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A B S T R A C T

Objectives: Human papillomavirus (HPV) is associated with cervical cancer. Studies showed curcumin

inhibits HPV oncogenes expression but curcumin has low bioavailability. The objectives were: (1) to

study ultrasound enhancement of curcumin effects on HeLa, SiHa and C33A, (2) to compare two

frequencies for sonoporation and (3) to detect cell-free DNA released by the treatment.

Study design: HeLa, SiHa and C33A cells (non-HPV control) were processed and exposed to either: (1)

10 mM curcumin only, (2) 10 mM curcumin with 8 s of 7.5 MHz ultrasound, (3) 10 mM curcumin with 8 s

of 5.0 MHz ultrasound, (4) control medium, or (5) 8 s of 7.5 MHz ultrasound. The five treated groups were

incubated (48 h) and analyzed by dual fluorescence apoptosis/necrosis assay. DNA in spent media was

analyzed by capillary analysis.

Results: Combined curcumin ultrasound resulted in 9-, 12- and 16-fold higher necrosis in HeLa, SiHa and

C33A cells respectively. Increased necrosis correlated with higher ultrasound frequencies. There was

increased apoptosis in HeLa or SiHa cells with the combined treatment. Curcumin alone resulted in a

lesser 2–4-fold increase in necrosis in the groups. Cell-free DNA was detected in the spent media of HeLa

and SiHa but not C33A cultures.

Conclusions: The results showed enhanced necrosis in cervical carcinoma cell lines after combined

treatment and confirmed the ultrasound capacity to increase effectiveness of curcumin. Cancer cells

were smaller post-treatment suggesting microtubule structural disruption. Cell-free DNA was low

molecular weight consistent with lysed host cell.

� 2015 Elsevier Ireland Ltd. All rights reserved.
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Introduction

Cervical cancer is the fourth most common cause of death in
women worldwide [1]. In 2013, 12,340 cases of invasive cervical
cancer occurred in the United States with 4030 deaths [2,3]. With
the advent of Cervarix1 and Gardasil1 vaccines [4], there has been
a move to eradicate HPV type 16 and 18 infections which are the
responsible for at least 70% of high grade squamous intraepithelial
dysplastic lesions (HSIL) and frankly invasive carcinomas world-
wide [5]. However, these vaccines are preventative only and do not
treat pre-existing disease. There remains a need for a less-invasive
treatment for cervical lesions.

Curcumin (diferulolyl methane) is a yellow pigment from the
spice Tumeric (Curcuma longa linn) with antitumor, anti-
inflammatory [8], anti-viral and microbicidal properties [6–13].
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Treatment of HPV-infected cells from cervical carcinoma and high
grade squamous intraepithelial lesions (HSIL) with curcumin
inhibits the expression of a key oncogene known as HPV-E7 and
restores cell cycle regulators including p53 and retinoblastoma
protein (Rb) [11]. Increased expression of Rb and p53 has been
linked to regression of cervical cancer [14–16]. While curcumin has
promising anti-cancer properties, its clinical use is limited by its
low bioavailability [17,18]. A variety of mechanisms, including
nanoparticles [19] and micelles [20], have been studied to enhance
cellular uptake of curcumin thereby increasing bioavailability.
Ultrasound can increase uptake through increased permeability
[21]. In one study of nasopharyngeal cancer, combined ultrasound
and curcumin increased cytotoxicity resulting in membrane
blebbing, microvillin disappearance, swollen mitochondria, and
chromatin condensation [22].

Recently, vaginal curcumin cream became available but cell
absorption was problematic [23]. The present study goal was to
improve the efficacy and uptake of directly-applied curcumin into
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cells using sonoporation. The objectives were: (1) to determine the
effects of high frequency ultrasound on curcumin exposed cervical
cancer cells, (2) to compare two different frequencies used in
ultrasound-mediated sonoporation and (3) to study the release of
cell-free DNA from the treated cells.

Materials and methods

Culture of cells

HeLa (containing HPV-18 integrated at chromosome 8), SiHa
(HPV-16 integrated at chromosome 13) and C33A cells (control
keratinocyte cells of non-HPV carcinoma origin) derived from
human cervical squamous cell carcinoma (ATCC, American Type
Culture Collection, Manassas, VA) were maintained in Eagle
Minimal Essential Medium (Invitrogen, Carlsbad, CA) supplemen-
ted with 10% fetal bovine serum (Invitrogen), penicillin (100 U/mL,
Sigma–Aldrich Co., St. Louis, MO) and streptomycin (100 mg/mL,
Sigma–Aldrich). After reaching approximately 80% confluency,
passage of cells were performed and the resuspended cells divided
into center-well organ culture dishes (Falcon 3037, Becton
Dickinson Co., Franklin Lakes, NJ). The cells were cultured (24 h,
37 8C, 5%CO2 in air mixture) and confirmed to have at least 60%
confluency before initiating treatments.

