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Abstract: Multidrug resistance (MDR) resulting from the
overexpression of drug transporters such as P-glycoprotein
(Pgp) increases the efflux of drugs and thereby limits the
effectiveness of chemotherapy. To address this issue, this work
develops an injectable hollow microsphere (HM) system that
carries the anticancer agent irinotecan (CPT-11) and a NO-
releasing donor (NONOate). Upon injection of this system into
acidic tumor tissue, environmental protons infiltrate the shell of
the HMs and react with their encapsulated NONOate to form
NO bubbles that trigger localized drug release and serve as
a Pgp-mediated MDR reversal agent. The site-specific drug
release and the NO-reduced Pgp-mediated transport can cause
the intracellular accumulation of the drug at a concentration
that exceeds the cell-killing threshold, eventually inducing its
antitumor activity. These results reveal that this pH-responsive
HM carrier system provides a potentially effective method for
treating cancers that develop MDR.

Recent research in chemotherapy has strongly prioritized
the mitigation of the multidrug resistance (MDR) effect in
cancer cells.[1] The MDR of cancer cells arises from the
overexpression of their plasma-membrane P-glycoprotein
(Pgp) transporters, which actively increases the drug efflux
and limits the effectiveness of anticancer agents.[2] Accord-
ingly, a method that greatly improves intracellular drug
accumulation and the sensitivity of MDR tumor cells to drugs
is urgently required.

It has been suggested that the resistance of cancer cells to
chemotherapeutics can be reversed by exposure to nitric

oxide (NO), a gaseous molecular messenger that can reduce
their Pgp expression levels.[3] However, the use of NO as
a therapeutic agent is limited by its gaseous state and
extremely short half-life.[4] Therefore, developing a carrier
system that contains an NO-releasing donor that supports the
controlled and prolonged release of NO to modulate the
reversal of Pgp-mediated MDR is a serious challenge.

To achieve this goal, this work develops an injectable
hollow-microsphere (HM) system that carries the anticancer
agent irinotecan (CPT-11) and the NO-releasing donor
diethylenetriamine diazeniumdiolate (DETA NONOate) in
its hydrophilic core.[5] Such a HM system can produce NO
bubbles in the acidic environment of tumor tissues to trigger
localized drug release and reverse the Pgp-mediated MDR in
cancer cells. The combination of increased glucose metabo-
lism and poor perfusion yields an acidic extracellular pH of
6.5–6.9 in malignant tumors, whereas normal tissues have
a physiological pH of 7.2–7.4.[6] The shell of HMs is fabricated
from poly(d,l-lactic-co-glycolic acid) (PLGA), which is
widely used as a drug-carrier material.[7] DETA NONOate
(NONOate) decomposes by hydrolysis at acidic pH, releasing
two NO molecules.[8] CPT-11, a camptothecin derivative, has
been utilized to treat various cancers, including breast cancer;
nevertheless, this molecule suffers from Pgp-induced efflux.[9]

Figure 1 depicts the structure/composition of this HM
carrier system and the mechanism by which it treats CPT-11-
resistant breast cancer cells (MCF-7/ADR) that are gener-
ated subcutaneously in a nude mouse model. Upon injection
into an acidic tumorous environment, the NONOate that is
encapsulated in the HMs reacts with acid to form NO bubbles,
producing permeable defects in their PLGA shells, causing
the release of CPT-11 to a local target that is adjacent to the
tumor cells. As well as having a critical role in triggering drug
release, the formed NO may act as a Pgp-mediated MDR
reversal agent in tumor cells. By reversing the MDR effect,
the released CPT-11 accumulates in the tumor cells in an
amount that exceeds the therapeutic threshold,[10] eventually
leading to antitumor activity.

To deliver and release effectively large quantities of drugs
in a highly localized and controlled manner in specific areas,
NONOate and CPT-11 were encapsulated in the HM carrier
system. Test HMs were prepared from PLGA using a micro-
fluidic device in water-in-oil-in-water (W/O/W) double emul-
sions. In this experiment, the inner water phase was an
aqueous solution of NONOate and CPT-11 at pH 8.0, the
middle oil phase was PLGA in dichloromethane, and the
outer water phase was a surfactant solution of poly(vinyl
alcohol) (PVA). To prevent hydrolysis, NONOate is typically
stored in an alkaline buffer at pH 8.0.[8]
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Figure 2a shows photomicrographs of the resultant HMs
following the evaporation of dichloromethane. The HMs
were monodisperse with a polydispersity of about 3 %, and
had a diameter of 387.1� 11.7 mm and a shell thickness of
24.5� 2.4 mm (n = 6 batches). The NONOate (48.5�
1.2 mgmg¢1) and CPT-11 (3.2� 0.5 mgmg¢1) contents in HMs
were determined by UV/Vis absorption spectroscopy after
the HMs had been broken by sonication.

