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D
espite early conceptual promise,
gene and genetically mediated
therapies have not truly entered

medical practice as various issues still pre-
vent desired practical success.1�3 Various
nanoparticles as engineered nonviral vec-
tors have steadily been promising in this
regard.4�6 However, nanoparticles as vec-
tors face two pressing issues: nonspecificity
and poor endosomal escape.7,8

Several techniques exist for controlled
delivery of nucleic acids such as the use of
cationic polyplexes,9 biodegradable poly-
meric nanoparticles,10�12 layer-by-layer nano-
delivery systems,13 magnetic nanoparticles
for sustained delivery,14,15 thermorespon-
sive systems,16�18 etc. However, with these
methods, only partial spatial control can be
achieved, and there still remains the issue of
nontargeted cells being affected. This limits
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ABSTRACT

Current nanoparticle-based gene delivery techniques face two major limitations, namely, endosomal degradation and poor cytosolic release of the

nanoparticles and nonspecificity of treatment. These limitations can be overcome with certain light-based techniques, such as photochemical

internalization to enable endosomal escape of the delivered nanoparticles and light-controlled gene expression to overcome the nonspecific effects.

However, these techniques require UV/visible light, which is either phototoxic and/or has low tissue penetration capabilities, thus preventing their use in

deep tissues in a clinical setting. In an effort to overcome these barriers, we have successfully demonstrated a light-based gene delivery system that

significantly boosts cytosolic gene delivery, with precise control over gene expression and the potential for use in nonsuperficial tissues. Core�shell

fluorescent upconversion nanoparticles excited by highly penetrating near-infrared radiation and emitting simultaneously in the ultraviolet and visible

ranges were synthesized and used as remote nanotransducers to simultaneously activate endosomal escape and gene knockdown. Gene knockdown using

photomorpholinos was enhanced as much as 30% in vitro compared to the control without endosomal escape facilitation. A similar trend was seen in vivo in

a murine melanoma model, demonstrating the enormous clinical potential of this system.

KEYWORDS: upconversion . nanoparticle . photomorpholino . photoactivation . photochemical internalization . mice .
gene knockdown
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their potential for in vivo use since nonspecific gene
expression/knockdown can be detrimental. To address
the issue of poor cytoplasmic delivery, methods
such as use of cationic polymers,19 cell-penetrating
peptides,20 and pH-sensitive degradable vectors21

have been explored. Even though the intracellular
delivery of nucleic acids is improved using these
methods, the issues of specificity still remain.
Photoactivation can provide an elegant solution to

the problems mentioned above. It involves the use of
molecules inactive by virtue of photosensitive groups
incorporated into their structure but are activated
when these groups are modified upon irradiation with
light of a specific wavelength or vice versa. These
molecules could be nucleic acids, drugs, etc. Photo-
activation has been used previously to control gene
expression and can be achieved in several ways. One
suchmethod involves the use of photocaged nonfunc-
tional nucleic acids such as siRNA or even plasmids,
which upon irradiation with UV light release the photo-
labile group, becoming functional in the process.
Another means of achieving photocontrol over gene
knockdown is by using a photomorpholino duplex
consisting of a sense morpholino with a photolabile
moiety and an antisense morpholino that is unmodi-
fied. The sense photomorpholino sequesters the anti-
sensemorpholino and prevents it from participating in
RNA interference (RNAi).22 Upon irradiation with UV
light, the sense photomorpholino is cleaved; this
results in the release of the antisense morpholino
and thus targeted RNAi-mediated knockdown. Thus,
by virtue of site-specific UV irradiation, controlled gene
expression/knockdown can be achieved.23�25 This
provides better spatial control as compared to the
methods mentioned previously and reduces non-
specific gene expression/knockdown.
An efficient photoactivation technique for improv-

ing intracellular delivery of nucleic acids is photoche-
mical internalization (PCI). It involves the use of a small
light-sensitive molecule that embeds itself in the en-
dosomes of cells and disrupts the endosomal mem-
brane via localized production of reactive oxygen
species (ROS) (without causing cell death) upon irra-
diation with light of a particular wavelength (usually in
the visible range). This allows for the nanoparticles to
be liberated from the harsh acidic pH conditions in the
endosomes/lysosomes, thereby preventing the degra-
dation of the nanoparticles and its cargo and also
preventing the nanoparticles from being recycled by
the endosomes and deposited out of the cell. Thus, this
technique enables precise control of cytoplasmic de-
livery of the payload without causing any toxicity.26�30