The HeLa, SiHa or C33A cells were exposed to either: (1) 10 mM
curcumin only, (2) 10 mM curcumin with 8 s of 7.5 MHz high
frequency ultrasound, (3) 10 mM curcumin with 8 s of 5.0 MHz
high frequency ultrasound, (4) control culture medium, or (5) 8 s of
7.5 MHz high frequency ultrasound. The curcumin and/or high
frequency ultrasound treatments were as described below. The five
treated groups of cells for each of the three different cell types were
further incubated for 48 h at 37 8C, 5% CO2 in air. After incubation,
the spent medium from each culture dish was removed and stored
frozen for subsequent cell-free DNA testing. The remaining cells
were analyzed for apoptosis, necrosis, viability and differences in
cellular morphology.

Preparation of curcumin

The curcumin solution was prepared by dissolving curcumin
powder (Cat. #C7727, Sigma–Aldrich Chemical Co., St. Louis, MO)
in DMSO (Cat. # D2438, Sigma–Aldrich) vortex mixed and used
within the hour. When the curcumin solution was added to each
culture dish of cells, the final concentration was 10 mM in 1 mL of
culture medium. This final concentration was based on studies in
cultured cancer cells [26–28]. The curcumin-treated cells (groups
1, 2 and 3) were incubated for 1 h before beginning the high
frequency ultrasound experiments as reported by Wang and
colleagues [22]. The control group (group 4) and the ultrasound
only group (group 5) also received the same amount of DMSO
vehicle as the curcumin-treated groups (1, 2 and 3).

High-frequency ultrasound treatment protocol

The culture dishes with cells in groups 2, 3 and 5 were each
separately placed under a vertically-positioned high-frequency
vaginal transducer probe connected to the Sonoline Adara
ultrasound generator (Siemens Medical Systems, Inc., Issaquah,
WA). The probe was covered using a cell-culture tested sterile
plastic sleeve and submerged into the culture medium at 2 mm
above the layer of cells. The cells were exposed to either 5.0 or
7.5 MHz ultrasound frequency for the duration of 8 s [23,24]. After
ultrasound treatment, the cells in all groups were further
incubated at 37 8C, 5% CO2 in air for an additional 48 h and
analyzed as described below. To rule out temperature changes
resulting from sonoporation, a certified thermometer was used to
monitor temperature after 5, 8 and 11 s of ultrasound at 2 different
frequencies, 5.0 and 7.5 MHz. The results showed no changes in
culture media temperature.

Dual fluorescence stain analysis

After 48 h of incubation, the dual fluorescence stain method
[25] was used to distinguish apoptotic or necrotic cells from viable
cells. One drop of bisbenzimide (5 mL of 10 mM, Hoechst 33342,
Sigma Chemical Co., St. Louis, MO) was added into each double-
well culture dish containing the cells. Immediately, 5 mL of
propidium iodide (32 mM, Sigma Chemical Co., St. Louis, MO
dissolved in saline) was added to the same culture dish. After 1 min,
the culture medium was discarded and the plated cells were washed
in saline and cell viability assessed using an epifluorescence UV-
microscope set at magnification of 500� (Nikon Optiphot, Nikon
Instruments, Melville, NY). The percentages of viable, apoptotic and
necrotic cells were determined and the fluorescent images were
recorded. Viability was defined as the ability of the cells to exclude
fluorescent dye, while apoptotic and necrotic cells were identified
by their ability to take up bisbenzimide or propidium iodide stain,
respectively.

Cell morphometric analysis

Cells plated on the culture dishes were fixed overnight in 4%
formalin fixative, and stained using the Diff-Quik (Siemens
Healthcare Diagnostics, Inc, Newark, DE) stain kit [26]. Briefly, the
cells were rinsed and soaked in triarylmethane dye in methanol
solution for 5 s. The solution was rinsed off and a xanthene dye based
solution (Solution 1) added into each culture dish. After 5 s, the
xanthene solution was rinsed off and the final solution (Solution 2)
containing methylene blue was pipetted into the culture dish. After
another 5 s, Solution 2 was rinsed off and the culture dishes were air-
dried. Digital images of the stained cells were recorded, (250�
magnification, Nikon Optiphot light microscope) and the area of
each cell for the 5 groups of 3 different cell types were measured
using an Adobe Photoshop image analysis system (Adobe Photo-
shop, San Jose, CA). The dimensions of 150 cells were recorded on
Microsoft Excel spreadsheets and analyzed.

