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Porous silicon—graphene oxide core—shell nanoparticles for
targeted delivery of siRNA to the injured brain

The delivery of therapeutics based on RNA interference to
diseased or damaged tissues in the body is a significant challenge,
and the privileged tissues of the brain are among the most difficult
to target. By encapsulating the RNA-based therapeutic within a
hollow silicon nanoparticle coated with a thin shell of graphene
oxide, the sensitive oligonucleotide can be protected from

in vivo degradation processes until its delivery to the cells.
Tissue-specific targeting molecules can readily be incorporated
onto the exterior of the nanoparticle construct in the present case,
and a peptide is used to effectively localize the nanoparticle—siRNA
construct to the site of injury in a mouse brain.
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We report the synthesis, characterization, and assessment of a
nanoparticle-based RNAi delivery platform that protects siRNA
payloads against nuclease-induced degradation and efficiently delivers
them to target cells. The nanocarrier is based on biodegradable
mesoporous silicon nanoparticles (pSiNPs), where the voids of
the nanoparticles are loaded with siRNA and the nanoparticles
are encapsulated with graphene oxide nanosheets (GO-pSiNPs).
The graphene oxide encapsulant delays release of the oligo-
nucleotide payloads in vitro by a factor of 3. When conjugated to
a targeting peptide derived from the rabies virus glycoprotein
(RVG), the nanoparticles show 2-fold greater cellular uptake and
gene silencing. Intravenous administration of the nanoparticles into
brain-injured mice results in substantial accumulation specifically
at the site of injury.

Since the discovery of RNA interference (RNAi) as a modulator
of eukaryotic gene expression, it has attracted attention as a
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Conceptual insights

Gene silencing by RNA interference (RNAi) is typically limited by extra-
cellular nucleolytic degradation and by inefficient delivery into the
cytoplasm of target cells. We employ porous silicon nanoparticles as a
therapeutic nanocarrier platform that can protect siRNA payloads against
degradation while enabling release of siRNA in target cells. This work
presents the first use of graphene oxide nanosheets as a protective ‘“shell””
for rational design of “hollow” nanoparticle-based RNAi therapeutics.
The porous nanocarrier allows a high level of siRNA loading and protects
the oligonucleotide from nucleolytic degradation, while the nanosheets
slow the release of the drug payload to a therapeutically useful timescale.
In order to localize and penetrate into the intended cellular targets, we
deploy a targeting peptide conjugated to the exterior surface of the
nanoparticles. The targeted construct displays enhanced cellular uptake
and gene silencing. The intravenously injected nano-constructs are found
to target brain injury in a mouse model, and the nanostructures exhibit
remarkable in vivo delivery efficiency. The data demonstrate the potential
of this biodegradable delivery system for RNAi-based therapeutics that
safely transports the drug payload through the bloodstream and delivers
it to the target cells.

tool for manipulation of cellular pathways that regulate funda-
mental biological processes and as a potential therapeutic to
treat genetic diseases with high specificity. ™ Clinical translation
of RNAi-based therapies such as siRNA have been hampered by
poor cellular delivery, due in part to the large size and negative
charge of the oligonucleotides.” Even if the cellular membrane
penetration problem could be solved, systemic administration of
naked siRNA is limited by immune system activation, enzymatic
degradation, rapid renal clearance, and poor accumulation at
target sites.>®

Efforts to overcome these obstacles have resulted in a number
of siRNA delivery strategies.”® A variety of approaches to increase
stability and evade immune system activation have been pursued
by using viral- or non-viral nanocarrier-enabled delivery systems.
Viral vectors delivering siRNA in the form of a viral genome have
been shown to efficiently achieve gene silencing, but challenges
of scale-up, low loading capacity and safety concerns such as
mutagenesis or immunogenicity have so far limited clinical
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translation of these constructs.'®'" Non-viral nanoparticle
delivery systems include lipid-based complexes,'>"* cationic
polymers,'*'* inorganic nanoparticles,'®™® and their hybrid
systems.'>' Inorganic nanoparticles such as gold,?* iron
oxide,” semiconductor quantum dots,>* carbon nanotubes,>
and silica®® have all been used for gene delivery.

For solid nanoparticles, oligonucleotide payloads conjugated or
adsorbed onto the surface are readily subjected to degradation by
nucleases,”” whereas hollow structures have the potential to seques-
ter and protect the siRNA payload from enzymatic degradation until
it reaches its target. In this work we employed a hollow nanoparticle
system based on porous Si nanoparticles (pSiNPs), which have
been shown to be effective in delivering oligonucleotide and
other therapeutic payloads in vivo.>**°

The pSiNPs show promise as a non-biological carrier for
siRNA payloads because they exhibit high drug loading capacity,
easy surface functionalization, biocompatibility, low toxicity, and
intrinsic photoluminescence that provides a theranostic imaging
capability.*°** In particular, a pSiNP-based nanocarrier is a
candidate therapeutic vehicle for targeting brain tissues due to
its biodegradable nature, which is expected to minimize harmful
side effects caused by residual components. Herein, we aimed to
improve in vivo delivery of siRNA by coating the pSiNP carrier with
a protective “shell” of graphene oxide nanosheets. Graphene
oxide has been explored as a potential in vivo imaging agent,
and its biocompatibility and biodegradability in vivo has been
described.’*° We find that graphene oxide nanosheets effectively
wrap pSiNPs, protecting the siRNA payload contained within
from nucleolytic degradation and slowing release of active
siRNA. Furthermore, we show that attaching a peptide derived
from the rabies virus glycoprotein (RVG) improves targeting of
the nano-construct to neuronal cells in vitro, and to injured
regions of the mouse brain in vivo.

