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Abstract

The ability to regulate intracellular gene expression with exogenous nucleic acids such as small
interfering RNAs (siRNAs) has substantial potential to improve the study and treatment of disease.
However, most transfection agents and nanoparticle-based carriers that are used for the
intracellular delivery of nucleic acids cannot distinguish between diseased and healthy cells, which
may cause them to yield unintended widespread gene regulation. An ideal delivery system would
only silence targeted proteins in diseased tissue in response to an external stimulus. To enable
spatiotemporal control over gene silencing, researchers have begun to develop nucleic acid-
nanoparticle conjugates that keep their nucleic acid cargo inactive until it is released from the
nanoparticle on-demand by externally applied near-infrared laser light. This strategy can overcome
several limitations of other nucleic acid delivery systems, but the mechanisms by which these
platforms operate remain ill understood. Here, we perform a detailed investigation of the
mechanisms by which silica core/gold shell nanoshells (NSs) release conjugated siRNA upon
excitation with either pulsed or continuous wave (CW) near-infrared (NIR) light, with the goal of
providing insight into how these nanoconjugates can enable on-demand gene regulation. We
demonstrate that siRNA release from NSs upon pulsed laser irradiation is a temperature-
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independent process that is substantially more efficient than siRNA release triggered by CW
irradiation. Contrary to literature, which suggests that only pulsed irradiation releases sSiRNA
duplexes, we found that both modes of irradiation release a mixture of SiRNA duplexes and single-
stranded oligonucleotides, but that pulsed irradiation results in a higher percentage of released
duplexes. To demonstrate that the sSiRNA released from NSs upon pulsed irradiation remains
functional, we evaluated the use of NSs coated with green fluorescent protein (GFP)-targeted
SiRNA (siGFP-NS) for on-demand knockdown of GFP in cells. We found that GFP-expressing
cells treated with siGFP-NS and irradiated with a pulsed laser experienced a 33% decrease in GFP
expression compared to cells treated with no laser. Further, we observed that light-triggered gene
silencing mediated by siGFP-NS is more potent than using commercial transfection agents to
deliver siRNA into cells. This work provides unprecedented insight into the mechanisms by which
plasmonic NSs release siRNA upon light irradiation and demonstrates the importance of
thoroughly characterizing photoresponsive nanosystems for applications in triggered gene
regulation.
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Regulating gene expression via the delivery of small interfering RNA (siRNA) is a
promising means to study and treat disease, but the preclinical and clinical use of siRNA is
limited by molecular instability, short circulation times, and low cellular uptake.!
Nanoparticle (NP) delivery platforms that either encapsulate or carry gene regulatory
molecules on their surfaces can overcome many of these limitations by increasing their
stability, improving their biodistribution, and enhancing their delivery into cells.23
Accordingly, siRNA nanocarriers are recognized as powerful gene regulatory agents.
However, these carriers typically cannot distinguish diseased cells from normal cells and,
once inside cells, they often fail to reach the cytosol due to entrapment within intracellular
compartments, rendering the attached oligonucleotides ineffective.! To promote successful
cytosolic delivery, siRNA nanocarriers are often coated with additional moieties such as cell
penetrating peptides or polymers that improve endosome escape.*> Unfortunately, these
modified NPs may be more toxic than their unmodified counterparts, and they still cannot
distinguish healthy cells from diseased cells, which may cause them to elicit unintended
widespread gene regulation and substantial off-target effects. An ideal NP platform for gene
regulation would enter cells without additional penetration reagents and keep its SIRNA
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cargo inactive until stimulated by an external trigger. Such a system could facilitate on-
demand, localized gene regulation while avoiding impacts to healthy tissue. To meet this
need, researchers have recently begun to develop light-responsive nanocarriers for SiRNA
delivery, and in this paper we use one example platform (siRNA-nanoshell (NS) conjugates)
to define, with an unprecedented level of detail, the mechanisms by which these platforms
operate to enable temporal control over gene silencing.

