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Introduction: Spatiotemporally controlled release of siRNA for anti-tumor therapy poses significant challenges. Near-infrared (NIR)
light, known for its exceptional tissue penetration and minimal tissue invasiveness, holds promise as a viable exogenous stimulus for
inducing controlled siRNA release in vivo. However, the majority of light-responsive chemical bonds exhibit absorption wavelengths
in the ultraviolet (UV) or short-wavelength visible light range.

Methods: To achieve NIR-controlled siRNA release, the study synthesized a UV-sensitive triblock copolymer cRGD-poly(ethylene
glycol)-b-poly(aspartic acid ester-5-(2’-(dimethylamino)ethoxy)-2-nitrobenzyl alcohol)-b-polyphenylalanine, abbreviated as cRGD-
PEG-PAsp(EDONB)-PPHE. This copolymer is composed of a cRGD-capped PEG block (cRGD-PEG), a poly(aspartate) block
modified with cationic moieties through UV-cleavable 2-nitrobenzyl ester bonds [PAsp(EDONB)], and a hydrophobic polyphenyla-
lanine block (PPHE). The cationic amphiphilic polymer cRGD-PEG-PAsp(EDONB)-PPHE can assemble with hydrophobic upconver-
sion nanoparticles (UCNPs) to form a cationic micelle designated as T-UCNP, which subsequently complexes with siRNA to create the
final nanopolyplex T-si/UCNP. siRNA-PLK1 was employed to prepare T-PLK1/UCNP nanopolyplex for anti-tumor therapy.
Results: T-PLK1/UCNP not only exhibited outstanding tumor cell targeting through cRGD modification but also achieved 980 nm
NIR-controlled PLK1 gene silencing. This was achieved by utilizing the encapsulated UCNPs to convert NIR into UV light,
facilitating the cleavage of 2-nitrobenzyl ester bonds. As a result, there was a significant suppression of tumor growth.
Conclusion: The UCNPs-encapsulated nanopolyplex T-si/UCNP, capable of co-delivering siRNA and UCNPs, enables precise NIR-
controlled release of siRNA at the tumor site for cancer RNAi therapy. This nanopolyplex can enhance the controllability and safety of
RNAI therapy for tumors, and it also holds the potential to serve as a platform for achieving controlled release and activation of other
drugs, such as mRNA and DNA.

Keywords: NIR-controlled siRNA release, nanopolyplex, UCNPs, anti-tumor therapy

Introduction

Small interfering RNA (siRNA)-based therapeutics represent a highly promising approach for cancer therapy.'
However, the lack of safe and controllable siRNA delivery vehicles has significantly impeded its application and
advancement.*> Currently, only a limited number of siRNA drugs have obtained clinical approval from the FDA, and
they are exclusively indicated for the treatment of hepatic disorders.®’ This is due to the challenge of achieving specific
siRNA delivery exclusively to non-hepatic tissues.® Even siRNA drugs with excellent targeting properties are predomi-
nantly metabolized in the liver, leading to adverse effects.” Therefore, a controllable delivery carrier is crucial for
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triggering siRNA function at the pathological site, thereby expanding the effective application of siRNA therapy to
a broader range of diseases, including cancer.

Until now, various controlled-release strategies have been employed in the development of siRNA delivery carriers,
including light irradiation,'® pH response,'' enzymatic hydrolysis,'? and redox reactions.'*> Among these strategies, light
irradiation, as an external stimulus, has proven to be an effective approach for achieving precise spatiotemporal control over
siRNA release.'*' The delivery of siRNA is typically achieved using cationic carriers, allowing for the construction of
light-controllable siRNA release vehicles by linking sensitive bonds to cationic moieties.'®!” There are primarily two
approaches: one involves the direct cleavage of chemical bonds induced by light, thereby releasing siRNA. This can be
achieved using light-sensitive moieties such as o-nitrobenzyl ester bond.'® The other approach involves the indirect
cleavage of chemical bonds induced by light, leading to siRNA release. For example, red light-induced photosensitizers
at 660 nm can generate ROS-induced cleavage of TK bonds.'*?° However, the light sources required for cleaving these
chemical bonds are typically of short wavelengths, including UV or visible light. These light sources exhibit poor tissue
penetration and are susceptible to absorption by tissues, resulting in undesired side effects and thereby impeding further
in vivo.?! In contrast, NIR light, especially as the wavelength increases, exhibits superior tissue penetration capabilities
compared to visible or ultraviolet light, and also reduces damage to biological tissues, thereby offering enhanced safety.?***
To effectively bridge this disparity, UCNP is a promising choice as they can efficiently absorb longer-wavelength NIR light
and subsequently convert it into shorter-wavelength emission light, such as ultraviolet or visible light.***>

Herein, we demonstrated a light-responsive polymeric nanocarrier capable of on-demand co-delivery of siRNA and
UCNPs in various ratios, enabling precise NIR-controlled release of siRNA at the tumor site. In order to prepare the
light-responsive polymeric nanocarrier, we synthesized a UV-sensitive triblock copolymer cRGD-PEG-PAsp(EDONB)-
PPHE consisting of a cRGD-capped PEG block (cRGD-PEG), a poly(aspartate) block grafted with cationic moieties via
the UV-cleavable 2-nitrobenzyl ester bonds [PAsp(EDONB)], and a hydrophobic polyphenylalanine block (PPHE).
Subsequently, the cationic amphiphilic cRGD-PEG-PAsp(EDONB)-PPHE was employed to assemble with hydrophobic
UCNPs, creating a cationic micelle termed T-UNCP. Finally, siRNAs were complexed within the cationic interlayer of
T-UNCP to generate the nanopolyplex designated as T-si/UCNP (Scheme 1). Owing to the presence of the cRGD
peptide, the nanopolyplex can be more effectively and specifically internalized by tumor cells through the specific
binding between the cRGD peptide and integrin a,f5, which is highly expressed in tumor tissue.”® Subsequently, upon
irradiation with 980 nm NIR light at the tumor site, the encapsulated UCNPs underwent energy conversion and emitted
365 nm UV light, inducing the cleavage of 2-nitrobenzyl ester bonds. This photolytic process results in the detachment of
cationic moieties and the complete release of siRNA. In this study, we selected the HCT116 colorectal cancer model for
therapeutic experiments. In previous research, colorectal cancer has commonly been treated with chemotherapy, often
resulting in the development of drug resistance and subsequent therapeutic failure.”” However, RNA interference offers
an effective means to silence genes associated with tumor proliferation, promising a more efficient approach to tumor
treatment. Polo-like kinase 1 (PLK1) is associated with tumor proliferation and is overexpressed in various cancer types,
including colorectal cancer, making it considered an effective therapeutic target for cancer.”’*® Therefore, we utilized the
nanopolyplex to load siRNA-PLK1, preparing T-PLK1/UCNP for the treatment of HCT116 colorectal cancer. T-PLK1/
UCNP demonstrated NIR-controlled siRNA release in HCT116 xenograft tumor-bearing mice, resulting in a notable
suppression of tumor growth. This nanocarrier not only can enhance the controllability and safety of RNAI therapy for
tumors, but also have the potential to serve as a platform for achieving controlled release and activation of other drugs,
such as mRNA and DNA.

