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RNA interference (RNAi) has become an appealing therapeutic approach for cancer and other diseases.
One key challenge is the effective protection of these small fragile biomolecules against complicated
physiological environments as well as efficient on-demand release. Here we design a photo-tearable
polymer tape close-wrapped nanocapsule for efficient NIR modulated siRNA delivery. The photo-
tearable nanocapsules comprise core-shell upconversion nanoparticles (UCNPs) coated with meso-
porous silica layer for loading of photosensitizer hypocrellin A (HA) and small interfering RNA (siRNA)
against polo-like kinase 1 (PLK1), and covalently bound thin membranes of polyethylene glycol (PEG) via
a synthesized photocleavable linker (PhL). Upon irradiation at 980 nm, the UCNPs produce UV emissions
to break PhL and tear out PEG membrane for siRNA release, and blue emissions to activate HA for
generating reactive oxygen species (ROS). The close PEG membrane wrapping not only guarantees the
efficient intracellular photocleavage, but also extends the circulation time and protects the loaded cargos
from leakage and degradation. The ROS assists endosomal escape of the loaded cargos, therefore
effectively improves the gene silencing efficiency and the suppressions of cell proliferation in vitro and
tumor growth in vivo. The proposed photo-tearable tape-wrapped nanocapsules have promising po-

tential application in precision medicine.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

RNA interference (RNAi), which utilizes exogenous small inter-
fering RNA (siRNA) to specifically inhibit target gene expression [1—
3], has become a tremendously appealing approach for innovative
therapy [4]. However, one of the challenges for the broad clinical
application of RNAi remains the efficient delivery of these small
fragile biomolecules in target cells. The delivery vehicles must
protect siRNA well from leakage and degradation in extracellular
biological fluid, and controllably release siRNA in the cytoplasm of
target cells [3,5]. Packing siRNA with nanoparticles, such as meso-
porous silica [6], gold nanoshells [7], and polymers [8,9], has
extended siRNA half-life in blood, enhanced tumor-specific cellular
uptake and improved the gene transfection efficiency [10,11].
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However, siRNA on the outer surface of nanoparticles is still
exposed to the complicated physiological environment, which
makes it amenable to RNase degradation [12,13]. Although meso-
porous silica nanoparticles have been used to entirely encapsulate
siRNA [14], it is difficult to turn the intracellular release of siRNA.
On-demand delivery and release using external stimuli are an
important way for precise therapy since external triggers allow for
better duration and dosage controls [15—17]. Light stands out
among different external stimuli due to its noninvasiveness, easy
generation and manipulation, and controllability with high
spatiotemporal precision [18-20]. Some photoactive molecules
containing o-nitrobenzyl moieties can be irreversibly cleaved under
irradiation [21], and have been extensively applied for precise drug
delivery [22] and optogenetic applications [23]. However, UV light
is generally required for most of the photoreactions, which leads to
phototoxicity [24] and quick attenuation in body tissues [25], and
imposes the restrictions on its in vivo applications. Thus near-
infrared (NIR) irradiation has attracted considerable attention in
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noninvasive therapy due to its significantly less damage to living
tissues, remarkably deeper light penetration, and low auto-
fluorescence background [26,27]. By combining the special natures
of lanthanide-doped upconversion nanoparticles (UCNPs), which
can adsorb two or more low energy photons to give out a higher
energy photon [28], NIR irradiation can be upconverted to UV and
visible radiations [29-32]. Accordingly, photoactivated molecules
modified DNA [33], drugs [34,35] or targeting probes [36] have
been incorporated with UCNPs to regulate intracellular gene
expression and achieve light-activated cancer therapy, and incor-
poration of UCNPs with photodegradable polymers has been wit-
nessed a rapid growth for drug delivery [37-39] and controllable
macromolecules release [40-42].

Generally, the UCNPs and photocleavage sites are randomly
distributed in the photodegradable polymers [37,39-41], which
leads to a long travel distance of the upconverted UV light to reach
all photocleavable cross-links, therefore lowers the utilization ef-
ficiency of light for intracellular application. To improve the pho-
tocleavage efficiency, here a photocleavable linker (PhL) was
synthesized to covalently link polyethylene glycol (PEG) polymer to
mesoporous silica coated UCNPs for design of a photo-tearable
polymer “tape” and controllable release of siRNA from UCNP
nanocapsules (Scheme 1a). The siRNA could be conveniently loaded
on the surface of PhL modified silica via electrostatic adsorption,
and the subsequent PEG encapsulation effectively extended the
circulation time [43] and protected the loaded cargos from leakage
and degradation. Upon irradiation at 980 nm, UCNPs produced two
emissions at 345 and 365 nm to cleave the PhL and thus tore off the
polymer tape to release siRNA intracellularly. However, this PEGy-
lated system lacked the ability of membrane disruption for endo-
somal escape of siRNA to perform its gene silencing function. Thus a
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Scheme 1. Schematic illustrations of (a) synthesis of UCNP nanocapsules, and (b)
folate receptor-mediated cellular uptake and NIR modulated intracellular siRNA de-
livery and therapy.

photosensitizer, hypocrellin A (HA), was loaded in the pores of
mesoporous silica, which was activated by the upconverted emis-
sions of UCNPs at 455 and 475 nm and generated reactive oxygen
species (ROS). The ROS not only disrupted the endosomal mem-
brane and liberated siRNA into cytoplasm (Scheme 1b) to boost the
gene therapy efficiency, but also destructed cellular organelles to
assist cell apoptosis. The designed photo-tearable tape-wrapped
UCNP nanocapsules provided a universal strategy for efficient NIR-
assisted gene therapy.

