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Self-Sealing Porous Silicon-Calcium Silicate Core—Shell
Nanopatrticles for Targeted siRNA Delivery to the Injured Brain

Jinyoung Kang, Jinmyoung Joo, Ester J. Kwon, Matthew Skalak, Sazid Hussain,
Zhi-Gang She, Erkki Ruoslahti, Sangeeta N. Bhatia, and Michael J. Sailor*

A significant limitation in efficacy of small molecule, protein,
and nucleic acid-based therapeutics is bioavailability. Molecules
with low solubility may not enter the blood stream or other
bodily fluids at therapeutically effective concentrations,'=3l and
more soluble therapeutics may undergo rapid clearance from
the circulatory system Dby various biological processes before
reaching the intended tissues.*% Loading of therapeutics into
porous or hollow nanostructures has emerged as a means to
control the concentration-time relationship of drug delivery
and improve therapeutic efficacy.”®! Much work in nanostruc-
tured carriers for drugs has been based on “soft” particles such
as liposomes and polymer conjugates,®!”! or more rigid porous
inorganic materials such as mesoporous silicon or silicon
oxide."""13] Mesoporous silicon and silicon oxide are inorganic
and biodegradable materials that have been well studied for
drug delivery applications.[®14-20l

The mechanism of degradation of porous silicon (pSi)
involves oxidation of the silicon skeleton to form silicon oxide,
followed by hydrolysis of the resulting oxide phase to water-
soluble orthosilicic acid (Si(OH),) or its congeners.?’! To
prevent rapid degradation of pSi nanoparticles, various “core—
shell” types of structures have been synthesized, where an inner
core of a pSi skeleton is surrounded by a shell of more stable
silicon oxide,””?8 titanium oxide,?! carbon,??=4 or other
kinetically stable substances.l®! Core-shell structures are attrac-
tive platforms for slow releasing drug delivery formulations

because the synthesis of the shell can be performed in concert
with drug loading in order to more effectively trap the thera-
peutic in the nanostructure.?®! Furthermore, the ability of core—
shell structures to enhance intensity and persistence of photo-
luminescence from the luminescent silicon domains in pSi has
been demonstrated,*”! which adds imaging and self-reporting
drug delivery features to the nanomaterial.

We report here a single-step procedure to simultaneously
load and protect high concentrations of siRNA in pSi nanopar-
ticles (pSiNPs) by precipitating an insoluble shell of calcium
silicate simultaneous with drug loading (Figure 1). The source
of silicate in the shell derives from local dissolution of the pSi
matrix, and in solutions containing high concentrations of cal-
cium (II) ion, we find that Ca,SiO, formation occurs primarily
at the nanoparticle surface and is self-limiting. If the calcium
ion solution also contains siRNA, the oligocucleotide becomes
trapped in the porous nanostructure during shell formation.
The insoluble calcium silicate shell slows the degradation of the
porous silicon skeleton and the release of siRNA. The porous Si
core displays intrinsic photoluminescence due to quantum con-
finement effects, and we find that the shell formation process
leads to an increase in the external quantum yield from 0.1% to
21%, presumably due to the electronically passivating nature of
the silicate shell. To demonstrate the potential for gene delivery
with this system, we modify the calcium silicate-coated pSiNPs
(Ca-pSiNPs) via silanol chemistry to conjugate two functional
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Figure 1. Schematic illustration of the mechanistic steps involved in preparation of siRNA-loaded, calcium silicate-coated porous silicon nanoparticles
(Ca-pSiNP-siRNA). Mild oxidation (in aqueous media) of porous Si particles generates a thin oxide layer on the Si skeleton. As it forms, the oxide layer
becomes hydrated and solublized, releasing Si(OH), into solution. High concentrations of Ca?" and siRNA present in the aqueous solution diffuse
into the pores, where the Ca?" ions react with the locally high concentration of Si(OH),, forming a precipitate that traps the siRNA payload within the

nanostructure.

peptides, one for neuronal targeting and the other for cell pen-
etration. The resulting construct shows significantly improved
gene silencing efficacy in vitro, and it can be delivered to tar-
geted tissues in vivo.

