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ABSTRACT: Gene transfection has been widely applied in
genome function and gene therapy. Although many efforts have
been focused on designing carrier materials and transfection
methods, the influence of mechanical stimulation on gene
transfection efficiency has rarely been studied. Herein, dielectric
elastomer actuator (DEA)-based stimulation bioreactors are
designed to generate tensile and contractile stress on cells
simultaneously. With the example of the EGFP transfection, cells
with high membrane tension in the stretching stimulation regions
had lower transfection efficiency, while the transfection efficiency
of cells in the compressing regions tended to increase. Besides, the
duty cycle and loading frequency of the applied stress on cells were
also important factors that affect gene transfection efficiency. Furthermore, the pathways of cell endocytosis with the effect of
mechanical stimulation were explored on the mechanism for the change of EGFP transfection efficiency. This design of the DEA-
based bioreactor, as a strategy to study gene transfection efficiency, could be helpful for developing efficient transfection methods.
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1. INTRODUCTION

Gene transfection, a technique that transports biologically
functional nucleic acids (e.g., DNA, antisense oligonucleotide,
and RNA interference) into cells and maintains their biological
functions, has been broadly applied in the study of gene
expression regulation,1 gene function,2 drug screening,3 and
gene therapy.4−6 Gene transfection requires certain trans-
fection reagents to transport the target gene into cells, and the
entire transfection process needs to overcome extracellular and
intracellular obstacles, including the plasma membrane, the
cytoskeletal framework in the cytoplasm, and nuclear envelope,
which have great influence on the DNA endocytosis,
trafficking, and entry into the nucleus, respectively.7−9

However, due to blood flow, muscle contraction, and
respiration, cells are in a dynamic microenvironment in vivo
and stimulated by a multimechanical model, such as shear,
stretching and contractile stress,10,11 so dynamic microenviron-
ment is also an important factor affecting gene transfection
efficiency. Thus, studying the effects of mechanical stimulation
on gene transfection is useful to further explore the gene
function and gene therapy techniques.
Because of the hindrance of cell membranes, the trans-

membrane ability of exogenous nucleic acids is an important
factor affecting the efficiency of gene transfection.7 Nowadays,
common methods to improve the efficiency of gene trans-
fection mainly focus on the development of carrier materials

and delivery methods such as chemical methods (e.g., cationic
liposomes, calcium phosphate, and nanoparticles),12−14 viral
methods (e.g., viral vector),15,16 and physical methods (e.g.,
microinjection, electroporation).17,18 Although these methods
have greatly improved the success rate and efficiency of genes
entering into cells, there is still a series of technical problems,
such as high cytotoxicity, high technical difficulty, and
biological safety, that limits their applications in human
treatment and other fields. In contrast to the studies on the
design of gene vectors and transfection methods, scholars have
noticed the effect of cell morphology on gene transfection
efficiency, which provided a research idea for the development
of efficient and safe gene transfection methods.19 Meanwhile,
studying the effects of mechanical stimulation on cell
endocytosis is also an important factor to influence gene
transfection efficiency.20−25 Previous works focused on the
mechanism of the effect of cell membrane tension on
endocytosis by means of mechanical stretch and hypo-osmotic
treatment,9,26−33 but the detailed effect of different mechanical
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stimulation on gene transfection was not mentioned such as
stretching and compressing stimulations. The main reason is
that traditional stimulation methods, such as motor drive and
pneumatic device, are generally complex in structure and large
in size, making it difficult to combine real-time dynamic
observation with microscope perfectly.34 Thus, reasonable
design of cell mechanical stimulation devices is a prerequisite
for the study of the effect of mechanical stimulation on gene
transfection efficiency.
In this work, DEA-based bioreactors were designed to

demonstrate the effects of stretching and compressing
stimulation on cell endocytosis and expression of plasmid
DNA (pDNA) in vitro. Specifically, we designed a DEA-based
driving system composed of a cell culture device and a
bidirectional driven DEA-based bioreactor. The advantages of
the DEA-based driving system were that both tensile and
contractile stress could be generated on the same membrane,
and all mechanical stimulation regions were optically trans-
parent. In addition, the DEA-based system could be
compatible with the optical microscope, which was convenient
to observe the cell state in real time. As a proof of concept,
pDNA was chosen to study the differences of A549 cells
transfection efficiency between the stretched and compressed
regions. Specifically, the effects of mechanical loading
parameters on cell endocytosis and gene transfection were
explored such as loading frequency, tensile ratio, and duty
cycle. Moreover, factors affecting transfection efficiency by
mechanical stimulation were preliminary analyzed.