Even though these photoactivation techniques allow
for more specific nucleic acid delivery and better
endosomal escape,31 certain problems limit their use
in vivo. UV light necessary for uncaging or cleaving
nucleic acids such as caged siRNA or photomorpholino

is phototoxic and can be potentially carcinogenic.
Furthermore, visible light needed for PCI has low tissue
penetration. In contrast, near-infrared (NIR) light has
excellent tissue penetration capabilities compared to
UV or visible light. This is due to the low absorption
of NIR light by biological components in tissues. How-
ever, NIR light cannot be used to cleave photolabile
groups used for light-controlled gene expression
and light-sensitive chemicals used for photochemical
internalization.
Keeping these issues in mind, we envisioned a

simple yet versatile and universal system that could
overcome these roadblocks and pave the way for
efficient and controlled photoactivation of biomole-
cules in vitro and in vivo alike. For this, we synthesized
novel NIR-to-UV�vis upconversion nanoparticles (UCNs)
made up of a core�shell architecture, which upon NIR
excitation emit in the UV and visible range simulta-
neously, with these emissions potentially capable of
exciting multiple photoactive molecules. These core�
shell UCNs were used to achieve enhanced gene
knockdown through improved endosomal release via

PCI (using their visible emission). At the same time, the
gene knockdown could be controlled using the NIR-to-
UV emission of these UCNs. Besides the obvious ben-
efits of using NIR for photoactivation, UCNs have
several other desirable properties. Upconversion fluo-
rescence can be generated using inexpensive, com-
mercial continuous wave laser diodes and is
exceptionally photostable with low photodamage to
cells and proteins.32 Moreover, UCNs have the ability to
be activated in deeper tissues due to the absence of
upconversion properties in biological molecules and
the higher penetration capability of NIR light in com-
parison to UV and visible light, thus enabling photo-
activation of molecules and long-term, background-
free live in vivo imaging.33�36 Thismakes them an ideal
candidate for in vivo use. We demonstrate the ther-
apeutic potential of this system by using these UCNs to
deliver and remotely activate photomorpholinos,
which are difficult to transfect using standard transfec-
tion reagents, both in vitro and in vivo in a murine
melanoma model.

RESULTS AND DISCUSSION

The aim of this study was to ascertain whether UCNs
could be used to deliver and excite TPPS2a (meso-
tetraphenylporphine with two sulfonate groups on
adjacent phenyl rings, a photosensitizer used in PCI)
and a photomorpholino (in this case, anti-STAT3)
simultaneously in order to achieve PCI-mediated en-
dosomal escape of the photomorpholino and thus
enhance photocontrolled gene knockdown. The gra-
phical abstract gives an overview of the proposed
system. The core�shell UCNs were coated with a layer
of mesoporous silica and then co-loaded with TPPS2a
and photomorpholinos. TPPS2a is a photosensitizer
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that absorbs maximally at 413 nm and is used for
photochemical internalization. It should not be con-
fused with photosensitizers used for PDT, where the
purpose of the photosensitizer is to cause cell death.
The loaded photomorpholino is a duplex consisting of
a sense photomorpholino and an antisense morpholi-
no hybridized together. Upon irradiation with UV light,
the sense photomorpholino gets cleaved, resulting in
the release of the antisense morpholino, which can
then participate in RNAi. This allows us to achieve
spatial and temporal control over gene knockdown
using light since, without UV irradiation, the antisense
morpholino is effectively sequestered and cannot par-
ticipate in RNAi. These TPPS2a and photomorpholino
duplex-loaded UCNs enter the cell by endocytosis.
When these cells are irradiated with NIR at 980 nm,
the UCNs emit both UV and visible light simulta-
neously. The visible light at 413 nm causes TPPS2a to
become activated upon which it produces ROS locally.
This localized ROS production disrupts the walls of the
endosomal vesicles, causing the contents of the endo-
somes to be released into the cytoplasm. Simulta-
neously, the UV emission of the UCNs results in the
cleavage of the sense photomorpholino, thereby re-
leasing the antisense photomorpholino which can
then cause RNAi-mediated knockdown of the target
gene, in this case, STAT3.

Core�Shell UCN Synthesis and Characterization. To
achieve simultaneous PCI and photocontrolled gene
knockdown, UCNs that could emit both UV (to cleave
the sense morpholino) and visible light (413 nm to
excite TPPS2a) were required. Keeping this in mind, we
synthesized core�shell UCNs using a one-pot synthe-
sis method. Figure 1a shows a diagrammatic represen-
tation of this core�shell UCN with various coatings.
Both the core and the shell are β-NaYF4 crystalline
structures with the core doped with ytterbium (Yb3þ)
and thulium (Tm3þ) and the shell dopedwith Yb3þ and
erbium (Er3þ) to achieve multiple UV and visible emis-
sions, respectively. Figure 1b,c shows transmission
electron microscope (TEM) images of the core and
core�shell UCNs, respectively. From these images,
we can see that the nanoparticle core is below 30 nm
in size with a slight increase in size due to the shell. This
size is suitable for endosomal uptake.37 Although the
core alone could emit in the UV and blue regions
(Figure 1d), emission at 413 nm needed for TPPS2a
excitation was absent. The core�shell UCNs, however,
hadmultiple UV and visible emission peaks (Figure 1e),
two of which coincidedwith the photomorpholino and
TPPS2a absorption maxima, respectively (Figure 1f).
The insets in Figure 1d,e show the visible fluorescence
of the NIR-to-UV core and NIR-to-UV�vis core�shell
UCNs when irradiated with an NIR laser at 980 nm.

