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The most notable role of small interfering RNA (siRNA) is in RNA interference (RNAi) and posttranscriptional gene silencing, which leads to a surge of interest in RNAi for both biomedical research
and therapeutic applications. However, “naked” siRNA cannot cross cellular membranes freely because
of highly negative charges which limits its utility for gene therapy. In this work, a system of nearinfrared (NIR) light-induced siRNA release from silica coated upconversion nanoparticles (Si-UCNPs) is
presented. These Si-UCNPs were functionalized with cationic photocaged linkers through covalent
bonding, which could eﬀectively adsorb anionic siRNA through electrostatic attractions and were easily
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internalized by living cells. Upon NIR light irradiation, the photocaged linker on the Si-UCNPs surface
could be cleaved by the upconverted UV light and thus initiated the intracellular release of the siRNA.
The in vitro agarose gel electrophoresis and intracellular imaging results indicated that the Si-UCNPsbased gene carrier system allowed eﬀective siRNA delivery and the applications of NIR light instead of
direct high energy UV irradiation may greatly guarantee less cell damage.

Introduction

Small interfering RNA (siRNA) has emerged as a gene-based
therapy due to their highly desirable roles in RNA interference
and gene silencing eﬀects in biomedical research. One of the
key requirements for an eﬀective siRNA therapy is that suﬃcient
siRNA need to be introduced into cells or organs.1–4 However,
because of the highly negatively charged nature of “naked”
siRNA, it cannot spontaneously diﬀuse across cellular
membranes, which becomes the most restrictive factor in
siRNA-based therapy.5,6 Currently, many types of siRNA-carrier
complexes have been developed for the purpose of eﬀective
siRNA delivery and targeted gene knockdown.7–10 Moreover, a
number of nanomaterial conjugates such as gold nanoparticles,
mesoporous silica nanoparticles and polymeric nanoparticles
with positively charged functional groups to allow surface
modication, have also been explored as delivery vehicles for
transporting siRNA into living cells.11–17 Despite the promising
progress with respect to their eﬃcient siRNA delivery and
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specic gene silencing in living cells, remote control the release
of siRNA or unpacking siRNA inside target cells in a highly
spatial and temporal precision remains a critical challenge and
systematic studies still need to be fully exploited.
So far, several intracellular controlled release strategies on
the basis of light irradiation, low pH, enzymatic hydrolysis,
redox reaction, etc., have been extensively established to direct
the targeted delivery of bioactive moieties including therapeutic
oligonucleotides into the living cells.18–24 Among various strategies, the photolysis or the use of a beam of light represents a
unique approach to achieve time- and site-specic control of
eﬀective release of payload molecules from the carrier systems,
which have been currently recognized as new directions for
their promising biomedical practices in gene, drug or other
related biomolecules delivery in vitro and in vivo.25–28 However,
one potential problem which exists in most current photolysis
delivery systems is that the activation of bioactive molecules
must rely on the short wavelength UV irradiation. The
unavoidable cellular damage and reduced tissue penetration
would largely impede their further applications in vivo. Therefore, the search for appealing alternatives toward eﬀective
photorelease while maintaining minimum side eﬀects in living
cells is highly required. Recently, core–shell lanthanide-doped
upconversion nanoparticles (UCNPs) have attracted much
attention in the elds of biological imaging and targeted
delivery mostly attributed to their novel optical properties.29–38
In general, UCNPs can absorb long wavelength NIR light and
give out narrow and sharp emissions ranging from UV to visible
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or even NIR region. Such unique upconversion observed in
UCNPs provides major advantages to suppress autouorescence
and to minimize photo damage to living cells, which enabled
UCNPs to work as promising NIR-responsive delivery cargos for
biological studies. Indeed, there are a few reports exploiting the
converted UV or visible light from UCNPs to activate photocaged
therapeutic agents or imaging probes in vitro and in vivo.39–42
Although, very recently, NIR-induced UCNPs delivery system
has also been reported to successfully photorelease caged
nucleic acids in cells and living animals.43 The chemical
modication of target nucleic acids with photocaged groups has
to be involved in order to functionalize the delivered nucleic
acids and enhance their physical adsorption onto nanoparticles
surface. Extensive studies to develop simple and reliable NIR
photoactivatable nanoparticle platforms with higher payload of
more diverse and intact DNA/siRNA moieties remain highly
desirable in the eld of gene therapy and have been minimally
investigated so far.
Herein, we present a simple and eﬀective NIR light reactive
nanoparticle carrier system to exert target siRNA delivery in host
living cells on the basis of silica coated UCNPs. In our system,
lanthanide ytterbium (Yb3+) and thulium (Tm3+) co-doped
sodium yttrium uoride (NaYF4) nanocrystals were chosen as
templates, which were coated with silica layer for the purpose of
increasing biocompatibility and facilitating the subsequent
chemical modication.44–46 The as-synthesized Si-UCNPs were
then functionalized by cationic photocaged linkers through
covalent bonding, which would greatly promote the physical
adsorption of target DNA or siRNA on the particles surface and
thus facilitated the cell membrane penetration for eﬀective
delivery in living cells. Scheme 1A illustrates the experimental
design of the silica coated UCNPs carrier for the target siRNA
delivery by using photoactive o-nitrobenzyl ester functionalized
thiol-linker with a positively charged alkyl amine at the end of
the structure. The constructed Si–UCNPs conjugate will associate with siRNA through electrostatic interactions between the
phosphate ions in siRNA and the cationic ammonium on the

