of
the actuated side transducers, the numerical simulation
shows two acoustofluidic motion areas with vortex like-
pattern in the chamber, where the fluid direction of motion
agrees with the experimentally observed acoustofluidic
vortex-like patterns (shown in Fig. 3a-I and -II and b-I and -II)
and the ESIf Videos (S1 and S2). Carrying out the numerical
simulation while coupling only the acoustic pressure to the
boundary layer and disabling the domain coupling, shows
the same results and velocity values. This indicates that the
major mechanism behind the acoustic streaming is linked
to the PDMS boundary layers, and not the effect of the
acoustic pressure acting as a volume force on the bulk
fluidic. Fig. 3a-IV and b-IV show the numerical simulation
results of the microparticles tracing under the effect of the
fluid Stokes drag force calculated using eqn (4). The
microparticles are initially dispersed uniformly throughout
the full chamber. However, under the effect of the
acoustofluidic generated motion, the microparticles follow
the fluidic streamlines, as shown in the ESI} Video S3.
Similarly, the microparticles' direction of motion agrees
with the experimentally observed microparticle motion
shown in Fig. 3-1 and -II and the ESIf Videos S1 and S2.
The simulated microparticles size was 3 um, however, a
wide range of microparticle sizes was tested and was all
found to follow the acoustofluidic vortices direction with
expected differences in the particle's velocity. Finally, the
microparticles can be affected by the acoustic radiation
forces which can move and focus the microparticles in the
pressure nodes based on their acoustic contrast to the
surrounding fluid.”> However, given the frequencies in the
low sub-MHz regime used in the current research (6.5 and
5.4 kHz), the streaming-induced velocity tends to be much
higher than the acoustic radiation forces.®”"”®

