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Ultrasound-activated prodrug-loaded
liposome for efficient cancer targeting
therapy without chemotherapy-induced side
effects
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Abstract

Background Off-targeted distribution of chemotherapeutic drugs causes severe side effects, further leading to poor
prognosis and patient compliance. Ligand/receptor-mediated targeted drug delivery can improve drug accumulation
in the tumor but it always attenuated by protein corona barriers.

Results To address these problems, a radically different strategy is proposed that can leave the off-targeted drugs
inactive but activate the tumor-distributed drugs for cancer-targeting therapy in a tumor microenvironment-
independent manner. The feasibility and effectiveness of this strategy is demonstrated by developing an ultrasound
(US)-activated prodrug-loaded liposome (CPBSN38L) comprising the sonosensitizer chlorin e6 (Ce6)-modified
lipids and the prodrug of pinacol boronic ester-conjugated SN38 (PBSN38). Once CPBSN38L is accumulated in the
tumor and internalized into the cancer cells, under US irradiation, the sonosensitizer Ce6 rapidly induces extensive
production of intracellular reactive oxygen species (ROS), thereby initiating a cascade amplified ROS-responsive
activation of PBSN38 to release the active SN38 for inducing cell apoptosis. If some of the injected CPBSN38L is
distributed into normal tissues, the inactive PBSN38 exerts no pharmacological activity on normal cells. CPBSN38L
exhibited strong anticancer activity in multiple murine tumor models of colon adenocarcinoma and hepatocellular
carcinoma with no chemotherapy-induced side effects, compared with the standard first-line anticancer drugs
irinotecan and topotecan.

Conclusions This study established a side-effect-evitable, universal, and feasible strategy for cancer-targeting
therapy.
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Introduction which is well recognized as the enhanced permeability

Solid tumors, such as hepatocellular carcinoma, colorec-
tal cancer, pancreatic cancer, lung cancer, and breast can-
cer, are responsible for over 70% of the deaths in cancer
patients. [1] New therapeutic approaches (e.g., immu-
notherapy and gene therapy) are remarkable clinical
advancements in the treatment of various tumors. [2-5]
A programmed cell death 1 inhibitor (e.g., pembroli-
zumab) demonstrates an eye-catching performance in
melanoma and lung cancer treatments. [6, 7] Engineered
KRAS G12D mutant T cells exhibited impressive thera-
peutic potential against pancreatic cancer. [5] However,
the clinical treatment of most solid tumors continues to
mainly involve surgical resection combined with che-
motherapy, because of the cost-effectiveness, safety, and
efficacy of these methods, and the heterogeneity and pen-
etration barriers of tumors. [8, 9] Off-targeted chemo-
therapeutic drugs are often associated with serious side
effects (e.g., emesis, alopecia, anemia, allergy, and bone
marrow suppression), chemotherapy-related complica-
tions (e.g., liver and kidney damage, inflammation of the
digestive system, and neurological disorders), and even
death, which significantly reduce patient compliance and
lead to poor prognosis. [10] Therefore, developing can-
cer treatments involving reduced side effects of chemo-
therapeutic drugs and having the ability to improve the
quality of patient lives after chemotherapy in a simple,
economic, universal, and efficient manner is of consider-
able significance.

The existing strategies of drug-loaded nanomedicines
involve a preferential accumulation of active ingredients
in the tumor while avoiding induction of off-target toxic-
ity of normal tissues and organs by modifying nanocar-
riers with ligands. [11, 12] These ligands can specifically
identify and bind to the receptors typically overexpressed
on cancer cells or tumor neovascular endothelial cells
in the tumor microenvironment to achieve active tar-
get accumulation. Such active targeted drug deliv-
ery approaches have a notable impact in reducing the
unwanted systemic toxicity of chemotherapy agents and
improving antitumor efficacy, compared with the tradi-
tional strategy relying exclusively on passive targeting,

