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Abstract: Ultrasonic gene transfer has advantages beyond other cell transfer techniques because
ultrasound does not directly act on cells, but rather pushes the gene fragments around the cells into
cells through an acoustic hole effect. Most examples reported were carried out in macro volumes
with conventional ultrasonic equipment. In the present study, a MEMS focused ultrasonic transducer
based on piezoelectric thin film with flexible substrate was integrated with microchannels to form a
microfluidic system of gene transfer. The core part of the system is a bowl-shaped curved piezoelectric
film structure that functions to focus ultrasonic waves automatically. Therefore, the low input voltage
and power can obtain the sound pressure exceeding the cavitation threshold in the local area of the
microchannel in order to reduce the damage to cells. The feasibility of the system is demonstrated by
finite element simulation and an integrated system of MEMS ultrasonic devices and microchannels
are developed to successfully carry out the ultrasonic gene transfection experiments for HeLa cells.
The results show that having more ultrasonic transducers leads a higher transfection rate. The system
is of great significance to the development of single-cell biochip platforms for early cancer diagnosis
and assessment of cancer treatment.

Keywords: cell delivery; ultrasound; microfluidic

1. Introduction

Gene transfer from exogenous sources to cells is a basic bioengineering technology
and a powerful tool for characterizing the structure and functions of genes [1]. Current
passive methods for naked gene transfer include the liposome mediated method [2], mi-
croinjection [3], and the virus vector transfection method [4], amongst others. The passive
methods for naked gene transfer have the advantages of having no external energy supply
and simple equipment, but the vector, especially the virus vector, has limitations and
safety defects. For example, retroviruses with viral vectors have the potential risks of
replication ability, insertion mutation, and activation of oncogenes; adenoviruses have the
side effects and potential risks of causing immune responses [5]. However, the application
of viral vectors is greatly limited due to limited DNA loading, difficult vector assembly,
low efficiency of in vivo introduction, and high costs. Although non-viral vectors such
as liposomes, polymer materials, and nano gene transporters have no defects, such as
viral toxicity or immunogenicity, their transmission efficiency is very low [6,7]. The active
methods for naked DNA transfer include: microinjection, particle bombardment/particle
gun, electroporation, and optical methods [8-10]. Microinjection and particle bombard-
ment are both interventional methods; that is, the cell membrane must be perforated to
introduce DNA into cells [9]. Electroporation gene transfer also requires cell membrane
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perforation, which uses high-voltage electric shocks (10-20 kV/cm) to transfer the DNA
plasmid into cells through the cell membrane. The cell membrane can naturally self-repair
because the pores can bridge automatically within a few seconds after the electric shock.
Currently, electroporation is the most commonly used method due to the advantage of high
transfection efficiency and suitability for large DNA plasmids, yet the operation requires
a low ionic level medium and high voltage, which can lead to high cell death [11]. In
addition, the highly focused laser can also be used to generate perforations of about 1
micron in diameter in the cell membrane, which is the principle of optical gene transfer [12].
The pores formed by the laser can bridge automatically within a few seconds as a result
of self-repair. However, the laser beam can easily damage the cells, which greatly limits
the application of this method. Optical gene transfer is particularly suitable for single-cell
transfection where only one cell is processed at a time.

Ultrasound-mediated gene delivery, also known as sonoporation, is a recently de-
veloped cell membrane permeation technology that has been applied for DNA and drug
delivery in cells [13-16]. The technology is based on the cavitation effect of ultrasonic
waves. When ultrasonic waves propagate in a liquid solution, the liquid in the path will
undergo alternative compression and expansion. If the ultrasonic intensity is large enough,
bubbles will be formed during the compression and expansion of the liquid and they can
expand to a certain extent before bursting. The period from bubble generation to burst is
generally very short, usually within 1 microsecond. This process is referred to as ultrasonic
cavitation [17]. The local high temperature and high pressure shock wave generated by
ultrasonic cavitation can perforate a cell membrane with tiny pores with an effective di-
ameter smaller than 100 nanometers. The pores can last for a few seconds [18], allowing
larger molecules to enter the cell from the medium [19]. Under optimized conditions, the
cells can survive the cavitation effect without obvious damage. Based on the self-repair
mechanism, the cell membrane can bridge on its own after gene transfection [20]. The
above is the general principle of ultrasound-mediated gene delivery. Figure 1 shows the
mechanism of ultrasound-mediated DNA delivery and the typical steps of DNA plasmid
delivery into a bacterial cell [10].

The technology is currently considered the ideal method for the transfection of DNA
plasmids or fragments into cells [10,21]. It has the following advantages: (a) theoretically,
DNA or RNA can be delivered to any type of cell, including bacterial cells [22], plant
cells [23], and mammalian cells [24]; (b) it does not require the medium to be ion-free and
can be used for cells that grow in the natural environment or the human body; (c) it is
non-invasive and does not require direct contact with the cells; (d) it is easy to control the
time and location of the transfer. The ultrasound can be restricted to a specific area or time
period to enhance the outcome of gene transfer [25].

