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Objective: Nanoparticles constructed with silver/manganese dioxide (Ag@MnO,) as the core, in conjunction with survivin siRNA
(sis) and cyclo(RGD-DPhe-K) (Ag@MnO,-sis-c-L), were prepared for integrated tumor diagnosis and therapy.

Methods: Ag@MnO,-sis-c-L particles were prepared and characterized. The silver and manganese content were determined by
inductively coupled plasma optical emission spectroscopy (ICP-OES). The stability of sis in the system was evaluated by incubation
with 50% FBS before the agarose gel electrophoresis experiment. The in vitro photothermal conversion ability, cytotoxicity to 4T1
cells, and cellular uptake of preparations were evaluated. The dialysis technique was employed to determine the in vitro release profile
of Ag and Mn from Ag@MnO,-sis-c-L under various pH conditions. The pharmacokinetic behavior and tissue distribution of silver
in vivo were detected by ICP-OES. Animal model experiments were conducted to further evaluate the anti-tumor efficacy of
Ag@MnO,-sis-c-L against breast cancer in combination with infrared irradiation.

Results: Our newly synthesized Ag@MnO,-sis-c-L nanoparticles displayed superior physicochemical properties. The combined
application of these nanoparticles with photothermal therapy (PTT) exerted the strongest synergistic inhibitory effects on tumor
growth. Survivin protein expression in tumor tissues were markedly suppressed following delivery of nanoparticles loaded with sis.
Additionally, magnetic resonance imaging revealed the high imaging capability of hybrid nanoparticles.

Conclusion: This study supports the potential utility of Ag@MnO,-sis-c-L coupled with PTT in therapeutic and diagnostic imaging
applications.
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Introduction

Breast cancer (BC) is a major health concern worldwide, owing to its high incidence and mortality rates. The global
incidence of breast cancer is projected to reach 440 million cases by 2070." In China, the annual incidence of breast
cancer continues to increase, with an estimated 420,000 new cases per year, ranking first in terms of the prevalence of
female cancers.’ However, traditional cancer treatment methods, including radiotherapy, chemotherapy, and surgery, have
several limitations, such as a high surgical risk and significant physical injury, which restrict their further application and
development.* Targeted drug therapy has the advantages of fewer side effects and higher therapeutic efficacy.” The
synergistic integration of targeted therapeutic agents with multimodal treatment strategies represents a critical direction

for breast cancer management.
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Photothermal therapy (PTT) is an innovative treatment method that uses a specific light source to irradiate and
increase the temperature to achieve therapeutic purposes; it not only has the advantages of light source penetration and
controllable area of illumination, but also significantly reduces the adverse effects of conventional therapy.®™® The
multiple functions of MnO, have also been reported. MnO, exhibits both photothermal and magnetic properties.”'® Due
to the potent magnetic properties of Mn>", the particles can be visualized under MRI, which presents a valuable tool for
tumor diagnosis.'' In addition, MnO, has been characterized as a loose mesoporous material with a large specific surface

area that has a strong loading capacity for metal nanoparticles.'? Therefore, based on our previous work,'*'*

we designed
to hybrid the MnO, nanoparticles with nanosilver, which is an exceptional type of nanomaterial with unique physico-
chemical properties, including strong interactions between particles,'® antimicrobial activity,'® and anti-tumor activity."’
Therefore, we assumed that the combined application of the two metal nanoparticles could not only exert the anti-tumor
effect of nanosilver but also enhance the overall photothermal and diagnostic effects of MnO, in the tumor microenvir-
onment. The effectiveness of this combined application in cancer therapy has not been documented to date.

However, premature release and accumulation of nanosilver in vivo can trigger potential toxicity.'? It was reported
that coating of nanosilver with polymer-carriers could minimize its toxicity while still exerting excellent antibacterial
effects.'® Thus, the fabrication of composite materials could serve as a viable method for effectively harnessing the
potent capabilities of metal particles.