The pSiNPs of average size 180 + 20 nm (by dynamic light
scattering) were prepared as described previously.?”! The siRNA
payload was loaded and sealed into the porous nanostruc-
ture in one step, by stirring the pSiNPs in an aqueous solu-
tion containing the oligonucleotide in the presence of a high
concentration (3 M) of CaCl,. Control experiments where the
same quantity of free siRNA was mixed in a solution 3 M in
CaCl,, but without added pSiNPs, showed no evidence of pre-
cipitate under the reaction conditions. To avoid the possibility
of undetectable precipitates of siRNA with Ca’*, the pSiNPs
were isolated after reaction by centrifugation and washed three
times, first using deionized (DI) water, then 70% ethanol, and
finally absolute ethanol. The mass loading of siRNA was typi-
cally 20%, as determined by difference (free siRNA remaining
in the supernatant) and by direct measurement of the quantity
of siRNA released from the oligonucleotide-loaded Ca-pSiNPs
in RNAse free DI water. The presence of silicon, calcium, and
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oxygen in the resulting siRNA-loaded, calcium silicate-capped
pSiNPs (Ca-pSiNP-siRNA) was confirmed by energy disper-
sive X-ray (EDX) analysis (Figure S1, Supporting Information).
No residual chloride was detected. The quantity of oxygen in
the pSiNPs increased measurably upon reaction with the Ca?*
solution, demonstrating that pSiNPs are oxidized during the
reaction. Transmission electron microscope (TEM) images
(Figure 2a—c) of empty pSiNP prior to calcium ion treatment,
pSiNP after treatment with Ca?" (Ca-pSiNP), and pSiNP after
loading of siRNA and treatment with Ca?* (Ca-pSiNP-siRNA)
indicated that the reaction with Ca?" generated a distinctive
coating (Figure 2b,c). Based on the elemental analysis and con-
sidering the low solubility of calcium silicate,[*®! we propose the
capping material to be dicalcium orthosilicate (Ca,SiO,) or a
mixed phase of calcium orthosilicate, metasilicate, and silicon
oxides. No crystalline calcium silicate or silicon oxide phases
were observed by powder X-ray diffraction (XRD), but residual
crystalline Si was detected in the XRD spectrum (Figure S2a,
Supporting Information) and in the Raman spectrum (Si-Si
lattice mode at 520 cm™!, Figure S2b (Supporting Informa-
tion)). The characteristic band for surface Si-O (1020 cm™) was
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Figure 2. Transmission electron microscope (TEM) images of a) pSiNP, b) Ca-pSiNP, and c) Ca-pSiNP-siRNA formulations. Scale bar is 200 nm.
d) Cryogenic nitrogen adsorption-desorption isotherms for pSiNP and Ca-pSiNP formulations. €) Photoluminescence emission spectra (A¢: 365 nm)
obtained during reaction of pSiNP with 3 m aqueous CaCl, solution, used to prepare the Ca-pSiNP formulation. Typical of quantum confinement, as the
silicon skeleton becomes thinner the emission spectrum shifts to the blue. The growth of an electronically passivating surface layer and suppression
of nonradiative recombination centers is evident in the strong increase in photoluminescence intensity observed as the reaction progresses.

observed in the Fourier transform infrared (FTIR) spectrum
both before and after Ca?* treatment (Figure S2c, Supporting
Information).  Nitrogen adsorption—-desorption isotherm
analysis indicated that the total pore volume decreased by 80%
(1.36 £ 0.03 to 0.29 £ 0.04 cm? g™!) upon conversion of pSiNP
to Ca-pSiNP (Figure 2d). Prior work has shown that oxidation
of pSi results in reduction of the pore volume due to swelling
of the pore walls as oxygen is incorporated into the silicon
skeleton, and this process can result in effective trapping of a
payload in the pores.[2:3¢]

Optical absorbance measurements, used to measure the
amount of elemental silicon in the solution, showed that ~40%
of the pSiNPs were degraded within 80 min in a pH 9 buffer
when no calcium ion was present. However, in 3 m CaCl, solu-
tion (also at pH 9), only =10% degradation was observed in the
same time period (Figure S3a, Supporting Information). The
calcium silicate shell also impeded release of the siRNA cargo;
the Ca-pSiNP-siRNA formulation showed approximately five-
fold slower release under physiologic conditions (pH 7.4 buffer,
37 °C), compared to a formulation in which siRNA was held
in the pSiNPs by electrostatic means (pSiNPs modified with
surface amine groups, pSiNP-NH,, Figure S3b (Supporting
Information)). The Ca-pSiNP-siRNA formulation also showed
substantially greater siRNA loading efficiency compared to
electrostatically loaded particles (20%-25% vs 5%-8%, respec-
tively). Thus the calcium silicate trapping chemistry effectively

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

encapsulated and slowed release of the siRNA payload, and
it protected the pSi skeleton from subsequent oxidation and
hydrolysis in aqueous media.

The photoluminescence spectrum obtained at different times
during the course of the reaction between pSiNPs and CaCl,
solution showed a gradual increase in intensity (Figure 2e).
Additionally, the peak wavelength of photoluminescence blue
shifted as the reaction progressed. Both of these phenomena
(increase in photoluminescence intensity and blue shift of the
photoluminescence spectrum) are indicative of the growth of a
passivating surface layer on the silicon nanocrystallites.[27-3>4%
The observed blue shift is typical of a quantum-confined silicon
nanoparticle, whose emission wavelength is strongly dependent
on size and exhibits a blueshift as the quantum-confined silicon
domains become smaller.*!] The photoluminescence emission
quantum yield (external) for the pSiNP-calcium silicate core—
shell structure (Ca-pSiNP) was 21% (4. = 365 nm, Figure S4
(Supporting Information)).

A preliminary in vitro cytotoxicity screen on cultured Neuro-2a
(mouse neuroblastoma) cells showed no significant cytotoxicity
of the Ca-pSiNP formulation at nanoparticle concentrations up
to 50 pg mL~! (Figure S5, Supporting Information), and so the
system was loaded with a targeting and a therapeutic payload
for gene silencing studies (the loading procedure is described
schematically in Figure S6 (Supporting Information)). A small
interfering RNA (siRNA) capable of silencing the endogenous
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gene (peptidylprolyl isomerase B, PPIB) was chosen to test the
ability of the calcium silicate chemistry to retain, protect, and
deliver a therapeutic payload for in vivo studies. The pSiNPs
were loaded with siRNA against PPIB (siPPIB) in the presence
of 3 M CaCl,, which resulted in =20 wt% siRNA content in the
resulting nanoparticle (Ca-pSiNP-siRNA). The morphology of
the Ca-pSiNP-siRNA construct appeared similar to the drug-
free Ca-pSiNP preparation by TEM (Figure 2c), although the
surface charge (zeta potential, Figure S7a (Supporting Informa-
tion)) of Ca-pSiNP-siRNA was negative instead of positive. The
positive zeta potential of the drug-free Ca-pSiNP preparation is
attributed to an excess of Ca’* ions at the particle surface, and
the negatively charged siRNA payload neutralizes these charges
to the extent that it results in an overall negative zeta potential
in the Ca-pSiNP-siRNA construct.