The pSiNPs were prepared by electrochemical etching
of single-crystalline silicon wafers in ethanolic HF solution,
followed by lift-off of the porous film and ultrasonic fracture
into nanometer sized particles as previously described.’” The
nanoparticle surface was then oxidized in aqueous sodium
borate solution, generating a thin surface oxide layer that
activates photoluminescence from the quantum-confined silicon
domains.?® At this stage the particles were negatively charged,
with a zeta potential —28.4 + 3 mV (measured by dynamic light
scattering, DLS, Fig. 1). In order to load the negatively charged
siRNA payload more effectively, the surface charge of the pSiNPs
was made positive by reaction with (3-aminopropyl)-dimethyl-
ethoxysilane (zeta potential +41.9 + 4 mV). The mean hydrodynamic
diameter of the pSiNPs (measured by DLS) was ~ 170 nm, consistent
with the transmission electron microscope (TEM) images
(Fig. 1). The pSiNPs contained ~10 nm-size pores, and the
porosity of the particles was 52% (measured using the spectro-
scopic liquid infiltration method on the intact porous film,
prior to nanoparticle generation by ultrasonic fracture).>® The
porous nanostructure appeared evenly distributed throughout
the nanoparticles. Nitrogen adsorption-desorption isotherm
analysis yielded a Brunauer-Emmett-Teller (BET) surface area
of ~450 m? g~ " and Barrett-Joyner-Halenda (BJH) average pore
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size of 10 nm, consistent with the scanning electron micro-
scope (SEM) image (Fig. S1 in ESIt).

The siRNA payload was loaded into the cationic (amine-
terminated) pSiNPs by electrostatic means. Mixing of the pSiNPs
in a solution of siRNA led to 4% mass loading within the first
30 min, and a total of 7% of siRNA was loaded after 24 h (Fig. S2a
in ESIT). The mass loading of siRNA was optimized by system-
atically varying the siRNA:pSiNP ratio (Fig. S2b in ESIf).
A maximum loading capacity of 12% by mass was achieved
with a siRNA:pSiNPs mixing ratio of 2, corresponding to
2.6 x 10" siRNA molecules per nanoparticle. This loading capacity
compares favorably with other non-porous nanoparticles or poly-
plex systems,’*™* and is attributed to the relatively high open
porosity (52%) of the pSiNPs and the high positive charge on the
interior pore walls imparted by the amination chemistry. The
electrostatic loading of negatively charged siRNA to the pSiNPs
was confirmed by measured changes in surface charge of the
nanocarriers (Fig. 1g), and the results are consistent with the
above interpretation.

For therapeutics destined for in vivo applications, it is
preferable to achieve delayed release of siRNA payloads in order
to avoid unwanted loss in the bloodstream before reaching
the designated tissues. To slow release of the siRNA payload,
we coated the nanoparticles with graphene oxide (GO). GO has
attracted increased attention for biological applications in sensing,
imaging, and drug delivery due to its colloidal stability, its
biocompatibility, and its reported low toxicity,>™*” though it
has seen limited use as an encapsulant of other nanoparticles.
Suspensions of the graphene oxide (GO) sheets were subjected
to ultrasonication to obtain the desired lateral dimensions of
~200 nm (Fig. 1d). The GO nanosheets at this point displayed a
negative surface charge indicative of carboxylate and other
negatively charged moieties. The surface charge was changed to
positive (zeta potential +23.4 + 4 mV) by grafting of amine groups
(NH,) through the EDC-mediated reaction with ethylenediamine.*®
The positively charged GO nanosheets were then added to the
siRNA-loaded pSiNPs, and the mixture was maintained at 4 °C
for 1 h to generate the GO-wrapped pSiNPs (GO-pSiNPs).

We expect the wrapping process for GO-pSiNP formation
was driven by electrostatic interaction between the positively
charged GO nanosheets and the negatively charged siRNA-
loaded pSiNPs (zeta potential —18.7 = 3 mV). The GO-pSiNP
product exhibited a positive zeta potential of +22.1 £ 2 mV
(Fig. 1g), consistent with a structure in which the GO
nanosheets lie on the exterior. TEM images of GO-pSiNPs
revealed crinkled textures on the exterior, ascribed to thin,
layered structures of the GO nanosheets (Fig. 1c). Although
isolated two-dimensional GO nanosheets are normally planar
(Fig. 1d), they have been observed to take on a curved texture
when wrapping around nanoparticles.***° The encapsulation
of individual nanoparticles did not lead to aggregation or
excessive layering. After wrapping with GO nanosheets, the
pPSiNPs exhibited only a slight increase in average hydrody-
namic diameter (Fig. 1le). The Raman spectra further support
the presence of GO sheets on the pSiNPs (Fig. 1f), exhibiting
strong peaks characteristic of GO (D band at 1342 ¢cm™;
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Fig. 1 (a) Schematic illustration depicting preparation of siRNA-loaded, porous silicon—graphene oxide core-shell nanoparticles. (b) Transmission

