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Abstract
Objective Glioblastoma is the most common primary brain tumor; survival is typically 12–18 months after diagnosis. We 
sought to study the effects of sonodynamic therapy (SDT) using 5-Aminolevulinic acid hydrochloride (5-ALA) and high 
frequency focused ultrasound (FUS) on 2 glioblastoma cell lines.
Procedure Rat C6 and human U87 glioblastoma cells were studied under the following conditions: 1 mM 5-ALA (5-ALA); 
focused ultrasound (FUS); 5-ALA and focused ultrasound (SDT); control. Studied responses included cell viability using 
an MTT assay, microscopic changes using phase contract microscopy, apoptotic induction through a caspase-3 assay, and 
apoptosis staining to quantify cell death.
Results SDT led to a marked decrease in cell extension and reduction in cell size. For C6, the MTT assay showed reduc-
tions in cell viability for 5-ALA, FUS, and SDT groups of 5%, 16%, and 47%, respectively compared to control (p < 0.05). 
Caspase 3 induction in C6 cells relative to control showed increases of 109%, 110%, and 278% for 5-ALA, FUS, and SDT 
groups, respectively (p < 0.05). For the C6 cells, caspase 3 staining positivity was 2.1%, 6.7%, 11.2%, and 39.8% for control, 
5-ALA, FUS, and SDT groups, respectively. C6 Parp-1 staining positivity was 1.9%, 6.5%, 9.0%, and 37.8% for control, 
5-ALA, FUS, and SDT groups, respectively. U87 cells showed similar responses to the treatments.
Conclusions Sonodynamic therapy resulted in appreciable glioblastoma cell death as compared to 5-ALA or FUS alone. 
The approach couples two already FDA approved techniques in a novel way to treat the most aggressive and malignant of 
brain tumors. Further study of this promising technique is planned.
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Introduction

Glioblastoma represents the most common primary brain 
tumor, and it is highly aggressive and malignant. There are 
approximately 200,000 new cases of glioblastoma in the 
U.S. each year [1]. Glioblastoma patients typically undergo 
resection followed by radiation therapy and chemotherapy. 
Despite treatment, glioblastoma patient survival is typically 
12–18 months from the time of diagnosis. New treatment 
options are desperately needed to treat glioblastoma.

The ability to delivered highly FUS to brain targets 
through the intact skull have become feasible [2]. Such 
approaches have allowed for the treatment of essential 
tremor [3]. Other approaches are being explored to use ultra-
sound to disrupt the blood brain barrier and allow chemo-
therapy, or novel drug into the brain, mechanical disruption 
of a tumor, and radiosensitization [4, 5].
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The application of FUS with a substance that sensitizes 
cells to the damaging effects of sound is called SDT [6–11]. 
It couples ultrasound and a sonosensitizing substance, which 
are themselves relatively innocuous, but the combination 
can lead to cell damage and/or death. This sort of approach 
has great promise for treating cancers that have spread to 
sensitive areas of the body and, in particular, the brain [12]. 
Sonodynamic therapy can lead to reactive oxygen species 
generation and cavitation leading to cell death [12].

Herein, we sought to study the effects of SDT using high 
frequency, FUS and 5-ALA, a sonosensitizer preferentially 
taken up by glioblastoma cells [6, 13]. Both are currently 
approved by the Food and Drug Administration (FDA) 
and used for other applications in the management of brain 
tumor patients. We utilize an in vitro approach with 2 glio-
blastoma cells lines to study and optimize SDT. We also 
sought to quantify the apoptotic potential of SDT in these 
glioma models.

Methods

Cell lines and cell culture technique

C6 cell line (ATCC CCL-107) are rat glioblastoma cells, and 
the U87 cell line (ATCC HTB-14) is a human glioblastoma 
cell line. U87 cells were obtained from ATCC and grown 
in Eagle’s Minimum Essential Medium (ATCC, Manas-
sas, VA, USA) with 10% fetal bovine serum (Hyclone, GE 
Healthcare Life Sciences) and 1% Gibco antibiotic–antimy-
cotic (Thermo Fisher Scientific, Waltham, Massachusetts, 
USA). C6 cells were grown in F-12 K medium (ATCC) 
supplemented with 10% fetal bovine serum (Hyclone) and 
1% Gibco antibiotic–antimycotic (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA).