Scheme 1 Schematic illustration of (A) the synthesis processes of cationic
photocaged Si-UCNPs; (B) siRNA adsorption on the particles surface and then
photo-release by upconverted UV light from UCNPs.
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surface of Si-UCNPs. Upon 980 nm laser irradiation, the
upconverted UV light emitted from UCNPs will cleave the
photosensitive o-nitrobenzyl linker and split the positively
charged amino group from nanoparticles surface, and will
therefore result in the eﬃcient release of siRNA to silence target
gene expression in living cells (Scheme 1B). The in vitro agarose
gel electrophoresis and intracellular imaging experiments
indicated that the constructed NIR light-induced siRNA carrier
system could eﬃciently eliminate the membrane barrier and
provided a simpler and more eﬀective approach for targeted
gene delivery with less photo damage in living cells.

2

Experimental

2.1 Preparation of Si-UCNPs and NIR-responsive
photoactived Si-UCNPs
PREPARATION OF SI-UCNPS. The monodispersed core–shell
UCNPs composed of NaYF4 nanocrystals doped with Yb3+ and
Tm3+ were synthesized according to the reported protocols.41,42,47 Then the silica coated UCNPs were prepared by
following the literature procedure.48,49 Briey, UCNPs (5 mg)
were rstly dissolved in cyclohexane (20 mL). Triton X-100
(5 mL), 1-hexanol (5 mL) and Milli-Q water (850 mL) were added
to the solution subsequently. Then TEOS (tetraethyl orthosilicate, 8 mL) and (3-aminopropyl)triethoxysilane (APTES, 2 mL)
were added into the mixture for 6 hours and followed by further
addition of NH4OH (200 mL). Aer stirring for 12 hours, the nal
product was collected by centrifugation and washed thoroughly
with ethanol. Both of the prepared UCNPs and silica coated
UCNPs were characterized by dynamic light scattering (DLS)
and transmission electron microscopy (TEM), respectively. The
luminescence emission spectrum (lex ¼ 980 nm) of the UCNPs
(0.05 mg mL1, assuming the yield of the coating step was
100%) were recorded on a DM150i monochromator equipped
with a R928 photon counting photomultiplier tube (PMT), in
conjunction with a 980 nm diode laser.
PREPARATION OF NIR-RESPONSIVE PHOTOACTIVED SI-UCNPS.
The as-prepared Si-UCNPs (5 mg) were dissolved in dimethyl
formamide (DMF, 100 mL) and then the solution of 100 mL of
Mal-dPEG2-NHS ester in DMF (20 mM, from Quanta Biodesign) and triethylamine (TEA, 2 mL) were added. The reaction
mixture was stirred under dark conditions for 20 hours. Finally,
the Mal-PEG functionalized nanoparticles were collected and
washed by DMF three times.
To the suspension of Mal-PEG-modied nanoparticles
(5 mg) in DMF (100 mL), o-nitrobenzyl photocaged linker (5 mM,
300 mL in DMF) and TEA (2 mL) were added. The reaction
continued for 24 hours under dark conditions at room
temperature. Aer collecting the photoactived Si-UCNPs by
centrifugation, the product was washed by DMF/EtOH (v : v ¼
1 : 5) three times, followed by washing with the phosphate
buﬀered saline (PBS, 0.1 M, pH ¼ 7.2) three times to remove the
organic solvent. The obtained product was resuspended in PBS
and stored at 20  C for further use. The loading eﬃciency for
the photoactive linker was estimated by measuring the absorbance of photocaged group at 321 nm in DMSO. A calibration
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curve determined with diﬀerent concentrations of photocaged
linker (in DMSO) was used to calculate the value.
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2.2 Loading of siRNA onto the surface of silica coated
UCNPs
The loading of siRNA to the Si-UCNPs was conducted according
to the method reported previously.11,21 The Alexa-siRNA was
used to mix with cationic photocaged Si-UCNPs in PBS solution
with diﬀerent ratios (siRNA : photocaged linker ¼ 1 : 5, 1 : 10
and 1 : 15). The nal concentrations of siRNA were maintained
at 1 mM. Aer 20 minutes incubation, the mixture was centrifuged and the pellet was gently washed with PBS two times to
remove free Alexa-siRNA. The Alexa-siRNA adsorbed Si-UCNPs
complex was resuspended in PBS and the uploading of siRNA
onto nanoparticles surface was evaluated by agarose gel electrophoresis experiment (ESI†).
2.3 In vitro photoactivation of Si-UCNPs–Alexa-siRNA by 980
nm light irradiation
A solution (10 mL, 10 mM of siRNA in PBS) of Si-UCNPs–AlexasiRNA (15 : 1) sample was transferred to a 1.5 mL Eppendorf
tube for 980 nm light exposure. Aer 2 hours irradiation, the
sample was diluted to 1 mM for UV-vis absorption measurement.
The solution of Si-UCNPs–Alexa-siRNA (15 : 1) (100 mL, 1 mM of
siRNA) was irradiated by UV light for 5 minutes which was used
as control experiment.
2.4