Materials and Methods

Materials

Allyl-PEG-NH, (APEG-NH,), with a molecular weight of 2.4 kDa, was sourced from 3A Chemicals Company
(Shanghai, China). Chemicals such as azobisisobutyronitrile (AIBN), 1-(3-dimethylaminopropyl)-3-ethylcarbodii-
mide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 2-(dimethylamino)ethyl chloride hydrochloride, and
5-hydroxy-2-nitrobenzyl alcohol were obtained from J&K Scientific Company (Beijing, China). Phenylalanine-
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Scheme | Schematic representation of the preparation, delivery, and intracellular destiny of NIR-responsive nanoparticle containing siRNA-PLK| and UCNPs, denoted as
T-si/UCNP. The formation of T-si/lUCNP involves two main steps: (i) the self-assembly of an amphiphilic cationic copolymer cRGD-PEG-PAsp(EDONB)-PPHE encapsulating
UCNPs, and (i) the complexation of siRNA-PLK into the cationic interlayer of -UCNP. The tumor-targeting capability of T-si/lUCNP is facilitated by integrin-cRGD binding,
leading to its binding and internalization by tumor cells. Upon exposure to NIR irradiation, the UCNPs in the core of T-si/lUCNP emit UV light, triggering the cleavage of
2-nitrobenzyl linkers. This process initiates the release of siRNA targeting PLKI, leading to the silencing of PLKI| gene expression and subsequently inducing apoptotic
pathways in tumor cells.

N-carboxyanhydride (Phe-NCA) and B-benzyl-L-aspartate-N-carboxyanhydride (BLA-NCA) were procured from
Bide Pharmatech Company (Shanghai, China). The cyclic RGD peptides with the sequence cyclo(-Arg-Gly-Asp
-D-Phe-Cys) were provided by Haode Peptide Company (Wuhan, China). Upconversion nanoparticles (UCNPs,
approximately 20 nm) which can convert the 980 nm NIR into 365nm emission were purchased from Xi’an ruixi
Biological Technology Co., Ltd (Xi’an, China). Dimethyl ether, methanol, DCM, DMSO, DMF, and other standard
chemical reagents were acquired from Guangzhou Chemical Reagent Company (Guangzhou, China). HCT116 cells
were sourced from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). siRNAs targeting PLK1
(siRNA-PLK1), the luciferase gene (siRNA-Luc), and fluorescence-labeled scramble siRNA were purchased from
Guangzhou RiboBio Co. (Guangzhou, China). Phosphate-buffered saline (PBS), Dulbecco’s modified Eagle medium
(DMEM), fetal bovine serum (FBS), and 0.25% trypsin were procured from Gibco BRL (Carlsbad, CA, USA).
Additional detection reagents were obtained from Thermo Fisher (NJ, USA). The siRNA-PLKI1 was synthesized
according to following sequence: 5'-UAUUUAAGGAGGGUGAUCUdTAT-3" (antisense), 5'-AGAUCACCCUCCU
UAAAUAAdTAT-3' (sense) (GenePharma, China).
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Synthesis of Allyl-Poly(Ethylene Glycol)-b-Poly(5-Benzyl-Aspartic Acid)-

b-Polyphenylalanine

The triblock copolymer Allyl-poly(ethylene glycol)-b-poly(f-benzyl-aspartic acid)-b-polyphenylalanine (APEG-PBLA-
PPHE) was synthesized by a ring-opening polymerization of BLA-NCA and PHE-NCA using APEG-NH, as
a macroinitiator. Briefly, 1.0 g of APEG; 4.-NH, (0.4 mmol) was vacuum-dried at 75 °C for 1.5 h in a 100 mL Schlenk
flask. After the temperature dropped to 35 °C, 20 mL anhydrous dichloromethane and 3 g of BLA-NCA (12 mmol)
dissolved in 3 mL of anhydrous DMF were added into the reaction system under an argon atmosphere. The polymerization
lasted for 2 d. Then, 2.3 g of PHE-NCA (12 mmol) dissolved in 3 mL of anhydrous DMF were added into the reaction
system under an argon atmosphere. The polymerization lasted for another 2 d and the final mixture was precipitated in
diethyl ether, filtered, washed with diethyl ether for three times, and dried in vacuum. The results of "H-NMR (Figure 1B)
showed that the polymer APEG-PBLA-PPHE was successfully synthesized.

