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We developed a microchip device using surface acoustic waves (SAW) and sharp-
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edge glass microparticles to rapidly lyse low-level cell samples. This microchip
features a 13-finger pair interdigital transducer (IDT) with a 30-degree focused
angle, creating high-intensity acoustic beams converging 6 mm away ata 16 MHz
frequency. Cell lysis is achieved through centrifugal forces acting on Candida
albicans cells and glass particles within the focal area. To optimize this SAW-
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induced streaming, we conducted 42 pilot experiments, varying electrical power,
droplet volume, glass particle size, concentration, and lysis time, resulting in
optimal conditions: an electrical signal of 2.5 W, a 20 uL sample volume, glass
particle size below 10 um, concentration of 0.2 ug, and a 5-min lysis period. We
successfully amplified DNA target fragments directly from the lysate, demon-
strating an efficient microchip-based cell lysis method. When combined with
an isothermal amplification technique, this technology holds promise for rapid
point-of-care (POC) applications.
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Abbreviations: ug, microgram; uL, microliter; um, micrometer; M, micrometer; actl, actin gene; ARF, acoustic radiation force; ASF, acoustic
streaming force; bp, base pair; DNA, deoxyribonucleic acid; F-IDT, focused interdigital transducer; FITC, fluorescein isothiocyanate; gr, gram; HCI,
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1 | INTRODUCTION

Cell lysis represents a pivotal initial step in the major-
ity of omics analyses, entailing the disruption of the cell
membrane and the subsequent release of its contents
via the application of an external force [1]. An effective
cell lysis methodology, coupled with a streamlined down-
stream analysis, remains indispensable in ensuring the
attainment of precise and accurate results [1]. In gen-
eral, conventional cell lysis methods can be classified
into two categories: mechanical and non-mechanical tech-
niques. Mechanical lysis relies upon shear forces generated
either by high pressure or bead beating to rupture the
cell membrane and release intracellular components [2,
3]. High-pressure mechanical lysis is typically achieved
by directing a large-scale cell suspension through an
orifice valve, thereby inducing membrane rupture [4].
Conversely, bead beating leverages solid beads composed
of materials such as glass, zirconium oxide, tungsten car-
bide, stainless steel, or ceramics to generate shear forces
through solid-solid interactions, facilitating laboratory-
scale lysis [5]. Non-mechanical approaches encompass
the utilization of physical methods, chemical chaotropic
agents, or enzymatic digestion to disrupt the cell mem-
brane [3, 5, 6]. Conventional techniques excel in handling
large sample volumes, scalability, and cost-effectiveness
for high-throughput operations but may be less suitable
for certain specialized (single cell, low volume sample
and so on) or point-of-care (POC) applications due to
dependence on well-equipped laboratories and sample
size. Microchip-based cell lysis devices offer advantages
and overcoming the limitations and incompatibilities of
conventional approaches in terms of portability, speed,
and sample size compatibility, making them ideal for POC
applications where rapid and gentle cell lysis is crucial
[3,7,8].

Microfluidic lysis technology leverages established con-
ventional approaches at the microscale, including well-
known mechanical and non-mechanical methods [3, 7].
For instance, several microchip-based devices employ
shear forces generated by bead beating or friction using
nanoscale barbs to mechanically disrupt cells [3, 7, 9].
Thermal lysis presents an attractive option due to the
ease of integrating polymerase chain reaction (PCR) mod-
ules into microfluidic devices [3, 7]. While chemical lysis
in chip devices may present challenges, such as com-
plex injection channel structures, reagent delivery time,
and post-lysis washing steps, these chemical lysis-based
chips offer substantial systems capable of achieving high-
throughput lysis, thereby reducing processing time and
manual labor [10-12]. Additionally, chip-based devices
have the potential to employ high-energy sound waves,

PRACTICAL APPLICATION

The study’s conclusions include a very effective
microchip-based cell lysis technique that uses
sharp-edged glass microparticles and SAW to
quickly lyse low concentrations of cell samples.
The creation of a portable point-of-care DNA test-
ing equipment is practically possible with this
technique. The tool would make it possible to
quickly and accurately test DNA in a variety of
locations, including rural areas, clinics, hospitals,
and even non-traditional healthcare settings.

strong electric fields, lasers, and optically induced dielec-
trophoretic techniques [3].