electron microscope (TEM) image of porous Si nanoparticles (pSiNPs). Enlargement of the indicated region is shown on the right. (c) TEM image of
graphene oxide-wrapped pSiNPs (GO-pSiNPs). Enlargement of the indicated region is shown on the right. White arrows indicate graphene oxide. (d) TEM
image of individual graphene oxide (GO) nanosheets. (e) Intensity-weighted size distribution (from DLS) of pSiNP (blue) and GO-pSiNP (red) formulations.
(f) Raman spectra of pSiNPs (blue) and GO-pSiNPs (red). (g) Zeta potential of pSiNPs during the course of siRNA loading and GO wrapping (pSiNPs(—):
as-oxidized pSiNPs (blue); pSiNPs(+): amine-terminated pSiNPs (red); pSiINPs—siRNA: siRNA-loaded pSiNPs (green); pSiNPs—siRNA-GO: siRNA-loaded
pSiNPs after the GO wrapping process (orange)). As-oxidized pSiNPs are negatively charged, and the net surface charge becomes positive upon
conjugation of (3-aminopropyl)-dimethyl-ethoxysilane. Loading of siRNA into this structure then converts the net surface charge to negative. Finally,
wrapping of aminated GO around the nano-constructs transforms the net charge to positive. Note that GO was chemically modified with amine groups

as described in the experimental section.

G band at 1594 cm™ ') in addition to the 520 cm ™" band corres-
ponding to the phonon band of crystalline silicon.

The GO coating delayed release of the siRNA payload in vitro.
When incubated in phosphate-buffered saline (PBS, pH 7.4,
37 °C), the uncoated siRNA-loaded pSiNPs exhibited a half-life
for release of the siRNA payload of 1.3 h, whereas the GO
coating extended the half-life of siRNA release to 4.0 h (Fig. 2a).
The degradation of the pSiNPs, as measured by the loss of
intrinsic photoluminescence from the Si nanostructures,* was
also substantially slower for the GO-coated pSiNPs (Fig. 2b).
The GO nanosheets thus slowed both pSiNP degradation and
release of the siRNA payload. The leakage of siRNA payload
correlated with degradation of the nanocarrier, and the loss in
photoluminescence intensity from the pSiNP skeleton showed
a linear correlation with siRNA release for both the uncoated
and the GO-coated nanoparticles (Fig. 2¢). This result demon-
strates a potentially useful self-reporting drug delivery charac-
teristic of these materials.

We then modified the nanocarrier with a targeting peptide
to allow cell-specific homing. Selective binding and efficient

This journal is © The Royal Society of Chemistry 2016

internalization into target cells are critical factors to achieve
significant gene silencing both in vitro and in vivo. We used
a peptide derived from rabies virus glycoprotein (RVG),
which has been employed for targeting neuronal cells in the
central nervous system.”’ The RVG peptide binds specifically
to the acetylcholine receptor on neuronal cells to enable entry
by receptor-mediated endocytosis.>> For these experiments
the GO-pSiNPs were loaded with Dy547-labeled siRNA to
allow tracking of the oligonucleotide, and RVG was grafted to
the nanoparticle constructs via a PEG linker (M, 5000 Da) to
reduce nonspecific binding. After peptide conjugation, the
nanocarriers were still stably dispersed in aqueous solution
without any aggregation. Grafting of the PEG linkers and
targeting peptides slightly increased the mean hydrodynamic
diameter of the nanocarriers to ~190 nm (measured by DLS,
polydispersity index <0.2).>> When incubated with Neuro-2a
cells, confocal microscopy indicated significant uptake of the
RVG peptide-conjugated pSiNPs (Fig. 3a). The confocal images
of the RVG-targeted constructs showed coincident signals
for the intrinsic photoluminescence from the pSiNPs and the

Nanoscale Horiz., 2016, 1, 407-414 | 409
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Fig. 2 (a) Cumulative release profile of siRNA payloads from the nanocarriers incubated in phosphate-buffered saline (PBS) at 37 °C (blue: pSiNPs, red: GO-pSiNPs).
Dy677-labeled siRNA was loaded to the nanocarriers, and supernatant was separated by centrifugation to measure fluorescence intensity (Zex: 670 NM/Aem: 700 Nm).
(b) Integrated PL intensity (ex: 365 NM/Aem: 550-950 nm) of pSiNPs (blue) and GO—pSiNP (red) incubated in PBS at 37 °C as a function of time.
(c) Correlation of cumulative siRNA release with the photoluminescence of pSiNPs during incubation in PBS at 37 °C (re-plotted from (a) and (b)).

fluorescence from the dye-labeled siRNA, which were well localized
in the cytosol of the cells. Negligible uptake was observed for free
siRNA, typical of the low cell permeability usually observed with
free oligonucleotides due to their strong electrostatic repulsion