Cell imaging and gene silencing experiments

CELL IMAGING FOR THE PHOTOLYSIS OF SI-UCNPSALEXA-SIRNA.
HeLa cells were purchased from ATCC (ATCC no.: CCL-2) and
maintained in Dulbecco’s Modied Eagle Medium (DMEM)
containing 10% FBS. All cultures were incubated at 37  C in
atmosphere environment with 5% CO2.
HeLa cells were seeded in a 35 mm diameter m-dish plasticbottom (ibidi GmbH, Germany) and cultured for 24 hours in
DMEM medium without FBS. Aer washing with DMEM
medium three times, 0.1 mM of freshly prepared Si-UCNPs–
Alexa-siRNA complex in 1 mL of DMEM medium was added to
the cells and incubated at 37  C. Aer 1 hour incubation, cells
were washed twice with DMEM medium and illuminated with
a 980 nm laser (with a 5 min break aer each 30 min exposure, 2 hours irradiation). Aer removal of culture medium
and followed by washing with Hank’s Buﬀered Salt Solution
(HBSS buﬀer) two times, the cellular imaging measurements
were conducted by using uorescence microscopy (Nikon,
Eclipse TE2000-E). In the process of photo-controlled siRNA
delivery, the standard Alexa-siRNA releasing experiment
transferred by lipofectamine 2000 (Lipo2k, from Invitrogen)
was used as a positive control. Similarly, HeLa cells incubated
with Si-UCNPs–Alexa-siRNA complex but without light irradiation were also conducted, which was applied as a negative
control.
Moreover, cellular imaging experiments with prolonged
incubation times were also carried out for further study of the
eﬃciency of NIR light-induced siRNA delivery. Basically, HeLa
cells were incubated with Si-UCNPs–Alexa-siRNA complex for 1
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hour and followed by 2 hours 980 nm light irradiation. Aer
washing with HBSS buﬀer two times, the cell samples were used
for uorescence microscopy imaging studies. As a control,
imaging measurements were also performed by using HeLa
cells incubated with Si-UCNPs–Alexa-siRNA complex for 3 hours
but without any light irradiation.
GENE EXPRESSION AND SILENCING EXPERIMENTS. In order to
evaluate if both gene expression and gene silencing would be
eﬀectively regulated by the developed NIR-responsive UCNPs
platform, the photo-controlled siRNA release in the target cell
lines with standard gene transfection was performed. In this
typical experiment, plasmid encoding with EGFP gene was
chosen for the imaging study. The transfection process was
carried out according to the standard protocol provided from
Invitrogen. Basically, HeLa cells were seeded in 35 mm diameter
m-dish plastic bottom for 20 hours to give about 70–80% cell
conuency, culture medium was replaced with Opti-MEM
medium (1 mL). 0.6 ng EGFP DNA plasmid was gently mixed
with 100 L Opti-MEM for 5 minutes. Meanwhile, 4 mL Lipo2k
was gently diluted in 100 mL Opti-MEM medium for another
5 minutes. The two solutions were mixed together for 20
minutes at room temperature, then the mixed solution was
added into cells and followed by incubation for 5 hours. The
medium was changed to DMEM with 10% FBS. Cell images were
taken aer 24 hours incubation.
Aer transferring EGFP plasmid into HeLa cells, Si-UCNPs–
EGFP siRNA (Si-UCNPs–siRNA) complex (15 : 1, concentration
of EGFP siRNA 40 pmol) in Opti-MEM was added subsequently.
Then NIR irradiation was taken for 2 hours to release the siRNA.
Aer replacing the medium with DMEM containing 10% FBS
and followed by incubation for 24 hours, uorescent imaging
experiments were performed to evaluate the process of gene
silencing.
As a contrast, EGFP siRNA transferred by Lipo2k was used as
a positive control. Briey, 40 pmol siRNA and 2 mL Lipo2k were
diluted in 100 mL Opti-MEM respectively. Aer 5 minutes
incubation, the two Opti-MEM solutions were mixed for another
20 minutes. Finally, the mixed Opti-MEM solutions were added
into the EGFP plasmid transferred cell dish. Medium was
changed aer 5 hours incubation and cells were incubated for
another 24 hours for further imaging measurements.