2. Materials and methods
2.1. Materials and apparatus

Anhydrous yttrium chloride (YCl3) (99.9%), anhydrous ytter-
bium chloride (YbCl3) (99.9%) and anhydrous thulium chloride
(TmCl3) (99.9%) were purchased from Sigma-Aldrich (USA). Sodium
hydroxide, ammonium fluoride, cyclohexene, oleic acid (OA), 1-
octadecene (ODE), (3-aminopropyl) triethoxysilane (APTES),
cetyltrimethylammonium bromide (CTAB), tetraethylorthosilicate
(TEOS), Cu(lI) sulfate, L-ascorbic acid, potassium carbonate (K,CO3),
N, N’-dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
propargyl bromide, ethyl acetate (EtOAc), sodium sulfate (NaySOy),
petroleum ether, tetrahydrofuran (THF), triethylamine (Et3N),
methanol (MeOH), sodium borohydride (NaBH4), 5-hydroxy-2-
nitro-benzaldehyde (HNB), N, N’-disuccinimidyl carbonate (DSC),
1,3-diphenylisobenzofuran (DPBF) and acetonitrile (MeCN) were
purchased from Aladin Ltd (Shanghai, China). 4-
Dimethylaminopyridine (DMAP) was purchased from Adamas Re-
agent, Ltd. (Shanghai, China). Hypocrellin A (HA) was purchased
from Biopurify (Chengdu, China). Four-armed polyethylene glycol
modified with azido (PEG) (MW 2000) and two-armed poly-
ethylene glycol modified with both azido and folate (PEG(FA)) or
FITC (PEGF) (MW 2000) were purchased from Toyongbio
(Shanghai, China). LysoTracker Red was purchased from Invitrogen
(Carlsbad, CA, USA). Annexin V-FITC apoptosis detection kit and
dihydroethidium were purchased from Keygen Biotech (Nanjing,
China). RNA extraction kit, PrimeScript RT reagent kit and SYBR
premix EX Taq kit were purchased from Takara (Dalian, China).
PLK1 ELISA kit was purchased from Jin Yibai Biological Technology
(Nanjing, China). PLK1 siRNA was purchased from GenePharma Ltd
(Shanghai, China). The siRNA sequences were as follows:

siRNA: 5'-UGAAGAAGAUCACCCUCCUUAdTAT-3',
siRNA-FAM: 5'-FAM-UGAAGAAGAUCACCCUCCUUAATAT-3',
siRNA-Cy5: 5'-Cy5-UGAAGAAGAUCACCCUCCUUAdTAT-3',
Antisense: 5'-UAAGGAGGGUGAUCUUCUUCA-3,
BHQ-antisense: 5'-UAAGGAGGGUGAUCUUCUUCA-BHQ-3".

Transmission electron microscopic (TEM) images were captured
on JEM-2100 transmission electron microscope (JEOL Ltd., Japan).
Dynamic light scattering (DLS) was conducted on ZetaPlus 90 Plus/
BI-MAS (Brook haven, USA). Zeta potential analysis was conducted
on Nano-Z Zetasizer (Malvern, UK). The UV—Vis absorption spectra
were performed with Nanodrop-2000C UV—Vis spectrophotom-
eter (Nanodrop, USA). Flow cytometric analysis was conducted on
Coulter FC-500 flow cytometer (Beckman-Coulter, USA). The fluo-
rescence spectra were acquired on F-7000 spectro-
fluorophotometer (HITACHI, Japan). The cell images were obtained
on TCS SP5 confocal laser scanning microscope (CLSM) (Leica,
Germany). Upconversion luminescence (UCL) spectra were
collected on ZolixScan ZLX-UPL spectrometer with an external
continuous-wave laser (980 nm) as the excitation source. MTT and
ELISA assays were conducted on Hitachi/Roche System Cobas 6000
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(Bio-Rad, USA). RT-qPCR was conducted on StepOne Real-Time PCR
System (Thermo Fisher Scientific, USA).

2.2. Synthesis of PhL

After 5-hydroxy-2-nitrobenzaldehyde (1.67 g, 10.0 mmol, 1.0
equiv.) was mixed with K,COs3 (2.76 g, 20.0 mmol, 2.0 equiv.) and
propargyl bromide (2.38¢g, 2.0 equiv.) in DMF (30 mL) to react
overnight under stirring at room temperature, the mixture was
diluted with water (100 mL) and extracted with EtOAc (3 x 50 mL).
The combined organic layer was then washed with brine (50 mL),
and dried over Na;SO4. After removing solvent under reduced
pressure, the crude product was purified by column chromatog-
raphy (petroleum ether/EtOAc gradient: 10/1) to give compound 1,
2-nitro-5-(prop-2-yn-1-yloxy)benzaldehyde (1.94g, 9.46 mmol,
95%). 'H NMR (400 MHz, CDCl3, 3): 10.39 (s, 1H, CHO), 8.12 (d,
J=9.0Hz, 1H; Ar H), 7.35 (d, ] = 2.8 Hz, 1H; Ar H), 7.22 (dd, ] = 9.0,
2.8 Hz, 1H; ArH), 4.82 (d, ] = 2.3 Hz, 2H; CH,), 2.60 (t, ] = 2.2 Hz, TH;
CH). '3C NMR (101 MHz, CDCls, 3): 188.13(C=0), 161.59(C4),
142.64(C4), 133.98(C4), 127.06(C3), 119.08(C3), 114.46(C3),
77.17(C4), 76.52(C3), 56.52(C2).

After compound 1 (1.02 g, 5.0 mmol, 1.0 equiv.) was dissolved in
the mixture of THF (20 mL) and MeOH (20 mL), NaBH,4 (0.380 g)
was added at 0°C to stir for 20 min at room temperature, and the
mixture was then diluted with water (100 mL) and extracted with
EtOAc (3 x 50 mL). The combined organic layer was washed with
brine (50 mL) and dried over Na;SOy4, and the solvent was removed
under reduced pressure to give compound 2, (2-nitro-5-(prop-2-
yn-1-yloxy)phenyl)methanol (1.01g, 4.9 mmol, 98%). 'TH NMR
(400 MHz, DMSO-dg, d8): 8.19 (d, J=9.1Hz, 1H; Ar H), 744 (d,
J=2.9Hz, 1H; Ar H), 713 (dd, ]=9.1, 29 Hz, 1H; Ar H), 5.63 (t,
J=5.5Hz, 1H; OH), 5.01 (d, ] = 2.4 Hz, 2H; CH;), 4.89 (d, ] = 5.5 Hz,
2H; CHy), 3.71 (t, ] = 2.4 Hz, 1H; CH). *C NMR (101 MHz, DMSO-d6,
d): 162.38(C4), 143.10(C4), 140.84(C4), 128.24(C3), 114.72(C3),
114.04(C3), 79.97(C4), 79.25(C3), 61.04(C2), 57.06(C2).