Surface acoustic waves (SAWs), which are nanometer-
order amplitude traveling waves propagating on the sur-
face of a piezoelectric crystal substrate via an interdigital
transducer (IDT) driven by an electrical signal, can be inte-
grated into microfluidic devices, enabling potentially less
complex operations [9, 13, 14]. Several significant advance-
ments have been made in the field of cell lysis, with
diverse approaches and SAW technologies. One notewor-
thy advancement involves the application of Traveling
Surface Acoustic Waves (TSAW) for the concurrent encap-
sulation and lysis of specific cells, thereby facilitating the
subsequent analysis of individual cellular omics [15]. An
additional study has introduced an additive-free method-
ology employing TSAW in conjunction with a microfluidic
device for bacterial lysis and the extraction of nucleic acids
and proteins. This lysis process occurs within microchan-
nels, processing 1 mL or 2 X 10° cells per hour, utilizing
a TSAW frequency of 13 MHz and a power level of
15.8 W [16]. It is pertinent to note that the utilization of
higher power levels poses a risk of inducing cracks in
the piezoelectric substrate, and the method is unsuitable
for applications with lower sample volumes. In a differ-
ent research endeavor aimed at the lysis of Gram-positive
bacterium Geobacillus thermoglucosidasius, the compact
dimensions of Surface Acoustic Wave (SAW) devices were
found to be advantageous for potential POC instrumenta-
tion. However, this study encountered a limitation with
regards to its lysis efficiency, which was measured at 21%
[17]. Lastly, a study employed high-speed stream collision
induced by SAW within droplets for efficient POC cell
lysis. The lysis process achieved a remarkable efficiency
exceeding 95% when utilizing 6.3 W of power, accomplish-
ing cell lysis within a brief timeframe of 20 s. The design
incorporated micropillars with sharp edges within the lysis
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chamber. However, the lysis efficiency in the absence of
micropillars was found to be less than 20%. It is estimated
that the streaming velocity is about 10-20 cm/s at an RF
power of 4 W and it may decrease slightly due to the
existence of micro-pillars [18]. This probably affects the
efficiency of the lysis at a lower power level required to
increase the electrical signal.

While previous research has explored various
microchip-based cell lysis techniques using SAWSs, some
limitations, such as lysis efficiency and suitability for low
sample volumes, have been identified. Therefore, there
is a need for further investigation into the development
and optimization of microchip devices that can efficiently
perform cell lysis on small sample volumes, addressing
the challenges associated with POC applications. The
objective of this study is to develop a novel microchip
device that utilizes focused surface acoustic waves and
irregular sharp-edge glass microparticles for rapid lysis of
low-volume samples, with the aim of enabling POC-lysis
applications.

2 | THEORETICAL FRAMEWORK

2.1 | Mechanical cell lysis

A wide array of mechanical and non-mechanical tech-
niques has been developed for cell lysis, applicable at
both macro and micro scales. Mechanical lysis methods
rely on the application of shear forces to disrupt the cell
membrane and are widely embraced due to their com-
bination of high throughput and efficient lysis. Among
these methods, the bead mill technique is extensively
employed in laboratory-scale mechanical cell lysis. Cell
disruption primarily occurs through shear forces gener-
ated by the rotational movement of cells in the presence
of beads, resulting in cell grinding. Several factors influ-
ence the efficiency of this process, including bead diameter
and density, cell concentration, and agitator speed [2, 6].
In the proposed method, irregular sharp-edge glass par-
ticles are employed instead of conventional beads. While
there are similarities between the proposed cell lysis using
micro-glass particles and the well-known bead-beating
method, significant differences exist. The bead-beating
method operates based on the principle of applying ver-
tical pressure to the cell, sandwiched between the bead
and a fixed surface, leading to cell disruption. In con-
trast, the sharp glass microparticles used in our method
exert shear forces on the cell wall as the cell rubs against
these particles, ultimately causing cell disintegration. The
absence of sharp edges in the beads used in the con-
ventional method makes cell lysis more challenging in
comparison.

in Life Sciences
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FIGURE 1 IDT structure and design parameters, (A) regular
IDT structure, (B) focused IDT [30].

2.2 | Traveling surface acoustic wave
(TSAW)

The Rayleigh surface acoustic wave mode (R-SAW) is a lon-
gitudinally and vertically polarized wave that propagates
along the surface of an elastomeric material, exhibit-
ing an exponentially decaying amplitude with depth [19,
20]. In microfluidic systems, R-SAWs are typically gen-
erated on a piezoelectric substrate, such as quartz or
lithium niobate, with IDTs patterned on the surface
[21]. The primary function of the IDTs is to convert an
electrical radio frequency (RF) signal into mechanical
vibrations, thereby enabling the generation of periodi-
cally dispersed mechanical forces and vice versa [21, 22].
A SAW device commonly consists of either a single IDT
(one-port device) or two reciprocally patterned IDTs (two-
port device) in a regular or focused configuration on a
piezoelectric wafer (Figure 1). SAW devices with two IDTs
find utility in sensor systems or for actuators that utilize
standing SAW [23]. Conversely, TSAW devices typically
employ a single IDT, primarily serving as an actuator
for particle separation/mixing applications and droplet
manipulation [13].