In these photoresponsive siRNA nanocarriers, the core NP is carefully chosen for its inherent
photophysical properties that enable activation by externally applied light. Upon laser
excitation, any surface-conjugated siRNA is released to silence the targeted proteins. sSiRNA
is desirable as a gene regulatory agent in these systems because it is more potent and longer-
lasting than antisense DNA oligonucleotides, which have been used in the majority of light-
triggered nucleic acid-nano-conjugate systems, and it requires no additional chemical
modifications to be active inside cells.5” siRNA is composed of complementary strands of
sense and antisense oligonucleotides, and it acts through RNA interference (RNAI). In
RNAI, siRNA duplexes inside cells are recognized by the RNA-induced silencing complex
(RISC), which separates the duplex and escorts the antisense strand to its target messenger
RNA (mRNA) to inhibit the transcription of the encoded protein.8 Importantly, RISC only
recognizes double stranded siRNA,? so it is critical to ensure that the majority of the SiRNA
released from photoresponsive NPs retains a duplexed structure. Accordingly, thoroughly
characterizing the structure and functionality of the siRNA released from siRNA-NS
conjugates upon light exposure was a primary goal of our work.

We used silica core/gold shell NSs as the core material of our platform to study light-
triggered siRNA release from nano-carriers because they are specifically engineered to
maximally absorb ~800 nm light, and they have proven safety in human clinical trials.10-13
Gold-based NPs such as NSs that maximally absorb near-infrared (NIR) light (~700-1200
nm) are ideal for phototherapies because these wavelengths can safely penetrate several
centimeters of healthy tissue.10:14 Several gold NP designs have been developed to study the
intracellular delivery and light-triggered release of nucleic acids, including nanorods,1%:16
nanoshells,1”=19 and hollow gold NPs,20-21 among others.?2 As mentioned before, however,
many of these platforms have utilized additional agents to promote cell uptake that may
result in nonspecific off-target gene silencing.>20 Our overarching goal in this study was to
develop siRNA-coated NSs as a platform for light-triggered gene silencing that does not
require additional uptake agents. Moreover, we wanted to thoroughly characterize siRNA
release from these nanoparticles to understand the parameters that are important for duplex
release to induce gene regulation on-demand.

We hypothesized that SIRNA-NS conjugates could enter cells without the need for auxiliary
transfection agents and that the siRNA could be released from the NS carriers on-demand
using NIR laser light to facilitate gene silencing. Importantly, the mode of laser irradiation is
a critical experimental design feature, as it is believed to dictate the structure of the released
SiRNA (Table of contents graphic, Scheme 1). Prior work using DNA-NS conjugates has
shown that continuous wave (CW) irradiation causes large temperature increases of bulk NS
solutions over time, which may yield duplex denaturation such that primarily single-stranded
oligonucleotides are released.1® Alternatively, delivering very short, high energy pulses of
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laser light to NSs yields a hot-electron transfer effect that breaks the gold-thiol bond
attaching the nucleic acids to the NSs without increasing bulk solution temperature.29:23 Jain
et al. speculated that this bond dissociation is due to coupling of the NPs’ photoexcited
electrons and the gold—sulfur bond vibrations, rather than thermal heating as experienced
through CW irradiation.23 Due to these differences, it is commonly believed that CW
irradiation leads to release of single-stranded oligonucleotides, while pulsed laser irradiation
leads to release of entire duplexes. We aimed to test this belief using a powerful combination
of NP characterization and molecular biology techniques. Further, we wanted to characterize
the laser parameters required to trigger release under CW or pulsed irradiation, with the
expectation that pulsed irradiation would require significantly lower laser powers than CW
irradiation due to the high amount of energy delivered per pulse. Additionally, we aimed to
accurately characterize the structural differences of the siRNA released by each mode of
irradiation and to show that the released siRNA remains functional following irradiation.
Finally, we wanted to demonstrate that SiRNA-NS conjugates could enable on-demand gene
silencing upon pulsed laser irradiation using green fluorescent protein (GFP) as a model
target.