Acoustofluidic smoothening of microfluidic gradients

Here, we show how acoustofluidics help smoothening the
microfluidic gradients that can be formed inside the
chamber due to the laminar flow regime of the fluid and the
microfluidic channel network design used, thereby leading to
more uniform staining within the thin chamber. Fig. 4a
shows the cross-sectional numerical analysis of the analyte
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reagent concentration (mol m™) at the chamber center as
indicated by the cross-sectional dash line in Fig. 1e, at three
different fluidic flow rates of 300, 900, and 1500 pl min*,
after 5 and 10 s of fluid dispensing, obtained by simulation.
The high-concentration peaks correspond to the locations in
front of the inlet/outlet ports (blue wide lines in schematic
Fig. 1c), while the low-concentration peaks correspond to the
locations in between the side-by-side inlet/outlet ports (white
wide lines in schematic Fig. 1c), where the fluid velocity is
lower. This evidently leads to big differences in the available
reagent concentrations above the adjacent tissue slices
horizontally along the chamber width. The average ratio (n =
10) of the concentration minima over the peak
concentrations along the line in Fig. 1e, after 5 and 10 s, is
0.09% and 45% for 300 pl min™, and 26% and 98% for 900
ul min™, and 69% and 100% for 1500 ul min™", respectively.
It is worth noting that the tissue is experiencing these
concentration differences during the active bioreagent
dispensing, where a very fast replenishment of the reacting
species is happening above the tissue. These differences at
such fluid velocities, even if happening for a short time, can
lead to big differences in the bioreagents distribution and
thus lead to the non-uniform staining of the tissue sample
and possibly a false diagnostic analysis of the biological
marker of interest. Fig. 4b shows the experimental staining
of a large Bt-474 (human breast cancer tissue) section with
300 pl min™" dispense flow rate and 1 min incubation time of
primary antibodies (Her2 rabbit and CK mouse) and
secondary antibodies (anti-rabbit 647 and anti-mouse 555) all
at 1:200 dilution ratio, without (I) and with (II) the
acoustofluidic mixing. The full immunostaining protocol is
described in the ESILj After the immunoassay, the sections
were mounted and imaged using an automatic fluorescent
scanning system, and the fluorescence intensity was
measured as explained in the ESL} Fig. 4b-I shows a clear
non-homogenous gradient staining of the section with the
two markers used (Her2 in green color and cytokeratins in
red color), where the direction of the gradients is
perpendicular to the fluid flow direction and the multi-inlet/
outlet ports. Fig. 4b-II shows the effect of the acoustofluidic
mixing on the active uniform distribution of the bioreagents
over the tissue and throughout the chamber thus the
elimination of the gradients overserved. The effect is
indicated in schematic Fig. 1d: acoustofluidic mixing will
induce a large-scale transversal motion that disrupts the
laminar flow streams and induces the mixing perpendicularly
between the long flow lines. Fig. 4c shows the statistical
analysis of experimental microfluidic gradients experienced
by the Bt-474 sections at a flow rate of 300 ul min™" after 1, 2,
and 4 min of each antibody incubation time, and 900 and
1500 pl min™* after 1 min of antibodies incubation time,
without the acoustofluidic mixing. In all cases, a similar and
large volume of 350 ul of each antibody was dispensed to
ensure a full filling of the fluidic tubes and the microfluidic
chamber. The low and high fluorescence intensities are
measured at the Bt-474 sections affected by the slow flow rate
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and high flow rate, respectively, as shown in Fig. 4b. Several
locations of the low (n = 3) and high (n = 3) staining signal
bands were considered for the analysis. It is evident that with
slower flow rates, the differences between the microfluidic
gradients are higher, as indicated before in the numerical
analysis (Fig. 4a) and this leads to higher differences between
the neighboring tissue spots. Moreover, with a low flow rate
of 300 ul min™", but with increasing the incubation time from
1 to 2 and 4 min, the differences between the adjacent tissue
bands tend to be less (low/high bands intensity signal
increases on average from 67% at 1 min to 84% at 4 min for
both markers). This can help in decreasing the non-
homogeneity in the tissue section staining but at the cost of
increasing the incubation time. On the other hand, higher
flow rates are capable of dispensing the fluid while rapidly
diminishing the differences between the adjacent
microfluidic gradient bands, thus leading to fewer
differences in the tissue staining. However, higher flow rates
generally require some considerations as explained before
such as the need for a high-pressure pump, and very firm
sealing of the microfluidic chamber otherwise there is a risk
of leakage during the experiment, and the associated high
tangential shear stress acting on the biological samples being
diagnosed. Finally, Fig. 4c shows the effect of the
acoustofluidic mixing on diminishing the microfluidic
staining gradients for the most non-homogenous
experimental settings (300 pl min™" and 1 min of incubation
time). The Her2 signal shows a low/high fluorescence
intensity larger than a unity, which can be from the uneven
spatial distribution of target epitopes on cells. This shows
the clear potential of using acoustofluidic mixing for
experiments that require low-pressure pumps or are prone to
a potential microfluidic leakage or prone to adverse effects
on the tissue or cells due to the high shear stress associated
with high flow rates.