Survivin is a member of the apoptosis-inhibitor family. The overexpression of survivin in breast cancer patients
inhibits apoptosis and enhances tumor cell proliferation.'® Based on the finding that survivin overexpression can be
induced by PTT, which leads to the thermoresistance of cancer cells,”® to maximize the effect of PTT, we seek to
investigate the therapeutic efficacy combined with the blockage of survivin protein and PTT. Small interfering RNA
(siRNA) therapy, based on post-transcriptional gene silencing, is typically selective and effective. Accordingly, the
inhibition of survivin overexpression at the tumor site using gene therapy with sis is considered a potential therapeutic
option. Since nucleic acids are susceptible to degradation by nucleases, the selection of an appropriate carrier for delivery
is crucial for enhancing the stability of siRNAs.?

Therefore, in this study, we synthesized nanoparticles comprising nanosilver loaded on MnO, as the core, encapsu-
lated with synthetic phospholipid to load siRNA, and modified the surface of the nanoparticles with cRGD. On the one
hand, the positively charged lipid material effectively binds negatively charged nucleic acid molecules through electro-
static adsorption, and on the other, cRGD modification on the surface of the preparation not only addresses the challenge
of siRNA cellular entry and low stability but also specifically inhibits the expression of abnormal integrin o,fB; at the
tumor site.”> The novel formulation achieved long-circulating targeted delivery and synergistic anti-tumor effects. The
cytotoxicity and cellular uptake capability of the formulation were comprehensively evaluated, along with its anti-cancer
efficacy in vivo.

Materials and Methods

Materials

Survivin siRNA (5'-GAACAUCAUCAUCCAGGAC-3") was purchased from Ribo Biotechnology Co., Ltd., Guangzhou,
China. 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(polyethylene glycol)-2000-cRGD (DSPE-PEG2000-cRGD)
was obtained from Xi’an Ruixi Biotechnology Co., Ltd., Xi’an, China. SM-102, hydrogenated soy phosphatidylcholine
(HSPC), 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG2000), and cholesterol-high purity
(CHO-HP) were purchased from AVT (Shanghai) Pharmaceutical Tech Co., Ltd. (Shanghai, China). Silver nitrate was
obtained from Aladdin Biochemical Technology Co. Ltd. (Shanghai, China). Poly (allylamine hydrochloride) (PAH) from
Shanghai Aladdin Biochemical Technology Co., Ltd. The H&E staining kit was purchased from Beijing Solarbio Science and
Technology Co., Ltd. (Beijing, China). The liver and kidney index measurement kits were obtained from Beijing Leadman
Biochemistry Co., Ltd. (Beijing, China). All reagents were chromatographically and analytically pure.
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Cells

Murine breast cancer 4T1 cells and fibroblast L.929 cells were purchased from Beijing Dingguo Changsheng
Biotechnology Co., Ltd. and cultured in Roswell Park Memorial Institute (RPMI) 1640 medium and Dulbecco’s
Modified Eagle Medium (DMEM), respectively, containing 10% (v/v) fetal bovine serum (FBS) and 1% PS (Solarbio)
in an incubator at 37°C with 5% CO,.

Animals

Female BALB/c mice (18-20 g) and female Sprague-Dawley rats (200 + 20 g) were provided by SPF (Beijing) Biotechnology
Co., Ltd. (Certificate No SCXK (Jing) 2019—0010). Animal experiments were conducted according to ethical policies and
procedures approved by the Medical Ethics Committee of Jiangxi University of Chinese Medicine, Jiangxi, China.
Throughout the experimental period, the animal room was well-ventilated and maintained under a regular 12-hour light-
dark cycle. The experimental protocols involving animal handling and welfare were sanctioned by the Laboratory Animal
Ethics Committee of Jiangxi University of Chinese Medicine, with the approval number JZLLSC20250503.

Preparation of Ag@MnO,-Sis-c-L Nanoparticles
AgNO; (0.04 M) and KMnOy4 (0.02 M) solutions were prepared, mixed, and added dropwise to 0.3 M PAH solution
(volume ratio, 8:1). The mixture was incubated in an ice bath at 900 rpm for 15 min. PAH reduces silver nitrate (AgNO3)
and potassium permanganate (KMnQO,) to form nanoscale silver and MnO, through a chemical reduction reaction.
Unreacted materials were removed via dialysis for 4 h using a 20 kDa dialysis membrane. The solution obtained was
mixed with 0.1 M citric acid solution before the addition of sis solution. SM-102, CHO-HP, HSPC, and DMG-PEG2000
were mixed with anhydrous ethanol at a molar ratio of 18:16:4:1. The ethanolic lipid solution was injected into the
Ag@MnO, solution at a temperature of 55°C and rotation speed of 600 rpm for 30 min. The resulting system was
dialyzed for 4 h in a 20 kDa dialysis bag to obtain Ag@MnO,-sis-L.