and retention (EPR) effect or transcytosis. [13—15] How-
ever, clinical outcomes of actively targeted therapies
remain unsatisfactory against solid tumors, and the clini-
cal translation of nanomedicine is progressing slowly.
[16, 17] A major cause is the adsorption of plasma pro-
teins onto the nanoparticle surface, the so-called protein
corona, which covers the targeting ligands and results in
the loss of recognized specificity. [18, 19] To overcome
this dilemma, we previously developed a transcytosis-
targeting peptide-decorated reconfigurable liposome.
Ultrasonic cavitation can unravel surface plasma coro-
nas on liposomal nanoparticles through ultrasound
(US)-induced liposomal reassembly, thereby markedly
restoring tumor targeting and achieving highly efficient
tumor inhibition in multiple tumor models of patient-
derived tumor xenograft. [20] Some latest studies have
found that cancer treatments are associated with het-
erogeneous manifestation and tremendous variations in
clinical therapeutic responses. [21, 22] These studies have
delineated that the abundance of specific subtypes and
receptors varies widely in different cancer types, different
patients with the same tumor type, and even within an
individual tumor. This may reduce the ubiquity of clinical
applications of ligand/receptor-mediated targeted nano-
medicine. Thus, designing a cancer-targeting strategy
in a tumor microenvironment-independent manner is
acquisitive, so that it can be applied to a broad range of
solid tumors.

US is an excellent external physical stimulation and
produces biological effects in a high penetration depth,
non-intrusive, and homogeneous manner. It is widely
used in sonodynamic therapy, photoacoustic tomog-
raphy, neuromodulation, and US-guided microbubble
destruction for delivering cancer drugs. [23—-27] Accord-
ing to some studies, the US can selectively cleave the
disulfide or mechanochemical bonds for activating many
small molecules in disease diagnosis and treatment. [28,
29] We also previously reported a US-enhanced reactive
oxygen species (ROS)-responsive charge-reversal poly-
meric nanocarrier for rapid delivery of cancer genes, [26]
wherein low-intensity US could generate an excess of
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ROS to disequilibrate the chemical equilibrium of ROS
and glutathione. We hypothesized that US-induced bio-
logical changes may be used as a universal trigger for
developing targeted drug delivery systems that func-
tion in a tumor microenvironment-independent manner
against various solid tumors without producing any side
effects.

To overcome these aforementioned challenges, we
here propose a different strategy wherein the off-targeted
drugs remain inactive and the tumor-distributed drugs
are activated for cancer-targeting therapy. The inactive
off-targeted drugs remain inert and exert no side effects,
whereas the universally activated drugs in the tumor
eliminate the cancer cells. To demonstrate this strategy,
we designed a US-activated prodrug-loaded liposome
(CPBSN38L) composed of the sonosensitizer chlorin e6
(Ce6)-modified lipids and the prodrug pinacol boronic
ester-conjugated 7-ethyl-10-hydroxycamptothecin
(PBSN38) (Scheme 1A). CPBSN38L induces a US-initi-
ated cascade amplified ROS-responsive activation of the
PBSN38 prodrug-loaded liposomes with the aid of Ce6
(Scheme 1B). After being administered through intrave-
nous injection, CPBSN38L stably circulates in the blood-
stream and is inevitably distributed in the normal tissue.
The non-toxic and unresponsive PBSN38 could reduce
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damage caused to normal tissues and avoid undesired
side effects. A portion of CPBSN38L accumulates in the
tumor through both the EPR effect and transcytosis and
is subsequently internalized into the cancer cells. After
US irradiation, the sonosensitizer Ce6 produces extensive
amounts of intracellular ROS to trigger PBSN38 activa-
tion and release the active SN38, thereby inducing tumor
cell apoptosis in a temporal- and spatial-controllable
manner and realizing potent antitumor activity (Scheme
1C).