3‑D computer aided design and printing 
of a platform for focused ultrasound experiments

Using AutoDesk Fusion 360 software and a computer work-
station, we designed various mounting devices that would 
fit a 35 mm dish, 6, 48, and 96 well plates that are com-
monly used for tissue culture (Supplemental Fig. 1). These 
devices were printed using a Form 2 resin printer (Form-
Labs, Somerville, Massachusetts, USA).

Ultrasound device and optimization of ultrasound 
treatment parameters

We initially checked a range of power and duty cycles 
(data not shown) based upon published values [6]. A plane 
single element FUS transducer (Sonic Concept, Bothell, 

WA) was used, 1.1 MHz center frequency and 12 mm 
diameter. For treatment, the transducer was driven by a 
function generator (DG1022, Rigol Technologies Inc, Bea-
verton, OR) connected to a 200 W power amplifier (1020L, 
E&I, Rochester, NY). To characterize the output of the 
transducer, pressure measurements were performed using a 
needle hydrophone (HNA-0400 needle hydrophone, Onda 
Corp., CA, USA), positioned using computer-controlled 
3D positioning mechanical stages. The acoustic signal 
was acquired with an oscilloscope (DSO7012B, Keysight 
Technologies) sampling at 100 MHz. The signal was then 
converted in MPa, after deconvolution from the impulse 
response for the hydrophone. The spatial distribution of 
the acoustic field of the transducer was first characterized 
by measuring the acoustic pressure along the acoustic axis, 
after propagation through a culture plate. The hydrophone 
was then positioned at the natural focus of the transducer 
(maximum pressure), and the acoustic pressure measured 
for a range of excitation voltage. Assuming a CW plane 
wave emitted by the transducer, the intensity  (ISPTA or 
Spatial Peak Temporal Average intensity in W/cm2) was 
then estimated as  ISPTA = P2/(ρ.c), where P is the acoustic 
pressure, ρ (resp. c) is the density (resp. speed of sound) 
of water.

After initial testing of a range of power and duty cycles 
(data not shown) based upon published values [6], experi-
ments in which cells were visually inspected after soni-
cation using phase contrast microscopy, the treatment 
parameters were set to a pressure of P of 500 kPa and a 
duty cycle of 10%, resulting in an intensity  ISPTA of 10 W, 
delivered over a 3-min period. This treatment regimen did 
not produce any appreciable temperature rise (< 1 °C) nor 
did it cause overt mechanical damage to the cells.

To estimate possible temperature elevation at the bot-
tom of the culture plate due to absorption of ultrasound 
energy by the plastic, a thermocouple was used during the 
power calibration experiments. No appreciable (< 1 °C) 
temperature rise was detected with the selected treatment 
regimen.

5‑Aminolevulinc acid (5‑ALA)

5-Aminolevulinic acid hydrochloride (5-ALA; Sigma-
Aldrich, St. Louis, Missouri, USA) is an intermediate in 
heme biosynthesis sonosensitizer that is converted into 
protoporphyrin IX (PPIX) inside glioma cells. With PpIX 
excitation at 405 nm or 633 nm, PPIX exhibits fluores-
cence. Based upon published reports and some experi-
ments evaluating various concentrations of 5-ALA (data 
not shown), we chose to use a concentration of 1 mM 
5-ALA and incubate the cells in 5-ALA for 4 h before 
initiating experiments [6, 7, 14, 15].
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Cell viability assay