The confocal microscopy results were confirmed by flow
cytometry (Fig. 3b and c). When Neuro-2a cells were incubated
with RVG-targeted, siRNA-loaded pSiNPs (either the pSiNP or
GO-pSiNP constructs), the cell population showed significantly

from the anionic cell membrane surface.* increased fluorescence signal compared with those incubated
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Fig. 3 Targeting of Neuro-2a cells with nanoparticles containing siRNA against the PPIB gene (siPPIB). (a) Confocal fluorescence microscope images of
cells treated for 2 h with: free (control) siPPIB, pSiNPs, GO-pSiNPs, RVG—-pSiNPs, and RVG-GO-pSiNPs, as indicated. All nanoparticle and control
formulations contained comparable quantities of siPPIB, which was labeled with the fluorescent dye Dy547 to enable imaging. Blue channel represents
the DAPI nuclear stain, green represents the Dy547 label conjugated to the siRNA, and red channel represents the signal from intrinsic photolumines-
cence of the pSiNPs. Scale bar: 20 um. (b) Flow cytometry histograms of Neuro-2a cells after incubation with nanoparticle formulations of Dy547-labeled
siPPIB. (c) Percentage of fluorescence-positive cells appearing in the gate indicated in (b). Statistics: n = 3, *is p < 0.05 and ** is p < 0.005 against the
untreated control.
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with siRNA-loaded pSiNPs containing no RVG targeting peptide
(p < 0.02). Notably, a significant extent of intracellular uptake
of siRNA was observed for GO-pSiNPs compared to pSiNPs
containing no GO nanosheet coating (p < 0.04, Fig. 3c). This is
attributed to the improved retention of the siRNA payload by
GO-pSiNPs discussed above (Fig. 2). RVG-GO-pSiNPs exhibited
the strongest association and the highest percentage of siRNA-
positive cells compared to other groups. Whereas commercially
available transfection agents, such as Lipofectamine (Life
Technologies), have shown impressive cellular uptake efficiency,
they are only useful for in vitro experiments due to short circula-
tion times. In contrast, the porous silicon-based nanocarriers are
promising formulations for in vivo administration of potential
therapeutic agents (see below).>*"*

In order to evaluate the ability of GO-pSiNPs to mediate gene-
specific knockdown, this study used siRNA against peptidylprolyl
isomerase B (PPIB), an endogenously expressed gene with validated
siRNA sequences. The levels of PPIB mRNA expression in Neuro-2a
cells were quantitatively determined by reverse transcription
polymerase chain reaction (qQRT-PCR) after 48 h of incubation
with the nanocarriers (Fig. 4a). To eliminate the possibility that
gene silencing was caused by toxicity of the nanocarriers, the
same formulations without siRNA payloads or with control
sequences against luciferase (siLuc) were also tested, and they
showed no significant cytotoxicity and gene silencing compared
to untreated cells. Controls using free siRNA against PPIB also
showed negligible knockdown. By contrast, RVG-GO-pSiNPs
demonstrated significant knockdown efficiency (~65%) of PPIB
mRNA levels. Taken with the results of Fig. 3, these results clearly
demonstrate RVG-mediated uptake and target gene knockdown
in vitro. As additional evidence supporting the importance of the
cellular targeting feature of the nanoparticles, substantially less
knockdown in PPIB expression was observed if the RVG targeting
moiety was omitted from the nano-constructs. In the case of
siRNA-loaded pSiNPs lacking both the RVG peptide and the
protective GO shell, negligible knockdown was observed (blue
bar in Fig. 4a, “pSiNPs-siPPIB”’) and in the case of siRNA-loaded
pSiNPs lacking the RVG peptide but containing the protective
GO shell, only ~33% knockdown of PPIB expression was
observed (orange bar in Fig. 4a, “GO-pSiNPs-siPPIB”). It is likely
the positive charge on the GO nanosheets contributes to non-
specific cellular binding and cellular uptake of the GO-pSiNP
nanocarriers, similar to the behavior of the commonly used gene
delivery vectors poly-i-lysine or Lipofectamine. Higher gene
knockdown could be achieved with Lipofectamine, however,
the use of such transfection agents is generally limited to
in vitro experiments due to the low circulation time and toxicity
associated with such cationic materials in vivo.>>>°

In addition to inhibiting prompt release of siRNA, it is
critical that a carrier designed for in vivo RNAi-based therapy
protect the oligonucleotide payload against nucleolytic degra-
dation when circulating in the bloodstream. We thus assessed
if the siRNA payload remained intact when incubated with
ribonuclease (RNase) in serum-containing media (Fig. 4b). Whereas
exposure of free siRNA to RNase resulted in complete enzymatic
degradation at RNase concentrations as low as 10> ng mL ",

