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\"&f Nitric Oxide for Synergistic Cancer Starving-Like/Gas Therapy

- Wenpei Fan, Nan Lu, Peng Huang,* Yi Liu, Zhen Yang, Sheng Wang, Guocan Yu, Yijing Liu,
Junkai Hu, Qianjun He, Junle Qu, Tianfu Wang,* and Xiaoyuan Chen*

Abstract: Glucose is a key energy supplier and nutrient for
tumor growth. Herein, inspired by the glucose oxidase (GOx)-
assisted conversion of glucose into gluconic acid and toxic
H,0,, a novel treatment paradigm of starving-like therapy is
developed for significant tumor-killing effects, more effective
than conventional starving therapy by only cutting off the
energy supply. Furthermore, the generated acidic H,0, can
oxidize L-Arginine (L-Arg) into NO for enhanced gas therapy.
By using hollow mesoporous organosilica nanoparticle
(HMON) as a biocompatible/biodegradable nanocarrier for
the co-delivery of GOx and L-Arg, a novel glucose-responsive
nanomedicine (L-Arg-HM ON-GOx) has been for the first time
constructed for synergistic cancer starving-like/gas therapy
without the need of external excitation, which yields a remark-
able H,O,~NO cooperative anticancer effect with minimal
adverse effect.

As an alternative to chemotherapy, the emerging gas therapy
has been recognized as a “green” treatment paradigm with
negligible side effects.!!. Among the gasotransmitter family,
nitric oxide (NO) serves as a “star” messenger involved in
a number of physiological and pathological activities.”
Especially in the field of cancer therapy, NO not only directly
kills cancerous cells at high concentrations (>1 pum) through
the nitrosation of mitochondria and DNA,"! but also coop-
eratively enhances the efficacy of photodynamic therapy or
radiotherapy.”! Of particular interest of NO gas therapy is to
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develop biocompatible yet activatable NO donors for stimuli-
responsive NO release.”) L-Arginine (L-Arg), a natural NO
donor with excellent biocompatibility,® can continuously
release NO in the presence of inducible NO synthase (iNOS)
enzyme.[! Additionally, L-Arg can also be oxidized by H,0,
to generate NO.®™! It is expected that the presence of L-Arg in
the H,O,-rich tumor microenvironment® could generate
a large amount of intratumoral NO for gas therapy.

Cancer starving therapy is known for blocking the
nutrients supply by vascular embolization to suppress tumor
growth."”! Alternatively, in consideration of the essential role
of glucose in providing energy for tumor metabolism,™ we
strategically starved the tumors by depleting the intratumoral
glucose by a glucose-metabolic reaction, which oxidized
glucose into gluconic acid and H,O, using the catalysis of
glucose oxidase (GOx).'”l As we know, H,0, causes malig-
nant transformation of normal cells at endogenous concen-
trations,™® but in turn triggers cancerous cell death at high
concentrations." Therefore, the consumption of intratu-
moral glucose by GOx is expected to increase the endogenous
H,0, level for cancer-killing in addition to choking off the
energy supply, which contributes to the naissance of a novel
paradigm of cancer starving-like therapy. Moreover, the
elevated concentration of H,O, is helpful to accelerate the
oxidization of L-Arg into NO,® and may even react with NO
to produce highly biocidal peroxynitrite molecules (ONOO™)
to further enhance the efficacy of NO gas therapy.'™ As such,
there are significant enhancement effects of starving-like
therapy on gas therapy, which is expected to yield a remark-
able H,0,-NO synergistic therapeutic effect.

In order to achieve synergistic cancer starving-like/gas
therapy, hollow mesoporous organosilica nanoparticles
(HMON:Ss) are employed for the co-delivery of GOx and L-
Arg (Figure 1a) based on the following multifaceted consid-
erations: First, compared with inorganic nanocarriers,
HMON demonstrates better biocompatibility and biodegrad-
ability in the reductive microenvironment.™! Second, GOx
and L-Arg are spatially separated on the surface and in the
hollow cavity of HMON, respectively, allowing for a high co-
loading efficiency. Thirdly, thanks to the internal cavity,
HMON serves as an ultrasound (US) imaging contrast agent
for positioning tumors.**!%! Most importantly, GOx oxidizes
intratumoral glucose into toxic H,O, for the subsequent
oxidization of L-Arg into NO by the following two-step
reactions given In Equations (1) and (2):

Glusoce + O, + H,05% Gluconic acid + H,0, (1)
L-Arginine + H,0,~51-Citrulline + NO + H,O 2)
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Starving-like
therapy

Figure 1. a) Schematic illustration of the construction of L-Arg-HMON-
GOx for synergistic cancer starving-like/gas therapy. b) TEM image of
a single HMON nanoparticle. c—f) Elemental mapping of HMON:

) Si, d) O, e) S, f) Mergence. g) SEM image of HMON. h) Average
gray values of degassed water and HMON, and the insets are their
corresponding B-mode US images of (upper) HMON and (down)
water. ***P < 0.001.

