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ABSTRACT: Chemotherapy is undertaken perioperatively to
improve the efficacy of high-intensity focused ultrasound
(HIFU) for solid tumors. HIFU at a sufficient intensity for
tissue ablation has recently been applied for drug delivery;
ultrasonic cavitation plays an important part in HIFU and drug
delivery. Hematoporphyrin and microbubbles are adjuncts
because they aid cavitation. The effect of HIFU (1.0 MHz;
12,999 W/cm® in continuous waves), in the presence of
hematoporphyrin and/or microbubbles, on the anticancer
potency of S-fluorouracil, cisplatin, paclitaxel, mitomycin C or
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adriamycin, was investigated. Insonated adriamycin resulted in a lower death rate of human cancer cells HO-8910 (45.85 = 2.65% vs
34.84 £ 1.21%, p < 0.05), which was exacerbated when employing hematoporphyrin (34.84 = 1.21% vs 23.09 = 7.82%, p < 0.0S) or
hematoporphyrin combined with microbubbles (34.84 £ 1.21% vs. 8.79 & 3.69%, p < 0.05); the therapeutic activity was not affected
when adding microbubbles alone. High-performance liquid chromatography detected a smaller peak area after subjecting
adriamycin to HIFU with the use of hematoporphyrin alone or combined with microbubbles. The other drugs were not affected.
Hematoporphyrin, microbubbles and adriamycin increased the throughput of hydroxyl radicals resulting from cavitation as
determined by iodine and methylene blue assays. These data suggested that the anticancer activity of a drug may be decreased by
HIFU exposure (particularly in the presence of hematoporphyrin and microbubbles). Cavitation produced reactive species that
attacked drug molecules, thereby decreasing their antitumor potency; this process was enhanced if the drug itself generated free

radicals under insonation.
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B INTRODUCTION

High-intensity focused ultrasound (HIFU) is a noninvasive
technique for the treatment of solid tumors. This method
involves the ablation of cancerous tissue via heat and cavitation.
Anticancer agents are usually administered before, during, or
after HIFU exposure. They serve as adjuvant chemotherapy and
deactivate residual lesions.”” However, the combination does not
always lead to the expected synergism (unpublished data). This is
consistent with the data of quantifying the interaction between an
antitumor drug and ultrasound in sonochemotherapy against
ovarian cancers: antagonism sometimes occurs.” A drug molecule
may be attacked by reactive radicals, thereby decreasing therapeutic
potency. Indeed, reactive species attributable to ultrasonic cavitation
have been shown to decompose a molecule and/or change the
conformation.*> HIFU therapy involves an intensity of up to 20
KW/cm®>%7 Such a high intensity undoubtedly results in cavitation
within insonated tissues. HIFU treatment is lengthy; the use of
microbubbles improves ablation efficiency (necrosis rate), and
enhanced cavitation plays a very important part® '° The
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therapeutic potency of a cytotoxic drug in the HIFU field therefore
needs to be investigated.

HIFU provides a means of drug delivery in which cavitation is
the determining mediator. Cavitation permeabilizes the cell
membrane and vessels, thereby facilitating the transportation
of drugs into tissues. Drugs can be efficiently delivered into the
lesion because ultrasound can be focused on a target volume
within the body without harming overlying tissues. Ultrasonic
drug delivery usually employs a lower intensity, but a higher
intensity within the range of HIFU ablation has been applied in
recent studies (5000 W/cm?® and 900 W/cm? in the investiga-
tions of Seip et al. and Chen et al,, respectively).'"'* These data
imply that anticancer drugs can be concurrently released into
tissues within the focus and within a definitive area outside
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the focus in HIFU exposure to improve therapeutic effects
(i.e., intraoperative chemotherapy).®> Microbubbles are used to
assist ultrasonic delivery (i.e, coadministration of drugs and
microbubbles). Ultrasound is applied to rupture microbubbles,
thereby increasing the uptake of drugs into the lesion."> ™"

Hematoporphyrin is a sonosensitizer for sonodynamic ther-
apy. It increases the yield of free radicals, thereby enhancing
ultrasound-induced tissue damage.'® Chemotherapy is under-
taken to improve the outcome in sonodynamic therapy for
cancers.'” Microbubbles enhance the sonodynamic effects via
triggering acoustic cavitation.'® Hematoporphyrin or microbub-
ble benefits cavitation, so administering two agents concurrently
will generate large amounts of reactive species. This must be
considered if employing an anticancer drug.

The aim of the present study was to determine the effect of HIFU
exposure on the anticancer potency of a cytotoxic agent in the
presence of hematoporphyrin and/or microbubbles. Five frequently
applied antitumor drugs (S-fluorouracil, adriamycin, mitomycin C,
cisplatin and paclitaxel) were tested. Preliminary data suggested that
only the potency of adriamycin was decreased.