We coated the core�shell nanoparticles with a
mesoporous silica layer (Figure 1g) in order to improve
their solubility in aqueous solutions and enable

loading of molecules onto their surface. We have
previously shown that the mesoporous silica coating
has a pore size of about about 2 nm.38 This coating also
significantly increases the surface area, which is suita-
ble for loading nucleic acids and photosensitizers, and
this was also shown previously by several other
groups.38�40 Henceforth, throughout the article, all
references to UCNs stand for mesoporous silica-coated
NIR-to-UV/visible core�shell UCNs. We also found that
exposure to solutions of different pH values varying
from 4.8 (lysosome) to 7.4 (cytosol) did not affect the
fluorescence of these nanoparticles (Supporting Infor-
mation Figure S1) significantly. This was crucial since
the UCNs are exposed to conditions of varying pH
ranging from physiological pH to acidic pH conditions
in endosomes, and if the fluorescence of these UCNs is
affected, the ability to photoactivate compounds could
be compromised, leading to suboptimal effects.

Cytotoxicity. Having characterized the core�shell
UCNs, we conducted cytotoxicity studies before inves-
tigating their therapeutic potential. We first evaluated
the safety of TPPS2a in B16F0 cells using an MTS assay
and found that it was minimally cytotoxic to the cells
up to the concentration of 0.8 μg/mL (Figure 2a). We
chose 0.7 μg/mL of TPPS2a for future experiments as
this concentration produced significant ROSwithUCNs
aswell as beingminimally toxic. Another concernwhile
using UCNs is the potential hazard of NIR phototoxicity.
Studies on B16F0 cells showed that irradiation with NIR
was not harmful to cells since the cell viability was close
to 100% at all exposure durations (Figure 2b). In addition,
we also tested the cytotoxicity of all combinations of
UCNs with TPPS2a/NIR (UCNs, TPPS2a, UCNþTPPS2a,
UCNþNIR, TPPS2aþNIR, and UCNþTPPS2aþNIR) and
found that in all six cases the cell death was minimal
(Figure 2c). The concentration of UCNs used was 500
μg/mL, TPPS2a was 0.7 μg/mL, and irradiation was
done using a CW 980 nm NIR laser at a power density
of 2.8 W/cm2 for 8 min. The toxicity arising from the UV
emissions of UCNs has already been reported in detail
by our group previously, and that was also found to be
minimal.35

Loading andReleaseof TPPS2aandPhotomorpholino. Following
toxicity studies, we conducted experiments to study the
loading and release of nucleic acids and TPPS2a from
the UCNs. The loading of TPPS2a and photomorpholino
for co-loaded UCNswas found to be 1.61 μg TPPS2a/mg
UCN and 49.2 μg photomorpholino/mg UCN, respec-
tively (Table 1). These values were calculated by mea-
suring the initial amount of TPPS2a and the photo-
morpholino in the solution used for loading and sub-
tracting from it the amount of the two in the super-
natant postloading. The UCNs were vacuum-dried after
loading and stored at 4 �C and resuspended only prior
to use. The cumulative release of both the molecules in
deionized (DI) water was sustained over several hours
and is shown in Figure 3a.
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UCN-Mediated Photomorpholino Cleavage and TPPS2a
Activation. We conducted experiments to determine

whether the UV emission from UCNs was sufficient to
cleave the sense photomorpholino. Photomorpholinos

Figure 1. (a) Schematic showing the structure of core�shell UCNs and its various coatings. (b) Transmission electron
micrographs of NIR-to-UV core and (c) NIR-to-UV/vis core�shell UCNs. (d) Fluorescence emission spectrum of NIR-to-UV UCN
core, where inset shows the total fluorescence of the nanoparticles in a cuvette when irradiated with NIR at 980 nm, and (e)
fluorescence emission spectrum of NIR-to-UV/vis core�shell UCNs, where inset shows the total fluorescence of the
nanoparticles in a cuvette when irradiated with NIR at 980 nm. (f) Absorbance spectrum of TPPS2a with its structure in the
inset and (g) mesoporous silica-coated NIR-to-UV/vis core�shell UCNs.
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were taken in two separate cuvettes, with one contain-
ing UCNs and one without. Both samples were irra-
diated with NIR at 980 nm. The sample that contained
UCNs showed a higher absorption at 260 nm post-
irradiation. This was possibly due to the presence of
more nucleic acid fragments in solution due to the
photolysis of the sense photomorpholino upon expo-
sure to the upconverted UV light produced by the

UCNs when irradiated with NIR (Figure 3b), indicating
successful photolysis via UCN UV emission.

The visible emission peak of UCNs coincides with
the excitation peak of TPPS2a (413 nm). To determine
whether these core�shell UCNs could indeed activate
TPPS2a, we measured the ROS produced after NIR
irradiation for UCNs loaded with TPPS2a in distilled
water (Figure 3c) and in cells (Figure 3d,e). Increase in

Figure 2. (a) Effect of varying concentrations of TPPS2a on the viability of B16F0 cells. (b) Phototoxicity of B16FO cells
exposed to different durations of 980 nmNIR laser. (c) Cytotoxicity of B16F0 cells exposed to different combinations of UCNs,
TPPS2a, and NIR (UCNs alone, TPPS2a alone, UCNþTPPS2a, UCNþNIR, TPPS2aþNIR and UCNþTPPS2aþNIR).

