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An ultra-long-acting drug release nano-formulation is
introduced based on porous silicon nanoparticles (pSINPSs),
prepared by thermally induced silane dehydrocoupling and
lipid-coating. This robust formulation offers the ability to
release an anticancer drug, for up to 2 weeks, in various
biological environments; pH 7.4 buffer, cancer cells, and
tumor xenograft model.
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Here, we report an ultra-long-acting drug release nano-formu-
lation based on porous silicon nanoparticles (pSiNPs) that are pre-
pared by thermally induced silane dehydrocoupling and lipid-
coating. This robust formulation offers the ability to release an
anticancer drug, for up to 2 weeks, in various biological environ-
ments; pH 7.4 buffer, cancer cells, and tumor xenograft model.
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Introduction

In translational medicine, the development of nano-formu-
lations that allows the delivery of drugs to a specific site or
release of the drugs at a programmed rate has been high-
lighted to overcome the various drawbacks of single drugs.'™
Many nano-formulations have been introduced focusing on
the short-term drug release at a specific site as a drug-delivery
system.”” In some cases, long-term releasable nano-formu-
lations have shown advantages for drugs that are metabolized
too rapidly and are excreted from the body shortly after
administration.®’

As a research group within the translational medicine field,
we have focused on the development of new nano-formu-
lations based on porous silicon nanoparticles (pSiNPs) for
disease-specific drug-delivery and new surface modification
methods to reinforce chemical/physical/biological properties
of pSiNPs.>'%"*?> The pSiNPs have been considered as a promis-
ing material for biomedical applications due to their remark-
able features such as (i) a high biocompatibility and fast clear-
ance of non-toxic side-product (Si(OH),) after degradation, (ii)
a high loading yield of the substrates (drugs, peptides, DNA/
RNA, proteins, antibodies) while maintaining their bioactiv-
ities, (iii) high applicability for the targeted delivery with the
incorporation of targeting moieties, and (iv) an in vivo self-
reporting ability via emitting fluorescence within the near-
infrared region."**® Among the features, the high biocompat-
ibility is useful for disease-specific drug-delivery system
because the pSiNPs nano-formulation could be accumulated
in the targeting site and release the encapsulated substrates in
the short term."®®*">> However, such a fast-degradation rate
of pSiNPs within the biological system deters the development
of long-term releasable nano-formulation that can serve
specific purposes, including restoration of cartilage, long-term
contraception, and intraocular medication.***® Micrometer-
scale porous silicon formulations and hybrid formulation of
pSiNPs with polymers have been applied in these fields
described above, but the ultra-long-acting drug based on the
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single pSiNPs formulation and has yet to have been
reported.>*°

In this present work, we report a pSiNPs-based ultra-long-
acting (>2 weeks) drug release nano-formulation prepared by
thermally induced silane dehydrocoupling with octadecylsilane
(ODS) and a lipid-coating using an amphiphilic non-ionic copo-
lymer surfactant Pluronic® F-127 (F127). For the first time, the
thermally induced silane dehydrocoupling was applied to the
nano-size porous silicon, and its long-term-acting drug release
ability was systematically analyzed by monitoring the anticancer
drug (model drug: SN-38) release, transmission electron micro-
scope (TEM) image changes, and attenuated total reflectance
Fourier-transform infrared (ATR-FTIR) spectra changes. In
addition, the long-term-acting drug release property of pSiNPs
was verified within the cancer cell line (HeLa; cervical cancer
cell) and tumor xenograft mouse model. The present findings
hold great promise for the application of the pSiNPs for use in
long-term-acting drug release within clinical sites.

Results and discussion

To investigate the long-term-acting drug release properties of
PSINPs, we first considered the thermally induced silane dehy-
drocoupling on the nanostructured surface of pSiNPs.*" As-pre-
pared pSiNPs mainly contain a silicon-hydride (Si-H) function-
ality on the surface, which could be oxidized to a silicon-oxide
(Si-O-Si) or silicon-hydroxide (Si-OH) functionality in the pres-
ence of oxidants (oxygen, water, ozone, etc.).'>"®** Such as-pre-
pared and oxidized pSiNPs are generally used for the drug
delivery system (payload release profile: <24 hours) after
loading the payload and surface modifications (Fig. S1,
ESIt).* Various surface functionalization methods (oxidation,
hydrosilylation, hydrolytic condensation, ring-opening click-
chemistry) are adaptable on the surface of pSiNPs, depending
on the purpose of use.'****