The sensitivity of HMs to the pH value was studied in
media with pH values of 8.0, 7.4, and 6.6, to mimic their

storage conditions and the extracellular environments of
tumors and normal tissues, respectively. NONOate hydro-
lyzes in a pH-dependent manner.[11] In an acidic environment,
protons can infiltrate the PLGA shell of HMs and react with
their encapsulated NONOate to form NO bubbles that are
hyperechogenic and can be detected using an ultrasound
imaging system. Figure 2b reveals that at pH 8.0, the HMs
generated no bubbles, whereas at pH 7.4, a few NO bubbles
were detected in the sample. At pH 6.6, many NO bubbles
were formed by the HMs in the first 6 h of reaction and, over
the subsequent 42 h, NO continued to be produced but in
a smaller amount (Figure 2c; the original data are tabulated
in Table S2 in the Supporting Information). When the
pressure of NO reached a certain level, the PLGA shells of
the HMs were disrupted and pores were formed therein
(Figure 2d), resulting in the local unloading of the encapsu-
lated CPT-11.

Figure 2e (see Table S3 for the tabulated original data)
displays the CPT-11 release profiles of the test HMs in
environments with various pH values. At pH 8.0, a rapid,
initial release of the drug concentration was detected. This
effect can be regarded as a burst effect that is attributable
mainly to the weak binding of the drug to the relatively large
surfaces of the HMs. The subsequent release of CPT-11 from
HMs was minimal, suggesting that the HMs were relatively
stable when stored. As the environmental pH was decreased,
the HMs released significant amounts of CPT-11, yielding
a high local drug concentration. Notably, the percentage of
CPT-11 that was released from the HMs was considerably
greater at pH 6.6 (circa 85%) than at pH 7.4 (circa 45 %),
revealing that the developed HM system may respond to the
small difference in pH value between normal and tumor
tissues.

The effects of the developed HMs on the reversal of the
Pgp-mediated MDR in MCF-7/ADR cells were then studied
in vitro at pH 7.4 and 6.6, to mimic the pH environments of
normal and tumor tissues, respectively. The inhibition of the
expression of Pgp was investigated by immunofluorescence
staining and flow cytometry. The intracellular accumulation
of CPT-11 was analyzed using high-performance liquid
chromatography (HPLC) after lysis of the cells, and the cell
viability was evaluated using a live/dead staining method and
the MTT assay (MTT= 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide). In these experiments, MCF-
7/ADR cells were incubated using test HMs (4 mgmL¢1,
containing 1.0 mm NONOate and 20 mm CPT-11; see the
Supporting Information for a brief discussion) for 24 h.

The MDR cells that received the HMs that were exposed
to pH 7.4 exhibited only a slightly different inhibition of Pgp
expression (circa 10% inhibition), accumulation of CPT-11
(circa 13 % higher), and viability (circa 5% lower) compared
to those of the untreated control group (Figure 3a,b,d,e) or
that received free CPT-11 (Figure 3c). In contrast, the cells
that were treated with the HMs at pH 6.6 exhibited a signifi-
cantly reduced Pgp expression level (approximately 45%
reduction), and therefore a significantly larger amount of
intracellularly accumulated CPT-11 (circa 100% increase),
and a lower cell viability (circa 50 % decrease). Notably,
pH value did not significantly affect the viability of cells in the

Figure 1. Schematic structure/composition of HMs developed herein
and their mechanism in the treatment of MDR tumors.

Figure 2. a) Photomicrographs of test HMs and a representative
frozen cross-section of one HM. Properties of HMs that were
immersed in phosphate-buffered saline (PBS) with various pH values
at 37 88C: b) ultrasound images showing the generation of NO bubbles,
c) release profiles of NO, d) SEM micrographs showing the morphol-
ogy of the test HMs following the experiment, and e) the release
profiles of CPT-11.
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untreated control group over the studied pH range. These
experimental results show that the pH-responsive HMs that
were developed herein effectively reversed Pgp-mediated
MDR and increased the accumulation of the drug in cancer
cells, ultimately improving the sensitivity of tumor cells to
drugs. The correct and careful design of a drug carrier that can
distinguish between a tumor and normal tissue is critical to
improving treatment efficacy.[12]

The capacity of the developed HMs to distinguish
between the in vivo environments of normal and tumor
tissues was examined in nude mice by examining their in vivo
drug-release behavior. To produce the animal model, the right
sides of the backs of mice were subcutaneously implanted
with MCF-7/ADR cells to form tumors, whereas the left sides
of their backs were left untreated to provide normal tissues.
To monitor the release behavior of the HMs, a hydrophilic
cyanine-based fluorescent dye (Cy5) was loaded into the HMs
as a model drug, because no fluorescence was detected from
CPT-11. The HMs that contained NONOate/Cy5 were
separately injected into the normal and tumor-bearing
backs. The fluorescence intensities of Cy5 were then mea-
sured using an in vivo imaging system (IVIS). Theoretically,
when Cy5 is within HMs at high concentrations, its fluores-
cence signal is quenched, and its fluorescence intensity
increases considerably upon release through the shell.[13] At
high concentrations, aggregates of fluorescence molecules
begin to appear and act as trapping sites for the excitation
energy.[14]

As shown in Figure 4a and 4b, weak Cy5 fluorescence
emission was detected from both sides of the backs of the
mice immediately following the initial injection (0 h). The
fluorescence intensity from the left sides (normal tissue)
changed only slightly within the first 6 h of treatment with the
test HMs, suggesting that the release of Cy5 from HMs was
slow in normal tissues. In contrast, the increase in the

fluorescence intensity by a factor of approximately three
over a large area on the right sides of the backs (tumor tissue)
over time (P< 0.05) revealed that the HMs that were injected
into the tumor tissues were triggered to release effectively the
Cy5, probably because of the increased acidity of the
environment in tumor cells. The measured difference between
fluorescence intensities verifies that the HMs that were
developed herein effectively differentiated between normal
and tumor tissues and so may be useful as a drug delivery
system in the treatment of cancer.

