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Abstract

Targeted gene delivery is important in biomedical research and applications. In this paper,

we synergistically combine non-viral chemical materials, magnetic nanoparticles (MNPs),

and a physical technique, low-intensity pulsed ultrasound (LIPUS), to achieve efficient and

targeted gene delivery. The MNPs are iron oxide super-paramagnetic nanoparticles, coated

with polyethyleneimine (PEI), which makes a high positive surface charge and is favorable

for the binding of genetic materials. Due to the paramagnetic properties of the MNPs, the

application of an external magnetic field increases transfection efficiency while LIPUS stimu-

lation enhances cell viability and permeability. We found that stimulation at the intensity of

30 mW/cm2 for 10 minutes yields optimal results with a minimal adverse effect on the cells.

By combining the effect of the external magnetic field and LIPUS, the genetic material (GFP

or Cherry Red plasmid) can enter the cells. The flow cytometry results showed that by using

just a magnetic field to direct the genetic material, the transfection efficiency on HEK 293

cells that were treated by our MNPs was 56.1%. Coupled with LIPUS stimulation, it

increased to 61.5% or 19% higher than the positive control (Lipofectamine 2000). Besides,

compared with the positive control, our method showed less toxicity. Cell viability after trans-

fection was 63.61%, which is 19% higher than the standard transfection technique. In con-

clusion, we designed a new gene-delivery method that is affordable, targeted, shows low-

toxicity, yet high transfection efficiency, compared to other conventional approaches.

1. Introduction

Gene delivery is now a popular research area with high demand on the market, and applica-

tions in both clinical and scientific biomedical research [1, 2]. The applications include, but

are not limited to, treating cancers, immune-deficient diseases, and genetic diseases [3]. Mam-

malian cells have a selectively permeable plasma membrane that protects them from the exter-

nal environment. Effective methods to transfect cells are needed. For the delivery of genetic

material into the nucleus of the cell, two approaches can be suggested: increasing the cell mem-

brane permeability and thus facilitating the penetration of the target gene, or developing a
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carrier that can go through the cell membrane, carry the gene and deliver it to the nucleus.

Based on these two different pathways, gene delivery utilizes either chemical or physical meth-

ods [4, 5]. The chemical approaches can be further divided into viral and non-viral approaches

[4]. The ideal carrier should be low cost, with high loading capacity, high stability, no or low

toxicity, and easy to use [6]. The viral-vector system approach is the most common and widely

used method [3], which can achieve very high transfection efficiency. However, the safety con-

cerns related to immunogenicity and the high cost remain the main limitations [5]. Non-viral

methods include liposome-based methods [7]. calcium phosphate precipitation [8], cationic

polymers [9, 10] (such as polyamidoamine dendrimers and PEI [11]), and nanoparticle-based

hybrids [12]. The cationic liposomes are the most commonly used non-viral delivery system

for gene delivery. They can reach most of the requirements of the ideal characteristics with the

significant drawbacks of high toxicity and the inflammatory responses [7]. Calcium phosphate

precipitation and PEI get low transfection efficiency and high cytotoxicity [8]. Nanoparticles

are submicron-sized polymeric particles, due to the sub-cellular and sub-micron size range,

they can penetrate tissues more efficiently [13]. MNP is one of the traditional nanoparticles

and is also a popular carrier for gene delivery [14]. MNP can overcome the weaknesses of

other traditional carriers, like high toxicity limiting the traditional carriers that can only be

used in vitro [15]. The external magnetic fields applied on the target site not only can enhance

the transfection, but also target the gene to a specific site without the side effects on other tis-

sues. Due to this, MNPs can be tunable and focus on the target area, yet they still have some

drawbacks like low transfection efficiency and toxicity [16].

Besides the chemical approach, the physical delivery methods are attracting more and more

research interest, including the application of the electric field [17], the acoustic method [18],

and physical injection [19], to disrupt the cell membrane and let the DNA pass through it

more efficiently. Some physical techniques have shown sufficient delivery efficiency and can

be applied to most of the cell types and are available for commercial use [20]. However, the

main limitations are the cytotoxicity and the inability to be used in humans. Also, operational

and equipment requirements are complicated and costly, and sometimes with low efficiency

and repeatability. Acoustic methods are another physical approach to transfect the cells with

the advantage of easy repeatability and excellent stability, yet with low transfection efficiency

compared with other methods [18].

