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Nitric oxide/DOX Co-delivery

Supramolecular interaction of S-nitroso-polysilsesquioxane and doxorubicin leads to
a single nanocarrier for simultaneous intracellular delivery of nitric oxide and

doxorubicin.
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Codelivery of nitric oxide (NO) and drugs based on a single
nanocarrier is a promising therapeutic strategy. Here, we report a
one-step nanoprecipitation method to generate nanoparticles that
possess simultaneous NO-donating and doxorubicin release
properties. S-nitroso polysilsesquioxane acts like an avid “drug
sponge” that attracts drug molecules into nanospheres.

Nitric oxide (NO) plays important roles in physiology and
pathophysiology. Recently, NO has been shown to enhance
cancer chemotherapy and radiotherapy.! NO is a gaseous free
radical; thus, exogenous administration of NO mainly relies on
NO-donating molecules (NO donors). Previous studies
demonstrate that small molecular NO donors can resensitize
cancer cells to various anticancer drugs.?> Besides, various NO-
releasing nanoparticles (NPs) have been synthesized®!> and
some of them have been shown to exert antitumor activity.1%°
In particular, Boyer and Davis et al.?® successfully attached a
physiologically relevant NO donor, S-nitrosoglutathione (GSNO),
to polymeric NPs, which substantially enhanced the stability of
the intrinsic NO donor. They further demonstrated that
combination of the GSNO-based NPs with cisplatin resulted in a
synergistic anticancer effect.?° Although free cisplatin and the
NO-releasing NPs were separately administered, the study
reveals an important concept that traditional chemotherapy
can be augmented with improved NO delivery. Given that the
major problem with chemotherapy is the systemic side effects
associated with non-selective drug distribution, it is desirable to
deliver anticancer drugs using nanoformulations with passive or
active targeting capabilities, even in a combination therapy
regimen. Therefore, a logical next step is to develop nanoscale
NO and drug codelivery systems for cancer therapy (i.e. NO and
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anticancer drugs co-encapsulated in the same
nanoparticles). However, it is challenging to incorporate twao
distinct molecules (i.e. NO vs. common organic drug molecule )
into one single nanocarriers. Here, we describe an effective

