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Silicon-Nanowire-Based Nanocarriers with Ultrahigh Drug-Loading
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With rapid advances of nano-biotechnology, the use of
nanomaterials as drug carriers for cancer therapy has received
intensive attention in recent years.' Tt is well recognized that
only a small amount of traditional anticancer drugs (e.g.,
doxorubicin DOX, a kind of commercial chemotherapy drug
for cancer treatment) can penetrate into tumors.™ Moreover,
drug molecules are prone to be eliminated by renal clearance
and distributed in non-target tissues, leading to an insufficient
drug concentration at the tumor sites, and thus limited
therapeutic effectiveness.”! To increase the concentration of
therapeutic anticancer drugs at the target sites, design of
effective carriers with high loading capacity of drug is
recognized as an efficacious strategy. In recent years, various
nanomaterials have been employed for the design of high-
performance drug carriers with large drug-loading capacity,
taking advantages of such unique properties of nanomaterials
such as a large porous or hollow interior, a huge surface-to-
volume ratio.'! For example, the DOX loading capacity of
mesoporous silica structure-based nanocarriers reached as
high as about 1200 mg g, ¢ which was further improved to
2350 mgg ! for graphene-oxide-based nanocarriers.'*¢! Liu
etal. demonstrated that single-walled carbon nanotubes
(SWNTs) show an ultrahigh loading capacity of the DOX
(about 4000 mgg™")."™ However, those advances remain
short of demand for cancer therapy, efforts are still required
to develop novel nanomaterial-based drug carriers with
a higher drug-loading efficiency.

Silicon nanostructures (e.g., nanodots, nanowires, and
nanospheres) feature a favorable biocompatibility and low
toxicity, excellent electronic/mechanical properties, a surface
that can be tailored, improved multifunctionality, as well as
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compatibility with conventional silicon technology.”) More-
over, recent studies reveal that silicon nanomaterials are
biodegradable and can self-destruct in a mouse model into
components that can be renally cleared without evidence of
toxicity in vivo. In addition, silicon is a common trace element
in humans and a biodegradation product of porous silicon
(e.g., orthosilicic acid) naturally found in numerous tissues.!!
As a result, silicon nanomaterials have been extensively
investigated for various biological applications because of the
above unique merits.”! In particular, silicon nanowires
(SiNWs) are highly promising for wide-ranging biological
applications, including our recent development of SiNW-
based bioprobes for tumor imaging and hyperthermia agents
for cancer therapy.”! Of particular interest, recent studies
reveal that SiNWs show excellent catalytic performance
owing to the high surface-to-volume ratio and large-area
porous structures,” which also are two significant factors for
the enhancement of the drug-loading capacity.l'! Motivated by
those salient features, we herein demonstrate the first
example of SINW-based drug nanocarriers for cancer therapy
by using SiNWs as novel nanovectors for delivery of
anticancer drugs (DOX). Remarkably, SINWs are shown to
feature an ultrahigh drug-loading capacity of 20800 mgg~',
which is about five times larger than the highest value (of
about 4000 mgg™') ever reported for nanomaterial-based
carriers.'l Significantly, invitro and invivo experiments
further demonstrate that SiNW-based nanocarriers are
highly efficacious for cancer therapy.

Free-standing SiNWs with about 100 nm in diameter and
about 500 nm in length are first produced through our
previously reported HF-assisted etching method (see the
scanning electron microscopy images in Figure S1 in the
Supporting Information).” Free-standing SINWs at a concen-
tration of 200 pygmL ™" are then mixed with DOX of different
concentrations (20-640 ugmL ') in alkaline aqueous solu-
tions (pH 9) under adequate stirring. The mixed solutions are
initially turbid because of the poor aqueous dispersibility of
the pure SiNWs, but become gradually transparent with
prolonged mixing time, as the hydrophilic DOX molecules
are increasingly adsorbed on the SiNWs though interactions
between the DOX molecules and the porous silicon surface
and weak interactions between the DOX molecules (Fig-
ure 1a).>"" A clear solution of reddish color is finally
observed after 12 h of reaction because of a large amount of
DOX molecules loaded onto the SiNWs, forming SiNW-
DOX complexes. Centrifugation is further carried out to
dispose residual DOX molecules that are not loaded on
SiNWs. In brief, the as-prepared SINW-DOX complex is
precipitated under centrifugation (14800 rpm, 15 min), while
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Figure 1. a) Digtial images of SiINWs (left), DOX-loaded SiNWs (reac-
tion time: 0, 2, 4, 6, 8, 10 and 12 h) and free DOX (right).

