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patially and temporally controlled de-

livery of molecules into living cells to

perturb and interrogate cellular func-
tion is a technical challenge that is seem-
ingly destined to be solved by nanoparti-
cles (NPs). In principle, gold-based NPs can
be simultaneously decorated with moieties
to enhance stability, direct cell-specific tar-
geting, subcellular localization, and release
multiple “cargos” such as drugs. Nucleic ac-
ids are an actively pursued and biomedi-
cally relevant NP cargo which can elicit
post-transcriptional regulation through ei-
ther antisense DNA or RNA interference
(RNAi) mechanisms. Currently available re-
agents such as Lipofectamine (Invitrogen),
polyethyleneimine, and poly-L-lysine en-
hance cellular uptake of nucleic acids un-
der in vitro conditions, challenging the de-
velopment of NP-based strategies to
provide new capabilities or other improve-
ments. Tissue-specific in vivo delivery of nu-
cleic acids and other agents using multi-
functional NPs presents additional
challenges. Recent gold NP-antisense' and
small interfering RNA (siRNA) conjugates?®
demonstrate the in vitro functionality of
these hybrid materials. Yet, high potency
RNAI has not yet been achieved through
optical activation of gold nanocarriers.

Highly relevant goals of designed cellu-

lar delivery include temporal and spatial
control and targeting specific cell types and
subcellular organelles.? Photocaging of nu-
cleic acids, followed by UV release, has been
used for light-controlled antisense delivery
into cells.*> However, the lack of available
caging groups responsive at the more bio-
logically friendly near-infrared (NIR) wave-
length has generated interest in other
methods of activation.”® NIR release from a
compactly integrated NP, which can carry
many hundreds or thousands of cargo mol-
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ABSTRACT The temporal and spatial control over the delivery of materials such as siRNA into cells remains a

significant technical challenge. We demonstrate the pulsed near-infrared (NIR) laser-dependent release of siRNA

from coated 40 nm gold nanoshells. Tat-lipid coating mediates the cellular uptake of the nanomaterial at

picomolar concentration, while spatiotemporal silencing of a reporter gene (green fluorescence protein) was

studied using photomasking. The NIR laser-induced release of siRNA from the nanoshells is found to be power-

and time-dependent, through surface-linker bond cleavage, while the escape of the siRNA from endosomes occurs

above a critical pulse energy attributed to local heating and cavitation. NIR laser-controlled drug release from

functional nanomaterials should facilitate more sophisticated developmental biology and therapeutic studies.

KEYWORDS: nanoparticle -

ecules, should form a versatile, trackable de-
livery vehicle for high-resolution drug re-
lease. Aspects of these goals have been
achieved, most notably the use of laser-
induced release of nucleic acids linked to
gold-based nanorods."®” Desorption of thi-
ols from gold NPs (Au NPs) has generated
particular interest as an optical handle for
nucleic acid release into the surrounding
fluid, due to the absorbance characteristics
of gold, moderate thiol—Au bond strength,
and synthetic ease of Au NP of various
shapes and sizes.®3° Intense local heating
using pulsed lasers has been shown to
cause vesicle rupture,' which could allow
drug delivery through membranes.!" Impor-
tantly, the optical properties of tissue pen-
etrating near-infrared (NIR) light are ex-
pected to be most useful in biological
systems and can be used with Au nano-
rods (NRs) and nanoshells (NS), both of
which have been used for heating and de-
struction of cells in vivo through high power
laser exposure.'~'* In this study, we aim to
use lower powers in a nondestructive man-
ner for controlled drug release.

We have developed a novel architec-
ture using ~40 nm hollow Au NS that pro-
vides temporally and spatially controlled
cellular delivery of RNAi for gene
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Figure 1. (a) Diagram of Tat-lipid-coated NS—siRNA used for transfection and se-
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used"'” but are anticipated to be less efficient
for release of directly bound duplex RNA.

Recent cell studies have used nanomolar con-
centrations of NPs which can result in more than
106 particles per cell.’”® We sought to minimize the
need for high solution concentrations of NPs to
minimize cost and unwanted impacts on cellular
function. Cationic polymers and peptides can effi-
ciently deliver particles into cells,' requiring only
picomolar particle solution concentrations, given
their high affinity with the cell surface.’ 2 In par-
ticular, nontoxic Tat peptide has been used to de-
liver NPs, protein, siRNA, or artificial vesicles into
endosomes,?? 2 typically through direct NP con-

Quenched cy3 Decl”e"c“ e .
jugation or tethered to a lipid. Here we used a Tat-
lipid conjugate, creating a peptide
amphiphile?”~?° capable of self-assembling on
the surface of our NS—siRNA assembly (Figure 1)

oo°e

and thus providing a high density of Tat per par-
ticle in a facile manner. The active complex is pre-
pared through electrostatic assembly of highly
cationic Tat-lipid around the anionic NS—siRNA,
with membrane sealing to stabilize the complex,
orient a second Tat layer outward for cellular
binding, and, importantly, protect RNA from rapid

lective release of siRNA. (b) Schematic of the siRNA construct used. The sense strand degradation by enzymes. The RNA sequence was
is composed of 5" HS-(CH,)s-PEGs-RNA-(CH,)e-NH,, which is coated onto Au, hybrid-  based off the EGFP-S1 Dicer substrate (IDT), previ-

ized, then backfilled with HS-PEG-NH,, HS-(CH,);SO5, amines reacted with NHS-
PEG;-OCH;. The 3’ Cy3 on the 27 base antisense strand is quenched due to proxim-
ity to gold. (c) Scheme of gene knockdown using laser. Transfection using the Tat-
lipid allows uptake of NS—siRNA, followed by patterned exposure to release siRNA
into the endosome volume or into the cytoplasm, and tracked using Cy3 dequench-
ing upon release. After 1—2 days, laser-dependent GFP silencing is observed.