method to accomplish this.
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Scheme 1. Schematic representation of the proposed method
Scheme 1 depicts the one-step, simultaneou
nanoprecipitation/drug entrapment procedure, in which ar
organic phase containing S-nitroso (SNO) polysilsesquioxar »
mixes with a doxorubicin (DOX)-containing water phase by a
single rapid injection. SNO-polysilsesquioxane is formed bz ed
on acid-catalyzed polycondensation of MPTMS in the presel.
of sodium nitrite at ambient temperature.?! After 24 h, th
organic phase was injected into the water phase to induc:
nanoparticle formation and drug encapsulation. In our previou -
study, we have extensively studied the experimental conditions
that would produce the optimal NO-releasing NPs.?! In tt »
present study, our focus is on how DOX can be co-encapsulated
using the previously optimized nanoprecipitation procedur. .
Upon mixing, the solution immediately become turbid with
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color changing from pink to orange, with increasing DOX
concentrations in the water phase (Figure 1a). The
hydrodynamic sizes of formed particles increased nonlinearly
with DOX concentrations: a moderate increase at low
concentrations vs. a marked increase at the high concentration
range (Figure 1a). The dependence of particle sizes on DOX
concentrations seemed to follow power-law relationships and
there is a criticality point at [DOX] = 80 uM (Figure S1). Below
the critical concentration, the particle sizes were below 300 nm
and the incremental size was a power function of DOX
concentrations with an exponent value of 1.77. Above the
critical concentration up to 180 pM, the incremental size had an
almost perfect (r=0.999) power-law dependence on DOX
concentrations, with a much higher exponent value of 4.04
(Figure S1). The encapsulation efficiency of DOX was measured
and the results were reported in Figure 1a. As can be seen, DOX
was efficiently entrapped in the nanoparticles; the efficiency
reached maximum (~80%) at 60 uM, and decreased gradually
with further increasing the concentration, suggesting that the
system has been saturated. To further characterize the
proposed method, the effect of changing the polycondensation
time on particle formation and drug encapsulation was tested.
Figure S2 shows that for shorter organic-phase reaction times
(e.g., <12 h), the subsequent solvent-water mixing step
produced large particles (>1000 nm) with low drug
encapsulation. In fact, the sizes of formed particles decreased
(see also Figure S3 for size distribution), whereas the
encapsulation rates increased, with reaction time; and at 24 h,
the system could elicit nanoparticle formation and maximum
drug entrapment through mixing the organic phase with the
DOX-containing water phase (Figure S2). The results suggest
that the degree of silica polycondensation is an important factor
governing  nanoprecipitation and  simultaneous drug
incorporation. The solvent used may also determine the extent
of silica polymerization and the Ilater nanoprecipitation
outcome. To investigate the solvent effect, four different
solvents were used to constitute the organic phase. After
reaction for 24 h and following the mixing step, particle sizes
and encapsulation efficiency were measured and compared.
The result shows that DMSO was the most effective solvent,
because it generated the smallest particles with the highest
drug encapsulation capacity (Figure S4). Next, the effect of
placing DOX in the organic phase vs. in the water phase was
investigated. Figure S5 indicates that regardless of where DOX
was initially placed, nanoprecipitation produced comparable
results. This suggests that instantaneous interaction between
silica species and DOX during solvent-water intermixing was
sufficient to allow for significant drug encapsulation. Finally, we
examined whether the final nanoparticle sizes can be fine-tuned
by adjusting the solvent property (polarity) of the water phase.
As shown in Figure S6, by simply adding a small amount of
ethanol into the water phase before nanoprecipitation, the size
of formed nanoparticles was increased with ethanol
concentrations and can be predicted by a log-linear relationship
(Log size = 0.042*[ethanol] + 1.86, r = 0.990). Notably, the drug
entrapment was only slighted affected by the presence of
ethanol (Figure S7).
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Figure 1. Preparation, characterization, and release of NO-DOX
codelivery NPs (i.e. SNODOX). (a) Photo images, hydrodyna..., -
diameters, and encapsulation efficiency (E.E.) of DOX (taken an
measured immediately after nanoprecipitation). (b) The finz’
freeze-dried product, TEM image, and physicochemic.'
properties. (c) Cumulative NO release in PBS-based solutior - +
37 °C. The measurement was based on the formation of an NO-
fluorescent probe adduct (NAT). (d) DOX release as a functic
of pH. **P <0.01.

After nanoprecipitation, the colloidal solution was aged at
room temperature for 1 h and nanoparticles were collected ar 1
purified by repeat wash/centrifugation steps. The final
nanoparticles were redispersed in water containing 5 »
trehalose for lyophilization. Figure 1b shows the final freeze-
dried product and the physicochemical properties of t+
particles. Here, the formulation is referred to as SNODc.’
(meaning: S-nitroso and DOX co-loaded nanoparticles). As can
be seen, SNODOX contains spherical particles with diameters
within the range of 50 — 100 nm (TEM). The mean hydrodynam.-
diameter of redispersed particles was 172 nm with good siz 2
distribution (polydispersity = 0.18). The zeta potential was
around — 30 mV, which is lower than that of the plain SNO silic 1
nanoparticles reported in our previous study (— 40 mV).
Apparently, the incorporation of positively charged DOX hz_
resulted in slight reduction in surface negative charges. Th
amounts of DOX and NO contained in the SNODOX lyophilize
powder were determined to be 1,76 pug/mg and 3.71 pg/r-g,
respectively. The solid-state Si NMR spectrum confirms he
silsesquioxane structure by showing almost equally distribute.
T2 (—58 ppm) and T3 (—67 ppm) silicon structure (Figure S8). N ,
and DOX release was studied in PBS-based release medium 7 .
pH 7.4 and 5.7. The results show sustained NO and doxorubic’
co-release for >48 h (Figures 1c, 1d). Particularly, while N~
release was pH-independent, DOX release was sensitive to pt
showing favorable release at an acidic pH that is tumo~
environment relevant. The data suggest that SNODOX wer!!-!
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release more DOX in the tumor site than in plasma or normal
tissues, which is a desired property for an anticancer drug
delivery system. Moreover, the data imply that positively
charged DOX interacts electrostatically with the negatively
charged silica structure. Finally, for NO-donating property, our
further study shows that SNODOX would provide sustained NO
release over 7 days (Figure S9).
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(b)