Cells grown in 96 well plates were assessed quantitatively 
for viability using the MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay (Abcam, Cam-
bridge, MA, USA). The assay relies upon the ability of 
viable cells with active metabolism to convert MTT into 
formazan. At the appropriate time, media was carefully aspi-
rated from the wells. Cells were washed with phenol red 
free DMEM medium to eliminate any effect from the phenol 
indicator in the medium or the 5-ALA on the colorimetric 
assay. Next 50 mL of serum and phenol red free DMEM 
with 10% FBS media and 50 mL of MTT reagent were added 
to each well. The plate was then incubated at 37 °Cfor 3 h. 
After incubation, 150 mL f MTT solvent was added to each 
well. Cell culture plates were wrapped in aluminum foil and 
mixed on an orbital shaker for 15 min. Then, absorbance 
was read at optical density (OD) of 590 nm using a Biotek 
Synergy HTX plate reader (Winooski, Vermont, USA).

Cell number was computed by relating the OD at 590 nm 
for a well against a calibration curve constructed with the C6 
and U87 cells at concentration ranging from 0 to 100,000 
cells per well. Optical density of a test condition was nor-
malized as a ratio of absorbance of the test well versus that 
of controls run at the same time. MTT assays were run 24 h 
after treatment with 5-ALA, FUS, SDT, or control condi-
tions with cells initially plated at 30,000 cells/well in 96 well 
plates. All conditions were run in triplicate with data being 
expressed as a mean at each condition.

Caspase 3 activity assay

Caspase 3 activity was assessed with a colorimetric caspase 
3 assay (Abcam, Cambridge, MA, USA). Cells were washed 
2–3 × in phenol free medium to eliminate any effect from 
the phenol red color or the 5-ALA on the colorimetric assay. 
Cells were plated at 500,000 cells/well for 96 well plates and 
at 1,000,000 cells/well for 48 well plates.

The assay was run with a modified protocol based on 
Abcam’s provided instruction by first adding 50 mL of 
chilled cell lysis buffer and incubating cells on ice for 
10 min. Next, we added 50 mL of 2 × reaction assay buffer 
containing 10 mM DTT was added to each well. An addi-
tional 5 mL of 4 mM DEVD-p-NA substrate was added to 
each well. The cells in the plate were then mixed using an 
orbital shaker and incubated at 37 °C for 90 min. The absorb-
ance was then read at OD of 400 nm using a Biotek Synergy 
HTX plate reader (Winooski, Vermont, USA). Optical den-
sity was normalized as a ratio of absorbance of the test well 
versus that of untreated controls run at the same time. All 
conditions were run in triplicate with data being expressed 
as a mean at each condition. Caspase 3 assay absorbances 
were measured 12 to 24 h after treatment with 5-ALA, FUS, 

SDT, or control conditions. For control conditions for C6 
cells, we checked both a positive control using 0.2 mg/ml of 
doxorubicin and a negative control (i.e. with no treatment). 
Doxorubicin (Sigma) at the aforementioned concentration 
is known to induce apoptosis [16]. The degree of cell apop-
tosis was computed and expressed relative to control condi-
tions for each cell line. Thus, the degree of apoptosis was 
expressed as a ratio of the mean absorbance for a particular 
condition over the mean absorbance of control. As such, a 
higher ratio of apoptosis for a particular condition means 
more apoptosis for that treatment versus the control group.

Cytospin preparation and apoptosis staining 
for caspase‑3 and PARP‑1

Cells were harvested by trypsinization 24 h after various 
treatments with 5-ALA, FUS, SDT, or control conditions 
from 6 well plates (250,000 cells/well at start). Cells were 
then centrifuged at 1500  rpm for 5 min to pellet them. 
The tissue culture medium was then aspirated and cells 
were resuspended in 300 mL of phosphate buffered saline 
(PBS, Gibco) supplemented with 3% bovine serum albumin 
(Sigma). Slides and filters were placed into the appropriate 
slots in a cytospin (StatSpin Cytofuge 2) with the cardboard 
filters facing the center of the cytospin. 100 mL was ali-
quoted from each sample into the appropriate wells of the 
cytospin. The lid of the cytospin is placed over the samples 
and spun at maximum speed for 3 min. The filters were then 
removed from the slides without contacting the smears on 
the slides. The slides were examined under a microscope to 
confirm normal morphology of the cells. The slides were 
then placed in a desiccation chamber for approximately 
2 h and kept in –80 °C until immunohistochemistry was 
performed.