Following the same reaction conditions and steps, a preheated ethanolic solution of phospholipid SM-102, CHO-HP,
HSPC, DMG-PEG2000, and DSPE-PEG2000-cRGD at a molar ratio of 18:16:4:0.9:0.1 was added and injected into the
Ag@MnO, solution, resulting in the formation of Ag@MnO,-sis-c-L.

Agarose Gel Electrophoresis

The efficiency of siRNA encapsulation by Ag@MnO,-sis-c-L. was determined using agarose gel electrophoresis. The
Ag@MnO, core was prepared and mixed with 10 pL of 20 pmol/L siRNA and phospholipids at different concentrations.
Mixtures were vortexed for 3 min and incubated at 37°C for 30 min to prepare samples with variable N:P ratios (10:1, 5:1, 1:1,
1:5, 1:10, and 1:20) calculated using SM-102. An appropriate volume of the sample was loaded into the wells of an agarose gel
(E-Gel 1.2% with SYBR Safe, Invitrogen, Thermo Fisher Scientific), and electrophoresis was performed at a constant voltage
of 65V applied for 30 min (E-Gel Power Snap Electrophoresis Device, Invitrogen, Thermo Fisher Scientific). A gel imaging
system (E-Gel Power Snap Camera, Invitrogen, Thermo Fisher Scientific) was used to obtain gel images.

Size and Morphological Analyses

The size, PDI, and zeta potential of nanoparticles were measured using a Malvern particle size analyzer (ZEN3690,
Malvern, UK). The nanoparticles were diluted to an appropriate volume with ultrapure water at 25°C prior to analysis.
The morphology of the nanoparticles was characterized by field-emission scanning electron microscopy (SEM) (SU8010,
Hitachi Ltd., Tokyo, Japan) and transmission electron microscopy (TEM) (JEM-2100, JEOL, Tokyo, Japan).

Surface Elemental Analysis

Experiments were performed using a SU8010 SEM operated at a 10 kV accelerating voltage. The spatial resolution of the
microscope is approximately 1.3 nm. A Bruker Flash6160 Energy-Dispersive Spectrometer (EDS) was used to determine
the composition of the formulation.
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Ag and Mn Content Determination

Inductively coupled plasma optical emission spectroscopy (ICP-OES) (700ES, Varian, Palo Alto, CA, USA) was pre-
conditioned to meet experimental requirements by cooling the cyclone and achieving the desired temperature. The
radiofrequency power was set to 1.5 kW, and the flow rate of high-purity Argon gas was adjusted to 1.5 L/min. The
nebulizer temperature was maintained at 2.5°C with a flow rate of 0.8 L/min. Following experimental needs, the
peristaltic pump speed was set to 15 rpm to regulate the sample intake rate to 1 mL/min. Experiments were conducted
in triplicate, and the final sample concentrations were calculated based on intensity values.

Simulated Serum Stability

The Ag@MnO,-sis-c-L formulation was added to the solution containing 50% FBS at a 1:1 volume ratio. The mixture
was vortexed to ensure homogeneity and incubated at 37°C. The reactions were conducted at various time intervals (0, 1,
2, 4, 8, 12, and 24 h). The control group was prepared using free lysis under the same conditions. Following the
incubation period, the samples were treated with heparin sodium at a concentration of 10 IU/ug to displace the sis. The
mixture was agitated on a shaking platform for 30 minutes at 37°C. An appropriate volume of the sample was loaded into
the wells of an agarose gel (E-Gel 1.2% with SYBR Safe, Invitrogen, Thermo Fisher Scientific) and electrophoresis was
performed at a constant voltage of 65V applied for 15 min (E-Gel Power Snap Electrophoresis Device, Invitrogen,
Thermo Fisher Scientific). A gel imaging system (E-Gel Power Snap Camera, Invitrogen, Thermo Fisher scientific) was
used to obtain gel images.