In terms of long-term-acting drug release, we can consider
a formation of a hydrophobic layer on the surface of pSiNPs,
and two surface functionalization methods are represented; (i)
hydrosilylation: silicon-carbon (Si-C) bond formation from
hydrogen-terminated pSi (Si-H) and unsaturated carbon
(alkene, alkyne) under specific conditions (high temperature,
irradiation of a specific light, reactive catalyst). This method is
powerful and efficient to enhance the stability of pSi from the
oxidant, but it is not efficient for the nano-sized pSi because
such harsh reaction conditions can induce the generation of
undesired aggregates, oxidized side-products, and particle
degradation.'®?”** (ii) Hydrolytic condensation: silicon-
oxygen-silicon bond formation from hydroxyl-terminated pSi
(Si-OH) and organoalkoxysilane reagents under a mild con-
dition. If a long-alkyl chain containing organoalkyoxysilane
reagent is used, this method is also powerful to make a hydro-
phobic pSiNPs formulation. However, the hydrolytic conden-
sation also has drawbacks such as clogging of cross-linking,
long reaction time, low surface modification efficiency, and
loss of pSiNPs during the modification."%**™*¢
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In this study, a pSiNPs formulation (named pSiNPs(SN-38)-
ODS/F127 system) was prepared by thermally induced silane
dehydrocoupling® and a lipid-coating method, which showed
a long-term-acting drug release profile for up to 2 weeks
(Fig. 1a). The adaptation of thermally induced silane dehydro-
coupling on the silicon nanostructures was reported by our
group in 2016,>" and it was based on the main reaction of
hydrogen-terminated pSi (Si-H) and organic trihydridosilanes
such as ODS in a mild thermal condition (80 °C) to form Si-Si
bond and this reaction accompany some Si-O-Si bond for-
mation between partially hydrogen oxide-terminated pSi (Si-
OH) and ODS. In our previous work, we showed that the dehy-
drocoupling reaction was also found to proceed on pSiNPs,
but its hydrophobic property has deterred further study on the
resulting pSiNPs.>* As a back-to-back work, we have tried to
find biological applications using such hydrophobic property
of the ODS-grafted pSiNPs (named pSiNPs-ODS, Fig. 1b) and
finally designed the pSiNPs(SN-38)-ODS/F127 system. At the
designing stage of pSiNPs(SN-38)-ODS/F127, we assumed two
key points; (i) Hydrophobic pSiNPs-ODS could have a high
loading yield for hydrophobic drugs. (ii) Hydrophobic pSiNPs-
ODS has low water dispersibility (slow degradation), which
could have an opposite characteristic if lipid-coated with an
amphiphilic copolymer.

The pSiNPs(SN-38)-ODS/F127 system was prepared consid-
ering the two key points above (Fig. 1b). First, hydrogen-termi-
nated pSiNPs were fabricated by electrochemical etching of
p'-type crystalline silicon wafers in a 3:1 (v:v) aqueous
HF : ethanol, as previously described.””*® As-prepared pSiNPs
were then modified by the ODS via thermally induced silane
dehydrocoupling reaction at a mild condition (80 °C, 16 h stir-
ring).*" The resulting nanoparticles (pSiNPs-ODS) were washed
with n-hexane/ethanol, and then SN-38 (camptothecin deriva-
tives, FDA-approved anticancer drug) was loaded into pSiNPs-
ODS as a model drug to confirm the long-term-acting drug
release ability of the ODS-functionalized the pSiNPs system.*®
A solvent evaporation method (see details in the ESI) was
used for the loading of SN-38 into pSiNPs-ODS (Fig. S2, ESIT),
and the loading yield was 42.4 + 0.5%. pSiNPs also showed a
similar loading yield (46.1 + 0.1%) for SN-38, and this result
indicated that the ODS-grafting does not interfere with the
drug loading into the pore (Fig. S3-S5, ESI{).>® In the next
step, amphiphilic F127 lipid-coating was introduced to the
SN-38-loaded ODS-functionalized pSiNPs (named pSiNPs
(SN-38)-ODS) using an ultrasonicator to enhance water disper-
sibility. The pSiNPs(SN-38)-ODS showed aggregated form in
DI-H,O due to high hydrophobicity of ODS on the surface of
the nanoparticle, while F127 coated nanoparticles (named
PSiNPs(SN-38)-ODS/F127) showed high colloidal stability in
DI-H,O because hydrophilic F127 covered the surface of nano-
particles (Fig. S6, ESIt). In order to verify that the loaded
SN-38 was not released during the F127 coating step, the
supernatant was analyzed by measuring the fluorescent inten-
sity of SN-38 at 559 nm (Fig. S4 and S5, ESIt).>" Results indi-
cate that a small amount of loaded SN-38 was released out
during the F127 coating step (pSiNPs(SN-38)-ODS to pSiNPs
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(a) PSINPs(SN-38)-ODS/F127 system: pSiNPs-based Ultra-long-acting Drug Release system (>2 weeks)
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Fig. 1 (a) llustration of the pSiNPs(SN-38)-ODS/F127 system: pSiNPs-based ultra-long-acting drug release system. A newly developed pSiNPs
(SN-38)-ODS/F127 system could release a model anticancer drug (SN-38 in this study) slowly and steadily over 2 weeks (336 h). The pSiNPs(SN-38)-
ODS/F127 system consists of a hydrophobic layer (surface grafted with octadecylsilane (ODS)), a hydrophilic layer (surface coated with amphiphilic
non-ionic copolymer surfactant (F127)), and SN-38 loaded pSiNPs. (b) Preparation scheme of the pSiNPs(SN-38)-ODS/F127 system. Step 1: thermally
induced silane dehydrocoupling in a mild condition (80 °C, 16 h) ("Hydrophobic coating”). Step 2: SN-38 loading. 3rd step: F127 coating