Detection of cell-free DNA in the spent media

The modified isocratic capillary electrophoresis method was
used for the detection of trace amounts of cell-free DNA [27–29].
Briefly, spent culture medium (50 mL) was drawn into a glass
micro-hematocrit capillary tube (internal diameter 1.2 mm, wall
0.2 mm, VWR Scientific Inc., San Francisco, CA). One end of the
capillary tube was sealed closed with a 2.4% agarose gel plug while
the other end was sealed with 10 mL of Liquasonic conducting gel
(Chester Labs, Inc., Cincinnati, Ohio). The tubes were submerged in
1� TAE (0.04 M Tris-acetate with 0.001 M EDTA) buffer and a
constant voltage of 100 V was applied for 24 min. After electro-
phoresis, each agarose plug was expelled on to a glass slide, held in
position, stained with SYBR Gold fluorescent stain (Molecular
Probes Inc., Eugene, OR), rinsed and examined using UV epi-
fluorescent microscope at 40� magnification. Digital images were
taken at 4 random points located 4 mm from the agarose tip
(corresponding to low molecular weight fragments; 1 kilo-base
pairs). A DNA ladder marker (HyperLadder, Bioline, Tauton, MA)
was included in the experiments. Fluorescence intensities were
determined using digital image analysis software (Adobe Photo-
shop, San Jose, CA). To control for intra-assay variation and low-
level background staining, the data were expressed as a ratio of the
fluorescence intensity of the stained gel to the background
fluorescence.
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Statistical analysis

The number of cells needed for each group was determined
using the Kelsey calculation for unmatched sample size for
case–control studies with 95% confidence and 80% power
(OpenEpi statistics version 3.01, Atlanta, GA). Differences in
each group were tested using the Mantel-Haenszel 2-tailed chi-
square test statistics. Data from the morphometric analyses of
cell dimensions and the ratios of cell-free DNA in spent
media were tested using ANOVA and presented as mean
� standard error of the mean (S.E.M.) in the tables. Individual
means were compared using the Students’ 2-tailed t-test statistic
adjusted for unequal variances. A value of P < 0.05 was considered
significant.
Fig. 1. Diff-Quik stained cells (HeLa, SiHa or C33A) after exposure to either: (1) 10 mM cur

10 mM curcumin with 8 s of 5.0 MHz high frequency ultrasound, (4) control culture m
Results

Necrosis in HeLa, SiHa and C33A cells (Fig. 1) in the combined
7.5 MHz high frequency ultrasound and curcumin group were 9-,
12- and 16-fold higher respective, when compared with the
controls (Table 1). There was a dose-dependent effect of increased
necrosis with higher ultrasound frequencies for the curcumin-
treated SiHa and C33A cell lines.

In contrast to necrosis, the effect of different ultrasound
frequencies and curcumin on cellular apoptosis was varied
(Table 2). There was significant apoptosis in HeLa or SiHa cells
only when the higher frequency (7.5 MHz) ultrasound was used in
combination with the curcumin treatment. The low percent
apoptosis in HeLa cells after ultrasound only (group 5) reflected
cumin only, (2) 10 mM curcumin with 8 s of 7.5 MHz high frequency ultrasound, (3)

edium, or (5) 8 s of 7.5 MHz high frequency ultrasound.



Table 1
The percentages of necrotic cervical cancer cells (HeLa, SiHa or C33A) after exposure to either: (1) 10 mM curcumin only, (2) 10 mM curcumin with 8 s of 7.5 MHz high

frequency ultrasound, (3) 10 mM curcumin with 8 s of 5.0 MHz high frequency ultrasound, (4) control culture medium, or (5) 8 s of 7.5 MHz high frequency ultrasound.

Exposed cells were incubated at 37 8C, 5% CO2 in air for 48 h. Bisbenzimide and propidium iodide dual-stain epifluorescence analyses were performed on the cells (n = number

of cells). Data presented as mean � S.E.M.