Photothermal Conversion Capability

Using water as a negative control, the photothermal effect of Ag@MnO,-sis-c-L irradiated at a wavelength of 808 nm
and a power density of 2.50 W/cm® was determined using an infrared temperature probe (TES-1310, Suzhou Rungi
Electronic Technology Co., Ltd, Suzhou, China).

Cytotoxicity

The influence of Ag@MnO,, Ag@MnO,-sis-L, and Ag@MnO,-sis-c-L. on the viability of 4T1 and L929 cells was
investigated using the CCK-8 assay (Beijing Biolaibo Technology Co., Ltd., Shanghai, China). Cells were seeded at
a density of 1x10* cells per well in 96-well plates and cultured in an incubator at 37°C and 5% CO,. Cells were treated with
different preparations in serum complete media at an Ag concentration of 0.2 pug/mL, and the preparations were removed
after 1 to 2 h of incubation, and fresh culture media were added.”* After 24 h incubation, 10 uL of CCK-8 detection reagents
were added to each well. After 2 h of culture, absorbance at 450 nm in each well was measured using a microplate reader
(Synergy H1, BioTek, VT, USA). Cell viability in response to the different nanoformulations was calculated.

Cellular Uptake

The 4T1 cells were plated at a density of 2x10° cells/well in six-well plates. The Ag@MnO,-sis-L and Ag@MnO,-sis
-c-L formulations were pre-diluted with the culture medium to a concentration of 5 pg/mL and co-incubated with 4T1
cells for variable durations of 2, 5, 10, and 15-min. Cells were collected at the end of each incubation period, and
intracellular Ag content was determined using inductively coupled plasma optical emission spectroscopy (ICP-OES).

In vitro Release

The dialysis technique was utilized to assess the in vitro release profile of Ag@MnO,-sis-c-L under specific pH
conditions that are characteristic of both normal and tumor microenvironments. An aliquot of the Ag@MnO,-sis
-c-L formulation (1 mL) was loaded into a dialysis bag with a molecular weight cutoff of 20 kDa and immersed in
100 mL of 0.5% polysorbate 80 PBS solution adjusted to pH levels of 5.0 and 7.4. The release of Ag and Mn ions was
monitored at 37°C at a stirring speed of 100 rpm. At predetermined time points (0.5, 1, 2, 4, 8, 12, and 24 h), samples
were collected, and an equal volume of release medium at the same temperature was replenished. The concentrations of
Ag and Mn in the release medium were quantified by ICP-OES.
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Pharmacokinetics Research

Female Sprague-Dawley (SD) rats with similar body weights (200-220g) were randomly divided into three groups
receiving different nanoformulations: Ag@MnO,, Ag@MnO,-sis-L, and Ag@MnO,-sis-c-L. The rats were fasted
overnight before the experiment. Each rat was injected with nanoformulations at a dosage of 0.8 mL/kg, equivalent to
the Ag content through the tail vein. Following injection, 500 pL blood samples were collected from the ocular sinus at
1 min, 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, 24 h, and 48 h. Blood samples were digested using an aqua regia
solution. The Ag content in samples was analyzed using ICP-OES. Temporal changes in the Ag contents of the three
groups of nanoformulations were calculated, and pharmacokinetic parameters, were derived from the data.

Biodistribution

When the tumor volume of 4T1 breast tumor-bearing mice reached 300 mm?, the Ag@MnO,-sis-L and Ag@MnO,-sis
-c-L formulations were administered via tail vein injection. At time points of 0.5 h, 4 h, and 12 h post-injection, the mice
were euthanized, and the heart, liver, spleen, lung, kidney, and tumor tissues were extracted. The tissues were rinsed with
physiological saline, blotted dry with a filter paper, and weighed. An appropriate amount of tissue was used to prepare
a 100 mg/mL tissue homogenate, which was subsequently digested using an aqua regia solution. The Ag contents in the
main organs and tumors at different time points were evaluated using ICP-OES.