(“Hydrophilic coating”).

(SN-38)-ODS/F127: 3.8% loss, pSiNPs(SN-38) to pSiNPs(SN-38)/
F127: 4.3% loss). The morphological-/chemical-changes and
the drug release profile of F127-coated pSiNPs(SN-38)-ODS
(named pSiNPs(SN-38)-ODS/F127) were acquired for the com-
parison of other formulations, and we expected that the com-
bination of ODS and F127 coating created a sustained-release
system that continuously released a certain amount of SN-38.
Next, we analyzed the particle size and surface charge
changes of all the pSiNPs formulations (pSiNPs, pSiNPs-ODS,
PSiNPs(SN-38), pSiNPs(SN-38)-ODS, pSiNPs(SN-38)/F127, and
pSiNPs(SN-38)-ODS/F127, Fig. 2a). Each nanoparticle was
measured in quintuplicate to determine the average values
with standard deviation. SN-38-loaded pSiNPs ( pSiNPs(SN-38))
and SN-38-loaded/F127-coated pSiNPs (pSiNPs(SN-38)/F127)
were used as control formulations that had no ODS layer on
the surface of pSiNPs. As-prepared pSiNPs displayed a homo-
geneous average hydrodynamic diameter of 276.0 + 128.1 nm
(poly-dispersity index; PDI: 0.251) and zeta-potential of —23.3
+ 11.2 mV, measured by dynamic light scattering (DLS, Fig. 2b,
¢ and Table S1, ESIT). The negative zeta-potential was derived
from the generation of some silicon hydroxide (Si-OH) func-
tionality on the surface of pSiNPs during preparation steps.
The ODS grafted particle (ethanol-dispersible), pSiNPs-ODS,
showed a slight increase in size (314.5 + 134.5 nm, PDI: 0.237)

15562 | Nanoscale, 2021, 13, 15560-15568

with a negative surface charge (—35.7 £ 11.9 mV). The SN-38-
loaded particle, pSiNPs(SN-38)-ODS and pSiNPs(SN-38) also
showed a slight increment in size (pSiNPs(SN-38)-ODS: 367.1 +
108.4 nm, PDI: 0.387, pSiNPs(SN-38): 281.2 + 100.8 nm, PDI:
0.436) whilst maintaining the negative surface charge (pSiNPs
(SN-38)-ODS: —32.1 + 12.8 mV, pSiNPs(SN-38): —31.6 +
14.9 mV) compared with pristine pSiNPs. pSiNPs(SN-38)/F127
and pSiNPs(SN-38)-ODS/F127 (water-dispersible) showed a sig-
nificant increment of size compared to the other formulations
because of the light scattering from the polymer (pSiNPs
(SN-38)/F127: 442.1 + 76.35 nm, PDI: 0.270, pSiNPs(SN-38)-
ODS/F127: 364.4 + 69.54 nm, PDI: 0.118) with a negative
surface charge of —24.3 + 6.01 mV and -26.3 + 6.08 mV
respectively (Fig. 2b, ¢ and Table S2, ESIf). It appears that a
lipid coating of F127 was more compactly formed on the
surface of ODS-grafted nanoparticles (pSiNPs(SN-38)-ODS/
F127) than the non-grafted control (pSiNPs(SN-38)/F127), and
each DLS data has corresponded to this. The transmission
electron microscope (TEM) images of as-prepared pSiNPs
showed a relatively homogeneous particle size and porous
structure (Fig. 2d). The uniform size and overall morphology of
the porous nanostructures were both maintained after modifi-
cation with octadecylsilane, drug loading, and F127 coating
processes. The attenuated total reflectance Fourier-transform