Existing ultrasound-mediated gene transfer technologies are all carried out under
a macroscopic volume [26-28] using large-scale ultrasonic equipment, such as the horn-
shaped ultrasonic radiator or the ultrasonic bath. Relevant studies were only carried out on
a macro scale (10°-107 cells), and resulted in averaged data. Due to the inhomogeneity of
cell responses and the different life or metabolic cycles, the averaged data are often difficult
to interpret. To solve this problem, it is necessary to develop new technologies and devices
for single-cell operation, high-precision analysis, and high sensitivity detection. Interest-
ingly, with microfluidic technology, the size of a biochip (lab-on-a-chip) is compatible with
cell size and is suitable for single-cell operation.

Compared with macroscopic and large-volume analysis technology, the integrated
biochip technology has the advantages of small reagent consumption, less residue, short re-
action time, high accuracy, cost effectiveness, and disposability [29]. The use of microfluidic
devices facilitates the separation, capture, location, and observation of cells. Moreover, the
surface physical and chemical parameters of devices attached to the cells can be controlled,
such as the local pH and temperature, in order to precisely control the local environment
around the cells [30]. In the present study, we proposed an integrated system of MEMS
ultrasonic devices and microchannels by enabling ultrasound-mediated cell delivery on a
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microfluidic scale and meeting the requirement of high-precision analysis and single-cell
operation. The system is of great significance to the development of single-cell biochip
platforms for early cancer diagnosis and assessment of cancer treatment.

A

Figure 1. Illustration of proposed mechanism of ultrasound DNA transfer [10]. (A) A bacterial cell

and plasmid DNA are suspended in an aqueous solution. (B) 50 mM CaCl, promotes transformation.
(C) Ultrasound generates pores in cell membranes through which plasmids enter the cell. (D) Pores
are closed and plasmids are retained in the cell. (E) Bacteria acquire new functions after taking up
plasmid DNA.

2. Materials and Methods
2.1. Microfluidic Ultrasound-Medicated Cell Delivery System Design

The microchannel was assembled to the transducer array to form the microfluidic
ultrasound-medicated delivery system, as shown in Figure 2. The core components of the
system included the MEMS piezoelectric ultrasonic transducers and the microchannels.
The microchannel was etched from silicon wafers, and the cover was made of polyimide
(PI). The piezoelectric ultrasonic transducer was located inside the PI cover and was
composed of a piezoelectric film deposited on a spherical structure. The spherical shape
could produce an excellent ultrasonic focusing effect. By applying an excitation voltage on
the piezoelectric film, a slight vibration was generated. The generated ultrasonic waves
entered the microchannel and acted on the flowing fluid in the tubing. The microchannel
was connected to a syringe pump, which provided the flow to carry the cells and DNA
plasmids through the area in the focus of the ultrasound. If the excitation voltage is not too
high and the intensity and frequency of the ultrasonic wave are appropriate, microbubbles
are generated in the fluid, i.e., cavitation. The cells in the area were subject to the shock
wave caused by the cavitation and the localized high temperature and high pressure, and
tiny pores were generated in the cell membrane, through which DNA could be delivered
to the cell. After the cell exited the ultrasonic irradiation area, the tiny pores in the cell
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membrane bridged automatically in a short time, and the DNA was kept inside. At this
point, the ultrasonic DNA transfer was completed.

Microchannel

PI cover Ultrasonic transducer

\ Bottom electrode [

ZnO layer

Top electrode

(a) (b)
Figure 2. Schematic diagram of the microfluidic ultrasound gene transfer system MEMS (a) self-
focusing ultrasonic transducer; (b) microchannel.

2.2. Simulation

Although the focus of a spherical ultrasonic source has been a topic of fundamental
interest for many years, several of its aspects, such as non-linear performance, are still
not fully understood [31]. As there is no analytical solution for a spherical focusing field,
some approximation models have been derived [32-34]. For continuous waves, under
the assumptions of source piston movement and plane wave propagation, B.G.Lucas
derived an integral model. However, the model is obtained by converting the Helmholtz
equation into a parabola equation with the restriction of Fresnel approximation, and is
only applicable to shallow curved spherical sources with a feature size much larger than
the wavelength of the sound generated [31]. The MEMS ultrasonic transducer we propose
is heavily curved to achieve a strong focusing effect, and its feature size is similar to the
ultrasound wavelength; therefore, we cannot use Lucas’ model. the system consists of
several types of materials and interfaces, which renders it too complex for an analytical
solution. In addition, the interaction between the thin-film piezoelectric material and the
acoustic media cannot be omitted, as is the case in the analytical approach. To obtain an
accurate solution, Finite Element Analysis(FEA)based piezo-acoustic coupling Catalysis is
required. COMSOL Multiphysics® (version 5.2, COMSOL, Nanning, China)in combination
with its acoustics and MEMS modules provides the means to perform this simulation.