For effective actuation, TSAW devices generate trans-
verse waves that transition to the longitudinal mode when
the medium changes from solid to liquid [24, 25]. This
longitudinal wave induces acoustic streaming within the
liquid, creating non-contact motion. Two fundamental
forces contribute to the motion within the fluid: the acous-
tic radiation force (ARF) and the acoustic streaming force
(ASF). The surface vibrations of TSAW generate a wave
that propagates in the liquid, giving rise to a pressure field
known as the ARF. The energy carried by the wave results
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in a streaming phenomenon that exerts a force, known as
the ASF, on the particles within the fluid. The frequency
of TSAW determines the characteristics of the ARF, while
the mechanical properties of the fluid influence the ASF
[26]. The ARF is given by expression (1), where F4, q,
Po> Pin @and v;, represents radiation force, particle radius,
compressibility of the liquid and pressure and velocity of
the incoming wave respectively [27]. The reflection coef-
ficients f; and f, are given by (2), where x,, %o, pp, and
o show compressibility and density for particle and lig-
uid [27]. The ASF (F9"8) is the function of viscosity of the
liquid (i), particle radius(a), and the velocity difference
between the acoustic stream (Vgiream) and the particle (vy)

(3) [27].

Frod = — gy [%Re[fﬂko(pfn) ~2Relf2] .po.<v§n>]
®
2(22 -1
_ _ K_p _ <P() )
fi=1 Ko,fz——2<l;_p>+1 )
Fdrag = 6rpa ((vstream> - Up) (3)

Therefore, the motion of the particles in the droplet
under the effect of traveling surface acoustic waves can be
described using Newton’s second law (4) [28].

dv
m, d_tp — prad 4 pdrag (4)

where m,, is the mass of the particle.

2.3 | TSAW device
An IDT comprises a pair of metallic structures shaped like
combs, arranged in an intertwined fashion (Figure 1). The
distance between the centers of two consecutive IDT fin-
gers within the same comb structure corresponds to the
wavelength of the surface acoustic wave (SAW), while the
ratio of the finger width to half of the wavelength (4/2) is
defined as the metallization ratio. If the finger width value
is A/4, the metallization ratio is 0.5. The number of fin-
ger pairs in the IDT and the aperture geometry collectively
determine the bandwidth and directivity of the generated
SAW [22].

In contrast, when SAWs propagate in a piezoelectric sub-
strate and interact with the adjacent fluid, they undergo
refraction at the liquid-substrate interface due to differ-

ences in sound velocity. Consequently, the SAW, originally
a transverse wave in the substrate, transforms into a lon-
gitudinal wave in the liquid medium. The longitudinal
waves give rise to significant inertial forces and fluid veloc-
ity, resulting in the formation of acoustic streams within
the droplet and facilitating mixing processes [24, 25]. The
streaming pattern induced by SAWs is influenced by vari-
ous factors, including the geometry of the confined liquid,
as well as the incident position, angle, and operating
frequency of the SAW [29].

3 | MATERIAL AND METHODS

This study proposes an innovative on-chip method for
low-volume cell lysis by integrating a surface acoustic
wave (SAW)-based approach with irregular sharp-edge
micro-glass particles. The high-efficiency disruption of
cells within a droplet is achieved using a focused T-SAW
microchip. To accomplish this, a cell suspension contain-
ing an optimized concentration of irregular sharp-edge
micro-glass particles is introduced to the focal point of
the designed focused T-SAW microchip (Figure 2A). The
T-SAW generates two primary forces within the droplet:
the acoustic streaming force (ASF) and the ARF, result-
ing in the rapid radial motion of particles inside the
droplet (Figure 2B). However, the speed of cells and
micro-glass particles may differ due to variations in their
weight and density. Consequently, when the faster-moving
cells collide with the irregular sharp-edge glass particles
(Figure 2C), the lateral forces applied by the particles cause
the membranes of the cells to rupture.

3.1 | Design of the cell lysis chip

The cell lysis chip utilizes Transverse Surface Acoustic
Waves (TSAWs) to transmit acoustic energy into a droplet
containing a mixture of irregular glass particles and cells
intended for lysis. The TSAW is generated by a single
focused Interdigital Transducer (F-IDT) electrode, which
emits high-intensity acoustic waves targeted at its focal
region. By placing the droplet precisely at the focal region
of the F-IDT, an efficient lysis process is achieved. The
device is specifically designed to operate at a theoreti-
cal frequency of 16 MHz, enabling excitation of Rayleigh
waves with a wavelength of 250 um on the LiNbO; sub-
strate. With the given parameters, the dimensions of the
device are 10 mm X 10 mm. The focus angle of the F-
IDT is determined through simulation studies optimized
using COMSOL Multiphysics [31]. The F-IDT consists of
13 pairs of fingers, while the focus angle of the IDT is set at
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FIGURE 2 Cell lysis principle of surface acoustic wave-based approach using sharp-edge irregulated micro-glass particles: (A)

Schematic of focused IDT and device design. (B) The longitudinal wave causes acoustic streams within the droplet, creating a non-contact
motion in a radial direction at high speed. (C) Collision between cells and sharp-edge glass micro particles inside the droplet causing cell lysis.