B MATERIALS AND METHODS

Chemicals. 5-Fluorouracil (5-FU) was purchased from Tian-
jin Jinyao Amino Acid Company (Tianjin, China). Cisplatin
(DDP) was obtained from Qilu Pharmaceutical Company
(Jinan, China). Paclitaxel (TAX) was purchased from Hainan
Haiyao Company (Haikou, China). Mitomycin C (MMC) and
adriamycin (ADR) were acquired from Zhejiang Hisun Pharma-
ceutical Company (Taizhou, China). The reference reagents for
these anticancer drugs for high-performance liquid chromatog-
raphy (HPLC) assay and hematoporphyrin (Hp) were from
Fluka (Buchs, Switzerland). A microbubble (MB) agent for
clinical contrast ultrasound images, SonoVue, was obtained from
Bracco (Milan, Italy).

Cells. Human ovarian cancer cells HO-8910 were cultured in
RPMI 1640 medium (HyClone Laboratories, Logan, UT)
enriched with 10% fetal calf serum (MDgenics Incorporated,
St. Louis, MO) at 37 °C and an atmosphere of 5% CcOo,.’?

Ultrasound Exposure. Ultrasonic exposure was undertaken
as previously described with an ultrasound-guided HIFU system
(JC; Chongging Haifu Technology, Chongging, China).">%%'°
This device comprised a therapeutic ultrasound unit and a
diagnostic ultrasound unit. The focal length of the 150 mm
diameter therapeutic transducer was 150 mm, and it emitted
continuous waves at a frequency of 1.0 MHz. An intensity of
12,999 W/cm? (Isara) was apéplied, which was within the range
of clinical HIFU treatment.”®” Chemicals were added into a
polyethylene chamber and then exposed to HIFU; insonation
was guided with the diagnostic ultrasound unit (Figure 1).

Anticancer drugs were dissolved in phosphate-buffered saline
(PBS), and 2-mL aliquots added into the chamber. Drugs, in the
presence/absence of Hp and/or MB, were subjected to HIFU.
The exposure duration was 60 or 120 s, and the control received
sham insonation (0 s). Concentrations were 30 #g/mL, 20 tg/mL,
1000 ug/mL, S0 ug/mL, 60 ug/mL and 100 ug/mL for ADR,
MMC, 5-FU, DDP, TAX and Hp, respectively; 30 uL SonoVue
was added. The use of ultrasound achieved several-10-fold-higher
local drug concentration in insonated tissues.'**? Thus, drugs in
10x peak plasma concentrations were insonated.”’ The Hp level
was selected based upon the (i) human pharmacokinetics of the
photosensitizer porfimer sodium and (ii) concentration of a

[ ]
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Figure 1. Illustration of the experimental setup. A clinical ultrasound-
guided HIFU device was used. (1) tank containing degassed water; (2)
therapeutic ultrasound transducer (150 mm diameter) with a focal
length of 150 mm; (3) diagnostic ultrasound transducer; (4) chamber
with chemicals. CPU, central processing unit.

sonosensitizer in cancer tissues being several times higher than
that in plasma.>"*?

Insonated drugs were filtered through a 0.22 #m membrane.
They then underwent assays to measure the anticancer potency
as well as HPLC. All procedures were undertaken in the dark to
avoid the photoactivation and phototoxicity of Hp.

Anticancer Potency. The anticancer potency of a drug was
determined using the tetrazolium assay.*> Cells were subjected to
adrug for 4 h. Chemicals were then washed away with PBS. Fresh
medium was added; cells were seeded onto a 96-well plate and
kept at 37 °C. Cell viability was determined at 48 h. The rate of
cell death was used to assess the antitumor potency (cell death
rate = 1-cell survival rate).

The final concentrations of ADR, MMC, 5-FU, DDP and TAX
were 3 ug/mL, 2 ug/mL, 100 ug/mL, S ug/mL and 6 @g/mL,
respectively. These were the peak plasma concentrations in
clinical pharmacokinetics.”® The present study indicated that
the concentration and the area under the concentration—time
curve (concentration X time) were consistent with those in
humans.”*

Determination of Drug Level Using HPLC. The level of
ADR, 5-FU, MMC or TAX was determined using HPLC (1100;
Agilent Technologies, Waldbronn, Germany).>>~** A TC-C18
analytical column (150 X 4.6 mm; particle size, S tm; Agilent)
was used and the drug quantified by measurement of the
peak area.

DDP was analyzed with HPLC after derivatization with
sodium diethyldithiocarbamate (DDTC) and nickel chloride as
an internal standard. The ratio of DDTC(Pt)/DDTC(Ni) was
used for quantification.”