To achieve targeted delivery and intracellular trafficking of
the siRNA therapeutic, a tissue targeting peptide and a cell pen-
etrating peptide were then grafted to the calcium silicate shell
of the Ca-pSiNP-siRNA construct. A polyethyleneglycol (PEG)
linker was used to attach both of these peptides to improve sys-
temic circulation (Figure S6, Supporting Information). First, the
chemical coupling agent 2-aminopropyldimethylethoxysilane
(APDMES) was grafted to the nanoparticle surface, generating
pendant primary amine groups (Ca-pSiNP-siRNA-NH,).?’l The
zeta potential became more positive after the APDMES reaction
for either Ca-pSi-NH, or Ca-pSiNP-siRNA-NH, formulations
due to the primary amine groups on the outermost surface of the
nanoparticles (Figure S7a, Supporting Information). Functional
PEG species were then grafted to Ca-pSiNP-siRNA-NH, via
these primary amines, using a maleimide-poly(ethylene-glycol)-
succinimidyl carboxy methyl ester (MAL-PEG-SCM) species.*!l
The succinimidyl carboxymethyl ester forms an amide bond
with primary amines, and thus provides a convenient means to
attach PEG to the aminated nanoparticle. The distal end of the
PEG chain contained a second functional group, maleimide.
Maleimide forms covalent bonds to thiols, allowing attachment
of targeting and cell penetrating peptides. Two peptide species,
myr-GWTLNSAGYLLGKINLKALAALAKKIL(GGCC), a myris-
toylated transportan referred to here as “mTP,” and the rabies
virus-derived peptide 5SFAM-(CCGG)YTIWMPENPRPGTP-
CDIFTNSRGKRASNG, referred to as “FAM-RVG,” were pre-
pared and conjugated to the Ca-pSiNP-siRNA-PEG formulation
via reaction of the maleimide group with a cysteine thiol of the
relevant peptides. Here, “SFAM” is the fluorescent label 5-car-
boxyfluorescein, an amine-reactive fluorophore commonly used
to label biomolecules (Aex/Aer, = 495/518 nm).

Cell-penetrating peptides (CPP) such as transportan (IP)
have been found to be promising auxiliaries for siRNA delivery.
When CPPs are incorporated into nanoparticles, they can
increase endocytic escape after internalization to increase the
siRNA knockdown efficiency. However, CPPs lack cell-type
specificity. To overcome this shortcoming, CPPs have been
combined with cell-specific targeting peptides to generate what
is known as tandem peptides, and these constructs have been
shown to be very efficient siRNA delivery agents.*”! In the pre-
sent work, the cell-penetrating transportan peptide was attached
to a myristoyl group, which contains a hydrophobic 13 carbon
aliphatic chain, to enhance the hydrophobic interaction between
the peptide and the lipid bilayer of the cell membrane (mTP).[*3!
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The cell targeting function was accomplished with a peptide
sequence from the rabies virus glycoprotein (RVG) that has
demonstrated effective neuronal cell targeting efficiency in vitro
and in vivo.[** Attachment of both RVG and mTP peptides to
a Ca-pSiNP resulted in a dual peptide nanocomplex, referred
to here as “Ca-pSiNP-DPNC.” Control nanoparticles containing
only mTP or RVG peptides were also prepared, herein desig-
nated as Ca-pSiNP-mTP or Ca-pSiNP-RVG, respectively.

Approximately 0.1 mg of RVG was conjugated with 1 mg
of Ca-pSiNP-siRNA-PEGs, determined by relative fluorescence
of the FAM label. In the case of the Ca-pSiNP-siRNA-DPNC
construct, =0.04 mg of RVG and a comparable amount of
mTP was conjugated. The FTIR spectrum of Ca-pSiNP-DPNC
displayed all the characteristic peaks of Ca-pSiNP-mTP and
Ca-pSiNP-RVG (Figure S8, Supporting Information). The mean
diameter of the Ca-pSiNP-siPPIB-DPNC construct was 220 nm
(dynamic light scattering (DLS) Z-average, intensity based),
representing an increase over the pSiNP starting material of
40 nm. No significant aggregates were observed in the DLS
data (Figure S7b, Supporting Information).

The Ca-pSiNP-siPPIB-DPNC construct effected knockdown
of 52.8% of PPIB gene activity in Neuro-2a cells relative to
untreated controls (Figure 3). To eliminate the possibility that
gene silencing was caused by toxicity of the nanocomplexes,
a similar formulation loaded with a negative control siRNA
against the luciferase gene (siLuc) was tested, and it showed
no statistically significant difference relative to the untreated
control. As additional controls, gene silencing efficiencies of
nanoparticles containing only a cell-penetrating or only a cell-
targeting peptide were tested (Ca-pSiNP-siPPIB-mTP and
Ca-pSiNP-siPPIB-RVG, respectively). Both of these constructs
showed some observable knockdown of PPIB gene expression
(27.196-28.9% relative to untreated controls), but the silencing
effect was greater with the dual peptide nanoparticle Ca-pSiNP-
siPPIB-DPNC (p < 0.03) compared with either peptide system
individually. In the case of Ca-pSiNP-siPPIB-mTP, the gene
knockdown observed in vitro is not expected to translate to in
vivo activity, because the cell penetrating effect of mTP lacks
cell-type specificity. On the other hand, silencing by Ca-pSiNP-
siPPIB-RVG is attributed to more effective cellular localiza-
tion in vitro due to specific binding of the RVG sequence to
Neuro-2a cells. Additional controls using free siPPIB (not con-
tained in a nanoparticle) and siPPIB loaded into bare pSiNPs
(no Ca capping chemistry, no targeting peptides, no cell-pene-
trating peptides) showed no statistically significant knockdown.
Furthermore, nanoconstructs isolated and stored in ethanol for
7 d at 4 °C still retained their PPIB gene knockdown efficiency
(Figure 3).