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1nr03263a

Published on 20 avgust 2021. Downloaded on 21. 02. 2026 04:35:54.

Nanoscale

@ , 8y
| pSiNPs “ ! pSiNPs-ODS

pSINPs(SN-38)

View Article Online
Communication

pSINPs(SN-38)

pSINPs(SN-38)
-oDs -ODS/F127

As-prepared Octadecylsilane-grafted SN-38-loaded SN-38-loaded SN-38-loaded SN-38-loaded / ODS-grafted
pSiNPs pSiNPs pSiNPs | ODS-grafted pSiNPs 1 F127-coated pSiNPs 1 F127-coated pSiNPs
b C
(b) ©
276.0 + 128.1 nm EtOH 218.0 + 82.6 nm DI.H,O
101 (n=5) 1.0 n=5 [ 7
314.5 + 134.5 nm 4421 + 76.35 nm B
= 2 £ -10 4
2 0.8 4 281.2 + 100.8 nm ‘@ 0.8q 364.4+£69.54nm =
< ©
2 367.1 + 108.4 nm 2 =20
= 06 é 0.6 £ 0
N N aQ
T 04 - T 044 £ a0
E £ N
2 02 2 024 =0
0 1 04 == pSiNPs
1 10 100 1000 10000 1 10 100 1000 10000 === pSiNPs-ODS
Size (nm) Size (nm) == pSiNPs(SN-38)
=== pSiNPs(SN-38)-0DS
—- SiNPs —A— pSiNPs(SN-38 —@— pSiNPs(SN-38)/F127
g P ¢ ) P ¢ ) mm pSiNPs(SN-38)/F127
—@—  pSiNPs-ODS —V¥— pSiNPs(SN-38)-ODS —A— pSiNPs(SN-38)-ODS/F127 mmm pSiNPs(SN-38)-ODS/F127
“ )
[
pSiNPs pSiNPs(SN-38) pSiNPs(SN-38)/F127 pSiNPs-ODS pSiNPs(SN-38)-0DS pSiNPs(SN-38)-ODS/F127
1%m
(e)
oDs SN-38 F127
pSiNPs » pSiNPs-ODS » pSiNPs(SN-38)-ODS ———— > pSiNPs(SN-38)-ODS/F127
Hydrophobic coating Hydrophilic coating
pSiNPs-ODS pSiNPs(SN-38)-0DS W(C-0)— PSINPs(SN-38)-ODSIF127 ¢ q)_
\)(Sko)/ v(C-H)
woH) N
W(C-H)—s <
a(o-q)
§ § ?é ¥(C-0)—
8 8 S| F27
< 2 2 (C-H)
o —
e 2 2 A
pSiNPs pSiNPs(SN-38)-0DS V(C-0)—)|
oO-H) VS w(Si-0) w(C-H)
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm-1)

Wavenumber (cm-T)

Wavenumber (cm~1)

Fig. 2 Characterization results of the pSiNPs formulations. (a) Schematic illustration of the pSiNPs formulations. pSiNPs: as-prepared pSiNPs,
pSiNPs-ODS: ODS-grafted pSiNPs, pSiNPs(SN-38): SN-38-loaded pSiNPs, pSiNPs(SN-38)-ODS: SN-38-loaded/ODS-grafted pSiNPs, pSiNPs(SN-38)/

F127: SN-38-loaded/F127-coated pSiNPs, and pSiNPs(SN-38)-ODS/F127
amic diameter intensity distribution in EtOH (left) and deionized water

