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ABSTRACT Delivery of arsenic trioxide (ATO), a clinical anti-
cancer drug, has drawn much attention to improve its pharmaco-
kinetics and bioavailability for efficient cancer therapy. Real-time
and in situ monitoring of ATO behaviors in vivo is highly desirable for
efficient tumor treatment. Herein, we report an ATO-based multi-
functional drug delivery system that efficiently delivers ATO to treat

tumors and allows real-time monitoring of ATO release by activa-

table T, imaging. We loaded water-insoluble manganese arsenite “ion Fhinso;
complexes, the ATO prodrug, into hollow silica nanoparticles to form

a pH-sensitive multifunctional drug delivery system. Acidic stimuli triggered the simultaneous release of manganese ions and ATO, which dramatically
increased the T, signal (bright signal) and enabled real-time visualization and monitoring of ATO release and delivery. Moreover, this smart multifunctional
drug delivery system significantly improved ATO efficacy and strongly inhibited the growth of solid tumors without adverse side effects. This strategy has

great potential for real-time monitoring of theranostic drug delivery in cancer diagnosis and therapy.
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hemotherapy is the dominant treat-
Cment modality for cancer, yet it is

limited by poor biodistribution and
severe side effects in patients.' > To ad-
dress these limitations, multifunctional drug
delivery systems (MDDSs), in which medical
diagnostics, drug delivery, and therapy are
integrated into a single nanosystem, have
emerged as a promising approach to
improve the efficacy of chemotherapy.®~®
Arsenic trioxide (ATO, As,O3) is a U.S. Food
and Drug Administration (FDA) approved
front-line agent for the treatment of acute
promyelocytic leukemia (APL).'®~ "2 ATO ex-
erts high cytotoxicity to various types of
cancer cells, including breast, liver, and
prostate, by induction of apoptosis. More-
over, ATO can promote the differentiation,
inhibit the migration, and reduce the inva-
sion of surviving cancer cells,"" indicating
that ATO may have higher therapeutic
effect with lower risk of recurrence and
metastasis than the traditional anticancer
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drugs (e.g, DOX and PTX). This unique
ability allows ATO to be a potential candi-
date to treat hepatocellular carcinoma,
which is one of the most threatening and
common cancers with high recurrence for
humans in the world, especially China. Drug
delivery systems allow ATO to achieve a
high therapeutic effect with a low risk of
recurrence and side effects. For example,
liposome and inorganic nanomaterial-based
vehicles have been employed to deliver ATO
for efficient cancer treatment.'>'* However,
these single-function drug delivery systems
are unable to track drug biodistribution
in situ, which is critical for evaluating the
delivery and therapeutic efficiency of the
drug.'>'® Therefore, the rationally designed
MDDSs for both real-time monitoring of
ATO drug and efficient tumor treatment are
necessary but remain challenging.
Currently, there are two major strategies
for the fabrication of multifunctional drug
delivery systems. The most common. strategy
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Scheme 1. Schematic Cartoon of Compatible Loading of ATO in Hollow Silica Nanoparticles and Its Drug Release with

Activatable T, Imaging Process Inside Cells

is to use fluorescent drugs as model cargos. This
strategy allows real-time monitoring of drug behavior
by fluorescence resonance energy transfer (FRET).'” ~2°
However, this system exhibited low penetration depth
in living tissues due to its UV or visible light excitation
source, which severely limits its application in clinic.
Another strategy is to link the chemotherapeutic drug
to various types of functional nanomaterials, such as
iron oxide nanoparticles,”' ~* gold nanostructures,??*’
and inorganic fluorescent nanomaterials.”® 3 Unfortu-
nately, because this strategy monitors the behavior of
the vehicles rather than the drugs, it is unable to monitor
drug delivery and release. Recently, activatable long-
itudinal relaxation time (T;) magnetic resonance imag-
ing (MRI) contrast agents have been designed to
respond to specific changes in the surrounding physio-
logical microenvironment, potentially allowing MRI
technology to detect biological processes associated
with enzymatic activity and disease3'~3° Activatable
T, imaging produces noninvasive and tissue-depth-
independent images with high spatial and temporal
resolution. Additionally, it induces a fast T, relaxation
and results in a significant amplification of T, signal
under specific stimuli. Due to these unique features,
activatable T, imaging may be a favorable tool for real-
time monitoring and quantitative assessment of drug
release in vivo.