The ultrasound method is one of the acoustic transfection methods mentioned above,

which is characterized by frequencies higher than 20 kHz. Ultrasound has been used for vari-

ous applications, including diagnosis, surgery, and therapy for a long time [15, 21]. At its early

implementations, researchers focused on the treatment produced by using the thermal effects

of ultrasound. Nowadays, more researchers are paying attention to the non-thermal character-

istic, including acoustic cavitation and mass transfer enhancement [22]. For ultrasound medi-

cal applications, the safe range of the intensity is between 0.05 W/cm2 and 100 W/cm2 [23, 24].

LIPUS is a particular type of ultrasounds shown in Fig 1, which generates at a frequency of 1–3

MHz and repeats at 1 kHz with a duty cycle of 20% to deliver a low-intensity pulsed-wave [25].

It has been proven to be very safe for human use for many aspects of the medical applications,

such as bone healing [26], inflammation inhibiting [27], soft-tissue regeneration [28], and the

induction of cell-membrane porosity. Using graphene aerogel to promote cell proliferation

was reported [29, 30]. LIPUS has also been proven to help division and proliferation in many

types of cells, such as insect cells [31], algal cells [32], stem/progenitor cell [33], mesenchymal

stromal cells [34]. LIPUS can also increase CHO cell growth and antibody production [35],

increase cell permeability [31], and enhance gene delivery by using microbubble [36]. The safe

operational intensity range of LIPUS is between 0.02 and 1 W/cm2 and treatment durations of

5–20 minutes per day. Because of its low intensity, LIPUS has almost no thermal effects [37].
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There are several ways to deliver genetic materials into cells. As mentioned in the intro-

duction, we propose to synergistically combine LIPUS and magnetic fields for gene delivery,

because the technique can leverage each method’s advantages. LIPUS can promote cell

growth [43] and enhance cell membrane permeability. At the same time, MNPs, guided by a

magnetic field, can further improve targeted gene delivery. Best to our knowledge, combining

the two techniques to deliver genetic material into mammalian cells has not been discussed

before. We achieved a high transfection efficiency with low cytotoxicity by performing the

cell transfection with LIPUS and MNPs under the external magnetic field. We present a new

concept of integrating the physical and chemical gene delivery approaches by introducing

LIPUS to support gene transfection using MNPs under the influence of the magnetic field.

The plasmid of interest (GFP and Cherry Red plasmid) is firstly bound to the MNPs through

PEI before introducing them to the cells. Then we investigate the impact of applying the mag-

netic field in combination with the LIPUS on the transfection of the targeted plasmid. We

also examine the effect of the LIPUS on cell proliferation and viability to identify the proper

ultrasound intensity and best duration of treatment that cells can tolerate. We used the fluo-

rescent microscope for qualitative evaluation, whether this approach work or not, and then,

employed flow cytometry to quantitatively evaluate the transfection efficiency and compare

the results with those obtained from using Lipofectamine 2000 as a positive control. Further-

more, we also localized the transfected genes in the targeted cells using confocal microscopy.

We have compared the transfection rates of various gene delivery methods. Please refer to

the following Table 1. Our approach offers a combination of high efficiency with low toxicity

and affordability.

Fig 1. A schematic for LIPUS device and ultrasound power meter calibration. The display shows the ultrasound

intensity. The button can be employed to control the duty cycle and ultrasound stimulation duration. The ultrasound

boxes include a motherboard, a control board, an ultrasound board, two driver boards, and a power board. We also

include the circuit diagram.

https://doi.org/10.1371/journal.pone.0239633.g001
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2. Materials and methods

2.1 Chemicals and materials

Anhydrous Ethylene glycol (EG) 99.8%, Ferric chloride hexahydrate (FeCl2.6H2O)� 99%,

and anhydrous Sodium acetate� 99% (NaAc), and branched Polyethyleneimine PEI with

average molecular weight (M.W.) 25 kDa were purchased from Sigma-Aldrich and used with-

out further purification. HEK 293T cells (human embryonic kidney cells) were purchased

from ATCC (ATCC CRL-11268), Minimum Essential Medium (MEM), Fetal Calf Serum

(FCS), Penicillin/Streptomycin, PBS, Lipofectamine 2000, and DAPI were purchased from

Thermofisher. Zombie Aqua was purchased from Biolegend. We used Milli-Q water with the

resistivity of 18.2 MΩ from the Millipore Milli-Q Advantage A10 purification system in all

experiments.