Treatment groups % Necrosis HeLa (n, p-value*) % Necrosis SiHa (n, p-value*) % Necrosis C33A (n, p-value*)

(1) Curcumin only 12.4 � 2.3 (79, 0.03) 16.3 � 5.1 (84, 0.01) 24.3 � 7.0 (65, <0.001)

(2) Curcumin + US 7.5 MHz 45.4 � 5.0 (59, <0.001) 96.7 � 4.1 (34, <0.001) 98.3 � 2.0 (60, <0.001)

(3) Curcumin + US 5.0 MHz 40.0 � 1.5 (67, <0.001) 76.7 � 13.1 (73, <0.001) 67.0 � 5.3 (108, <0.001)

(4) Control medium 5.0 � 2.3 (161, na) 8.1 � 3.4 (130, na) 6.3 � 2.1 (248, na)

(5) US 7.5 MHz only 10.8 � 2.8 (149, 0.06) 1.2 � 0.2 (163, 0.06) 0.7 � 0.7 (288, 0.01)

* Compared with Control medium group 4.

Table 2
The percentages of apoptotic cervical cancer cells (HeLa, SiHa or C33A) after exposure to either: (1) 10 mM curcumin only, (2) 10 mM curcumin with 8 s of 7.5 MHz high

frequency ultrasound, (3) 10 mM curcumin with 8 s of 5.0 MHz high frequency ultrasound, (4) control culture medium, or (5) 8 s of 7.5 MHz high frequency ultrasound.

Exposed cells were incubated at 37 8C, 5% CO2 in air for 48 h. Bisbenzimide and propidium iodide dual-stain epifluorescence analyses were performed on the cells (n = number

of cells). Data presented as mean � S.E.M.

Treatment groups % Apoptosis HeLa (n, p-value*) % Apoptosis SiHa (n, p-value*) % Apoptosis C33A (n, p-value*)

(1) Curcumin only 15.3 � 1.3 (79, 0.51) 28.5 � 6.0 (84, 0.93) 25.8 � 3.9 (65, <0.001)

(2) Curcumin + US 7.5 MHz 35.4 � 10.6 (59, <0.001) 3.3 � 10.1 (34, <0.001) 1.7 � 9.6 (60, 0.27)

(3) Curcumin + US 5.0 MHz 12.9 � 4.0 (67, 0.22) 20.2 � 12.1 (73, 0.11) 33.0 � 5.3 (108, <0.001)

(4) Control medium 18.5 � 2.7 (161, na) 33.6 � 8.4 (130, na) 5.1 � 1.0 (248, na)

(5) US 7.5 MHz only 8.9 � 4.3 (149, 0.01) 13.8 � 3.2 (163, <0.002) 4.4 � 1.5 (288, 0.71)

* Compared with Control medium group 4.

Table 4
A comparison of cell area dimension (HeLa, SiHa or C33A) after exposure to either: (1) 10 mM curcumin only, (2) 10 mM curcumin with 8 s of 7.5 MHz high frequency

ultrasound, (3) 10 mM curcumin with 8 s of 5.0 MHz high frequency ultrasound, (4) control culture medium, or (5) 8 s of 7.5 MHz high frequency ultrasound. Exposed cells

were incubated at 37 8C, 5% CO2 in air for 48 h and digitized images of individual cells analyzed. Data presented as mean � S.E.M in micron squared (m2).

Treatment groups HeLa (n, p-value*) SiHa (n, p-value*) C33A (n, p-value*)

(1) Curcumin only 444.7 � 50.7 (10, 0.31) 496.3 � 51.4 (10, 0.02) 386.0 � 34.6 (10, 0.16)

(2) Curcumin + US 7.5 MHz 295.4 � 32.2 (10, <0.001) 269.3 � 52.0 (10, <0.001) 203.1 � 12.6 (10, 0.003)

(3) Curcumin + US 5.0 MHz 370.0 � 33.3 (10, 0.01) 312.1 � 35.7 (10, <0.001) 312.0 � 45.1 (10, 0.85)

(4) Control medium 506.0 � 35.8 (10, na) 673.0 � 51.1 (10, na) 321.9 � 30.9 (10, na)

(5) US 7.5 MHz only 436.0 � 32.0 (10, 0.14) 409.1 � 31.6 (10, <0.001) 178.4 � 11.7 (10, <0.001)

* Compared with Control Medium group 4.

Table 3
The percentages of live viable cervical cancer cells (HeLa, SiHa or C33A) after exposure to either: (1) 10 mM curcumin only, (2) 10 mM curcumin with 8 s of 7.5 MHz high

frequency ultrasound, (3) 10 mM curcumin with 8 s of 5.0 MHz high frequency ultrasound, (4) control culture medium, or (5) 8 s of 7.5 MHz high frequency ultrasound.