silencing, through a direct endosome release mecha-
nism activated by pulsed laser treatment, and moni-
tored by cyanine 3 (Cy3) dye fluorescence. A Tat
peptide-lipid cell internalizing agent (Tat-lipid) allows
the use of low NS concentrations and laser-dependent
endosomal RNAi release. Controlling which subpopula-
tion of cells will receive the nucleic acid at which time
would enable developmental biology studies, which
currently rely largely on passive chemical transfection
methods.

Our goal of using RNAI to silence a particular sub-
set of cells at a predetermined time using NS-based de-
livery requires that the NS respond to the light more
or less predictably. RNAi requires a duplex RNA with cer-
tain limits on size and chemical modifications,'® and Fig-
ure 1b describes the stepwise formation of the modi-
fied RNA on the NS, attached by a single cleavable
Au—S bond. For simplicity, a single RNA is depicted,
but in fact, the surface is tightly packed, beginning with
the initial sense strand thiolate functionalization step.
The combination of the gold—sulfur bond cleavage®®
and NS architecture is designed to allow the light-
induced release of the siRNA. In contrast, mechanisms
relying on thermal dehybridization have also been
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ously shown to potently silence GFP,*° and modi-
fied with necessary PEG thiol, amino, and Cy3
modifications, leaving the antisense 3’ unmodi-
fied for Dicer activity.>'

The time-dependent intracellular fate of NPs
is poorly understood, but parameters such as NP size
and surface charge, as well as cell type, and transfec-
tion agent are likely to be important. In contrast to ap-
proaches in which time and spatial control are not
sought, 23233 intracellular fate is highly relevant to our
NS—siRNA design. A major concern is the routing of NP
into lysosomes via initial placement into endosomes,
making any RNAi process ineffective due to enzymatic
degradation and Au NS aggregation. Using the Tat-lipid
conjugate is expected to prevent late endosome and ly-
sosomal fusion, by directly stimulating the macropi-
nocytosis endocytic pathway.?*343> The temporary
transfer of the NS—siRNA into more neutral pH and
less degradative pinosomes should therefore provide a
basis for temporal control over RNA release from the
NS—siRNA into the cytosol and thus exert control over
RNA.i. Finally, given prior demonstration that irradiation
of NS at NIR wavelengths leads to Au heating, micro-
bubble cavitation, and liposome rupture,'® we hypoth-
esized that a collective NS—siRNA response to the
pulsed laser would allow a fraction of endosomes to
rupture, spilling their contents into the cytosol. We test
this strategy with successful gene silencing, indeed cor-
related with cytosol release of Cy3 taking place near
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Figure 2. (a) TEM of Au NS coated with the sense strand RNA thiol. The ~40 nm Au shell is porous with a hollow core, formed by
Au galvanic exchange initiating at the surface of Ag precurser nanoparticles. The RNA layer is visible as a light contrast shell, veri-
fied by focus series. Scale bar is 50 nm. (b) Release of siRNA—Cy3 from separate aliquots of NS—siRNA in buffer, tracked by the fluo-
rescence increase of the solution upon release. A 5.5-fold increase in fluorescence is observed, indicating the Cy3 is quenched by
~80% initially. Note, maximum release by laser is ~90% the intensity for cyanide-etched sample. (c) Energy-dependent release af-
ter 10 shots (across fluence range). Samples at fixed fluence 2.0 mJ/cm? for 50 shots at 2 Hz and 5000 shots at 1 kHz show asymp-

toticrelease.

the previously established laser energy threshold nec-
essary to induce cavitation.'?

Hollow Au NS with a diameter of ~40 nm and ~3
nm thick shells, and with plasmon centered near 800
nm, were used for optimal excitation with the NIR
pulsed laser (Figures 1 and 2a). After assembly of the
RNAi onto the NS (Figure 1 and Methods), the surface
was backfilled with passivating thiols and PEGylated us-
ing the amine attached to the outside terminus of the
sense strand, stabilizing the conjugate against aggrega-
tion. After washing, the NS—siRNA were tested for re-
lease by irradiation using the femtosecond 800 nm
pulsed laser, with a physical beam width of 2.3 or 5
mm (Gaussian intensity profile), at 2 or 1000 pulses per
second, and variable power and exposure time. The ob-
servation of release was made possible by the 5'-
positioned Cy3. The dye is partially quenched when
near the gold,**” while dequenching upon laser re-
lease may be observed separately from the green fluo-
rescent protein (GFP) fluorescence.