30°, resulting in a focal distance of 6 mm. The metalliza-
tion ratio for the IDT design is 50%, corresponding to an
IDT-finger width of 62.5 um (Figure 2A).

3.2 | Device fabrication

The fabrication of the cell lysis chip employs a single
lithography stage followed by a wet etching process. The
fabrication steps are: (1) The fabrication of the cell lysis
chip employs a single lithography stage followed by a
wet etching process. (2) The 500 um thickness-wafer,
(1280-Y Cut, X propagation LiNbO; substrate) was cleaned
in an acetone bath (in ultrasound cleaner) for 10 min.
Then it was rinsed with isopropanol and deionized water.
Nitrogen spray gun was used to dry the sample. (3) The
Chromium metal film was sputtered on the substrate wafer
(NVHP-400: NANOVAK, Ankara, Turkey). DC-Sputtering
for 15 min at 500 mA constant current was used to deposit
250 nm Chromium. (4). A positive photoresist AZ5214E
(Merck, Kenil-worth, NJ) was spun on the wafer for 35 s
at 4000 rpm to have 1 um thickness. (5) The wafer was
then soft-baked at 110°C for 50 s before ultraviolet (UV)
exposure. (6) The wafer was exposed to UV light with
20 W/m? intensity for 7 s to transfer the IDT patterns from
the mask. (7) The exposed wafer was then developed in the
developer solution AZ 726MIF (Merck, Kenilworth, NJ)
for 35 s to remove the exposed photoresist from the sur-
face. (8) The features were formed by wet-etching of the

chromium using the etchant Cr01 (Microchems, Austin,
TX). (9) The remaining photoresist was removed in an ace-
tone bath. The wafer was then diced using a pen scriber
(Figure 3).

3.3 | Production of sterile glass
microparticles

In the cell disruption stage, sterile glass microparticles
were utilized. These particles were produced in different
micro sizes. The glass pieces were first washed and steril-
ized with sterile water and propanol alcohol before being
used to make micro-glass particles. The glass pieces were
ground in a ring-pulverizer for 5 min after the propanol
alcohol was entirely evaporated. The product was then
sifted for 20 min using a multi-tray (125, 75, 45, and 38 um
mesh) vibrating sieve shaker with a 90-oscillation rate. The
collected powder between 45 and 38 um sieve trays was
rinsed with propanol alcohol to eliminate small particles
before being dried and weighed as 40-micron particles. The
powder, which was then collected under a 38-micron sieve,
was applied to further wet grinding via a planetary mono
mill with four silicon nitride balls (5 mm diameter) in a
silicon nitride bowl using propanol as the dispersing lig-
uid. A rotary evaporator was then used to dry the slurry.
Later, a sonication bath was used to collect the dried prod-
uct, which was then sized using a particle size analyzer
(Mastersizer 2000, Malvern, UK).
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FIGURE 3 Fabricated actuator.
3.4 | Experimental studies
3.4.1 | Actuator electrical characterization

The electrical measurements provide direct insights into
the optimal operating frequency of the actuator. In the case
of a one-port device, the sl11 parameter can indicate the
resonance frequency, which corresponds to the minimum
reflection. In this study, a vector network analyzer (Copper
Mountain, Indianapolis, USA) was employed to determine
the s11 parameter as a function of frequency. The frequency
response of the designed actuator was measured, revealing
resonant peaks indicative of Rayleigh waves at 15.484 MHz,
with a return loss of approximately —1.1 dB (Figure 4).
The observed low return loss value suggests an impedance
mismatch near the resonance frequency. The S11 mea-
surement was repeated multiple times over an extended
duration, demonstrating consistent results. Therefore, the
SAW resonator fulfills the requirements for the intended
actuation application.

Trls11 Log Mag 0.1 dB/ -0.7 dB [OP)
15.484874 MHZ

-1.0 \\ w,

13 14 15 16 17

Start 12 MHZ  C? Lin 16000 1kHZ 3dBm Stop 18 MHZ

FIGURE 4 The resonance frequency analysis of the designed
chip using a vector network analyzer (Copper Mountain,
Indianapolis, USA).

3.42 | Experimental setup

The actuator is stimulated by a sinusoidal signal at its
resonance frequency, which is generated by an RF sig-
nal generator (Aim-TTi Inc., Cambridge-shire, UK). This
continuous wave sine signal is then amplified using a wide-
band RF amplifier (Acquitek, Massy, France) with a gain
of 47 dB. The amplified signal is applied to the actuator
through a wattmeter (Bird Electronic Corp., Cleveland,
USA), capable of measuring both transmitted and reflected
power (refer to Figure 5). The surface of the chip, particu-
larly the focal area, is observed using a microscope (Leica,
Wetzlar, Germany) to monitor the actuation process.