2. MATERIALS AND METHODS
2.1. DEA-Based Deformable Bioreactor Design and Fab-

rication. An organic silicone membrane (Wacker ELASTOSIL Film)
was used as dielectric elastomer material due to its low viscosity
elasticity, rapid response speed, and heat resistance. First, the silicone
membrane was prestretched as demonstrated in previous re-
search.34−36 Moreover, a larger prestretch was applied in the x axis
(λx = 2.6, λy = 1.2) to generate uniaxial movement. Then the
prestretched membrane was fixed on a laser cutting poly(methyl
methacrylate) (PMMA) frame with high temperature-resistant tape to
support the prestretch of the membrane, and the PMMA frame was
processed by laser cutting with 25 mm inner diameter and 5 mm
height for storing cell culture medium. Another function of the
polymethyl metal frame was to fix the wire to the positive electrode. A
four-electrode DEA was designed to realize the visualization of
stretching and compression deformation on a membrane simulta-
neously. In detail, the lower surface of the membrane was covered
with four electrodes and connected to the positive electrode of the
high voltage power supply. Considering the aseptic requirements of
cell growth environment, the upper surface of the membrane was
directly connected to the negative electrode with the culture medium
instead of being coated with carbon electrodes.
In particular, we attempted to cover the silver electrode on the

surface of the dielectric-elastomer membrane with uniform thickness
by means of vacuum evaporation. Before vacuum evaporation, a
corresponding mask was designed according to the shape of the
electrodes; the mask was made of poly(methyl methacrylate) and
processed by laser cutting. The evaporation current was about 100 A,
and evaporation rate was less than 0.2 Å/s. It is particularly important
to note that the direction of the mask electrode should be parallel to
the direction of the membrane prestretch and should not have an
angle crossing. Because of the low stiffness and good conductivity at
large deformation,37 carbon-based materials are commonly used as
electrode material. In this work, carbon-based electrodes were used to
study the effect of mechanical stimulation on cell transfection
efficiency. In the direction of electrodes movement, the spacing
between two electrodes has great influence on the electrode stretching

characteristics, so we designed four different spacings (1 mm, 1.5 mm,
2 mm, 2.3 mm) and analyzed the stretching characteristics of these
electrodes. The width of electrode (L1) was 1 mm. To optimize the
influence of the fixed boundary condition, the dimension of the
prestretched membrane was ten-times larger than that of the
electrodes in y axis.35,38

Circular DEA was fixed on a designed cell culture device, which
was processed by 3D-printing. The cell culture device consisted of an
external mixed gas tank and a heating unit, which provided the
necessary environmental conditions (37 °C, 5% CO2) for cell culture.
A ring heating unit was adopted to ensure the uniform distribution of
temperature in the culture device. We designed two different sizes of
cell culture devices, one with small size to cooperate perfectly with the
microscope and realize the real-time imaging observation of the cell
stimulation process. The other was a high-throughput cell incubator
unit allowing carry out of four groups of cell transfection tests at the
same time, which was mainly used to study the effect of mechanical
stimulation on gene transfection efficiency.