: SN-38-loaded/ODS-grafted/F127-coated pSiNPs. (b) Average hydrodyn-
(DI-H,0O, right), and (c) Zeta-potential value of the pSiNPs formulations

measured by dynamic light scattering (DLS). Means and standard deviations (S.D.) were calculated from quintuplicate measurements. The polydis-
persity index (PDI): <0.44. The zeta-potential value was measured in EtOH. (d) Transmission electron microscope (TEM) images of the pSiNPs formu-
lations (scale bar: 100 nm). (e) Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectra of the pSiNPs formulations. Symbols: v =
stretching, § = bending. Broadband wavenumber for each peak (cm™): »(O-H) at 3200-3500 cm™, »(C-H) at 2800-3000 cm™, »(Si-H) at
2087 cm™, 4(C=0) at 1750 cm™?, 5(C-H) at 1467 cm™*, 4(C-0) at 1170 cm™, and »(Si-O) at 1033 cm™.

infrared spectrum (ATR-FTIR) of as-prepared pSiNPs displayed
three characteristic bands corresponding to stretching
vibration of (O-H) at 3200-3500 cm™", ¢(Si-H) at 2087 cm ™",
and stretching mode of (Si-0O) at 1033 em™" (Fig. 2e, left,
Fig. S7, ESI{).*® The ODS-grafted pSiNPs (pSiNPs-ODS, pSiNPs
(SN-38)-ODS, pSiNPs(SN-38)-ODS/F127) showed bands at

This journal is © The Royal Society of Chemistry 2021

1 1

2800-3000 cm™ and 1467 cm ~ associated with »(C-H)
stretching vibration and §(C-H) bending vibration of the ali-
phatic chain, which confirmed the successful modification
with ODS on the surface of nanoparticles (Fig. 2e, left).>"*°
The side reaction between pSiNPs and ethanol®® in the given
condition was not observed, and the dehydrocoupling reaction

Nanoscale, 2021,13,15560-15568 | 15563
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yield was higher in the ethanol than in other solvents such as
chloroform (Fig. S8, ESIf). The drug-loaded formulations
(pSiNPs(SN-38)-ODS, pSiNPs(SN-38), pSiNPs(SN-38)-ODS/F127,
PSiNPs(SN-38)/F127) showed signature bands in the region of
3200-3500 cm™" associated with ©(O-H), 1750 cm™" associated
with (C=0), and 1170 cm™" corresponding to (C-0), which
derived from SN-38 (Fig. 2e, middle, Fig. S7, ESI{).*>*® The
F127 coated formulation (pSiNPs(SN-38)-ODS/F127, pSiNPs
(SN-38)/F127) showed a band at 2800-3000 cm™" associated
with ©(C-H) stretching vibration and 1100 cm™" corresponding
to y(C-0) of F127 (Fig. 2e, right, Fig. S7, ESI{).*>>* To verify
the F127 is coated on the surface of nanoformulations, we con-
firmed the colloidal stability of pSiNPs(SN-38)-ODS/F127
before and after removing the F127 in DI-H,O. The pSiNPs
(SN-38)-ODS/F127 was washed/dispersed with cold deionized
water (4 °C DI-H,O, 5 times) using centrifugation (14 000 rpm,
4 °C). In this condition, the F127 was liquified (the sol-gel
transition temperature of F127: 20 °C)*® and the stacked F127
on the surface of pSiNPs(SN-38)-ODS/F127 was removed.
Before removing the F127, the pSiNPs(SN-38)-ODS/F127 was
well dispersed in DI-H,O (25 °C) because of hydrophilic F127
coated on the surface of nanoparticles. After removing the
F127, the nanoparticles aggregated and settled down on the
bottom due to the increased hydrophobicity. From these
results, we conclude that the F127 is coated on the surface of
nanoparticles (Fig. S9, ESIf).

