
IEEE TransacTIons on UlTrasonIcs, FErroElEcTrIcs, and FrEqUEncy conTrol, vol. 60, no. 2, FEbrUary 2013432

0885–3010/$25.00 © 2013 IEEE

Abstract—Using cervical-carcinoma-derived cells as a mod-
el, the present study investigates the effects cell line and cell 
cycle phase have on sonoporation transfection efficiency un-
der the same physical conditions. A plasmid expressing green 
fluorescent protein (GFP) was used to measure transfection 
efficiency. To evaluate the effect of cell type, CaSki, HeLa, 
and SiHa cells were sonoporated using an acoustic pressure of 
1 MPa for 30 s with a duty cycle of 4.8% in the presence of 
the GFP plasmid. To study the effect of cell cycle phase, SiHa 
cells were synchronized at S-phase using a double thymidine 
block and sonoporated at different time points after the block. 
Contrast agent microbubbles were used at a 0.33% volume 
concentration. Results indicated that both cell line and cell 
cycle phase impact the transfection efficiency obtained with 
sonoporation.

I. Introduction

sonoporation is the process by which pores, or open-
ings, are formed in the cell membrane under the effect 

of ultrasound exposure in the presence of micrometer-
sized stabilized bubbles [1], such as the diagnostic con-
trast agent definity (lantheus Medical Imaging, north 
billerica, Ma). This process is transient, self-healing, and 
increases the permeability of the cell membrane, which al-
lows the intracellular entry of various molecules including 
nucleic acids, proteins, and drugs [2]. sonoporation has 
the potential to deliver gene therapeutic agents and there 
have been several studies employing this mechanism to 
deliver plasmid-dna (pdna), though reports on trans-
fection efficiency differ from one study to another [3]–[6].

In this study, we analyzed the effects of cell line and cell 
cycle phase on sonoporation transfection efficiency under 
the same physical ultrasound parameters. Human papillo-
mavirus (HPV)-positive cervical carcinoma cell lines were 
used as an in vitro model and sonoporation was employed 

to deliver green fluorescent protein (GFP) pdna. There 
is little data regarding sonoporation of different cell lines 
using the same physical ultrasound parameters, because 
most studies have performed experiments with a single 
cell line only [6]. The choice of HPV-positive cervical car-
cinoma cell lines as a model is of great medical interest be-
cause virtually all cervical cancers contain high-risk HPV 
and persistent infection of the cervix with the virus is a 
necessary precursor to cervical cancer [7]. sonoporation 
represents a considerable opportunity for a targeted, non-
invasive delivery of macromolecules, such as antibodies, 
against oncoproteins coded for by the virus.

II. Materials and Methods

A. Ultrasound System

a 1-MHz transducer with a focal length of 72.4 mm 
and f-number of 0.86 was used for the experiments 
(Pa242, Precision acoustics ltd., dorset, UK). The ef-
ficiency of the transducer was measured to 85% using an 
analytical scale (PI-225d, denver Instrument, bohemia, 
ny) and an absorber attached to the scale [8]. The trans-
ducer was mounted on a robotic arm (UMs2, Precision 
acoustics ltd.) and a stationary arm secured the opticell 
chamber (Thermo Fisher scientific Inc., Waltham, Ma). 
The exposure was done inside a water tank filled with 
degassed water (oxygen level ≤ 1 ppm) and temperature 
was maintained at 37°c using a closed-circuit heater. The 
distance between the transducer surface and the mem-
brane to which the cells were adhered was 62.4 mm. This 
distance was chosen based on measurements of the acous-
tic pressure distribution done with a 0.2-mm-diameter 
needle hydrophone (sn1426, Precision acoustics) to en-
sure a pressure distribution ±10% with a central value of 
1 MPa over a cross-sectional area of 6 mm diameter. The 
cross-section area at −6-db was 8 mm in diameter. The 
exposure had a duration of 30 s with a duty cycle of 4.8% 
using a 30-cycle burst and a repetition rate of 1.6 kHz. 
These parameters were chosen based on previous studies 
[9] and a preliminary study was performed [10] to validate 
these parameters in siHa cells. In that study, 6 pressure 
values were tested (0, 0.125, 0.25, 0.5, 0.75, and 1 MPa) 
with the same conditions of duty cycle as detailed previ-
ously and the pressure level of 1 MPa produced the largest 
level of transfection efficiency in the cells. To minimize 
standing wave effects, the absorber was placed 2 cm over 
the opticell. The surface area of each opticell chamber 
was divided into 24 randomly exposed regions with di-
ameter of 6 mm each, which represents 27% of the total 
membrane surface area (50 cm2). Fig. 1 shows a diagram 
of the location of the exposures.
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B. Cell Lines, pDNA, and Microbubbles

siHa, caski, and Hela [american Type culture col-
lection (aTcc), Manassas, Va], containing different HPV 
genotypes and number of viral copies [11]–[13], were main-
tained at 37°c, 5% co2 in 75-cm2 flasks containing dul-
becco’s modified Eagle’s medium (dMEM; sigma-aldrich 
canada ltd., oakville, on, canada) supplemented with 
10% heat-inactivated fetal bovine serum (Fbs; Hyclone 
laboratories Inc., logan, UT) and 100 U of penicillin, 
100 μg of streptomycin, and 0.25 μg amphotericin b per 
milliliter (antibiotic/antimycotic; Gibco, Grand Island, 
ny). cells were passaged to sustain a 60% to 80% conflu-
ent monolayer. The 6.3-kb omicslink preceiverM03 plas-
mid containing the GFP gene (Genecopoeia Inc., rock-
ville, Md) was used to transform chemically competent 
nEb 5-α F’Iq Escherichia coli bacteria (new England bio-
labs inc., Ipswich, Ma). pdna was extracted and puri-
fied using an EndoFree Plasmid Maxi Kit (qiagen Inc., 
Toronto, on, canada).