TABLE 1. Characteristics of Mesoporous Silica-Coated NIR-to-UV/Vis Core�Shell UCNs

hydrodynamic diameter (nm) polydispersity index ζ-potential (mV) loading efficiency (per mg of UCN)

122 0.216 �20.3 1.61 μg of TPPS2a 49.2 μg of photomorpholino

Figure 3. (a) Cumulative percentage release of photomorpholino (red) and TPPS2a (black) from core�shell UCNs over time.
(b) Absorbance readings at 260 nm of photomorpholinos incubated with and without UCNs post-NIR irradiation; increase in
absorbance indicates the increase inmorpholino fragments due to (UCN-emitted) UV photolysis. (c) ROS production by UCNs
(TPPS2a-loaded) after irradiation with NIR and determined by APF. (d) Fluorescence images after incubation with Image-iT
LIVE Green ROS detection reagent of untreated cells and (e) cells treatedwith UCNsþTPPS2a post-NIR irradiation of 8min at a
power density of 2.8 W/cm2. Cells were counterstained with DAPI (scale bar: 50 μm). Green fluorescence indicates the
production of ROS. Distribution of UCNs before (f) and after (g) NIR irradiation (scale bar: 5 μm): UCNs, red; DAPI, blue. More
diffuse pattern shows cytosolic release after endosomal escape.

A
RTIC

LE



JAYAKUMAR ET AL. VOL. 8 ’ NO. 5 ’ 4848–4858 ’ 2014

www.acsnano.org

4853

ROS production was observed with increase in the
duration of NIR irradiation in distilled water; however,
in cells, the ROS production was localized and minimal
(as can be seen from the faint green fluorescence of the
ROS indicator). This is desirable as the goal of using
this photosensitizer is not to cause cell death but to
enhance endosomal escape via localized production of
ROS in the endosomes.41 Also, TPPS2a did not affect
the stability of the photomorpholino (Supporting
Information Figure S2) since the absorbance of the
nucleic acid remained unchanged even after 24 h of
co-incubation with TPPS2a. In addition, the ROS pro-
duced by TPPS2a did not affect the functional integrity
of the nucleic acid (Supporting Information Figure S3).

Endosomal Escape. Next,wewanted toascertainwhether
UCNs localized in the endosome and whether the use of
TPPS2a resulted in an enhanced endosomal release.
Figure 3f,g shows the distribution of core�shell UCNs
loadedwith TPPS2a in the same field of cells at time 0 and
10 min after irradiation with NIR, respectively. Initially, the
UCNs are present in clumps and not very well dispersed
inside the cells. However, only 10 min after irradiation, we
could see a marked change in the distribution of UCNs,
indicating improved endosomal release.

In Vitro STAT3 Knockdown. To test this system in vitro,
we used B16F0 cells in which STAT3 is aberrantly
activated. Consistent activation of STAT3 plays a major
role in cancer progression, and knockdown of STAT3
has been found to enhance cell death, improve im-
mune response, and bring about tumor regression.42,43

We used UCNs co-loaded with TPPS2a and anti-STAT3
photomorpholino (double-stranded: sense photo-
morpholino and unmodified antisense strand) to tar-
get STAT3 in a specific manner. Initially, the effect of
TPPS2a on the cytosolic release of nanoparticles and
the mechanism of action was studied by incubating
B16F0 cells with TPPS2a-loaded UCNs and UCNs
alone for 8 h at 37 and 4 �C, respectively. After 8 h of
incubation, the cells were washed thoroughly and
trypsinized. Using fluorescence spectrometry, the UCN
concentration was then estimated in the cell sus-
pension. The fluorescence intensity was similar for cells
with UCNs alone and those incubated with TPPS2a and
UCNs, indicating similar uptake (Supporting Informa-
tion Figure S4). These samples were then irradiated
with NIR for 8 min and replated, and after overnight
incubation, the concentration of nanoparticles inside
the cells and in the media (supernatant) were quanti-
fied using fluorescence spectrophotometry. The sam-
ples incubated at 4 �C (endocytosis is arrested) had
very minimal uptake with or without TPPS2a, indicat-
ing that endocytosis is required for cellular uptake of
UCNs. For the samples incubated at 37 �C, there was
an increase in cellular concentration of the UCNs
loaded with TPPS2a when compared to those without
TPPS2a, as shown in Figure 4a. Also, the extracellular
concentration of UCNs (in the supernatant) in cells

treated with UCNs alone was higher than those with
UCNs loaded with TPPS2a (Supporting Information
Figure S5). Since the initial UCN uptake amount was
similar for both groups, the results when taken
together suggested greater UCN retention in the cells
with the use of TPPS2a. A larger amount of UCNs in the
supernatant of the control group (UCNs only) sug-
gested that the cells could indeed exocytose the
nanoparticles if endosomal escape does not occur.44

Figure 4. (a) Fluorescence intensity of UCNs in B16F0 cell
suspension with and without TPPS2a at normal tempera-
ture and 4 �C, 24 h after irradiation with NIR at 980 nm. (b)
Percentage STAT3 expression and (c) cell viability of B16F0
cells exposed to different combinations of UCNs, TPPS2a,
morpholinos, and NIR. *p < 0.05 between control and
test groups. #p < 0.05 between UCNþmorpholino and
UCNþmorpholinoþTPPS2a.
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These results indicate that UCNs enter the cells
through endocytosis and escape the endosome via

PCI, thereby effectively increasing the intracellular
concentration of UCNs.