Magnet: The magnet, made of neodymium (rare earth) with a diameter of 10 cm and a

thickness of 10 cm, was purchased from Applied Magnets (Plano, TX, USA).

2.2. Cell culture

HEK 293T cells were cultured in high glucose MEM medium, supplemented with 10% FCS

and 1% penicillin/streptomycin at 37˚C and 5% CO2. Cells were passed to a 12-well plate

before the experiment, and transfection was performed in the 12-well plate once the cells

reached 60–80%, confluency, which is recommended for the transfection.

2.3. Synthesis and functionalization of MNPs

MNPs were synthesized using the hydrothermal method, according to our previously reported

work [15, 16]. In short, a reaction mixture containing 10 g 1,6- hexanediamide, 2.0 g

FeCl3•6H2O, and 4.0 g sodium acetate trihydrate (NaAc •3H2O) in 50 mL of ethylene glycol

(EG) was vigorously stirred at 85˚C for 2 h until a resulting transparent solution was obtained.

To complete the reaction, the solution was sealed in a 100 mL-Teflon-lined stainless-steel auto-

clave and put the oven for 12 h at 200˚C. After completion, the MNPs solution was cooled

down to room temperature and collected with the help of a magnet and further redispersed in

milli-Q water by sonication for 15 min. MNPs were washed with water three times, where the

MNPs were redispersed by sonication and collected each time with the help of the magnet.

Then we also washed with absolute ethanol following the same method to ensure the complete

removal of unreacted materials with the abbreviation of FN. Finally, the prepared MNPs (or

FN-MNPs) were dispersed in 100 mL milli-Q water for characterization and further use.

For functionalization, FN-MNPs were treated with a 5% glutaraldehyde solution for 2

hours, then washed three times with Milli-Q water and further coated with 1 mg/mL solution

of PEI (25 KDa) to produce FN-Glu and FN-Glu-PEI25K, respectively. PEI is known to assist

Table 1. The transfection rate and cell viability of different delivery methods with HEK 293 cells.

Delivery Method Transfection Rate Cell Viability

PLGA-PEG/PBAE/pGFP Nanoparticle [38] 45.2% 97%

Magnetoplexes [39] 28.4% 97%

Lipoplexes [39] 45.5% 95%

Lipofectamine 2000 42.6% 44.7%

Thiolated trimethyl amino benzyl chitosan [40] 40.4% 90.0%

Magnetic Nanoparticles [16] 56.1% 58.3%

Our approach (MNPs & LIPUS) 61.5% 63.6%

https://doi.org/10.1371/journal.pone.0239633.t001
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in cell transfection, yet it is toxic to the cells. We selected PEI as a cationic surfactant to coat

the magnetic nanoparticles (MNPs) because of its high affinity to bind with negatively charged

plasmid. The PEI molecules are covalently bound to the MNPs, which significantly decreases

the potential toxicity associated with using cationic surfactants. Furthermore, the complex of

the negatively charged plasmid with FN-Glu-PEI25K MNPs mitigates the positive charge of

the FN-Glu-PEI25K MNPs. We previously utilized FN-Glu-PEI25K MNPs as gene nano-carri-

ers, and the GFP plasmid/ FN-Glu-PEI25K MNPs showed lower toxicity than the positive con-

trol (lipofectamine 2000) [16, 41].

The size of nanoparticles was estimated using Hitachi HF-3300 Transmission Electronic

Microscope (300 kVTEM), where we measured the size of 150 nanoparticles using ImageJ soft-

ware, and the size of the nanoparticles was calculated based on the histogram of the size distri-

bution. The prepared MNPs were ~24 nm in size, as shown in Fig 2a.

The z potential and the hydrodynamic size of the MNPs were measured using Zetasizer

Nano ZS Malvern Panalytical. The hydrodynamic size and zeta potential for our nanoparticles

were evaluated and shown in Fig 2b. Unlike the FN and FN-Glu, we got a high positive surface

charge of Zeta potential for FN-Glu-PEI25K. They all have different hydrodynamic sizes, but

FN-Glu-PEI25K showed a higher density of PEI on the MNPs surface for DNA binding.