The controllable increase in fluorescence at 1 kHz
(Figure 2b) demonstrates that the monolayer of Cy3 is
quenched up to 80%, normalized against a sample
treated with KCN? (Figure 2b). The laser-mediated re-
lease was further examined using fluorescence micros-
copy. NS—siRNA were detectable as bright single par-
ticles with a dark background, attributed to the large
number (102—10%) of Cy3 bound to each Au NS,
whereas after laser exposure, the solution itself be-
came homogeneously fluorescent from released cargo
(Supporting Information, Figures S1—S3).

Single laser shots resulted in detectable fluores-
cence release (10 shots, Figure 2c) and were used to fur-
ther understand the relationship between energy in-
put, exposure times, and release efficiency. When we
assume a linear dependence, a slope of 1.76 = 0.07%
release per shot per mJ/cm? was found from 10 pulses
at a rate of two per second. Thus, a dosed release is best
executed at high power with a few shots or at low pow-
ers with higher pulse rate over multiple seconds. The re-
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lease power dependency is similar when the dye is on
either directly attached or hybridization-attached
strands, indicating that release is not simply through lo-
cal heating and subsequent dehybridization (Support-
ing Information, Figures S4 and S5). Our results are gen-
erally consistent with hot-electron-induced Au—S bond
cleavage shown by El Sayed and co-workers on Au
NPs coated with thiol —DNA.2

We used a GFP expressing cell line (mouse endothe-
lial, C166-GFP) for reporting silencing efficiency.> Epif-
luorescence microscopy was used to determine the
level of silencing using a filter set for GFP, with a Cy3 fil-
ter for verifying uptake and release of siRNA. Lipo-
fectamine®® has been used with NPs in several studies
to facilitate transfection.3**® The complexation of Lipo-
fectamine with anionic NS is efficient for facilitating up-
take into endosomes, indicated by punctate Cy3 fluo-
rescence scattered throughout the cytoplasm; yet, no
cytosol release of NS was observed even after several
days (data not shown). This may be due to the lack of
passive transfer to the cytosol of the relatively large NS
or NS clusters as compared with quantum dots*? or
small solid Au NPs,? that is, a consequence of too few
NS per cell and inefficient particle escape. Translocation
of high concentrations of NPs into the cytosol, although
in our case most likely inefficient, could result in silenc-
ing due to potent RNAI activity. Furthermore, our use of
Lipofectamine/NS—siRNA did not exhibit the expected
changes in fluorescence after NIR pulsed release, either
in solution or within cells, nor did we observe silencing
(data not shown). This may be due to NS clustering,
which directly changes the plasmon response, or al-
tered diffusion of cleaved siRNA from the complex. In-
stead, we found the Tat-lipid conjugate superior to
Lipofectamine for our purposes (Figure 1). Tat-lipid was
able to coat the NS—siRNA (Figure 1a and Supporting
Information, Figures S1—S3), which allowed efficient
uptake into cells, controlled to be between ~10 and
10° NS per cell, while the nanostructure allowed laser
release (Figure 3).
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Figure 3. (a) NS—siRNA are observed inside cells, contained in
endosomes, after Tat-lipid transfection into GFP expressing
mouse endothelial cells. (b) Upon exposure for 20 s with 0.51
W/cm?, the average brightness of the punctate vesicles increases.
(c) Release of some Cy3—siRNA into cytosol is observed to occur
at higher laser power (3.1 W/cm?, 1 kHz). (d) Direct comparison at
lower magnification (overlays) after exposure to 2.4 W/cm? (light)
versus area with blocked laser (dark). Cultures were incubated
for 1 h at 37 °C before imaging. Scale bars are 25 pm.

While laser-dependent siRNA release into endo-
somes is clearly evident by the increase in Cy3 fluores-
cence through dequenching, limited release into the cy-
tosol was observed at the powers sufficient for
homogeneous release in solution (e.g., 0.2 W/cm?, Fig-
ure 2b). We did not detect GFP silencing under this con-
dition (Supporting Information, Figure Séb,c). The low
laser powers (up to 2.4 W/cm? at 2 s, 1 kHz), which are
clearly sufficient for free solution release (Figure 2b),
when performed inside cells causes endosomes hous-
ing the NS—siRNA to simply increase their average in-
tensity (red channel) by a factor of ~2—5 (Figure 3b,d
and Supporting Information, Figure S7). The endo-
somes still exhibit high contrast against a dark cyto-
plasm background, indicating Cy3 trapping within
sealed endosomes. Most importantly, at sufficiently
high power (3.1 W/cm?, 20 s), we observe the critical cy-
tosolic release transition, discerned as a combination
of a diffusely stained cytoplasm in many cells along with
the brightening effect in the remaining endosomes
(Figure 3c). We also observe changes in number, size,

MCINJANICY) voL. 3 = NO.7 = BRAUN ET AL.
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and intensity of the remaining (punctate) endosomes.
Achieving this endosome escape is deemed vital to the
silencing properties of the siRNA from the NS conju-
gates using the Tat-lipid transfection method.