Compound 2 (1.03 g, 5.0 mmol, 1.0 equiv.) was mixed with
bis(2,5-dioxopyrrolidin-1-yl) carbonate (1.53g, 6.0 mmol, 1.2
equiv.), EtsN (1.01 g, 1.0 mmol, 2.0 equiv.) in MeCN (20 mL) and
stirred at room temperature overnight. After removing solvent
under reduced pressure, the crude product was purified by column
chromatography (petroleum ether/EtOAc gradient: 3/1) to give the
PhL, 2,5-dioxopyrrolidin-1-yl  (2-nitro-5-(prop-2-yn-1-yloxy)
benzyl) carbonate (1.00g, 2.87 mmol, 57%). '"H NMR (400 MHz,
CDCl3, 3): 8.26 (d, ] =9.2 Hz, 1H; Ar H), 7.24 (d, ] = 2.6 Hz, 1H; Ar H),
7.05 (dd, J=9.2, 2.8Hz, 1H; Ar H), 5.82 (s, 2H, CH3), 4.87 (d,
J=2.4Hz, 2H; CHy), 2.86 (s, 4H, CHy), 2.63 (t, ] = 2.4 Hz, 1H; CH). 1°C
NMR (101 MHz, CDCl3, 3): 168.38(C=0), 162.13(C=0), 151.31(C4),
140.03(C4), 133.53(C4), 128.04(C3), 115.09(C3), 112.98(C3),
77.06(C4), 76.87(C3), 69.00(C2), 56.51(C2), 25.45(C2).

2.3. Synthesis of NaYF4:Tm,Yb UCNPs

According to the previous report [44], YCl3 (0.695 mmol), YbCl3
(0.300 mmol) and TmCl3 (0.005 mmol) were firstly mixed with
oleic acid (6 mL) and 1-octadecene (15 mL), and heated to 150 °C
under vacuum and stirring for 40 min to completely remove re-
sidual water and oxygen. After cooling down to room temperature,
methanol solution (10 mL) of NH4F (148 mg) and NaOH (100 mg)
was added dropwise into the mixture under stirring for 30 min. The
reaction mixture was then heated and kept at 110 °C for 15 min and
300°C for 80 min under the nitrogen atmosphere. Afterward the
mixture was naturally cooled down to room temperature to get the
NaYF4:Tm,Yb UCNPs. The resulting UCNPs were precipitated with
acetone, repeatedly washed with ethanol, and re-dispersed in
10 mL cyclohexane for further use.

2.4. Synthesis of NaYF4:Tm,Yb@NaYbF, core-shell UCNPs

The synthesis of core-shell UCNPs referred to the previous
report [45]. After YbCl; (0.80 mmol) was mixed with oleic acid
(6 mL) and 1-octadecene (15 mL) and heated to 150 °C under vac-
uum and stirring for 40 min, a transparent solution was obtained
and cooled down to 40°C. The above synthesized NaYF4:Tm,Yb
UCNPs (10mlL, cyclohexane) were then slowly added into the
mixture and heated to 80°C for a while to completely remove
cyclohexane and subsequently cooled down to 50 °C. Subsequently,
the methanol solution (10 mL) of NH4F (118 mg) and NaOH (80 mg)
was added under stirring for 30 min at room temperature, and the
reaction mixture was finally heated and kept at 110 °C for 15 min
and 300°C for 80 min under a nitrogen atmosphere to get the
NaYF4:Tm,Yb@NaYbF4 core-shell UCNPs. The resulting core-shell
UCNPs were precipitated with acetone, repeatedly washed with
ethanol, and re-dispersed in chloroform for further use.

2.5. Modification of core-shell UCNPs with mSiO; shell

The modification of core-shell UCNPs with mSiO, shell referred
to the previous report [46,47]. In brief, after the cyclohexane so-
lution (2 mL) of NaYF4:Tm,Yb@NaYbF4 core-shell UCNPs (10 mg)
was mixed with 5mgmL~! CTAB aqueous solution (20 mL), and
vigorously stirred at room temperature overnight, a clear UCNPs/
CTAB solution was obtained, which was then mixed with water
(40 mL), ethanol (6 mL) and 2 M NaOH aqueous solution (300 uL),
heated to 70 °C under stirring, and followed by adding 340 pL TEOS
and 60 puL APTES dropwise. The mixture solution was kept reaction
for 2 h, centrifuged and repeatedly washed with ethanol, followed
by continuously reacting with ethanol solution (100 mL) of NH4NO3
(0.6g) at 60°C for 2h to remove the CTAB. The as-obtained
UCNPs@mSiO, was centrifuged and washed with ethanol, and
dispersed in ethanol.

2.6. Preparation of HA and siRNA loaded UCNPs@mSiO,-PhL-PEG

After UCNPs@mSiO; (5 mg) was dispersed in DMSO (5 mL), 0.6%
PhL DMSO solution (100 uL) and DMAP (2 mg) were added. The
mixture was kept stirring overnight at room temperature in dark to
obtain UCNPs@mSiO,-PhL, which was centrifuged, washed with
DMSO for three times, and re-dispersed in DMSO to kept away from
light.

The loading of HA into the mesoporous silica of UCNPs@mSiO-
PhL was performed by mixing 1 mg UCNPs@mSiO,-PhL in 1 mL PBS
with 2.5 mgmL™! HA DMSO solution (20 uL) to stir overnight in
dark. The product was centrifuged, washed with PBS, and redis-
persed in PBS. SiRNA was then loaded on the surface of
UCNPs@mSiO,-PhL via electrostatic interaction by adding 20 uM
SiRNA (80puL) in 0.5mgmL~! HA-loaded UCNPs@mSiO,-PhL
aqueous solution (1 mlL, PBS) to vibrate for 4 h, centrifuge and
gently wash with PBS for two times. The as-prepared HA and siRNA
co-loaded UCNPs were redispersed in PBS for PEG and PEG(FA)
linkage.