Anti-Tumor Efficacy

A 4T1 tumor-bearing mouse model of breast cancer was established, and the experiment was conducted at tumor
volumes of ~100 mm®. The mice were randomly divided into nine groups: model, Free sis, Ag@MnO,-c-L, Ag@MnO,-
sis-c-L, Ag@MnO,-scrsis-c-L, Free sis-NIR, Ag@MnO,-c-L-NIR, Ag@MnO,-scrsis-c-L-NIR, and Ag@MnO,-sis
-c-L-NIR. The animals were administered the formulations via tail vein injection once a week for a total of four times
(at a dose of 3.75 mg/kg of Ag equivalent). Two hours after administration, the tumor sites of mice in the photo-
irradiation groups were exposed to 2.5 W/cm® power at 808 nm infrared irradiation for 5 min. Tumor volumes were
calculated as follows:

V=(D"xL)/2

where L represents the longest diameter on the tumor surface, D the shortest diameter on the tumor surface, and V the
tumor volume.

Western Blot Analysis

After the experimental period, 100 mg of tumor tissue from each group was incubated in precooled RIPA lysis buffer (protease
inhibitors were added at a ratio of 1:100 before use). The tissue was homogenized on ice and placed on a shaker at 4°C for 2 h,
followed by centrifugation at 1000 g for 10 min at 4°C. The protein-containing supernatant fraction was collected, and the
protein concentrations of each group was determined using a BCA assay kit (CW0014S, Jiangsu Cowin Biotech Co., Ltd,
Jiangsu, China). Protein samples (40 ug) were electrophoretically separated using a NuPAGE 4—12% Bis-Tris SDS-PAGE gel
and transferred to a polyvinylidene fluoride membrane (PVDF, Thermo Scientific, MA, USA). PVDF membranes were
blocked with 5% BSA in PBS Tween 20 (Fisher Scientific, Fair Lawn, NJ, USA) for 1 h and incubated overnight at 4°C with
primary antibodies (1:1000 dilution; survivin and B-actin, Abcam), followed by incubation with horseradish peroxidase-
conjugated secondary anti-rabbit IgG antibody (1:1000 dilution; Cell Signal Technology, Danvers, MA, USA) for 1 h at room
temperature. The membranes were washed and visualized with a ChemiDoc XRS+ imaging system (Bio-Rad, Hercules, CA,
USA) using B-actin as the loading control. ImageJ software (National Institutes of Health) was used for the semi-quantitative
measurement of the mean gray value normalized to B-actin expression.

In vivo Photothermal Conversion
Ag@MnO,-sis-c-L (Ag equivalents of 37.5 and 75.0 pg/mL) was administered to mice via tail vein injection. After 2 h,
mice in each group were anesthetized, and tumor tissue was irradiated at 808 nm laser wavelength with the power density
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of 2.5 W/em? for 80s. A temperature probe was used to measure the body temperature in each group using an infrared
thermal imager (Testo 865, Testo AG, Schwarzwald, Germany), particularly at the tumor site, to determine the
photothermal conversion efficiency of the formulation at the tumor location.

Magnetic Resonance Imaging

The mice were administered the Ag@MnO,-sis-c-L formulation (Ag equivalent of 3.75 mg/kg) via tail vein injection.
Immediately afterward, the mice were positioned within the MRI apparatus (SKYSCAN1276, Bruker Corporation, DEU)
to expose the tumor region and subjected to comprehensive MRI scanning. MRI images were captured at intervals of
0.167, 0.5, 1, 2, and 3 h post-injection to evaluate contrast enhancement effects at the tumor location.

Mouse Weight Monitoring
The physiological toxicity of the formulation in mice was evaluated by monitoring daily fluctuations in body weight,
along with the general health and vigor of the animals.

Assessment of Biochemical Parameters

At the end of the experimental period, 400 pL aliquots of blood samples were collected from the orbital venous plexus of
mice, centrifuged at 4°C for 10 min, and the supernatant fractions were used for analysis. Blood biochemical parameters
from mice in each group were assessed using a fully automatic biochemical analyzer (7100; Hitachi, Ltd., Tokyo, Japan)
with specific reagent kits for mouse liver and kidney function indicators, including alanine aminotransferase (ALT),
aspartate aminotransferase (AST), blood urea nitrogen (BUN), and creatinine (CRE-L).