Results and discussion

Synthesis and characterization of Prodrugs
7-Ethyl-10-hydroxycamptothecin  (SN38), an active
metabolite of irinotecan (CPT11), is 1,000-fold more
cytotoxic in vitro than CPT11 and induces DNA strand
break in cancer cells. [30] However, the clinical usage of
SN38 is considerably limited because of its few disad-
vantages, such as low water solubility, poor stability, and
potentially toxic side effects. [31] In this study, a new
prodrug, PBSN38, was designed by conjugating SN38
to pinacol boronic ester through a carbonic ester linker.
ROS can activate this prodrug to rapidly release the cyto-
toxic ingredient. Scheme S1A (Supporting Information)
presents the process for synthesizing the ROS-responsive

(1) IV injection

Scheme 1 Schematics of the US-activated prodrug-loaded liposome (CPBSN38L) and its delivery process for cancer-targeting therapy. A The composi-
tion, preparation, and transformability of CPBSN38L. B Chemical structure of the prodrug PBSN38 and Ce6- and US irradiation-induced activation of this
prodrug. C After being administered through intravenous injection (1), CPBSN38L circulates stably in the bloodstream (2), accumulates in the tumor
because of both the enhanced permeability and retention effect and transcytosis (3), and is internalized into the tumor cells (4). After US irradiation, the
sonosensitizer Ce6 produces large amounts of intracellular reactive oxygen species to trigger PBSN38 activation and release of the active SN38 (5). The
free SN38 induces cell apoptosis, thereby triggering strong anticancer activity in the murine tumor models of colon adenocarcinoma or hepatocellular

carcinoma (6)
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prodrug PBSN38. A ROS-insensitive prodrug phenyl-
carbinol ester-containing SN38 (PSN38) was also syn-
thesized as a parallel control (Scheme S1B, Supporting
Information). Both SN38 prodrugs were well-character-
ized using proton nuclear magnetic resonance, matrix-
assisted laser desorption/ionization-time of flight mass
spectrometry, and high-performance liquid chromatog-
raphy (HPLC) (Figs. S1—-S5, Supporting Information).
To confirm that the designed prodrugs are ROS sensi-
tive, PBSN38 and PSN38 were separately incubated with
5 mM H,0, solution, with the prodrug and H,0, at a 1%
molar ratio. Under HPLC real-time monitoring, more
than 90% of SN38 was released from PBSN38 within
1 h, whereas PSN38 released less than 2% of SN38 in 2 h
(Figs. 1A and S5, Supporting Information), proving the
ROS-responsiveness of PBSN38.

A suitable prodrug-response efficiency is a crucial fac-
tor for successfully constructing prodrug-loaded nano-
carriers. This efficiency determines the sensitivity of
cascade amplification drug release. A very high response
efficiency may cause early and undesired drug activation,
whereas a low response efficiency may induce no phar-
macological actions. The PBSN38 activation capacity
was further monitored through treatment with different
H,0, concentrations to determine the SN38 transforma-
tion rate (Fig. 1A). According to the HPLC results, the
prodrug PBSN38 was transformed into SN38 after 2 h
incubation at 5 mM H,0,. The prodrug transformation
was less than 40% in a 0.5 mM H,0, solution within 4 h.
Negligible activation was observed in a 0.05 mM H,O,
solution. By contrast, less than 5% of PSN38 was acti-
vated with 5 mM H,0O, in 4 h, and almost no SN38 was
produced at a lower H,0O, concentration. In normal cells,
the H,O, concentration is usually within two orders of
magnitude from 1.0 nM up to a maximum of 0.7 mM.
[32] At these concentration ranges for PBSN38 activa-
tion, little or no SN38 is released in normal cells. In gen-
eral, cancer cells contain higher ROS levels than normal
cells because the metabolic activity level is higher during
tumorigenesis. [33] However, tumor cells utilize diverse
adaptive strategies for maintaining a dynamic equilib-
rium that simultaneously allows tumor proliferation
and avoids auto-oxidative stress, such as the oxidation-
reduction equilibrium. [34] Thus, a ROS producer, the
sonosensitizer Ce6 was selected and used in the follow-
ing liposome fabrication. [23, 24] US irradiation stimu-
lated this sonosensitizer in tumor cells to generate large
amounts of ROS for prodrug activation.