3

Results and discussion

3.1

Preparation of Si-UCNPs and photoactived Si-UCNP

In a typical experiment, the Yb3+/Tm3+ co-doped UCNPs were
prepared by according to the protocol from the literature.41,42,47
The obtained nanocrystals were suspended in cyclohexane
and further encapsulated in a silica shell with amine groups
on the surface by using a water-in-oil microemulsion
method.42,48,49 Both of the UCNPs and Si-UCNPs were characterized by TEM and DLS. As shown in Fig. 1A–D, the average
size of UCNPs and Si-UCNPs were approximately about 65 nm
and 74 nm respectively, which are suitable for eﬀective
cellular uptake.50,51 The silica layer coating is for the purpose
of increasing the biocompatibility of UCNPs. Moreover, this
silica shell can also facilitate easy surface functionalization for
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Fig. 1 Characterization of UCNPs and Si-UCNPs: (A) TEM image and (B) DLS of UCNPs; (C) TEM image and (D) DLS of Si-UCNPs; luminescence emission spectrum of
UCNPs; (E) and Si-UCNPs (F).

further biomedical studies. In contrast, the luminescence
spectra shown in Fig. 1E and F indicated that all the postmodications of the UCNPs would not aﬀect their optical
properties. In other words, the modied UCNPs exhibited the
same optical properties as the “naked” UCNPs, including UV,
visible and NIR light emission.
In order to achieve high thiol-photolinker loading eﬃciency,
the Si-UCNPs were rstly modied with maleimide-terminated
oligo(ethylene glycol) linker. It is well-known that addition of
PEG linker will improve the dispersion stability of nanoparticles
in aqueous solutions. The simple and specic thiol–maleimide
conjugation between the cationic photocaged linker and PEG
modied Si-UCNPs led to the formation of NIR-responsive
nanoparticle delivery cargos. The loading eﬃciency of the
photocaged linker on the surface of silica-UCNPs was determined by the UV-vis absorbance spectrum (Fig. 2) and the
loading amount was estimated to be about 8000 molecules per
nanoparticle.38 These photoactive linker functionalized SiUCNPs were suitable for loading of siRNA because of the positive charge of the cationic linker.