Quantifying Ultrasonic Cavitation. Ultrasonic cavitation
was quantified by measuring the yield of hgfdroxyl radicals with
the iodine assay and methylene blue assay.”*"

In the iodine assay, drugs were added to a dosimeter solution
(0.01 M potassium iodine, 0.1 M chloral hydrate, 1 M sodium
chloride, 0.3 g/L amylum) with a final volume of 2 mL, and then
insonated. Absorbance was determined by spectrophotometric
means at 555 nm (8453; Hewlett-Packard Company, Waldbronn,
Germany).

In the methylene blue assay, chemicals were added to methy-
lene blue solution (20 M) to a final volume of 2 mL, and
then exposed to HIFU. Absorbance was measured at 664 nm.

1409 dx.doi.org/10.1021/mp2001846 [Mol. Pharmaceutics 2011, 8, 1408-1415



Molecular Pharmaceutics

BRIEF ARTICLE

u 3 0s 3 60s == 120s

I a mta (Mg LI

Cell death rate (%)
©w
o
1

204

T ~T T T T
Control  5-FU 5-FU+Hp 5-FU+MB 5-FU+Hp+MB

O 0s 3 60s E9 120s

&

304 l

204

Cell death rate (%)

104

T T . | - >| - T
Control  TAX TAX+Hp TAX+MB TAX+Hp+MB

Cell death rate (%)

It

T - T T T . |
Control  ADR ADR+Hp ADR+MB ADR+Hp+MB

E 3 0s 3O 60s B9 120s
50 I I I
__ 404 I = -
2 ]
£
= 304
s
©
o
T
3 204
o
104
0 T = . T T
Control DDP DDP+Hp DDP+MB DDP+Hp+MB
E 3 0s £33 60s B9 120s

i IFy !

Cell death rate (%)

T T =T T
Control  MMC MMC+Hp MMC+MB MMC+Hp+MB

Figure 2. Cell-death rates attributable to insonated S-fluorouracil (A), cisplatin (B), paclitaxel (C), mitomycin C (D) and adriamycin (E) (n = 5). A
lower fraction was observed after subjecting adriamycin to HIFU in the presence of hematoporphyrin, or hematoporphyrin combined with
microbubbles. There were no variations in the other drugs tested. A drug that underwent O s insonation alone served as the control. 5-FU,
S-fluorouracil; DDP, cisplatin; TAX, paclitaxel; MMC, mitomycin C; ADR, adriamycin; Hp, hematoporphyrin; MB, microbubble. *p < 0.05.

The decrease in absorbance reflected the throughput of hydroxyl
radicals.

Concentrations of anticancer drugs were identical to those in
the anticancer potency assay. The level of Hp was 100 ug/mL
and 30 4L SonoVue was used.

Statistical Analyses. Data were processed with the statistical
software SAS (SAS Institute, Cary, NC). Analysis of variance
(ANOVA) was used. p < 0.05 was considered significant.

B RESULTS

Anticancer Potency. Without HIFU exposure, the cell-death
rate attributable to a cytotoxic drug was not modulated with the
addition of MB and/or Hp.

The cell-death fraction due to 5-FU, MMC, DDP or TAX was
not decreased after subjecting an antitumor drug to insonation in

the presence of Hp, MB or both agents (p = 0.1392, p = 0.1183,
p =0.9075, p = 0.2906) (Figure 2A—D).

Anticancer potencies of ADR varied between groups (p <
0.0001), and there was no difference at 0's (p = 0.9881). ADR at
120 s insonation led to a lower cell-death rate (p < 0.05). Rates in
the ADR + Hp and ADR + Hp + MB groups were decreased (p <
0.05), and a longer duration of exposure resulted in a lower
fraction; rates were 24.71 & 7.13% at 60 s and 8.79 + 3.69% at
120 s in the ADR + Hp + MB group (p < 0.05). The cell-death
rate in the ADR + Hp + MB group was less than that in the ADR +
Hp group (8.79 =+ 3.69% vs 23.09 & 7.82% at 120 s, p < 0.05).
Anticancer potency was not affected in the ADR + MB group
(Figure 2E).