Next, experiments were conducted to determine if
UCNs could be used for photocontrolled gene knock-
down and whether enhancement in cellular uptake of
UCNs via PCI increased the effectiveness of gene knock-
down. For this, B16F0 cells were treated with UCNs
loaded with STAT3 photomorpholino, with or without
TPPS2a, and irradiated with NIR. Figure 4b shows that
UCNs were able to activate photomorpholinos in both
cases; however, the STAT3 knockdown is significantly
higher in the sample with TPPS2a (p = 0.0063). The
corresponding cytotoxicity of the samples after STAT3
knockdown is given in Figure 4c, and their bright-field
images are given in Supporting Information Figure S6. It
can be seen that there is a significant increase in cell
death with PCI as compared to without, which is in line
with the STAT3 knockdown results (p= 0.0285). However,
it was seen that, for both STAT3 knockdown and STAT3-
induced cytotoxicity, control groups, namely, cells treated
with NIR irradiation alone, UCNs, and UCNs loaded with
TPPS2a, did not cause significant changes.

In Vivo STAT3 Knockdown. To demonstrate the efficacy
of this system in vivo, we chose mouse as a model
organism.We used the STAT3 photomorpholinosmen-
tioned previously to knockdown STAT3 in a tumor
model of melanoma. Tumors were induced in mice
by injecting B16F0 cells subcutaneously. UCNs loaded

with STAT3 photomorpholinos with or without TPPS2a
were administered on day 5 and day 8, and the tumors
were irradiated with a NIR laser. Control mice received
saline injections. FromFigure 5a, we can see that there is a
significant reduction in tumor volume in mice that had
been treated with UCNs loaded with photomorpholino
(group2) andwith co-loaded (withphotomorpholino and
TPPS2a) UCNs (group 3) as compared to mice that had
been given saline (group 1) with a p value of 0.14351 and
0.04134, respectively. Also, there was a marked decline in
tumor volume in mice treated with UCNs co-loaded with
photomorpholino and TPPS2a (group 3) as compared to
those treated with photomorpholino-loaded UCNs alone
(p value 0.00383). This indicated that core�shell UCNs
couldbeused for simultaneousPCI andphotocontrollable
gene expression and that this significantly enhanced the
therapeutic effect. The mice in all these groups were
otherwise healthy as shown by their body weight45,46 in
Figure 5b. Representative photographs of mice in differ-
ent groups are given in Figure 5c�e.

Several other controls were also included (treatment
with UCNs alone, NIR alone, UCNs loaded with photo-
morpholino but without NIR irradiation, UCNs co-
loaded with photomorpholino and TPPS2a but without
NIR irradiation), as shown in Supporting Information
Figure S7. There was no significant reduction in tumor
size in any of these control groups as compared to the
saline-treated mice. Analysis of the tissue samples har-
vested from these mice indicated lower STAT3 levels
in mice treated with photomorpholino-loaded UCNs

Figure 5. Effect of STAT3 knockdown in a murine model of melanoma. Change in tumor volume (a) and body weight (b) as a
function of time to assess the effectiveness of treatment. Values are means ( SEM (n = 6 mice per group). Group 1, saline
control; group 2, UCNs loaded with photomorpholinos and irradiated with NIR laser; group 3, UCNs co-loaded with
photomorpholinos and TPPS2a and irradiated with NIR laser. Representative gross photos of a mouse from each group
1�3 (c�e). Scale bar: 1 cm; *p < 0.05 between group 1 and groups 2,3; #p < 0.05 between group 2 and group 3.
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(group 2) and co-loaded (photomorpholino and TPPS2a)
UCNs (group 3) as compared to the control (p=1.87187�
10�7 and 1.87187� 10�7, respectively) as shown in Figure
6a. Also, STAT3 levelswere significantly lower in caseof co-
loaded (photomorpholino and TPPS2a) UCNs than photo-
morpholino-loaded UCNs (p = 1.28959 � 10�5), which
reaffirmed theprevious results. Also, UCNsdidnot result in
significant hemolysis (Figure 6b), reaffirming the relative
safety of their use. From Figures 6c�e, it can be seen that
UCNs can be detected in the tumor tissue, thus potentially
enabling background-free in vivo imaging.