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (a) Relative PPIB gene silencing in Neuro-2a cells after treatment
with the nanocarrier formulation or free siPPIB, as indicated, in serum-free
transfection media (Opti-MEM). Gray-colored bars show negative controls
including a negative control siRNA against luciferase (siLuc)-loaded nano-
carriers and the empty nanocarriers without siRNA (n = 5; *is p < 0.05 and
** js p < 0.01 against the untreated control). (b and c) The porous Si
nanoparticles protect siRNA payloads from nuclease-induced degradation.
(b) Percent of siRNA loaded in pSiNPs (blue solid squares) or GO—-pSiNPs
(red open circles) that is still active after exposure to the indicated
concentrations of RNase A. Nanoparticles containing siRNA were incu-
bated in RNase A for 1 h, isolated, and the remaining siRNA payload was
assayed for intact RNA. Under these conditions, free siRNA was completely
degraded by RNase A concentrations of 1072 ng mL™~* or greater. However,
siRNA contained in the nanocarriers retained detectable activity after
exposure to RNase A concentrations of up to 100 ng mL™. The quantity
of intact siRNA detected is comparable to the quantity retained in the
nanoparticles during the experiment. (c) Relative PPIB gene silencing in
Neuro-2a cells after treatment with the indicated nanocarrier formulations
in RNase A-containing serum media (n = 3; *p < 0.05 and **p < 0.01
against the untreated/no RNase control).

degradation of siRNA contained in uncoated pSiNPs was not
detectable at RNase concentrations less than 10~' ng mL ™,
and in GO-coated pSiNPs, fragmentation of siRNA was not
detectable at RNase concentrations less than 1 ng mL ™"
Complete degradation of siRNA in either of the nanoparticle
types was not achieved until RNase concentrations reached
~10® ng mL™" (Fig. 4b). Thus the GO-coated pSiNPs imparted
10-fold greater stability to the siRNA payload than the uncoated
PSiNPs, and 100-fold greater stability relative to free siRNA in
the presence of ribonuclease. Under the conditions of these
experiments, approximately 50% or 80% of the siRNA originally
loaded into the nanocarriers was retained in the pSiNPs or
GO-pSiNPs, respectively (Fig. 2a), while the rest was released
into solution and degraded on the timescale of the assay.
Thus the quantity of intact siRNA detected was comparable
to the quantity that was retained in the nanoparticles during
the experiment.

Nanoscale Horiz., 2016, 1, 407-414 | 411
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In order to test the extent of protection from nucleolytic
degradation that was afforded by the pSiNP or the GO-pSiNP
carriers, PPIB gene knockdown experiments were also run in
culture media containing RNase and fetal bovine serum (Fig. 4c).
Significant PPIB knockdown was achieved with the siRNA-
containing RVG-GO-pSiNP construct in the presence of as much
as 10 ng mL ™" of RNase. Consistent with the siRNA fragmentation
assay discussed above (Fig. 4b), the GO-pSiNPs showed substantially
greater gene knockdown than the uncoated pSiNPs, and both
formulations performed better than free siRNA, which was
ineffective in the presence of 10~" ng mL™" or higher concen-
trations of RNase. The demonstration of gene silencing in the
presence of added RNase and serum proteins is a considerable
improvement over cationic lipid-based vectors whose gene
silencing performance is impeded by serum co-incubation.’”

We next tested whether the nanocarriers could specifically
deliver siRNA to a target tissue via systemic administration in a
mouse model. The in vivo mouse model involved a penetrating
brain injury on the right hemisphere, which generates localized
inflammation and immune deficiencies that can impede systemic
delivery of diagnostic and therapeutic agents. The nanocarriers
were administered intravenously 6 h post-injury via a tail-vein
injection, and the brains were harvested and imaged 2 h later. For
the imaging, we employed a time-gated method (GLISIN, Gated
Luminescence Imaging of Silicon Nanoparticles) because it high-
lights the long-lived excited state of pSiNPs and suppresses the
strong autofluorescent background of the brain tissues.>® When
administered by intravenous injection, time-gated luminescence
images indicated that the RVG-targeted nanocarriers homed to
the injured site (right hemisphere) of the brain while non-targeted
nanocarriers nonspecifically spread throughout the entire
brain (Fig. 5a). Moreover, the amount of RVG-targeted pSiNPs
accumulated at the injured area was significantly larger than
that in the uninjured (healthy) areas (Fig. 5b).

The RVG peptide has been reported to cross the blood-brain
barrier (BBB) and penetrate into neuronal cells.>® Our results show
that the RVG peptide can be employed as a targeting ligand for
brain injury. The ability of the peptide to cross the BBB may not be
relevant in this case because the BBB is compromised in brain
injury. However, we can expect a greater number of neuronal cells
to become exposed at the damaged site. Consistent with this, the
amount of RVG-targeted pSiNPs accumulated at the injured area
was significantly larger than that of the healthy area (Fig. 5b). The
greater accumulation seen in the damaged region of the mouse
brain is attributed to specific interaction of the RVG peptide with
acetylcholine receptor expressed on neuronal cells or macrophages
exposed at the site of injury.>>>%°