Next, immunohistochemistry was performed using a 
robotic platform (Ventana discover Ultra Staining Mod-
ule, Ventana Co., Tucson, AZ, USA). Initially, slides were 
dried at room temperature for 2 h; then they were fixed with 
equal volumes of chilled acetone and ethanol for 10 min at 
4 °C. Endogenous peroxidases were blocked with peroxi-
dase inhibitor for ~ 8 min before incubating the specimens 
with cleaved caspase 3 (Cell signaling, Cat#9661) and anti-
cleaved PARP-1 (Abcam, Cat #ab 32,064) antibodies at 
1:100 and 1:200 dilution, respectively, for 60 min at ambient 
temperature. Antigen–antibody complex was then detected 
using OmniMap anti-rabbit multimer RUO detection system 
(ChromoMap DAB Kit, Ventana Co.). All the slides were 
counterstained with hematoxylin subsequently. Then, they 
were dehydrated and mounted for assessment.

Using a Nikon inverted microscope at 20 × and 40 ×, 5 
randomly selected fields of view, were manually counted for 
caspase 3 or PARP-1 positive staining cells on each slide for 
a particular given condition.
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Cell morphological changes

Using phase contrast microscopy on a Nikon or Zeiss 
inverted microscope to view the cells under a given condi-
tion, cells were assessed for distinct morphological changes 
associated with apoptosis including shrinkage of the cell, 
detachment of the cell from surrounding cells, condensation 
of the nuclear chromatin, and retraction or elimination of 
cellular extensions of the glioma cells [17].

Data and statistical analysis

Experimental conditions was performed in triplicate, and 
mean and standard error of the mean were computed for 
each experimental condition and time point. Groups were 
statistically compared to one another with a t test (IBM Cor-
poration, SPSS Statistics for Windows, version 24. Armonk, 
NY and Excel, Microsoft). A p value < 0.05 was considered 
statistically significant.

Results

Cell uptake of 5‑ALA

After loading with 1 mM 5-ALA, under phenol free medium, 
both C6 and U87 cells showed a bright fluorescence typi-
cal of conversion of 5-ALA to protoporphyrin IX (i.e. the 
fluorescent byproduct of 5-ALA) with fluorescence as shown 
in Fig. 1a, b.

Cell morphological changes

U87 and C6 cells exhibited normal cellular processes when 
grown in culture medium. When exposed to 5-ALA, the 
cells were able to convert it to PPIX wherein they exhibited 
fluorescence. However, the morphology of the cells did not 
appreciably change when cells were incubated with 5-ALA 
or treated with ultrasound alone. When treated with SDT, 
the cells showed a more rounded appearance as well as a 
combined retraction (i.e. shrinkage) and general reduction 
in the number of cellular extensions (Fig. 1c, d).

Cell viability changes with MTT assay

The calibration curves for cell viability as assessed by the 
MTT assay were performed. Within the range from 0 to 
100,000 cells/well in the 96 well plates, the U87 and C6 
cells demonstrated a fairly linear relationship between cell 
number and absorbance (Fig. 2a, b).

MTT cell viability assay results were computed and 
expressed relative to untreated control conditions for each 
cell line. For C6, the MTT assay showed reductions in cell 

viability for 1 mM 5-ALA, 10 W/cm2 FUS, and SDT (i.e. 
combined 1 mM 5-ALA and 10 W/cm2 FUS) groups of 5%, 
16%, and 47%, respectively compared to control (p = 0.005 
comparing SDT and FUS group) (Fig. 3a, b). For U87 cells, 
the MTT assay reductions in viability for 5-ALA, FUS, and 
SDT groups were 6%, 27%, and 46%, respectively compared 
to the control group (p = 0.001 comparing SDT and FUS 
group).

Apoptosis induction via caspase 3 assay

Caspase 3 activity in cells was measured under test condi-
tions of 5-ALA, FUS, and SDT for C6 and U87 glioblastoma 
cells.