The present results show better cellular affinity and gene
knockdown when the dual peptide nanocomplex (DPNC, con-
taining both mTP and RVG) was used compared with the single
peptide conjugated nanoparticles (Ca-pSiNP-siRNA-mTP or
Ca-pSiNP-siRNA-RVG). TEM data on Ca-pSiNP-DPNC-treated
Neuro-2a cells (Figure S9, Supporting Information) established
that the nanoparticles were indeed internalized and dispersed
in the cell cytoplasm after 1 h incubation. The images are con-
sistent with endosomal uptake of the nanoparticles, although
the present studies did not assess the intracellular trafficking or
endosomal uptake mechanismy(s).
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Figure 3. The silencing of relative PPIB gene expression in Neuro-2a
cells after treatment with siRNA against the PPIB gene (siPPIB), ami-
nated porous Si nanoparticle (pSiNP) loaded with siPPIB (pSiNP-
siPPIB), pSiNP-siPPIB construct prepared with a calcium silicate shell
and containing both cell-targeting and cell-penetrating peptides on the
outer shell in a dual peptide nanocomplex (Ca-pSiNP-siPPIB-DPNC), the
pSiNP-siPPIB-calcium silicate shell construct containing only a cell-pen-
etrating peptide on the outer shell (Ca-pSiNP-siPPIB-mTP), the pSiNP-
siPPIB-calcium silicate shell construct containing only the cell-targeting
peptide on the outer shell (Ca-pSiNP-siPPIB-RVG), and the pSi nanopar-
ticle-calcium silicate shell construct containing a negative control siRNA
sequence against luciferase, and containing both the cell-targeting and
the cell-penetrating peptides on the outer shell (Ca-pSiNP-siLuc-DPNC).
The “7 days” designations indicate that the nanoparticle construct was
stored in ethanol at 4 °C for 7 d prior to the experiment. The cell pen-
etrating peptide is a myristoylated transportan, and the cell targeting
peptide is a domain derived from the rabies virus glycopeptide (RVG) as
described in the text. Statistical analyses were performed with Student’s
ttest (*p < 0.01, **p < 0.03).

Consistent with its greater knockdown efficiency, confocal
microscope images indicated that the Ca-pSiNP-siPPIB-DPNC
formulation had greater affinity for Neuro-2a cells than the
Ca-pSiNP-siPPIB-RVG formulation (Figure S10, Supporting
Information). The Ca-pSiNP-siPPIB-DPNC formulation had
approximately half the number of fluorescent FAM marker
molecules on its surface compared to Ca-pSiNP-siPPIB-RVG.
Even with the lower FAM fluorescence signal per particle,
Neuro-2a cells treated with Ca-pSiNP-siPPIB-DPNC showed
a larger FAM signal because of the greater cellular affinity of
this dual peptide construct relative to the RVG-only formula-
tion. The Ca-pSiNPs are visible in the fluorescence micro-
scope images due to the intrinsic photoluminescence from
the quantum-confined Si domains of the nanoparticle. In
the case of cells treated with Ca-pSiNP-siPPIB-DPNC, the
Si signal is colocalized with the signal from the FAM label on
the RVG targeting peptide, and the combined signal is seen
in the cytosol, indicative of cellular internalization. The cel-
lular affinity of these two nanoparticle constructs was more

wileyonlinelibrary.com
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accurately quantified by fluorescence-activated cell sorting
(FACS) analysis (Figure S11, Supporting Information), and the
data show that the dual peptide nanoparticle was more efficient
at targeting Neuro-2a cells than the nanoparticle that contained
only the RVG peptide (51.4% * 5.6% vs 36.4% £ 5.6% for
Ca-pSiNP-siPPIB-DPNC and Ca-pSiNP-siPPIB-RVG, respec-
tively (P < 0.04). Separate fluorescent labels on the RVG peptide
and on the siPPIB in the Ca-pSiNP-siPPIB-DPNC established
that 65.9% + 8.7% of the cells contained both RVG and siPPIB
(Figure S11d, Supporting Information). The results support the
hypothesis that conjugating both RVG and mTP to the nano-
particle yields greater cellular affinity, which in turn generates a
stronger gene knockdown effect.

Often in vitro targeting results are not replicated in vivo due
to active clearance by the MPS organs and other physiologic
factors associated with the complex in vivo environment. In
order to demonstrate the feasibility of in vivo delivery of siRNA
by the nanoconstructs, we performed a pilot study involving a
penetrating brain injury model in mice. As having both cell-
penetrating and cell-targeting peptides on the same nano-
particle (Ca-pSiNP-siPPIB-DPNC) yielded the strongest gene
knockdown in vitro, we selected this construct for the in vivo
gene delivery experiments.