To quantify and characterize siRNA release from NSs upon CW or pulsed laser irradiation,
we coated NS with a scrambled form of GFP-targeted siRNA (all sequences used in this
work are listed in Table S1). The sense strand was directly attached to the gold surface of
NSs via a thiol on its 3" end, and the antisense strand was attached to the sense strand by
complementary base pairs. The 3’ end of the antisense strand was labeled with a Cy5
fluorophore to enable direct detection of both duplexed and single-stranded siRNA (Cy5-
SiSCR-NS, Figure S1). NSs were also passivated with 5 kDa methoxypoly(ethylene) glycol-
thiol (MPEG-SH) for increased stability. Solutions of Cy5-siSCR-NS at a concentration of
5.37E9 NS/mL were irradiated from the side with either an 808 nm CW laser or a
femtosecond pulsed 800 nm laser while stirring (Figure S2). Samples undergoing CW
irradiation were exposed to 0, 157, 314, 628, 785, 942 mW (corresponding to 0, 5, 10, 20,
25, or 30 W/cm?) laser powers for 30 min to investigate the temperature dependence on
siRNA release. Thermal images were taken with an FLIR camera every 5 min, and the
highest temperature of the NS solution was recorded. In agreement with the literature,1® we
found that the bulk solution temperature dramatically increased upon CW irradiation in
accordance with exposure time and laser power, and samples reached temperatures up to

52 °F with the powers used in this study (Figure 1). Importantly, the high temperatures
reached during CW irradiation are sufficient to cause nonspecific cell death,24:25 making the
laser powers studied here irrelevant for light-triggered gene regulation. Bulk solution
temperatures were also investigated under pulsed laser irradiation using 3 m\W output power,
which is the highest power we investigated for siRNA release, for up to 30 min, and we
found that the bulk solution temperature did not change (Figure 1, black dotted line). These
results demonstrate that the use of CW irradiation for triggered gene regulation is limited by
changes in bulk solution temperature, and any resultant sSiRNA release is likely a
temperature-dependent process.1® Alternatively, pulsed laser irradiation is a temperature-
independent process, suggesting that siRNA release is caused by a different mechanism such
as breakage of the gold-thiol bond. Next, we tested the ability of CW and pulsed laser
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irradiation to induce siRNA release, and we thoroughly characterized both the NSs and the
released siRNA following laser treatment.

First, we investigated how CW or pulsed laser irradiation impact NS structure and size by
UV-visible spectrophotometry (UV-vis) and dynamic light scattering (DLS) (Figure 2 and
Figure S3A,B). CW irradiation with 0, 5, 10, 20, 25, or 30 W/cm? for 30 min caused no
critical changes in the extinction spectrum or hydrodynamic diameter of Cy5-siSCR-NS,
indicating that NS are still intact and functionalized with a substantial amount of siRNA and
mPEG-SH following CW irradiation (Figure S3A, B). Alternatively, irradiation with 1, 2, or
3 mW pulsed light for 10, 20, or 30 min resulted in substantial structural changes to Cy5-
SiSCR-NS (Figure 2). Spectrophotometry results demonstrate that the structural integrity of
NSs is preserved up to 3 mW output power for 20 min. At 3 mW, the peak extinction at 800
nm decreases, indicating a change in NS structure. Further, this change depends on
irradiation time, as samples irradiated with the pulsed laser at 3 mW for 10 min do not
experience a change in their extinction spectrum (Figure 2A). DLS measurements show that
the hydrodynamic diameter of Cy5-siSCR-NS decreases from 181.3 = 7.1 nm before laser
treatment to 173.7 £ 23 nm and 155.1 + 7.3 nm after irradiation with 3 mwW for 20 or 30
min, respectively. With these higher irradiation times, the hydrodynamic diameter of the
laser-treated NS is reduced to the original size of bare NS, whereas lower laser powers and
irradiation times do not result in notable changes in hydrodynamic diameter (Figure 2B).
This confirms our spectrophotometry results that indicate that the structure of Cy5-siSCR-
NS changes with pulsed laser irradiation at 3 mW, and suggests that the majority of both
SiRNA duplexes and mPEG-SH are removed from NS surfaces upon pulsed laser excitation.

An added benefit of utilizing NS as the core material for investigating light-triggered siRNA
release from nanocarriers is that NSs can be detected by forward- and side- scatter profiles
in flow cytometry, a technique that has not yet been explored to directly detect fluorescently
tagged NSs. We expected that the Cy5 signal from NSs would decrease proportionally to the
amount of siRNA released during irradiation. In agreement with our spectrophotometry and
DLS data, we found that Cy5- siSCR-NS solutions treated with CW light do not experience
a shift in Cy5 fluorescence intensity, indicating that the majority of the Cy5 fluorophores
remain attached to NSs following irradiation (Figure S3C). Alternatively, the fluorescence of
Cy5- siSCR-NS decreases with increased pulsed laser powers and irradiation times,
indicating that the pulsed laser sufficiently triggers release of surface-conjugated molecules
(Figure 3A,B).