Drug Molecule. There were no differences in the peak areas of
5-FU, MMC or TAX between groups (p = 0.4274, p =0.3770, p =
0.3043) (Figure 3A,C,D). Ratios of DDTC(Pt) to DDTC(Ni)
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Figure 3. Contents of S-fluorouracil (A), cisplatin (B), paclitaxel (C), mitomycin C (D) and adriamycin (E), and the chromatogram of adriamycin
(F) after exposure to HIFU as determined by HPLC (1 = 3). No variations were detected in S-fluorouracil, cisplatin, paclitaxel and mitomycin C, and the
exposure of adriamycin to HIFU resulted in a lower peak area. Chromatogram for adriamycin in the control (a), ADR (b), ADR + Hp (c), ADR + MB
(d) and ADR + Hp + MB (e) groups at 120 s. 5-FU, S-fluorouracil; DDP, cisplatin; TAX, paclitaxel; MMC, mitomycin C; ADR, adriamycin; Hp,

hematoporphyrin; MB, microbubble. *p < 0.05.

were not modulated at 60 s (p = 0.5513) and 120 s (p = 0.6239)
(Figure 3B).

The peak area of ADR did not vary between groups at 0 s (p =
0.0768). HPLC detected a slight decrease in the peak area after
120 s insonation (p < 0.05). The area was decreased in the ADR +
Hp + MB group at 60 s (p < 0.05) and in the ADR + Hp, ADR +
MB and ADR + Hp + MB groups at 120 s (p < 0.05). The value in
the ADR + Hp + MB group was less than that in the ADR + Hp
group at 120 s (7324 £ 532 vs 13598 + 1593, p < 0.05)
(Figure 3E,F).

Yield of Free Radicals. 5-FU. The iodine assay detected
higher absorbance values in other groups at 60 s (p < 0.05)
and in the Hp, MB, 5-FU + Hp, 5-FU + MB and 5-FU + Hp + MB
groups at 120's (p < 0.05) compared with ultrasound (US) alone.
In the methylene blue assay, the decrease in absorbance in each
group was higher than that in the US group at 60 s (p < 0.05) or
120 s (p < 0.05) (Figure 4A).

1411

DDP. The absorbance in the Hp, DDP + Hp or DDP + Hp +
MB group was higher than that in the US group in the iodine
assay (p < 0.05). Hydroxyl throughput was increased in other
groups compared with that in the US group in the methylene
blue assay (p < 0.05) (Figure 4B).

TAX. Higher absorbance values were detected in the Hp, TAX +
Hp and TAX + Hp + MB groups at 60 s (p < 0.05) and in the
Hp, MB, TAX + Hp and TAX + Hp + MB groups at 120 s (p <

0.05) compared with the US group in the iodine assay. The
methylene blue assay showed higher decreases in absorbance in the
Hp, MB, TAX + Hp and TAX + Hp + MB groups (p < 0.05)
(Figure 4C).

MMC. Absorbance values were increased in the Hp, MMC +
Hp and MMC + Hp + MB groups at 60 s (p < 0.05), and in the
Hp, MB, MMC + Hp and MMC + Hp + MB groups at 120 s (p <
0.05) compared with insonation alone in the iodine assay. In the
methylene blue assay, hydroxyl throughput was increased in the

dx.doi.org/10.1021/mp2001846 |Mol. Pharmaceutics 2011, 8, 1408-1415
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Figure 4. Yield of hydroxyl radicals in S-fluorouracil (A), cisplatin (B), paclitaxel (C), mitomycin C (D) and adriamycin (E), determined with the iodine
(left column) or methylene blue assay (right column) (n = 3). 5-FU, S-fluorouracil; DDP, cisplatin; TAX, paclitaxel; MMC, mitomycin C; ADR,
adriamycin; Hp, hematoporphyrin; MB, microbubble; US, ultrasound. *p < 0.0S.

Hp, MMC + Hp, MMC + MB or MMC + Hp + MB group at 60 s
(p <0.05), and in all other groups at 120's (p < 0.05) (Figure 4D).

1412

ADR. Absorbance values were increased in the Hp, ADR + Hp,
ADR + MB and ADR + Hp + MB groups at 60 s (p < 0.05) or
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120 s (p < 0.05) compared with insonation alone in the iodine
assay. In the methylene blue assay, hydroxyl throughput was
increased in each group at 60's (p < 0.05), and in the Hp, ADR +
Hp, ADR + MB or ADR + Hp + MB group at 120 s (p < 0.05),
compared with the US group (Figure 4E).

l DISCUSSION

The anticancer potency of 5-FU, DDP, MMC or TAX was not
affected by insonation, but that of ADR was decreased
(particularly in the presence of Hp and MB). Insonation of
120 s duration decreased potencies by 24.00%, 45.12% and
79.57% in the ADR, ADR + Hp and ADR + Hp + MB groups,
respectively. In ultrasonic chemotherapy, there is a threshold—
dose effect in some cell types. A synergism occurs only if an
anticancer drug reaches a critical level, and a lower dose leads to
an addition or even an antagonism (i.e, the drug level is a
determinant for the interaction between a drug and ultrasound).?
The intensity adopted in the present study was within the range
of HIFU therapy. The present data therefore suggested that some
anticancer agents should not be employed for intraoperative
HIFU chemotherapy; a combination effect cannot be achieved
while using those drugs. Cavitation is dependent upon the HIFU
intensity, insonation time and sonosensitizer. In some regimens,
a higher intensity (up to 20,000 W/cm®) is applied, and treat-
ment lasts for several hours.>®” Such regimens lead to stronger
cavitation, thereby increasing the risk of decreasing the effect of a
drug. The critical acoustic parameter for deactivating a drug
should be investigated because such information can be used to
select anticancer agents in HIFU therapy.