Interestingly, the pH decrease as a result of the generated
gluconic acid [Eq.(1)] also accelerates the L-Arg-H,O,
reaction for an increased NO yield [Eq. (2)]. Specifically,
the conversion of glucose into H,O, and NO for tumor growth
inhibition is spontaneous without the need of external energy
input. Furthermore, the developed synergistic starving-like/
gas therapy may hopefully establish a novel green yet
noninvasive treatment paradigm with significant clinical
values, minimizing the concerns about side effects.

Herein, HMON was fabricated according to a selective
etching strategy with modification (see Figure Sla in the
Supporting Information). Dense SiO, nanoparticles (Fig-
ure S1b) were synthesized via a typical Stober method. Due to
the chemical homology between tetraethyl orthosilicate
(TEOS) and bis[3-(triethoxysilyl)propyl]tetrasulfide
(BTES), a disulfide-bridged mesoporous organosilica shell
was coated on the surface of SiO, (denoted as SiO,@MON,
Figure S1c). Then HMON with a huge cavity (Figure 1b) was
obtained by selectively etching away the SiO, core in
a Na,COj solution while maintaining the outer organosilica
shell intact (Figure S1d). The silica coating process took place
at 80°C using cetyltrimethylammonium chloride (CTAC) as
the pore-forming agent, which saved at least 5 h in compar-
ison to hexadecyltrimethylammonium bromide (CTAB)-
assisted silica coating at room temperature in other stud-
ieS.llSa‘”J

The as-synthesized HMON exhibits a spherical morphol-
ogy (Figure 1g) with a narrow hydrodynamic size distribution
centered at 184.3 nm (Figure S2), indicating its high dispersity
without obvious aggregation. All the major elements (Si, O,
S) are shown in the element mapping images (Figure 1c—f)
and EDS spectrum (Figure S3). Especially, the S signal is
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homogenously distributed within the silica framework, con-
firming the successful disulfide hybridization (Figure S4) for
HMON. After extraction of CTAC, HMON has a relatively
large surface area of 293 m’g' and pore size of 3.7 nm
(Figure S5), which facilitates efficient loading of guest
molecules into the hollow cavity.

The incorporation of organic thioether groups into silica
frameworks may endow HMON with enhanced biological
performances. As shown in Figure S6, over 95% of cells
remained alive after 24 h of incubation with HMON, indicat-
ing high biocompatibility of HMON even without surface
modification. By conjugation with FITC, the efficient intra-
cellular transport of HMON via a typical endocytosis process
was observed under the confocal laser scanning microscopic
(Figure S7). Thanks to the huge hollow interior for scattering/
reflecting US signals!'® as well as the hybridized long-chain
thioether groups for enhancing the elasticity of the silica shell
to US wave,® HMON could serve as a good US contrast
imaging agent, which generates three-fold enhancement of B-
mode US signals in comparison to water (Figure 1h). After
injection into the U87MG xenograft tumor, the strong B-
mode US signal (Figure S8) helps to position the tumor.
Compared with other inorganic silica nanoparticles, HMON
is featured with its distinct biodegradation behavior in the
reductive tumor microenvironment because the disulfide
bonds within the silica framework are highly sensitive to the
reductive environment and easily broken down to collapse
the organosilica shell. As observed in the TEM and SEM
images of HMON in GSH solutions (for simulated tumor
microenvironment), HMON demonstrates a time-dependent
biodegradation behavior and almost all HMON particles are
degraded within 30 days (Figures S9 and S10). The biode-
gradibility of HMON is expected to enhance its biosafety,
facilitate its excretion as well as accelerate the release of
loaded guest molecules for better biological effects.

GOx, an enzyme with abundant carboxyl groups, was
covalently conjugated onto the surface of HMON (Fig-
ure Slla) to form a “corona” without leakage (Figure S12).
Meanwhile, L-Arg molecules were encapsulated into the
hollow cavity of HMON through hydrogen bonding and
electrostatic interactions. Therefore, GOx and L-Arg were
separately conjugated onto the surface and loaded into the
cavity of HMON, respectively (Figure S13), which yielded the
water-dispersible L-Arg-HMON-GOx (Figure S11d). As cal-
culated by the thermo-gravimetric analysis (TGA) of L-Arg-
HMON-GOx (Figure 2a), the co-loading capacities of GOx
and L-Arg are as high as 10 and 13 wt %, respectively.