For C6 cells, the caspase 3 assay showed increased 
expression of 222%, 109%, 110%, and 279% for doxoru-
bicine positive control, 5-ALA (1 mM), FUS (10 W/cm2), 
and SDT groups, respectively compared to the negative (i.e. 
untreated) control group (p < 0.001 comparing SDT to FUS) 
(Fig. 3c, d). For the U87 cells, the caspase 3 assay showed 
increased expressions for 5-ALA, FUS, and SDT groups of 
118%, 120%, and 137%, respectively compared to the con-
trol group (p < 0.001 comparing SDT to FUS).

Apoptosis staining for caspase 3

Apoptosis immunohistochemical staining of C6 and U87 
cells was performed to cross-validate the findings of the 
above caspase 3 assay. In the control setting, caspase 3 

Fig. 1  These micrographs demonstrating fluorescence of U87 cells 
after exposure to 1 mM 5-ALA for 4 h with magnification at 100 × (a 
green scan bar 50 microns) and 200 × (b red scale bar 100 microns) 
excitation at 405  nm and high pass filter of 625  nm. Phase con-
trast light microscopy views of control c and sonodynamic therapy, 
d treated C6 wells approximately 24  h after treatment with 1  mM 
5-ALA and 10 W/cm2 ultrasound (100 × magnification)
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immunohistochemical staining was positive in 2.1 ± 0.3% 
of C6 cells and 1.5 ± 0.18% of U87 cells, (Fig. 4a, b). Incu-
bation with 5-ALA (1 mM for 4 h) resulted in an increase 
in caspase 3 staining, with 6.8 ± 0.2% positive C6 cells and 
5.2 ± 0.51% positive U87 cells. Ultrasound treatment alone 

led to mean positive staining in the C6 and U87 cells of 
11.2 ± 0.24% and 9.6 ± 0.48%, respectively. The SDT group 
(US and 5-ALA) had mean positive caspase staining for C6 
and U87 cells of 39.8 ± 0.45% and 38.1 ± 0.67%, respectively 
(p < 0.05 compared to control, FUS, and 5-ALA groups for 
both C6 and U87 cells).

Apoptosis staining for parp‑1

Parp-1 expression occurs downstream of caspase 3 in the 
apoptotic cascade, and it serves to promote apoptosis by 
inhibiting DNA repair induced survival of cells [18]. In 
the control setting, the mean (± SEM) Parp-1 staining per-
centages of C6 and U87 cells positivity were 1.9 ± 0.25% 
and 2.1 ± 0.32%, respectively (Fig. 5a, b). For C6 cells, 
the percentages of PARP-1 staining for 5-ALA, FUS, and 
SDT treated groups, 24 hr post-treatment, were 6.5 ± 0.4%, 
9 ± 0.45%, and 37 ± 1.2%, respectively. For U87 cells, the 
percentages of PARP-1 staining for 5-ALA, FUS, and SDT 
treated cells were 6 ± 0.6%, 8.4 ± 0.3%, and 39.7 ± 1.16%, 
respectively. The PARP-1 staining for the SDT treated 
groups was statistically significantly increased over the other 
groups (p < 0.01 for both C6 and U87 cells).

Discussion

In his book entitled The Tumor, Grisham predicted a future 
in which ultrasound could be used to treat patients harboring 
a glioblastoma [19]; this might include ultrasound for ther-
mal ablation but also the use of focused ultrasound for SDT. 
Glioblastomas represent the most malignant of brain tumors. 
Even with standard of care treatments, average survival for a 
glioblastoma patients is only 12–18 months after diagnosis 
[1]. Sonodynamic therapy combines a sonosensitizer with 
FUS to effect a change within targeted cells. SDT is used to 
treat cancer and effect cellular damage or death of the tumor 
cells. One mechanism of cellular damage or death arising 

Fig. 2  MTT Calibration curves for a C6 and b U87 cells over the range of 0–100,000 cells per well of a 96 well plate measured at an absorbance 
of 590 nm light