CONCLUSION

Nanoparticle-based gene therapy faces debilitating
hurdles like poor endosomal escape and limited con-
trol over gene expression. Even though photocontrol
of gene expression and endosomal release have been
described previously in literature, which overcome
these issues, the clinical application of these solutions
is limited due to the toxic and low penetrating light
sources used. In this study, a unique solution has been

provided to address this limitation by developing a
nano-platform, which can utilize highly penetrating
NIR light for photoactivation. This is believed to be the
first report of using such a system for simultaneous
gene delivery, photocontrolled gene expression, and
photochemical internalization in vitro and in vivo with
negligible toxicity and additional background-free
imaging capabilities.
Our results demonstrate that this UCN-based system

significantly enhances the delivery of photomorpholinos
via PCI in vitro as well as in complex in vivo environ-
ments, thereby improving the therapeutic efficacy of
such nucleic-acid-based treatment modalities. Thus, we
have addressed major bottlenecks of in vivo gene
delivery, primarily that of endosomal escape and non-
specificity and demonstrated the tremendous potential
of this system in furthering such RNAi-based treatment
modalities from the bench to bedside. In addition, the
versatility of this nano-platform potentially allows it to
be used in other disease models where gene therapy
could be applicable.

EXPERIMENTAL SECTION
Materials. B16F0 cells were purchased from the American

Type Culture Collection (ATCC). All chemicals for nanoparticle
synthesis and surface coating like yttrium chloride, thulium

chloride, ytterbium chloride, N-[3-(trimethoxysilyl)propyl]-
ethylenediamine (AEAPTMS), acetic acid, and cyclohexane were
purchased from Sigma-Aldrich (Singapore). Photomorpholinos
were purchased from Gene Tools, LLC, USA. TPPS2a was

Figure 6. (a) Expression of STAT3 in tumor tissues fromgroups 1�3 analyzed by ELISA after harvesting. (b) Hemolytic activity
of different concentrations of UCNs inmice blood. (c) Imagingof UCNs in tumor tissue sections, DAPI, (d) UCNfluorescence, (c)
merge of c and d. Scale bar = 50 μm; *p < 0.05 between group 1 and groups 2,3; #p < 0.05 between group 2 and group 3.
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purchased from PCI Biotech (Oslo, Norway). CellTiter 96 AQueous

One Solution cell proliferation assay for cytotoxicity testing was
purchased fromPromega (Madison,WI, USA). Image-iT LIVE ROS
kit was purchased from Molecular Probes, USA. Thermo Scien-
tific Pierce STAT3 in-cell ELISA kit was used for in vitro STAT3
analysis and STAT3 InstantOne ELISA kit (eBioscience, Inc.,
Belgium) for in vivo STAT3 analysis.

Synthesis of Mesoporous-Coated Core�Shell UCNs. Synthesis of
core�shell UCNs was done by slight modification of an earlier
method. In brief, a β-NaY74.7F4:Yb25,Tm0.3 core was synthesized
using a thermal decomposition method as described by our
group previously and then purified and dispersed in cyclo-
hexane. Briefly, 0.78M of YCl3, 0.20M of YbCl3, and 0.2M of ErCl3
were taken in a 50 mL three-necked flask and heated until
dryness. Then, 6 mL of oleic acid and 15 mL of 10-octadecene
were added, and the solution was heated until 150 �C. After
30 min, the solution was cooled to 50 �C and the previously
synthesized NaYF4:Yb,Tm core was added and the resulting
mixture was heated to 110 �C for 30 min to remove cyclo-
hexane. Once the cyclohexane was removed, the solution was
cooled to 50 �C and 0.1 g of NaOH and 0.1482 g of NH4F in 5 mL
of methanol were added. Subsequently, the solution was
heated to 110 �C for 15 min and then degassed at the same
temperature for next 20 min. The solution was then heated at
300 �C under argon atmosphere for 1 h, cooled to room
temperature, purified, and redispersed in cyclohexane.

Mesoporous coating of the synthesized core�shell UCNs
was done by calcination method. Briefly, the UCNs were coated
with a silica layer as follows: 1 mL of Igepal CO-520 and 18.4 mL
of cyclohexane were added to 1.6 mL of 0.05 M UCNs and
homogenized under ultrasonication. To the solution, were
added 160 μL of 30% NH4OH and 40 μL of TEOS (tetraethyl
orthosilicate) and shaken for 2 days. After 2 days, the resulting
silica-coated UCNs were purified using acetone and ethanol.
Subsequently, a second coating of mesoporous silica was done.
To the as-synthesized silica-coated UCNs were added 2.6 mL of
30% NH4OH, 13 mL of ethanol, 260 μL of TEOS, and 104 μL of
C18 TMS (octadecyltrimethoxysilane 90%) and shaken for 6 h.
The resulting homogeneous white solution was dried in hot-air
oven at 60 �C overnight and then subsequently calcinated at
500 �C in a furnace for 6 h. The dried powder was then milled
and subsequently dissolved in deionized water. Due to the
multiple coating steps and possible UCN losses in these steps, it
is often difficult to express the molarity of the UCNs obtained;
instead, the concentration in μg/mL (weight/volume) is often
used.47,48

Characterization of UCNs. TEM images were recorded on a JEOL
2010F transmission electron microscope (JEOL Ltd., Tokyo,
Japan) operating at an acceleration voltage of 200 kV. Fluores-
cence spectra of UCNs were recorded on a Hitachi F-500
fluorescence spectrophotometer (Hitachi High-Technologies
Corporation, Tokyo, Japan) equipped with an NIR continuous
wave laser with emission at 980 nm (Photonitech (Asia) Pte. Ltd.,
Singapore).