Typical activatable T, imaging is highly dependent
on certain properties of the T, contrast agents, such as
the number of coordinated water molecules (g), proton
residence lifetime (z,,), and molecular tumbling time
(tr).2® Therefore, a contrast agent must have suitable
properties to establish a successful activatable T,
imaging system. Gd-based chelates are the major T,
contrast agents used in the clinic. Unfortunately, their
clinical use has been restricted by the FDA due to a
possible link between Gd-containing contrast agents
and nephrogenic systemic fibrosis (NSF).27*® To
increase the safety of MRI contrast agents, much
emphasis is now being placed on alternative ap-
proaches based on nonlanthanide metals, in particular
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manganese ions (Mn?"). Mn* is a typical T, contrast
agent with high spin number, long electronic relaxa-
tion time, and labile water exchange3?*° Because
Mn?* is critical in cell biology (e.g., Mn*" often acts
as a cofactor for enzymes and receptors), various
materials based on Mn?", such as MnCl,,*'*? manga-
nese chelates,”® and MnO nanoparticles,***> have
been used to diagnose cancer with good biocompat-
ibility. More importantly, in the presence of As(lll) ions,
Mn?" can form complexes that are insoluble in
pH-neutral environments but can collapse in acidic
environments.*® By increasing the efficiency of direct
chemical exchange between metal centers and sur-
rounding protons, this pH-dependent process can
switch on the T, signal, thus establishing an activatable
T, imaging system.*’*® Because of these characteristics,
Mn?" ions are one of the best activatable T, contrast
agents for monitoring ATO drug release and delivery in
real time.

Herein, we report an ATO-based MDDS that effi-
ciently treats tumors and monitors ATO controlled
release by activatable T, imaging in vitro and in vivo.
We use hollow silica nanoparticles to load water-
insoluble manganese-arsenite complexes to create
a pH-sensitive MDDS. This smart MDDS can simulta-
neously diagnose tumors accurately, monitor ATO
drug delivery and release in real time, and provide
efficient anticancer therapy in vivo. These properties
allow this novel drug delivery system to achieve con-
current monitoring and treatment of solid tumors, thus
providing increased insight into drug pharmacoki-
netics, local response, and overall efficacy.

RESULTS AND DISCUSSION

Synthesis and Characterization. The MnAsO,@SiO,
nanomaterials were prepared via ion gradient
mediated loading. As illustrated in Scheme 1, we mixed
the as-prepared hollow silica nanoparticles (HSNs)
with aqueous manganese chloride and subsequently
with ATO. During the loading process, the Mn*" and
HAsO52~ ions (denoted as Mn and As, respectively) can
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Figure 1. Characterization of MnAsO,@SiO, drug delivery system. (a) TEM image of MnAsO,@SiO, consisting of the core/shell
structure with high yield. (b) EDX mapping images of the MnAsO,@SiO, nanoparticles, indicating that the location of Mn and
As elements are in the core of HSNs. (c) Release profiles of Mn and As ions from HSNs at different pH values of 7.4 and 5.4. (d) r,
values of Mn ions and MnAsO,@SiO, in the buffer with the pH values of 7.4 and 5.4. (e) Analysis of relaxation rate R, (1/T;) vs
Mn concentration for MnAsO,@SiO, incubated in the pH 5.4 buffer for 0, 4, and 8 h. (f) T,-weighted MR images of
MnAsO,@SiO; incubated in the buffer (pH 5.4) for 0, 4, and 8 h. (g) T;-weighted MR images of SMMC-7721 cells incubated with
MnAsO,@SiO, for different time durations. (h) Total amount of Mn ions in SMMC-7721 cancer cells incubated with
MnAsO,@SiO, for different times. The concentration of Mn was tested by ICP-MS (n = 3/group).

diffuse across the shell of the HSNs and form insoluble
manganese arsenite complexes, [Mn(HAsOs)],, (denoted
as MnAsQO,), in the hollow interiors of the HSNs.
After centrifugation and purification, we obtained the
[Mn(HAsOs)],@SiO, nanomaterials (denoted as MnAsO,@
SiO,) in aqueous solution. Transmission electron micros-
copy (TEM) images showed that the as-prepared product
was highly uniform, with a diameter of 40 £ 2 nm
(Figure 1a). Dynamic light scattering (DLS) analysis indi-
cated that the MnAsO,@SiO, was monodisperse in water
with a hydrodynamic diameter (HD) of 55 + 3 nm
(Supporting Information, Figure S1). These results sug-
gested that the MnAsO,@SiO, was well-dispersed in water
without any clustering or aggregation. The small increase
in HD could be attributed to the hydration layer on the
surface of the nanomaterials.*® To confirm the successful
fabrication of MnAsO,@SiO,, we conducted TEM-asso-
ciated energy dispersive X-ray spectroscopy (EDS) analysis
and energy-dispersive X-ray element mapping (EDX
mapping). EDS analysis showed a high intensity signal at
typical peaks of Mn and As, indicating successful accumu-
lation of Mn and As in the MDDS (Supporting Information,
Figure S2). In agreement with the EDS results, EDX map-
ping indicated that there were ample Mn and As atoms in
the core of the HSNs (Figure 1b). These two analyses
indicated that we successfully synthesized a MnAsO,@SiO,
drug delivery system. To quantify the drug loading effi-
ciency of this system, we measured the amount of Mn and
As loaded into HSNs by inductively coupled plasma mass
spectroscopy (ICP-MS). ICP-MS analysis showed that the
HSNs could load ATO prodrug with molar ratios of Mn/SiO,
and As/SiO, as high as 145 £+ 0.10 and 1.07 £ 0.06,
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respectively. It should be mentioned that the accurate Mn/
As molar ratio is 1.35:1, suggesting that the MnAsO,
present in the system is a mixture of two typical formations
of manganese arsenite, MnHAsO; and Mn;3(AsOs),.