Fig. 3  Cell viability assessed with MTT Assay C6 (a) and U87 
(b) cells for control, 1  mM 5-ALA, 10  W/cm2 FUS, and Sonody-
namic therapy (i.e. FUS and 5-ALA) conditions. Data are shown as 
mean ± standard error of the mean and are normalized to the control 
condition. *denotes p < 0.05 relative to FUS, 5-ALA, and control 
groups. Apoptosis assessed with caspase 3 Assay C6 (c) and U87 
(d) cells for control (negative, untreated control and positive control 
with doxorubicine), 1  mM 5-ALA, 10  W/cm2 FUS, and Sonody-
namic therapy (i.e. FUS and 5-ALA) conditions. Data are shown as 
mean ± standard error of the mean and are normalized to the control 
condition. *denotes p < 0.05 relative to FUS, 5-ALA, and negative 
control groups
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from SDT is the generation of reactive oxygen species and 
cavitating bubbles. Such reactive oxygen species and bub-
bles can damage the tumor cell’s DNA, RNA, proteins, and 
lipids leading to apoptosis.

To study the effects of SDT, we first designed and con-
structed devices to couple the FUS to commonly utilized 
tissue culture dishes. The 3-D engineered devices were spe-
cifically fit to the ultrasound transducer and tissue culture 
plates or dishes used. They were also immersible and stable 
in water. The water tank in which the experiments were con-
ducted served to minimize the defocusing of the ultrasound 
that would occur in an environment in which gas was situ-
ated between the probe and the cell.

Next studying glioblastoma cells, we treated them with 
5-ALA, FUS, or SDT. We observed a decrease in cell 
viability, change in morphology, and an increase in apop-
totic cell death activation with the treatment of 5-ALA 
or FUS. When the 5-ALA and FUS were combined, the 
effects in terms of diminished cell viability and activation 
of apoptosis were appreciably increased. We choose to 
cross-validate our findings by using both commercially 
available colorimetric assays and immunohistochemical 
staining for apoptotic cell death. The trends in the assays 
were consistent with those observed with semi-quanti-
tative cell counting assessments derived from standard 
immunohistochemical staining tests.

Fig. 4  a Caspase Staining of C6 glioma cells for control, 1  mM 
5-ALA, 10  W/cm2 FUS, and Sonodynamic therapy (i.e. FUS and 
5-ALA) conditions (40 × magnification). b Percentage of caspase 
positive cells for C6 and U87 cells for control, 1 mM 5-ALA, 10 W/

cm2 FUS, and Sonodynamic therapy (i.e. FUS and 5-ALA) condi-
tions. Data are shown as mean ± standard error of the mean. *denotes 
p < 0.05 relative to FUS group

Fig. 5  a Parp-1 Staining of C6 glioma cells for control, 1  mM 
5-ALA, 10  W/cm2 FUS, and Sonodynamic therapy (i.e. FUS and 
5-ALA) conditions (40 × magnification). b Percentage of Parp-1 
positive cells for C6 and U87 cells for control, 1 mM 5-ALA, 10 W/