Synthesis of Allyl-Poly(Ethylene Glycol)-b-Poly(Aspartic Acid)-b-Polyphenylalanine

2 g of APEG-PBLA-PPHE was dissolved in 10 mL of trifluoroacetic acid and cooled in an ice-water bath. 5 mL of 33 wt.
% HBr-containing acetic acid solution was added and stirred for 2 h at room temperature. The product was precipitated
into excess ether, filtered, washed with ether, and dried under vacuum. The product was redissolved in 5 mL of DMSO,
dialyzed against water for 24 h, and lyophilized. The results of "H-NMR (Figure 1B) showed that the polymer Allyl-poly
(ethylene glycol)-b-poly(aspartic acid)-b-polyphenylalanine (APEG-PAsp-PPHE) was successfully synthesized.
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Figure | Characterizations of polymers. (A) The synthetic route of photo-sensitive copolymer cRGD-PEG-PAsp(DMAENA)-PPHE. (B) 'H-NMR spectrums of cRGD-PEG-
PAsp(DMAENA)-PPHE and its prepolymers in DMSO-d6. (C) MS analysis of the cRGD-SH peptide. (D) FTIR spectra of the UV-sensitive copolymer cRGD-PEG-PAsp
(DMAENA)-PPHE. The peaks at 1740 em ™! of (s, ve=o ester)and 1110 cm”! (s, vc.o.c) are attributed to the ester bonds of PAsp(DMAENA) block and the ether bonds of
PEG block, respectively. The peaks at 745 and 700 cm ™' (s, yc., benzene) are the characteristic peaks of benzene groups from PAsp(DMAENA) block and PPHE block. The
peak at 1650 cm ' is attributed to the characteristic peak of amide (s, vc=o, amide) from the main chain of the copolymer.
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Synthesis of cRGD-Poly(Ethylene Glycol)-b-Poly(Aspartic Acid)-b-Polyphenylalanine
cRGD-poly(ethylene glycol)-b-poly(aspartic acid)-b-polyphenylalanine (cCRGD-PEG-PAsp-PPHE) was synthesized by
addition reaction of allyl group with thiol group of cRGD-SH using a little AIBN as initiator. In brief, 1.5 g of APEG-
PAsp-PPHE, 0.5 g of cRGD-SH and 15 mg of AIBN were mixed in 5 mL of DMF. After being deoxygenated by N2
bubble for 15 min, reaction mixture was stirred at 65 °C for 12 h under N, atmosphere, dialyzed (MWCO: 3.5 kDa)
against methanol for 1 d, rotary-evaporated, and vacuum-dried. The results of 'H-NMR (Figure 1B) showed that the
polymer cRGD-PEG-PAsp-PPHE was successfully synthesized.

Synthesis of 5-(2’-(Dimethylamino)Ethoxy)-2-Nitrobenzyl Alcohol

A 500 mL round-bottom flask was charged with 5-hydroxy-2-nitrobenzyl alcohol (10.0 g, 59.13 mmol), 2-(dimethyla-
mino)ethyl chloride hydrochloride (7.63 g, 60.95 mmol), sodium hydroxide (5.2 g, 130 mmol), toluene (300 mL), and
ethanol (60 mL). The reaction mixture was heated to reflux and stirred for 48 h. After cooling to room temperature, the
dark solution was poured into 500 mL of water. The organic layer was isolated and the aqueous phase was further
extracted with toluene. The combined organic phase was washed successively with saturated aqueous solution of sodium
bicarbonate and water, dried over anhydrous sodium sulfate, and then evaporated to dryness. The crude product was
purified by silica gel column chromatography using methanol as the eluent to obtain 5-(2’-(dimethylamino)ethoxy)-
2-nitrobenzyl alcohol (DMAENA) as a yellowish solid.

Synthesis of cRGD-PEG-PAsp(DMAENA)-PPHE

1 g of cRGD-PEG-PAsp-PPHE and 1 g DMAENA were dissolved in 10 mL of anhydrous DMSO. 1.2 g of 1-ethyl-3
(3-dimethylpropylamine) carbodiimide hydrochloride (EDCI) and 0.5 g of DMAP were added and stirred for 24 h. The
above solution was dialyzed against methanol (MWCO: 3.5 kDa) for 2 d, rotary-evaporated, and vacuum-dried. The
results of '"H-NMR (Figure 1B) showed that the polymer cRGD-PEG-PAsp(DMAENA)-PPHE was successfully
synthesized.

Preparation of Nanoparticles

The fabrication of UCNP-encapsulated micelles (referred to as T-UCNP) was achieved using a self-assembly approach.
In a concise methodology, 25 mg of cRGD-PEG-PAsp(DMAENA)-PPHE and 3 mg of UCNPs were solubilized in 2 mL
of tetrahydrofuran (THF). This resulting solution was subsequently added dropwise into 20 mL of PBS employing
sonication, and subjected to ultrafiltration with a molecular weight cutoff of 100 kDa for concentration. The obtained
solution was then passed through a syringe filter featuring a pore size of 220 nm. The resultant solution of UCNP-
encapsulated micelles (2 pg/ul) was thus prepared. Subsequently, a siRNA solution was mixed with the T-UCNP
solution at varying N/P ratios. This mixture was allowed to stand undisturbed for 0.5 hours, ultimately yielding the
nanopolyplex designated as T-si/UCNP.

Characterization of Copolymers and Nanoparticles

Proton nuclear magnetic resonance (‘H-NMR) spectroscopy was performed utilizing a nuclear magnetic resonance
spectrometer (Bruker, 400 MHz) operating at room temperature. Fourier transform infrared (FT-IR) spectrums were
acquired employing FT-IR (Frontier, PerkinElmer, USA) within the spectral range spanning from 4000 to 400 cm™'. The
hydrodynamic sizes and zeta potentials of nanopolyplexes with varying N/P ratios were assessed using a 90 Plus/BI-
MAS instrument (Brookhaven Instruments Corporation, USA). For transmission electron microscopy (TEM) analysis, 3
puL of nanoparticle solution (1 pg/pL) was deposited onto a copper grid coated with amorphous carbon and subsequently
dried in drier. After staining, The grids were air-dried for a day and finally observed using TEM (JEM-ARM200P, JEOL,
Japan) operating at 200 kV for visualization of nanoparticle morphology and diameter distribution. Fluorescence spectra
were captured using a fluorescence spectrophotometer (Shimadzu, RF5301). The upconversion luminescence spectra of
nanoparticles were recorded utilizing a fluorescence spectrophotometer (Edinburgh, FLS980) equipped with a 980 nm
laser as the excitation source.
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Agarose Gel Electrophoresis