2.4 Ultrasound stimulation device

Cells were exposed to ultrasound stimulation using the LIPUS device developed previously in

our lab. The LIPUS device outputs a square wave with a frequency of 1.5 MHz. The repetition

Fig 2. Characterization and functionalization of MNPs (a) MNPs size distribution under TEM. (b) Hydrodynamic

size and z potential for particles. Here, FN stands for MNPs, FN-Glu stands for MNPs after glutaraldehyde treatment,

and FN-Glu-PEI25K stands for MNPs after glutaraldehyde treatment coated with PEI.

https://doi.org/10.1371/journal.pone.0239633.g002
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rate is 1 kHz, and the duty cycle is 20%. We can adjust the output voltage from 1.25V to 12.5V

by adjusting the potentiometer. Along with the increase of the ultrasound intensity, the output

voltage increases too. The PCB board is shown in Fig 1 and has 6 boards in the box, including

a motherboard, a control board, a power board, an ultrasound board, and two driver boards.

The motherboard is used to connect all other boards. The control board is used to control the

ultrasound intensity and duration. The ultrasound board is used to supply an ultrasound signal

with a frequency of 1.5 MHz and a repetition rate of 1 kHz, and the driver board is used to pro-

vide enough voltage and current to drive the transducers. Ultrasound settings can be con-

trolled and adjusted.

Ultrasound transducers: Two ultrasound transducers we used in the LIPUS device were

purchased from American Piezo Company (APC) International, Ltd (Mackey Ville, USA).

The piezo-crystal 880 inside the transducer has a diameter of 25 mm and a thickness of 12.5

mm. Although the diameter of each well in a 12-well cell culture plate is 22 mm, the diameter

of the transducer is slightly bigger than the well. However, it does not affect the results because

we purposely calibrate the transducer with an intensity of 30mW/cm2, not the overall power.

It has a resonant frequency of 1.5 MHz and a piezoelectric charge constant d33 of 215 m/V.

The ultrasound power meter we used to measure the ultrasound intensity was purchased from

Ohmic Instruments Co., Maryland, USA, and the model is UPM-DT-1AV. The diameter of

the transducer is 25 mm, and thus its active area is 4.9 cm2. For instance, if we want to have the

output intensity of 30 mW/cm2, the measured output power should be 4.9×30 = 147

mW = 0.147 W. The minimum measurement changing value of this power meter is 0.002 W.

Therefore, in a real operation, we adjust the resistance of the potentiometer to get the readings

as 0.146 W, or 0.148 W. Each of the transducers was calibrated before the experiment using a

degassed water tank, in which transducer was fixed using a holder until the reading of the out-

put was stable.

2.5 Cells transfection

Transfection was performed at 60–80% cell confluency. GFP plasmid or Red Cherry plasmid

were used as genetic material to transfect. 1ug purified plasmid was mixed with 3 μL MNPs

both previously diluted in 500 μL serum-free medium to a total volume of 1000 μL and then

thoroughly mixed and left for 30 min. The serum can interfere with the formation of the com-

plex of DNA with MNPs [42]. After 30 minutes, the medium was removed from the cell wells

and replaced with the mixture of MNPs-DNA complexes. To direct the MNPs into the cells,

we then put the plate on the LIPUS/magnet device and treated cells for 10 minutes. After that,

we stopped the LIPUS and incubated the cells on the magnet for 4 more hours. The medium

was then replaced with 10% serum MEM medium, and cells were further grown in the incuba-

tor for up to 48 hours.

For the Lipofectamine 2000 transfection, 1 μg purified plasmid was mixed with 3 μL lipofec-

tamine in serum-free MEM and left for 30 mins. We added the DNA-lipofectamine complex

to the cells after the 30-minute incubation.