Significant quantities of siRNA accumulated in the site of
the brain injury in the mice injected with Ca-pSiNP-siRNA-
DPNC (Figure 4). The mice (n = 3) showed twofold greater
intensity of fluorescence associated with the siRNA payload
relative to the fluorescence background in saline-injected
control mice, and the ratio of fluorescence at the injured site
relative to the uninjured hemisphere was 5.2. There was statis-
tically greater observed efficacy of targeting by the dual peptide
Ca-pSiNP-siRNA-DPNC relative to the untargeted nanoparticles
Ca-pSiNP-siRNA-PEG (p < 0.02). Mice injected with the untar-
geted Ca-pSiNP-siRNA-PEG construct showed some siRNA
fluorescence signal in the brain compared to the uninjected
control mice, presumably due to passive leakage into the injury
site. Correspondingly, these Ca-pSiNP-siRNA-PEG-injected
mice displayed greater fluorescence intensity in the kidney and
(to a lesser extent) the liver relative to mice injected with the
Ca-pSiNP-siRNA-DPNC constructs. The biodistribution data
are thus consistent with the greater ability of the dual-targeted
nanoparticles to accumulate in the brain. Mice injected with
any of the nanoparticle formulations displayed no overt short-
term health effects.

In summary, this work demonstrates a self-sealing chemical
procedure that can load oligonucleotides in a biodegradable and
intrinsically photoluminescent nanoparticle. Substantial quan-
tities of siRNA can be loaded (>20% by mass), and the payload
is retained for therapeutically relevant timescales. The calcium
silicate shell is readily modified with cell targeting (RVG pep-
tide from rabies virus glycoprotein) and cell-penetrating (myris-
tolated transportan) peptides, and the combination of the two
peptides, along with the ability of the calcium silicate chemistry
to retain and protect the siRNA payload, yields improved cel-
lular targeting and gene knockdown in vitro. The multivalent
core—shell nanoparticles circulate to deliver a siRNA payload to
a brain injury in live mice, and the dual targeted nanoparticles
show improved delivery of siRNA in the in vivo brain injury
model relative to nontargeted nanoparticles.

Adv. Mater. 2016, 28, 7962-7969
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Figure 4. Ex vivo fluorescence images of harvested organs after intravenous injection of (1) saline as a control, (2) Ca-pSiNP-siRNA-PEG, and
(3) Ca-pSiNP-siRNA-DPNC. All siRNA constructs contained covalently attached dy677 fluorophore. a) Fluorescence image of injured brains obtained
using infra-red imaging system Pearl Trilogy (Li-Cor). Green channel in the images corresponds to 700 nm emission from dy677, and the bright field
image of the brain tissues is merged with the 700 nm emission. b) Fluorescence image of whole major organs taken with VIS (Xenogen) imaging

system in the Cy5.5 channel (Aeyem: 675/694 nm).

Experimental Section

Preparation of Porous Silicon Nanoparticles: The pSiNPs were prepared
following the published “perforation etching” procedure.’”) A highly
boron-doped p**-type silicon wafer (=1 mQ cm resistivity, 100 mm
diameter, Virginia Semiconductor, Inc.) was anodically etched in an
electrolyte composed of 3:1 (v:v) of 48% aqueous HF:ethanol. The
etching waveform consisted of a square wave in which a lower current
density of 46 mA cm™2 was applied for 1.818 s, followed by a higher
current density pulse of 365 mA cm2 applied for 0.363 s. This waveform
was repeated for 140 cycles, generating a stratified porous silicon (pSi)
film with thin, high porosity “perforations” repeating approximately
every 200 nm through the porous layer. The film was removed from
the silicon substrate by applying a current density of 3.4 mA cm=2 for
250 s in a solution containing 1:20 (v:v) of 48% aqueous HF:ethanol.
The freestanding pSi film was fractured into nanoparticles of mean
(Z-average, intensity based) diameter 180 nm (Figure S7b, Supporting
Information) by immersion in DI water and ultrasonication for =12 h.

Preparation of Calcium Silicate-Coated, siRNA-Loaded Porous Silicon
Nanoparticles (Ca-pSiNP-siRNA): A stock solution 4 m in calcium chloride

Adv. Mater. 2016, 28, 7962-7969
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(CaCly) was prepared by adding 2.25 g of solid CaCl, (My: 110.98,
anhydrous, Spectrum Chemicals) to 5 mL of RNAse-free water. The
solution was centrifuged to remove any precipitates and stored at 4 °C
before use. For oligonucleotide loading, three kinds of duplexed siRNA
constructs for the knockdown of PPIB(1), PPIB(2), and Luciferase was
synthesized by Dharmacon Inc. with 3’-dTdT overhangs.*”#8l For PPIB
gene against siRNA (siPPIB), siPPIB(1) and siPPIB(2) were obtained,
respectively, and used 1:1 mixture of siPPIB(1):siPPIB(2) to cover broad
range of PPIB gene on the siRNA sequence sense 5-CAA GUU CCA UCG
UGU CAU C dTdT-3" and antisense 5-GAU GAC ACG AUG GAA CUU
G dTdT-3" for siPPIB(1) and sense 5-GAA AGA GCA UCU AUG GUG
A dTdT-3’ and antisense 5-UCA CCA UAG AUG CUC UUU C dTdT-3’
for siPPIB(2). Luciferase gene against siRNA (siLuc) was obtained on
the siRNA sequence sense 5-CUU ACG CUG AGU ACU UCG A dTdT-3’
and antisense 5-UCG AAG UAC UCA GCG UAA G dTdT-3". The pSiNPs
(100 pL DI, 1T mg) were mixed with the oligonucleotide solution (150 pL
DI, 150 x 107® m in siRNA) and added to the 4 m CaCl, stock solution
(750 pL). The mixture was agitated for 60 min and purified by successive
dispersion in/centrifugation from RNAse free DI water, 70% ethanol,
and 100% ethanol. To analyze siRNA loading efficiency, supernatants
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from each centrifugation step were collected and assayed for free
siRNA using a NanoDrop 2000 spectrophotometer (Thermo Scientific,
ND-2000). As a control, Ca-pSiNPs without siRNA were prepared in
the same manner as described above, but excluding the added siRNA.
Mass loading of siRNA was verified by quantification of siRNA released
from the oligonucleotide-loaded Ca-pSiNPs, performed in RNAse-free DI
water, and measured using a NanoDrop 2000 spectrophotometer. The
two determinations varied by <10% in the quantity of siRNA loaded.