The solutions of T-si/UCNP with different N/P ratios (ie, 1, 2, 4, and 6) were subjected to electrophoresis for a duration
of 15 minutes on a 1% agarose gel containing GoldenView at an applied voltage of 120 V. Following the electrophoresis,
the resultant gel image was visualized under UV light employing a DNR bio-imaging systems.

siRNA Release in vitro

Upon NIR irradiation, the UCNPs encapsulated into the core of T-si/UCNP generate UV emissions that facilitate the
cleavage of 2-nitrobenzyl linkers, subsequently resulting in the release of siRNA. To validate the siRNA release from
T-si/UCNP nanoparticles, an agarose gel electrophoresis was conducted. Specifically, T-si/lUCNP nanoparticles, both
with and without NIR irradiation, were subjected to electrophoresis on a 1% (w/v) agarose gel to analyze the migration of
siRNA. Additionally, the siRNA release from T-si/lUCNP nanoparticles was assessed using siRNA-FITC as a substitute
for native siRNA. T-FITC/UCNP solutions were introduced into dialysis bags with a molecular weight cut-off of 100
kDa and subjected to dialysis against 8 mL buffer solutions (pH 7.4), both with and without NIR irradiation. In the event
of NIR irradiation (980 nm, 2 W cm ) for a duration of 10 minutes, the irradiation procedure was repeated twice with
a 3-hour interval. The solutions were maintained at 37 °C under agitation. The concentrations of released siRNA-FITC at

various time intervals were quantified using a spectrofluorometer (PerkinElmer Ltd., UK).

Cell Culture

HCT116 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) complete culture medium supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin, and cultured at 37°C with a 5% CO2
atmosphere. Upon reaching approximately 80% confluence in the culture dish, the cells were detached using a 0.25%
trypsin solution for a duration of 1 minute, subsequently being either subcultured or cryopreserved for further
experiments.

Cellular Uptake and Lysosomal Escape

A total of 1x10°> HCT116 cells were plated in each well of 12-well plates and incubated overnight. Subsequently, the cells
were exposed to the targeting T-FITC/UCNP and the non-targeting NT-FITC/UCNP separately for a duration of 4 hours.
Following a wash with PBS, trypsin digestion was utilized to detach the cells, and centrifugation was employed to collect
the HCT116 cells. The suspended HCT116 cells were then analyzed using a Gallios flow cytometer (Beckman, Coulter) to
assess cellular uptake. To investigate of the lysosomal escape of nanopolyplexes, HCT116 cells were seeded in 35 mm
confocal dishes at a density of 1x10? cells per well and transfected with various nanopolyplexes (T-FITC/UCNP and NT-
FITC/UCNP) for 4 hours. Following the treatment, the culture medium was substituted with the fresh. Nuclei and
endosomes were respectively stained with DAPI and Lyso-Tracker Red (Invitrogen). The intracellular distribution of

nanoparticles was examined using a confocal laser scanning microscope system (Carl Zeiss LSM 710, Germany).

NIR-Controlled siRNA Release

To investigate NIR-controlled siRNA release, two distinct siRNA samples were individually labeled with a fluorescence
dye (Cy3) and a quencher molecule (BHQ2). The mixture of siRNA-Cy3 and siRNA-BHQ?2 at a 1:1 molar ratio was then
complexed with cationic micelle T-UCNP, yielding nanoparticle denoted as T-Cy3&BHQ2/UCNP. Additionally, for
control purposes, siRNA-Cy3 and siRNA-SCR were mixed at a 1:1 molar ratio and complexed with cationic micelle
T-UCNP, forming nanoparticle T-Cy3&Blank/UCNP. Subsequently, HCT116 cells were separately incubated with these
nanoparticle, T-Cy3&Blank/UCNP and T-Cy3&BHQ2/UCNP, for 4 hours. After being washed with fresh medium,
HCT116 cells were exposed to NIR irradiation (980 nm, 2 W cm ?) for 10 minutes if required. Finally, the NIR-
controlled release of siRNA was analyzed using confocal laser scanning microscopy (CLSM) and flow cytometry
analysis.

150  hees International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Jia et al

gRT-PCR Test and Western Blotting Assay

HCTI116 cells were plated in six-well dishes with a cell density of 5x10% cells per well and incubated for 12h.
Following that, the cells were subjected to various treatments [PBS, T-SCR/UCNP (+L), T-PLK1/UCNP (-L), NT-
PLK1/UCNP (+L), and T-SCR/UCNP (+L)] containing 1 pg/mL of siRNA-PLKI. For quantitative real-time PCR
(RT-qPCR) analysis, total RNA was isolated from the treated cells using TRIzol™ reagent (Invitrogen, USA). The
extracted RNA was then reverse transcribed into ¢cDNA using a PrimeScript ™ RT reagent Kit (Takara, Japan) and
subsequently subjected to RT-qPCR amplification. Relative quantification of PLK1 mRNA levels was determined
employing the AACt method, with B-actin serving as an endogenous control. The primer sequences for RT-qPCR were
as follows: 5-TCAACACGCCTCATCCTCTA-3' (forward) and 5'-GTGCTCGCTCATGTAATTGC-3' (reverse) for the
PLK1 gene, and 5-GGACTTCGAGCAAGAGATGG-3' (forward) and 5-GAAGGAAGGCTGGAAGAGTG-3’
(reverse) for the S-actin gene.

For Western blotting assay, total cellular protein of HCT116 cells subjected to various treatments was extracted and
quantified using CytoBusterTM protein extraction reagent and bicinchoninic acid protein assay kit respectively.
Following that, these total proteins underwent separation through a 12% SDS-polyacrylamide gel electrophoresis and
were subsequently transferred via electrotransfer onto a polyvinylidene fluoride (PVDF) membrane. The resultant
membranes were immersed in a solution containing 5% nonfat milk. Afterward, following rinsing with tris-buffered
saline Tween 20 (TBST) solution, the membranes were subjected to an overnight incubation at 4°C with the primary
antibody. Following this incubation period, the membranes were again washed with TBST solution and subsequently
exposed to an HRP-conjugated secondary antibody for signal amplification. Lastly, the protein bands were visualized
using Alpha Imager 3400 Transilluminator Gel Imaging Detection System (Alpha Innotech, USA).