2.6 Experimental setup

After mixing cells with the genetic material of interest and transfection reagent (MNPs or

Lipofectamine), the cell plate was placed on the ultrasound transducer with the ultrasound gel

connection for 10 min treatment. After that, the plate was put on top of a strong magnet below

the transducer. After the treatment, the ultrasound device was removed, and the cells were

kept on the magnet for 4 hours. Transfection efficiency was checked within 24–48 hours after

the experiment.
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2.7 Transfection evaluation/characterization

Cell transfection efficiency was evaluated within 48 hours after the experiment using several

methods. Confocal microscopy images were obtained using the Zeiss LSM 710 confocal micro-

scope. For the confocal microscope imaging, cells were cultured and transfected on the cover-

slip using the same protocol mentioned above, and after 48 hours were fixed in the 4% PFA

and stained with DAPI. Fluorescent microscope images were obtained by Zeiss, Axiovert 200

fluorescent microscope. For the qualitative evaluation of transfection during the method devel-

opment, fluorescent microscopy was used. Cells after transfection were checked within 24–48

hours for the fluorescent protein expression. As a negative control, untreated HEK 293T cells

were used. Both groups of cells were fixed in 4% freshly prepared paraformaldehyde (PFA) for

10 minutes.

2.8. Flow cytometry

The quantification of the transfection efficiency was performed using Attune X Flow Cytome-

ter. Flow cytometry was performed with Zombie Aqua as our cell viability dye in dilution of

1:250, which was selected based on the pre-experimental titration and gave the clearest separa-

tion of the dead and alive cells. In the Flow Cytometry experiment, aside from experimental

groups of samples, we used compensation controls, positive control, and negative control to

assure the accuracy of the results.

1. For the negative control, untreated cells without any genetic material and viability dye were

used.

2. As there were two main fluorophores, we used two compensation controls to prevent the

spills: For Zombie Aqua compensation, we used cells, stained with viability dye; For GFP or

Cherry Red compensation, we used cells transfected with a plasmid (GFP or Cherry respec-

tively) and Lipofectamine as transfection agent.

3. For the positive control, the purified plasmid was used for transfection, and Lipofectamine

as a golden standard for transfection available on the market, and cells were stained with

Zombie Aqua after 48 hours.

4. For the experimental group, two groups were set to evaluate the effect of LIPUS on the

MNPs transfection and cell viability. First group: cells, plasmid, and MNPs were treated

with magnet for 4 hours and stained with viability dye after 48 hours. The other group was

additionally treated with LIPUS device (10 mins duration at 30mW/cm2 intensity) and a

magnet for 4 hours and then stained after 48 hours.

2.9 Statistical analysis

Each experiment was repeated at least three times. The data was presented by including means

and standard deviation. The statistical analyses between different groups were conducted by

one-way ANOVA paired t-test. p< 0.05 were considered as statically significant.

3. Results and discussions

In this paper, we combined both physical and chemical approaches to develop a high-efficient

gene delivery method with low-cytotoxicity. From the previous work done in our group as

well as by other groups and reported in the literature, we knew that LIPUS could transiently

increase cell membrane permeability [31] as well as can be beneficial for cell viability [35, 43].
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Our goal was to evaluate whether ultrasound can enhance the entry of genes into the cells

when used with MNPs as a transfection tool.

3.1 Selecting optimal ultrasound condition

Different ultrasound parameters, such as wave intensity, treatment duration, and frequency of

the treatment, can have a significantly different effect on the cell growth and membrane per-

meability [31, 35]. Therefore, we needed to select the optimal conditions of the LIPUS stimula-

tion for our studies. In our experiments, five different ultrasound intensities and durations

were selected. These conditions were (1) the control (no LIPUS stimulation); (2) LIPUS at 30

mW/cm2 for 5 minutes; (3) LIPUS at 40 mW/cm2 for 5 minutes; (4) 30 mW/cm2 for 10 min-

utes; and (5) 40 mW/cm2 for 10 minutes. These conditions were selected based on our previ-

ous successful studies; for instance, 30 mW/cm2 showed the optimal performance for

stimulating mammalian cells [43]. For the successful penetration of ultrasound waves to stim-

ulate the targeted cells, ultrasound gel has to be applied on the surface of the ultrasound trans-

ducer, because ultrasound does not propagate through the air. If we do not use the ultrasound

gel, the transmission coefficient of sound intensity can be 0.00923%. When we use the ultra-

sound gel, the transmission coefficient of sound intensity can be 31.1%, and thus the ultra-

sound gel is necessary.

To select the optimal duration of LIPUS treatment, several stimulation conditions were

evaluated, and cell counting was also performed. The results are shown in Fig 3, where the

cells treated for 10 minutes under 30mW/cm2 showed the best result with a p-value of 0.00128.