According to bubble dynamics, there is a minimum acoustic pressure amplitude
required to cause the cavitation, which is defined as the cavitation threshold. It is dependent
on many facts including liquid properties such as surface tension, viscosity, inertia, the
frequency of the ultrasound used, the initial nucleus radius, etc. According to an analytical
model [35], the cavitation threshold increases with decreasing nucleus size due to surface
tension, and increases with increasing nucleus size due to inertial and viscous effects.
Figure 3 shows the cavitation threshold in water as a function of initial nucleus radius for
three frequencies of ultrasound: 1, 5, and 10 MHz [35].

According to the analytical model, there is an optimal bubble size at a given frequency
for which the threshold is a minimum. This effect is shown in the computed threshold
curves in Figure 3. At higher frequencies, the optimal bubble size for cavitation nucleation
decreases because inertial and viscous effects increase with frequency. The minimum
pressure threshold from the theory of this optimal bubble size has been computed [36].
Table 1 shows the results for the ultrasound frequency between 1 to 5 MHz.
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Figure 3. Plot of the cavitation threshold in water as a function of initial nucleus radius for three
frequencies ultrasound: 1, 5, and 10 MHz [35].

Table 1. Minimum cavitation threshold Popt at different ultrasound frequency f.

f (MHz) Popt (MPa)

0.262
0.364
0.442
0.507
0.564

Ul W N =

The application-case of the proposed device that the minimum bubble size is to be
collapsed is 1 um, hence the maximum frequency required in operation is 6 MHz. The
piezo-acoustic coupling modelling of the system has been carried out with an actuation
voltage of 100 V AC and actuation frequencies between 1 MHz and 5 MHz. Figure 4 shows
the acoustic pressure distribution in the entire field when an actuation voltage of 100 V
AC at 1 MHz is applied. Figure 5 shows a comparison of the acoustic pressure in the
liquid along the normal axis for actuation frequencies between 1 MHz and 5 MHz and an
actuation voltage of 100 V AC.

Comparing Figure 5 and Table 1, it can be found that when the AC excitation voltage
was 100 volts, the maximum ultrasonic pressure of the fluid in the microchannel was
higher than the minimum cavitation threshold of water at the frequencies of 1, 2, and
5 MHz; while at 3 and 4 MHz, the maximum ultrasonic pressure was slightly lower than
the minimum cavitation threshold of the corresponding frequency. Furthermore, when
the AC excitation voltage increased to 120 V and 180 V at 3 and 4 MHz respectively,
the maximum ultrasonic pressure in the microchannel exceeded the minimum cavitation
threshold of water at the corresponding frequency. The findings suggested that it was
possible to generate microbubbles and form cavitation when the excitation voltage was not
too high. Comparing Figures 3 and 5, it can be seen that when the excitation frequency was
1-5 MHz, cavitation with a bubble diameter of 1-5 um was formed in the microchannel.
The simulation results showed that the system proposed in this study was able to form
ultrasonic cavitation in the microfluid theoretically.
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Figure 4. The whole field generated by a device with PI cover for an actuation frequency of 1 MHz
and an actuation voltage of 100 V AC.
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Figure 5. Acoustic pressure distribution along in the normal axis, generated by the device with

the cover.

3. Results
3.1. Spherical Self-Focusing MEMS Ultrasonic Transducer

The spherical self-focusing MEMS ultrasonic transducer was composed of a curved
piezoelectric film and a bowl-shaped structure for ultrasonic focusing. ZnO was used as the
material of the bowl-shaped piezoelectric film. The manufacturing process included soft
imprinting and magnetron sputtering coating. PI was used for the microchannel cover and
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the spherical cap. Polyimide solution was poured into a microstructure mold. After drying,
curing, and demolding, a solid (flexible) replica of the microstructure was obtained. This
technique was used to make the cover of the microchannel and the spherical cap. The mold
was made from the embossing of a high-precision steel ball. With the above technique, the
high-precision steel ball and PDMS soft imprinting were used to make the spherical MEMS
microstructure array on the PI substrate, and ZnO piezoelectric film with a thickness of
4 microns was sputtered, including the upper and lower electrodes. The specific steps are
shown in Figure 6a. After obtaining the spherical structure, the PI was put in the magnetron
sputtering apparatus and a stainless-steel plate was used as a baffle to define the shape of
the lower electrode. The Al electrode was prepared using DC magnetron sputtering. The
final thickness of the lower electrode was ~500 nanometers. After the lower electrode was
deposited, the zinc oxide was produced by RF magnetron sputtering. Similarly, another
stainless-steel baffle was used to define the shape. The thickness of the deposited zinc oxide
was 4 microns. The Al upper electrode was prepared by DC magnetron sputtering, and a
stainless steel baffle was used to define the shape.

A- Al electrode

— Pl
lA

A,Zinc Oxide
l B
C

(a) (b)

Figure 6. (a) Flow chart of preparation of the self-focusing ultrasonic transducer array on a PI

substrate; (b) a picture of the microfluidic transfection biochip.