Cell Culture. B16F0 cells were grown in DMEM culture medi-
um supplemented with 10% FBS, 100 units/mL of penicillin, and
100 μg/mL of streptomycin and maintained in a humidified, 5%
carbon dioxide (CO2) atmosphere at 37 �C.

Cell Viability Assay. B16F0 cells were treated with different
conditions and then incubated for 24 h before being assayed for
cell viability using anMTS assay as permanufacturer's instructions.

Co-loading onto and Release of TPPS2a and Photomorpholino from
UCNs. To 1 mL of 1 mg/mL UCNs was added 25 nmol each of
sense photomorpholino and antisense morpholino against
STAT3 (Gene Tools, LLC), and the mixture shaken at 1000 rpm
for 2 h protected from light. Then, 24 μL of TPPS2a (PCI Biotech,
Norway) was added and shaken for another hour. The solution
was then centrifuged at 8000 rpm for 10 min to separate the
loaded UCNs. The supernatant was removed and the absor-
bance of photomorpholinos and TPPS2a measured. Comparing
the amount of the two in the supernatant to the initial con-
centration added, we were able to calculate the amount of
TPPS2a and photomorpholino loaded/mg of these core�shell
UCNs. After loading, the UCNswere vacuum-dried and stored at
4 �C and resuspended immediately prior to use.

For release studies, the UCNs co-loaded with TPPS2a and
photomorpholino were resuspended in DI water. After 2 h,
these UCNswere spun down, the supernatant collected, and the
amount of photomorpholino and TPPS2a measured in the
supernatant. This was done at 2, 4, 6, 24, and 48 h. Using the
data obtained and comparing it to the amount of the two
molecules loaded initially, we plotted a cumulative release
graph to indicate the release profile of the two molecules. This
experiment was repeated twice for independent validation.

Photolysis of Photomorpholino through UCN UV Emission. To ascer-
tain whether the UV emission from mesoporous silica-coated
core�shell UCNs was sufficient to cause photolysis of the sense
photomorpholino, two samples of these photomorpholinos
were prepared, with one containing 0.5 mg/mL UCNs and one
without. The concentration of photomorpholinos in the two
samples was the same. These samples were then irradiated with
NIR for 8 min, and then the absorbance was measured at 260 nm
(absorptionmaximum for nucleic acids). Photolysis would typically
cause an increase in the number of nucleic acid fragments and
subsequently an increase in the absorbance at 260 nm.

ROS Detection in Solution. Two milliliters of 1 mg/mL TPPS2a-
loaded UCN solution was taken in a cuvette. For control, two
other cuvettes contained water and unloaded UCN solution. To
each of the three cuvettes was added 2 μL of APF. Then, 100 μL
of sample was taken from each of the cuvettes and spun down
at 12 000 rpm for 5 min. Fifty microliters of supernatant was
taken from each and put in a dark (opaque) 96-well plate
(protected from light). The fluorescence of the samples was
recorded (490/515 ex/em). The three cuvettes were then irra-
diated at different time points, and after each time point, 100 μL
of sample was taken from each of the cuvettes and processed as
mentioned above. The fluorescence readings were then plotted
against time to indicate amount of ROS produced by TPPS2a
with increasing duration of NIR exposure.

Using Image-iT Green Live ROS Detection Kit. B16F0 cells were
incubated with 0.5 mg/mL of UCNs loaded with TPPS2a over-
night. The excess nanoparticles were then washed off the cells,
and the cells were irradiated using a 980 nm NIR laser. The ROS
generated in the cells was detected using an Image-iT LIVE ROS
kit as per manufacturer's instruction. The cells were also
counterstained with DAPI and imaged using a confocal laser
scanning microscope (Nikon C1 Confocal, Nikon, Tokyo, Japan)
specially fitted with a CW 980 nm laser excitation source (Opto-
Link Corp., Hong Kong). All images were taken using the same
gain and pixel dwell (30 μs).

Cellular Uptake of UCNs. B16F0 cells were incubated with
mesoporous silica-coated core�shell UCNs either loaded with
TPPS2a orwithout. One set of the above-mentioned samplewas
incubated at 4 �C and another at 37 �C. After 8 h of incubation,
all the samples were irradiated with a 980 nm CWNIR laser for 8
min. The samples were then incubated overnight at the respec-
tive temperatures. The cells werewashed three times to remove
the UCNs present in the supernatant and the surface of the cells.
The cells were then trypsinized, and the fluorescence emission
of the UCNs was recorded using a Hitachi F-500 fluorescence
spectrophotometer (Hitachi High-Technologies Corporation,
Tokyo, Japan) equipped with an NIR continuous wave laser with
emission at 980 nm (Photonitech (Asia) Pte. Ltd., Singapore).