We hypothesized that siRNA release from NSs upon pulsed or CW excitation would depend
highly on laser power and irradiation time. To investigate this, we quantitatively examined
the efficacy of CW and pulsed laser irradiation for triggered siRNA release by detecting the
Cys5 signal of released siRNA following laser irradiation. The original loading of siRNA on
NSs was determined by first separating the duplexes using urea and comparing the Cy5
signal in the supernatant to a standard curve of known antisense concentration. Following
irradiation with the CW laser (0, 5, 10, 20, 25, or 30 W/cm? for 30 min) or the pulsed laser
(0, 1, 2, or 3 mW for 0, 10, 20, or 30 min), samples were centrifuged and the siRNA-
containing supernatant was collected. siRNA content in the supernatant was quantified by
comparing the Cy5 fluorescence from each sample to a standard curve of known siRNA
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content. Then, we divided the amount of released siRNA by the original loading to
determine the percent siRNA released at each laser power and irradiation time.

We found that the amount of siRNA released under both modes of irradiation was highly
dependent on both laser power and irradiation time. For example, CW irradiation resulted in
a linear increase in released siRNA at the laser powers studied here, and the maximum
SIRNA release was 36% with 30 W/cm? (Figure S4A). Notably, the temperatures reached
during CW irradiation at 30 W/cm? (Figure 1) would cause nonspecific cell death, and
therefore this strategy would not be effective for light-triggered gene regulation.
Alternatively, pulsed laser irradiation caused an exponential increase in released siRNA
(Figure 3C,D). Pulsed irradiation at 1 mW only minimally released siRNA above
background levels, but samples treated with 2 mW or 3 mW of pulsed light experienced 33%
and 72% siRNA release, respectively (Figure 3C). A similar trend was observed for
increasing irradiation times when samples were exposed to 3 mW output power (Figure 3D).
These results agree with our DLS and flow cytometry analyses and demonstrate that the
pulsed laser is substantially more effective than the CW laser for triggering siRNA release at
the laser parameters studied here.

Next, we evaluated whether the siRNA released from NSs retains the proper structure to
mediate gene regulation inside cells. As previously mentioned, the released siRNA must be
duplexed in order to be recognized by RISC to guide degradation of its target MRNA.
Therefore, it is critical to investigate the structure of the released siRNA under each mode of
irradiation. It is generally believed that the increased temperatures generated during CW
irradiation primarily cause only antisense strands to be released due to duplex denaturation,
26 whereas pulsed laser irradiation releases entire duplexes by breakage of the gold—thiol
bond.23:27 Here, we employed gel electrophoresis to directly analyze the siRNA structure
based on its size, which is directly related to the number of oligonucleotides in the sequence.
After irradiating solutions of Cy5-siSCR-NS, we pelleted the NPs by centrifugation,
lyophilized the supernatant, and ran gel electrophoresis on 100 ng of the released siRNA.
Contrary to literature,16:18.19 we found that CW irradiation leads to a mixture of both
duplexes and antisense strands being released from NSs (Figure S4B). This underscores the
importance of the experimental method we utilized for this work. Alter-natively, and as
expected, the siRNA released with the pulsed laser was primarily double-stranded, as the
brightest band from these samples appears at ~40 base pairs (Figure 3E). To quantitatively
compare the amount of duplexes and antisense strands released from NSs, we evaluated the
band intensities from the gel electrophoresis experiments and calculated the ratio of duplex
to antisense released for both modes of irradiation at the highest laser powers used. Pulsed
laser irradiation with 3 mW exposure and CW irradiation with 30 W/cm? exposure resulted
in duplex:antisense band intensity ratios of 3.2 and 1.23, respectively. Overall, this shows
that pulsed laser irradiation releases a higher percentage of duplexes than CW irradiation
with substantially lower incident laser powers. Our findings demonstrate that researchers
should carefully characterize their photoresponsive nucleic acid carriers using a variety of
techniques and also suggest that more studies are needed to identify laser parameters for CW
irradiation that may enable duplex release without causing substantial temperature increases.
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We also performed experiments to ensure that the siRNA released from NSs upon laser
treatment retains its functionality and is not damaged during laser irradiation. For this study,
we designed siRNA-NS conjugates to silence green fluorescent protein (GFP, siGFP-NS) in
U373.eGFP cells. We used this cell line because it stably expresses GFP and therefore serves
as an ideal platform to investigate light-triggered gene silencing by fluorescence analysis.
First, we collected released siRNA from the supernatant of siGFP-NS conjugates following
pulsed laser irradiation, and transfected cells with 100 nM of this released siRNA. Cells
transfected with GFP siRNA that had been released from NSs experienced substantial
downregulation of GFP expression compared to cells transfected with scrambled (SCR)
siRNA that had been released from NSs at both 48 and 96 h, indicating that the siRNA is
still functional following laser treatment (Figure S5). Further, this data shows that SiRNA-
mediated GFP silencing is prominent for at least 4 days following transfection, which is an
important feature for gene regulation.