Fluorescence microscope images configured to monitor the
emission from a Dy677 tag attached to the siRNA payload
showed that the RVG-GO-pSiNP construct delivered a substan-
tial quantity of siRNA to the injured site (Fig. 5c). Delivery
of siRNA by RVG-GO-pSiNPs was 2.5-fold greater (p < 0.05)
than with the RVG-pSiNP construct that did not contain a GO
coating (Fig. 5d). This finding illustrates a potential advantage
of the GO coating for delivery of siRNA, as the quantity of
nanoparticles that accumulated at the injured site was not
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Fig. 5 Luminescence images testing specific targeting of pSiNPs and GO-
coated pSiNPs to injured mouse brain. (@) Time-gated luminescence
image of injured mouse brains (lex: 365 hm). Dashed white circles indicate
region of penetrating brain injury. Targeted ("RVG-conjugated”) and non-
targeted ("w/o RVG") nanoparticles are compared. Inset: Bright field image
(in gray scale) under ambient light. (b) Signal-to-noise ratio (SNR) calcu-
lated for luminescent pSiNPs accumulated at healthy (left hemisphere) or
injured (right hemisphere) region of the brain tissues. (c) Fluorescence
image of Dy677-labeled siRNA accumulated in mouse organs obtained
from IVIS 200 imaging system (lex: 670 NM, Aem: 700 nm). (d) Relative
fluorescence intensity of Dy677-labeled siRNA at healthy (left hemisphere)
or injured (right hemisphere) region of the brain tissues. For (b) and (d),
*isp < 0.05; **is p < 0.01; n.s. is not significant, from two-tailed Student’s
t test. Data are presented as means + SD (n = 3).

affected significantly by the GO-coating (p ~ 0.2 for RVG-GO-
PSINPs vs. RVG-pSiNPs). Thus the RVG-GO-pSiNPs delivered
a larger dose of siRNA, which is attributed to the ability of the
GO coating to slow release of the siRNA payload (Fig. 2) or to
inhibit its degradation (Fig. 4). For all the pSiNP formulations,
the labeled siRNA was also detected in the kidney, liver, and (to a
lesser extent) the lung.

Conclusions

This work demonstrates a targeted gene delivery platform based
on biodegradable porous silicon nanoparticles containing a cell-
specific targeting moiety, a therapeutic siRNA payload, and a
graphene oxide coating. The graphene oxide coating slowed
release and enzymatic degradation of the siRNA payload, and it

This journal is © The Royal Society of Chemistry 2016
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also slowed dissolution of the porous Si nanoparticle host.
Multivalent functionalization of the exterior of the nanoparticle
with a neuronal cell-specific targeting peptide facilitated homing
and delivery of siRNA, and effective gene silencing was achieved in
a mouse neuroblastoma cell line in vitro, even in the presence of
extracellular nucleases. The in vitro and in vivo studies demon-
strated high specificity toward neuronal cells and brain injury,
respectively, and targeting played an essential role in efficient
cellular uptake and subsequent gene silencing. Although the
scope of the current study was limited to targeting of neuronal
cells, the platform could be adapted for other cellular targets
based on available homing molecules.®® The high loading capa-
city, delayed release and protection of siRNA combined with the
silencing activity and in vivo localization of systemically delivered
nanocarriers demonstrates the potential for GO-pSiNPs to serve
as a delivery platform for RNAi-based therapeutics.
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Experimental details

Materials. Single-crystalline highly doped p-type silicon wafers (boron-doped, ~ 1
mQ cm resistivity), polished on the (100) face, were purchased from Virginia
Semiconductor, Inc. 3-(ethoxydimethyl)-propylamine silane, graphene oxide
(dispersion in water, 2 mg/mL), and paraformaldehyde were purchased from Sigma-
Aldrich Chemicals, inc. Succinimidyl carboxymethyl ester-polyethylene glycol-
maleimide (SCM-PEG-Mal, MW 5000) and succinimidyl carboxy methyl ester-
polyethylene glycol (SCM-PEG) were purchased from Laysan Bio, inc. All
chemicals were used as received without further purification. RNase free water,
phosphate buffered saline (PBS, pH 7.4), fetal bovine serum, Opti-MEM,
Lipofectamine RNAIMAX transfection agent, Quant-iT™ RNA assay kit, and RNase
A were purchased from Life Technologies. Eagle’s Minimum Essential Medium
(EMEM) was purchased from ATCC. Small interfering RNA against peptidylprolyl
isomerase B (siPPIB) and luciferase (siLuc) were purchased from Dharmacon, inc. A
1:1 mixture of siPPIB(1) and siPPIB(2) were used for gene silencing. The sequences
for the sense strands were:

siPPIB(1): 5’-CAAGUUCCAUCGUGUCAUCATdT-3’

siPPIB(2): 5’~-GAAAGAGCAUCUAUGGUGAdTdT-3"

siLuc: 5’-CUUACGCUGAGUACUUCGAJdTdT-3'
The RVG peptide with N-terminal cysteine residues,
(CCGG)YTIWMPENPRPGTPCDIFTNSRGKRASNG, was obtained from CPC
Scientific, Inc. FAM-RVG, which has 5-carboxyfluorescein (5-FAM) attached via an
amide bond to the N-terminal cysteine residue on RVG, was also purchased from
CPC Scientific, Inc. The FAM-RVG construct used for confirmation of peptide

conjugation to the nanocarriers.