2.2. Performance Characterization of DEA-Based Bioreac-
tor. The deformation was observed by inverted microscope (IX 71,
Olympus), and the unilateral strain deformation in y axis of each
electrode was ΔL, so we could obtain the average tensile strain as
2ΔL/L1 and the average compression strain as 2ΔL/L2. We should
mention that the above calculation process can only obtain the
average strain of the region; considering the instability of electro-
mechanical tension, the deformation distribution of the membrane
was measured using Ncorr, which is an open source digital image
correlation (DIC) tool that can obtain objects deformation and strain
fields based on image analysis.39

2.3. Cell Preparation. A549 (Human lung carcinoma cell line)
was purchased from the cell bank of the Chinese Academy of Sciences
(Shanghai, People’s Republic of China) and selected to study the
effect of mechanical loading on the efficiency of gene transfection and
expression. pEGFP-N1 plasmid was amplified in Escherichia coli
DH5α competent cells (Sangon Biotech, Shanghai, China), extracted
and purified by UNIQ-500 Column Endotoxin-Free Plasmid Max-
Preps Kit (Sangon Biotech, Shanghai, China) according to the
manufacture instruction. Before seeding, it was necessary to pretreat
and improve the biocompatibility of the DEA-based bioreactor. First
of all, the DEA-based bioreactor was sterilized with 75% ethanol, and
then the bioreactor was activated by ultraviolet-light for 1 h. Finally,
the membrane was incubated with human fibronectin (5 μg/cm2, 1
mL) in phosphate buffered saline (PBS) for 2 h at room temperature
to improve the biocompatibility of the membrane and increase the
cell adhesion ability. The A549 cells were incubated on the surface of
the membrane and filled with the cell culture medium, and the
bioreactor was kept in the cell culture incubator at 37 °C with 5%
CO2 and a 95% humidified atmosphere. Cell transfection experiments
were performed by Lipofectamine 2000 (Thermo fisher, USA) after
one-day seeding.

2.4. Cell Viability. A549 cells were seeded on the surface of
dielectric-elastomer membrane and 24-well plates; cells were
incubated for 24 h, 36 h, and 48 h at 37 °C with 5% CO2. Cell
viability was determined using cell counting kit-8 (CCK-8, Yeasen,
Shanghai, China), and absorbance was recorded on a microplate
reader (Tecan Austria GmbH, Austria) at a wavelength of 450 nm.

2.5. Immunofluorescence Staining. To observe the change of
cell morphology with membrane tension, F-actin of A549 cells on the
dielectric-elastomer membrane was stained with Alexa Fluor 488
phalloidin (Cell Signaling Technology, USA) for 1 h, and nuclei were
stained with DAPI for 10 min. The staining cells were stretched at an
electric field of 140 V/μm and observed with a fluorescence
microscope.

2.6. EGFP Transfection. About 24 h later, when the cell density
reached about 70−80%, the DEA-based deformable bioreactor was
transferred into the designed cell culture device for transfection
experiments. A Lipofectamine 2000 (lipo-2000) transfection reagent
was used to represent the lipofection technique, which can use the
positive surface charge of the liposomes to interact with the negatively
charged cell membrane and mediate the plasmid into cells. Cells were
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seeded in the DEA-based bioreactor and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine

serum (FBS) without antibiotics before transfection. When the cells
obtained 70−80%, lipo-2000 and plasmid were mixed with Opti-

Figure 1. Preparation and schematic diagram of the DEA-based bioreactor. (a) Preparation of the DEA-based bioreactor. (b) Working principle of
the DEA-based bioreactor and the effect of mechanical stimulation to EGFP transfection efficiency.

Figure 2. Experimental setup and characterization of DEA-based bioreactor system. (a) DEA-based bioreactor was placed on an inverted
microscope for real-time observation of cell membrane tension. (b) Stained cytoskeleton and nucleus were imaged by confocal microscope to
observe the cell morphology, and the images were tested after 12 h of cyclic stimulation with 0.1 Hz sinusoidal wave. (c) Three-dimensional
assembly diagram of DEA-based bioreactor. (d) Average strain of the dielectric elastomer membrane at different electrode spacings along the
electrode stretching direction. (e) Average strain in the stretching and compressing regions; electrode spacing along the electrode stretching
direction was 2 mm.
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MEM medium (Gibco, USA), respectively, and incubated for 5 min at
room temperature, the ratio of plasmid (μg) to lipo-2000 (μL) was
1:2. Six microliters of lipo-2000 was combined with 150 μL of Opti-
MEM medium and 3 μg of plasmid with 150 μL of Opti-MEM
medium. Then the two solutions were mixed and incubated for 15
min. Finally, the complexes were added to the growth medium (1 mL
for each well). The transfection was carried out at 37 °C for 10 min,
and then the transfection-medium was removed and replaced with
fresh growth media containing 10% FBS and 1% penicilin/
streptomycin (Gibco, USA). The transfection results were detected
using an inverted fluorescence microscope after 1 day.
2.7. Effect of Fringing Electric Field. We selected the