Fig. 2 UV-vis spectra of Si-UCNPs, photocaged linker and photocaged linker
conjugated Si-UCNPs.
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3.2 Loading and unloading of siRNA triggered by NIR light
in vitro
We next studied the loading and light-induced release of
siRNA from the photocaged UCNPs platform. As a proof-ofconcept, the Alexa Fluor@546 labeled siRNA (Alexa-siRNA) was
loaded on the nanoparticles by mixing the particles with the
siRNA (ratio : cationic linker/siRNA ¼ 5 : 1, 10 : 1, 15 : 1) in
PBS for 20 minutes at room temperature. As shown in Fig. 3A,
the uorescence intensity in gel electrophoresis indicated that
about 60% siRNA was adsorbed on the particles surface in the
case of 5 : 1 mixing ratio. When the ratio increased to 15 : 1,
nearly all of the siRNA was found to be adsorbed onto the
cationic photocaged UCNPs. Whereas the particles without
cationic photocaged linker did not adsorb siRNA so tightly
which could easily move in the gel running process (data not
shown). Moreover, we have also monitored the loading
procedure by measuring the uorescence spectrum. The
uorescence intensity was decreased during the loading
process (Fig. 3B), most likely due to the intermolecular
interactions between dye molecules when they were densely
packed on the nanoparticles surface.52,53 The loading capacity
of Alexa-siRNA was characterized by measuring UV-vis
absorption spectrum (Fig. S1†) and running agarose gel electrophoresis (Fig. 3A). The results showed that about 0.7 wt%
Alexa-siRNA in total was adhered on the surface of the
platform.
Aer the adsorption of the siRNA on the particle surface,
NIR light-induced siRNA release from photocaged UCNPs was
investigated. The solution of photoactived Si-UCNPs–AlexasiRNA complex was exposed to light and the photo-cleaved
process was monitored by UV-vis spectroscopy. As a proof-ofconcept, UV light was rstly used to conrm the uncaging
properties of the developed system. As shown in Fig. 3C, upon
irradiation with UV light for 5 min, the peak (dark cyan line)
of photocaged functional groups at 321 nm was signicantly
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Fig. 3 In vitro characterization of Si-UCNPs–Alexa-siRNA complex. (A) Agarose
gel electrophoresis analysis of Alexa-siRNA (1 mM) loading with cationic Si-UCNPs
with diﬀerent ratios: 1 : 5, 1 : 10 and 1 : 15 (siRNA: photocaged linker). For each
gel image, from left to right, lane 1: Alexa-siRNA solution; lane 2: Si-UCNPs–AlexasiRNA complex; lane 3: supernatant after removal of the complex; lane 4: washing
solution of the complex. (B) Time course of ﬂuorescence spectra of Alexa-siRNA
loading: (a–g: 0, 1 min, 2 min, 5 min, 10 min, 15 min, 20 min). (C) Absorbance
spectra of Alexa-siRNA (black), photocaged Si-UCNPs (red), Alexa-siRNA loaded
on photocaged Si-UCNPs (blue), the Si-UCNPs–siRNA complex irradiated with UV
(dark cyan) 5 minutes and the Si-UCNPs–Alexa-siRNA complex irradiated with NIR
light (magenta) 2 hours.

decreased, indicating the eﬀective uncaging of photocaged
linker caused by UV irradiation which subsequently resulted
in the release of siRNA. With this information in hand, the SiUCNPs–Alexa-siRNA complex was exposed with NIR light.
Under this light irradiation, the cationic part of photocaged
linker was cleaved and a similar phenomenon was observed
(magenta line), in which the absorption at 321 nm also
dropped (Fig. 3C). The decreased absorption at 321 nm indicated that the breakage of the ester bond and the positively
charged alkyl amine part was released from the platform. Due
to the change of charged properties on the surface of nanoparticles, the siRNA can easily escape from nanoparticles.
These results demonstrated the fact that the photoactived SiUCNPs–Alexa-siRNA complex can be uncaged and the adsorbed siRNA can be easily released from the platform by NIR
light irradiation.
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Light-induced siRNA release in living cells