PEG and PEG(FA) were covalently linked to UCNPs@mSiO,-PhL
through click reaction [20]. After UCNPs@mSiO,-PhL (5 mg), 1% PEG
aqueous solution (50 puL), 1% PEG(FA) aqueous solution (100 puL),
1mM Cu(Il) sulfate aqueous solution (20 uL) and 1 mM ascorbic
acid aqueous solution (20 pL) were added into 10 mL PBS and kept
stirring for 12hat room temperature in dark, the obtained
UCNPs@mSiO,-PhL-PEG was centrifuged, washed twice with PBS,
and re-dispersed in 1mL PBS. 5mg UCNPs@mSiO, was used
instead of UCNPs@mSiO,-PhL as the control group to verify the
nonspecific adsorption of PEG and PEG(FA) on UCNPs.

To verify the serum stability of siRNA loaded on UCNP
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nanocapsules, the self-quenched siRNA duplex structure tagged
with FAM and BHQ was assembled to load on UCNPs@mSiO,-PhL
and UCNP nanocapsules. 450nM siRNA duplex structure,
UCNPs@mSiO,-PhL and UCNP nanocapsules loaded with the same
amount of siRNA duplex structure were separately dispersed in PBS
containing 10% FBS, and incubated at 37 °C for 12 h. The fluores-
cence from FAM was then measured at different times under
480 nm excitation and 515 nm emission.

2.7. Photocleavage and siRNA release

The PhL degradation was verified by dispersing 1mg
UCNPs@mSiO»-PhL in 200 pL. DMSO to irradiate with 980-nm laser
at 2W cm~? for different times. The resulting UCNPs@mSiO,-PhL
was centrifuged, washed with DMSO and redispersed in 200 puL
DMSO for UV—Vis absorption measurements.

The photocleavage of PEG tape was verified with UCNPs@m-
SiO,-PhL-PEGF, which was synthesized by mixing 300 uL PEGF (1%
aqueous solution) with 5 mg UCNPs@mSiO,-PhL according to the
above procedure. After 1mg UCNPs@mSiO,-PhL-PEGF was
dispersed in 200 pL PBS and irradiated with 980-nm laser at
2Wcm ™2 over 180 min, the PEGF modified UCNPs were centri-
fuged, washed with water and redispersed in 200 pL PBS for fluo-
rescence measurements.

To quantify siRNA release from UCNPs@mSiO,-PhL-PEG, siRNA-
FAM was loaded on UCNPs@mSiO,-PhL-PEG and exposed to alter-
nate NIR irradiations with 30 min-gap over 300 min. At different
irradiation times, the siRNA-FAM loaded UCNPs solutions were
centrifuged to measure the fluorescence intensity of supernatants
for calculation of the siRNA release percentage.

2.8. Cell culture

HelLa cells were cultured in Dulbecco's modified Eagle's medium
(DMEM, GIBCO) supplemented with 10% FBS, 1% Penicillin-
Streptomycin Solution (100 pgmL~!) at 37°C in a humidified at-
mosphere containing 5% CO,. Cell number was calculated using
Countess® II automated cell counter (Invitrogen, USA).

2.9. ROS detection

After 5mg mL~! HA-loaded UCNPs@mSiO,-PhL-PEG solution
(1 mL) was mixed with 2.5 mM DPBF aqueous solution (50 pL) and
irradiated with a 980-nm laser at 2W cm ™2, the absorbances of
DPBF in supernatant solutions over 80 min were monitored at
412 nm.

The intracellular ROS generation was observed by incubating
Hela cells with 300 pygmL~! HA-loaded UCNPs@mSiO,-PhL-PEG
for 4h and 50 uM dihydroethidium for 30 min at 37 °C, and then
exposing the treated cells under 980-nm laser at 2 W cm~2 for
10 min to take the CLSM fluorescence images. HA-free UCNPs@m-
Si0,-PhL-PEG was also tested as a control.

2.10. Endocytosis pathway of UCNPs

After Hela cells were preincubated with different uptake in-
hibitors, genistein (200 pug mL~1), wortmannin (50nM), sucrose
(450 mM) and NaNs3 (10 mM), for 30 min, the cells were incubated
with siRNA-Cy5 and HA co-loaded UCNP nanocapsules to collect
the CLSM images.

2.11. Endosomal escape of siRNA

The endosomal escape of siRNA was verified using siRNA-Cy5
loaded UCNPs@mSiO,-PhL-PEG and LysoTracker Red to co-

localize endosomal compartments. After the Hela cells were
incubated with 300 pgmL~! siRNA-Cy5 and HA co-loaded UCNP
nanocapsules for 4 h at 37 °C, and stained with 100 nM LysoTracker
Red for 15 min, the NIR irradiation was conducted for 10 min to
collect the CLSM images. HA-free UCNP nanocapsules loaded with
siRNA-Cy5 were also tested as a control.

2.12. Gene silencing assay

After HeLa cells were seeded into a 24-well plate (Thermo Sci-
entific Inc. US) at 5 x 10° cells per well and cultured for 24 h at
37°C, 300 pg mL~! siRNA-loaded, HA-loaded, and HA and siRNA co-
loaded UCNP nanocapsules were added to the wells, incubated for
4h, and exposed under NIR light for 80 min (with 10-min break
after each 20-min irradiation). The cells were further cultured for
48 h to evaluate the cellular levels of PLK1 mRNA and protein using
real-time quantitative PCR (RT-qPCR) and ELISA following the
manufacturer's instructions. The gene silencing effect of UCNP
nanocapsules were compared with those in the absence of NIR
exposure or of commercial transfection agent Lipo2000 loaded
with the same amount of siRNA.

To examine the heating effect of NIR light irradiation, 200 uL PBS
was added into a 96-well plate at room temperature to measure the
solution temperature upon 180-min NIR exposure (980 nm, 2 W
cm~2), or 1 mL DMEM was added into a 24-well plate at 36.4°C to
measure the solution temperature upon 80-min NIR exposure
(980 nm, 2W cm™2).