b) Absorption and c) photoluminescence spectra of free DOX, free
SiNWs, and the SINW-DOX complex (loading pH 9). d) A TEM image
of the SINW-DOX complex (loading pH 9). e) Dark-field STEM and
corresponding energy-dispersive X-ray (EDX) elemental mapping
images of the SINW-DOX complex in the white frame of (d). For EDX
mapping, C, O, and Si element are shown in red, brown, and yellow,
respectively.

free DOX molecules remain in the supernatant because of
their low molecular weight.l'“¢! Afterwards, the precipitate is
collected and washed with physiological buffers (PB) for
several times until no visible red color is noticeable in the
supernatant, indicating the complete removal of residual
DOX molecules. UV photoluminescence spectra of the
SiNW-DOX complex are shown in Figure 1b and 1c. In
comparison to the feeble fluorescence of the pure SiNWs
(black line), the SINW-DOX complex shows distinct and
strong absorption and emission peaks at about 490 and
600 nm (red line), respectively, which are ascribed to DOX
molecules (blue line) adsorbed on SiNWs. Notably, the
fluorescence of DOX is quenched by the SiNWs because of
the overlay of the UV/Vis spectrum of the SiNWs with the
fluorescence spectrum of DOX, resulting in a relatively low
photoluminescence intensity of the SINW-DOX complex
compared to that of free DOX.[ >8]

As shown in the transmission electronic microscopy
(TEM) image (Figure 1d), a DOX layer is obviously observed
on the SiNW surface of the SINW-DOX complex. Moreover,
a dark-field scanning TEM (STEM) image further confirms
sufficient carbon atoms of DOX on the SINW-DOX complex
(Figure 1e), which is in striking contrast to the pure SINW
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without DOX layer in the TEM and STEM images (Fig-
ure S2). It is worthwhile to point out that DOX molecules are
not released from the SINW-DOX complex either under
high-speed centrifugation (e.g., at 14800 rpm for 15 minutes,
Figure S3a) or large-power sonication (e.g., at 40 Hz for
30 minutes, Figure S3b), indicating strong adhesion between
DOX and the SiNWs.

The loading behaviors of DOX on SiNWs in acidic-to-
basic environments covering a pH range of 5-9 are quanti-
tatively studied. The concentration of DOX is determined by
the characteristic DOX absorption peak at about 490 nm
through the established standard curve (Figure S4). We find
that the amount of DOX bound to SiNWs is pH-dependent,
that is, the 490 nm absorption peak and the 600 nm fluores-
cence of DOX distinctly decrease as the pH value varies from
9to 5 (Figure S5). The loading factor (defined as DOX/SiNW
weight ratio) decreases from about 20.8 to 17.3, 12.4, 1.5, and
0.7 as the pH is reduced from 9 to 8, 7, 6, or 5, respectively
(Figure 2a and Figure S6). This trend is caused by the
increased hydrophilicity and higher solubility of DOX at
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Figure 2. a) Quantification of DOX loading at different pH values (loading
pH 5, 6, 7, 8, and 9) with various DOX concentrations. b) DOX retained on

SiNWs versus time under pH control (pH 5, 7, and 9).

lower pH because of the enhanced protonation of the -NH,
group of DOX, and the consequently reduced interaction
between DOX and SiNWs. A similar pH-dependent loading
property has been reported previously in other kinds of
nanomaterials-based nanocarriers (e.g. single-walled carbon
nanotubes and mesoporous silica nanoparticles).'*" More-
over, the DOX loading efficiency is investigated for different
initial DOX concentrations with respect to the same concen-
tration of the SiNWs (200 pgmL™"). As shown in Figure 2a,
the amount of DOX loading on the SiNWs gradually
increases with increasing initial DOX concentration in
neutral and basic environments (pH 7-9). Of particular
significance is that the loading capacity of DOX dramatically
increases to 20800 mgg ' under optimum conditions (e.g., at
pHY9 and a DOX concentration of 640 ugmL™'; see the
detailed calculation in the Supporting Information), which is,
to the best of our knowledge, the highest value ever reported
for any nanocarrier (e.g., the loading capacity of DOX onto
the SWNTs is about 4000 mgg ™" at a similar DOX concen-
tration).' Next we investigate the DOX releasing behavior
of the SINW-DOX complex prepared at pH 9. The concen-
trations of the released DOX are determined by measuring
the absorbance at 490 nm of DOX in the supernatants after
centrifuging the mixtures at various time points. Particularly,
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DOX molecules stacked on SiNWs remain stable in basic and
neutral buffer, that is, about 8.0% or 4.3% DOX is released
from SiNWs at pH7 or 9 in 24 h, respectively. In sharp
contrast, as much as 50 % of DOX is released from SiNWs in
24 h at pH 5 (Figure 2b), due to protonation and solubility of
DOX in acidic environments.'® It is worth pointing out that
the pH-dependent drug-loading and releasing properties are
favorable for cancer therapy, since the microenvironments of
extracellular tumors tissues and intracellular lysosomes and
endosomes are acidic,” facilitating active drug release from
the SiNW-based DOX delivery vehicles.