After the characterization of the pSiNPs formulations, we
investigated the drug release profiling (Fig. 3 and Fig. S10,
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ESIT). The SN-38-loaded and water-dispersible pSiNPs formu-
lations (pSiNPs(SN-38), pSiNPs(SN-38)/F127, pSiNPs(SN-38)-
ODS/F127, 0.5 mg mL™') were incubated in phosphate-
buffered saline (PBS, pH 7.4) at 37 °C, and the drug release
profiling was acquired by the fluorescence signal measurement
of SN-38 in their supernatant at a certain time interval (0-48 h,
0-14 days). As a result, the formulations without the ODS layer
(pSiNPs(SN-38), pSiNPs(SN-38)/F127) showed an initial burst
release of SN-38 within 24 h (Fig. 3a). The amounts of SN-38
from pSiNPs(SN-38) and pSiNPs(SN-38)/F127 reached half-
levels (>50%) within 10 h and max-levels (almost 100%) within
48 h (light blue background in Fig. 3a). However, pSiNPs
(SN-38)-ODS/F127 only released 33.5% of SN-38 within 48 h,
which implied a sustained release behavior, and the half-level
and max-level of the released SN-38 were monitored around at
5 days and 14 days, respectively (light red background in
Fig. 3a). This result indicates that the ODS layers on the
surface of nanoparticles improved the drug retention property.
We then analyzed the morphological changes (incubation: 0 h,
6 h, 24 h, 7 days, 14 days) of pSiNPs(SN-38)/F127 and pSiNPs
(SN-38)-ODS/F127 using TEM (Fig. 3b). The TEM images
revealed that pSiNPs(SN-38)/F127 and pSiNPs(SN-38)-ODS/
F127 initially exhibited a porous structure with homogeneous
morphology. After 6 h incubation, significant particle mor-
phology changes (pore collapse, aggregation, degradation)
were observed for pSiNPs(SN-38)/F127, whereas pSiNPs(SN-38)-
ODS/F127 maintained its structure. By day 7, the porous struc-
ture of pSiNPs(SN-38)/F127 was not preserved, but pSiNPs
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Fig. 3 Drug release profiles of the pSiNPs formulations. (a) Plotted amounts of drug release (SN-38) from the pSiNPs formulations (0.5 mg mL™,
pSiNPs(SN-38), pSiNPs(SN-38)/F127, and pSiNPs(SN-38)-ODS/F127) as a function of time (time scale: days (left), hours (right)) at 37 °C incubated in
PBS buffer (pH 7.4). The amount of SN-38 released was calculated by measuring the fluorescent intensity (560 nm) of SN-38 in the supernatant of
the pSiNPs formulations. The excitation wavelength for the monitoring of SN-38: 364 nm. (b) TEM images of pSiNPs(SN-38)/F127 and pSiNPs
(SN-38)-ODS/F127 at specific time points (scale bar: 50 nm). (c) ATR-FTIR spectra of pSiNPs(SN-38)/F127 and pSiNPs(SN-38)-ODS/F127 at specific
time points. Left: full spectrum. Right: magnified spectrum for the v(Si—H) and v(C—H) regions. Symbols: v = stretching vibration.

15564 | Nanoscale, 2021, 13, 15560-15568

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1nr03263a

Published on 20 avgust 2021. Downloaded on 21. 02. 2026 04:35:54.

View Article Online

Nanoscale Communication
(SN-38)-ODS/F127 showed some degradation whilst preserving peak at 515 cm™".*" After the 24 h incubation, the peak intensity
their porous structure. At 14 days, pSiNPs(SN-38)/F127 was of the pSiNPs/F127 was significantly decreased, while silicon-
observed as a mostly aggregated form (no porous structure), but  crystallinity of the pSiNPs-ODS/F127 was maintained (Fig. S11,
PSiNPs(SN-38)-ODS/F127 still maintained its original structure. top, ESIt). In XRD analysis, as-prepared pSiNPs/F127 and
We then further conducted the FTIR spectrum analysis paired pSiNPs-ODS/F127 clearly showed 26 angles of characteristic
with the TEM images to observe the surface functional group peaks of Si; (111) at 28°, (220) at 47°, and (311) at 56°.*" After
changes of the formulations (Fig. 3c). Within FTIR analysis, the the incubation, the Si peaks of pSiNPs/F127 were significantly
characteristic peak of pSiNPs(SN-38)/F127 at 2087 cm™ ' (y(Si- decreased, and a broad diffraction pattern of silica (SiO,) was
H)) significantly decreased within 6 h and became negligible observed at 22° representing significant oxidation of the
within 24 h (Fig. 3c, top, right).*® However, the characteristic ~pSiNPs.*>*” However, the pSiNPs-ODS/F127 maintained the
region of pSiNPs(SN-38)-ODS/F127 at 2800-3000 cm ™" (v(C-H)), peak intensity, which corresponds with the Raman analysis
which is derived from the ODS layer, remained after 14 days of result (Fig. S11, bottom, ESIf). Taken together, these results
incubation (Fig. 3¢, bottom, right).’® We further analyzed the indicated that the ODS-functionalization of pSiNPs played a key
Raman spectrum and X-ray diffraction (XRD) of pSiNPs/F127 role in the long-term sustained drug-releasing properties of
and pSiNPs-ODS/F127 (without SN-38 for Raman spectrum and  pSiNPs(SN-38)-ODS/F127.