2.13. Cell viability assay

After HeLa cells were cultured inside 96-well plate (Thermo
Scientific Inc. US) with a culture density of 1 x 10* cells/chamber
for 24 h, 300 pg mL~! UCNPs loaded with different combination of
HA and siRNA was added to each well to incubate for 4 h. After
washing with PBS for two times, the cells were exposed under 980-
nm light with a power density of 2 W cm 2 for 80 min (with 10-min
break after each 20-min irradiation). These treated cells were then
continuously cultured for 48 h to analyze the cell viability with MTT
assay and flow cytometry. For flow cytometric analysis, the cells
were stained with Annexin V-FITC/PI apoptosis detection Kit.

2.14. In vivo antitumor efficiency

Pathogen-free female BALB/c nude mice (5—6 weeks) were
purchased from Keygen Biotech (Nanjing, China), and all mice had
liberated access to water and rodent chow. All experiments were
conducted according to the Institutional Animal Use and Care
Regulations approved by the Model Animal Research Center of
Nanjing University (MARC). To establish a HeLa tumor xenograft
mouse model, 1.0 x 10® HeLa cells were subcutaneously inoculated
into the selected position of the female nude mice. The tumor
volumes were calculated as V = (L x W?)/2, where L and W are the
length and width of the tumor, respectively. When the tumor vol-
umes reached 80 mm?, the tumor-bearing mice were weighed and
divided into six groups randomly. Afterward, different groups of
mice were intratumorally injected with 150 pL of (1,2) saline, (3,4)
siRNA-loaded UCNP nanocapsules (300 ugmL™!), (5,6) HA and
siRNA co-loaded UCNP nanocapsules (300 ugmL~!). At 4h after
injection, the tumors on the mice of groups (1), (3) and (5) were
irradiated with 980-nm laser at 1 W cm 2 for 40 min (10-min break
for each 10-min exposure), while groups (2), (4) and (6) were not
exposed to NIR light as controls. The injection and irradiation
process was repeated at day 3 and day 6. The weight of the mice as
well as the tumor sizes were recorded every 2 days. At Day 14, all
mice were euthanized and representative gross photos of the mice
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were taken.
3. Results and discussion
3.1. Preparation and characterization of UCNP nanocapsules

B-NaYF; crystalline structures co-doped with Tm>* (0.5%) and
Yb** (30%) were synthesized according to a previously reported
solvent thermal method [44,48] and coated with NaYbF4 shell to
harvest more excitation photon and enhance the upconversion
luminance [45]. The core-shell UCNPs were then encapsulated in a
mesoporous silica shell (mSiO;) with amine groups on its surface to
facilitate further surface modification as well as photosensitizer
and siRNA loading [46,47,49]). The obtained NaYF4:Tm,Yb;
NaYF4:Tm,Yb@NaYbF4 and UCNPs@mSiO; all showed the emission
peaks corresponding to the 'Ig—>F4 and 'D,— >Hg transitions of
Tm3" at 345 and 365 nm, the D, — 3F4 and 1G4 — 3Hg transitions of
Tm>* at 455 and 475 nm, and the 3Hy— 3Hg transition of Tm3* at
805 nm (Fig. 1a) [50]. After coating NaYbF, shell, the core-shell
UCNPs showed a dramatic increase of luminance intensity, while
the coating of mSiO, resulted in the decrease of UCNP luminance to
some extent. The successful coating of NaYbF, shell on core UCNPs
was also evidenced by their size increase from 26 to 41 nm (Fig. 1b
and c). The coating of mesoporous silica shell further increased its
size to ~80 nm, which showed a uniform and homogenous meso-
porous layer (Fig. 1d). The powder X-ray diffraction (XRD) patterns
demonstrated that both core and core-shell UCNPs were hexagonal
nanocrystals (Fig. S1), indicating that the NaYbF, coating did not
change the lattice of NaYF4:Tm,Yb. The mesoporous structure of
mSiO; shell possessed a Brunauer-Emmett-Teller (BET) surface area

of 700 m? g~ and total pore volume of 0.76 cm> g~! with a narrow

Barret-Joyner/HAlenda (BJH) pore-size distribution (Fig. S2a). The
average pore diameter was estimated to be 2.4 nm (Fig. S2b), which
provided sufficient space for the subsequent loading of photosen-
sitizer HA.

The synthesized PhL containing o-nitrobenzyl group (Scheme
S1), which can be cleaved by UV light at 300—365 nm [51], was
demonstrated by the relevant NMR spectra (Fig. S3). It could be
easily attached to the UCNPs@mSiO; through aminoacylation re-
action with surface amine groups, and the modified UCNPs showed
the UV absorption band of PhL with a peak at 310 nm (Fig. S4a). The
UV absorption band of PhL overlapped with the emission peaks of
UCNPs at 345 and 365 nm (Fig. 2a, curves 1 and 3), thus the pres-
ence of PhL led to obvious decrease of these emission peaks (Fig. 2a,
curve 2).

After the alkyne terminal group of PhL reacted with the azido
terminal group at four arms of PEG, the PEG-tape wrapped
UCNPs@mSiO,-PhL-PEG was obtained. This reaction was confirmed
using fluorescein isothiocyanate (FITC) functionalized PEG (PEGF)
through the emission peak of FITC at 516 nm, which was covalently
linked to UCNPs@mSiO,-PhL surface with the same procedure
(Fig. S4b). The absence of this emission peak for UCNPs@mSiO;
after immersed in PEGF solution and then washed with water
excluded the nonspecific adsorption of PEG on UCNPs@mSiO5.