Figure 2. Fluorescence deconvolution microscopy images for
cellular uptake of SNODOX NPs in MDA-MB-231 cells. (a) DAPI
(for nuclei), (b) DOX, (c) DAF-2DA (for NO), (d) merge. See Figure
S10 for complete images and comparisons.

Cellular uptake was studied in a breast cancer cell line
(MDA-MB-231) using a fluorescence deconvolution microscopy
platform (DeltaVision). A nitric oxide fluorescent probe (DAF-
2DA) was used for detecting intracellular NO release.?? Figure 2
shows the fluorescence images for 24-h cellular translocation of
SNODOX NPs (see also Figure S10 for the comparison with free
DOX and SNO silica NPs). Remarkably, for SNODOX, cellular
codelivery of DOX and NO was manifested by the presence of
multicolor dots in the overlapped image (a wide range of colors
as a result of the overlapping the three primary colors — red,
green, blue). Both DOX and NO signals were mainly co-localized
in the perinuclear region, with some nuclear uptake. In contrast,
free DOX was completely accumulated in the nucleus (Figure
S10). It is important to note that, although SNODOX and free
DOX exhibited distinct cellular uptake and intracellular
distribution, they showed comparable anticancer effects at 24
and 72 h (Figures 3a, 3b). Incorporation of DOX seemed not to
significantly reduce the cytotoxic effect of SNODOX, partly due
to the additive anticancer effect of NO. Such a boosting effect is
beneficial, because particle encapsulation of DOX often causes
a substantial loss of cytotoxicity. The toxicity of SNODOX and
free DOX against normal cells was further compared in Figures
3c and 3d. Apparently, SNODOX is less toxic to the H9c2 rat
cardiomyoblast cell line than free DOX.
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To demonstrate the versatility and generalizability of u :
proposed method, the same procedure was applied to
fluorescent compound, fluorescein, alone or in combinatic
with DOX at different ratios. As shown in Figure £1°
fluorescein-loaded SNO silica NPs (SNOFIu) was successful. ¢
prepared with high fluorescein entrapment. Remarkably, both
fluorescein and DOX can be simultaneously incorporated inf{»
the SNO silica structure at various loading ratios with equal
efficiency. Thus, it is an efficient and straightforward method 1 >
produce triple-loaded NPs.
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Figure 3. Cytotoxicity of SNODOX. (a) Cell viability measure 1
(MTT assay) at 24 h for MDA-MB-231 cells. (b) Cell viability at 7
h for MDA-MB-231 cells. Comparative cytotoxicity betwee »
SNODOX and DOX in H9c2 and MDA-MB-231 cells at (c) 24 h an
(d) 72 h.

Conclusions

Nitric oxide (NO) has been implicated in anticancer therapy. In
particular, NO enhances the antitumor activity of tradition .
chemotherapeutic agents. NO is an unstable molecule, an
nanocarriers can offer effective NO delivery. Accordingly,
promising new strategy is to achieve codelivery of NO an‘'
anticancer drugs using a single nanostructure. Here, w:
demonstrate for the first time that S-nitroso polysilsesquioxan.»
provides a versatile platform for simultaneous delivery of NO
and drugs, focusing on doxorubicin (DOX). The approach 3
based on a straightforward principle — using the NO-conjugated
silica structure to capture drug molecules. Thus, ne
nanostructure possesses both NO-donating and drug carry -~
properties. We show that a single injection was effective t~
produce size-tunable NPs with high drug encapsulatio»
efficiency. Moreover, the method can be applied to other drugs
and to incorporate multiple drugs. We envision that the SNO
silica species can be broadly tested as a nano “drug sponge” th: t
avidly incorporate drugs and generate NO-drug codelivery
systems.
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