SU-8 photoresist (negative photoresist) with a thickness of 100 microns was used.
Through ultraviolet exposure and development, a convex microchannel mold was made.
PDMS was poured into the mold. After curing and demolding, a PDMS microchannel with
a height of 100 microns and a width of 200 microns was obtained. The ultrasonic transducer
was assembled to the microchannel with screws. The screws generated a compressive
pressure between the two surfaces. Due to the large elasticity of PDMS, it deformed under
the compression and sealed the microchannel. One advantage of the screws is simple
assembly and disassembly. Since the microchannel and the transducer were not chemically
bonded together, it was very convenient to disassemble and replace them if necessary.
Figure 6b is the successfully prepared microfluidic gene transfection biochip.

3.2. Performance Test of the Ultrasonic Transducer Array

Surface roughness is a critical factor for the performance of MEMS ultrasonic transduc-
ers. If the roughness is too high, the deposition of the upper electrode and the ultrasonic
wave emission can be affected. The prepared transducer was observed under a scanning
electron microscope (SEM). It can be observed that the convex spherical structure was
a standard circle (Figure 7a); the ZnO film and the upper electrode were also observed
(Figure 7b). Based on the SEM images, it can be observed that the ZnO film had good
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quality, and the thickness of the piezoelectric film reached 4 microns. The surface roughness
of the film was low, and it adhered well to the substrate.

Top-electrode

(b)
Figure 7. SEM images of the ZnO piezoelectric film self-focusing ultrasonic transducer (a) spherical
cap and (b) ZnO film and electrode.

The frequency response of the ultrasonic transducer array was tested with a laser
Doppler vibrometer (Displacement Unit., MLD-821, NEOARK Corp, Tokyo, Japan), and the
result is shown in Figure 8a. It can be observed that the transducer had the most significant
displacement at 5 MHz. The phase angle was 0, which indicates that its resonant frequency
was around 5 MHz. Moreover, a finite element simulation of the transducer was carried
out, which showed that the resonant frequency was about 4.66 MHz (Figure 8b). This was
consistent with the result of the laser Doppler vibrometer. The resonant frequency met the
design requirements and could produce ultrasonic cavitation in a microfluid.
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Figure 8. (a) Frequency response curve of the ultrasonic transducer array (laser Doppler vibrometer);
(b) vibration modes and frequency response of the ultrasonic transducer array (finite element simulation).

In addition, we conducted experiments and numerical simulations on the factors of
the performance of the ultrasonic transducer. The results showed that the shape of the
transducer had a great impact on performance parameters such as the resonant frequency
and Q value. The effect of the thickness of the ZnO piezoelectric film on the performance
of the transducer was studied. By controlling the magnetron sputtering parameters, ZnO
piezoelectric films of different thicknesses (2—4 microns) were prepared, and the corre-
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sponding frequency response was tested. The results are shown in Figure 9. It can be
seen that: (1) with the increase of the thickness of the ZnO piezoelectric film, the resonant
frequency of the transducer increased slightly; (2) with the increase of the thickness, the
piezoelectric effect was more significant and the crystal orientation and uniformity were
better, leading to an increase in the Q value. Thus, it can be predicted that if the film
thickness was further increased to 10 microns or higher, the performance of the transducer
would be significantly improved.
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Figure 9. (a) Influence of the thickness of the ZnO piezoelectric film on the Q value of the transducer;
(b) influence of the thickness of the ZnO piezoelectric film on the resonant frequency of the transducer.

3.3. Cavitation Effect

The sonochemical method refers to the promotion of chemical reactions through
ultrasonic cavitation and the reflection of the generation and intensity of the ultrasonic
cavitation effect through sonochemical products [37]. An advantage of the method is that
it is not affected by the environment. Once the ultrasonic cavitation energy exceeds the
threshold required for the chemical reactions, which causes molecular bond destruction
and recombination, new products are generated that can then be used to characterize the
generation of ultrasonic cavitation. Based on the amount of the new products, the cavitation
intensity can be quantitatively analyzed. The sonochemical method is universal, simple,
economical, practical, and does not require complex equipment. In this study, the iodine
release method was used.

The main principle of the iodine release method is the oxidation-reduction reaction of
the KI solution under the ultrasound. The iodide ions in the solution will be oxidized into
essential iodine and precipitate. By putting starch into the solution, the mixture will turn
blue. Then, the amount of precipitated essential iodine is measured through the titration
of the sodium thiosulfate solution. From there, the intensity of the cavitation effect can be
characterized. The iodine release method is intuitive and reliable because the color change
process is visible.

Figure 10 shows the cavitation yield in KI solutions with different initial concentrations.
It can be seen that higher concentrations lead to larger rates of essential iodine generation.
For KI solutions with the same concentration, the ultrasonic irradiation time increased and
the rate of essential iodine generation decreased. This method can test the performance of
the ultrasonic transducer easily. If there is a fast rate of iodine generation, it means that the
transducer has a high energy conversion efficiency.
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Figure 10. Relationship between the yield of essential iodine, the generation rate and the time of
ultrasonic irradiation in KI solutions with different initial concentrations: (a) 2 MHz and (b) 3 MHz.