To achieve the targeted delivery of the UCNP nanocapsules into
cells, folate acid labeled PEG (PEG(FA)) was mixed in the solution of
PEG with azido terminal group to prepare the NIR responsive UCNP
nanocapsules. The nanocapsules showed the IR absorption of FA at
1695 cm~! and 1647 cm™! for C=0 bond stretching vibration of
carboxyl group and C=0 bond stretching vibration of —CONH—
group respectively [52], while the characteristic peaks of PhL at
3272cm™! and 2121cm™! corresponding to the stretching

(a)
4004 = NaYF4:Tm,Yb
. ==NaYF4:Tm,Yb@NaYbF4 as UCNPs
300- = UCNPs@mSiO2
i 200-
100
o.
250 375 500 625 750 875

Wavelength (nm)

&'

Fig. 1. Characterization of UCNPs and UCNPs@mSiO,. (a) Upconversion luminescence spectra of NaYF4:Tm,Yb; NaYF,:Tm,Yb@NaYbF, and UCNPs@mSiO,. TEM images of (b)

NaYF4:Tm,Yb, (c) NaYF4:Tm,Yb@NaYbF, and (d) UCNPs@mSiO- (scale bar: 50 nm).
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Fig. 2. Modification of PhL and PEG on UCNPs@mSiO5. (a) Upconversion luminescence spectra of (1) UCNPs@mSiO5, (2) UCNPs@mSiO,-PhL and (3) UV—Vis absorption spectrum of
PhL. (b) FT-IR spectra of (1) UCNPs@mSiO,, (2) UCNPs@mSiO,-PhL, (3) PhL, (4) UCNPs@mSiO,-PhL-PEG(FA) and (5) PEG(FA).

vibration of C=C—H and C=C respectively disappeared due to the
covalent linkage of PhL to PEG (Fig. 2b) [53,54]. After covalent
linkage of PhL to PEG, the absorption peak of PhL at 1753 cm™! for
—NHCOO— group [55] shifted to 1799 cm™! due to the steric-
hindrance effect of the long-chain PEG. Though the wrapping of
PEG polymer on UCNPs@mSiO,-PhL did not result in its morpho-
logical change (Fig. 1d and Fig. S5), its size increased from 101 to
128 nm from DLS measurements (Figs. S4c and S4d), while the
upconversion luminance intensity remained at the same value
(Fig. S6).

3.2. SiRNA loading and photocontrollable release

The siRNA was loaded on the surface of UCNPs@mSiO,-PhL via
electrostatic interaction, and encapsulated by the PEG polymer
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tape. During this process, the zeta potential showed obviously
changes (Fig. 3a). Upon the binding of PhL to UCNPs@mSiO,, the
zeta potential increased from 20.8 + 5.3 mV to 32.4 + 2.3 mV due to
the aminoacylation reaction of PhL with surface amine groups [6] to
bring alkynyl groups to the surface [56], which made the loading of
negatively charged HA and siRNA much easier. The weak negative
charge of HA slightly decreased the zeta potential from 32.4 + 2.3 to
29.8 + 2.1, while the relatively stronger negative charge of siRNA led
to the zeta potential of —18.7 + 1.3 mV. After the wrapping of the
PEG tape, the zeta potential of siRNA loaded UCNPs@mSiO,-PhL
changed to —10.8 + 2.2 mV. This process was further verified with
6-carboxyfluorescein (FAM) labeled siRNA. Upon its loading on
UCNPs@mSiO,-PhL, the characteristic emission peak of FAM could
be observed at 515 nm (Fig. 3b). The wrapping of the PEG tape
resulted in obvious decrease of the fluorescence intensity due to the
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Fig. 3. Characterization of siRNA loading and release. (a) Zeta potentials of UCNPs@mSiO,, UCNPSPs, UCNPSPs/HA, UCNPSPs/HA/siRNA and UCNPSPs-PEG/HA/siRNA. The error bars
indicate means + S.D. (n=3). (b) Fluorescent luminescence spectra of marked materials. Here FAM labeled siRNA is marked as siRNA. (c) Fluorescent luminescence spectra of
supernatant solutions collected from siRNA-FAM-loaded UCNP nanocapsules dispersions after NIR laser irradiation for 0, 30, 60 and 90 min and then centrifugation for 5 min. (d)
Cumulative siRNA release from UCNP nanocapsules as a function of time under periodic irradiation with NIR laser on/off intervals of 30 min. The error bars indicate means +S.D.

(n=3), and UCNPSPs is the abbreviate of UCNPs@mSiO,-PhL.



Y. Zhang et al. / Biomaterials 163 (2018) 55—66 61

detachment of some adsorbed siRNA during PEG encapsulation.
However, the encapsulation made the adsorbed siRNA more stable
on the surface, which was demonstrated from the stable fluores-
cence intensity upon stirring for 24 h. In contrast, the stirring led to
larger decrease of the fluorescence of siRNA-FAM loaded
UCNPs@mSiO,-PhL. Thus PEG tape could protect siRNA from un-
intentional leakage.

To verify the serum stability of the loaded siRNA, a self-
quenched siRNA duplex structure was synthesized by tagging
FAM and black hole quencher (BHQ) to two complementary siRNA
chains, respectively. After the duplex structure was loaded on
UCNPs@mSiO,-PhL and wrapped with PEG tape, the obtained
UCNP nanocapsules showed very low fluorescence emission, and
the fluorescence intensity increased by 34% after exposed to PBS
containing 10% fetal bovine serum (FBS) over 12 h (Fig. S7). In
contrast, the same exposure of the UCNP nanocapsules without
presence of PEG led to the increase of fluorescence intensity by
246%, while the increase by 365% was observed for the self-
quenched structure in the same solution. Therefore, the UCNP
nanocapsules provided outstanding protection of loaded cargo
against complicated intracellular conditions, which was necessary
for efficient gene delivery and cancer therapy.

The photo-induced cleavage of PhL and tearing of the PEG tape
were demonstrated by the UV adsorption of UCNPs@mSiO,-PhL
and the fluorescence emission of UCNP nanocapsules, respectively.
With the increasing irradiation time at 980 nm, the adsorption of
PhL centered at 310 nm from UCNPs@mSiO,-PhL dispersed in pH
7.4 PBS gradually decreased, and the decomposition of PhL reached
80% after 180-min exposure (Fig. S8a), while the fluorescence from
FITC labeled PEG (PEGF) of UCNPs@mSiO,-PhL-PEGF at 516 nm
greater decreased and almost disappeared at 180 min (Fig. S8b). As
control, the temperature of pH 7.4 PBS at the same volume was
measured upon its exposure to the same NIR light for 180 min,
which increased the solution temperature from 23.4°C to 31.1°C
(Fig. S9a). Obviously, the slight temperature increase could not tear
off PEG tape from the UCNP nanocapsules, and the photo-induced
cleavage of PhL led to tearing of the PEG tape.