Encouraged by the promising results of eﬀective siRNA release
with NIR light irradiation in vitro, we further examined the
potential transfection of Si-UCNPs–Alexa-siRNA complex in
living cells. HeLa cell lines were utilized for a living cell experimental study. In this study, the Si-UCNPs–Alexa-siRNA conjugate (siRNA concentration, 25 nM) was incubated with cells for
1 hour followed by another 2 hours of NIR light irradiation. As
we mentioned above, the uorescence intensity was quenched
by about 75% when Alexa-siRNA was loaded on the particles
surface. Aer incubation with cells, weak red uorescence
signals were detected from the cells, which reected the fact
that the complex was eﬃciently uptaken by living cells. As
shown in Fig. S2C,† the red uorescence intensity signicantly
increased aer NIR light irradiation. Due to the converted UV
light emitted from UCNPs aer 980 nm laser exposure, the
o-nitrobenzyl groups were cleaved which induced the AlexasiRNA release from the nanoparticles platform, whereas the
cells treated with the Lipo2k/siRNA only showed very weak
uorescence signals under the same concentration of AlexasiRNA, which further conrmed the eﬀective siRNA delivery
from the setup system (Fig. S2E†).
In order to further study the eﬃciency of siRNA delivery from
photocaged UCNPs through NIR light irradiation, another two
comparative cell experiments were also conducted accordingly.
Typically, in the rst experiment, the cells were incubated with
silica-UCNPs–Alexa-siRNA complex for 3 hours but no light
illumination, while the sample in the second experiment was
incubated for 1 hour followed by 2 hours NIR light irradiation.
The uorescence microscopy images of two samples were
shown in Fig. 4A and B, from which we can see that both of the
cell samples showed red uorescence signals. However, the
cells which have been irradiated with 980 nm light exhibited
much stronger uorescence intensity than the one without light
exposure (Fig. 4C).54,55 These images also further conrmed the
eﬃciency of NIR light induced siRNA delivery in living cells.
For further evaluation of the potential toxicity from NIR light
irradiation, the cytotoxicity experiments were performed by
standard MTT assay.22,56 Meanwhile, the Lipo2k/siRNA was also
chosen as control and viability percentage of the cells without
any treatment was set as 100%. From Fig. 4D, we can see that the
UCNPs–Alexa-siRNA complex without NIR light irradiation
showed no signicant cytotoxicity when incubated with HeLa
cells. Although the potential long term toxicity of UCNPs could
not be excluded completely,57 the general cellular incubation
results indicated that the developed siRNA delivery platform will
not signicantly aﬀect the living cells viability and could be used
for further biological studies safely. Similarly, the UCNPs–AlexasiRNA complex also showed very weak cell cytotoxicity upon NIR
light irradiation, which can be attributed to the light-induced
thermal eﬀect. However, this NIR light generated cytotoxicity was
much less weak than that caused by UV light exposure (Fig. S3†).
3.4

Gene silencing test

The cellular imaging experiments have shown that siRNA
could be successfully delivered into cells by the photocaged
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Fig. 4 (A) Cell images of HeLa incubated with Si-UCNPs–Alexa-siRNA complex for 3 hours, and stained by DAPI. (B) Cell images of HeLa incubated with Si-UCNPs–
Alexa-siRNA complex for 1 hour followed by 2 hours NIR light irradiation, and stained by DAPI. The concentration of Alexa-siRNA was 25 nM. (C) Analysis of ﬂuorescence
colocalization of Alexa-siRNA ﬂuorescence in (A) and (B) with Image J software.54,55 (D) Cell viability of Si-UCNPs–Alexa-siRNA without or with NIR light irradiation. As
controls, cells without any treatment, cells incubated with siRNA and cells incubated with Lipo2k/siRNA were also performed.