To evaluate the SINW-DOX complex for in vitro and
in vivo cancer therapy, we integrate behaviors of SINW-DOX
internalization and intracellular drug release by using two
typical kinds of cancer cell lines, that is, human epithelial
cervical cancer cells (Hela cells) and human oral squamous
carcinoma cells (KB cells), as models. DOX with red
fluorescence are monitored by laser scanning confocal
microscopy (LSCM). To investigate the intracellular local-
ization of DOX released from the SINW-DOX complex,
Hela cells are labeled with LysoTracker Green DND-26,
which is specialized for lysosome labeling. After 12h of
incubation with Hela cells, free DOX is mostly localized in the
nuclei, and a small fraction of DOX is observed in the
cytoplasm (Figure 3a). In contrast, the SINW-DOX complex,
which is co-localized with LysoTracker Green, is primarily
distributed in cytoplasm and lysosome. DOX molecules are
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Figure 3. LSCM images of intracellular distribution of free DOX and
DOX-loaded SiNWs in Hela (a and b) and KB (c and d) cells. The cells
are incubated with free DOX (a and ¢, 5 uygmL™") and SINW-DOX
complex (b and d, 5 pgmL™' DOX) for 12 h at 37°C, followed by
treatment with LysoTracker Green DND-26 for 30 minutes. (The
LysoTracker or DOX (free DOX, released DOX, and DOX retained on
SiNWs) fluorescence is defined as green or red, respectively.)
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thus efficiently released from the SiNW-DOX complex
distributed in lysosome because of its acidic environment
(pH 5.0).°¢M11 A5 a result, the released DOX is then trans-
located into the nucleus by proteasome (Figure 3b).""! The
above data suggest that the accumulation of DOX in the
nucleus is due to cellular internalization of the SINW-DOX
complex, followed by intracellular drug release and subse-
quent trafficking of the drug into the nucleus. Consequently,
the SINW-DOX complexes accumulated in the lysosome may
enable continual DOX release, ensuring a slower and
prolonged DOX accumulation in the nucleus and adequate
drug concentration to continually kill cancer cells."e Similar
results are observed in KB cells treated with free DOX and
DOX-loaded SiNWs (Figure 3¢ and d).

A consensus has been reached that DOX molecules
distributed in nuclei can induce significant cell death./><
Thus, we further evaluate the in vitro toxicity of the prepared
SINW-DOX complex. Indeed, the complex results in signifi-
cant time- and concentration-dependent cell death, similar to
that of free DOX (Figure 4). Typically, while the SINW-DOX
complex at low concentrations (e.g., 1.25 ygmL™" DOX) has
little influence on the Hela cells, the cell viability is obviously
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Figure 4. In vitro concentration-dependent cell viability of Hela (a and
b) and KB (c and d) cells. The cells are incubated with free SINWs,
SiNW-DOX, and free DOX for 24 (a and c) and 48 h (b and d), as
indicated.

reduced to about 40 % when cells are incubated with SINW-
DOX complexes of high concentrations (e.g., 20 ygmL™
DOX) for 24 h (Figure 4a), and further decreases to 20% at
48 h of incubation (Figure 4b). A similar tendency is observed
for KB cells (Figure 4c and 4d). It is worth noting that, in
comparison to severe cytotoxicity of the SINW-DOX com-
plex, cells incubated with pure SiNWs preserve high cell
viability (>90%), suggesting that the SINWs may serve as
noncytotoxic drug nanocarriers because of the favorable
biocompatibility of silicon.>*