Preparation of porous silicon nanoparticles. Porous silicon nanoparticles (pSiNPs)
were prepared by electrochemical perforation etching of silicon wafer, as described
previously.! The silicon wafer was anodically etched in an electrolyte consisting of
3:1 (by volume) of 48% aqueous HF:ethanol. Etching was carried out in a Teflon
etch cell that exposed 8.0 cm? of the polished surface of the Si wafer to the electrolyte,
using a coil of platinum wire as the counter electrode. The silicon wafer was

contacted on the backside with a strip of aluminum foil. The etching waveform



consisted of a square wave in which a lower value of current density of 50 mA/cm?
was applied for 1.8 sec, followed by a higher value of current density of 400 mA/cm?
for 0.36 sec. This waveform was repeated for 140 cycles, generating a perforated
porous silicon film with alternating layers of high and low porosity. The resulting
porous nanostructure was removed from the silicon substrate by applying a current
density of 3.7 mA/cm? for 250 sec in an electrolyte consisting of 1:30 (by volume) of
48% aqueous HF:ethanol. The resulting pSi layers were rinsed several times with
absolute ethanol, then placed in absolute ethanol (7 mL) in a vial and fractured into
nanoparticles by ultrasonication (50T ultrasonic bath, VWR International) for 15 hr.
The nanoparticles were isolated by centrifugation (Eppendorf Centrifuge Model 5804)

at 15,000 rpm for 12 min and then redispersed in aqueous borax solution (1 mM) for

2.5 hr to activate photoluminescence.> The nanoparticles were then isolated by
centrifugation (Eppendorf Centrifuge Model 5804) at 15,000 rpm for 12 min, the
supernatant removed and the pellet rinsed 3 times with absolute ethanol and deionized

water, respectively. The procedure typically yielded 9 mg of nanoparticles.

Preparation of positively charged graphene oxide (GO) nanosheets. The as-
purchased aqueous GO suspension was subjected to ultrasonic fracture (50T
ultrasonic bath, VWR International) overnight and subsequently centrifuged (15,000
rpm, 12 min) to obtain GO nanosheets. Afterwards the desired GO nanosheets (~ 200
nm) were still stably dispersed in the supernatant, while larger sized sheets settled.
The GO nanosheets were separated and further modified via EDC-mediated reaction
with ethylenediamine to impart a net positive charge to the sheets:* 1 mL of
ethylenediamine and 100 mg of EDC were added to the GO nanosheet dispersion (3
mL), and the mixture was stirred overnight. The resulting GO nanosheets were
subjected to dialysis for 2 days using a 12-14 kD MWCO membrane (Spectrum
Laboratories, Inc.) to completely remove residual reagents. The resulting GO

nanosheets were used in the pSiNP wrapping procedure.

Preparation of siRNA-loaded nanocarrier formulations. An aliquot (1 mL) of
pSiNPs (2 mg/mL in ethanol) was mixed with 20 pL of 3-(ethoxydimethyl)-
propylamine silane by vortexing overnight at room temperature. The amine-

terminated nanoparticles were rinsed three times with ethanol and RNase free water.



siRNA was loaded into the cationic pSiNPs by mixing with siRNA stock solution.
The concentration of free siRNA was determined by measuring UV absorbance at 260
nm using a spectrometer (NanoDrop 2000, Thermo Fisher Scientific) and comparing
it to a standard curve of siRNA. The suspension was centrifuged to separate the free
siRNA from the siRNA-loaded pSiNP pellet. To prepare GO-encapsulated pSiNPs
(GO-pSiNPs), an aqueous suspension of GO nanosheets was added to an aqueous
suspension of the siRNA-loaded pSiNPs, and the mixture was stored at 4 °C for 1 hr
to complete the electrostatic wrapping process. The GO-pSiNPs were then collected
by centrifugation to remove any unassociated GO nanosheets remaining in suspension.
A solution (1 mL) of either the SCM-PEG-Mal or SCM-PEG linker (5 mg/mL, in
ethanol) was added to the GO-pSiNPs and stored at 4 °C for 2 hr. The succinimidyl
carboxymethyl ester group reacts with the primary amine group on the GO-pSiNPs.
Unbound PEG linker molecules were removed from the PEGylated nanocarriers by
centrifugation (15000 rpm, 12 min). The PEG-terminated GO-pSiNPs were used as
the non-targeted control particles, and the maleimide-activated nanocarriers were
further mixed with 500 pL of the RVG peptide solution (1 mg/mL in RNase free
water) and incubated at 4 °C for 2 hr to conjugate the peptide via a free cysteine
residue at the terminal group of the peptide.* Peptide conjugation was confirmed from

the fluorescence spectrum of the FAM labeled-peptide.

Characterization of pSiNPs. Transmission electron microscope (TEM) images were
obtained on JEOL-1200 EX II operating at 120 kV. A Malvern Instruments Zetasizer
ZS 90 was used to determine the hydrodynamic size (by dynamic light scattering,
DLS) and zeta potential of the nanoparticles. Nitrogen adsorption-desorption
isotherms were obtained on dried pSiNPs at a temperature of 77K with a
Micromeritics ASAP 2020 instrument. Photoluminescence and fluorescence spectra
were obtained using an Ocean Optics QE65 pro spectrophotometer. Raman spectra
were obtained using a Renishaw inVia Raman microscope with 532 nm laser
excitation. Concentration of siRNA was determined by measuring absorbance at 260
nm using a spectrometer (NanoDrop 2000, Thermo Fisher Scientific) based on the

OD»¢p standard curve of siRNA.