Preparation and characterization of liposomes

To fabricate the US-activated prodrug-loaded liposome
(CPBSN38L), a Ce6-modified 1,2-distearyl-sn-glyc-
erol-3-phosphoethanolamine-polyethylene  glycol-2000
(DSPE-PEG-Ce6) lipid was selected and added to the
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liposomal formulas. To prepare CPBSN38L, the lipids of
DSPE-PEG-Ce6, DOPE, DSPE-PEG, and CHEMS were
mixed at a 1.5:1.5:1:1 mass ratio, followed by PBSN38
encapsulation with approximately 7% drug-loading
capacity. TEM revealed that the resulting CPBSN38L
was spherical, well-defined, monodispersed, and homo-
geneous with no appreciable aggregations. It had a par-
ticle size diameter of 36.3+13.9 nm, a polydispersity
index (PDI) of 0.2, and a zeta potential of —1.3£0.2 mV
(Fig. 1B). Two types of liposomes, namely the PBSN38-
loaded liposome without the DSPE-PEG-Ce6 lipid
(PBSN38L), and the Ce6-modified liposome without
PBSN38 loading (CL) were correspondingly prepared as
controls. They exhibited sizes and zeta potentials similar
to those of CPBSN38L.

To assay the prodrug release ability of CPBSN38L, a
PBS solution containing 10% FBS and 2% glycerol was
used as a dialysate in the presence or absence of the H,0O,
redox condition. Samples outside the dialysis bags were
collected, and the drug concentration in the interval time
was monitored through HPLC (Fig. 1C). Less than 20%
of SN38 was released from the liposomes after 48 h incu-
bation in the PBS solution without H,O,, whereas SN38
was almost completely released at the same time with
5 mM H,0,. In addition to reducing the m-m stacking
among PBSN38 via catalyzing phenylboronic acid pinacol
ester, the presence of ROS can destabilize the liposome
via oxidization of the lipids, [35, 36] which collectively
resulted in a higher SN38-releaseing in the presence of
H,0,. This proved the good release ability of CPBSN38L
under the H,0, condition. A successive release of SN38
achieved the specific cascade amplification of cytotoxic-
ity in cancer cells. Ce6 was activated by US irradiation to
generate ROS, subsequently triggering SN38 release once
the ester bond is cleaved. Treatment under US irradiation
ensures sufficient cytotoxicity of SN38 in tumors but not
in normal tissues, thereby possibly avoiding undesirable
side effects.

Intracellular efficient ROS generation

We subsequently monitored the efficiency of Ce6 to
induce intracellular ROS generation in MC38 murine
colon cancer cells. 2’-7’-Dichlorodihydrofluorescein
diacetate (DCFHDA), a membrane-permeable precursor
of dichlorofluorescein (DCF), was used as an intracellular
ROS-sensitive fluorescent probe. When oxidized by ROS,
this probe yields the highly fluorescent product DCF. [37]
Then, the impermeable DCF accumulated in the cells was
monitored through increased green fluorescence under
excitation at 485 nm, which reflected the amount of ROS
produced in tumor cells. After incubation with CPB-
SN38L for 6 h, the cells were stained with DCFHDA and
irradiated with low to high acoustic intensities of US (US
intensity: 0, 0.1, 0.3, 0.6, 0.8, 1.0, 1.2 W/cm? transducer
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Fig. 1 Characterizations of the prodrugs and prodrugs-loaded liposome. A Prodrugs transformation at different incubation times and concentrations of
H,0,. The PBSN38 and PSN38 were separately incubated with 0.05 ~5 mM H,0, solution with the prodrug and H,O, at a molar ratio of 1%. B The size and
zeta potential of CPBSN38L measured by dynamic light scattering (DLS). Morphology is shown as observed by transmission electron microscopy (TEM).
Scale bar =100 nm. CThe kinetic of SN38 release from CPBSN38L in a PBS solution containing 10% FBS and 2% glycerol without and with H,O, by using a
dialysis bag at room temperature. D Quantitative results of the flow cytometry analysis of the intracellular ROS levels in MC38 colon adenocarcinoma cells
treated with PBSN38L (blank group), PBSN38L + DCFHDA (background group), CPBSN38L + DCFHDA (CPBSN38L group), and CPBSN38L +US + DCFHDA
(CPBSN38L +US group). E Flow cytometry assay of different acoustic intensity-induced ROS production of CPBSN38L. F Representative flow cytometry
plots and G confocal laser scanning microscopy (CLSM) images of the intracellular ROS production of CPBSN38L. MC38 cells were incubated with CPB-
SN38L for 4 h and detected by DCFHDA staining (green). Scale bar =50 um. The data are presented as the mean£SD (n=3)