Based on GOx-catalyzed decomposition reaction of
glucose, we find that both the generated H,0, and gluconic
acid (reflected by pH) concentrations quickly reach an
equilibrium within only 1h (Figure S14a and b), which
indicates the high catalytic efficiency of GOx. It is no surprise
that GOx still keeps its activity after conjugation (Figure S14c
and d). The generated H,O, and acid concentrations are
increased in response to the elevated concentrations of
glucose (Figure 2b and c). To study the promoting effect of
acid on the L-Arg-H,0, reaction, the generated NO concen-
trations in neutral (pH 7.4) and acidic (pH 4.0) solutions were
measured using a typical Griess assay. Although the L-Arg-
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Figure 2. a) TG curves of HMON-GOx, HMON-L-Arg and L-Arg-
HMON-GOx. b—c) The generated H,0, concentration (b) and pH
value (c) arising from the reaction between HMON-GOx and different
concentrations of glucose. d) The generated NO concentrations arising
from the reaction between L-Arg-HMON-GOx and different concentra-
tions of glucose.

H,O, reaction rate is very slow in neutral solutions, a burst
NO release is clearly found in acidic solutions (Figure S15a),
about four-fold higher than that in neutral solutions, suggest-
ing the greatly accelerated oxidization of L-Arg by acidic
H,0,. Meanwhile, the generated NO is also proportional to
H,0, concentration (Figure S15b). Taken together, via the co-
loading of GOx and L-Arg into HMON, L-Arg-HMON-GOx
can generate NO in glucose solutions via the oxidization of
glucose into H,O,/H" by GOx and the subsequent oxidization
of L-Arg into NO by H,0,/H". As expected, L-Arg-HMON-
GOx also demonstrates glucose-dependent NO release (Fig-
ure 2d) because the generated NO amount relies on the
H,O,/H" concentration, which is related to the added glucose
concentration.

To observe the intracellular NO release in vitro, a fluoro-
genic Rhodamine B Spirolactam-based (RhBS) NO probe
(Figure S16) was used to evaluate the NO generation on
U87MG cells. First, after 6 h of incubation with GOx or L-Arg
loaded or GOxi-Arg co-loaded HMON in glucose-free
DMEM medium, the US7MG cells were harvested for flow
cytometry analysis and fluorescence imaging. As seen in
Figure 3a and b, although HMON-L-Arg can react with
intracellular H,O, to generate NO, a much larger amount of
NO is released from L-Arg-HMON-GOx because GOx can
oxidize the intracellular glucose to increase H,O, concen-
tration (Figure 3¢) that accelerates the oxidization of L-Arg
into NO. Meanwhile, a strong red fluorescence signal is also
observed in L-Arg-HMON-GOx-treated cells (Figure S17),
which further confirms the higher concentration of intra-
cellular NO release from L-Arg-HMON-GOx than that of
HMON-L-Arg. Subsequently, the intracellular NO release
was measured on US7MG cells incubated with L-Arg-
HMON-GOx in glucose-containing DMEM medium. As

Angew. Chem. Int. Ed. 2017, 56, 12291233

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

~
(]
~—
=
S
=
n
S
o
=
=
~
(=3
'

=3

i

2

+

404

Cell viability (%)

N

204

H,0, concentration (umol/10° cells)ﬁ

mm L-Arg-HMON-GOx

°

Control HMON-GOx No glucose 100 pg/mL glucose

Figure 3. a) Flow cytometry analysis and b) the corresponding quanti-
tative evaluation of intracellular NO generation (using the RhBS NO
probe) in U87MG cells after being treated with HMON-GOx, HMON-
L-Arg and L-Arg-HMON-GOx. The untreated cells were used as the
control. c) The change of H,0O, level in U87MG cells after HMON-GOx
treatment. d) U87MG cell viability after different treatments in the
absence and presence of 100 pgmL™' glucose. *P< 0.05, **P<0.01,
*#*%P <0.001.

expected, the intracellular NO level is higher with increased
glucose concentrations (Figure S18 and S19), which shows the
glucose-dependent NO release from L-Arg-HMON-GOxX in
vitro.