Next, we directly evaluated the ability of sSiRNA-NS conjugates to enter U373.eGFP cells
and mediate on-demand gene silencing. First, we treated U373.eGFP cells with Cy5-siSCR-
NS for 3 h to evaluate cell uptake by fluorescence imaging, which showed a substantial
amount of uptake at this time point (Figure 4A). These results were confirmed by flow
cytometry, which revealed a 22-fold enhancement in Cy5 signal from cells treated with Cy5-
SiSCR-NS compared to untreated cells (Figure S6). To examine light-triggered gene
knockdown in U373.eGFP cells, the cells were treated with siGFP-NS or siSCR-NS at
1.4E10 NS/mL in complete cell culture media for 3 h, then placed into sterile cuvettes for
laser treatment with 3 mW pulsed laser for 20 min while stirring. After laser treatment, the
cells were plated in 24-well plates and incubated for 4 days prior to GFP analysis. Flow
cytometry revealed that cells treated with siGFP-NS and the laser experienced a 33%
decrease in normalized median fluorescence compared to cells treated with siSCR-NS
(Figure 4B) or siGFP-NS and no laser. To ensure that this GFP downregulation is a result of
GFP knockdown and not cell confluency in the well plate, we plated U373.eGFP cells at
5000-45 000 cells/well, incubated them overnight, and analyzed their GFP expression. This
showed that cell confluency does not impact GFP expression in a population of cells (Figure
S7), which confirms that the GFP knockdown we observed is due to the combined
application of siGFP-NS and the pulsed laser irradiation. Interestingly, the average original
SiRNA loading on siGFP-NS was 1095 siRNA/NS, which correlates to 25.4 nM siRNA
added to cells, and ~18 nM siRNA released (given that up to 72% of the siRNA releases
upon 30 min irradiation at 3 mW). Therefore, the amount of siRNA that is delivered with
SiGFP-NS is at least 5X less than the 100 nM siRNA used for the transfections previously
discussed. These results indicate that NS-mediated delivery of siRNA is more effective for
gene silencing than using commercially available transfection reagents. Further, utilizing
NSs as the core nanomaterial enables on-demand control over gene silencing, which will
ultimately avoid undesired side effects from nonspecific and widespread gene regulation.

In total, the results of this work provide several new insights into the use of photoresponsive
gold-based nanoparticles for on-demand gene regulation. Our overarching goal was to
evaluate light-triggered siRNA release from NSs upon CW or pulsed laser irradiation and to
demonstrate the importance of carefully choosing laser parameters for maximal release and
gene knockdown. We developed siRNA-coated NSs and thoroughly characterized their use
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for on-demand gene regulation using pulsed and CW NIR light. While most light-triggered
release studies have evaluated the release of DNA from NPs,16:19.27.28 here we evaluated the
release of sSiRNA, which provides many benefits for gene regulation over DNA.8.7 Since
siRNA has a unique secondary structure, it cannot be assumed that the release conditions
will match those of DNA, making it imperative that primarily duplexes be released from NSs
to enable RNAI. To evaluate this, we used gel electrophoresis to carefully characterize the
SiRNA that is released from NSs upon light activation. Using this technique, we
demonstrated that pulsed laser irradiation primarily releases siRNA duplexes, making it
usable for RNAI. We also demonstrated for the first time that CW irradiation releases not
just single-stranded oligonucleotides, as previously expected, but also duplexes of siRNA,
although duplex release upon CW irradiation is not as efficient as pulsed laser-induced
release. As a result, the temperatures reached during CW irradiation would cause
nonspecific cell death, making CW irradiation at the conditions tested in this study
impractical for gene regulation purposes. Additional studies evaluating shorter CW
irradiation times with higher laser powers may enable siRNA-NS conjugates to be utilized
for on-demand gene regulation using either pulsed or CW NIR light.