The experimental procedure involves placing a droplet
containing a specific concentration of cells and micropar-
ticles onto the focal area of the device. By applying a
sinusoidal signal at the resonance frequency to the IDT,
the device generates Rayleigh surface acoustic waves (R-
SAW) in the form of mechanical stress propagating on
the LiNbO; surface. Subsequently, a traveling SAW prop-
agates into the liquid within the droplet, resulting in

FIGURE 5

Experimental setup.
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an attenuated acoustic wave. This wave induces acoustic
streaming within the droplet, leading to the transporta-
tion of cells and microparticles along the streaming flow.
The rapid rotation of cells colliding with the sharp edges of
particles generates high shear forces, which can mechan-
ically lyse the cells. The structure of the actuator and
the experimental setup are depicted in Figures 2A and 5,
respectively. Additionally, a visual demonstration of the
induced acoustic streaming on the microchip can be found
in supplementary video document 1.

3.4.3 | Cell culture preparation

The chosen cell line for evaluating the lysis performance
of the acoustofluidic device was Candida albicans strain
SC 5314. These cells were cultured in yeast extract peptone
dextrose culture media, which we prepared in-house using
the following components: 20 g (2%) glucose, 20 g (2%) pep-
tone, and 10 g (1%) yeast extract. We adjusted the volume
to 1 L using deionized water. For solid medium prepara-
tion, we added 20 g (2%) agar to the media and sterilized it
through autoclaving. The cells were cultured overnight in
a solid medium at 37°C in an incubator.

Before conducting the experiments, we prepared pre-
experiment suspensions of Candida cells in Phosphate-
buffered saline. We created the saline solution in-house by
dissolving 8 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4, and
0.24 g of KH2PO4 in 800 mL of distilled water. We adjusted
the pH and volume of the solution to 7.4 using HCI and
a total volume of 1 L of distilled water, respectively. The
solution was then autoclaved.

To prepare the cell suspensions for the experiments, we
harvested cells from colonies grown on the solid medium
and suspended them in 1 mL of Phosphate-buffered saline.
Various suspensions of cells were prepared, and we deter-
mined the cell concentration per 1 mm? by counting the
cells under a microscope using a Thoma chamber just
before the experiments.

Each cell suspension was then combined with spe-
cific glass micro-particle sizes (<10-150 um) and particle
concentrations (0.1-0.3 ug/mL), and gently mixed.

344 |
cell lysis

Parameter optimization for efficient

The induction of acoustic streaming for particle move-
ment within the droplet was investigated by varying the
RF driving power from 30 dBm to 37 dBm at the reso-
nance frequency. The flow rate of the acoustic stream was
visualized using Fluoresbrite® YG microspheres with a
diameter of 10.0 um, observed under a fluorescence micro-

in Life Sciences

TABLE 1 Biotin and FITC labeled Loop-mediated isothermal
amplification primers design.

Primer Label Sequence

Forward Biotin ATGTTCCAGCTTTCTACGT

Backward FITC AGTGAAACTGTAACACGT

Forward Biotin CACCAGAATCCAAAACAATACC-
inner GGCCATTCAGCTGTTTTGTCTT

Backward FITC GTTGTTCCAATTTACGCTGGTTTC-
inner CAAATGGTTGGTCAAGTCTC

scope (Leica Microsystems) (see supplementary video
document 1).

To optimize the parameters for achieving high cell lysis
efficiency, a pilot experiment was conducted involving
42 different combinations of specific ranges for electri-
cal power (1-5 W), droplet volume (10-30 uL), glass
micro-particle size (<10-150 um), particle concentration
(0.1-0.3 ug/mL), and lysis time (1-5 min). The lysis effi-
ciency was calculated as the percentage of disrupted cells
among all cells observed in the bright field under a 40x
objective. A regression analysis was employed to assess the
impact of each parameter on the lysis efficiency.

Subsequently, a machine learning regression model was
applied to predict the optimal combination of parameters
for highly efficient lysis. The model was trained using the
parameters from the 42 experimental conditions and tested
with 394 new parameter combinations to predict the opti-
mal conditions that would result in over 90% cell lysis
efficiency. These optimal conditions were then experimen-
tally verified to determine the best operating condition for
the designed chip’s performance.