During the tumor growth, glucose serves as an energy
supplier to promote cancerous cell proliferation (Fig-
ure S20a). As a high concentration of H,O, causes significant
cell death (Figure S20b), the starving-like therapy via the
GOx-triggered decomposition of glucose into toxic H,O,
produces a much stronger anticancer effect than the conven-
tional starving therapy which only blocks the glucose supply.
Conversely and excitinglyy, HMON-GOx-triggered starving-
like therapy results in a lower cell viability at a higher
concentration of glucose (Figure S21), which should be
attributed to a higher level of H,O, production. Meanwhile,
although HMON-L-Arg reacts with intracellular H,O, to
produce small amount of NO and cause marginal cell death
(Figure S22), much more NO is produced at increased H,0,
concentrations to cause more cell death (Figure S23), thus
yielding an improved gas therapeutic effect. Encouraged by
the GOx-induced high H,O, concentration for accelerating
NO production from L-Arg, the synergistic starving-like/gas
therapy can be achieved by L-Arg-HMON-GOx to cause
a higher cell death rate than single starving-like therapy by
HMON-GOx or gas therapy by HMON-L-Arg (Figures 3d
and S24).

After validating the high biocompatibility of HMON in
vivo (Figure S25), the evaluation of synergistic cancer starv-
ing-like/gas therapy was further performed on the USTMG
tumor-bearing mice. By comparison with PBS group (Fig-
ure S26), the intratumoral blood oxygen saturation (sO,) after
injection of HMON-GOx quickly dropped and maintained
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Figure 4. a—c) PA oxygen saturation mapping and US coregistered
imaging of U87MG tumors a) before, b) 1 h, and c) 2 h after injection
of HMON-GOx. d) Quantitative analysis of sO, levels in U87MG
tumors before and after injection of HMON-GOx. ) The change of
H,0, concentrations in U87MG tumors at 4 h after injection HMON-
GOx. f) Tumor growth curve and g) survival curve of U87 tumor-
bearing mice after different treatments. *P<0.05, **P<0.01,

**%P < 0.001.

below 20% within 2 h (Figure 4d), as shown by the para-
metric “Oxyhemo” mode of PA/US coregistered imaging
(Figure 4a—c). Meanwhile, HMON-GOx causes a drastic two-
fold increase in intratumoral H,O, concentration (Figure 4¢).
These findings confirm that HMON-GOx can consume the
intratumoral glucose!"!! and O, for H,O, generation, which
significantly shrinks tumors and simultaneously cuts off the
energy supply to starve tumors. However, HMON-L-Arg
seems to be less effective in inhibiting the tumor growth
(Figure S27) because of the limited intratumoral H,O, con-
centration that oxidizes insufficient amount of L-Arg into NO
for relative low gas therapy efficacy. However, after treatment
with L-Arg-HMON-GOx, the tumors were remarkably elim-
inated (Figure 4 f), presumably due to both the elevated H,O,
concentration arising from GOx-catalyzed decomposition of
intratumoral glucose and the significantly enhanced NO gas
therapy arising from H,O,/H"-triggered oxidization of L-Arg.
Moreover, L-Arg-HMON-GOx results in the most significant
tumor apoptosis and necrosis (Figure S28), indicating the
remarkably improved synergistic starving-like/gas bimodal
therapeutic effects, much better than either single treatment
alone. Inspiringly, the mice after treatment with L-Arg-
HMON-GOx exhibit a much longer survival life (over
45 days) than the other groups (Figure 4g), which further
confirms the optimized in vivo treatment efficacy of starving-
like/gas synergistic therapy. Furthermore, no significant body
weight change is noticed after all the treatments (Figure S29),
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which suggests L-Arg-HMON-GOx does not induce discern-
ible toxic side effects in treated animals.

In summary, an excellent biocompatible and biodegrad-
able HMON-based nanomedicine has been successfully
constructed for the co-delivery of GOx and L-Arg. On the
one hand, GOx can convert the intratumoral glucose into
gluconic acid and toxic H,O, for killing cancerous cells in
addition to cutting off the energy supply, thus realizing the
renaissance of conventional starving therapy into more
effective starving-like therapy. On the other hand, the in
situ generated acidic H,O, can accelerate the oxidization of L-
Arg for enhanced NO gas therapy. To the best of our
knowledge, this is the first study to illustrate an unprece-
dented concept of synergistic starving-like/gas therapy, so as
to yield a remarkable H,0,-NO cooperative anticancer effect.
Furthermore, this work may hopefully establish an endoge-
nous, non-invasive yet green treatment paradigm based on
only intratumoral glucose-responsive chemical reactions
without any external intervention.
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