We used the combination of NS—siRNA release and
NS-induced endosome rupture explored in Figure 3c
and compared this with Lipofectamine RNAIMAX (Lipo-
fectamine) transfection of control siRNA against GFP. We
chose a power above the threshold expected to cause
some diffuse cytosolic fluorescence (3.5 W/cm?, 30 s). The
GFP expressing mouse cells were seeded and trans-
fected on day —1. Selected wells were irradiated on day
0 and imaged over the course of three additional days.
NS—siRNA with no laser exposure (Figure 4b) exhibited
high GFP expression no different than controls (Support-
ing Information, Figure S6). NS—siRNA with laser expo-
sure showed obvious silencing by day 2 (Figure 4c). Lipo-
fectamine silencing (Figure 4d) was observed by day 1,
~36 h after initial transfection. All samples showed high
viability indicated by cell confluency, with cells doubling
in population every day. The GFP levels were determined
by pixel intensities on day 2 to be essentially equal, 80%
silenced for laser-exposed NS—siRNA and 85% for Lipo-
fectamine, relative to control, NS—siRNA without laser
(Supporting Information, Figure S6). Negative control NS
composed of 2'Ace-protected sense strand hybridized to
antisense DNA—Cy3, prepared identically to the
NS—siRNA, exhibited no silencing activity after laser expo-
sure (Supporting Information, Figure S6). Furthermore, la-
ser exposure of wells containing only cells indicated no
photobleaching of GFP (Supporting Information, Figure
S6). Notably, the same stock of NS—siRNA was used over
several weeks of experiments with identical silencing
efficiency.

Photomasking was examined by patterning the lid
of the culture plate with a black pen (Figures 1c, 3d,
and 5 and Supporting Information, Figure S8). The ver-
tical beam passes through the clear region to expose
the portion of the cell monolayer underneath. The cells
imaged ~32 h later (Figure 5) showed ~50% silencing
exclusively in the area exposed to the laser, as would be
expected, and reached ~75% the next day (Support-
ing Information, Figure S8). The punctate Cy3 fluores-
cence was also dramatically reduced both in intensity
per endosome and number of fluorescent endosomes
in exposed regions, attributed to siRNA release and/or
a dilution effect. We find this effect general for all laser-
exposed cells compared to unexposed controls, indicat-
ing dispersal/degradation of siRNA after release from
the NS surface (Figure 5b and Supporting Information,
Figure S9). For cells exposed at low power with negli-
gible cytosol release, the clearance of Cy3 may be due
in part to exocytosis of pinosomes.34

To explore silencing at higher powers and shorter
exposure times, a smaller 2.3 mm beam diameter was
tested; 6.9 and 20.4 W/cm? with 2 s exposure at 1 kHz
pulse rate under constant movement around the 5 mm
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culture well showed the same maximum of
~80—85% silencing after 48 h with photomask pat-
terning (Supporting Information, Figure S6). Lower
powers of 0.9 and 2.9 W/cm? showed negligible si-
lencing in this format (Supporting Information, Fig-
ure S6). The threshold power for silencing at the
shorter 2 s exposure time was thus determined to
lie between 2.9 and 6.9 W/cm?, consistent with ~3.5
W/cm? using 30 s exposure and 5 mm beam (Fig-
ure 4) and slightly higher power than necessary for
the 20 s exposure in Figure 5 (2.5 W/cm?). We note
that each well reached a similar confluency, indicat-
ing viability continues through 20 W/cm? (20 mJ/
cm? per pulse, Supporting Information, Figure S6).

Our demonstration of time and spatially con-
trolled RNAi-mediated gene silencing relies on the
use of Tat-lipid modified Au NS through the release
of siRNA from NS as well as the release of siRNA from
endosomes; both release mechanisms are controlled
by laser treatment. While Au NPs, NRs, and NS have
been explored in their capacity to kill cells through
plasma membrane disruption,'>'* the powers are sig-
nificantly higher than what is necessary for RNA re-
lease here with our NS—siRNA approach, and cells are
more resistant to photothermal effects when the par-
ticles are internalized prior to laser exposure.'' The
high viability we observe is in accordance with a re-
cent paper using a focused, scanned NIR pulsed laser
and internalized nanorods. That study'' found mem-
brane blebbing to occur after ~10* pulses at energies
of ~24 mJ/cm? per pulse, while we observe 70%
RNA release after 50 pulses of 2 mJ/cm? in solution
and 80% silencing from laser exposures of 3.5—20.4
mJ/cm? per pulse at 1 kHz for 2—30s.

We identified a number of requirements for suc-
cessful laser-induced gene silencing using NS. First,
immobilization of RNA on NS requires at minimum a
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Figure 4. Laser-induced knockdown was compared to Lipofectamine delivery of
control siRNA against GFP (IDT). (a) Timeline of events; Tat-lipid or Lipofectamine
transfection of either NS—siRNA or siRNA, respectively, occurs on day —1. For
Lipofectamine, the silencing process begins immediately and is complete after
2 days time, while for NS—siRNA, the laser is required, with similar 2 day proges-
sion. After overnight incubation with Tat-lipid/NS—siRNA (b,c) or Lipofectamine/
siRNA (d), NS—siRNA (in c only) were exposed to the pulsed laser (day 0, 3.5
W/cm?, 30 s constant movement of 5 mm beam). Wells are compared over a pe-
riod of 3 days. NS—siRNA with no laser showed full GFP expression throughout.
Lipofectamine shows ~85% knockdown after day 1, while NS—siRNA exposed to
laser show ~80% GFP reduction after day 2. High viability is indicated by the pro-
liferation rate and morphology. Scale bars are 50 pm.

day 0

day 1

day 2

day 3

terminal thiol modification. A study with DNA on Au NPs
showed that having PEG between the thiol and first nu-
cleotide benefits the assembly.*' Hypothetically, the laser
pulse release does not depend on the length of the
strand, such that having a linker could position the RNA
further from the surface and shield it from the hot sur-
face.® We found that ~50% of the sense strands could be
hybridized under the chosen conditions and was not de-
pendent on antisense concentration beyond a certain ex-
cess (data not shown). Since excess sense strand was not
expected to interfere with RNAI, we settled on 50% as a
decent balance.