Release Profiles. An acidic environment can trigger
the collapse of MnAsO, complexes and the release of
As and Mn ions from MnAsO,@SiO,. To quantitatively
determine the release behavior of MnAsO,@SiO,, we
measured ion release at pH 7.4 and 5.4, which repre-
sent the physiological environments of cell culture
medium and the lysosome, respectively (Figure 1c).
The release profiles showed negligible release of As
and Mn ions (11% and 9.5% for As and Mn ions,
respectively) from MnAsO,@SiO, at physiological pH
(pH 7.4), suggesting that ATO prodrug was stably
entrapped in the HSNs in a neutral environment. The
small release is likely due to the slight leakage at 37 °C.
When the pH dropped to 5.4, the release process was
remarkably accelerated and reached a plateau (78%
and 82% for Mn and As ions, respectively) within 7 h.
This pH-dependent release behavior demonstrates
that MnAsO,@SiO, can respond to an acidic environ-
ment, such as lysosome. Of particular importance, the
released Mn ions can turn on the T, signal by increas-
ing the efficiency of dipole—dipole interactions be-
tween Mn ions and the surrounding protons. Since the
amount of released Mn ions is proportional to the
amount of As ions, this characteristic permits MnA-
sO,@SiO; to achieve real-time monitoring and quanti-
tative assessment of drug release in vitro.

Activatable T, Imaging in Vitro. We incubated Mn ions
and MnAsO,@SiO, with buffer at pH 7.4 and 5.4 and
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evaluated the relaxivity by a 0.5 T MRI scanner
(Figure 1d and Supporting Information, Figure S3).
Quantitative analysis indicated that there was no
appreciable difference between the T; relaxivity (rq)
values for free Mn ions at pH 7.4 and 5.4 (11.5 and
11.1 mM~" s’ for pH 7.4 and 5.4, respectively). How-
ever, the r; value of MnAsO,@SiO, in an acidic envi-
ronment is significantly larger than that in a neutral
environment (4.8and 12.0mM~'s'~ for pH 7.4 and 5.4,
respectively). According to the Solomon—Bloembergen—
Morgan (SBM) theory, the longitudinal relaxation (R;)
efficiency is mainly dependent on the chemical ex-
change between metal centers and surrounding
protons.*’”*® For this rationally designed MDDS, the
water-insoluble MnAsO, in the HSNs could significantly
inhibit the chemical exchange between Mn ions and
protons, resulting in a much low r; value than that of
free Mn ions at neutral pH. Once in an acidic environ-
ment, the MnAsO, collapses and releases free Mn ions,
which could allow for efficient chemical exchange
between the Mn ions and surrounding protons, thus
lightening the T;-weighted MR images (Scheme 1).
This extraordinary capability enables this smart MDDS
to qualitatively survey ATO release by activatable T,
imaging.

We then tested the ability of the MDDS to monitor
dynamic ATO release in a real-time manner. We in-
cubated MnAsO,@SiO, in citrate buffer (pH 5.4) for 0, 4,
and 8 h, which corresponded to approximately 0, 55%,
and 76% Mn release (or 0, 60%, and 80% As release),
respectively. T;-weighted MR images revealed a grad-
ual enhancement of signal intensity with the r; values
0f5.9,10.1,and 122 mM~"' s'~ over time (Figure 1e/f).
This gradual enhancement of T, signal can be ascribed
to the increasing amount of free Mn ions progressively
released from MnAsO,@SiO.. Since the amount of free
Mn ions is proportional to the amount of released As
ions, this MDDS can perform real-time monitoring of
ATO release by examining T; signal enhancement
under various conditions.

Subsequently, we monitored ATO release inside
living cells. We first incubated SMMC-7721 cells with
MnAsO,@SiO, at different times and then collected
the treated cells in small tubes and conducted the
MR phantom imaging. The T, signal in T;-weighted
MR images was negligible during the first 2 h but
then gradually brightened with the elapse of time
(Figure 1g). These time-dependent signal changes
reflected the slow release of Mn ions and ATO in cells.
We also measured the total amount of Mn ions in the
cells before and after treatment by ICP-MS. It appears
that the PBS-treated cells contained 280.2 &+ 5.3 ng of
Mn ions, likely due to Mn being a natural cellular
constituent and acting as a cofactor for enzymes and
receptors.”®>' Remarkably, the amount of Mn ions in
cells dramatically increased to 701.3 + 4.8,937.9 + 5.8,
11129 £ 83, and 931.1 £ 95 ng at 2,4, 6, and 8 h
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after incubation with MnAsO,@SiO,, respectively
(Figure 1h). This result is inconsistent with the changes
in T, signal, especially at 4 and 8 h. Compared to the
cells incubated with MnAsO,@SiO, for 8 h, the treated
cells for 4 h contained slightly more Mn ions but
exhibited a significantly lower T, signal. These seem-
ingly contradictory results could be attributed to the
fact that ICP-MS detects the total amount of Mn ions,
while activatable T, imaging reports only the amount
of released Mn ions. These results strongly suggest that
signal enhancement is generated by released and free
Mn ions, rather than MnAsO,@SiO.. It is worth noting
that the decreased amount of Mn ions at 8 h could be
attributed to As ion toxicity in cancer cells,*® which
increases cell membrane permeability and allows Mn
ions to escape from cells.