For the delivery of the GFP plasmid dna, cells were 
plated as a monolayer onto one side of an opticell cham-
ber with a concentration of 1.6 × 104 cells·cm−2, 24 h 
before ultrasound exposure. The cells were then washed 
with serum- and antibiotic-free medium, and incubated 
with 250 μg of plasmid in 10 ml of serum- and antibiotic-
free medium for 15 min at 37°c with 5% co2. Immedi-
ately preceding ultrasound exposure, 33 μl of activated 
definity contrast agent was added to the opticell and a 
waiting time of 1 min was observed [14]. after exposure, 
the opticell was placed in the incubator for 2 h before the 
cells were returned to complete medium.

C. Gene Delivery Efficiency Per Cell Line

Twenty-four hours following ultrasound exposure, 
transfection efficiency for each cell line was determined 
as an average of the ratio of GFP-expressing cells to to-
tal cells. Groups of 2 opticells for each cell type were 
organized as follows: ultrasound exposure in the presence 
of contrast agent, ultrasound exposure in the absence of 
contrast agent, and no ultrasound and the presence of con-
trast agent. Microscopy was performed using a Zeiss ax-

iovert 200 inverted microscope and a 10× objective (carl 
Zeiss canada ltd., north york, on, canada). among 24 
exposed regions per opticell, efficiency was analyzed on 10 
random fields of view. Two images were taken of each field 
of view—one phase contrast and one of the corresponding 
green fluorescence—using a 12-bit ccd camera (q Imag-
ing, surrey, bc, canada). Images were digitally processed 
using northern Eclipse software version 8.0 (Empix Imag-
ing Inc., Mississauga, on, canada).

D. Cell Viability Per Cell Line

cell viability was calculated by comparing the number 
of adhered cells before and after procedure, and by evalu-
ating the viability of remaining cells using the trypan blue 
dye exclusion test 24 h after procedure. Groups of 2 opti-
cells for each cell type were analyzed. among 24 exposed 
regions, cells were counted on 10 random fields of view 
per opticell both 15 min before and 2 h after sonopora-
tion using phase-contrast microscopy. The total number 
of field of views was 20. The locations of the fields of view 
were in the treated region and were kept constant between 
time points. For the trypan blue dye exclusion, the cells 
were trypsinized 24 h after procedure. The cells were re-
moved from the opticell and resuspended in phosphate 
buffered saline (Pbs). The cell suspension was mixed 1:1 
with 0.4% trypan blue and the numbers of stained and 
unstained cells were counted using a Tc10 automated cell 
counter (bio-rad, Mississauga, on, canada).

E. Cell Synchronization

siHa cells were synchronized at the beginning of the 
synthesis (s) phase using a double thymidine block and 
were then treated with sonoporation at various time 
points following release from the block. cells were seeded 
and grown for 24 h, after which thymidine was added to a 
final concentration of 2.5 mM and cells were incubated for 
24 h (first block). cells were released for 12 h in complete 
medium and then blocked a second time in 2.5 mM thy-
midine for another 24 h. The final release of the cells took 
place in complete medium for different lengths of time (0, 
4, and 10.5 h). Flow cytometric analysis with propidium 
iodide staining using a Facscalibur flow cytometer (bec-
ton, dickinson and co., Franklin lakes, nJ) showed that 
the majority of cells at 0 h-release were in gap 1 (G1) and 
s phases, at 4 h-release were in s phase, and at 10.5 h-re-
lease were in the gap 2 and mitosis (G2&M) phase. Groups 
of 2 opticells were synchronized at each of the indicated 
phases of the cell cycle. nonblocked opticells were used as 
a control. Images from 10 fields of view were collected for 
analysis from each synchronization time point.

F. Statistical Analysis

statistical analysis was performed using R. data were 
determined to meet parametric assumptions on the ba-
sis of normality and homogeneity of variance. Paramet-

Fig. 1. detail of the exposure setup. Twenty-four nonoverlapping expo-
sure zones with a cross-sectional area of 8 mm in diameter at −6 db 
were distributed over the surface area on the opticell chamber.
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ric data was analyzed using one-way analysis of variance 
(anoVa) followed by Tukey’s honestly significant differ-
ence (Hsd) post hoc tests if significant global mean dif-
ferences were found. similarly, nonparametric data were 
analyzed using Kruskal–Wallis rank sum test followed by 
pairwise Wilcoxon rank sum tests. significance level (α) 
was set, a priori, at 0.05.