XRD analysis) to identify the structural crystallinity stability of With the promising in vitro drug release profiling results,
PSiNPs-ODS/F127 (Fig. S11, ESIt). The nanoparticles were incu- we moved to the study in the cells (HeLa cell line, Fig. 4a and
bated within 37 °C PBS for 24 h, and the crystallinity of the b)and animals (xenograft mouse model, Fig. 4c and d).

silicon frame was analyzed in dry powder condition. Before the [In cells] We evaluated the cell viability of the HeLa cells for
incubation, both formulations showed distinct Si lattice mode 5 days after treatment of SN-38 and nano-formulations

a b
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Fig. 4 Drug release profiles of the pSiNPs formulations in cells and a tumor xenograft mouse model. (a) Scheme of the cell cytotoxicity experiment
set-up in Hela cells treated with the pSiNPs formulations (pSiNPs, pSiNPs(SN-38), pSiNPs(SN-38)/F127, pSiNPs(SN-38)-ODS/F127) and SN-38. HelLa
cells were seeded on 24-well plates and incubated with the pSiNPs formulations (concentration of SN-38: 10 uM) and SN-38 (10 pM) for 1-5 days at
37 °C. The cytotoxicity was measured by CCK-8 assay in 96-well plates. (b) Cell cytotoxicity (%) curves of HelLa cells. Experimental results were
expressed as mean + standard deviation (S.D.). Data were analyzed by Significance-test using one-way ANOVA (for multiple comparisons) followed
by Newman-—Keuls's multiple comparison test. All statistical analyses were performed with Prism 8.0.1 software (GraphPad, La Jolla, CA, USA). ****p
< 0.0001 compared with the pSiNPs. (c) Scheme of the drug release monitoring set-up within a tumor xenograft mouse model (cancer cell line:
Hela). PBS (control), pSiNPs(SN-38)/F127, and pSiNPs(SN-38)-ODS/F127 were injected intratumorally at a dose of 20 mg kg™ . (d) FTIS images of har-
vested tumor tissues. Excitation filter (1ex: 390-490 nm) and emission filter (le,,: 500—-550 nm) were used for the signal collection. (e) Relative
radiant efficiency plot of tumor from panel (d) (n = 3 per group). The data is presented as the mean + S.D. The results of the FTIS data were analyzed
by one-way analysis of variance (ANOVA) with the Newman—Keuls's multiple comparison test (*p < 0.05, **p < 0.01, compared with the PBS group)
(#p < 0.05, compared with the pSiNPs(SN-38)/F127 group) [F (2, 6) = 20.60, P = 0.0021].
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(pSiNPs, pSiNPs(SN-38), pSiNPs(SN-38)/F127, pSiNPs(SN-38)-
ODS/F127) (Fig. 4a). It was expected that (i) pSiNPs: there was
no cellular toxicity for 5 days, (ii) SN-38: rapid and high cellu-
lar toxicity within 1-2 days, (iii) pSiNPs(SN-38) and pSiNPs
(SN-38)/F127: lower cellular toxicity than an SN-38 for 1-4 days,
(iv) pSiNPs(SN-38)-ODS/F127: lowest cellular toxicity for 1-4
days due to the slow release of SN-38. At the concentration of
10 pM SN-38 and its corresponded pSiNPs formulations (con-
centration of SN-38: 10 uM), similar cellular toxicity was
observed (Fig. 4b), and the release of SN-38 maintained its
activity (anticancer effect). On day 1, the cell viability of pSiNPs
(SN-38)-ODS/F127 was 69.4%, pSiNPs(SN-38) was 57.2%,
PSiNPs(SN-38)/F127 was 55.4%, SN-38 was 34.4%, and pSiNPs
was 94.5%. On day 2, the viability of pSiNPs(SN-38)-ODS/F127:
50.8%, pSINPs(SN-38): 37.8%, pSiNPs(SN-38)/F127: 32.1%,
SN-38: 15.0%, and pSiNPs: 107.3%. On day 3, the viability of
pSiNPs(SN-38)-ODS/F127:  36.5%, pSiNPs(SN-38):  25.6%,
pSiNPs(SN-38)/F127: 21.3%, SN-38: 10.2%, and pSiNPs:
103.6%. On the last 5th day, cell viability of pSiNPs(SN-38)-
ODS/F127: 15.3%, pSiNPs(SN-38): 15.9%, pSiNPs(SN-38)/F127:
16.0%, SN-38: 22.0%, and pSiNPs: 103.6%. From day 1 to day
3, pSiNPs showed no toxicity, and pSiNPs(SN-38)-ODS/F127
toxicity was lower compared to other groups. On the second
day of the toxicity test, pSiNPs(SN-38)-ODS/F127 showed a cell
viability of 1.6 times that of pSiNPs(SN-38)/F127, 1.3 times that
of pSiNPs(SN-38), and 3.4 times that of SN-38 single treatment.
Finally, pSiNPs(SN-38)-ODS/F127 was found to be the least
toxic within 5 days, and the sustained-release system was
found to work intracellularly. And on day 5, it was confirmed
that almost all cells died in all groups including drugs, except
pPSiNPs. In a lower dose of SN-38 (1 pM) and SN-38-loaded
PSiNPs formulations, they were also found a similar tendency
(Fig. S12, ESIY). These results proved the ultra-long-acting drug
release property of the pSiNPs(SN-38)-ODS/F127 system in
HeLa cells.