To demonstrate the photo-induced controllable release of
siRNA, siRNA-FAM loaded UCNP nanocapsules were exposed under
NIR light for different times, and the supernatant solutions were
collected for fluorescence measurements. The fluorescence in-
tensity of FAM at 515 nm gradually increased with the increasing
irradiation time due to the photocleavage of PEG (Fig. 3c), which led
to the release of siRNA-FAM from the nanocapsules. The on-
demand release could be monitored by continuously measuring
the fluorescence intensity of supernatant solutions for 300 min
during NIR irradiation with 30-min intervals and 5 cycles, which
showed the alternate intensity increase (Fig. 3d), indicating that the
amount of siRNA in the supernatant solution progressively rose up
under NIR light exposure, while almost zero siRNA leakage was
observed in the absence of NIR irradiation.

3.3. HA loading for ROS generation and endosomal escape of siRNA

Endosomal escape is a critical biological barrier for gene
silencing [57]. Different strategies, including cell penetrating pep-
tides [58], cationic polymers [59] and pH sensitive polymers [9],
have been developed to facilitate endosomal escape. The
photosensitizer-assisted endosomal escape of the intracellular
delivered cargos has also been reported by generating ROS under
irradiation to disrupt endosomal membrane [60,61]. In view of the
overlap of efficient absorption of HA (~470 nm) with the emissions
of UCNPs at 455 nm and 475 nm (Fig. 4a, curves 1 and 3) and its
high photoquantum yield as well as super low dark toxicity [62], HA
was chosen as the photosensitizer. The large surface area and pore

volume of mesoporous silica shell enabled the high loading of HA
[10], which led to the decrease of these emission peaks of UCNPs
(Fig. 4a, curve 2). The HA loading was further confirmed by its
characteristic absorption. The HA-loaded UCNPs@mSiO,-PhL
showed three absorption peaks of HA at 472 nm, 541 nm and
583 nm, which greatly decreased but remained the same intensity
upon PEG wrapping after continuously stirring in PBS for 24 h
(Fig. 4b), demonstrating the efficient encapsulation of HA via
wrapping the PEG polymer tape.

The ROS generation upon NIR irradiation was determined by
virtue of 1,3-diphenylisobenzofuran (DPBF), a sensing probe for
ROS detection [63]. After the mixture of DPBF and HA-loaded UCNP
nanocapsules was exposed under NIR light for different times, the
supernatant solutions showed a continuous decrease of DPBF ab-
sorption peak at 412 nm due to the consumption of DPBF by the
generated ROS (Fig. 5a and b). The ROS production in living cells
was also investigated with dihydroethidium as a ROS detection
probe, which can be oxidized by ROS to produce a red emission. As
expected, the red emission could be observed under NIR irradiation
(Fig. 5¢), indicating the efficient generation of ROS intracellularly.
Contrarily, the red emission did not appear in the cells treated with
UCNP nanocapsules in the absence of HA (Fig. S10).

The co-staining experiment was performed to identify the HA-
assisted escape of siRNA from endosomes. Endosomes were
stained with LysoTracker Red and siRNA was labeled with cyanine-
5 (siRNA-Cy5) to indicate their locations individually. The green
(Cy5) and red (LysoTracker Red) fluorescence were well overlapped
after 4-h incubation of HeLa cells with HA and siRNA-Cy5 co-loaded
UCNP nanocapsules and staining with LysoTracker Red, (Fig. 6a, NIR
(-)), indicating the loaded UCNP nanocapsules were stuck in
endosomes [64]. After 10-min NIR irradiation, the Cy5 fluorescence
spread in the entire cytoplasm due to the disruption of endosomes
by generated ROS, while the LysoTracker Red fluorescence largely
dimmed (Fig. 6a, NIR (+)), because its fluorescence was dependent
on the low pH of endosomes, and the disruption resulted in raised
pH of the microenvironment [4,65,66]. On the contrary, when HeLa
cells were incubated with only siRNA-Cy5-loaded UCNP nano-
capsules, the endosomal escape of siRNA upon 10-min NIR irradi-
ation was not observed (Fig. 6b).

To evaluate the internalization pathway of UCNP nanocapsules
into cells, HeLa cells were preincubated with a series of inhibitors to
selectively block different internalization processes. Treatment of
cells with NaN3 and sucrose resulted in reductions of 64.5% and
54.9% in UCNP nanocapsules uptake, respectively (Fig. S11), indi-
cating UCNP nanocapsules experienced mainly clathrin-dependent
endocytosis pathway and sort of caveolae-dependent pathway
upon entering the cells [67].

3.4. Gene silencing and cytotoxicity assay

The polo-like family of serine/threonine protein kinases (PLKs)
has a significant impact on cell cycle regulation and proliferation
[68,69], and PLK1 can promote oncogenic transformation [70].
Therefore inhibiting the expression of PLK1 may lead to cell cycle
arrest, apoptosis, and mitotic catastrophe [71]. After HeLa cells
were incubated with the UCNP nanocapsules for 4 h and irradiated
under 980 nm for 80 min (10-min break between each 20-min
exposure for 4 times), they were cultured for 48 h to determine
the expression levels of PLK1 messenger RNA (mRNA) and PLK1
protein by real-time quantitative PCR (RT-qPCR) assay and enzyme-
linked immunosorbent assay (ELISA) respectively. The siRNA-
loaded UCNP nanocapsules down-regulated the PLK1 mRNA
expression by 51.5% and PLK1 protein expression by 49.9%, while
HA and siRNA co-loaded UCNP nanocapsules down-regulated their
levels by 26.5% and 23.8%, respectively, which were lower than
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36.3% and 33.0% of commercial transfection reagent Lipofectamine
2000 (Lipo2000) (Fig. 7a and b), indicating more efficient inhibition
of the UCNP nanocapsules to PLK1 expression, and the presence of
HA resulted in significant difference (*P < 0.05, **P < 0.01). How-
ever, the HA and siRNA co-loaded UCNPs@mSiO,-PhL only caused a

moderate inhibition of 46.7% for PLK1 mRNA expression (Figs. 7a)
and 44.6% for PLK1 protein expression due to the degradation of
loaded siRNA (Fig. 7b), which demonstrated the outstanding
contribution of the photo-tearable polymer tape PEG encapsula-
tion. In the absence of NIR irradiation, the UCNP nanocapsules
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showed little changes of both gene and protein expressions, while
the HA and siRNA co-loaded UCNPs@mSiO,-PhL showed the inhi-
bition effects, suggesting that the PEG tape provided satisfactory
biocompatibility and perfectly isolate the loaded HA and siRNA
from cytoplasm.