3.4. Ultrasonic Gene Transfection Experiment

The microfluidic system in Figure 2 was used to carry out the ultrasonic gene transfec-
tion experiments for HeLa cells. The whole experiment process is shown in Figure 11. The
transducers were placed in an array at the bottom of the microchannel, in which the No. 1
transducer was the reagent inlet, No. 2-9 the ultrasonic irradiation area, and No. 10 the
reagent outlet. The plasmids and cells were mixed in a certain proportion into the injection
pump and sent into the microchannel at a speed of 50 nL./s. The cells would undergo
multiple rounds of ultrasonic irradiation in the picture, flowing through the channel and
then entering the liquid collection device. The resonant frequency of the 8 piezoelectric film
ultrasonic transducers is approximately 3 MHz, and the distance between each transducer
is 8 mm. One or more of the transducers can be selected to work according to the purpose
of cell transduction. In the microfluidic environment, flowing cells pass through the mi-
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crochannel and are subjected to the cavitation effect of ultrasonic transducer at the bottom
to generate temporary micropores, through which genes and other substances can enter
cells to realize gene transfection. Ultrasonic transducers generate heat when operating,
which is facilitated by microfluidic conditions. In the microchannel, a small number of
cells pass through the bottom transducer in turn with different flow rates, and the time
of ultrasonic cavitation of cells is also different, resulting in different transduction effects.
In the microfluidic environment, the transducers are arranged in array, and the cells can
be subjected to the ultrasonic action of multiple transducers, which is more conducive to
gene introduction.

Fluid delivery

.o

@
-
=]

l Cell Plasmid I
@
"

Liquid collection

Ultrasonic
transducer
array Ultrasonic transducer

Figure 11. Schematic diagram of the ultrasonic gene transfection experiment.

The human renal epithelial cell line (293T cell) was used to prepare single cell sus-
pension, and the cells were irradiated with the No. 2 ultrasonic transducer. The effect
of ultrasound on cell membrane was evaluated by double staining with the fluorescein
diabetic acid (FDA) and propidium iodide (PI). The PI can penetrate the membrane of dam-
aged cells and emit red fluorescent light after combining with intracellular DNA. Moreover,
active cells emit green fluorescent light with the FDA.

As shown in Figure 12, cells only emitting green fluorescence indicate that their cell
membranes may not be perforated, while cells only emitting red fluorescence may fail to
maintain the integrity of cell membranes due to excessive ultrasonic irradiation, resulting in
cell death. If a certain cell emits green and red fluorescent lights after FDA and PI staining,
it means that the cell is perforated successfully by ultrasound and the membrane integrity
is repair.

(b) (¢)

Figure 12. Results of 293T cell stained by FDA-PI: (a) live cells stained by FDA; (b) cells with damaged
membranes stained by PI; (c) superposition of Figures (a,b).
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HeLa cells were transfected with green fluorescent protein granules (PGFP-N2), and
the cell activity was detected by MTT assay. 1.6pug plasmid was added to group A, group
B, group C, and group D. No ultrasonic transducer was turned on in group A, ultrasonic
transducer No. 2 was turned on in group B for 20 s, ultrasonic transducer No. 4 was turned
on in group C for 20 s, and ultrasonic transducers No. 2 and 4 were turned on in group D
for 20 s. The cells in each group were placed under a fluorescence microscope to observe
the expression of green fluorescent protein granules (PGFP-N2). The collected solution was
cultured in a 12 well plate at 37 °C in a 5% carbon dioxide incubator. After 6 h, the fresh
medium containing fetal bovine serum and double antibodies was replaced and continued
to culture for 24-48 h. The cells in each group were randomly selected from 6 visual fields
under a high-power microscope and the cells expressing green fluorescent protein in each
visual field were counted. Each group counted 3 holes. Transfection efficiency = cells with
green fluorescence/total cells x 100%.

Under a fluorescence microscope, the gene import effect is shown in Figure 13 and the
green cells indicate successful import. Figure 13a shows the control group with plasmids
added to the cell suspension without ultrasound. Figure 13b,c respectively represent the
results of acting with one transducer, and Figure 13d represents the results of acting with
two transducers simultaneously.

(a) (b) (c) (d)

Figure 13. Results of green fluorescent protein expression in HeLa cells (x200): (a) only plasmids

added; (b) plasmids added and sonicated with No.2 transducer for 20 s; (c) plasmids added and soni-
cated with No.4 transducer for 20 s; (d) plasmids added and sonicated with No.2 and 4 transducers
simultaneously for 20 s.

The transfection efficiency was improved with both transducers acting. It can be
speculated that if more transducers act simultaneously, their import efficiency will be
further improved. This suggests that cell import of MEMS ultrasound array is a potential
technology because MEMS transducers have the potential to make large-scale arrays, which
can greatly increase the import efficiency when multiple transducers act together.