We further perform in vivo therapeutic examinations on
mice bearing KB tumors on their back. Female nude mice
with subcutaneous KB xenografts divided into groups are
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intratumorally administered with a single dose of physiolog-
ical saline, pure SiNWs, free DOX, and SINW-DOX com-
plexes, respectively. For mice injected with DOX or SiNW-
DOX complexes, we choose two concentrations of 5 and
25 mgkg™' defined by the DOX concentration. After injec-
tion of DOX or the SINW-DOX complex at 25 mgkg ™', the
intratumoral doxorubicin distribution is analyzed by the
DOX fluorescence captured by a Maestro EX in vivo fluo-
rescence imaging system. The mouse autofluorescence or
DOX fluorescence is defined as white or red by spectral
unmixing using the Maestro software. As shown in Figure 5a,
no DOX fluorescence is detected in mice treated by
physiological saline or SINWs; in comparison, distinct DOX
red signals are observed in the tumor injected with free DOX
or SINW-DOX. Notably, with prolonged post-injection time,
the intensity of the red fluorescence in the tumor region
injected with free DOX rapidly drops (about 8 day) and
finally diminishes (about 20 day) due to its low penetration
ability for tumor tissue.”) In marked contrast, SINW-DOX
complex-treated mice preserve noticeable DOX accumula-
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Figure 5. a) Spectrally unmixed in vivo fluorescence images of KB
bearing nude Balb/c mice at different time points post intratumoral
injection of PBS, free SINWs, free DOX (25 mgkg™'), and SINW-DOX
(25 mgkg™"). The mouse autofluorescence is defined as white and the
DOX fluorescence is defined as red by spectral unmixing in the above
images. The intensity of the DOX fluorescence in SINW-DOX-treated
mice is low relative to that of the free DOX-treated group, because of
the long-range energy transfer from DOX to SiNWs.*# b) Tumor
growth inhibition at different time points post intratumoral injection of
physiological saline, free SINWs, free DOX (5 mgkg™), and SINW-
DOX (5 mgkg™).
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tion in the tumor region with spectrally resolved red
fluorescence even 20 day after injection, which is the longest
accumulation time of DOX released from nanomaterials-
based drug carriers ever reported under the same experiment
conditions (e.g., DOX released from silica- or poly(ethylene
glycol)-b-polycaprolactone gel-based nanocarriers preserved
in the tumor site 7 or 15 days after injection).'#! We attribute
such long-time DOX accumulation to a high drug-loading
capacity of SiNWs (20800 mgg™'), much larger than those of
other nanomaterials-based carriers (1200-4000 mgg!).[1>-4f1)
Such prolonged SINW-DOX complexes in the tumor site is
favorable for enhancement of the tumor therapy efficiency,
since stable and continual release of DOX from SINW-DOX
can effectively kill cancer cells and inhibit tumor growth in
long-term treatment.!'¥! Quantitative measurement of inhib-
ition of tumor growth, analyzed by monitoring the tumor
growth rates in terms of tumor volume changes, further
confirms the superior therapeutic efficacy of the SINW-based
nanocarriers. Black and green lines in Figure 5b display
a time-related increase in tumor volume of the two control
groups, that is, physiological saline or pure SiNW-adminis-
tered mice, showing average fractional tumor volumes (V/V,)
of 11.9+3.5 (black line) or 14.6+4.0 (green line), respec-
tively, on day 16. In terms of another control group (e.g., free
DOX-treated mice), while tumor growth is inhibited to some
extent (blue line), the tumor size inevitably increases, leading
to lethality in mice in about 30 day (Figure S10). In striking
contrast, the SINW-DOX group produces remarkable inhib-
ition efficiency of tumor growth, that is, SINW-DOX-treated
mice survive over 30 days without any observed tumor growth
(red lines in Figure 5 and Figure S10), which is comparable to
the longest inhibition time ever reported for tumor growth
using nanomaterials-based drug carriers for cancer therapy.!'®!

In summary, we show that SiNW-based nanocarriers can
be used for high-performance intracellular delivery of the
antitumor drug DOX. Of particular significance, the SINW-
DOX complex features an extremely large DOX-loading
capacity (20800 mgg™'), which is much higher than those
previously reported for nanomaterials-based drug carriers
(about 1200-4000 mgg™"). Invitro experiments reveal that
the SINW-DOX complex is mostly accumulated in lysosome,
which facilitates continual DOX release and efficient cancer
cell destruction. We further demonstrate that DOX-loaded
SiNWs are highly efficacious for inhibiting tumor growth
in vivo, as SINW-DOX-treated mice survive over 30 days
without obvious detectable tumor growth. Given that SINWs
can be readily produced with high yield and low cost, the
SiNWs-based nanocarriers may serve as a practical and
powerful tool for cancer therapy, rivalling or complementing
the state-of-the-art nanomaterials-based nanocarriers. The
present results suggest an exciting potential for SINW-based
nanocarriers as efficient antitumor agents and chemother-
apeutic delivery to cellular and molecular targets.
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