In Vitro Cytotoxicity. Prior to test the cytotoxicity of
MnAsOx@SiO,, we investigated the cytotoxicity of
HSNs and Mn ions by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. HSNs
and Mn ions showed negligible cytotoxicity after
48 h of incubation, even at concentrations up to
200 ug SiO/mL and 228 uM of Mn, respectively,
suggesting that the drug carrier has acceptable bio-
compatibility and minimal side effects (Supporting
Information, Figure S4). To evaluate the cytotoxicity
of MnAsO,@SiO,, we exposed Hela, HepG2, SMMC-
7721, and H22 cells to MnAsO,@SiO, or free ATO for
48 h and subsequently performed the MTT assay.
MnAsO,@SiO, exhibited stronger cytotoxic effects
than free ATO for all four cell types, which is likely
due to high cellular uptake of MnAsO,@SiO, and slow
ATO drug release (Figure 2).

To quantify cytotoxicity, we calculated the half-
maximal inhibitory concentration (IC5o) values of MnA-
sO,@Si0; and free ATO in Hela, HepG2, SMMC-7721,
and H22 cells (Supporting Information, Table S1). In all
four cell lines, the ICsq values (48 h) of MnAsO,@SiO,
(0.9 £ 0.1, 20.0 £ 2.3, 25 £ 0.2, and 2.9 £+ 0.3 uM,
respectively) were significantly lower than those of free
ATO (25+£0.3,75.0 £ 6.8,22.0 £ 1.5,and 7.7 £ 0.5 uM,
respectively). MnAsO,@SiO, cytotoxicity was found to
be as high as 3.8 times that of the free drug. These results
indicate that this rationally designed MDDS can kill
cancer cells effectively in vitro and is therefore a potential
candidate for tumor treatment in living subjects. We
noted that these four cell lines have different ICs, values
compared to the drug, which could be attributed to the
diverse drug susceptibilities of different cell lines.

Surface Modification to Improve Behavior in Vivo. Surface
modification of nanomaterials can reduce protein
absorption and increase their circulation time in vivo.
These modifications can improve anticancer drug
delivery to tumors by an enhanced permeability
and retention (EPR) effect.>’™>* We used a well-
known biological reagent, glutathione (GSH), to func-
tionalize the surface of MnAsO,@SiO, (denoted

VOL.9 = NO.3 = 2749-2759 = 2015 F@L@Mi{\)

WWwWW.acsnano.org

2752



a 120 b
—ATO 100 —ATO
100 —— MnAsO,@Si0, — MnAsO,@Si0;
< I so-
>
£ £ 60
2 2
.; -; 40_
S 3 201
T T T T T T T T T O-I T T T T
0 2 4 6 8 10 12 14 16 18 0 50 100 150 200 250
Concentration of As (uM) Concentration of As (uM)
C 120 d
—ATO ) 100 —ATO
1004 ——MnAsO @SiO, —MnAsO @SiO,
£ s/ & 80
> >
Z 60- = 60
] 2
g ]
> 2 40
S 20 3
204
O-I T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 0 2 4 6 8 10 12

Concentration of As (uM) Concentration of As (uM)

Figure 2. In vitro cytotoxicity assay. (a) Hela, (b) HepG2, (c) SMMC-7721, and (d) H22 cells treated with free ATO and
MnAsO,@SiO, for 48 h (n = 5/group).
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Figure 3. Monitoring drug release in liver of normal mice. (a) The DLS distribution of MnAsO,@SiO, and MnAsO,@SiO,—GSH
incubated with or without FBS, indicating that the GSH modification can reduce the interaction between MnAsO,@SiO,—GSH
and serum proteins. The ICP-MS analysis of liver uptake of As element after accumulation of (b) MnAsO,@SiO, and (c)
MnAsO,@SiO,—GSH in liver (n = 3/group). In vivo T,-weighted MR images of BALB/c mice at different times after intravenous
injection of (d) MnAsO,@SiO, and (f) MnAsO,@SiO,—GSH in coronal and transverse planes. Quantification of relative SNR};e,
collected at different times after administration of (e) MnAsO,@SiO; and (g) MnAsO,@SiO,—GSH in BALB/c mice (n = 3/group).