Our study also showed that pulsed laser irradiation with 3 mW for 30 min can induce up to
72% release of the conjugated siRNA, and the released siRNA is still functional to enable
on-demand GFP knockdown in GFP-expressing U373 cells. Excitingly, we found that
siGFP-NS are substantially more effective for GFP knockdown than unconjugated siRNA
that is complexed with a commercial transfection reagent, as 100 nM siRNA was required
for gene silencing with Dharmafect, but only 25.4 nM siRNA was delivered with siGFP-NS.
By taking the 35% siRNA release after 20 min irradiation into account, we effectively
administered only ~9 nM siRNA to cells for GFP knockdown, which is a remarkable
improvement in gene silencing efficiency. Furthermore, unlike previously reported systems,
45 our platform does not require any additional materials to enhance cellular uptake. This is
a key feature of the sSiRNA-NS conjugates reported here, as cell penetrating peptides and
polymers may yield unintended gene regulation in healthy tissues in the absence of light
activation. The ability to enable on-demand gene silencing without the use of additional
chemical modifications makes these siRNA-NS conjugates highly desirable for practical
applications. Overall, this platform offers temporal control over gene silencing with low
concentrations of siRNA to overcome the common limitations with other nanoparticle
systems, and our results demonstrate that light-triggered siRNA release facilitated through
SiRNA-NS conjugates is a promising means of enabling gene regulation on-demand.
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ABBREVIATIONS

NP nanoparticle

NS nanoshell

RNAI RNA interference

RISC RNA-induced silencing complex
GFP green fluorescent protein

SCR scramble

Cw continuous wave

SIRNA small interfering RNA

RNA ribonucleic acid

DLS dynamic light scattering
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Figurel.
Bulk solution temperature measurements of Cy5-siSCR-NS exposed to 808 nm continuous

wave light (solid lines) or 800 nm pulsed light at 3 mW for 30 min (dotted black line).
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Figure 2.

Characterization of Cy5-siSCR-NS irradiated with a femotosecond pulsed laser at 0, 1, 2, or
3 mW for 0, 10, 20, or 30 min. (A) UV-visible extinction spectrum and (B) hydrodynamic
diameter measurements after irradiation.
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Figure 3.
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Characterization and quantification of Cy5 siRNA release from NSs after pulsed laser
irradiation with 0, 1, 2, or 3 mW for 10, 20, or 30 min. (A) Flow cytometer measurements
and (B) median fluorescence intensity to assess Cy5 fluorescence signal from NS samples
after exposure to the pulsed laser. (C,D) Percent siRNA release following irradiation with 0,
1, 2, or 3 mW pulsed light for 30 min or with 3 mW pulsed light for 0, 10, 20, or 30 min,
respectively, to show the power and time dependence of the siRNA release from NSs. (E)
Gel electrophoresis of stock siRNA sense strands, antisense strands, or duplexes compared
to siRNA that was released from NSs upon pulsed laser irradiation.
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Analysis of SIRNA-NS uptake by U373.eGFP cells and GFP silencing upon pulsed laser
irradiation. (A) Fluorescence imaging of Cy5-siSCR-NS (red) uptake by U373.eGFP cells 3
h postaddition to the culture medium (scale = 50 um; GFP = green, nuclei = blue). Control
cells were treated with no NS. (B) Flow cytometry of GFP expression in U373.EGFP cells
treated with siGFP-NS or siSCR-NS for 3 h and then irradiated for 30 min with 0 or 3 mW
pulsed light. The data shown represents GFP expression 4 days after irradiation compiled
from four independent experiments. *p < 0.05 by one-way ANOVA with posthoc Tukey

-Kramer.
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Scheme 1.
On-Demand Gene Regulation with sSiRNA-NS Conjugates?

Nano Lett. Author manuscript; available in PMC 2019 April 05.

Page 15




	Abstract
	Graphical Abstract
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Scheme 1.