Ultrasonic delivery of drugs usually involves a lower intensity,
so the potency of a drug may not be affected. This concept is
consistent with the literature: insonation has been shown to
increase the intracellular accumulation of ADR, thereby enhan-
cing cytotoxicity.">**** HIFU was recently aplplied for drug
delivery at a higher intensity for tissue ablation.”"'* The effect
on the therapeutic potency of a drug should therefore be
considered.

Microbubbles can enhance HIFU ablation/drug delivery and
sonodynamic therapy. Chemotherapy is usually employed in
cancer treatment with HIFU or sonodynamic therapy. Porphyrin
has an affinity with cancer tissues. It can be linked to micro-
bubble-encapsulated/free drugs to increase tissue selectivity in
ultrasonic delivery.”** The effect of HIFU on the potency of a
cytotoxic drug in the presence of Hp and MB was therefore
investigated in the present study. The anticancer activity of ADR
was decreased with the addition of Hp,and the lowest cell-death
rate occurred when adding Hp and MB concurrently. These
findings suggested that some cytotoxic agents should not be
employed in the hematoporphyrin—microbubble—anticancer
drug—HIFU regimen. The present data were limited by the
use of free Hp. The therapeutic potency of a drug should be
investigated if Hp is linked to (microbubble-encapsulated) drugs
(i-e., hematoporphyrin—microbubble—anticancer drug—HIFU
regimen).

HPLC detected lower peak areas in the ADR + Hp and ADR +
Hp + MB groups. These were in accordance with alterations in
anticancer activity. HIFU, in the presence of Hp and MB,
decreased the active molecules of ADR debasing the antitumor
potency. Only a marginal reduction in peak area in the ADR +
MB group at 120 s was observed, which may explain why
therapeutic potency was not affected. The anticancer potency

of ADR was decreased in the ADR group but almost preserved in
the ADR + MB group. The data suggested that coadministration
of an anticancer drug with microbubbles may benefit intraopera-
tive chemotherapy in cancer HIFU treatment. The underlying
mechanisms remain unclear and should be explored. Investiga-
tions under much lower intensities demonstrated that the
efficiency of enhancing a cytotoxic agent with (microbubble-
assisted) ultrasound was reliant upon cell tyge and the drug, and
on occasion even lacked potentiation.”*> Anticancer drugs
therefore should be individually selected for a specific cancer
when applying chemotherapy during HIFU therapy.

Cavitation was quantified by measuring hydroxyl throughput.
That the addition of Hp increased the yield of hydroxyl con-
firmed that Hp was an efficient sonosensitizer.”' Interestingly, a
smaller increase was observed when using MB. Investigations
under a lower intensity and shorter duration of exposure have
shown that microbubbles remarkably enhance cavitation.>*® The
intensity in the present study was very high, so microbubbles
were ruptured rapidly. Exhaustion of the supply of microbubbles
limited the increase in the number of free radicals. This suggested
that the intensity should be optimized in drug delivery using
microbubble-HIFU. An excessively high intensity did not benefit
cavitation.

The absorbance was increased in the ADR group at 60 s or in
the MMC group at 120 s, compared with the US group. This
observation was consistent with another study: ADR and MMC
enhanced the production of free radicals attributable to
cavitation.”” However, only ADR was affected by insonation. A
higher absorbance value indicated that ADR was a stronger
cavitation sensitizer. An unsaturated bond and a hydroxyl radical
can be oxidized by reactive species resulting from ultrasonic
cavitation;*** DNA experiments manifested that ultrasound
frequently splits the carbon—oxygen bond.** A molecule of
ADR contains hydroxyl ions and double bonds, making it prone
to such bond splitting. Furthermore, ADR itself increased the
yield of reactive radicals under sonication, thereby intensifying
and accelerating the breakage of a molecule (a process similar to
self-catalysis). MMC was a weaker sensitizer and limited the
reaction rate. Thus, no variations in anticancer potency were
observed in the present study with respect to MMC. Unsaturated
bonds lie between carbon and nitrogen atoms in a molecule of
S-FU, and DDP lacks a vulnerable ion, thereby reducing the
susceptibility to ultrasound. TAX was not deactivated even
though it had vulnerable groups. Low solubility in water may
provide a shelter: few molecules can be attacked by hydrophilic
free radicals. The stability of a molecule within the HIFU field,
therefore, is reliant upon the molecular structure.