Finally, the antitumor efficacy of the developed HMs was
investigated in nude mice with subcutaneous MCF-7/ADR
xenograft tumors following their intratumoral injection. The
group with no treatment (untreated control) and the groups
that received free CPT-11 or free NONOate/CPT-11 were the
controls.

Relative to the untreated control group, the free CPT-11
group exhibited minimal antitumor activity against the MDR
tumors (Figure 5a). The groups that had been treated with
free NONOate/CPT-11 or the HMs that contained NON-
Oate/CPT-11 exhibited significantly suppressed tumor
volume. Notably, the antitumor capacity of the NONOate/
CPT-11 HMs exceeded that of the NONOate/CPT-11 in free
form (P< 0.05). Body weight was reduced only in the groups
that received free CPT-11 or free NONOate/CPT-11 (P<
0.05), reflecting a general toxicity (Figure 5 a, right).

As NONOate and CPT-11 are both water-soluble com-
pounds, they may readily migrate away from the tumor tissue
before releasing NO when injected intratumorally, with
negative side effects. As demonstrated in the in vitro study
(Figure 2), the NONOate that was encapsulated in HMs had
to decompose to generate a sufficient gas pressure to disrupt
the PLGA shell before locally releasing NO and CPT-11.
Therefore, the amounts of NO and CPT-11 that accumulated
at the tumor site in the group that was treated with the HMs
significantly exceeded those in the group that had been
treated with free NONOate/CPT-11. The NO-reduced Pgp-
mediated transport and the site-specific CPT-11 release then

Figure 3. Reversal of Pgp-mediated MDR in MCF-7/ADR cells using
test HMs at different pH environments: a) confocal images of Pgp
expression levels and b) quantitative results of flow cytometric analy-
sis, c) intracellular accumulations of CPT-11 obtained by HPLC analy-
sis, d) fluorescence images of the viability of the treated cells, and
e) quantitative results obtained by the MTT assay. *Statistical signifi-
cance at P <0.05. DAPI= 4’,6-diamidino-2-phenylindole.

Figure 4. In vivo drug release behaviors of HMs that were intratumor-
ally injected into normal and tumor tissues: a) Cy5 fluorescence
signals detected by IVIS and (b) their relative fluorescence intensities.
*Statistical significance at P<0.05.
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resulted in the accumulation of the drug at an intracellular
concentration that was greater than the cell-killing threshold,
resulting in greater cell death as a result of NO release than
for CPT-11 release.

Toward the end of the treatments, the antitumor capacity
of HMs against the implanted MDR cells was further
quantified by positron emission tomography (PET) and by
performing histological and immunofluorescence analyses of
tumor sections. [18F]-fludeoxyglucose ([18F]-FDG) has been
widely used as a PET contrast agent in tumor examinations.
Increased FDG uptake typically reveals the high metabolic/
proliferative activity of tumor tissues.[15]

Figure 5b indicates that the tumor average standard
uptake value (SUVavg) of FDG in the group that received
HMs (0.57� 0.15; n = 4 per group) was significantly lower
than those in the untreated control group (1.23� 0.08, P<
0.05) and in the groups that received free CPT-11 (1.18� 0.10,
P< 0.05) or free NONOate/CPT-11 (0.81� 0.11, P< 0.05).
Furthermore, the results of the histological study demonstrate
that the expression of Pgp in tumor tissues that had been
treated with HMs was considerably suppressed below those of
the other control groups, yielding signs of significant cell
destruction, including a remarkable drop in the number of

cancerous cells (H&E stain) and the presence of many
TUNEL-positive (green fluorescence) cells. These empirical
data show that HMs that contain NONOate/CPT-11 are the
most efficient method among all studied formulations for
inhibiting the proliferation and inducing the apoptosis of
MDR tumor cells. Therefore, this pH-responsive HM carrier
system provides a potentially effective method for treating
cancers that develop MDR.
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Figure 5. a) Changes in relative tumor volume and body weight of
mice with MCF-7/ADR tumors in response to various treatments.
b) Results demonstrating the antitumor efficacy of each treatment
modality on MDR tumors, showing (from top to bottom): PET images,
Pgp expression levels, H&E staining, and TUNEL staining. H&E = he-
matoxylin and eosin; TUNEL= terminal deoxynucleotidyl transferase
dUTP nick end labeling.
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