Conjugation of Peptides to Ca-pSiNP: As-prepared Ca-pSiNP-siRNA,
Ca-pSiNP, or pSiNP samples (1 mg) were suspended in absolute
ethanol (1 mL), an aliquot (20 pL) of aminopropyldimethylethoxysilane
(APDMES) was added, and the mixture was agitated for 2 h. The
aminated nanoparticles (Ca-pSiNP-siRNA-NH,, Ca-pSiNP-NH,, or
pSiNP-NH,) were then purified three times by centrifugation from
absolute ethanol to eliminate unbound APDMES. The solutions (200 pL)
of the heterofunctional linkers maleimide-PEG-succinimidyl carboxy
methyl ester (MAL-PEG-SCM, My: 5000, Laysan Bio Inc., 5 mg mL™" in
ethanol) or methoxy-PEG-succinimidyl o-methylbutanoate (mPEG-SMB,
M,,: 5000, NEKTAR, 5 mg mL™" in ethanol) were added to the aminated
nanoparticles (1 mgin 100 pL) and agitated for 2 h. Unbound PEG linker
molecules were eliminated from the PEGylated nanoparticles (Ca-pSiNP-
siRNA-PEG or Ca-pSiNP-PEG) by centrifugation from ethanol three times.
For the peptide-conjugated formulations, one of two peptide constructs
was used: either mTP, which consisted of a myristoyl group (myr)
covalently attached by amide bond to the N-terminal glycine residue on
the peptide sequence myr-GWTLNSAGYLLGKINLKALAALAKKIL(GGCC),
or FAM-RVG, which consisted of 5-carboxyfluorescein (5-FAM) attached
by amide bond to the N-terminal cysteine residue on the peptide
sequence 5-FAM (CCGG)YTIWMPENPRPGTPCDIFTNSRGKRASNG. Both
of these constructs were obtained from CPC Scientific Inc. (1 mg mL™" in
RNAse free water). For Ca-pSiNP-dual peptide nanocomplex (Ca-pSiNP-
DPNC or Ca-pSiNP-siRNA-DPNC) synthesis, 50 pL of each peptide
solution (mTP and FAM-RVG) was added to 100 pL of Ca-pSiNP-PEG in
ethanol, incubated at 4 °C for 4 h, purified three times by centrifugation,
immersed in ethanol, and stored at 4 °C before use. For synthesis of
the single peptide conjugated Ca-pSiNP (Ca-pSiNP-siRNA-mTP or
Ca-pSiNP-siRNA-RVG) control samples, 100 pL of peptide solution (mTP
or FAM-RVG) was added to 100 pL of Ca-pSiNP-siRNA-PEG in ethanol,
respectively. The subsequent workup was the same as described above
for the Ca-pSiNP-siRNA-DPNC constructs.

Characterization: TEM images were obtained with a JEOL-1200 EX II
instrument. Scanning electron microscope images and EDX data were
obtained using an FEI XL30 field-emission instrument. The hydrodynamic
size and zeta potential was measured by DLS (Zetasizer ZS90, Malvern
Instruments). An Ocean Optics QE-Pro spectrometer was used to obtain
steady-state photoluminescence spectra (A.: 365 nm) with a 460 nm
long-pass emission filter. Quantum yield measurements were performed
relative to a Rhodamine 6G in ethanol standard (Q.Y. 95%). All solutions
used for quantum yield measurements had optical absorbance values
<0.1 at A = 365 nm. The photoluminescence intensity in the wavelength
range 500-980 nm was integrated and plotted versus absorbance (Figure S4,
Supporting Information). Nitrogen adsorption—desorption isotherms were
obtained on dry particles at a temperature of 77 K with a Micromeritics
ASAP 2020 instrument. FTIR spectra were recorded using a Thermo
Scientific Nicolet 6700 FTIR instrument. Raman spectra were obtained using
a Renishaw inVia Raman microscope with 532 nm laser excitation source.

In Vitro Experiments: Murine Neuro-2a neuroblastoma cells (ATCC,
CCL-131) were cultured in Eagle’s minimum essential medium
containing 10% fetal bovine serum. Cytotoxicity of the synthesized
nanoparticles was assessed using the Molecular Probes Live/Dead
Viability/Cytotoxicity Kit (Molecular Probes, Invitrogen).[ This kit used
two probes, Calcein AM for live cell staining (Ae/Aem = 494/517 nm)
and Ethidium homodimer-1 (EthD-1) for dead cell staining (Aey/Aem
= 528/617 nm). Neuro-2a cells (3000 cells per well) were treated with
nanoparticles in triplicate in a 96-well plate. After 48 h, each well was
washed and treated with the assay solution consisting of 4 x 107¢
EthD-1 and 2 x 10 m Calcein AM in Dulbecco’s phosphate buffered
saline (PBS). After 45 min incubation at room temperature in the assay
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solution, well plates were read with a fluorescence plate reader (Gemini
XPS spectrofluorometer, Molecular Devices, Inc.) using excitation,
emission, and cutoff wavelengths 485/538/515 nm and 544/612/590 nm,
respectively. A total of 15 wells per treatment group were evaluated, and
plotted as a percentage of untreated control fluorescence intensity.