3.5 | Downstream analysis for cell lysis
3.5.1 | Loop-mediated isothermal
amplification (LAMP)

The lysed samples were collected and subsequently cen-
trifuged at 5500 rpm for 10 min to remove cell debris and
microparticles. Then, the supernatant was collected for
the direct amplification of a 250 bp fragment of the actin
(actl) gene using a specific Biotin and FITC labeled LAMP
primer (Table 1). The LAMP reaction was prepared accord-
ing to the recommendations of New England Biolabs with
the WarmStart LAMP kit, with a total reaction volume of
25 uL (12.5 uL ready-to-use 2x LAMP Master Mix, 2.5 uL
10X primer mixture, and 5 uL target DNA from the lysate).
LAMP reactions were carried out at 65°C using a thermal
cycler.
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3.5.2 | Loop-mediated isothermal
amplification (LAMP)

Fluorometric analysis

To visualize the amplification, 0.5 uL of a 50x LAMP flu-
orescent dye was added to the reaction vessel, following
the instructions provided by NEB (USA). The fluorescent
emission level was measured using a Fluo-100 Alshungh
fluorometry device (Hangzhou Allsheng instrument, PRC)
with blue wavelengths set at 460 nm. Additionally, the
appearance of white turbidity in the reaction fluid, indica-
tive of DNA amplification, was observed visually under
daylight conditions. The concentration of nucleic acid was
also measured in the final reaction vessel.

Lateral flow test

The Milenia HybriDetectl lateral flow test, designed to
detect amplicons labeled with biotin and FITC (or FAM),
along with primers containing these entities, was used
to detect the LAMP amplicons. The sample pad con-
tained gold-labeled anti-FITC antibodies, while the test
and control lines were coated with biotin-ligands and
anti-rabbit antibodies, respectively. When the double-
labeled amplicons (FITC and biotin) diffused through
the chromatographic membrane, the amplicons were cap-
tured by the biotin-ligands at the 5’ ends, resulting in
their appearance at the test line. Simultaneously, gold-
labeled anti-FITC antibodies bound to FITC at the 3’ ends,
producing a red-pink color. Non-captured gold-labeled
anti-FITC antibodies were immobilized at the control line
by anti-rabbit antibodies. The appearance of color only
at the control line indicated the absence of the target
amplicons.

4 | RESULTS AND DISCUSSION

4.1 | Glass microparticles size analysis
After pulverization, the glass fragments were sorted into
different size categories based on their dimensions. Par-
ticle size analysis was conducted to determine the size
distribution across four distinct categories: <10 um, 10-
50 um, 50-100 um, and 100-150 um (as depicted in
Figure 6A). The most uniform particle size was observed
in the category of particles <10 um in size. Figure 6B
illustrates the size distribution and cumulative relative fre-
quency of glass microparticles, with an approximate size
of 10 um, as determined by the particle size analyzer. The
particle size range fell between 1.3 and 52.5 um, with an
average size of 10 um. Approximately 55% of the particles
were found to be smaller than 10 um in size.

4.2 | Optimization results

Candida albicans strain SC 5314 was chosen as the model
cell to demonstrate the superior efficiency of the new lysis
method compared to the conventional approach. Several
key independent variables were identified as significant
factors influencing cell lysis efficiency, including the elec-
trical input power applied to IDTs, droplet volume for
high-throughput lysis, glass microparticle size, particle
concentration, and process duration.

The statistical analysis of the experimental data involved
a multiple regression analysis, yielding pertinent regres-
sion parameters. Notably, the computed values included
a multiple correlation coefficient (R) of 0.9, an R-squared
coefficient (R?) of 0.8, an adjusted R-squared coefficient of
0.7, and a standard error of 0.1. These outcomes collectively
reflect the model’s robust overall fit, underscored by the
notably high values of both R and R?, signifying the model’s
capacity to elucidate a substantial portion of the variability
inherent to lysis efficiency.

However, the adjusted R-squared coefficient serves to
temper this appraisal by considering the complexity of
the model, thereby intimating potential factor for further
refinement or the inclusion of additional pertinent vari-
ables. Meanwhile, the low standard error is indicative of
the model’s predictive precision, suggesting its utility as
a means of forecasting optimal conditions for cell lysis,
obviating the necessity for extensive experimental trials.

Notably, glass microparticle size (p-value < 0.0001),
lysis time (p-value <0.0001), and droplet volume (p-
value = 0.0004) emerged as the most critical parameters
affecting lysis efficiency in the current design. An elec-
trical power range of 1.5-4.5 W was suggested to induce
streams in droplets, with optimal lysis observed at 2.5 W.
Supplementary video 2 demonstrates the stream veloc-
ity under 2.5 W. However, it should be noted that higher
input power is associated with increased temperature on
the piezoelectric substrate, leading to droplet evaporation,
degradation of biological materials, and material loss, pos-
ing a challenge in the current design. Nonetheless, the
heating induced by SAW propagation within the sample
holds the potential for implementing thermal cycling for
PCR on the same platform if appropriately designed [32].