Adriamycin favored cavitation increasing the throughput of
free radicals. Investigations under lower intensities suggested that
the enhancement of ADR with ultrasound was partly mediated
via enhancing cavitation by ADR increasing the production of
free radicals; reactive species were involved in the antitumor
action of ADR and increased the sensitivity of cells to the
mechanical stress of ultrasound.*”*> More free radicals were
generated when insonating ADR with HIFU, which may result in
more severe damage to cells if cells were in the medium.
However, as demonstrated in the present study, abundant free
radicals induced by ADR-enhanced HIFU cavitation can attack
ADR molecules, thereby decreasing anticancer potency. This
should be considered because the cytotoxicity of ADR is free
radical-independent in some cell types.*® For a particular cancer
in which free radicals play a critical part in the action of ADR, the
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two aspects mentioned above should be considered when
applying ADR for HIFU therapy in vivo.

In summary, our preliminary data suggested that the antic-
ancer activity of a drug may be decreased in the HIFU field
(particularly in the presence of Hp and/or MB). Such drugs
should not be employed for intraoperative HIFU chemotherapy
and HIFU-mediated drug delivery. Hp- and MB-enhanced
ultrasonic cavitation produces a large amount of free radicals
which attack a drug molecule, thereby decreasing antitumor
potency.

B AUTHOR INFORMATION

Corresponding Author

*Laboratory of Biomedical Ultrasonics, Institute of Women and
Children’s Health, West China Second University Hospital,
Sichuan University, Chengdu 610041, China. Phone/Fax: +86
(28) 85503775. E-mail: yutinghe@hotmail.com.

Author Contributions
ST.Y. and Y.Z. contributed equally to this article.

B ACKNOWLEDGMENT

This work was supported with grants from the Natural Science
Foundation of China (10774198) and Natural Science Founda-
tion of Chongqing, China (CSTC 2009BAS049). We express our
sincere thanks to Drs. Y. Lin and Z. Lu for their critique of this
manuscript.

B REFERENCES

(1) Li, C; Zhang, W.; Fan, W,; Huang, J; Zhang, F; Wuy, P.
Noninvasive Treatment of Malignant Bone Tumors Using High-inten-
sity Focused Ultrasound. Cancer 2010, 116, 3934-3942.

(2) Chen, W; Zhu, H;; Zhang, L.; Li, K; Su, H;; Jin, C;; Zhou, K;
Bai, J.; Wu, F.; Wang, Z. Primary Bone Malignancy: Effective Treatment
with High-intensity Focused Ultrasound Ablation. Radiology 2010,
255, 967-978.

(3) He, H; Yu, T.; Zhang, Y. The Interaction between a Drug and
Ultrasound in Sonochemotherapy against Ovarian Cancers. Ultraschall
Med. 2011doi: 10.1055/s-0029-1245876.

(4) Kardos, N.; Luche, J. L. Sonochemistry of Carbohydrate Com-
pounds. Carbohydr. Res. 2001, 332, 115-131.

(5) Zhang, Y; Yu, T.; Huo, Y. Free Radicals Involved in Ultrasonic
Therapy. In Handbook of Free Radicals: Formation, Types and Effects;
Kozyrev, D, Slutsky, V., Eds.; Nova Science Publishers: Hauppauge, NY,
2010; pp 569—581.

(6) Wu, F.; Chen, W. Z; Bai, J.; Zou, J. Z.; Wang, Z. L; Zhu, H,;
Wang, Z. B. Tumor Vessel Destruction Resulting from High-intensity
Focused Ultrasound in Patients with Solid Malignancies. Ultrasound
Med. Biol. 2002, 28, 535-542.

(7) Xiong, L.L.; Hwang, J. H,; Huang, X. B.; Yao, S. S.; He, C.J.; Ge,
X. H; Ge, H. Y,; Wang, X. F. Early Clinical Experience Using High
Intensity Focused Ultrasound for Palliation of Inoperable Pancreatic
Cancer. J. Pancreas 2009, 10, 123-129.

(8) Kaneko, Y.; Maruyama, T.; Takegami, K.; Watanabe, T.; Mitsui,
H.; Hanajiri, K;; Nagawa, H.; Matsumoto, Y. Use of a Microbubble
Agent to Increase the Effects of High Intensity Focused Ultrasound on
Liver Tissue. Eur. Radiol. 2005, 15, 1415-1420.

(9) Yu, T.; Fan, X;; Xiong, S.; Hu, K;; Wang, Z. Microbubbles Assist
Goat Liver Ablation by High Intensity Focused Ultrasound. Eur. Radiol.
2006, 16, 1557-1563.