nondielectric elastomer membrane to repeat the electric field
stimulation test. Two different electric field intensities, 100 V/μm
and 160 V/μm, were selected to demonstrate the effect of fringing
electric field on transfection efficiency under a constant stimulus
condition for 10 min (10 mHz, 100% duty cycle).
2.8. Effect of Mechanical Stimulation on Gene Expression

and Endocytosis Inhibition Assay of pDNA. We changed the
order of mechanical stimulation and lipoplexes endocytosis. First of
all, in the static environment, the cells in the experimental groups and
the control group were incubated with the same concentration of
lipoplexes for 10 min, and then the transfection-medium was removed
and replaced with fresh 10% FBS+/1% antibiotics+ medium. The cells
in the experimental group were mechanically stimulated after
endocytosis, and the control group was cultured under the same
static environment. The stretching ratio of dielectric-elastomer
membrane was 4−8% at a 10 mHz frequency with a 100% duty cycle.
After that, the endocytosis way of lipoplexes in A549 cells was

verified. The A549 cells were pretreated with chlorpromazine,
genistein, and wortmannin for 30 min at 37 °C, which can inhibit
the endocytosis pathway mediated by clathrin, caveolin, and
macrocytosis, respectively. Then the transfection reagent was added
and incubated for 1 h. The inhibitory effect of each pathway was
analyzed 24 h later for EGFP expression.
2.9. Gene Transfection Efficiency Assays. An inverted

fluorescence imaging microscopy was used to observe and image
the EGFP expression. Ten different regions were selected for imaging
statistics in each stimulation regions, and the bright field and
fluorescence maps for each area were collected. The total number of
cells and the number of cells expressed green fluorescence in the
region were counted by ImageJ software. Thus, the efficiency of gene
transfection was calculated and compared. For plotting the trans-
fection efficiency, origin software was used to normalized all data to
the mean value of the static control group. A box plot was drawn to
represent the differences between groups; it covers 25% to 75% of
data points and contains median and standard deviation. The total
number of cells in each group was also marked in the figure. The
statistical significance for the differences of the transfection efficiency
under different stimulation conditions was established using the
Mann−Whitney test and p values was used to determine the
significance (p < 0.001).

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of DEA-Based
Bioreactor. The fabrication process of DEA-based bioreactor
was shown in Figure 1a. To decrease the exciting voltage of the
DEA, the first step to fabricate the DEA-based bioreactor was
to prestretch the dielectric-elastomer membrane.35,36 Mean-
while, the stretching ratio in x-axis was twice that of the y-axis,
resulting in higher stiffness of x axis than that of y axis, and the
membrane tended to move in the y direction under high
voltage. Then the prestretched silicone membrane was fixed on
the PMMA frame. Different electrode arrays can achieve
different movements,38,40 and we designed a four-electrode
DEA-based bioreactor to realize the stretching and compres-
sion deformation on a membrane simultaneously. Finally, the
substrate was coated with fibronectin to improve the

biocompatibility of the silicone membrane substrate and
facilitate cell adhesion. The working principle of DEA-based
bioreactor was shown in Figure 1b, under the action of electric
field, the transparent region 2 was stretched with the
movement of the electrode region, while the region 1 between
the two electrodes was compressed due to the squeezing of
electrodes on both sides. In addition, a high-throughput cell
incubator was designed to carry out four groups of cell
transfection tests at the same time (Figure S1). In summary,
the DEA-based bioreactor not only enabled stretching and
compressing movements on a membrane but also ensured the
visualization of the stimulation area, which was beneficial to
observe the test results.
Figure 2a shows a cell culture device integrated with a DEA-