Acoustofluidics enabling faster immunostaining

Microfluidic systems may suffer from the laminar flow
regime, where the fluid travels in infinitesimal parallel layers
without eddies, swirls, or any disruption between the fluidic
layers and thus mixing may solely proceed through diffusion.
The molecular diffusion in a static fluid is the main
mechanism of transport in microfluidic systems, which relies
on several factors including the inverse of the particle
radius.*” This means that particles or reagent molecules with
larger sizes have lower diffusion coefficients, leading to
possibly very slow diffusional transport in microfluidic
systems. Biological reagents have diffusion coefficients in the
range of 10" to 10™"* (m® s'), which means they would
need a long time to diffuse across a microfluidic chamber.
The implication of this limited transport can be highly
adverse on the duration of microfluidic immunoassays, as
explained later. Fig. 5a shows a time series of the chamber
cross-section, as indicated by the dashed-blue line box in
Fig. 1e, showing by numerical simulation the development of
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Fig. 5 Reagent concentration depletion region near a reacting surface and acoustofluidic-enhanced immunostaining. (a) Time series images (0 to
120 s) of the chamber cross section (indicated by the dashed-blue line box in Fig. 1e) showing the reagent concentration depletion over the
reacting surface tissue. The initial reagent concentration is 10™** (mol m™3) simulated in a microfluidic chamber (17 x 17 x 0.05 mm?3), with a static
incubation (no fluid dispensing). (b) The reaction rate (mol m™2 s™) of the surface species during the incubation time of 120 s, corresponding to
Fig. 5a. The inset plot of Fig. 5b shows the non-linear increase in the surface reacting species (mol m~2) over the 120 s incubation time. (c) Signal/
background experimental fluorescence analysis of the Her2 and CK markers on the Bt-474 cancer cells, for 5 min incubation time without
acoustofluidic (non-AF) mixing and 4-1 min incubation time with acoustofluidic (AF) mixing. Error bars represent the standard deviation (n = 3). (d)
Fluorescence microscopic images of Bt-474 cancer cells showing the Her2 (green) and CK (red) signals at the different experimental conditions; 5

min incubation time without acoustofluidic (non-AF) mixing and 4-1 min incubation time with acoustofluidic (AF) mixing.

the depletion region over the reacting tissue. At the
beginning of the immunoassay incubation time, the reacting
tissue surface starts to consume the available reagents in the
volumetric vicinity of the tissue and thus the concentration
of the available reagents starts to drop. After that, the
immunoreaction starts to be limited to the slow diffusion of
the reagents to be able to reach the reacting surface. Fig. 5b
shows the reaction kinetics of the reacting tissue surface
(shown in Fig. 5a with a static incubation), where the inset
plot of the Fig. 5b shows the non-linear increase in the

3266 | Lab Chip, 2023, 23, 3258-3271

surface reacting species concentration (mol m™2) over the
incubation time. Fig. 5b shows the change in the reaction
rate of the adsorbing species over the incubation time. It
shows that the reaction rate decays rapidly even in the first
20 s of the reaction, dropping to 50% of the initial reaction
rate. The rate further decays to 25% after 70 s and later to
12.5% after 120 s. Here we simulated a reacting surface with
a large available density of sites (3.3 x 10® mol m™) to
ensure that the reacting surface is not reaching any
saturation during the simulated incubation time. The surface
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adsorbed concentration after 120 s is still as low as 3.7 x
107"° mol m™>. A hypothetical reaction that is not limited by
the diffusion transport would show a non-decaying reaction
rate. This observed decrease clearly shows the effect of the
slow diffusion transport of the bioreagents on the
microfluidic immunoassay kinetics. Several microfluidic
mixing methods in literature have been utilized to reduce
this limitation, and have been shown to enhance the reaction
rate as explained before. Here, we have utilized acoustofluidic
mixing to counteract this diffusion-limited transport for the
immunostaining on the Bt-474 cancer cells. Several
immunostaining experiments were conducted with different
incubation times of the primary and secondary antibodies, as
explained before, all at a 1:200 dilution ratio. After the
sections were stained and mounted for imaging, the signal
and background values were analysed, as explained in the
ESLt A 5 min incubation time of each antibody mixture was
tested without the acoustofluidic (non-AF) mixing while,
incubation times of 4-1 min with the acoustofluidic (AF)
mixing were tested, with each of the above conditions
repeated (n = 3) to ensure the reproducibility of the observed
effects. In general, given the rapidly decaying reaction rate
observed in Fig. 5b, shortening the incubation time is
expected to reduce the achieved reaction signal by a large
factor. The surface reacting species concentration shown in
the inset plot of Fig. 5b shows that the signal would decrease
from 3.7 x 107" to 1.9 x 107" mol m™ if the incubation time
is shortened from 2 to 1 min. However, one sees in Fig. 5¢
that, even with shortening the incubation times down by
80% with the active actuation of the piezoelectric
transducers, the acoustofluidic mixing is capable of rapidly
replenishing the bioreagents over the reacting tissue. We
have found that the acoustofluidic mixing with shorter
incubation times is not only capable of sustaining the
immuno-fluorescence signal, but it further provides higher
signals. With the shortest incubation time of 1 min, on
average, 25% of the Her2 and CK signals were achieved
higher than the 5 min incubation time without acoustofluidic
mixing. This shows the potential of using the acoustofluidic
mixing to shorten the immunostaining incubation times,
while still achieving higher signal-to-noise ratios. It is worth
noting that the increase in the percentage average of the
immuno-fluorescence signal with the acoustofluidic from 1
to 4 min over the 5 min static incubation, is lower with the
Her2 marker than with the CK. Several factors can lead to
this observation, such as the number of the protein epitopes
available on the cells for each marker, but it is worth
considering that the Her2 receptors are embedded and highly
localized in the cellular membrane,”” while the CK are mainly
found on the cytoplasm and nucleus.”® This can potentially
show the effect of the microfluidic mixing on the
enhancement of the cellular markers that are localized more
inside the cells than those on the outside membrane. A
similar observation is made with the acoustofluidic mixing at
different reagents concentration. Finally, Fig. 5d shows the
immunofluorescent staining of the Bt-474 cancer cell sections
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at the different experimental conditions of 5 min incubation
times without acoustofluidic mixing, and 4, 3, 2, and 1 min
min incubation times with acoustofluidic mixing. A higher
and sharper signal is observed for both the Her2 (green color)
membranous marker and the CK (red color) cytoplasmic
markers.