(10) Yu, T.; Hu, D; Xu, C. Microbubbles Improve the Ablation
Efficiency of Extracorporeal High Intensity Focused Ultrasound against
Kidney Tissues. World J. Urol. 2008, 26, 631-636.

(11) Seip, R; Chin, C. T.; Hall, C. S.; Raju, B. I; Ghanem, A;
Tiemann, K. Targeted Ultrasound- mediated Delivery of Nanoparticles:
On the Development of a New HIFU-based Therapy and Imaging
Device. IEEE Trans. Biomed. Eng. 2010, 57, 61-70.

(12) Chen, D.; Wy, J. An In Vitro Feasibility Study of Controlled
Drug Release from Encapsulated Nanometer Liposomes Using High
Intensity Focused Ultrasound. Ultrasonics 2010, S0, 744-749.

(13) Yu, T;Li,S; Zhao,].; Mason, T. J. Ultrasound: A chemotherapy
sensitizer. Technol. Cancer Res. Treat. 2006, 6, S1-60.

(14) Hernot, S.; Klibanov, A. L. Microbubbles in Ultrasound-
triggered Drug and Gene Delivery. Adv. Drug Delivery Rev. 2008, 60,
1153-1166.

(15) Rapoport, N; Kennedy, A. M.; Shea, J. E.; Scaife, C. L.; Nam,
K. H. Ultrasonic Nanotherapy of Pancreatic Cancer: Lessons from
Ultrasound Imaging. Mol. Pharmaceutics 2010, 7, 22-31.

(16) Kuroki, M.; Hachimine, K.; Abe, H.; Shibaguchi, H.; Kuroki,
M.; Maekawa, S.; Yanagisawa, J.; Kinugasa, T.; Tanaka, T.; Yamashita, Y.
Sonodynamic Therapy of Cancer Using Novel Sonosensitizers. Antic-
ancer Res. 2007, 27, 3673-3677.

(17) Wang, X; Zhang, W,; Xu, Z; Luo, Y.; Mitchell, D.; Moss,
R. W. Sonodynamic and Photodynamic Therapy in Advanced Breast
Carcinoma: A Report of 3 Cases. Integr. Cancer Ther. 2009, 8, 283—
287.

(18) Kinoshita, M.; Hynynen, K. Mechanism of Porphyrin-induced
Sonodynamic Effect: Possible Role of Hyperthermia. Radiat. Res. 2006,
168, 299-306.

(19) Grainger, S.J.; Serna, J. V.; Sunny, S.; Zhou, Y,; Deng, C. X.; El-
Sayed, M. E. H. Pulsed Ultrasound Enhances Nanoparticle Penetration
into Breast Cancer Spheroids. Mol. Pharmaceutics 2010, 7, 2006
2019.

(20) Fujimoto, S. Promising Antitumor Activity of a Novel Quino-
line Derivative, TAS-103, against Fresh Clinical Specimens of Eight
Types of Tumors Measured by Flow Cytometric DNA Analysis. Biol.
Pharm. Bull. 2007, 30, 1923-19209.

(21) Houle,J. M,; Clervoix, N.; Bain, S.; Spénard, J. Lack of Effect of
Sex and Disease State on the Pharmacokinetics of Porfimer Sodium.
Clin. Pharmacokinet. 2006, 45, 923-930.

(22) Yumita, N.; Sasaki, K; Umemura, S.; Yukawa, A.; Nishigaki, R.
Sonodynamically Induced Antitumor Effect of Gallium-porphyrin Com-
plex by Focused Ultrasound on Experimental Kidney Tumor. Cancer
Lett. 1997, 112, 79-86.

(23) Mosmann, T. Rapid Colorimetric Assay for Cellular Growth
and Survival: Application to Proliferation and Cytotoxicity Assays.
J. Immunol. Methods 1983, 65, 55-63.

(24) Fruehauf, J. P. In Vitro Assay-assisted Treatment Selection for
Women with Breast or Ovarian Cancer. Endocr. Relat. Cancer 2002,
9,171-182.

(25) Chin, D. L,; Lum, B. L.; Sikic, B. L. Rapid Determination of
PEGylated Liposomal Doxorubicin and its Major Metabolite in Human
Plasma by Ultraviolet-visible High-performance Liquid Chromatogra-
phy. J. Chromatogr.,, B: Anal. Technol. Biomed. Life Sci. 2002, 779, 259
269.

(26) Barberi-Heyob, M.; Merlin, J. L.; Weber, B. Determination of
S-fluorouracil and its Main Metabolites in Plasma by High-performance
Liquid Chromatography. J. Chromatogr. 1992, 573, 241-252.