The Anti-Tumor Effect in vitro

The anti-tumor effect in vitro of the nanopolyplexes was evaluated using the MTT and apoptosis analysis. HCT116 cells
were seeded in 96-well plates at a density of 8x10* cells per well and were allowed to culture overnight. Subsequently,
the cells were subjected to treatment with various nanopolyplexes at different siRNA-PLK1 concentrations of 0.1, 0.25,
0.5, 0.75, and 1 pg/mL. After 4 h incubation, the culture medium with nanopolyplexes was exchanged for fresh medium.
When necessary, cells were exposed to NIR light (980 nm, 2 W/ecm?) for 20 minutes. Following an additional 12
h incubation, the cells received a medium containing MTT for 3 h. After the removal of the medium, DMSO was
introduced to dissolve the resultant substrate, and this mixture was allowed to incubate for 15 minutes. Finally, the cell
viability was quantified using an Infinite F200 Multimode plate reader (Tecan, Switzerland).

For the apoptosis assay, HCT116 cells were cultured in 6-well plates at a density of 3x10° cells per well and treated with
PBS, T-SCR/UCNP (+L), T-PLK1/UCNP (-L), NT-PLK1/UCNP (+L), and T-SCR/UCNP (+L) at 1 pg/mL of siRNA-PLK1.
Subsequently, the cells were transfected for 12 h. Following this incubation period, the cells were harvested and resuspended
in a PBS solution. Annexin V-FITC and PI were used to stain the cells for 30 minutes in the dark. After three PBS washes, the
cell apoptosis analysis was performed utilizing a Gallios flow cytometer (Beckman, Coulter).

Animal Model

Male nude mice, aged 5-6 weeks, were procured from the Laboratory Animal Center of Soochow University All
procedures involving mice were conducted in compliance with the guidelines of the National Institutes of Health of
China for the care and use of laboratory animals. Furthermore, all animal-based investigations received approval from the
Laboratory Animal Center of Soochow University. To establish the HCT116 tumor xenograft model, a total of 1x10°
HCTI116 cells were injected into the foreleg of the mice.

Biodistribution and Tumor Accumulation of Nanopolyplexes

To assess tumor accumulation and biodistribution, we utilized siRNA-Cy7 to fabricate two types of nanoparticles: the
targeted nanopolyplexe T-Cy7/UCNP and the non-targeted nanopolyplexe NT-Cy7/UCNP. Following intravenous injec-
tion of 80 pL of these nanopolyplexes, each containing siRNA-Cy7 at a dosage of 2 mg per kg body weight, into
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HCT116 xenograft-bearing mice, the fluorescence of Cy7 was monitored at distinct time intervals (1, 3, 6, 12, and 24
hours) employing an in vivo imaging system (Berthold LB983, Germany). Subsequently, mice were euthanized at 24
hours after nanopolyplexe injection, and both tumor tissues and major organs were collected for ex vivo imaging.

NIR-Controlled Luciferase Gene Silencing Assay in vivo

An implanted tumor model was established via subcutaneous injection of 1x10° recombinant HCT116 cells expressing
luciferase (HCT116-Luc) into both thighs of mice. Subsequently, mice harboring HCT116-Luc tumors were randomly
allocated into two groups (n = 3), and they received intravenous injections of either 80 pL of PBS solution or 80 pL of
T-Luc/UCNP solution, with a siRNA-Luc dosage of 2 mg per kg body weight. After six hours post-injection, the tumor
situated on the right thigh was subjected to NIR irradiation (980 nm, 2 W/cm?) for a duration of 30 minutes. Ten minutes
prior to image capture, mice were administered with 80 pL of D-luciferin (20 pg/uL). The bioluminescent signals were
monitored at various time intervals (0, 12, 24, and 36 hours) following the administration of nanoparticles or PBS,
utilizing an in vivo imaging system (Berthold LB983, Germany).

Anti-Tumor Outcome in vivo

Upon reaching a tumor volume of approximately 100 mm?®, mice bearing HCT116 xenografts were randomly allocated
into 5 groups (n = 10) and treated with various treatments. Every three days, a 100 uL injection of either PBS or
a nanoparticle solution was administered to each mouse through the tail vein. Notably, the siRNA-PLK1 was adminis-
tered at a dosage of 2 mg per kg body weight, totaling five injections over the experimental period. After six hours post-
injection, if required, the tumors of some groups were subjected to NIR irradiation (980 nm, 2 W/cm?) for a duration of
30 minutes. Tumor volume was assessed using caliper measurements and calculated using the formula: (length X
width"2)/2. After 21 days from the initiation of treatment, some mice were humanely euthanized, while others were
continued to be monitored for survival assessment. Tumors from euthanized mice were photographed, weighed, and
subsequently subjected to paraffin embedding and preservation in OCT reagent for subsequent investigations.

Statistical Analysis
The results are presented as mean + SD. Group comparisons were assessed employing the two-tailed Student’s #-test.
Significance levels were denoted as follows: *P < 0.05, **P < (0.01, and ***P < 0.001.

Results and Discussion

In order to prepare the nanopolyplex T-si/lUCNP, a triblock amphiphilic polymer cRGD-PEG-PAsp(DMAENA)-PPHE was
prepared following the schematic depicted in Figure 1A. Initially, allyl-polyethylene-NH, (APEG-NH,, M,, = 2.4 kDa) served
as the initiator for sequential ring-opening polymerizations of BLA-NCA and PHE-NCA, resulting in the formation of the
allyl-capped triblock copolymer APEG-PBLA-PPHE. The degrees of polymerization for the PBLA block and PPHE block
were both 30, based on integral calculations of the "H-NMR peak areas (Figure 1B). Subsequently, the protective group of the
PBLA block was removed, converting it into the PAsp block within APEG-PAsp-PPHE. Moving forward, the cRGD-capped
copolymer cRGD-PEG-PAsp-PPHE was prepared through an addition reaction involving alkene and thiol groups. Lastly, the
UV-sensitive cationic molecule DMAENA was grafted onto the PAsp block of cRGD-PEG-PAsp-PPHE through esterifica-
tion, yielding the final copolymer cRGD-PEG-PAsp(DMAENA)-PPHE. The successful synthesis of cRGD-PEG-PAsp
(DMAENA)-PPHE was confirmed through proton nuclear magnetic resonance (‘H-NMR), Fourier-transform infrared
(FTIR) spectroscopy, and mass spectrometry (MS) analyses (Figure 1B-D).