based bioreactor, which could be perfectly integrated with a
fluorescence microscope and the state of cells could be
observed in real time under the mechanical stimulation. To
demonstrate the effect of mechanical stimulation on cells
morphology, the cells were stimulated for 12 h with 0.1 Hz,
and cytoskeleton staining results showed that the aspect ratios
of the cytoskeleton in the stretched and compressed regions
were different (Figure 2b). Three-dimensional assembly
diagram of the DEA-based bioreactor was shown in Figure
2c; the device was mainly composed of a cell culture device
and a DEA-based bioreactor, which could be used to study the
effect of mechanical stimulation on adherent cells biological
behavior. First, due to the high environmental requirements for
cell growth, we measured the temperature distribution in the
culture device (Figure S2), the temperature distribution
around the culture dish was uniform, and the temperature
fluctuation of each point was small within 2 h, which fully met
the necessary temperature requirements for cell growth.
In addition, the average strain of the membrane was

characterized by tracking the edge displacement of the
electrodes using microscope (Figure 2d,e). Because of the
modus of multielectrode driving, the electrodes spacing has
great influence on the performance of the actuators, especially
to the driving direction. Therefore, we designed four DEAs
with different electrode spacings, and the membranes perform-
ance was shown in Figure 2d; the interference between the
electrodes was obvious when the electrode spacing was less
than 1.5 mm, and the tensile properties of the membrane were
significantly suppressed. In contrast, the driving performance
of the membrane tended to be stable with the electrode
spacing of 2 mm (Figure 2e). The blue curve represents the
average deformation of the stretching region, and the orange
curve represents the average strain in the compressing region
between the two electrodes. Overall, under the same electric
field, the deformation of the stretching region was greater than
that of the compressing region. For example, when an electric
field of 170 V/μm was applied, the average strain in stretching
region was 13% but only about 6% of the compressing region.
At the same time, due to the limitations of electrodes design
and the membrane characteristics, the deformation degree of
the membrane was different in different regions.38,41−43 For the
rigor of the experiment, the displacement of the membrane was
measured at 140 V/μm (Figure S3). In the center of
stimulation region, the deformation fluctuation of the DE
membrane was about 1%, indicating that the uniform
deformation could be used for experimental research. The
experimental data were also selected at the uniform strain area.
The biocompatibility of dielectric-elastomer membrane was

evaluated using CCK-8 assay, and cell viability still was
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maintained above 90% compared with the 24-well plate after
48 h (Figure S4), which demonstrated that the DEA-based
bioreactor could be used for cell mechanical stimulation tests.
Real-time imaging photos showed the deformation of the
cytoskeleton during mechanical stimulation (Figure S5); the
merged images clearly showed that the cells were stretched and
compressed with the changes of dielectric-elastomer mem-
brane at an electric field of 140 V/μm.
3.2. Effect of Duty Ratio and Loading Frequency on

EGFP Transfection Efficiency. A549 cells were cultured on
the surface of DEA membrane for 24 h and then transfected
with EGFP plasmid to investigate the influence of mechanical
stimulation on gene transfection efficiency. The duty cycles we
chose for test were 30%, 60%, and 100%, respectively. The
results of EGFP transfection were shown in Figure 3a and b,
with the same time of cell transfection; as the duty cycle
increased, the inhibitory effect of EGFP transfection became
more and more obvious. When the duty cycle was more than
60%, the transfection efficiency was no longer significantly
changed; due to the relationship between the change of cell
membrane tension and the time of vesicle transport, the action
mechanism will be further explained in the following section. A
similar phenomenon was also reflected in the compression
group, and only when the duty cycle was large enough, the
positive effect of compression on the cell transfection efficiency
was manifested.
As an important parameter to change the way of mechanical

stimulation, the loading frequency also affected the transfection
efficiency of cells (Figure 3c,d). Under the stimulation of 1 Hz
frequency, the transfection efficiency of cells in the stretching
regions fluctuated more than that of the low-frequency regions.
At the same time, the transfection efficiency under the