MnAsOx@SiO,—GSH). MnAsO,@SiO,—GSH showed did not observe any aggregation or structural changes
excellent colloidal stability in aqueous solution. We after storage for more than one month. More importantly,
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Figure 4. Diagnosis of tumor and monitoring drug release in mice with subcutaneous tumors. T,-weighted MR images
of BALB/c mice bearing H22 tumors at different times after intravenous injection of (a) MnAsO,@SiO,—GSH and
(b) MnAsO,@SiO, in coronal and transverse planes. (c) Quantification of relative SNRy,mor coOllected at different times after
administration of MnAsO,@SiO, and MnAsO,@SiO,—GSH in tumor (*p < 0.05, n = 3/group). (d) ICP-MS analysis of tumor
uptake of As after injection of MnAsO,@SiO, and MnAsO,@SiO,—GSH (*p < 0.05, n = 3/group).

there was no appreciable difference in HD between
MnAsO,@SiO,—GSH incubated with or without fetal
bovine serum (FBS) at 37 °C for 4 h. In comparison
with MnAsO,@SiO,—GSH, MnAsO,@SiO, exhibited a
significant increase in HD after incubation with FBS
(Figure 3a and Supporting Information, Figure S5).
These results indicated that GSH reduced the nonspe-
cific interaction between MnAsO,@SiO,—GSH and
serum proteins, which was beneficial to prolong circu-
lation time of the material and improve its EPR effect.
We further investigated the half-life of MnAsO,@SiO,
and MnAsO,@SiO,—GSH in blood by detecting the
concentrations of Mn and As ions. As expected, the
blood circulation half-life of MnAsO,@SiO,—GSH was
approximately 1.5 h, which is almost three times as
long as that of MnAsO,@SiO, (0.5 h). These results
suggested that MnAsO,@SiO,—GSH was more sui-
table for cancer diagnosis and treatment compared
to MnAsO,@SiO, through an EPR effect (Supporting
Information, Figure S6). Since free ions exhibit a
short half-life of about several minutes in blood
circulation,”® these results indicated that Mn and
As ions were stably entrapped in HSNs during
circulation.

Drug Release in Vivo. We injected MnAsO,@SiO, and
MnAsO,@SiO,—GSH into BALB/c mice intravenously at
a dose of 1.0 mg Mn/kg body weight (corresponding to
1.0 mg As/kg). Because of the high enrichment of
nanomaterials in the liver,*® we focused on the liver
as the targeted region. ICP-MS analysis indicated that
both samples resulted in significant accumulation of As
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ions in the liver after injection (Figure 3b,c). We then
conducted T;-weighted MRI at different time points
and monitored the drug release process in real time.
Both coronal and transverse images showed that the
liver region exhibited a noticeably brighter signal after
the injection of MnAsO,@SiO, or MnAsO,@SiO,—GSH
(Figure 3d,f). Moreover, the images showed a gradual
enhancement of T, signal with increasing incubation
time. These results clearly demonstrated that Mn ions
and ATO were slowly released from the nanomaterials
in the liver. To quantify the contrast enhancement, we
calculated the signal-to-noise ratio (SNR) by analyzing
the area of the images corresponding to the liver
(Supporting Information, Table S2). The measured
SNR values of the MnAsO,@SiO, group were 314.6 +
2.9%, 273.8 + 3.4%, 211.0 £ 0.7%, 213.8 = 1.2%, 188.9
=+ 3.5%, and 185.4 4 6.0% at 20 min, 30 min, 1, 2, 4, and
6 h post injection (p.i.), respectively (Figure 3e). In
comparison with the MnAsO,@SiO, group, the MnA-
sO,@Si0,—GSH group showed significantly different
drug release kinetics, with SNR values of 277.1 & 1.0%,
304.8 £+ 6.5%, 314.5 £+ 9.0%, 238.3 &+ 7.8%, 222.5 +
1.6%, and 191.9 4 2.3%, at 20 min, 30 min, 1, 2, 4, and
6 h p.i,, respectively (Figure 3g). These differences in
drug release kinetics could be a result of the different
behaviors of the materials when circulating through
the blood. MnAsO,@SiO,—GSH exhibited a longer
circulation time than MnAsO,@SiO,, which could slow
down the uptake rate of MnAsO,@SiO,—GSH by the
liver and extend the duration of drug release. As T,
signal enhancement is proportional to the amount of

VOL.9 = NO.3 = 2749-2759 = 2015 ACSN\A

J

WL

N

Na

WWwWW.acsnano.org

2754



a Pre-injection

A Liver
Tumor 7

n
=)

o
N

7 %V/?

SNRpost/SNRpre (a.u.)
\

Figure 5. Diagnosis of tumor and monitoring drug release
in mice with orthotopic tumors. (a) T;-weighted MR images
of BALC/c mice bearing H22 orthotopic tumors at different
times after intravenous injection of MnAsO,@SiO,—GSH in
transverse plane. The red arrows indicated the orthotopic
liver tumor. (b) Quantification of relative SNRj,. and
SNRwmor collected at different times before and after injec-
tion of MnAsO,@SiO,—GSH (n = 3/group).