H&E Staining

At the end of the anti-tumor efficacy experimental period, the heart, liver, spleen, lung, kidney, and tumor tissues were
collected, fixed in polyformaldehyde solution for 24 h, and rinsed for 12 h. Subsequently, tissues were dehydrated using
a biological tissue dehydrator under the following gradient elution process: 70%, 85%, and 95% ethanol for 1 h each,
followed by two rounds of 100% ethanol dehydration for 30 min each. Tissues were subsequently cleared with xylene for
20 min and infiltrated with paraffin for 2 h. Next, the tissues were embedded, and paraffin sections were generated using
a microtome. Sections were stained using the H&E staining procedure. The sections were initially deparaffinized by
soaking in xylene, gradient-eluted with a series of ethanol concentrations, washed with distilled water, and stained using
a hematoxylin-eosin kit. A neutral resin was applied for the coverslip treatment. Stained tissue sections were observed
under a light microscope.

Statistical Analysis
Results are expressed as the mean + standard deviation (SD). Statistical analysis was conducted using one-way analysis
of variance and Student’s #-test using the SPSS software (version 20.0). Statistical significance was set at p <0.05.

Results and Discussion

Preparation and Characterization of Nanoparticles

Agarose gel electrophoresis revealed a correlation between the N:P ratio (the ratio between the amine groups of the
ionizable lipid (N) and phosphate groups of the cargo (P)) and the encapsulation efficiency of siRNA in Ag@MnO,-sis
-c-L using free siRNA as a control. Complete encapsulation of siRNA was achieved at N:P ratios >5, resulting in the
selection of 5:1 as the optimal ratio (Figure 1A). The particle diameter values of Ag@MnO,, Ag@MnO,-sis-L, and
Ag@MnO,-sis-c-L were less than 100nm, with PDIs lower than 0.3 (Table 1). Because the N:P ratio was 5:1, positive
zeta potentials were achieved due to the extra positive charge of SM-102. Scanning electron microscopy (SEM) results
indicated that all three nanoparticles exhibited good dispersibility (Figure 1B). Transmission electron microscopy (TEM)
revealed the spherical or elliptical morphology of nanoparticles (Figure 1C). In chemical reduction reactions, the choice
of reducing agent determines the morphology and performance of the metal nanoparticles. Sodium borohydride,
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Figure | (A) Agarose gel electrophoresis of Ag@MnO,-sis-c-L to siRNA (Lane |: Free siRNA; Lane 2: Ag@MnO,-c-L; Lanes 3—I I: Ag@MnOy-sis-c-L N:P 10:1; 5:1; 1:1;
1:5; 1:10; 1:20; 1:40; 1:80; 1:160); (B) SEM and (C) TEM images of Ag@MnO; (1), Ag@MnO,-sis-L (2), and Ag@MnO,-sis-c-L (3); (D) Surface element maps of Ag@MnO,
(1), Ag@MnO,-sis-L (2), and Ag@MnO,-sis-c-L (3).

a commonly used reducing agent, can rapidly nucleate to form metal nanoparticles, as previously reported.”**> However,
the use of a strong reducing agent leads to excessively fast reaction rates, making it difficult to control the morphology of
metal nanoparticles and prone to aggregation. In this study, the Ag@MnO, core nanoparticles obtained by mild reduction
with PAH have smaller diameters, clear morphologies, and high metal element content.’® In addition, after the
phospholipid’s encapsulation, the zeta potential of the nanoparticles changed from negative to positive. This phenomenon
can be attributed to the use of the SM-102. The ionizable cationic lipid SM-102 becomes protonated and positively
charged under acidic conditions, allowing it to bind to negatively charged siRNA through electrostatic interactions and
form stable lipoplexes. SM-102 is commonly used in nanoparticles for nuclear acid delivery to protect mRNA molecules
from degradation by enzymes in the body and to promote their effective entry into human cells.”” However, nanoparticles
with strong positive charges are easily recognized and eliminated by the immune system in the bloodstream.”®> DMG-
PEG2000>**° and DSPE-PEG2000-cRGD?! were included in the formula to provide PEG shield for long circulation and
targeting effect and as a result the zeta potentials of Ag@MnO,-sis-L and Ag@MnO,-sis-c-L nanoparticles are 6.54 +
0.19 and 4.73 £ 0.07, respectively.