cm2 FUS, and Sonodynamic therapy (i.e. FUS and 5-ALA) condi-
tions. Data are shown as mean ± standard error of the mean. *denotes 
p < 0.05 relative to FUS group
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Given that 5-ALA is preferentially taken up in glioma 
cells and that ultrasound can be aimed and focused with 
MRI guidance, SDT has potential use for treating patients 
with gliomas [13, 20]. The current study demonstrates 
the ability of two relatively innocuous agents—FUS and 
5-ALA—to impact the viability of malignant glioma cells. 
5-ALA is converted to PPIX and predominantly located in 
mitochondria where it can generate reactive oxygen spe-
cies and lead to apoptosis. In another recent study using 
in vivo and in vitro glioma models, Yoshida et al. [21] dem-
onstrated the ability of SDT using 18 W ultrasound power 
and 200 mg/mL 5-ALA to reduce F98 cell viability through 
reduction in cell proliferation, invasiveness, and induction 
of apoptosis [21]. In another study of SDT for human oral 
squamous cell carcinoma, treatment with SDT resulted in an 
increase in apoptosis of 3 × and 14 × that of the ultrasound 
and control groups, respectively [22]. SDT has also been 
shown to be effective in inducing an anti-tumor response 
when coupled with immunotherapies such as Opdivo and 
Keytruda using models such as mice bearing 4T1 subcu-
taneous tumors and murine colorectal cancer models [23]. 
Our current study findings are in keeping with prior studies 
that show an appropriate sonosensitizer and FUS can induce 
non-thermal damage and/or death to cancer cells superior 
to what either agent could accomplish; our work represents 
a comprehensive assessment of the apoptoptic potential of 
SDT using semi-quantitative and quantitative assessments 
of both rat and human derived glioma cells. Beyond its role 
as a sonosensitizer, 5-ALA has also been considered as a 
radiosensitizer.

The current research serves an approach to study and 
optimize sonodynamic parameters and test various sonosen-
sitizers for primary brain tumor types. It can also be used 
to study other types of tumors including lung cancer, breast 
cancer, and melanoma which frequently metastasize to the 
brain. The current set-up allows for exploration of different 
FUS frequencies, powers, and duty cycles. It also allows for 
the study of other types and concentrations of sonosensitiz-
ers. The experimental data can used to pursue preclinical 
testing using brain tumor animal models and also eventually 
testing in the form of a clinical trial.

Sonodynamic therapy can also be easily integrated 
into the current standard of care for many types of can-
cers including glioblastoma [24]. Because of its relatively 
innocuous agents, SDT is easily combined with other types 
of adjuvant therapies such as radiation therapy, photody-
namic therapy, chemotherapy, and gene therapy. Studies 
have shown that SDT can enhance the sensitivity of cancer 
cells to chemotherapeutic drugs and radiation therapy [25]. 
For example, in a study by Wang et al., they found that the 
combination of doxorubicin in combination with PpIX and 
low intensity ultrasound led to significantly more cell death 
than with either the drug or the SDT alone [26]. As such, the 

therapeutic advantages of SDT may go well beyond itself, 
and the SDT approach could be integrated into other adju-
vant therapies.

The study is not without limitations. We explored only 
two glioblastoma cells lines. While these cell lines are com-
monly used in research, other cells lines may behave differ-
ently under the same experimental conditions. Thus, there is 
a need to study additional glioma cell lines in future studies. 
However, the platform developed herein will allow us to do 
so in the future. Cytoskeleton changes within the cells war-
rant further investigation as part of the morphologic changes 
seen in this research. Also, apoptosis and the generation of 
reactive oxygen species can also be studied with flow cytom-
etry; while not performed herein, we are actively expanding 
our work to incorporate these techniques for future studies. 
Also, the FUS was a single emitter, and multiple emitters 
would likely be used for clinical purposes. It is possible that 
with an array of multiple FUS emitters, the power of the 
FUS can be more evenly distributed across a larger treatment 
area. To penetrate the human skull, it is likely that more than 
one FUS emitter will be needed to adequately deliver ultra-
sound to a brain tumor. However, such devices do currently 
exist and include the Exablate 4000 system (Insightec, Tirat 
Carmel, Israel).

Conclusions

5-ALA is readily taken up and converted to protoporphy-
rin IX in C6 and U87 glioblastoma cells. 5-ALA alone and 
FUS alone resulted in no appreciable glioblastoma cellular 
damage, but SDT resulted in appreciable apoptosis mediated 
cellular damage to various malignant glioblastoma cells. We 
have developed a platform that can be used for rapid and 
high throughput screening of cell types and sonosensitizers, 
and it can be used to optimize treatment settings before pre-
clinical or clinical testing. Further in vitro testing and opti-
mization of ultrasound and sonosensitizers can be performed 
with our experimental glioma models. FUS and sonosensi-
tizers have substantial potential for treatment of malignant 
brain tumors and other challenging oncology indications.
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