Mn and As ions released, the time-dependent en-
hancement of the T, signal allowed for real-time
monitoring of the drug release process. It should be
mentioned that the injection dose (1 mg Mn/kg each)
in this study is estimated to be equivalent to a human
dose of 0.08 mg/kg, which is much lower than the
clinical dose of 0.275 mg/kg for Mn-DPDP (a commer-
cial Mn based T, contrast agent).>” We noted that the
SNR values decreased after 1 h p.i. This phenomenon
was probably caused by the metabolism of Mn*" ions,
indicating that the optimal imaging window is within
2 h after administration.

Tumor Imaging and Drug Release Monitoring in Tumors.
Based on the above results, MnAsO,@SiO, and MnA-
sO,@Si0,—GSH successfully and reproducibly gener-
ated MR contrast and enabled in vivo drug monitoring.
Thus, these materials have great potential for accurate
tumor diagnosis and dynamic drug release monitoring
in tumors. We injected MnAsO,@SiO, and MnAsO,@-
SiO,—GSH intravenously into BALB/c mice bearing
murine hepatocellular carcinoma tumors, H22 tumors,
ata dose of 1.0 mg Mn/kg body weight and conducted
T:-weighted MRI. The injection dose is estimated to be
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equivalent to a human dose of 0.08 mg/kg of both Mn
and As ions, which is significantly lower than their
clinical doses (0.27 mg/kg for Mn ions and 0.15 mg/kg
for As ions).>” Compared to the MnAsO,@SiO- group,
the MnAsO,@SiO,—GSH group showed lower T,
signal enhancement in the liver, indicating that
MnAsO,@Si0O,—GSH delivered less ATO to the liver
than MnAsO,@SiO; (Figure 4a,b and Supporting Infor-
mation, Figure S7). T;-weighted MR images of the
tumor region showed that the MR signal slowly in-
creased over time and exhibited remarkable T, con-
trast from the surrounding normal tissue, especially the
mice treated by MnAsO,@SiO,—GSH (Figure 4a,b).
These results indicated that ATO was successfully
delivered to the tumor and that drug release in the
tumor could be visualized in real time. Since the
efficacy of chemotherapeutics is highly dependent
on the efficiency of drug release in the tumor, these
images are necessary for evaluating the therapeutic
efficiency of the drug. To quantify the contrast en-
hancement, we calculated SNR by analyzing the
region of the images corresponding to the tumor.
The SNR values from the MnAsO,@SiO,—GSH group
were 253.8 £ 17.8%, 330.6 £ 8.1%, 379.4 4= 23.2%, and
313.5 £ 8.4% at 20, 30, 60, and 120 min p.i., respec-
tively, which were much higher than those from the
MnAsO,@SiO, group (1244 + 2.9%, 116.4 £ 1.6%,
120.3 + 6.1%, and 119.7 £ 0.7% at 20, 30, 60, and
120 min p.i, respectively). The extremely high T, signal
enhancement in the MnAsO,@SiO,—GSH group de-
monstrates that MnAsO,@SiO,—GSH is an excellent
tool for accurate tumor diagnosis and monitoring of
drug release (Figure 4c and Supporting Information,
Table S3). We then measured the amount of As ions in
the tumor and evaluated the relationship between
the T, signal and the amount of ATO. In comparison
with the preinjected state, the mice treated with
MnAsO,@SiO,—GSH had much higher amounts of As
in the tumor than those treated with MnAsO,@SiO,
(Figure 4d). This result is in good agreement with our
finding that T, signal enhancement in the tumor was
much higher in the MnAsO,@SiO,—GSH group com-
pared to the MnAsO,@SiO, group. Overall, these
results demonstrate that this carefully designed MDDS
is able to report different amounts of drug by monitor-
ing the changes in T, signal. We observed slight
differences between the As uptake curve and the T,
signal enhancement in the treated mice. This phenom-
enon could be due to the fact that ICP-MS detects the
total amount of As ions while activatable T, imaging
reports only the amount of released As ions. Since only
the released As ions can effectively kill cancer cells, this
real-time monitoring approach is much more suitable
and accurate than ICP-MS for monitoring in vivo drug
bioavailability.

We conducted an additional study examining
Ti-weighted MRI and drug release in an orthotopic
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Figure 6. In vivo therapeutic study. (a) Tumor growth curves after intravenous injection of PBS, ATO, MnAsO,@SiO,, or
MnAsO,@Si0,—GSH with a dose of 2.0 mg As per kg for 21 days. Arrows indicate the day for treatment (*p < 0.05, n = 6/group).
(b) Body weight change curves of the mice during treatment by PBS, ATO, MnAsO,@SiO,, or MnAsO,@SiO,—GSH. Tumor H&E
histology images of the mice after administration of (c) PBS, (d) ATO, (e) MnAsO,@SiO,, and (f) MnAsO,@SiO,—GSH for
21 days. Black arrows indicate the typical necrotic cells in tumors. Scale bar, 200 #m. Quantitative analysis of biochemistry
indices (g) aspartate transaminase, (h) alanine aminotransferase, (i) creatinine, and (j) red blood cells of the mice treated by

PBS, ATO, MnAsO,@SiO,, and MnAsO,@SiO,—GSH for 21 days.