4. Discussion

This study proposed an integrated system of a MEMS ultrasonic device and mi-
crochannel that enabled ultrasound-mediated gene delivery on a microfluidic scale, thus
meeting the needs of high-precision analysis and single-cell analysis. The combination of
microfluidic technology and MEMS technology in gene delivery is an innovation point
of this study. The developed transfection device is portable and the medium is transpar-
ent, which facilitates observation under the microscope. The use of a syringe pump can
achieve automated transfection. In the microfluidic system, the microfluidic tubing was
equipped with multiple ultrasonic transducers with different frequencies, thereby adjusting
the cavitation threshold or increasing gene transduction efficiency by adding an ultrasonic
contrast agent. Using the proposed method, we successfully achieved gene transfection
into HeLa cells. However, the current transfection effect is not ideal. Improvements to
the system are needed, such as the duration of ultrasound irradiation. In summary, the
microfluidic ultrasound-medicated cell delivery system accomplished gene transfection
in a microfluidic environment and laid a foundation for its application in targeted cells or
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tissue-specific transduction. If the proposed method is combined with cell capture technol-
ogy, it is expected that single-cell specific-gene transduction can be accomplished, which
will be of great significance for the development of single-cell gene transfection devices.

5. Patents

The work reported in this manuscript has applied for the invention patent “microflu-
idic system for single cell ultrasonic gene delivery and its delivery method” in China, and
the patent number is CN105567562a.
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authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhang, X.; Jiang, J.; Yang, Y.; Ma, Z.; Meng, L.; Cui, G.; Yin, X. Identification and responding to exogenous hormone of HB-KNOX
family based on transcriptome data of Caucasian clover. Gene 2022, 828, 146469. [CrossRef] [PubMed]

2. Maddila, S.; Voshavar, C.; Arjunan, P.; Chowath, R.; Rachamalla, H.; Balakrishnan, B.; Balasubramanian, P.; Banerjee, R.; Marepally,
S. Cholesterol Sequestration from Caveolae/Lipid Rafts Enhances Cationic Liposome-Mediated Nucleic Acid Delivery into
Endothelial Cells. Molecules 2021, 26, 4626. [CrossRef] [PubMed]

3.  Ohde, T,; Minemura, T.; Hirose, E.; Daimon, T. Egg Microinjection and Efficient Mating for Genome Editing in the Firebrat
Thermobia domestica. J. Vis. Exp. 2020, 164, e61885. [CrossRef]

4. Varli, HS.; Alkan, F; Demirbilek, M.; Tiirkoglu, N. A virus-free vector for the transfection of somatic cells to obtain IPSC.
J. Nanoparticle Res. 2019, 21, 237. [CrossRef]

5. Qi,L.-Y; Wang, Y,; Hu, L.-E; Zhao, P--S.; Yu, H.-Y; Xing, L.; Gao, X.-D.; Cao, Q.-R;; Jiang, H.-L. Enhanced nuclear gene delivery
via integrating and streamlining intracellular pathway. J. Control. Release 2022, 341, 511-523. [CrossRef]

6. Kumar, R; Le, N,; Tan, Z.,; Brown, M.E ; Jiang, S.; Reineke, T.M. Efficient Polymer-Mediated Delivery of Gene-Editing Ribonu-
cleoprotein Payloads through Combinatorial Design, Parallelized Experimentation, and Machine Learning. ACS Nano 2020,
14,17626-17639. [CrossRef]

7. Edelblute, C.; Mangiamele, C.; Heller, R. Moderate Heat-Assisted Gene Electrotransfer as a Potential Delivery Approach for
Protein Replacement Therapy through the Skin. Pharmaceutics 2021, 13, 1908. [CrossRef]

8. Calvin, N.M.; Hanawalt, P.C. High-efficiency transformation of bacterial cells by electroporation. J. Bacteriol. 1988, 170, 2796-2801.
[CrossRef]

9.  Mehier-Humbert, S.; Guy, R.H. Physical methods for gene transfer: Improving the kinetics of gene delivery into cells. Adv. Drug
Deliv. Rev. 2005, 57, 733-753. [CrossRef]

10. Song, Y.; Hahn, T.; Thompson, LP.; Mason, T.J.; Preston, G.M.; Li, G.; Paniwnyk, L.; Huang, W.E. Ultrasound-mediated DNA
transfer for bacteria. Nucleic Acids Res. 2007, 35, €129. [CrossRef]

11. Dower, W].; Miller, ].E; Ragsdale, C.W. High efficiency transformation of E.coli by high voltage electroporation. Nucleic Acids Res.
1988, 16, 6127-6145. [CrossRef] [PubMed]

12.  Tsukakoshi, M.; Kurata, S.; Nomiya, Y.; Ikawa, Y.; Kasuya, T. A novel method of DNA transfection by laser microbeam cell
surgery. Appl. Phys. A 1984, 35, 135-140. [CrossRef]