[In animals] With the promising experimental results in
cells, further analyses of pSiNPs(SN-38)/F127 and pSiNPs
(SN-38)-ODS/F127 were conducted within the tumor xenograft
mouse model (Fig. 4c). We prepared the tumor xenograft
mouse model by subcutaneous injection of HeLa cells (4.5 x
10° cells) behind the flank of each mouse. When the tumor
size of approximately 250 cm® was reached, pSiNPs(SN-38)/
F127 and pSiNPs(SN-38)-ODS/F127 (20 mg kg™, 200 pL) were
injected into the tumor site. After 6 h circulation, the mice
were sacrificed, and the tumor was harvested and analyzed fol-
lowing the fluorescence signal of SN-38 remaining in the
tumor tissues. The control set (PBS-injected group) showed no
significant tissue auto-fluorescence at the given fluorescence
monitoring condition (fluorescence tissue imaging set-up,
excitation filter: 390-490 nm, emission filter: 500-550 nm)
(Fig. 4d, top). In the nanoparticle-injected groups, the pSiNPs
(SN-38)-ODS/F127-injected group (Fig. 4d, bottom) showed a
higher radiant efficiency (1.7-folds) than the pSiNPs(SN-38)/
F127-injected group (Fig. 4d, middle). This data represented
that SN-38 released from the burst-releasing pSiNPs(SN-38)/
F127-system was removed faster than the long-term releasing
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PSiNPs(SN-38)-ODS/F127-system, within a given circulation
time (6 h, Fig. 4e). We also observed a significantly higher (1.3-
folds) fluorescence intensity of SN-38 extracted from the
PSiNPs(SN-38)-ODS/F127-injected tumor tissues than the
PSiNPs(SN-38)/F127-injected set, which matched with the
in vivo results (Fig. S13-S16, ESI}). These results indicated that
hydrophobic coating with ODS and hydrophilic coating with
F127 on pSiNPs could make an ultra-long-acting drug release
system both in vitro and in vivo.

Conclusions

We have disclosed a new pSiNPs-based nano-formulation that
is actualised by the hydrophobic layer formation via thermally
induced silane dehydrocoupling and the hydrophilic layer for-
mation via amphiphilic lipid coating. We introduced, for the
first time, the thermally induced silane dehydrocoupling
method on pSiNPs and have systematically analyzed their drug
release profiling. The lipid-coated final formulation, pSiNPs
(SN-38)-ODS/F127 system, is water dispersible for biomedical
applications, and this robust formulation offers the ability to
release an anticancer drug for up to 2 weeks in various biologi-
cal environments; pH 7.4 buffer, cancer cells, and tumor xeno-
graft model. This present strategy enables the release of drugs
for an ultra-long-period whilst maintaining the drug activity,
as an ultra-long-acting formulation, which we believe could be
applied in translational medicine requiring an on-demand
capacity for long-term drug release.
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