III. results

A. Influence of Cell Line

no cells exhibiting green fluorescence were observed in 
the control groups treated without contrast agent or in 
the absence of ultrasound. Hela, siHa, and caski cells 
showed average values (± s.d.) of transfection efficiency of 
7(±0.6)%, 6(±2)%, and 2.5(±0.2)%, respectively. Post hoc 
analysis demonstrated that caski cells had a significantly 
lower percentage of transfected cells than the other two 
cell lines (p < 0.01, n = 10). Mean values of percentage 
of remaining adhered cells were −47 ± 32%, −38 ± 42%, 
and −75 ± 32% for siHa, caski, and Hela, respectively. 
The difference between cell lines was not significant (p > 
0.06). The tryplan blue exclusion test was done 24 h fol-
lowing sonoporation to determine the viability of the cells 
which remained adhered. Ten counts were taken for each 
opticell and then averaged. The remaining cells showed 
a viability of 93.4 ± 4.1%, 92.6 ± 3%, and 91 ± 6% for 
siHa, casKi, and Hela, respectively, and the results for 
each cell line were not significantly different from each 
other (p > 0.60).

B. Cell Cycle Phase Influence

The highest transfection efficiency was found when the 
majority of siHa cells were at G2&M phase after blocking, 
with 14.4(±5.5)% of cells transfected. The transfection 
efficiencies of nonblocked cells and cells synchronized in 
majority at G1/s and s phases demonstrated 6.9(±2)%, 
6.5(±2.7)%, and 8.3(±2)% transfection efficiencies, respec-
tively. The transfection efficiency for cells synchronized at 
the G2&M phase was significantly higher compared with 
nonblocked cells (p < 0.001). Transfection efficiency for 
cells synchronized at the G1/s or s phases was not signifi-
cantly different from the nonblocked cells (p > 0.3).

IV. discussion and conclusions

The present study indicates that the type of cervical 
cancer cell line has an impact on the transfection efficien-
cy that can be achieved by sonoporation. This is in agree-
ment with previous reports on other types of transfection 
techniques [15]. caski cells were the least susceptible to 
transfection with sonoporation. This observation suggests 
that the conditions required to induce the permeabiliza-
tion of caski cell membranes using sonoporation must 

be modified to recreate the same level of transfection ob-
served for siHa or Hela cells. These results may have 
implications for a better design of therapeutic applications 
based on sonoporation. It is worth mentioning that the 
transfection efficiency was calculated on the population 
of cells that remained adhered after the procedure, which 
is consistent with previous reports [9], [16]. The difference 
of viability between cell lines was not significant and the 
observed values were in agreement with reported data [9], 
which indicated that the pressure level played a critical 
role in the viability. In that study (and under physical 
similar conditions to this report), the percentage of change 
of cHo cells was around −5% for 0.15 MPa and −20% 
for 0.5 MPa. The global average of the cell losses of siHa, 
caski, and Hela cells was −52%, which is about twice as 
much as the losses observed with cHo cells at 0.5 MPa. 
The choice of a considerably higher pressure helped to es-
tablish important evidence that the viability of cells is not 
dependent on the cell line. The trypan blue dye exclusion 
confirmed that the remaining attached cells, regardless of 
the cell line, remained with 90% or more viability.

The transfection efficiencies and cell viability found in 
our study are in agreement with previous studies where 
conditions to eliminate standing waves were also applied 
[4], [9]. In [9], chinese hamster ovary (cHo) cells were 
also cultured using a monolayer setup and the observed 
transfection efficiency was 3%, using a peak-pressure of 
250 kPa, duty cycle of 6%, and operating frequency of 
1 MHz. In [4], c166 cells were sonoporated using an es-
timated peak-pressure of 125 kPa (authors reported an 
acoustic intensity at transducer surface of 4 W/cm2, the 
pressure of 125 kPa was estimated assuming ideal condi-
tions of sound propagation) with 100% duty cycle and the 
observed transfection efficiency was 5%. However, because 
the experimental setup is not exactly the same, a full ex-
trapolation of these previous results to other cell lines is 
challenging. For purposes of studying new therapeutic mo-
dalities for HPV-related cervical cancer, it was important 
to study how the different cervical carcinoma cell lines 
responded to the exact same ultrasound parameters.

cell cycle phase also had a considerable effect on the 
level of transfection efficiency obtained with sonoporation. 
When the majority of siHa cells were at the G2&M phase, 
they were more susceptible to transfection. There is evi-
dence that cell membrane potential is reduced during the 
M phase [17], which, in combination with sonoporation, 
may have produced increased membrane permeabilization. 
In a study using electroporation [18], authors reported 
that cHo cells at the G2&M phase were more susceptible 
to transfection. a previous conference proceeding [19] also 
reported the influence of the cell cycle phase on sono-
poration transfection efficiency in unsynchronized fibro-
sarcoma KHT-c cells. although their physical ultrasound 
parameters differed from ours, results obtained with our 
stringent standardization are in agreement with the no-
tion that cells are most permeable to sonoporation during 
the G2&M phase.
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