Interestingly, during hybridization (Figure 1b), the
NS tend to lightly aggregate, forming macroscale
bluish-black flocculates visible to the naked eye and
which appear highly fluorescent under the microscope
due to the hybridized Cy3 strand. This issue was solved
by installing a short amine-reactive PEG to terminate
the duplex, whereby the solution returned to a highly
dispersed state consisting of individually fluorescent NS
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(Supporting Information, Figure S1). Although this lay-
ering system could be further optimized, we found that
NS—siRNA prepared in this fashion could be used over
at least several weeks for reproducible knockdown ex-
periments. For convenience, the sense strand—NS stock
is stored for longer periods, and aliquots are hybrid-
ized with antisense as needed.

An important stage of development consisted of con-
trolling cellular uptake of the NS and optimizing laser re-
lease in a cellular context. We initially tested
Lipofectamine-based delivery, known for condensing nu-
cleic acids into compact nanoparticles without much tox-
icity,®® but it did not allow normal laser release. We ex-
plored the use of a Tat peptide lipid conjugate to deliver
the NS without interfering with laser release. Tat is a com-
monly used stimulator of macropinocytosis,?* resulting af-
ter electrostatic binding to the anionic cell surface gly-
cans. The assembly could be tuned from picomolar to
nanomolar NS—siRNA particle concentration, remarkably
with minimal aggregation (color shift) in solution, pre-

VOL.3 = NO.7 = 2007-2015 = 2009 a@%ﬁi{\)

2011



Blocked laser

Interface

NS-siRNA GFP White

GFP

Figure 5. Patterned exposure by blocking one-half of the beam (2.5 W/cm?, 20 s)
as it passed through the lid and illuminated the 5 mm diameter well containing
cells. Imaging ~32 h later shows the regiospecific knockdown of GFP. (a) Cells and
NS—siRNA in a region blocked by the mask show high GFP and continued punctate
Cy3 staining. (b) In exposed cells, there is a drop in GFP and the Cy3 is diffuse, with
fewer puncta. (c) Imaging the interface between exposed and not exposed re-
gions. The white dashed line indicates the border of knockdown, corresponding to
the pattern edge. Scale bar is 50 pum. (d) Lower magnification image of the interface.
Scale bar is 100 pum.

parts of the polyplex through the endosome mem-
brane; however, the Tat-lipid does not function
this way. We thus anticipate that future applica-
tions of NS could allow delivery of a variety of non-
covalently bound molecules, transferred to cytosol
through NS/laser-induced endosome rupture. Al-
ternatively, lipid formulations could have compo-
nents with membrane disrupting qualities; ideally,
an agent for releasing intact NS conjugates into the
cytosol would allow more sophisticated regiospe-
cific (subcellular) localization of cargo release, at
very low powers, in a dosed manner.

Our prior work showed NS heating can cause
rapid liposome rupture, with a threshold of ~2.3
J/em? per pulse.' Consistent with this, we show
that the threshold for RNAi-dependent silencing
and the diffuse cytosol staining in some cells is ~3
W/cm? (Figures 3, 5, and Supporting Information,
Figure S6). At ever higher powers, NS structural
changes occur which include collapse, melting, or
fragmentation into solid Au NPs with a new red
plasmon resonance (500—600 nm, Supporting In-
formation, Figure 510).'%4? Taken together, the si-
lencing observed in this study is best attributed to
cavitation effects on the local endosome mem-
brane causing leakage or popping, thereby releas-
ing siRNA into cytosol for RNAI, although other
mechanisms are possible. Exposures above this
power threshold offer no clear advantages in silenc-
ing efficacy (Supporting Information, Figure S6). In
contrast, the release of sSiRNA from the surface into

sumably through electrostatic repulsion of Tat-coated
surfaces. Immobilization experiments on glass (Support-
ing Information, Figures S2 and S3) allowed us to con-
clude that isolated NS and small aggregates (<~1 pm)
released their RNA—Cy3 into the bulk solution with ex-
pected laser power dependency. Larger aggregates
tended to remain intact after laser treatment (Support-
ing Information, Figure S3b), highlighting the importance
of aggregation state.

While Tat-lipid provides a route to controllably deliver
the intact, laser-responsive NS—siRNA into endosomes,
we did not observe NS free in the cytosol prior to laser ex-
posure. Dynamic, punctate fluorescence was observed
over several days time (Supporting Information, Figure
S9a,¢), indicating trafficking of the vesicles containing
trapped NS—siRNA. Knockdown was not observed with-
out laser exposure, even when excess free siRNA was
coassembled with the Tat-lipid (data not shown). In con-
trol experiments, such a noncovalent assembly format did
induce knockdown when assembled using Lipo-
fectamine, although those experiments exhibited slight
cytoplasmic diffuse fluorescence in addition to the
endosome-trapped NP or NS cores. Lipofectamine knock-
down is thought to occur through a membrane mixing
process, that is, transfer of siRNA passively from the outer
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the endosome volume (without rupture) can occur
at lower powers (e.g., 0.51 W/cm? Figure 3b,d) yet this is
not sufficient to cause GFP silencing (Supporting Informa-
tion, Figure S6, 0.9 W/cm?).