(27) Paroni, R.; Arcelloni, C.; De Vecchi, E.; Fermo, I.; Mauri, D.;
Colombo, R. Plasma Mitomycin C Concentrations Determined by
HPLC Coupled to Solid-phase Extraction. Clin. Chem. 1997, 43, 615—
618.

(28) Andersen, A; Warren, D. J; Brunsvig, P. F,; Aamdal, S;
Kristensen, G. B.; Olsen, H. High Sensitivity Assays for Docetaxel and
Paclitaxel in Plasma Using Solid-phase Extraction and High-perfor-
mance Liquid Chromatography with UV Detection. BMC Clin. Phar-
macol. 2006, 6, 2.

(29) Andrews, P. A; Wung, W. E.; Howell, S. B. A High-perfor-
mance Liquid Chromatographic Assay with Improved Selectivity for
Cisplatin and Active Platinum (II) Complexes in Plasma Ultrafiltrate.
Anal. Biochem. 1984, 143, 46-56.

1414 dx.doi.org/10.1021/mp2001846 [Mol. Pharmaceutics 2011, 8, 1408-1415



Molecular Pharmaceutics

BRIEF ARTICLE

(30) Debus, J.; Spoo, J.; Jenne, J.; Huber, P.; Peschke, P. Sono-
chemically Induced Radicals Generated by Pulsed High-energy Ultra-
sound In Vitro and In Vivo. Ultrasound Med. Biol. 1999, 25, 301-306.

(31) Entezari, M. H.; Al-Hoseini, Z. S. Sono-sorption as a New
Method for the Removal of Methylene Blue from Aqueous Solution.
Ultrason. Sonochem. 2007, 14, 599-604.

(32) Kondo, T.; Yoshida, T.; Ogawa, R.; Hassan, M. A.; Furusawa,
Y.; Zhao, Q. L.; Watanabe, A.; Morii, A.; Feril, L. B.; Tachinana, K;
Kitgawa, H.; Tabuchi, Y.; Takasaki, I.; Shehata, M.; Kudo, N.; Tsukada,
K. Low-intensity Ultrasound Adjuvant Therapy: Enhancement of
Doxorubicin Induced Cytotoxicity and the Acoustic Mechanisms In-
volved. J. Med. Ultrason. 2009, 36, 61-68.

(33) Yoshida, T.; Kondo, T.; Ogawa, R; Feril, L. B,; Zhao, Q. L;
Watanabe, A.; Tsukada, K. Combination of Doxorubicin and Low-
intensity Ultrasound Causes a Synergistic Enhancement in Cell Killing
and an Additive Enhancement in Apoptosis Induction in Human
Lymphoma U937 Cells. Cancer Chemother. Pharmacol. 2008, 61, 559—
567.

(34) Huang, Z. A Review of Progress in Clinical Photodynamic
Therapy. Technol. Cancer Res. Treat. 2005, 4, 283-293.

(35) Escoffre, J. M.; Piron, J.; Novell, A.; Bouakaz, A. Doxorubicin
Delivery into Tumor Cells with Ultrasound and Microbubbles. Mol.
Pharmaceutics 2011, 8, 799-806.

(36) Okada, K.; Kudo, N.; Hassan, M. A.; Kondo, T.; Yamamoto, K.
Threshold Curves Obtained under Various Gaseous Conditions for Free
Radical Generation by Burst Ultrasound--Effects of Dissolved Gas,
Microbubbles and Gas Transport from the Air. Ultrason. Sonochem.
2009, 16, 512-518.

(37) Tata, D. B; Biglowt, J; Wu, J,; Trittont, T. R;; Dunn, F.
Ultrasound Enhanced Hydroxyl Radical Production from Two Clini-
cally Employed Anticancer Drugs, Adriamycin and Mitomycin C.
Ultrason. Sonochem. 1996, 3, 39-43.

(38) Lie Ken Jie, M. S. F.; Kalluri, P. Ultrasound-assisted Oxidative
Cleavage of Acetylenic and Ethylenic Bonds in Unsaturated Fatty Esters
with Potassium Permanganate. Lipids 1996, 31, 1299-1301.

(39) Elsner, H. I; Lindblad, E. B. Ultrasonic Degradation of DNA.
DNA 1989, 8, 697-701.

(40) Keizer, H. G.; Pinedo, H. M.; Schuurhuis, G. J.; Joenje, H.
Doxorubicin (adriamycin): A Critical Review of Free Radical-dependent
Mechanisms of Cytotoxicity. Pharmacol. Ther. 1990, 47, 219-231.

1415

dx.doi.org/10.1021/mp2001846 |Mol. Pharmaceutics 2011, 8, 1408-1415