Acoustofluidics enabling immunostaining with lower
reagents consumption

The concentration of the biological reagents (antibodies,
DNA, proteins, aptamers, etc.) used in an immunoassay is an
important factor, since these molecules are generally
expensive. A high concentration would result in a higher
signal, as long as it doesn't adversely affect the immunoassay
performance, for example, due to steric repulsion or
increasing the non-specific signal, however, that adds a high
cost to the analysis. Fig. 6a shows the simulation results of
the surface concentration achieved after 4 min of incubation
time at four different reagent concentrations (dilutions) from
107" to 0.25 x 107*° mol m™. It shows clearly that, with a
higher initial reagent concentration in the chamber, a higher
signal (without reaching surface saturation) is achieved after
the same incubation time, while the other lower
concentrations (50%, 66.67%, and 75% less concentration
than 10*° mol m™) showed much surface
concentrations, scaling nearly with the same dilution
percentages. This is mainly due to the high abundance of the
bioreagents in the vicinity of the reacting surface (tissue)
when using high concentrations. Thus, within the same
incubation time, there is a higher limitation imposed on the
immunoassay reaction with lower concentrations of the
bioreagents due to the scarcity of the bioreagents and the
slow diffusional transport. It is noteworthy that normalizing
the reaction rates of each of the four different simulated
concentrations to the initial concentration of the reacting
reagents, shows an equal value for all of the four different
concentrations at the same time (ESIT Fig. S2). This indicates
that the change in the reaction rate over the incubation time
is not affected by the concentration used and that the system
is highly affected by the diffusional limited transport of the
reacting reagents, as explained Dbefore. Therefore,
acoustofluidic mixing can be a helpful tool here too to mix
and replenish the fluid containing the bioreagents over the
reacting surface. Fig. 6b shows the experimental analysis
(signal/background fluorescence signal) of the Bt-474 cancer
cell pellet sections, immune-stained with the Her2 and CK
markers, with 4 min incubation times of the different
dilution ratios of the primary and secondary antibodies. A
dilution ratio of 1:100 was tested without the acoustofluidic
mixing, and dilution ratios of 1:200 (same test as done in
Fig. 5d-4 min AF), 1:300, and 1:400 were tested with the
acoustofluidic mixing. As clearly seen, and contrary to what
might be expected if a static incubation is used, going to
higher dilutions of the primary and secondary antibodies
with the acoustofluidic mixing achieved a higher signal over
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Fig. 6 Acoustofluidic enhanced immunostaining resulting in lower reagents consumption. (a) Simulation of the surface reacting species
concentration (mol m™) obtained after 4 min using different initial reagents concentrations of 1072, 0.5 x 107%°, 0.33 x 107%%, 0.25 x 107*° mol m™
inside the chamber shown in Fig. 5a. (b) The signal/background experimental fluorescence analysis of the Her2 and CK markers on the Bt-474
cancer cells, at 1:100 antibodies dilution rate without acoustofluidic (non-AF) mixing and at 1:200, 1:300, and 1:400 antibodies dilution rates
with acoustofluidic (AF) mixing, all with 4 min of incubation time. Error bars represent the standard deviation (n = 3). (c) Fluorescence microscopic
images of Bt-474 cancer cells showing the Her2 (green) and CK (red) signals at the different experimental conditions; 1:100 antibodies dilution
rate without acoustofluidic (non-AF) mixing and at 1:200, 1:300, and 1:400 antibodies dilution rates with acoustofluidic (AF) mixing, all with 4