The effect of average power versus peak energy flu-
ence is important for controlling the locality of the ther-
mal effects 24344 In one regime, continuous wave excita-
tion can be used to set up a relatively stable
nanoparticle—solvent thermal relationship, whereby
the Au core is slightly hotter than the surrounding dis-
sipating liquid (but unable to cavitate or melt), and con-
tinued irradiation causes the bulk solvent to rise in tem-
perature from the deposited energy.'*~'®> Continuous
wave heating creates a nanoscale gradient which can
be used to selectively heat material near the surface.!
While such a gradient may be able to increase the de-
sorption rate of hybridized oligos, the rapid cleavage of
near-covalent bonds such as thiol—Au would require a
higher peak Au temperature, more easily executed us-
ing pulsed lasers. El Sayed et al. attributed pulsed laser
release of thiol DNA on Au NPs to hot electrons from the
Au plasmons destabilizing gold—thiol bonds before
the electrons have thermalized with the lattice of the
material, or through vibrational stresses, occurring be-
fore transfer of heat to the surrounding fluid.? This elec-
trochemical effect is an attractive release technique

Wwww.acsnano.org



due to simplified requirements for directly bound S at-
oms though extremely localized temperature change.
Pulsed laser absorption and ablation has been the sub-
ject of a number of modeling studies,**~%¢ usually on
solid Au NPs or NRs in water. A sharp exponential de-
crease of temperature away from NP surface is gener-
ally predicted, such that short-term temperature differ-
entials of >200 °C may be set up between at-surface
and the solution ~5 nm away.* The selective heating
of the surface bonds using pulsed lasers should facili-
tate release for a wide arsenal of attached cargo. While
the laser cleavage site(s) in the thiol —PEG linker is not
directly verified in this study, we note that in control
studies short thiol single-stranded oligos are also re-
leased efficiently (Supporting Information, Figures S4
and S5), consistent with recent reports.® It should be
considered that general molecular cargos may exhibit
heat-induced degradation upon release, which could
negatively impact drug efficacy (although the time
spent at elevated temperatures will be on the nanosec-
ond time scale).#4#7 Linker length optimization and an-
chor group affinity could thus be an important design
aspect, and future studies are underway to understand
the release process in more detail.

In summary, we show gene silencing in a temporally
and spatially controlled manner through a NS-activated

METHODS

Nanoshell Synthesis. Hollow gold nanoshells were prepared as de-
scribed previously.'%#? Silver seed nanoparticles were prepared by
reducing a well-stirred solution of 600 mL of 0.2 mM AgNO; with
0.6 mL of 1.0 M NaBH, in the presence of 0.5 mM sodium citrate in
deionized water (DI). The solution was stirred for several hours to al-
low NaBHj to fully hydrolyze. Larger silver nanoparticles to be
used as sacrificial templates for the gold nanoshells were grown
from the silver seed solution by adding 0.6 mL of 2.0 M NH,OH HCI
and 1.5 mL of 0.1 M AgNOs and stirring overnight. Galvanic replace-
ment of silver with gold was performed by quickly mixing 3.8 mL
of 25 mM HAuCl, solution with the silver nanoparticles at 60 °C. The
volume added was optimized for an absorbance peak at 800 nm.
Particle concentration was estimated at ~1 nM, with extinction of
0.1 at the peak ~800 nm, 0.1 cm path length. The solution was
cooled to room temperature and kept in the dark for at least sev-
eral days before use.

Sense RNA Preparation. The sequence of siRNA was based off the
potent siRNA against the EGFP gene (IDT EGFP-S1 DS positive con-
trol), an asymmetric duplex having a 2-base 3'-overhang on the
antisense strand two 3’-DNA residues on the sense blunt end
(termed EGFPS1 R 25D/27).%° Fifty nanomole sense strand RNA
(Dharmacon),  5’-HO-(CH,)-SS-(CH,)s-spacer18-ACCCUGAAGUU-
CAUCUGCACCACACAG-(CH,)¢-NH,, dCdG indicating deoxynucle-
otides, was purchased from Dharmacon. The oligo was first 2’ Ace-
deprotected using the recommended 30 min incubation at 60 °Cin
pH 3.8 buffer supplied with the oligo and split into tubes with 3.1
nmol each then lyophilized. Each tube is enough for at coating at
least 1 mL of NS citrate, and 1 mL of ~1 nM NS can silence 1000
wells (96-well format). To reduce the disulfide, the RNA was
brought up in 50 pL of water and Tris(2-carboxyethyl)phosphine
HCl pH 7.0 (TCEP, 0.5 M, #646547-10 X 1 ML, Sigma) was added to
5 mM. After 10 min, CHCl; was added and mixed to extract the mer-
captohexanol (which as a free thiol can interfere with the NS func-
tionalization). The aqueous layer was collected and used
immediately.
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release of siRNA using pulsed NIR laser. Integral to the ap-
proach was to first obtain cytoplasmic uptake of par-
ticles through complexation with Tat-lipid, allowing rapid
uptake of low concentration NS—siRNA (~10 pM). How-
ever, we found that endosome membranes efficiently re-
tain released RNA, observed through dequenching of
punctate Cy3, unless endosome rupture is caused by
more disruptive NS heating. In the latter case, a change
from punctate to diffuse fluorescence occurred due to cy-
tosol release, which was correlated with gene silencing.
We attribute the full effect to heat or cavitation-induced
endosomal membrane disruption and siRNA diffusion
into cytosol. The combination of surface release and en-
dosome rupture enabled silencing approximately equal
to Lipofectamine transfection. While the popping require-
ment is a drawback since it is not required for the cargo
release step itself, the cells survive the process with vigor.
We anticipate that, given the main requirement for re-
lease being the resonance between the plasmon of the
nanomaterial and the pulsed laser, a variety of uniquely
resonant nanoshells, nanorods, and nanoparticles could
ultimately result in multiplexed subcellular delivery given
highly focused pulsed lasers. Needless to say, more ad-
vanced transfection methods which overcome the endo-
some barrier would be highly enabling for NP-based drug
delivery.