3.5. Inhibition of cell proliferation

MTT assay was also used to verify the inhibition effect of UCNP
nanocapsules to HeLa cell proliferation. Under NIR irradiation, the
cells treated with siRNA and HA co-loaded UCNPs@mSiO,-PhL-PEG

nanocapsules showed a cell proliferation percentage of 25.7%
compared with untreated cells, while the cells treated with the HA
and siRNA co-loaded UCNPs@mSiO,-PhL only showed 43.4% due to
the desorption of loaded siRNA from the nanoparticles during the
incubation (Fig. 7c). Thus the PEG-tape wrapped UCNPs@mSiO,-
PhL was an excellent carrier for siRNA delivery compared to the
lower proliferation percentage of cancer cells than that of 36.1% for
siRNA loaded Lipo2000 and the delivery of bare siRNA [72] due to
the protection of PEG encapsulation and photo-controlled siRNA
release. In the absence of photosensitizer HA, the cell proliferation
percentage of the UCNP nanocapsules under NIR irradiation was
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Student's t-test. The error bars indicate means + S.D. (n = 3).

48.3% (Fig. 7c). Considering the fact that the 5.8 °C increase of
DMEM solution temperature upon 80-min NIR irradiation (Fig. S9b)
could keep the cell proliferation percentage of 95.4% (column 1 in
Fig. 7c¢), which showed 96.4% PLK1 mRNA expression and 97.2%
PLK1 protein expression (column 1 in Fig. 7a and b), the ROS-
assisted endosomal escape of siRNA and organelle destruction
greatly boosted the inhibition effect. In the absence of NIR expo-
sure, it did not show obvious proliferation inhibition for HeLa cells
treated with PEG wrapped UCNP nanocapsules both with and
without siRNA/HA loading (Fig. 7c).

Flow cytometric assay using the Annexin V-fluorescein iso-
thiocyanate (FITC)/propidium iodide (PI) apoptotic kit showed
similar phenomena. The UCNP nanocapsules did not harm Hela
cells in the absence of NIR laser, while 80-min NIR irradiation led to
the maximum cell apoptosis of HeLa cells treated with the UCNP
nanocapsules (Figs. S12h and S12e). The apoptosis rate of 69.7% was
much higher than those of 31.5% and 45.0% for the cells treated with
the UCNP nanocapsules loaded with only HA (Fig. S12¢) and siRNA
(Fig. S12d), respectively, and also higher than those of 60.1% for the
cells treated with siRNA-loaded Lipo2000 and 53.0% for the cells
treated with HA and siRNA co-loaded UCNPs@mSiO,-PhL
(Figs. S12f and S12g). These results demonstrated the feasibility of
the photo-tearable UCNP nanocapsules as a promising approach for
efficient anticancer therapeutics.

3.6. In vivo therapeutic applicability

Nude mouse was chosen as a model organism to demonstrate
the in vivo antitumor efficacy of the PEG-tape wrapped UCNP
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nanocapsules. After saline, siRNA-loaded UCNP nanocapsules, and
the proposed UCNP nanocapsules were intratumorally injected into
these mice respectively for 40 min, the tumors were exposed under
NIR irradiation of 1 W cm~2 for 40 min (10-min break for each 10-
min exposure). The proposed UCNP nanocapsules presented pro-
nounced inhibition efficacy towards tumor growth compared with
saline solution control and siRNA-loaded UCNP nanocapsules
(**P < 0.01) (Fig. 8), suggesting that the co-loading of HA and siRNA
could strongly enhance the gene therapeutic efficacy. All the mice
groups (injected with saline, UCNPSPs-PEG/siRNA or UCNPSPs-
PEG/HA/siRNA) treated without NIR irradiation did not show the
suppression to tumor growth, which demonstrated the good
photo-controllability of the UCNP nanocapsules. During the 14 days
of experiment period, each group did not show obvious variation in
their body weight (Fig. S13), indicating the satisfactory biocom-
patibility and specificity of these nanocapsules.

4. Conclusion

We design a photo-tearable tape-wrapped nanocapsule using
UCNPs for siRNA delivery and controllable release, and present a
strategy for efficient RNAi upon NIR modulation. The UCNPs
(NaYF4:Tm,Yb@NaYbF,) are coated with a mesoporous silica shell
to covalently link synthesized PhL for covalently wrapping the PEG
polymer “tape”. The siRNA and HA can be loaded on the surface of
PhL modified silica via electrostatic adsorption and in the pores of
mesoporous silica, respectively, and protected by PEG tape from
leakage and/or degradation. The close attachment of PhL on silica
shell improves the photocleavage efficiency of upconverted
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Fig. 8. In vivo antitumor therapy. Demonstration of therapeutic efficiency with (a) representative photos of xenograft tumors in mice at day 14 and (b) change of tumor volume as a
function of time after treatment with marked materials. Here UCNPs@mSiO,-PhL is abbreviated as UCNPSPs. **P < 0.01 with two-tailed Student's t-test. The error bars indicate

means +S.D. (n=5).
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emissions for tearing off the PEG tape to release the loaded siRNA
and HA. The intracellular generation of ROS not only assists endo-
somal escape of siRNA to boost the gene therapy efficiency, but also
destructs organelles to prompt cell apoptosis. The photo-tearable
tape-wrapped nanocapsules provide impressive improvement of
RNAI efficiency to specifically inhibit cell proliferation and tumor
growth in vivo, and thus show great importance for precise drug
delivery and NIR-assisted tumor therapy.
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