13. Sarker, S.R.; Ball, A.S.; Bhargava, S.K.; Soni, S.K. Evaluation of plasmid DNA stability against ultrasonic shear stress and its
in vitro delivery efficiency using ionic liquid [Bmim][PF4]. RSC Adv. 2019, 9, 29225-29231. [CrossRef]

14. Carugo, D.; Ankrett, D.N.; Glynne-Jones, P.; Capretto, L.; Boltryik, R.J.; Townsend, P.A.; Zhang, X.; Hill, M. Contrast agent-free cell
sonoporation using a continuous-flow microfluidic device in MicroTAS. In Proceedings of the the 15th International Conference
on Miniaturized Systems for Chemistry and Life Sciences, Seattle, WA, USA, 2—-6 October 2011.

15. Beekers, I.; Van Rooij, T.; Verweij, M.D.; Versluis, M.; De Jong, N.; Trietsch, S.J.; Kooiman, K. Acoustic Characterization of a
Vessel-on-a-Chip Microfluidic System for Ultrasound-Mediated Drug Delivery. IEEE Trans. Ultrason. Ferroelectr. Freq. Control
2018, 65, 570-581. [CrossRef] [PubMed]

16. Grisanti, G.; Caprini, D.; Sinibaldi, G.; Scognamiglio, C.; Silvani, G.; Peruzzi, G.; Casciola, C. A Microfluidic Platform for
Cavitation-Enhanced Drug Delivery. Micromachines 2021, 12, 658. [CrossRef]

17.  Fu, X,; Belwal, T.; Cravotto, G.; Luo, Z. Sono-physical and sono-chemical effects of ultrasound: Primary applications in extraction
and freezing operations and influence on food components. Ultrason. Sonochemistry 2019, 60, 104726. [CrossRef]

18. Miller, D.L.; Bao, S.; Gies, R.A.; Thrall, B.D. Ultrasonic enhancement of gene transfection in murine melanoma tumors. Ultrasound

Med. Biol. 1999, 25, 1425-1430. [CrossRef]


http://doi.org/10.1016/j.gene.2022.146469
http://www.ncbi.nlm.nih.gov/pubmed/35413395
http://doi.org/10.3390/molecules26154626
http://www.ncbi.nlm.nih.gov/pubmed/34361779
http://doi.org/10.3791/61885
http://doi.org/10.1007/s11051-019-4668-1
http://doi.org/10.1016/j.jconrel.2021.11.046
http://doi.org/10.1021/acsnano.0c08549
http://doi.org/10.3390/pharmaceutics13111908
http://doi.org/10.1128/jb.170.6.2796-2801.1988
http://doi.org/10.1016/j.addr.2004.12.007
http://doi.org/10.1093/nar/gkm710
http://doi.org/10.1093/nar/16.13.6127
http://www.ncbi.nlm.nih.gov/pubmed/3041370
http://doi.org/10.1007/BF00697702
http://doi.org/10.1039/C9RA03414E
http://doi.org/10.1109/TUFFC.2018.2803137
http://www.ncbi.nlm.nih.gov/pubmed/29610087
http://doi.org/10.3390/mi12060658
http://doi.org/10.1016/j.ultsonch.2019.104726
http://doi.org/10.1016/S0301-5629(99)00105-2

Micromachines 2022, 13, 1126 14 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.
35.

36.

37.

Deng, C.X.; Sieling, F.; Pan, H.; Cui, J. Ultrasound-induced cell membrane porosity. Ultrasound Med. Biol. 2004, 30, 519-526.
[CrossRef]

Reslan, L.; Mestas, J.-L.; Herveau, S.; Béra, J.-C.; Dumontet, C. Transfection of cells in suspension by ultrasound cavitation.
J. Control. Release 2010, 142, 251-258. [CrossRef]

Tayier, B.; Deng, Z.; Wang, Y.; Wang, W.; Mu, Y.; Yan, F. Biosynthetic nanobubbles for targeted gene delivery by focused ultrasound.
Nanoscale 2019, 11, 14757-14768. [CrossRef]

Han, YW.; Ikegami, A.; Rajanna, C.; Kawsar, H.I.; Zhou, Y.; Li, M.; Sojar, H.T.; Genco, R.J.; Kuramitsu, HK.; Deng, C.X.
Identification and Characterization of a Novel Adhesin Unique to Oral Fusobacteria. J. Bacteriol. 2005, 187, 5330-5340. [CrossRef]
[PubMed]

Liu, Y;; Yang, H.; Sakanishi, A. Ultrasound: Mechanical gene transfer into plant cells by sonoporation. Biotechnol. Adv. 2006,
24, 1-16. [CrossRef] [PubMed]

Bao, S.; Thrall, B.D.; Miller, D.L. Transfection of a reporter plasmid into cultured cells by sonoporation in vitro. Ultrasound Med.
Biol. 1997, 23, 953-959. [CrossRef]