Exposed cells were incubated at 37 8C, 5% CO2 in air for 48 h. Bisbenzimide and propidium iodide dual-stain epifluorescence analyses were performed on the cells (n = number

of cells). Data presented as mean � S.E.M.

Treatment groups % Live HeLa (n, p-value*) % Live SiHa (n, p-value*) % Live C33A (n, p-value*)

(1) Curcumin only 72.2 � 1.3 (79, 0.48) 55.2 � 5.4 (84, 0.14) 49.9 � 5.6 (65, <0.001)

(2) Curcumin + US 7.5 MHz 19.2 � 13.3 (59, <0.001) 0.0 � 0 (34, <0.001) 0.0 � 0 (60, <0.001)

(3) Curcumin + US 5.0 MHz 47.1 � 3.0 (67, <0.001) 3.1 � 2.6 (73, <0.001) 0.0 � 0 (108, <0.001)

(4) Control medium 76.5 � 4.1 (161, na) 58.3 � 10.1 (130, na) 88.6 � 3.0 (248, na)

(5) US 7.5 MHz only 80.3 � 5.0 (149, 0.38) 84.3 � 3.1 (163, <0.001) 94.9 � 1.6 (288, 0.02)

* Compared with Control medium group 4 (p < 0.05).
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rapid conversion of these cells into necrotic cells. In contrast, the
SiHa cells in group 5 had higher survivability. The C33A cells had
increased apoptosis when the combined lower frequency (5.0 MHz)
ultrasound and curcumin was used suggesting delayed cell death
when the lower 5.0 MHz ultrasound was used for these cells.

In terms of viability (Table 3), curcumin with either frequencies
of ultrasound resulted in lower percentages of live cells. In the
absence of curcumin, the use of high frequency ultrasound alone
did not reduce viability in all 3 cell types. Curcumin only by itself
did not reduce cell viability in the HPV-associated cervical cancer
cells confirming the reports of ineffectiveness of curcumin
treatment due to low bioavailability and rapid clearance [17,18].

Cell dimension, indicative of cytoskeletal disruption, was
reduced in the HeLa or SiHa cell by the combined curcumin and
high-frequency (5.0 and 7.5 MHz) ultrasound treatment (Table 4).
However, C33A cell size was reduced only by the higher (7.5 MHz)
frequency ultrasound treatment in the presence of curcumin.
Interestingly, ultrasound treatment by itself reduced the SiHa and
C33A cell size but not the HeLa cells. Most noteworthy was that
curcumin treatment alone had no effect on HeLa and C33A cell size
but had an effect on SiHa cells.

After 48 h of incubation, excessive low molecular weight cell-
free DNA was detected in the spent media of cultured HeLa cells
treated with curcumin with or without ultrasound treatment
(Table 5). In this study, excessive cell-free DNA was defined as a
detectable amount of DNA fragments greater than the control level
(group 4). Excessive cell-free DNA was detected only in the spent
media of the curcumin and higher (7.5 MHz) frequency ultrasound



Table 5
Detection of cell-free DNA in spent media of cultured HeLa, SiHa or C33A cells after exposure to either: (1) 10 mM curcumin only, (2) 10 mM curcumin with 8 secs of 7.5 MHz

high frequency ultrasound, (3) 10 mM curcumin with 8 secs of 5.0 MHz high frequency ultrasound, (4) control culture medium, or (5) 8 s of 7.5 MHz high frequency

ultrasound. Exposed cells were incubated at 37 8C, 5% CO2 in air for 48 h, spent media collected (n = number of cultures) and analyzed for cell-free DNA presence using capillary

gel electrophoresis. Results are presented as a ratio to background noise fluorescence (mean � S.E.M.). Higher numbers indicate more cell-free DNA.