While SAW-assisted thermal-based cell lysis technology
in PDMS microchannels has proven suitable for contin-
uous cell lysis, particularly for larger volume samples,
the current device prioritizes droplet samples, making it
ideal for handling volume-limited samples at the point
of care. In this design, optimal lysis was achieved with
a 20 uL droplet volume. However, working with lower
volumes presented challenges such as early evaporation
before completion of lysis and difficulties in harvesting
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FIGURE 6 The size distribution of produced glass microparticles is as follows: (A) Glass microparticle size distribution and

homogeneity under a microscope. (B) Size distribution analysis of particles with <10 um size using a particle size analyzer. The bell curve in
(B) depicts the relative distribution of particle sizes, indicating that the mean size of the particles is approximately 10 um. The sigmoid curve
represents the cumulative volume of the particles, showing that 100% of the particles are smaller than 52 um in size.

the supernatant when an insufficient volume was present
at the focal point. Conversely, increasing the droplet vol-
ume resulted in longer lysis times, as supported by both
modeling and experimental results.

The size of glass microparticles emerged as a crucial fac-
tor influencing cell lysis efficiency in this study. Both the
model and practical analysis revealed that only combina-
tions with particle sizes <10 um achieved high-efficiency
lysis (close to 100%). When particles were used at low con-
centrations (1-2 ug/mL), no significant difference in lysis
efficiency was observed. However, higher concentrations
of particles could saturate the droplets and interfere with
the efficient velocity required for lysis.

Lysis time was identified as another critical factor
impacting lysis efficiency, with longer processing times
resulting in higher efficiency (p-value <0.0001). In this
device, almost all cells were lysed within a maximum of
5 min, which is acceptable for most POC applications.

Recent studies have introduced surface acoustic wave
(SAW)-based methods for cell or exosome lysis [17, 33,
34]. However, these new SAW lysis methods face chal-
lenges such as low lysis efficiency and high-energy loss.
To enhance lysis efficiency, several studies have integrated
SAW-based methods with bead milling, where particle
concentration, size, stream velocity, and time are crucial
elements contributing to shear stress levels and efficient
cell lysis [6, 35].

The current design of the acoustofluidic lysis device uti-
lizes sharp-edge particles instead of beads, which create
local high-shear zones when engaged by the transducer at
—20 dBm, inducing an acoustic streaming effect. Increas-
ing the driving energy of the transducer significantly
amplifies the streaming velocity. Experimental results
clearly indicate the significance of particle size and lysis
time in the device’s lysis efficiency (p-value <0.0001).
Reducing particle size has been shown to enhance cell
lysis efficiency. While several factors can impact lysis effi-
ciency, the mean value demonstrates notable distinctions,
particularly when considering particle size in isolation.
To illustrate, when the particle size is <10 um, the lysis
efficiency reaches 0.40. In contrast, larger particle sizes,
specifically 10-50 um, 50-100 um, and 100-150 um, result
in a significant portion of intact cells, exhibiting lysis effi-
ciencies of 0.35, 0.31, and 0.1, respectively. Conversely, the
presence of microparticles with a size of <10 um yields a
substantial amount of cell debris, as depicted in Figure 7.

The size and shape of beads or microparticles play a crit-
ical role in SAW-based cell lysis methods. Studies [15, 32]
have demonstrated that microparticle diameter is a cru-
cial parameter in the SAW-bead milling integrated cell lysis
method. The momentum difference between target cells
and microparticles plays a vital role in generating higher
shearing forces. If the microparticle size exceeds that of
the target cells, it is unlikely to generate higher velocities
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FIGURE 7 Acoustic-wave based cell lysis results. (A) Candida albicans strain SC 5314 cell line be-fore lysis. (B) Candida albicans strain
SC 5314 cell line after 5 min acoustic-wave based lysis with 10 um glass particles. Cell lysate (B) upper side versus cell-particle suspension (B)

bottom side.

than the cells. Conversely, very small particles result in
similar velocities to the cells within the droplet, thereby
decreasing cell lysis efficiency within a greater particle
size range. Optimal momentum conditions occur when
cells and microparticles spin together in a rotating flow,
allowing continuous exposure of the cells to shear forces,
contributing to higher efficiency. Therefore, the decrease
in cell lysis efficiency for larger particle sizes in the cur-
rent study can be explained by the decrease in momentum
differences.

4.3 | Analysis of cell lysate

The acoustofluidic device developed in this study oper-
ates based on mechanical forces, particularly shear forces,
to disrupt cells. This unique approach enables the release
of intracellular components in their native forms, elimi-
nating the need for additional post-lysis procedures such
as washing or purification. The downstream analysis con-
ducted demonstrated the direct amplification of the target
fragment from the lysate, as evidenced by the fluorescence
levels and DNA concentrations presented in Table 2. This
finding was further supported by the observed turbidity of
the reaction sample and the results of the strip test, as illus-
trated in Figure 8. Collectively, these findings indicate the
potential integration of the acoustofluidic lysis device into
monolithic POC platforms.