NS-Sense Preparation. Citrate-stabilized NS solution contains ex-
cess Ag* and AgCl solids which settle to the bottom over several
days. In a typical synthesis of NS—siRNA, NS (3 mL) were removed
and placed in a 20 000 MWCO Slide-a-Lyzer (Pierce) in 1500 mL of
500 wM citrate buffer at pH 5.5. One milliliter of diethylpyrocarbon-
ate (DEPC) was added to sterilize and neutralize any RNase activ-
ity, and stirring for 2 days at room temperature allows the DEPC to
decompose. Note that autoclaving blue shifts the plasmon peak to-
ward 600 nm, indicating structural changes. The ~1 nM NS were
combined with freshly reduced thiol RNA (3 M in 5 mM TCEP pH
7.0), sonicated, and stored overnight at 4 °C. The next day the solu-
tion was sonicated and salted to 60 mM Na* using 3.0 M NaCl, 0.3
M Na citrate pH 7.0 solution (20X SSC, RNase free, Invitrogen) to in-
crease RNA density on the NS. Sonication and overnight incuba-
tion followed at 4 °C. The process was repeated until 180 mM Na™
was reached for at least 18 h. A portion of the blue NS-sense con-
jugates was isolated for characterization by centrifuging at 6000
rpm for 10 min and dispersing at least three times with 30 mM
HEPES, 100 mM Na acetate pH 7.5 (DB, Duplex Buffer, IDT). Success-
ful functionalization is indicated by presence of strong 800 nm plas-
mon peak and a distinct RNA band at 260 nm over the broad ab-
sorption of NS in that region. Notably, NS without the RNA layer are
unstable in DB, forming large aggregates.

NS—siRNA.  Antisense  strand  5'-CGGUGGUGCAGAU-
GAACUUCAGGGUCA-Cy3 (all RNA, IDT) or control strand of equiva-
lent sequence DNA—Cy3 (IDT) was added at 5 uM to an unwashed
(or washed) stock of 300 pL NS-sense and incubated at 37 °C for
1 h with periodic sonication, then incubated overnight at 4 °C.
Note, the NS tend to slowly fall out of solution upon duplex forma-
tion. The following day, 15 L of 80 mg/mL PEG 8 kDa in etha-
nol/DB 80/20% was added to help disperse the NS, sonicated, then
thiol —=PEG—amine in ethanol/DB (3 kDa, Rapp Polymere) was
added at 100 M to backfill any large exposed surface sites. The
NS remain aggregation prone, especially at 4 °C, indicating that the
surface is tightly packed with dsRNA. After 1 h, HS(CH,);SOsNa in
DB was added at 30 uM for passivating smaller surface sites. After
1 h, the NS—siRNA were centrifuged and washed with DB. The ter-
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minal amines were then reacted with NHS-PEG,-OCHs, ~6 mM
(MW ~ 509, Quanta Biodesign, NHS is N-hydroxysuccinimide es-
ter) with periodic sonication for 1 h at room temperature. The com-
pleted NS—siRNA were stable in solution and retained a plasmon
peak at 750—800 nm. Centrifugation and washing 2—3 times with
cold DB containing 0.1 mg/mL PEG 8 kDa, with added 1% Hanks
buffer salt solution (HBSS, with Mg?* and Ca**), was performed to
remove excess antisense (HBSS for divalent cation stabilization of
duplex). This solution was passed through a 0.22 pm syringe filter
(Millex-GV, PVDF sterile 4 mm, #SLGV004SL) used for knockdown
for several weeks when stored at 4 °C (sonicated briefly before use).
Individual particles are easily observed by epifluorescence micros-
copy at 100X magnification oil immersion lens under Cy3 excita-
tion, at 80 ms integration, and gain of 1 (Olympus BX-41).