frequency of 3 MHz with a 50% duty cycle for 5 min). The
fluorescence intensity of ROS production was detected
and quantitated through flow cytometry (Fig. 1D-F and
Fig. S6, Supporting Information). The combination of
CPBSN38L and 0.8 W/cm? US irradiation significantly

increased ROS concentration in MC38 cells compared
with those treated with CPBSN38L alone or with lower
US irradiation (Fig. 1D-F). Interestingly, the fluores-
cence intensity of intracellular ROS decreased after treat-
ment with CPBSN38L and greater-than 0.8 W/cm? US
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irradiation, which might be a result of sonodynamic ther-
apy-induced cell rupture under the stronger US intensity.
To ensure more intuitive and visual ROS generation in
cells, confocal laser scanning microscopy (CLSM) was
performed. CLSM images verified that DCF fluorescence
was very weak in the CPBSN38L group without US irra-
diation. By contrast, the green fluorescing signals were
considerably stronger in the CPBSN38L and 0.8 W/cm?
US irradiation group, indicating considerably higher
intracellular ROS levels (Fig. 1G). Considering that Ce6
under 0.8 W/cm? US irradiation largely induced consid-
erable ROS production, US irradiation at 0.8 W/cm? was
selected as the optimal acoustic intensity for the subse-
quent experiments.

Cellular Uptake and subcellular distribution

The cellular uptake and subcellular distribution of CPB-
SN38L in MC38 cells were then investigated (Fig. 2A-D).
The cellular uptake of Cy5-labeled liposome was quan-
titatively evaluated through flow cytometry analysis at
different time points within 24 h. The cell fluorescence
intensity cells gradually increased with an increase in the
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incubation time (Fig. 2C and D). The cells exhibited the
fastest uptake within 6 h, with the internalization of more
than 85% of the liposomes (Fig. S7, Supporting Informa-
tion), and so, US irradiation was performed at 6 h after
liposome incubation in the cell culture. The intracellular
distribution of CPBSN38L increased when the incuba-
tion time was prolonged (Fig. 2A and B), which corre-
sponded with the trends of cellular uptake. CPBSN38L
was distributed not only into the lysosomes but also into
the mitochondria that produce ROS after 6 h incubation,
possibly inducing the synergistic effect of chemotherapy
and sonodynamic therapy.

Biocompatibility and Stability

Hemolysis was subsequently performed to establish the
biocompatibility of liposomes in circulation. CPBSN38L
and PBSN38L both caused hemolysis with an increase
in the concentration, but the values were less than 5%
within the 10 mg/mL concentrations (Fig. S8A and S8B,
Supporting Information). CPBSN38L and PBSN38L were
stable for 3 weeks in PBS or PBS containing 10% FBS, and
no precipitates were formed within 1 week of storage at

Nucleus Mitochondrion CPBSN38L Merge
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Fig. 2 Cellular uptake, subcellular distribution, and cytotoxicity. A, B Subcellular distribution of the liposomes in tumor cells. Nucleus, lysosomes, and
mitochondrion were stained with Hoechst 33,342 (blue), LysoTracker Green (green), and MitoTracker Green (green), respectively. Scale bar =50 um. CThe
cellular uptake of Cy5-labeled liposomes in MC38 cells was examined by flow cytometry. D Quantification of fluorescence intensity of the cellular uptake
in a time-dependent manner. E Cell viability was measured by CCK-8 assay after treatment with CPT11, PBSN38L, and CPBSN38L in MC38 cells without or
with ultrasound irradiation under different SN38-equivalent concentrations. The cells were incubated with drugs for 6 h, followed by US irradiation under
the intensity of 0.8 W/cm?, 3 MHz, 50% of the duty cycle for 5 min, followed by incubation for 42 h. F Flow cytometry analysis of cell apoptosis after differ-
ent treatments, and the G representative flow cytometry dot plot in each group. The SN38-equivalent concentration is 10 uM
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room temperature (Fig. S8C, Supporting Information).
Together, these data suggest that liposomes are stable and
biocompatibility for further in vivo use.