Shi, L,; Jiang, Y.; Zhang, Y.; Lan, L.; Huang, Y.; Cheng, ].-X.; Yang, C. A fiber optoacoustic emitter with controlled ultrasound
frequency for cell membrane sonoporation at submillimeter spatial resolution. Photoacoustics 2020, 20, 100208. [CrossRef]
Fontana, F; Iberite, F.; Cafarelli, A.; Aliperta, A.; Baldi, G.; Gabusi, E.; Dolzani, P; Cristino, S.; Lisignoli, G.; Pratellesi, T.; et al.
Development and validation of low-intensity pulsed ultrasound systems for highly controlled in vitro cell stimulation. Ultrasonics
2021, 116, 106495. [CrossRef]

Shang, Z.; Gen, S.; Bai, Y.; Tian, H. Experimental study on killing tumor cells by activation of hematoporphyrin derivatives by
bi-frequency focal ultrasound in vitro. Ultrasonics 2006, 44, e251-e253. [CrossRef]

Chu, Y.-C.; Chan, Y.-H.; Lim, J.; Ho, C.-Y,; Lin, P-H.; Lu, Y.-C.; Wu, C.-C.; Wang, ] .-L. Low intensity ultrasound enhances cisplatin
uptake in vitro by cochlear hair cells. JASA Express Lett. 2021, 1, 072001. [CrossRef]

Tiid6s, AJ.; Besselink, G.A.J.; Schasfoort, R.B.M. Trends in miniaturized total analysis systems for point-of-care testing in clinical
chemistry. Lab Chip 2001, 1, 83-95. [CrossRef]

Sedgwick, H.; Caron, F; Monaghan, P.; Kolch, W.; Cooper, J. Lab-on-a-chip technologies for proteomic analysis from isolated cells.
J. R. Soc. Interface 2008, 5, S123-5130. [CrossRef]

Nguyen, T.N.; Do, M.N.; Oelze, M.L. Visualization of the Intensity Field of a Focused Ultrasound Source In Situ. IEEE Trans. Med.
Imaging 2019, 38, 124-133. [CrossRef]

O'Neil, H.T. Theory of Focusing Radiators. Acoust. Soc. Am. |. 1949, 21, 516-526. [CrossRef]

Gorobets, N.N.; Ovsyannikova, Y.Y. Wave processes in the near-field zone of weakly directive aperture radiators of electromagnetic
waves. Telecommun. Radio Eng. 2016, 75, 705-718. [CrossRef]

Harris, G.R. Review of transient field theory for a baffled planar piston. J. Acoust. Soc. Am. 1981, 70, 10-20. [CrossRef]

Holland, C.; Apfel, R. An improved theory for the prediction of microcavitation thresholds. IEEE Trans. Ultrason. Ferroelectr. Freq.
Control 1989, 36, 204-208. [CrossRef] [PubMed]

Apfel, R.E.; Holland, C.K. Gauging the likelihood of cavitation from short-pulse, low-duty cycle diagnostic ultrasound. Ultrasound
Med. Biol. 1991, 17, 179-185. [CrossRef]

Kuijpers, M\W.A; van Eck, D.; Kemmere, M.F,; Keurentjes, ].T.F. Cavitation-induced reactions in high-pressure carbon dioxide.
Science 2002, 298, 1969-1971. [CrossRef]


http://doi.org/10.1016/j.ultrasmedbio.2004.01.005
http://doi.org/10.1016/j.jconrel.2009.10.029
http://doi.org/10.1039/C9NR03402A
http://doi.org/10.1128/JB.187.15.5330-5340.2005
http://www.ncbi.nlm.nih.gov/pubmed/16030227
http://doi.org/10.1016/j.biotechadv.2005.04.002
http://www.ncbi.nlm.nih.gov/pubmed/15935607
http://doi.org/10.1016/S0301-5629(97)00025-2
http://doi.org/10.1016/j.pacs.2020.100208
http://doi.org/10.1016/j.ultras.2021.106495
http://doi.org/10.1016/j.ultras.2006.06.009
http://doi.org/10.1121/10.0005641
http://doi.org/10.1039/B106958F
http://doi.org/10.1098/rsif.2008.0169.focus
http://doi.org/10.1109/TMI.2018.2857481
http://doi.org/10.1121/1.1906542
http://doi.org/10.1615/TelecomRadEng.v75.i8.40
http://doi.org/10.1121/1.386687
http://doi.org/10.1109/58.19152
http://www.ncbi.nlm.nih.gov/pubmed/18284969
http://doi.org/10.1016/0301-5629(91)90125-G
http://doi.org/10.1126/science.1078022

	Introduction 
	Materials and Methods 
	Microfluidic Ultrasound-Medicated Cell Delivery System Design 
	Simulation 

	Results 
	Spherical Self-Focusing MEMS Ultrasonic Transducer 
	Performance Test of the Ultrasonic Transducer Array 
	Cavitation Effect 
	Ultrasonic Gene Transfection Experiment 

	Discussion 
	Patents 
	References