P-values for the other stimulation conditions are greater than 0.05 (5 minutes and 30 mW/

cm2: p = 0.5, 10 minutes and 40 mW/cm2: p = 0.204), which means there is no statistical differ-

ence. Consequently, we use the LIPUS device for 10 minutes under the intensity of 30 mW/

cm2 in our transfection experiments. In our tests, we used two ultrasound transducers at the

same time to treat the cells in 2 wells (our experiment design and setup can allow up to six

wells to be treated at the same time).

Fig 3. Cell proliferation after stimulation with LIPUS under different intensity and duration parameters. (�:

p< 0.05, ��:< 0.01).

https://doi.org/10.1371/journal.pone.0239633.g003
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3.2 Fluorescent microscope results

Fluorescent microscopy allowed for an easy way to qualitatively evaluate the efficacy of the

combined gene delivery method in the process of method development. The negative control,

which just contained the GFP plasmid in the cell plates, showed no transfected cells (Fig 4a),

confirming that the plasmid itself does not cross the cell membrane without a delivery carrier.

Compared to the negative control, using MNPs along with LIPUS treatment introduced the

green fluorescent spots in the images (Fig 4b and 4c), showing the cells that have been success-

fully transfected with the GFP plasmid and GFP expressed. These fluorescent images were

good indicators that our method could work well and were very useful for method develop-

ment as those allowed for fast qualitative screening of each experiment.

3.3 Transfection efficiency using flow cytometry

At the same time, the fluorescent microscope images could only give us the qualitative evalua-

tion of whether our new physical and chemical combined approach worked for gene delivery.

Once we had our method working, we had to quantify its efficiency and, whether it could be

offered as an alternative to the available transfection tools on the market. We were focused on

the parameters of transfection efficiency, cell viability, and how they can be compared with the

results of the standard gene delivery approach using Lipofectamine 2000, a well-known and

efficient transfection reagent, shown in Fig 5b. The average transfection efficiency of the Lipo-

fectamine 2000 in our experiments was 42.62%, as shown in Fig 5a, and it was within the range

of normal performance of Lipofectamine 2000 working on HEK 293T cells. This result ensured

that our HEK cells were always in good condition before we performed the transfection steps,

and we got the proper operations during the transfection.

Compared to the standard Lipofectamine 2000 reagent mentioned above, the MNPs alone

and MNPs coupled with LIPUS stimulation gave us better results (shown in Fig 5a). They

increased the transfection efficiency 1.3- and 1.45- fold, respectively, over the Lipofectamine

2000. Fig 5c is the histogram plot of flow cytometry, showing the GFP fluorescence of the

experimental group transfected with GFP plasmid, MNPs, and external magnetic field. The

transfection efficiency was 57.503%, 13% higher than the Lipofectamine 2000, which indicated

that the MNPs themselves could perform better than the Lipofectamine under the external

magnetic field. Fig 5d is the histogram plot of cytometry by combining the MNPs and the

LIPUS stimulation with the transfection rate of 61.52%. By synergistically combing MNPs and

LIPUS, we can achieve efficient and targeted gene delivery. We also ran an experiment with

MNPs, but without the application of the external magnetic field and the transfection

Fig 4. Fluorescence microscope images: (a) negative control (just cells), (b) (c) cells transfected with GFP with

MNPs and treated with LIPUS. Scale bars = 100 μm.

https://doi.org/10.1371/journal.pone.0239633.g004
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efficiency was only 14%, as shown in Fig 5e. This is consistent with the idea that MNPs, as a

gene carrier, cannot efficiently deliver the material without the external magnet field targeting.

For the development of additional LIPUS stimulation step of our method, we first selected

the ultrasound condition using 10 minutes of treatment with an intensity of 30 mW/cm2. We

Fig 5. Quantification of transfection: (a) Overall transfection efficiency and cell viability results. (��:p < 0.01, ���:

p< 0.001). Subfigures (b)-(i) show the flow cytometry histogram plots of transfection rates using GFP with different

methods. (b) lipofectamine 2000, (c) our MNPs and magnet, p< 0.001 (d) our suggested method: MNPs, magnet, in

combination with LIPUS treatment, p< 0.001. (e) MNPs only, (f) treated only with LIPUS. Cell viability results in the

presence of Zombie Aqua viability dye when transfected with (g) lipofectamine 2000. (h) MNPs and magnet, p< 0.01,