In vitro cytotoxicity

The in vitro cytotoxicity of the prodrug and liposomes
was then investigated. After treatment with different
SN38-equivalent concentrations without US irradia-
tion, the free drug SN38 exhibited the highest cytotoxic-
ity against MC38 cells. The cell viability rate of the SN38
group was less than 50%, whereas that of the PBSN38
and PSN38 groups was 62.5% and 78.9% at as high as the
SN38-equivalent concentration of 5 uM, respectively (Fig.
S9A, Supporting Information). This indicated that the
prodrug alone cannot induce obvious cell death. At the
same time, the cytotoxicity resulting from sonodynamic
therapy was investigated. The cells were treated with dif-
ferent intensities of US (0~1.4 W/cm?) and 15 pM of the
Ce6-equivalent concentration. No significant changes in
cell viability were observed with an increase in acoustic
intensities from 1.0 to 1.4 W/cm? confirming that the
ROS production level was far from the lethal dosage (Fig.
S9B, Supporting Information). The synergistic activity of
ROS generation and prodrug activation was then tested
using cell counting kit-8 (CCK-8). Compared with other
groups with or without US irradiation, CPBSN38L+US
led to a significant increase in cytotoxicity against MC38
cells (Fig. 2E). Flow cytometric analysis was performed
to simultaneously analyze cell apoptosis after Annexin-
V-FITC/PI staining (Fig. 2F and G). The CPBSN38L
alone-treated group exhibited slight tumor cell-killing
ability with an apoptosis rate of less than 5%, whereas the
combination of CPBSN38L and US irradiation led to an
excellent improvement in cell apoptosis, exhibiting an
apoptosis rate of more than 90%; and these results cor-
responded with those of the cytotoxicity experiment. The
results thus collectively proved the sonosensitizer Ce6,
along with US irradiation, produces intracellular ROS to
trigger PBSN38 activation and induce cell apoptosis. This
combination may be used to treat solid tumors in a spa-
tially precise manner while avoiding the potential dam-
age to normal tissues.

In vivo Antitumor Efficacy in Murine Colorectal Cancer
Model

The in vivo therapeutic efficacy of CPBSN38L at the
SN38-equivalent dose of 5 mg/kg was compared with
that of CPT11, CPBSN38L, CL+US, PBSN38L+US, and
PBS in an MC38 tumor model (Fig. 3A-G). Once the
tumor volume was approximately 70~90 mm?, the mice
were randomized into six groups, and the formulations
were intravenously administered. At 6 h after injection,
the tumor region was irradiated with the US (3 MHz,
50% duty cycle) for 5 min at an acoustic intensity of
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0.8 W/cm? This selective irradiation could elevate the
tumor ROS level due to Ce6 being co-assembled in lipo-
somes, which triggered prodrug activation. Each treat-
ment was performed every 3 days for a total of 5 times.
On day 21, the tumors were excised, photographed
(Fig. 3E), and weighed (Fig. 3D). The tumors grew rap-
idly in the control group. Administration of CPBSN38L,
followed by US irradiation, had a remarkable tumor-
killing effect (Fig. 3B and E). Meanwhile, the efficiency of
liposomes without US irradiation or the sonosensitizer
was limited. Compared with PBS, the inhibition rate of
tumor growth (IRT) for CPBSN38L+US was 92.1%,
which was markedly higher than the 57.6% observed for
CPT11, 60.3% observed for CPBSN38L, and 49.7% for
PBSN38L+US (Fig. 3D). Cancer cells exhibit elevated
ROS levels because of oncogenic stimulation, mitochon-
drial malfunction, and metabolic aberration. Although
cancer cells exhibit higher ROS levels than normal cells
by an order of magnitude, endogenous ROS levels may
not be sufficient to induce complete drug release because
of the balancing ability of cellular redox status and tumor
heterogeneity. By introducing the SDT effect in the drug
release system to provoke active pharmaceutical ingredi-
ent precision released, in addition to a synergistic ther-
apeutic effect with chemotherapeutic drugs on direct
tumor-killing. As noted previously, such cascade activat-
ing amplified strategy could minimize the nonspecific
targeting of normal tissues and organs by agents. Mean-
while, no significant loss in body weight was observed in
each liposome group, but a transient trend of decreas-
ing body weight was observed in the CPT11 group dur-
ing the treatment cycle (Fig. 3C). This decrease may be
attributable to the effect of the chemodrug on the gastro-
intestinal tract, which resulted in decreased appetite and
nutrient absorption from the gut.