Next, the amphiphilic copolymer was self-assembled with hydrophobic UCNPs (~20 nm) to form micellar nanopar-
ticle T-UCNP which featured a hydrophilic shell of cRGD-PEG, a cationic interlayer, and a hydrophobic core
encapsulating the UCNPs. Dynamic light scattering and zeta potential analysis revealed that T-UCNP had
a hydrodynamic size of 65.9 nm and a zeta potential of +27.2 mV (Figure 2A). As shown in TEM (Figure 2A), due
to the low electron density of the copolymer, only the aggregated UCNPs can be observed, indicating that approximately
three UCNPs are encapsulated within a single T-UCNP. In theory, the cationic nanoparticle T-UCNP has the capacity to
complex with siRNA. As demonstrated by the gel electrophoresis result (Figure 2B), the mobility of siRNA in the
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Figure 2 Characterizations of nanopolyplexes. (A) The hydrodynamic size, TEM image, and zeta potential of 'UCNP. (B) Agarose gel electrophoresis analysis of T-si/lUCNP
at various N/P ratios. (C) The particle sizes and zeta potentials of T-si/lUCNP at various N/P ratios (mean * SD, n = 3). (D) The hydrodynamic size, TEM image, and zeta
potential of T-si/UCNP at N/P 4. (E) The emission spectrum of T-si/lUCNP under 980 nm excitation. (F) Agarose gel electrophoresis analysis of siRNA releasing from T-si/
UCNP both with and without 980 nm exposure. (G) The release of siRNA from T-si/lUCNP at pH 7.4 both with and without 980 nm exposure. These arrows denote the
time points of 980 nm NIR exposure (mean * SD, n = 3).

agarose gel was completely retarded at N/P ratios of > 4. This observation indicates that the negative charges of the
siRNAs were effectively neutralized by the cationic nanoparticle T-UCNP. Upon complexation with siRNA, the T-si/
UCNP nanopolyplex exhibited a decreasing particle size and an increasing Zeta potential with the rising N/P ratio,
maintaining a stable particle size at N/P ratios of > 4 (Figure 2C). At an N/P ratio of 4, the T-si/UCNP nanopolyplex
exhibited a hydrodynamic size of 55.6 nm and a zeta potential of +4.3 mV (Figure 2D), which is beneficial for facilitating
cellular uptake and mitigating cytotoxicity. The TEM image showed that siRNA was loaded in the interlayer of T-si/
UCNP. In order to confirm the upconverted UV light property of T-si/UCNP, we conducted measurements of the
upconversion luminescence spectra. As depicted in Figure 2E, under 980 nm excitation, T-si/lUCNP exhibited a UV
emission peak at 365 nm which could cleave the 2-nitrobenzyl ester linkers.
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Upon 980 nm excitation, the upconverted UV light cleaves the 2-nitrobenzyl ester linker, leading to the detachment of
cationic groups (EDONB) from T-si/UCNP. This process induced the siRNA release from T-si/UCNP. Subsequently, the
gel electrophoresis analysis was performed to assess whether NIR irradiation could induce the siRNA release
(Figure 2F). When exposed to NIR light, the migratory behavior of siRNA within T-si/lUCNP closely resembled that
of naked siRNA, but was completely hindered when 980 nm NIR exposure was absent. These results strongly suggested
980 nm NIR light can efficiently trigger the siRNA release from T-si/UCNP. The quantification of siRNA release was
carried out using a fluorescence spectrophotometry (Figure 2G). To measure the quantity of released siRNA, FITC-
labeled siRNA molecules (siRNA-FITC) were employed. Few siRNAs-FITC were observed to be released from T-FITC/
UCNP without NIR irradiation. In contrast, approximately 63% of siRNA-FITC was rapidly released from T-FITC/
UCNP with NIR irradiation during the first input cycle, and more than 95% of siRNA-FITC was released after two
cycles, demonstrating the highly efficient siRNA release triggered by 980 nm NIR light from T-si/UCNP.

To investigate the cellular uptake and endosomal escape of T-UCNP, those copolymers both with and without cRGD
modification were employed to encapsulate hydrophobic UCNPs and then complex with siRNA-FITC, resulting in the
preparation of two types of nanoparticles: the targeting nanopolyplex T-FITC/UCNP and the non-targeting nanopolyplex
NT-FITC/UCNP, respectively. The cellular internalization efficiency of T-FITC/UCNP and NT-FITC/UCNP was
assessed using flow cytometry (Figure 3A). HCT116 cells transfected with T-FITC/UCNP exhibited a significantly
higher proportion of FITC-positive cells (96.8% vs 40.1%) compared to cells treated with NT-FITC/UCNP, highlighting
the substantial enhancement in siRNA transfection efficiency achieved by the cRGD peptide. Subsequently, the
intracellular trafficking of siRNA-FITC was observed via CLSM after HCT116 cells were transfected with various
nanopolyplexed for 4 h. The endosomal and nuclei were stained with LysoTracker Red and DAPI, respectively. As
illustrated in Figure 3B, the fluorescence signal in cells transfected with T-FITC/UCNP was noticeably greater than in
those transfected with NT-FITC/UCNP, aligning with the findings of the flow cytometry analysis. Moreover, after
6 h incubation, HCT116 cells treated with T-FITC/UCNP exhibited a distinct separation of green fluorescence (siRNA-
FITC) and red fluorescence (lysosomes). This separation suggested the effective endosomal escape of T-FITC/UCNP,
likely facilitated by the proton sponge effect attributed to the tertiary amines in the polymer cRGD-PEG-PAsp
(DMAENA)-PPHE.