Neuro-2a cells treated with nanoparticles were visualized with a
confocal microscope (Zeiss LSM 710 NLO), using a 40x oil immersion
objective. Cells were seeded onto the coverslips (BD Biocoat Collagen
Coverslip, 22 mm), incubated with nanoparticles for 2 h, washed three
times with PBS, fixed with 4% paraformaldehyde, nucleus stained with
DAPI (4’,6-diamidino-2-phenylindole), and mounted (Thermo Fisher
Scientific, Prolong Diamond Antifade Mountant with DAPI). Neuro-2a
cells treated with nanoparticles were quantified to demonstrate cellular
affinity and siRNA delivery efficiency by FACS analysis (LSR Fortessa).

In order to investigate knockdown efficiency in vitro, real-time
quantitative reverse transcription polymerase chain reaction (RT-qPCR,
Stratagene Mx3005P gPCR system) analysis was performed to examine
PPIB mRNA expression. Neuro-2a cells were seeded in 24-well plates
(4 X 10* cells per well), and incubated with siRNA-loaded nanoparticles,
with concentration corresponding to 100 x 107 m of siRNA. After
48 h, cells were harvested and total RNA was isolated following the
manufacturer’'s protocol (Qiagen, Vlencia, CA). lIsolated RNA was
transcribed into cDNA following the manufacturer’s protocol (Bio-Rad,
iScript cDNA Synthesis Kit). Synthesized cDNA was subjected to qPCR
analysis using SYBR Green PCR Master Mix. Primer sequences for
PPIB as a target mRNA amplification and HPRT (hypoxanthine-guanine
phosphoribosyltransferase) as a reference mRNA amplification were
described below. PPIB forward: GGAAAGACTGTTCCAAAAACAGTG,
PPIB reverse: GTCTTGGTGCTCTCCACCTTCCG; HPRT forward:
GTCAACGGGGGACATAAAAG, HPRT reverse: CAACAATCAAGACATT-
CTTTCCA. All procedures were performed in triplicate.

In Vivo Experiments: All animal experiments were performed under
protocols approved by the MIT Institutional Animal Care and Use
Committees and the Sanford Burnham Prebys Medical Discovery Institute
Committee on Animal Use and Care. All housing and care of laboratory
animals used in this study conformed to the NIH Guide for the Care and
Use of Laboratory Animals in Research (see document 180F22) and all
requirements and regulations issued by the USDA, including regulations
implementing the Animal Welfare Act (P.L. 89-544) as amended (see
document 18-F23). The in vivo model involved a penetrating brain injury in
mice. First, a 5 mm diameter portion of the skull on the right hemisphere
of the mouse was removed. Wounds were induced using a 21 gauge
needle in a 3 x 3 grid for a total of nine wounds, each 3 mm deep. After
induction of injuries, the skull was replaced (Figure S12, Supporting
Information). The mice were injected with nanoparticle constructs 6 h
postinjury via the tail vein. To quantify delivery efficiency of the siRNA
cargo to the targeted injury site, Dy677-labeled (A.,, = 700 nm) siRNA
was loaded into Ca-pSiNP-PEG and Ca-pSiNP-DPNC and each of these
formulations were injected into separate mice. After 1 h of circulation the
mice were perfused and the organs harvested.

Fluorescence images of harvested organs were obtained using
conventional IVIS 200, Xenogen, and Pearl Trilogy, Li-Cor imaging systems.

Statistical Analysis: All data in this article were expressed as the
meanststandard error of the mean. Significance testing was conducted
using two-tailed Student’s t test. Unless otherwise indicated, p < 0.05
was considered statistically significant.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1. Scanning electron microscope images and elemental (EDX) data of (a) pSiNP and
(b) Ca-pSiNP.



WILEY-VCH

pSINP ——— pSiNP — —— pSiNP 0\
Ca-pSiNP Ca-pSiNP Ca-pSiNP I
] |l
Il
- i [

|

|

—_
)
~
—_
(=2
-
—_
(2)
-~

3 3 - |
] o
& < | / 3 \
> 2 I b 1
f £ / 8 [~
S 2 ] ~ N
% kS 2 e LV g
a s s ) 0
[4 E 3 LA
x Il < I
o o _ 3 \
=1 S = 1) = || Falah
=l ~ - | =3 ™ ~
=, Nl @ | < ) I P - T
\ ] | T < ; -
[ \ 2 |
. / \\~ N / N ,’L\ l‘\ Rt P B el
20 30 40 50 60 70 80 500 1000 1500 2000 4000 3500 3000 2500 2000 1500 1000
26 Wavenumber (cm") Wavenumber (cm")