H22 tumor model. We established the orthotopic liver
tumor model by injection of H22 cells (1 x 10) into the
liver of BALB/c mice. When the hepatic tumor reached
1—2 mm in diameter, we injected MnAsO,@SiO,—GSH
intravenously into the mice (1.0 mg Mn per kg) and
scanned the animals with a 7 T microMRI scanner
(Supporting Information, Figure S8). The T;-weighted
MR signal was bright in both the tumor and liver
after administration. Remarkably, signal enhance-
ment in the tumor was much higher than that in
the liver, leading to easy differentiation between
liver lesions and normal liver tissue (Figure 5a). This
unique phenomenon occurs because the extracel-
lular environment of the tumor is more acidic
(pH 6.5—6.8) than normal tissue (pH ~ 7.4),>°8 which
results in faster release of Mn ion (As ions) and larger
T, signal enhancement. It should be noted of that
the T; MR signal of the tumor gradually increased
until 1 h p.i., reflecting ATO release and demon-
strating that this MDDS can also allow real-time

ZHAO ET AL.

monitoring of drug release in orthotopic hepatic
tumors (Figure 5b and Supporting Information,
Table S4). We noted that signal enhancement in
the tumor dropped after 1 h p.i. It is necessary to
conduct MRI scanning within 1 h to diagnose hepatic
tumor, which meets the basic requirements of clin-
ical diagnosis.

In Vivo Therapy. We then performed an in vivo study
evaluating the therapeutic effect of this system in nude
mice bearing human hepatocellular carcinoma tumors,
SMMC-7721 tumors. We injected PBS, ATO, MnCl,,
HSNs, MnAsO,@SiO,, or MnAsO,@SiO,—GSH intrave-
nously into the mice (2.0 mg As/kg each) at days 0, 3,
6, 9, and 12 (Figure 6 and Supporting Information,
Figure S9). All three drugs inhibited SMMC-7721 tumor
growth (Figure 6a). On the contrary, the tumors in
mice treated with PBS, free Mn ions, and HSNs grew
rapidly (Supporting Information, Figure S10a). Despite
MnAsO,@SiO,—GSH and MnAsO,@SiO, having similar
cytotoxic effects on cancer cells, the former was
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more effective in delaying tumor growth (Supporting
Information, Figure S11). This result could be attributed
to the fact that the GSH-modified HSN nanocarriers
exhibited prolonged circulation time and increased
drug accumulation at the tumor site by the EPR effect.
Importantly, the treated mice maintained a consistent
weight over the course of the treatment, indicating
that the MDDS had minimal side effects (Figure 6b and
Supporting Information, Figure S10b). To further assess
systemic toxicity in the animals, we conducted hema-
toxylin and eosin (H&E) staining and main biochemistry
index analysis after treatment. All major organs main-
tained their typical structural phenotypes and did not
exhibit appreciable microscopic lesions, while the tu-
mor tissues showed a typical necrotic response after
treatment with ATO, MnAsO,@SiO,, or MnAsO,@SiO,—
GSH (Figure 6c—f and Supporting Information,
Figure S12). In agreement with the histological anal-
ysis, the main biochemistry indices, including aspar-
tate transaminase (ALT), alanine aminotransferase
(AST), creatinine (CREA), and red blood cells (RBC),
were maintained at similar levels as the controls,
suggesting that the treatments did not affect liver
and kidney functions (Figure 6g—j and Supporting
Information, Figure $13). These results indicate that this

EXPERIMENTAL METHODS

Reagent. Oleic acid (tech 90%), tetraethyl orthosilicate (TEOS
99.9%), (3-aminopropyl)triethoxysilane (APTES 97%), manganese(ll)
chloride tetrahydrate (tech 90%), As,Osz (tech 90%), and
3-maleimidobutyric acid N-succinimidyl ester were purchased
from Alfa Aesar. Polyoxyethylene(5)nonylphenyl ether (Co-520)
was purchased from Sigma-Aldrich. Ammonium hydroxide
and and ethanol were purchased from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China). All chemicals were used as
received without further purification.

Characterizations. TEM images were captured on a JEM-2100
microscope at an accelerating voltage of 200 kV. The element
mapping analysis was performed on a Tecnai F20 microscope at
an accelerating voltage of 300 kV. The element analysis of
Mn and As was determined by ICP-MS. The DLS measurements
were performed on a Malvern Zetasizer nano ZS instrument.
The MRI testing and T; relaxation time measurements were
tested at a 0.5 T NMR120-Analyst NMR Analyzing and Imaging
system (Niumag Corporation, Shanghai, China). In vivo MR
images measurements were performed on a 7T MRI scanner
(Varian 7T micro MRI System).