CPBSN38L biodistribution in vivo and ex vivo was
also observed at 12 h after injection in MC38-Luci
tumor-bearing mice (Figs. S10 and S11, Supporting
Information). CPBSN38L preferentially accumulated in
the liver and tumor than in other normal tissues. Lipo-
somes significantly accumulate in the liver because of the
properties of the liver and spleen enriched with reticu-
loendothelial cells and clearance of the mononuclear
phagocytic system, as observed with the long-circulating
liposomes having a diameter of 70~200 nm. As described
previously, the prodrug may not be activated in normal
tissues, including the liver, without US irradiation of the
drug delivery system.

Serum collected from the mice following different
treatments were used to determine liver function [based
on the levels of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST)] and kidney func-
tion [(based on the levels of blood urea nitrogen (BUN)
and creatinine (CREA)] to assess hepatic and renal
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toxicity in vivo, respectively. No significant differences
were observed in serum ALT, AST, BUN, and CREA
levels in the liposomes group, and all levels were in the
normal range relative to the control group. By contrast,
serum ALT and AST levels in the CPT11 group were
higher than those in the control group, which suggested
that chemotherapy-related toxic side effects may cause
impairment of liver function (Fig. 3F). These results
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revealed that liposomes caused no major toxicities to the
liver and kidney, suggesting their excellent biocompat-
ibility and biosafety.

The histological study was conducted through the
examination of hematoxylin and eosin (H&E)-stained
tumor tissue sections (Fig. 3G). Tumor cells in the PBS
control group existed in fullness and a tightly packed
state, while the cells treated with CPBSN38L+US were
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swollen and exhibited severe nuclear shrinkage and frag-
mentation, which are typical morphological characteris-
tics of apoptosis. These changes were also observed in the
CPT11, CPBSN38L, and PBSN38L+US groups, but to a
considerably lesser extent. Furthermore, immunofluo-
rescence staining of Ki67 and terminal deoxynucleotidyl
transferase-mediated 2’-deoxyuridine 5’-triphosphate
nick end labeling (TUNEL) staining of tumor tissues was
performed to investigate the effects of different treat-
ments on the inhibition of proliferation and the induction
of apoptosis. Compared with other groups, the CPB-
SN38L+US group exhibited significantly reduced Ki67-
positive cells (as indicated through red fluorescence)
(Fig. 3G), indicating that tumor cell growth was effec-
tively inhibited. Moreover, TUNEL staining, which allows
in situ detection of DNA damage (DNA fragmentation),
was applied to investigate drug-induced cell apoptosis.
The TUNEL assay results revealed more apoptotic cells
(as indicated through green fluorescence) in the tumors
of the CPBSN38L+US group than of the other groups
(Fig. 3G). The outstanding therapeutic effect of the CPB-
SN38L+US in vivo against colorectal tumors correlated
well with the in vitro cytotoxicity data. This proved that
the cascade amplified drug release system with US-con-
trolled ROS generation capability has the potential to
significantly increase prodrug activation selectivity and
tumor therapeutic efficacy.

In vivo Antitumor Efficacy and Side-effects evaluation of
the Liposome in Hepatocellular Carcinoma