Figure S2. (a) Powder X-ray diffraction spectrum of pSiNP (blue dashed line) and Ca-pSiNP
(red line), as indicated. Peaks in the diffraction pattern of the Si nanoparticles are labeled with
Miller indices, 4 k /, indicating the set of crystalline Si lattice planes responsible for that
diffraction peak. (b) Raman spectrum of pSiNP (blue dashed line) and Ca-pSiNP (red line).
(c) Diffuse reflectance FTIR spectrum of pSiNP (blue dashed line) and Ca-pSiNP (red line).
Spectra are offset along the y-axis for clarity.
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Figure S3. (a) UV-Vis absorbance intensity (A = 405 nm) of pSiNP measured as a function of
time in pH 9 buffer (blue triangles, dashed line) and pH 9 solution that is 3 M in CaCl, (red
circles, solid line). The loss of absorbance is attributed to degradation of the elemental Si
skeleton in the nanoparticle; silicon absorbs 405 nm light strongly, whereas SiO, or silicate
ions are transparent at this wavelength. (b) Cumulative percent by mass of siRNA released as
a function of time at 37 °C in PBS buffer. The pSiNP-NH,-siRNA formulation was prepared
by first grafting of amine to the pore walls of pSiNP using 2-
aminopropyldimethylethyoxysilane (APDMES) and then loading siRNA via solution
exposure for 2 hrs.
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Figure SS. Cytotoxicity of Ca-pSiNP construct, quantified by the Calcein AM live/dead assay.
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Figure S6. Schematic depicting the procedure for PEG modification and conjugation of dual
peptides to Ca-pSiNP-siRNA. The coupling agent 2-aminopropyldimethylethoxysilane
(APDMES) was grafted to the (calcium silicate and silica) surface of the nanoparticle,
generating pendant primary amine groups (Ca-pSiNP-siRNA-NH;). A functional
polyethyleneglycol (PEG) linker was then coupled to the primary amines on the Ca-pSiNP-
siRNA-NH; nanoparticle, using a maleimide-poly(ethylene-glycol)-succinimidyl carboxy
methyl ester (MAL-PEG-SCM) species. The succinimidyl carboxymethyl ester forms an
amide bond with primary amines. The distal end of the PEG chain contained a second
functional group, maleimide. Maleimide forms covalent bonds to thiols of cysteine, allowing
attachment of the neuronal targeting peptide (rabies virus glycoprotein) and cell penetrating
peptide (myristoylated transportan).
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Figure S7. (a) Zeta potential of nanoparticles (pSiNP, Ca-pSiNP, Ca-pSiNP-NH,, Ca-pSiNP-
siPPIB, and Ca-pSiNP-siPPIB-NH,, as described in the text), dispersed in ethanol. (b) Size
distribution of pSiNP and Ca-pSiNP-siPPIB-DPNC measured by dynamic light scattering
(DLYS).
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Figure S8. (a) ATR-FTIR spectra of nanoparticle formulations (bottom to top) Ca-pSiNP-
PEG, Ca-pSiNP-mTP, Ca-pSiNP-RVG, and Ca-pSiNP-DPNC, and peptides (mTP and FAM-
RVG). Abbreviations of formulations as described in the text. Spectra are offset along the y-
axis for clarity. Assignments of Si-O, C-O, amide and C=0 stretching and C-H bending and
stretching vibrations are indicated. (Symbols: v = stretching, 0 = bending) (b)
Transmission-FTIR spectrum (KBr pellet) of Ca-pSiNP-RVG, expanded in the region 1300-
1800 cm" to clarify the vibration associated with amide bonds (near 1540 cm™) of the

conjugated RVG peptide.
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Figure S9. TEM image of Neo-2a cell eated ith Ca-pSiNPDPNC for 1 hr. Ca-pSiNP-
DPNCs internalized in the cells are apparent as the small dark dots, which are not present in
control images of the same cells (without added Ca-pSiNP-DPNC). Scale bar is 1um.
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Figure S10. Confocal microscope images of Neuro-2a cells treated with (a-c) Ca-pSiNP-
siPPIB-DPNC and (d-f) Ca-pSiNP-siPPIB-RVG for 2 hrs at 37°C. The red color represents
the signal from intrinsic luminescence of the silicon nanoparticle, blue is from the DAPI
nuclear stain, and green is from the FAM tag on the RVG domain. (b, €) Merged images of
DAPI and FAM signals. (c, f) Merged image of DAPI and Ca-pSiNP channels. (a,d) Merged
images of DAPI, FAM, and Ca-pSiNP channels and bright field image. Yellow in (a) and (d)
represents overlap of the silicon and FAM-RVG signals, respectively. Scale bar is 20 um.

10



WILEY-VCH

(a) Untreated ~(b)  ca-pSiNP-siPPIB-RVG (c)_ Ca-pSiNP-siPPIB-DPNC (d) Ca-pSiNP-siPPIB-DPNC
10° Cy3+ & Cy3+| 1 cya+ & Cy3+7| 4 cy3+ & Cy3+3( 4 cy3+ & Cy3+]

TN T T T T TN T T T T Lot | TN T T T T T T T T T T Lk |
o 10? 10° 10t 10° o 10? 10° 10* 10° o 10? 10° 10 10° 0 10? 10° 10* 10°
FAM FAM FAM EAM
36.415.6% * 51.415.6% % 0.2+0.2%
Cy3+ 16.7+6.5%

[Cy3+  65.9%8.7%
Figure S11. FACS analysis of Neuro-2a cells treated with (a) no particles as a control, (b) Ca-
pSiNP-siPPIB-RVG, (c) Ca-pSiNP-siPPIB-DPNC, and (d) Cy3-tagged siRNA-loaded Ca-
pSiNP-siPPIB-DPNC. The percentages shown below the plots represent quantified
proportions of cells transfected with FAM-RVG, Cy3-tagged siRNA, or overlapping of FAM-
RVG and Cy3-tagged siRNA, as indicated in the gates displayed. Statistical analyses were
performed with Student’s ¢ test (* p < 0.04)
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Figure S12. Experimental procedure for targeted delivery of siRNA to the injured brain in
vivo. 6 hrs post-injury, Ca-pSiNP-siRNA-PEG or Ca-pSiNP-siRNA-DPNC were injected.
The siRNA in each formulation was labeled with dy677 fluorescent tag. After 1 hr of
circulation, the mice were sacrified, perfused, and the organs harvested and imaged.
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