In vitro gene silencing. Neuro-2a neuroblastroma cells (ATCC, CCL-131) were

cultured in Eagle’s Minimum Essential Medium (EMEM) containing 10% fetal



bovine serum (FBS). Cells were seeded in 24-well plate at 6 x 10* cells per well the
day before the assay. The culture media were replaced with serum-free transfection
media (Opti-MEM), and the nanocarrier formulations (resuspended in Opti-MEM,
equivalent to 200 nM siRNA) were incubated with the cells for 4 hr. As a positive
control for gene silencing, siRNA/Lipofectamine RNAIMAX complexes were
prepared according to the manufacturer’s protocol. After 4 hr treatment, transfection
media were replaced with the complete EMEM, and the cells were further incubated
at 37 °C. After 48 hr of incubation, the cells were harvested and lysed, and total RNA
was extracted using an RNeasy mini kit (QIAGEN), according to the manufacturer’s
protocol. Reverse transcription reaction was performed using iScript cDNA Synthesis
Kit (Bio-Rad). 1 pg of extracted RNA was reverse transcribed into cDNA according
to the manufacturer’s protocol (iScript cDNA Synthesis Kit, Bio-Rad). Real-time
quantitative reverse transcription polymerase chain reaction (QRT-PCR) analysis was
performed to examine PPIB mRNA expression with an Mx3005P qPCR system
(Agilent). The synthesized cDNA was subjected to RT-qPCR using the SYBR Green
PCR Mater Mix (Bio-Rad). Samples were normalized to levels of hypoxanthine
phosphoribosyltransferase (HPRT) for qPCR analysis. Primer sequences used for
qPCR were:

PPIB forward: GGAAAGACTGTTCCAAAAACAGTG; PPIB reverse:

GTCTTGGTGCTCTCCACCTTCCG.

HPRT forward: GTCAACGGGGGACATAAAAG; HPRT reverse:

CAACAATCAAGACATTCTTTCCA.

Cellular uptake. Cells were seeded onto coverslips (Corning Biocoat Poly-D-Lysine,
12 mm) and cultured overnight in the complete EMEM. The cell culture media were
replaced with Opti-MEM, and the nanocarrier formulations were added as described
above. After 2 hr of incubation with nanocarriers, the cells were washed three times
with PBS, fixed with 4% paraformaldehyde, and mounted for fluorescence
microscope imaging (Zeiss LSM 710 NLO Confocal Microscope). To quantitatively
demonstrate cellular uptake of Dy547-labeled siRNA, cells were harvested by
trypsinization and subjected to flow cytometric analysis with a LSR Fortessa (BD
Biosciences). Forward and side-scatter gates were set to exclude debris. Data were

analyzed using BD FACSDiva software.



RNase treatment and siRNA stability assay. The siRNA-loaded nanocarriers (2
mg/mL, 12% by mass loaded oligonucleotide) were incubated at 37 °C in PBS
solutions containing various concentrations of RNase A (total volume 1 mL) for 1 hr
and then separated from the RNase-containing solutions by centrifugation. The
siRNA was then released from the pSiNPs by treatment with aqueous potassium
hydroxide (50 uM, 150 pL) to dissolve the silicon skeleton (pH ~ 9.5). The solution
was then analyzed using a Quant-iT RNA assay kit (Life Technologies, inc.) and UV
absorbance. In vitro gene silencing experiments were carried out by incubating
Neuro-2a cells with the nanocarriers in RNase-containing serum media (EMEM with

10% FBS).

In vivo siRNA delivery. All studies in mice were approved by the MIT Institutional
Animal Care and Use Committees (IACUC). Brain injuries were created by
removing a 5 mm diameter portion of the skull and inducing 3 mm deep wounds 1
mm apart in a 3x3 grid using a 19G needle on the right hemisphere of the brain. After
induction of the injuries, the missing part of the skull was replaced. The nanocarriers
(200 pg) were resuspended in PBS (100 puL) and administered via tail-vein injections
6 hr post injury. The mice were sacrificed 2 hr following injection and major organs
were harvested for downstream analysis. The organs were imaged using an IVIS
instrument (Xenogen), Odyssey CLx (Li-Cor Biosciences) and custom-built GLISiN

(Gated Luminescence Imaging of Silicon Nanoparticles) system.>

Statistical Analysis. All data represent mean values + standard deviation. Statistical
significance was evaluated using two-tailed heteroscedastic Student’s ¢ test. Unless

otherwise stated, the threshold of statistical significance was set to p < 0.05.



Figure S1. (a) Nitrogen adsorption-desorption isotherm and (b) BJH pore size
distribution of a typical pSiNP preparation used in this work. Measurements made on
oxidized porous Si nanoparticles. Inset: Plan-view scanning electron microscope

(SEM) image of the pSi film before ultrasonication.
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Figure S2. Loading and release characteristics of siRNA-loaded pSiNPs and GO-
pSiNPs. Mass loading of siRNA into pSiNPs as a function of incubation time (a) and
mixing ratio (b). Plot in (a) represents samples loaded at a siRNA/pSiNP mixing ratio
of 0.12 (w/w). Plot in (b) represents samples loaded for fixed incubation time of 24

hr.
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