Treatment Groups HeLa (n, p-value*) SiHa (n, p-value*) C33A (n, p-value*)

(1) Curcumin only 1.38 � 0.15 (5, <0.001) 1.63 � 0.09 (5, <0.001) 1.66 � 0.20 (5, <0.001)

(2) Curcumin + US 7.5 MHz 2.10 � 0.16 (5, <0.001) 2.66 � 0.40 (5, <0.001) 2.32 � 0.26 (5, 0.22)

(3) Curcumin + US 5.0 MHz 2.19 � 0.22 (5, <0.001) 1.27 � 0.03 (5, <0.001) 1.88 � 0.20 (5, <0.002)

(4) Control medium 1.11 � 0.06 (5, na) 1.45 � 0.07 (5, na) 2.53 � 0.24 (5, na)

(5) US 7.5 MHz only 1.14 � 0.04 (5, 0.38) 1.26 � 0.04 (5, <0.001) 2.43 � 0.18 (5, 0.48)

* Compared with Control medium group 4.
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treated SiHa cells group. In contrast, there was no excessive cell-
free DNA released by the non-HPV associated C33A cells in all
groups.

Comment

The results showed increased necrosis in cervical carcinoma
cells by combined curcumin and high frequency ultrasound
treatment. Cell necrosis was increased by 9-, 12- and 16-fold
using combined 7.5 MHz ultrasound and curcumin treatment for
the HeLa, SiHa and C33A cells respectively. In contrast, curcumin
alone resulted in only a 2–4-fold increase in necrosis in the groups.
This confirmed the low efficacy of curcumin only treatment for
HPV-associated cervical cancer cells [30] and supported the use of
enhanced drug-delivery techniques such as sonoporation. This
suggested that the effectiveness of curcumin for the treatment of
cervical cancer cells was enhanced by a brief pulse of high
frequency ultrasound. Indeed, in a recent study, the combination of
ultrasound sonoporation and curcumin was effective in destroying
nasopharyngeal carcinoma CNE2 cells [22]. Another study showed
the cytotoxic effect of curcumin on two oral squamous cell
carcinoma cell lines when curcumin was combined with a brief
pulse of ultrasound [31]. The postulated mechanism of action
involved ultrasound acting as a sonoporation agent that increased
cell membrane permeability to curcumin through cavitation.
Enhanced internalization of curcumin resulted in an increased
intracellular concentration of reactive oxygen species (ROS) which
led to the induction of cell cycle arrest and apoptosis [32]. Char-
acteristics of cell treated by combined ultrasonic insonation and
curcumin showed specific membrane disruption and damaged
mitochondria, cellular markers of apoptosis and necrosis.

Cucumin is a phenolic compound well-known for its anti-
inflammatory and anti-oxidative activities properties [33]. Curcu-
min is isolated from the rhizome of tumeric or Cucumina longa
Linn, a member of the Zingiberaceae ginger family. The mechanism
of action of curcumin involved reduction of inflammation through
down-regulated cyclooxygenase-2, lipoxygenase and inducible
nitric oxide synthase enzymes [34]. However, its low solubility and
poor stability in aqueous solutions [35] and its rapid systemic
elimination [17] limits its use in clinical applications [36]. To
overcome the shortcomings, a combination method using ultra-
sound and curcumin was used to internalize curcumin rapidly into
the cancer cells to address stability concerns and to bypass systemic
clearance. The present study provided supporting evidence of the
effectiveness of this combination for the destruction of cervical
cancer cells. The treated cancer cells were smaller in size when
compared with the control suggesting altered cytoskeletal frame-
work. Interestingly the cell size of the non-HPV cervical cancer cell
line, C33A, was only affected by higher (7.5 MHz) frequency
ultrasound treatment in the presence of curcumin suggesting: (1)
resistance of specific cell types to sonoporation and (2) the need to
determine the effective frequency for sonoporation of specific cell
types. However, this is less likely to be clinically significant as the
vast majority (90% or more) of cervical cancers are indeed HPV-
mediated.

An interesting aspect of tumor cell death is the release of
excessive cell-free DNA [37]. Low molecular weight cell-free DNA
was detected in the spent media of cultured HeLa cells treated with
curcumin and with or without sonoporation. In the cultured SiHa
cells group, the cell-free DNA was detected only when higher
(7.5 MHz) frequency ultrasound and curcumin were used. In
contrast, excessive cell-free DNA was not detected in the C33A cells
group. This suggested that during cellular necrosis, the extent of
the breakdown of cell walls differed among the cell types.
However, in this study, only low molecular weight cell-free DNA
of about 1 kilo-base pairs consistent with lysed host cell DNA was
detected. Cell-free HPV DNA was ruled out due to the fact that the
HPV genome average size was about 8 kilo-base pairs and hence,
much larger than the cell-free DNA detected in the spent media. A
limitation of the present study was the use of in vitro cultured cells.
To address the limitation, clinical studies are needed to study the
effectiveness of the combined treatment and document systemic
effects in vivo.
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