stretching stimulation of 1 Hz slightly decreased compared
with the control group, but for the compressing regions, the
transfection efficiency under a loading frequency of 1 Hz was
not significantly different from that of the control group. With
the decrease of loading frequency, the transfection efficiency of
the stretching regions decreased gradually, and the transfection
efficiency was only about 60% of the control group at 10 mHz
frequency. The transfection efficiencies in compressing regions
were similar at 10 mHz and 100 mHz, but the number of high
expressed region cells was lower than that of 2 mHz. The
results indicated that continuous and stable mechanical
stimulation could promote or inhibit the cell transfection
efficiency. In summary, changing the loading frequency or duty
cycle will affect the times of cell membrane stretch release, and
previous studies have revealed that the endocytosis of cell
membrane significantly increased during the release of cell
tension,26,44 the change of transfection efficiency caused by the
loading frequency and duty cycle could be related to the
mechanism, which has yet to be illustrated.
The mechanism of DEA was shown in Figure S6a, the

membrane was extruded under the action of electric field, and
the electric field was mainly distributed in the membrane
thickness range and had no influence on the upper surface of
the membrane. However, in the edge of electrodes, there was
an electric field leakage and cells in the region were likely to be
affected by electric field stimulation.42 To distinguish the effect
of electric field and the mechanical stimulation, the effect of
electric field on transfection efficiency was studied alone. As
demonstrated in Figure S6b, the transfection efficiency of cells
in observed regions was not influenced by the individual
electric field, which indicated that the fringing electric field had
no obvious effect on EGFP transfection efficiency in our test.

Figure 3. Effect of duty ratio and loading frequency on EGFP transfection efficiency. (a) Effect of duty ratio on EGFP transfection efficiency of
stretching regions. (b) Effect of duty ratio on EGFP transfection efficiency of compressing regions. (c) Effect of loading frequency on EGFP
transfection efficiency of stretching regions. (d) Effect of loading frequency on EGFP transfection efficiency of compressing regions. A box plot is
drawn to represent the median and standard deviation, and it covers 25% to 75% of data points. The “n” represents the total number of regions
used to calculate transfection efficiency. ∗, p < 0.001; “ns” represents not significant between the comparison groups.
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The details of fringing electric test can be found in the
Supporting Information.
3.3. Effect of Membrane Tension on EGFP Trans-

fection Efficiency. The effect of the membrane tension on
the transfection efficiency of the plasmid was tested with 0−
12% stretching range and 0−6% compression range of
membrane. Transfected cells were stimulated for 10 min at
different stretching ratio and observed after 24 h, as shown in
Figure 4a. The normalized EGFP transfection results showed
that the EGFP transfection efficiency is significantly lower than
that of the control group in the stretching regions (Figure 4b).
Moreover, with the increase of dielectric-elastomer membrane
tension, the inhibitory effect on EGFP transfection efficiency
was more obvious. When the membrane tension increased to
12%, the transfection efficiency of EGFP was only about 60%
that of the control group, which fully demonstrated the
increasing inhibitory effect of the membrane tension on the
transfection efficiency. In contrast, an opposite conclusion was
found in the compressing regions (Figure 4c,d); with the
increase of compression ratio, the efficiency of EGFP
transfection was higher than that of the control group.
Specifically, when the compression strain was less than 2%,
the efficiency of EGFP transfection did not change
significantly. However, when the compression strain was
more than 4%, the efficiency of EGFP transfection would
gradually increase. It can also be seen that the distribution of
transfection efficiency in the control group was scattered, but

the distribution was more concentrated in the stimulated
regions, which further verify the effect of mechanical
stimulation on gene transfection. The above results demon-
strated that the increase of membrane tension led to a decrease
of EGFP transfection efficiency; this was also consistent with
previous reports,26,44 while cells in the compressing regions
showed high EGFP expression. As reported in previous works,
mechanical stimulation has influence on cell endocytosis
especially mediated by clathrin.9,21,32 Moreover, the amount
of plasmid complex endocytosis has been demonstrated as an
important factor affecting the gene transfection efficiency,45−47

which implied that cellular endocytosis in DEA-based
bioreactor was influenced by the change of membrane tension.