To investigate NIR-controlled siRNA release in cytoplasm, two distinct siRNA samples were individually labeled
with a fluorescence dye (Cy3) and a quencher molecule (BHQ2). The mixture of siRNA-Cy3 and siRNA-BHQ2 at a 1:1
molar ratio was then complexed with cationic micelle T-UCNP, yielding nanoparticle denoted as T-Cy3&BHQ2/UCNP.
Additionally, for control purposes, siRNA-Cy3 and scramble siRNA (siRNA-SCR) were mixed at a 1:1 molar ratio and
complexed with cationic micelle T-UCNP, forming nanoparticle T-Cy3&Blank/UCNP. The Cy3 fluorescence signal of
cells with various treatments were recorded through CLSM. As shown in Figure 3C, HCT116 cells receiving
T-Cy3&BHQ2/UCNP exhibited a significantly reduced fluorescence signal of siRNA-Cy3 compared to those receiving
T-Cy3&Blank/UCNP (control group). This decrease in fluorescence intensity can be attributed to the fluorescence
quenching caused by the aggregation of siRNA-Cy3 and siRNA-BHQ2 within T-Cy3&BHQ2/UCNP. However, after
NIR irradiation, the Cy3 fluorescence signal of the cells treated with T-Cy3&BHQ2/UCNP was recovered to a level close
to that of the control group. Furthermore, the Cy3 mean fluorescence intensities (MFI) of cells subjected to various
treatments were quantitatively assessed using flow cytometry. As shown in Figure 3D, the results of flow cytometry were
in accordance with the results obtained from CLSM analysis. These findings validated that 980 nm NIR light can trigger
the release of siRNA within the cytoplasm, leading to the dequenching effect between Cy3 and BHQ?2.

In order to explore the NIR-controlled gene silencing and anti-tumor potential of T-si/UCNP, we prepared the
nanoparticle encapsulating siRNA targeting PLK1 (siRNA-PLK1), denoted as T-PLK1/UCNP. Polo-like kinase 1
(PLK1) is a protein that belongs to the family of serine/threonine kinases and often found to be overexpressed in
many types of cancer. Due to its significance in cell cycle regulation and its association with cancer, PLK1 has been
a target for cancer research and drug development.”*>® Inhibiting PLK1 activity is being explored as a potential
therapeutic strategy for anti-tumor therapy.'

The gene silencing impact of T-PLK1/UCNP was assessed at both the mRNA and protein levels (Figure 4A and B).
In contrast to the PBS group, it was observed that the PLK1 mRNA levels in HCT116 cells treated with T-SCR/UCNP
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Figure 3 Cellular uptake, lysosome scape, and NIR-controlled cytosolic release of siRNA. (A) Flow cytometry analysis of the transfection efficiency in HCT116 cells
transfected with T-FITC/UCNP or NT-FITC/UCNP. (B) CLSM images of HCT 116 cells treated with T-FITC/UCNP or NT-FITC/UCNP. Scale bar, 10 um. CLSM analyses (C)
and Cy3 mean fluorescence intensity (MFl) analysis (D) of HCT116 cells treated with T-Cy3&Blank/UCNP, T-Cy3&BHQ2/UCNP(-L), and T-Cy3&BHQ2/UCNP(+L),
respectively. Scale bar; 25 pm. (mean * SD, n = 3, **p < 0.001).

(+L) did not decrease, suggesting that neither the carrier nor NIR light had a regulatory effect. Furthermore, in the
absence of NIR irradiation, there was no significant change in the PLK1 mRNA levels in the T-PLK1/UCNP (-L) group.
However, under NIR irradiation, both the targeted T-PLK1/UCNP (+L) group and the non-targeted NT-PLK1/UCNP
(+L) group exhibited a significant reduction in PLK1 mRNA levels. Notably, T-PLK1/UCNP (+L) group exhibited
a more substantial reduction in PLK1 mRNA levels compared to the NT-PLK1/UCNP (+L) group, indicating that the
modification of cRGD enhanced gene inhibiting effect The suppression of PLK1 protein expression was in concordance
with its inhibition at the mRNA level. The above results indicated that NIR irradiation is capable of triggering siRNA-
PLK1-mediated gene inhibition.

Subsequently, the MTT assay revealed that HCT116 tumor cells treated with T-SCR/UCNP (+L) or T-PLK1/UCNP
(-L) exhibited high levels of viability compared to the control group (Figure 4C). In contrast, both the T-PLK1/UCNP
(+L) and NT-PLK1/UCNP (+L) groups displayed a significant decrease in cell viability as siRNA-PLK1 concentrations
increased. Notably, HCT116 tumor cells treated with T-PLK1/UCNP (+L) exhibited the lowest viabilities across all tested
concentrations of siRNA-PLK1 (0.1-1 pg/mL). A concentration of 1 ug/mL of siRNA-PLK1 was chosen to investigate
cell apoptosis. In contrast to the control group, T-SCR/UCNP (+L), and T-PLK1/UCNP (-L) groups that all caused
minimal cell apoptosis, the treatments with T-PLK1/UCNP (+L) and NT-PLK1/UCNP (+L) resulted in approximately
80.6% and 48.5% apoptotic cells, respectively (Figure 4D). Similar outcomes were corroborated through live/dead-cell
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Figure 4 NIR-controlled gene silencing and anti-tumor effect of T-PLKI/UCNP in vitro. Relative levels of PLKI mRNA (A) and protein (B) expressions in HCT116 cells
treated with various treatments. (C) Cell viability of HCT116 cells treated with different nanopolyplexes at various siRNA concentrations with or without 980 nm NIR
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staining, where live cells emitted green fluorescence and dead cells emitted red fluorescence (Figure 4E). These findings
confirmed that T-PLK1/UCNP exhibits NIR-controlled anti-tumor effect in vitro.