CPT11 and topotecan (TPT) are FDA-approved camp-
tothecin (CPT) analogs for cancer treatment, especially
in refractory and metastatic cancer. However, the seri-
ous side effects associated with these analogs have usu-
ally limited their clinical application. Using another
highly malignant tumor of Huh7 human hepatoma, we
evaluated the in vivo antitumor activity and treatment-
associated toxicity of CPBSN38L versus CPT11 and
TPT. The therapeutic effect was consistent with that
observed in the colorectal tumor model. Tumor growth
was remarkably inhibited in the CPBSN38L-treated mice
compared with the CPT11- or TPT- and PBSN38L-
treated mice, as shown in Fig. 4A—C and Fig S12, Sup-
porting Information. In addition, no significant loss in
body weight was observed in each liposome group com-
pared with the CPT11 and TPT groups, in which body
weights decreased to a different extent during treatment
(Fig. 4D). Myelosuppression and enteritis are common
side effects of CPT analogs. These side effects severely
affect patient compliance and chemotherapy efficacy.
On day 21, a routine blood examination of each mouse
group was performed to evaluate chemotherapy-induced
myelosuppression, as shown in Fig. 4E-K. The leuko-
cyte count decreased significantly after CPT11 and TPT

Page 9 of 12

treatments than after PBS treatment (Fig. 4E), which is
evidence of myelosuppression and the decline of hemo-
globin levels in the CPT11 and TPT groups (Fig. 4G)
often predicted more severe myelosuppressive. Platelet
counts were also elevated in the CPT11 and TPT groups
(Fig. 4F), which might contribute to hypercoagulabil-
ity and are associated with a worse outcome in cancer
patients. The elevated neutrophil levels (Fig. 4I) and a
decline in the absolute number of lymphocytes (Fig. 4])
suggested the presence of systemic inflammation, which
may also be related to enteritis. Chemotherapy-induced
monocytopenia (Fig. 4K) was also in line with myelosup-
pression in the CPT11 and TPT groups. Furthermore, a
decrease in leukocytes and an imbalance of the propor-
tion of white blood cells may cause disorders of immune
factors, leading to reduced immune function, which
could make the patients vulnerable and result in treat-
ment termination due to side effects. Moreover, hepa-
torenal function impairment in the TPT group and liver
function damage in the CPT11 group were directly cor-
related with patient prognosis (Fig. 4L).

A typical pathology of intestinal inflammation was
observed in the CPT11 and TPT groups (Fig. 4M). Vil-
lous denudation and crypt atrophy, the evidence of
mucosal architecture destruction, were observed in the
CPT11 and TPT groups. In addition, a disrupted surface
epithelium and inflammatory cell infiltration in the vil-
lous lamina propria were observed in the TPT group. In
the PBS and nanoliposome groups, the intestinal mucosa
was intact, and the villi of their small intestine were well-
arranged. Furthermore, the TUNEL assay was performed
on intestinal sections to observe the extent of apoptosis
in different groups. More apoptotic cells (as indicated
through green fluorescence) were observed in the sur-
face epithelium of the CPT11 and TPT groups than in
the other groups (Fig. 4M), which further confirmed
CPT11 and TPT that post-chemotherapy enteritis causes
marked disruption of the intestinal tissue. In parallel, the
difference between CPBSN38L and PBS was not obvious
through these indices. No significant pathological abnor-
malities of main organs including hearts, livers, spleens,
lungs, kidneys were observed in treated groups compared
to the control group (Fig. S13, Supporting Information),
which also indicate that all samples have no obvious
chemotherapy induced damage in these normal tissues.
The experimental results of CPBSN38L+US confirm
that they have the targeted ability to activate therapeutic
agents in the tumor site and achieve efficient anticancer
treatment to fulfill precision therapy without side effects.

Conclusion

In summary, a US-controlled prodrug activation platform
was successfully fabricated by loading the ROS-respon-
sive prodrug in sonosensitizer-decorated liposomes.
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We demonstrated the feasibility and effectiveness of the
strategy of leaving the off-targeted drugs inactive but
activating the tumor-distributed drugs for cancer-tar-
geting therapy in a tumor microenvironment-indepen-
dent manner. In this strategy, US irradiation was used to
induce massive intracellular ROS production and initiate
the cascade of amplified ROS-responsive PBSN38 activa-
tion to release active SN38 for inducing cell apoptosis.
The designated CPBSN38L with US irradiation exhibited
superior anticancer activity in multiple solid tumor mod-
els with no chemotherapy-induced side effects. The US-
controlled activable liposomes are practical and efficient
carriers for cancer targeting therapy in a side effect-evi-
table, universal, and tumor microenvironment-indepen-
dent manner.
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