Tat-Lipid. Tat peptide was purchased from Anaspec (San Jose,
CA), fully protected on the resin; sequence Tyr-Gly-Arg-Lys-Lys-
Arg-Arg-GIn-Arg-Arg-Arg-Gly-Lys-OH. The peptide corresponds
to a sequence derived from HIV-1 trans-activator protein
(TAT4;-s7) onto which a glycine and a lysine with a Dde protect-
ing group have been added on the C-terminus. The dialkyl lipid
acid 4-(1,5-bis(hexadecyloxy)-1,5-dioxopentan-2-ylamino)-4-
oxobutanoic (diC16) was synthesized as described previously.*®
Coupling of the lipid tail on the e-amine of the C-terminal lysine
of Tat peptide was performed on the resin using standard Fmoc
chemistry. Following cleavage from the resin, the peptide am-
phiphile was purified using high-pressure liquid chromatogra-
phy (HPLC; Shimadzu Corporation) on a reverse-phase Luna C8
column (Phenomenex), with gradients of acetonitrile (EMD
chemicals, HPLC grade) in water containing 0.1% trifluoroacetic
acid (Sigma). Identity of product was verified by electrospray ion-
ization mass spectrometry, and purity was determined using
analytical HPLC on a reverse-phase Luna C8 column (Phenome-
nex). Material of purity greater than 95% was stored dry at —20
°C until used. The chemical structure of the peptide amphiphile
used in this study is given in Supporting Information, Scheme S1.
Stock solutions of the product were prepared by dissolving in
DI at a concentration of 2 mg/mlL, aliquoted, and stored at —20
°C for up to 2 months time before use with NS—siRNA.

Cell Culture. The mouse cell line C166-GFP (ATCC CRL-2581) is
stably transfected with a plasmid reporter vector, pEGFP-N1 (Clon-
tech), encoding enhanced green fluorescent protein (GFP). Cells
were grown in RPMI-1640 medium (Sigma) supplemented with
L-glutamine, 200 pg/mL Geneticin G418 selective antibiotic
(Invitrogen), 10% fetal bovine serum, without phenol red, at 37 °C
in 5% CO, in 6-well or 96-well culture plates (Corning 3595); 100 L
media for 96-well samples.

Tat-Lipid NS—siRNA Assembly and Transfection. Tat-lipid in water
(11 pL, 2 mg/mL) was diluted in 100 pL of DB, and 30 L of 80
rg/mL PEG 8 kDa (in 80% ethanol, 20% DB) was added. This sup-
plied ~15% ethanol, which interferes with liposome formation un-
til adding to NS—siRNA, which dilutes the ethanol. Ten microliters
of ~ 500 pM NS—siRNA (~0.05 absorbance at 800 nm, 0.1 cm path
length, NanoDrop 1000) was first combined with 10 L of DB, and
1 pL of Tat-lipid solution was added and incubated for several min-
utes. Cy3 microscopy at 100X indicated isolated NS—siRNA and
small clusters, with high avidity toward anionic glass surface due
to the cationic lipid coating. One to ten microliters of this solution
is added per 100 pL of media in a 96-well containing 0.9 X 10* cells,
seeded >5 h prior (minimum of 107" M NS—siRNA, 107° M siRNA,
1077 M Tat-lipid). After ~3 h to overnight incubation, the cells
show NS concentration dependence uptake of 10—10* per cell, vis-
ible inside vesicles in a punctate Cy3 fluorescence pattern. Uptake
into the cytoplasm and near the nucleus was observed, but NS
were excluded from the nucleus itself. This fluorescence pattern
persists for >3 days of cell growth (at one doubling per day), or un-
til laser had released the siRNA in which case intensity increased im-
mediately, then decreased dramatically by the following day. Lipo-
fectamine RNAIMAX (Lipofectamine, Invitrogen) was used as a
control with siRNA (IDT EGFP-S1 DS Positive Control); 0.5 L of Li-
pofectamine was added to 50 p.L of Opti-MEM (Invitrogen) and
combined with 50 L of Opti-MEM containing 0.5 L of 5 uM siRNA
and 0.5 pM siGLO Red tracker (Dharmacon). After 15 min, 5 L
was added per 100 pL media with serum.

Femtosecond Laser. The samples were irradiated by the output
of the femtosecond (fs) Ti:sapphire regenerative amplifier (Spectra-

0
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physics Spitfire) running with 1 kHz repetition rate. The laser beam
was collimated by a Galilean telescope to achieve a Gaussian diam-
eter of 2.3 mm. In experiments without collimation, the full beam
diameter was ~5 mm. Pulse duration was monitored by a home-
built single-shot optical autocorrelator and was kept at about 130
fs. The spectral fwhm of the laser radiation was ~12 nm centered
around 800 nm. The laser beam was directed onto the sample by a
system of mirrors, and no focusing optics were used. The energy
of the optical pulse was controlled by Schott neutral density glass
filters. A thermopile power meter (Newport Inc,, Irvine, CA) was
used to measure the incident optical power.'%4?

Laser Exposure. After >3 h incubation of cells with NS—siRNA,
the medium was optionally replaced with fresh and plate sealed
with parafilm. The 800 nm pulsed laser with a spot diameter of 5
mm or 2.3 mm was reflected by a mirror as a vertical beam into the
culture plate (96-wells with 5 mm well diameter) aligned under-
neath. The plastic lid minimally absorbs at this wavelength, modi-
fied by marker pattern which absorbs strongly. Variable time and
powers were chosen, and best results occurred when moving the
plate to average the power. The cells were placed back in the 5%
CO, 37 °Ciincubator for at least 1 h before imaging.
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