To monitor the biodistribution and tumor accumulation of nanopolyplexes, we utilized siRNA-Cy7 to fabricate
T-Cy7/UCNP and NT-Cy7/UCNP. After intravenous injection, the mice harboring HCT116 xenograft tumors were
subjected to an in vivo imaging system. Consequently, the fluorescence intensities of siRNA-Cy7 within tumor site
peaked at 6 h after the injection of either T-Cy7/UCNP or NT-Cy7/UCNP (Figure 5A and B). Remarkably, mice
receiving T-Cy7/UCNP showed the highest fluorescence intensity at the tumor, attributed to the improved tumor
accumulation of nanopolyplexes facilitated by the cRGD targeting ligand. Furthermore, the outcomes of biodistribution
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Figure 5 Biodistribution and tumor accumulation of nanopolyplexes. (A) In vivo fluorescence imaging of mice treated with T-Cy7/UCNP and NT-Cy7/UCNP via intravenous
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analysis in excised organs and tumors at 24 hours after injection revealed that the Cy7 fluorescence signals in tumor site
of mice treated with T-Cy7/UCNP was 2.8 times higher than in those treated with NT-Cy7/UCNP (Figure 5C). However,
despite the improved siRNA accumulation in tumors achieved by the targeting nanoparticle T-Cy7/UCNP, substantial
amounts of siRNAs were detected in non-tumor tissues, encompassing the liver and spleen. The findings underscored the
effective delivery of siRNA into tumor tissues by T-Cy7/UCNP but also highlighted the unavoidable distribution of
siRNA in normal tissues. Consequently, the desired outcome is the spatially NIR-controlled release of siRNA, enabling
siRNA therapy activation within the tumor while minimizing impact on normal tissues.

To verify the in vivo NIR-controlled gene silencing potential of T-si/UCNP, we implanted recombinant HCT116 cells
with constitutive luciferase (Luc) protein expression into the bilateral thighs of mice. siRNA designed to target Luc
(siRNA-Luc) was complexed with the cationic micelle T-UCNP to synthesize the T-Luc/UCNP nanopolyplex. After
administering PBS or T-Luc/UCNP through intravenous injection, NIR light was administered to the tumor tissue in the
right thigh for a duration of 30 minutes at 6 hours post-injection, while the left thigh remained unexposed to NIR
radiation (Figure 6A). We proceeded to record and analyze the bioluminescence emitted by luciferase at distinct time
intervals (0, 12, 24, and 36 hours) following injection (Figure 6B). Regardless of the presence or absence of NIR
irradiation, the tumor bioluminescence signal of the control group exhibited a slightly increase, attributed to tumor cell
proliferation. Significantly, mice receiving T-Luc/UCNP exhibited a significant decrease of bioluminescence signal over
time in the right thigh tumor exposed to NIR light, while the left thigh without NIR exposure displayed bioluminescence
intensity similar to that of the control group. In comparison to the bioluminescence signal of pre-NIR exposure, the
bioluminescence signal decreased by 80% at 24 hours post-injection in mice receiving T-Luc/UCNP (+L) (Figure 6C).
These findings conclusively confirmed that T-Luc/UCNP can achieve NIR-controlled gene silencing in vivo.

To assess the in vivo anti-tumor effect of T-PLK1/UCNP, mice harboring HCT116 xenograft tumors were allocated
into 5 groups: PBS, T-SCR/UCNP (+L), T-PLK1/UCNP (-L), NT-PLK1/UCNP (+L), and T-PLK1/UCNP (+L).
Subsequently, these groups underwent their respective treatments. Compared to the PBS group, the T-SCR/UCNP
(+L) group exhibited no discernible impact on inhibiting tumor growth or prolonging survival rates, suggesting that
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both the carriers themselves and NIR irradiation had no anti-tumor effect. At the 21 days after the initial injection, the
T-PLK1/UCNP (-L) group showed negligible tumor inhibitory effect, whereas the T-PLK1/UCNP (+L) group exhibited
the most significant tumor inhibitory effect, leading to a reduction of tumor weight and volume by 94% and 91%,
respectively, in comparison to the PBS group. (Figure 7A—C). Additionally, the treatment of T-PLKI1/UCNP (+L)
substantially elevated mouse survival rate and extended their overall survival durations. As shown in Figure 7D, all
mice subjected to treatments of PBS, T-SCR/UCNP (+L), or T-PLK1/UCNP (-L) died within 28 days. Similarly, all mice
treated with NT-PLK1/UCNP (+L) also died within 35 days. In contrast, 80% of mice subjected to T-PLK1/UCNP (+L)
treatment exhibited survival beyond 40 days.

The antitumor effect resulting from PLK1 gene silencing was further elucidated by assessing the expressions of PLK1
and apoptosis-related proteins in tumor. Western blot results revealed that T-PLK1/UCNP (+L) treatment elicited the
most prominent downregulation of PLK1 and the anti-apoptotic protein Bcl-2 (Figure 7E), along with the most notable
upregulation of the pro-apoptotic protein BAX. In contrast, T-PLK1/UCNP (-L) treatments failed to induce the down-
regulation of PLK1 and Bcl-2, or the upregulation of BAX.

Furthermore, the anti-tumor efficacy of T-PLK1/UCNP was further validated through histopathological, immunohis-
tochemical, and TUNEL assessments. As depicted in Figure 7F, treatment with T-PLK1/UCNP (+L) induced the highest
levels of apoptotic tumor cells while yielding the lowest tumor cell density and Ki67 expression. Conversely, in the
absence of 980 nm NIR exposure, the T-PLK1/UCNP (-L) group did not manifest a significant anti-tumor response.
These results confirmed the NIR-controlled gene silencing capability of T-PLK1/UCNP, resulting in efficient anti-tumor
effect in vivo.
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Conclusion

In this study, we developed a nanopolyplex (T-si/lUCNP) capable of efficiently targeting tumor tissue and achieving
controlled release of siRNA at the tumor site upon exposure to 980 nm irradiation. By utilizing the nanopolyplex for the
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delivery of siRNA-PLK1, a controlled and significant inhibitory effect on HCT116 tumors in vivo was achieved under
980 nm NIR irradiation. Consequently, we believe that this nanopolyplex can not only enhance the controllability and
safety of RNAI therapy for tumors but also has the potential to serve as a platform for achieving controlled release and
activation of other drugs, such as mRNA and DNA.
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