(i) MNPs, magnet, and LIPUS, p< 0.001.

https://doi.org/10.1371/journal.pone.0239633.g005
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then performed the transfection using our experimental setup with the LIPUS device. We got

the average transfection result of 61.52%, showing the highest transfection efficiency among

our samples with the p-value of 0.0001. As a control, cells mixed with the genetic material

(plasmid of interests) and treated with ultrasound were used to evaluate the effect of just

LIPUS stimulation on the transfection without the MNPs/magnetic field. In that experiment,

the transfection rate was only at 1%, as shown in Fig 5f, indicating that LIPUS alone could not

transfect the cells without the carriers. Our results showed that, though LIPUS waves could not

function as a tool for transfection itself, it could permeabilize cell membranes and, coupled

with another tool (i.e., MNPs in this case), could enhance gene delivery into the cells.

3.4 Cell toxicity results

In our experiment, we used viability assay (Zombie Aqua) to evaluate the viability of HEK cells

in our tests with different gene delivery approaches. Fig 5g, 5h and 5i shows three different

groups of cell viability results (Group 1: Lipofectamine 2000, Group 2: MNPs/magnetic field

without LIPUS stimulation, Group 3: MNPs/magnetic field plus LIPUS), and the overall

results are showing in Fig 5a. The negative control group (just untreated cells) showed viability

at 91.524%, which was used as the background for all the results. Lipofectamine 2000 gave us

44.68% cell viability. MNPs showed 14% higher cell viability than the Lipofectamine 2000,

indicating that our MNPs had lower cytotoxicity. The addition of the LIPUS device stimula-

tion to the MNPs delivery further increased cell viability by up to 63.61% after the transfection

with the p-value of 0.0002. These results showed that the LIPUS wave could stimulate cell

growth and enhance cell viability.

3.5 Confocal microscope results

For confocal microscopy, the cells were transfected using the same protocol, but they were cul-

tured on slides instead of a 12-well plate. Cells were stained with DAPI to evaluate the location

of the gene in the transfected cells. Fig 6 shows the confocal microscopy results of the cells

after transfection within 48 hours. In the figure, with both Cherry Red plasmid and GFP plas-

mid HEK cells were sufficiently transfected using our developed technique. The merged

images indicate gene mostly accumulated and expressed in the nucleus, where the Dapi stains,

confirming the successful delivery of the genetic material to the nucleus.

4. Conclusions

In this study, we combined the application of an external magnetic field with MNPs and

LIPUS stimulation for gene delivery. The uniqueness of our design is that, in addition to

MNPs, used as a transfection carrier, we used the LIPUS cell stimulation to enhance gene

delivery through increased cell permeability. In our experiments, we did the transfection on

the HEK cells using our nanoparticles and got a 14% higher transfection rate, compared to the

Lipofectamine 2000. The transfection efficiency further increases by 5%, when we add the

LIPUS cell stimulation to the whole system, which was in line with our expectations. As for the

cell viability, Lipofectamine is known for its cytotoxicity and showed only 44.48% cell viability

in our transfection experiments. The higher percentage of cells were alive after transfection

when we used the MNPs with viability up to 58.31%. LIPUS stimulation added as an extra step

during the MNPs transfection yielded even higher cell viability at 63.61%, compared to the

MNPs only.

It is worth mentioning that our results and the Lipofectamine 2000 results were compared

in terms of both the transfection efficiency and cell viability, and our technique showed better

performance. LIPUS was shown to promote cell permeability and let the MNPs-DNA complex
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pass through and thus to increase the transfection efficiency and enhance the cell viability.

Because our assay is 10x cheaper than Lipofectamine 2000 and is also a chemical-based physi-

cal delivery approach, it can be an attractive gene-delivery method for other hard-to-transfect

cells (such as primary cells and neuron cells) and in vivo.
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gram plots of transfection rates and cell viability using GFP with different methods. (a)

lipofectamine 2000, (b) our MNPs and magnet, (c) our suggested method: MNPs, magnet, in

Fig 6. Fluorescent images of cells transfected different plasmids using both MNPs and LIPUS stained with DAPI, (a)

Cherry-red, (b) GFP. (c) The control group (just cells). Scale bars = 20 μm.
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