Synthesis of Hollow Si0,—NH, Nanoparticles (HSNs). Uniform HSNs
were prepared via selective etching of as-synthesized Fe;0,@-
SiO,—NH, template with 10% HCI. We mixed 5 mg of Fe;0,@-
SiO,—NH, with 6 mL of concentrated hydrochloric acid for 4 h.
The nanomaterials were separated by centrifugation and
washed three times with ethanol. After washing, this nanoma-
terial was dissolved in ultrapure water for long-term storage at
room temperature.

Preparation of MnAs0,@Si0, Multifunctional Drug Delivery System
(MDDS). The MnAsO,@SiO, MDDS was prepared via the
ion gradient-mediated loading methodology using the as-
synthesized hollow silica nanoparticles. We hydrated the HSNs
in 300 mM aqueous manganese chloride tetrahydrate solution
(pH ~ 7.4) by ultrasound. After the mixture was subjected to 10
freeze—thaw cycles, we centrifuged (14000 rpm, 20 min) the
reaction solution to remove the excess manganese chloride and

ZHAO ET AL.

MDDS exhibits minimal side effects and acceptable
biocompatibility.

CONCLUSIONS

In summary, we reported a novel strategy to monitor
the in vitro and in vivo release of the anticancer drug
ATO in a real-time manner by activatable T, imaging.
Due to its unique features, including compatibly inor-
ganic property, controllable drug release behavior, and
proper surface functionalization, this MDDS signifi-
cantly increased the anticancer activity of ATO in vitro
and in vivo. Of particular significance, this rationally
designed MDDS can simultaneously release Mn ions in
an acidic tumor microenvironment, which effectively
turns on the T; MR signal and facilitates activatable T,
imaging. This unique feature makes it possible for
accurate tumor imaging and diagnosis. More impor-
tantly, the T, signal enhancement is correlated to the
amount of released drug, which allows the smart
MDDS to monitor the drug release process in real time,
which is a current major challenge in drug delivery. This
new drug delivery system incorporating cancer diag-
nosis, real-time drug release monitoring, and efficient
anticancer ability in one smart entity can open up new
venues in cancer treatment and management.

dissolved the sample in ultrapure water. Then, we added
aqueous arsenic trioxide (ATO, pH ~ 8) and incubated it at
50 °C for 6 h. After the insoluble manganese arsenite complex
was discarded, we collected the MnAsO,@SiO, by centrifuga-
tion. The MnAsO,@SiO, MDDS was kept in ultrapure water at
4 °C for further use.

Preparation of MnAs0,@5i0,—GSH MDDS. The MnAsO,@SiO,—
GSH was prepared by modifying the as-synthesized MnAsO,@-
SiO; through the functional amino groups. We mixed the
MnAsO,@SiO, (1 nmol) and the heterobifunctional linker,
3-maleimidobutyric acid N-succinimidyl ester (1 umol), in bo-
rate buffer (pH ~ 7.5) and incubated the mixture at room
temperature for 2 h with gentle shaking. After purification, we
added glutathione (GSH) molecules (0.1 #umol) into the solution
containing activated nanoparticles and maintained general
shaking for 2 h at room temperature. After the excess GSH
was removed by centrifugation, we stored the MnAsO,@-
SiO,—GSH in PBS buffer for in vitro and in vivo biological
evaluation.

In Vivo Liver MR Imaging. Animal experiments were executed
according to the protocol approved by the Institutional Animal
Care and Use Committee of Xiamen University. BALB/c mice
(6 weeks old, 18—22 g) were purchased from Laboratory Animal
Center of Xiamen University. We performed the in vivo MR
imaging of liver by using BALB/c mouse as a model. We
intravenously injected MnAsO,@SiO, and MnAsO,@SiO,—GSH
at a dose of 1T mg Mn/kg body weight. The coronal and
transverse plane MR images were scanned using a sequence
(TR/TE = 400/10 ms, 256 x 256 matrices, averages = 1, FOV =
60 x 60) on a Varian 7 T microMRI scanner. The MR images were
obtained at preinjection, 20 min, 30 min, 1, 2, 4, and 6 h
postinjection (n = 3/group). To quantify the signal enhance-
ment, we calculated the signal-to-noise ratio (SNR) by the
equation SNRjyer = Sliver/SDnoiser Where Sl represents signal
intensity and SD represents standard deviation.

In Vivo Therapeutic Study. Female nude mice (6 weeks old,
18—22 g) were purchased from the Laboratory Animal Center of
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Xiamen University. We established the tumor model by inject-
ing human hepatocellular carcinoma cells, SMMC-7721 cells
(5 x 10°), in the subcutaneous tissue. When the SMMC-7721
carcinoma reached approximately 0.5 cm in diameter, we
intravenously injected PBS, ATO, HSNs, MnCl,, MnAsO,@SiO,,
or MnAsO,@SiO,—GSH into the mice (2 mg As/kg body weight
each) and monitored mouse weight and tumor size (n = 6/
group). The tumor volumes were calculated by the equation of
Vrumor = (@® x b)/2 (a and b represents the maximum and
minimum diameter of the tumor, respectively).
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