min of incubation time.

the more concentrated antibodies but with a static
incubation. Analogous to the reduction in the incubation
time with the acoustofluidic mixing before, reducing the
antibodies consumption by 50% and 66.6% with the
acoustofluidic mixing not only reduces the experimental cost
but also provides a higher signal-to-background ratio. 1:200
and 1:300 dilution rates with the acoustofluidic mixing
showed an increase in the signals by 35% in CK and 12% in
Her2 and 25% in CK and 6% in Her2, respectively, over the
1:100 dilution rate without the acoustofluidic mixing.
However, a 1:400 dilution rate with the acoustofluidic
mixing resulted in lower signals (7% in CK and 17% in
Her2). Finally, Fig. 6¢c shows the immunofluorescent images
of the Bt-474 cell pellet sections at the different antibodies’
dilution ratios of 1:100 without the acoustofluidic mixing,
and 1:200, 1:300, and 1:400 with the acoustofluidic mixing.
A higher signal is observed for Her2 and CK markers even
with the 1:200 and 1:300 dilution rate of the antibodies
when the acoustofluidic mixing is used. This shows the
possibility of using acoustofluidic mixing to achieve higher

3268 | Lab Chip, 2023, 23, 3258-3271

immunoassay signal-to-noise ratios while consuming lower
volumes of the expensive bioreagents.

Conclusions

We have investigated the integration of acoustofluidic
streaming for microfluidic mixing and for enhancing
microfluidic immunostaining for cancer diagnostics.
Piezoelectric elements mounted close to the microfluidic
chamber were capable of inducing large-scale acoustic
streaming vortex-like patterns. Numerical simulation was
conducted to the concept of the
acoustofluidic mixing in microfluidic systems. After that, the

possibility of obtaining non-homogenous staining of the

explain working

tumor tissues using a microfluidic chip with network channel
design at low fluidic flow rates was investigated by
simulation and experiments. Additionally, we have elaborated
by numerical simulation on how the shorter incubation times
and the lower reagent concentrations, and their diffusion-
limited transport inside microfluidic systems can be an
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obstacle against the enhancement of the microfluidic
immunoassay performance. Finally, acoustofluidic mixing
was used for improving the immunostaining of Her2 and CK
markers on Bt-474 cancel cell pellet sections. Acoustofluidic
mixing was capable of providing homogeneous and uniform
staining, even at conditions that would generate a very sharp
concentration and staining gradients at static incubation.
Moreover, acoustofluidic mixing further enhanced the
immunostaining performance by reducing the regent
incubation time by 80% and the reagent concentration by
66%, while obtaining a higher signal than with static
incubation. The reported method therefore can serve as a
good approach for obtaining faster and cost-effective
diagnostic assays in microfluidic systems.
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