4.4 | Comparison of characteristics and
performance

The microchip-based cell lysis methods offer advantages
such as precise control of fluid at micro and picoliter
scales, single-cell analysis capabilities, and integration

with other microfluidic functions. These methods are suit-
able for various applications, including POC diagnostics,
single-cell analysis, and high-throughput screening. Con-
ventional lysis methods, on the other hand, may have
limitations in terms of scalability, sample volume, and inte-
gration with other functions. However, they are often more
established, cost-effective, and compatible with existing
laboratory workflows (Table 3). The choice of lysis method
depends on the specific application requirements, such as
the sample type, target analyte, throughput, and available
resources [14, 36-38].

Microchip cell lysis methods encompass a range of
approaches, each with its own set of advantages and con-
siderations. Chemical lysis relies on chemical agents to
efficiently disrupt cell membranes and extract intracellular
contents, but it may not be suitable for sensitive sam-
ples due to the harsh conditions it entails. Mechanical
lysis, which involves physical methods like sonication or
bead beating, is highly efficient but can introduce sam-
ple contamination and necessitate additional separation

TABLE 2 Fluorescent emission intensity and concentration of
isothermal amplification products.
Fluorescent
emission Concentration
Samples intensity RFU (ng/pL)
Sample no 1 829859 5,44
Sample no 2 816484 5,32
Sample no 3 834113 5,26
Sample no 4 845751 5,78
Sample no 5 850429 5,77
Sample no 6 856327 5,77
Negative 1 333337 1,71
Negative 2 319776 1,69
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TABLE 3 Comparing characteristics and performance of conventional versus microchip-based cell lysis methods.
Criteria Conventional cell lysis Microchip-based cell lysis
Mechanical Chemical Mechanical Thermal Laser Electroporation Acoustic
Efficiency ++ + ++ ++ +++ +++ +++
Lysis time +++ +++ ++ ++ + ++ +
Cost ++ + + ++ +++ ++ ++
Sample size +++ +++ + F + + +
Automation + + +++ ++ ++ ++ +++
Yield ++ + +++ ++ +++ SR e
Technical difficulty ++ + ++ ++ +++ +++ +++
Potential of POC + + +++ +++ +++ +++ +++
application
Integration + + +++ +++ +++ +++ +++

The table shows the evaluation of various criteria, such as efficiency, lysis time, cost, sample size, automation, yield, technical difficulty, potential of point-of-care
application, and integration of multiple functions [14, 43]. The table uses a scale of + (low), ++ (medium), and +++ (high) to indicate the level of each criterion

for each method.

steps. Electrical methods employ electric fields for gentle
and efficient cell membrane disruption, yet they demand
specialized equipment and may not universally accommo-
date all cell types. Laser lysis, while precise and ideal for
single-cell analysis, comes with a higher cost and complex-
ity in setup. Thermal lysis relies on temperature variations
to rupture cell membranes, offering simplicity and cost-
effectiveness, though it may not be universally applicable
[14, 21].

FIGURE 8

Results of direct Loop-mediated isotherm
amplification from the cell lysate. The reaction fluid white turbidity
in daylight and detection of amplicons labeled with biotin and

fluorescein isothiocyanate via lateral flow test. 1—2: Cell-free
Phosphate-buffered saline was used as negative control, 3—8:
Candida albicans cells lysate.

In contrast, the Surface Acoustic Wave (SAW) method,
hinging on guided waves along a material’s top surface
with orthogonal wave vectors, presents a compelling alter-
native. SAW-based cell lysis exhibits remarkable efficiency,
catering to various cell types, including bacteria and mam-
malian cells. Its mechanism allows for gentle cell mem-
brane deformation, facilitating lysis. Speed is a notable
asset, with SAW-based lysis occurring swiftly within sec-
onds to minutes. Moreover, the SAW method adapts seam-
lessly to diverse sample volumes, from nanoliter droplets to
larger microfluidic channels. While implementation costs
may vary depending on specific equipment and applica-
tions, SAW technology holds promise for cost-effective
integration into lab-on-a-chip devices [17, 21, 39-42].

5 | CONCLUSIONS

The present study introduces an innovative acoustoflu-
idic device designed for cell lysis, utilizing acoustic
streaming-induced collisions between cells and micropar-
ticles. Through systematic experimentation, the optimal
conditions for achieving effective cell lysis were deter-
mined to include a particle size of <10 um, a concentration
of 0.1 ug/mL, a lysis time of 5 min, a sample volume
of 20 uL, and an input power of 2.5 W to generate sur-
face acoustic waves (SAW) at the resonance frequency
of 15.484 MHz. Notably, downstream analysis revealed
that the lysis products obtained from this process can be
directly utilized for subsequent analysis without requir-
ing additional purification steps. These findings present
a promising avenue for the development of monolithic
POC platforms specifically tailored for rapid isothermal
amplification techniques.
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