Si-UCNPs nanocarriers. When evaluating the eﬀectiveness of
the gene delivery pipeline, one of the most important concerns
is if the delivered siRNA retains suﬃcient activity. The most
notable role of siRNA is in their interference with the RNA
pathway, where it interferes with the expression of some
specic genes. To this purpose, another experiment has been
conducted for the gene silencing measurements. In this typical
experiment, plasmid encoding with enhanced green uorescence protein (EGFP) gene was chosen for the imaging study.
The Si-UCNPs–EGFP siRNA (Si-UCNPs–siRNA) complex was
prepared by using the same method which was mentioned
previously in section 2.4. Four parallel groups of HeLa cells
samples were chosen to be transferred with the Lipo2k/EGFP
plasmids in order to express the GFP. In parallel to this GFP
expression, the second group sample was also treated with
Lipo2k/siRNA as a control by using the standard gene silencing
method (protocol supplied by Invitrogen, Fig. 5C and D). While
the 3rd and 4th group of cell samples were treated with SiUCNPs–siRNA complex, but only the last cells samples (4th
group) were further exposed with NIR light aer 2 hours
incubation (Fig. 5G). The gene knockdown was checked aer
24 hours incubation by taking the confocal microscopy images.
As expected, the strong green uorescence observed in Fig. 5A
and no uorescence signal observed in Fig. 5C clearly indicated that GFP could be eﬀectively expressed by using standard
cargo on the basis of Lipo2k, and meanwhile, siRNA transferred by Lipo2k could also signicantly knockdown EGFP
gene expression. With this information, then we discussed the
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phenomenon indicated in the rest of uorescence images. As
shown in Fig. 5E, very strong green uorescence intensity was
detected from cells which has been treated with Si-UCNPs–
siRNA but there was no 980 nm laser irradiation. However, the
cells treated with Si-UCNPs–siRNA and followed by 2 hours
NIR light irradiation displayed very weak uorescence signals
(Fig. 5G). These results suggested that photocaged Si-UCNPs
could eﬀectively deliver siRNA into target cells, and NIR laser
illumination could cleave photocaged functional groups and
greatly activate the release of siRNA for the subsequent gene
silencing in host cells. In addition, in order to conrm the
details of the expected gene silencing results, all of the cell
samples were harvested and related cell lysates were prepared
for the further uorescent analysis. To our delight, the trend of
observed uorescent intensity was consistent with the results
shown in cell images (Fig. 5I). Similarly, during the course of
gene silence, the cytotoxicity of applied photoactive Si-UCNPs–
siRNA conjugates was also investigated by MTT assay. As
shown in Fig. 5J, the cell viability observed in the samples with
NIR light irradiation was quite similar with those treated with
siRNA/Lipo2k. All of these results unequivocally suggested that
the developed photocaged Si–UCNPs conjugate could work as a
safe and reliable nanoplatform for the NIR-light controllable
gene and siRNA delivery. Apart from the eﬀective siRNA
delivery to silence EGFP gene expression, such simple nanoparticle delivery platform would be easily extended to transport
other therapeutic oligonucleotides without chemical modication of target nucleic acids structures.
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Fig. 5 (A) Fluorescence and (B) overlapped bright ﬁeld cell image of HeLa cells treated with EGFP plasmid; cells were treated with Lipo2k/siRNA after transferred with
EGFP plasmids: (C) ﬂuorescence and (D) overlapped bright ﬁeld cell image; cells were treated with UCNPs–siRNA no light treatment after transferred with EGFP
plasmids: (E) ﬂuorescence and (F) overlapped bright ﬁeld cell image; cells were treated with UCNPs–siRNA with NIR light irradiation after transferred with EGFP
plasmids: (G) ﬂuorescence and (H) overlapped bright ﬁeld cell image. For (I), ﬂuorescence spectra of the cells with diﬀerent treatments; and (J), cell viability treated with
EGFP plasmids, EGFP plasmids + siRNA/Lipo2k, EGFP plasmids + UCNPs–siRNA, EGFP plasmids + UCNPs–siRNA + NIR light.

4

Conclusions

In summary, we have developed eﬀective strategies for targeted
siRNA delivery by using photocaged silica coated UCNPs as the
nanocarriers. The uploading of negatively charged siRNA to
photocaged silica coated UCNPs can be easily achieved through
the complementary electrostatic interactions caused by the
cationic linkers on particles surface. Aer cellular uptake and
followed by 980 nm light exposure, the functionalized Si-UCNPs
could emit UV light which eﬀectively triggered siRNA photorelease from UCNPs platform. Compared to the existing carrier
systems for UV-controlled siRNA delivery, the use of unique
NIR-to-UV property of UCNPs would result in negligible
phototoxicity and guarantee high tissue penetration by NIR
irradiation. Most importantly, the siRNA delivered here is
physically adsorbed on the UCNPs surface. The NIR irradiation
released siRNA inside cells retains good biological-activity in
the RNA interference pathway, which has been conrmed by
gene silencing tests. The multiple advantages of cationic functionalized UCNPs in gene delivery, cell imaging and potential
therapeutic applications, combined with recent breakthroughs,58–60 could make it serve as an outstanding template in
future biomedical research and therapeutic applications.
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