Redistribution of UCNs Following PCI. B16F0 cells were plated on
a 24-well plate. After overnight incubation, TPPS2a-loaded
UCNs were added to the test and control wells. After 8 h of
incubation, the medium was removed and the cells were
incubated with 0.1 mg/mL concanavalin A-Alexa Fluor 488 in
culture medium and 0.01 mg/mL DAPI for 30 min at 37 �C. They
were then washed three times with PBS and replenished with
fresh culture medium. The cells were then imaged using a
confocal microscope (Nikon C1 Confocal, Nikon, Tokyo, Japan)
(UCNs, the cell stained with concanavalin A and nuclei stained
with DAPI). Concanavalin emission was pseudocolored to red to
distinguish from the green emission of UCNs. Merging of the
two images showed localization of UCNs in the cells. Another
set of wells was irradiated with a CW 980 nm NIR laser for 8 min
and was imaged similarly after 10 min.

ELISA for STAT3 Knockdown. B16F0 cells (in which STAT3 is
aberrantly activated) were incubated with UCNs loaded with
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double-stranded (sense and antisense) anti-STAT3 photo-
morpholino in two columns (3 wells/column) of a 96-well plate
and UCNs co-loaded with photomorpholino and TPPS2a in two
other columns. The concentration of UCNs/well was 500 μg/mL.
For control, cells were plated without the nanoparticles. After
6�8 h of incubation, the cells in two columns (one with UCNs
loaded with photomorpholino alone and one with co-loaded
UCNs) were irradiated for 8 min with 980 nm (NIR) radiation,
respectively. After this, the plate was incubated for another 72 h
and then ELISA was performed according to the manufacturer's
instructions.

In Vivo Studies. This study conforms to the Guide for the Care
andUseof LaboratoryAnimals publishedby theNational Institutes
of Health, USA, and protocol approved by the Institutional Animal
Care and Use Committee (IACUC), National University of
Singapore. All experiments used C57BL/6 mice of 4�6 weeks
old, and anesthesia was done by intraperitoneal injection of
ketamine (75 mg/kg body weight) and medetomidine (1 mg/kg
body weight).

In Vivo Gene Therapy Using UCNs. Tumorswere first developed in
C57BL/6mice by subcutaneously implanting 3� 106 B16F0 cells
suspended in 100 μL of serum-free DMEM in the lower flanks of
themice. Six days after inoculation of tumor cells, themicewere
randomly divided into different groups. Each group was then
injected with 100 μL of the following intratumorally. Group 1,
saline; group 2, UCNs loaded with anti-STAT3 photomorpholinos;
group 3, UCNs co-loaded with TPPS2a and anti-STAT3 photo-
morpholinos. Laser treatment was performed on groups 2 and 3,
6 h after injectionby irradiating the tumor regionwith aCW980nm
laser (EINST Technology Pte Ltd., Singapore) at a laser power
density of 300 mW/cm2 and exposure time of 40 min. A second
dose of the above PDT treatment was repeated 3 days following
the first. Tumor size and bodyweightwasmeasured three times a
week. The tumor volume, V, was calculated using the formula V =
(L � W2)/2, as reported previously,49,50 where L is the longest
dimension of the tumor andW is the perpendicular width to L.

Evaluating the Expression of STAT3 in Tumors. At the end of study,
three mice were chosen randomly from each group and
euthanized. The tumors (50 mg each) were then homogenized,
and the homogenate was centrifuged at 12 000 rpm for 20 min.
The supernatant was taken and used for further analysis.
Expression of STAT3 was measured using ELISA.

UCN Imaging in Tumors. The tumors were harvested and snap
frozen using liquid nitrogen. They were cryosectioned at 10 μm
thickness onto slides and fixed using paraformaldehyde. The
sections were then counterstained with DAPI, and the fluores-
cence of DAPI and UCNS was imaged using a fluorescence
confocal microscope (Nikon C1 Confocal, Nikon, Tokyo, Japan).

Hemolytic Activity Test. rRBCs were washed with PBS three
times and subjected to 25� volumetric dilutions in PBS to
achieve 4% blood content (by volume). Different concentra-
tions of mesoporous silica-coated UCNs were diluted in saline.
Equal volume of blood and the UCN solution was mixed
together, and the mixture was incubated at 37 �C for 1 h to
allow for the interactions between rRBC and UCNs. After
incubation, the mixture was centrifuged at 4000 rpm for
5min, and the supernatant was transferred into a 96-well micro-
plate. The hemoglobin release was measured spectrophoto-
metrically by measuring the absorbance of the samples at
576 nm using a microplate reader. Two control groups were
provided for this assay: untreated rRBC suspension (as negative
control) and rRBC suspension treated with 0.1% Triton-X (as
positive control). Each assay was performed in triplicate.

Statistical Analysis. The normality of the populations was
initially tested. The mean values of the different treatment
groups were then statistically compared to that of the control
group using ANOVA for normally distributed populations and
Kruskal�Wallis ANOVA for populations that were not normally
distributed using OriginPro 8.1; p < 0.05 was considered statis-
tically significant.
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