3.4. Analysis of Factors Affecting Transfection
Efficiency by Mechanical Stimulation. Transfection is
the process of actively introducing DNA into the cell. In
general, the EGFP transfection process can be divided into two
stages, the uptake of the plasmid and the process of
transferring plasmid DNA into the nucleus and expression.
The results showed that mechanical stimulation can affect the
EGFP transfection efficiency, but the specific influence factors
need to be further investigated. Thus, we tested the effect of
mechanical stimulation on pDNA expression after cells
endocytosis. As presented in Figure 5, the cells were cultured
with lipoplexes for 10 min in a static state and then stimulated
after replaced with normal medium. Compared with the
control group, the EGFP transfection efficiency of the

Figure 4. Effect of cell membrane tension on EGFP transfection efficiency. (a) Representative fluorescence images of bright field and EGFP
(green) expression and (b) inhibitory effect of stretching ratios on EGFP transfection efficiency. (c) Representative fluorescence images of bright
field and EGFP (green) expression and (d) promoting effect of compression ratios on EGFP transfection efficiency. A box plot is drawn to
represent the median and standard deviation, and it covers 25% to 75% of data points. The “n” represents the total number of regions used to
calculate transfection efficiency. ∗, p < 0.001; “ns” represents not significant between the comparison groups.
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stretched group fluctuated slightly under the stretching
stimulation of 4−8%, implying that there was no obvious
inhibition of transfection efficiency (Figure 5a,b). The same
results were also found in the compression group; even at 6%
compression stimulation, transfection efficiency was not
different from the control group, and there was no tendency
to show a significant increase in the amount of high expression.
It should be noted that the elastic modulus of the cell culture
substrate affects the force transfer between the cell membrane
and the nucleus.48−50 For cells grown on a silicone membrane
substrate in this experiment, mechanical stimulation did not
significantly affect the plasmid entry into the nucleus and
subsequent expression after endocytosis. The results showed
that the effect of mechanical stimulation on EGFP transfection
efficiency was mainly due to the first stage of cell endocytosis.
To investigate the endocytosis pathway of lipoplexes in

A549 cells, three main pathways of endocytosis in A549 cells
were studied in this work: clathrin-, caveolae-, and macro-
pinocytosis-mediated endocytosis pathways were inhibited by
chlorpromazine HCl, genistein, and wortmannin, respectively.
As show in Figure S7, the transfection efficiency of EGFP
decreased when the three pathways were inhibited, indicating
that the endocytosis of lipoplexes was related to all three
endocytosis pathways. Furthermore, the clathrin-mediated
pathway had an obvious inhibitory effect with less than 40%
EGFP expression relative to the control group (Figure 5c,d),
which proved that the clathrin-mediated pathway plays a
leading role in uptake of lipoplexes in A549 cells. Previous
studies have revealed that membrane tension has an effect on
the formation of clathrin coated pits,31 which will affect the cell
endocytosis. Thus, we hypothesize that the change of

membrane tension caused by DEA mainly affected the
formation of vesicles, thereby affecting the endocytosis of
lipoplexes and EGFP transfection efficiency, which has yet to
be illustrated.

4. CONCLUSION
DEA-based bioreactors were successfully applied to precisely
control the mechanical stimulation of A549 cells. On the basis
of the dynamic stimulation bioreactor, A549 cells were
incubated to investigate the influence of stretching and
compressing stimulation on EGFP transfection efficiency. We
demonstrated that on silicone membrane, the effect of
mechanical stimulation on cells gene transfection efficiency
was mainly due to the effect of membrane tension on cell
endocytosis. The transfection efficiency of cells decreased
under stretching stimulation, indicating that the increase of
membrane tension has an inhibitory effect on EGFP
transfection. On the contrary, transfection efficiency of cells
tended to increase in compressing regions. Similarly, the
frequency and duration of cell membrane tension release also
influence the transfection efficiency of cells, which could be
controlled by parameters such as duty cycle and loading
frequency. The results should provide a research idea for
improving the efficiency of gene transfection.
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Figure 5. Analysis of factors affecting transfection efficiency by mechanical stimulation. (a) Representative fluorescence images of EGFP (green)
expression. (b) Quantitative analysis of the effect of mechanical stimulations on transfection efficiency after cells endocytosis. (c) Representative
fluorescence images of EGFP (green) expression and (d) analysis of relative transfection efficiency after the inhibition of specific pathways by
endocytosis inhibitors.
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