Based on the surface elemental analysis, in addition to C, N, O, and CI elements which are the contribution of PAH, the Ag
and Mn elements in Ag@MnO, accounted for 49.08% of the overall mass of the formulation (Figure 1D). In contrast, for the
Ag@MnO,-sis-L and Ag@MnO,-sis-c-L formulations, the contents of Ag and Mn differed: for Ag@MnO,-sis-L, Ag accounted
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Table | Size, PDI, and Zeta Potential of Nanoparticles

Formulation Particle Size (hnm) | Zeta Potential (mV) PDI

Ag@MnO, 65.44 + 1.27 —45.57 + 1.07 0.089 + 0.02
Ag@MnO,-sis-L 80.73 £ 0.83 6.54 £ 0.19 0.247 £ 0.01
Ag@MnO,-sis-c-L 84.40 £ 0.20 4.73 £ 0.07 0.234 + 0.02

Abbreviation: PDI, polydispersity index.

for 5.12% and Mn accounted for 7.85% of the total mass, while for Ag@MnO,-sis-c-L, Ag and Mn composed 0.96% and 5.17%
of the total mass, respectively. The elements C, O, N, and P from lipids were predominantly represented, with percentages of
51.68%, 16.46%, 4.03%, and 14.42% (Ag@MnO,-sis-L) and 54.41%, 20.02%, 7.33%, and 12% (Ag@MnO,-sis-c-L),
respectively. The increase in the content of C, N, O, and P elements, along with the decrease in the content of Ag and Mn,
showed that Ag@MnO, nanoparticles were effectively encapsulated with lipids.

Ag and Mn contents in the solution were further examined by ICP-OES. The Ag contents in Ag@MnO,-sis-L and
Ag@MnO,-sis-c-L were determined as 612.8 = 1.60 pg/mL and 607.5 £ 3.12 pg/mL, and Mn contents as 257.3 £
1.61 pg/mL and 245.2 £ 1.31 ug/mL, respectively. Surface modification of DSPE-PEG2000-cRGD had no significant
effect on the metal nano-core cargo-loading ability.

Simulated Serum Stability

Images obtained from gel electrophoresis of free sis and Ag@MnO,-sis-c-L incubated with simulated serum at different
time points revealed a free sis band after 4 h that completely disappeared after 8 h, indicating that siRNA is not stable
over time and undergoes degradation (Figure 2A). However, the sis band in Ag@MnO,-sis-c-L was maintained for
a minimum of 12 h, suggesting that the degradation rate of sis in serum was inhibited to some extent, thereby enhancing
the stability of sis. Additionally, pharmacokinetic data (Table 2) indicate that Ag@MnO,-sis-c-L nanoparticles have
a larger mean residence time (MRTj_,) value compared to Ag@MnO, nanoparticles.

Photothermal Conversion Efficiency

The photothermal effect of Ag@MnO,-sis-c-L is shown in Figure 2B. The blank control group with distilled water
showed a minimal increase in temperature to 27.8°C after 10 min of infrared irradiation, whereas the Ag@MnO,-sis
-c-L formulation reached 53°C within 5 min, further increasing to 63.2°C within 10 min. Based on these findings, we
inferred that the formulation could rapidly achieve an elevated temperature of over 45°C>* within a short period, thereby
causing hyperthermia and thermolytic death of tumor cells in the body. The photothermal conversion efficiency of
Ag@MnO,-sis-c-L remained unchanged after repeated irradiation cycles, indicating that the high photothermal conver-
sion efficiency of the nanoparticles remained unchanged (Figure 2C). PTT typically employs near-infrared (NIR) light
and relies on light-absorbing materials to induce localized heating for the treatment of diseases. A key advantage of PTT
is the ability to control the position of the light beam exposure, thereby minimizing damage to surrounding healthy
tissues, which depends on PPT agents. The Ag@MnO,-sis-c-L nanoparticles could effectively and persistently convert
light energy into heat energy, thereby ensuring PPT treatment.

Cytotoxicity

The cytotoxicity effects of Ag@MnO,, Ag@MnO,-sis-L, and Ag@MnO,-sis-c-L against 4T1 and L929 cells were
determined using the CCK-8 assay. Under in vitro conditions, prolonged exposure of the target ligand to cells might
mitigate its augmented cellular binding effect.>> Therefore, a relatively short incubation period of 1 and 2 hours led to
elevated cytotoxicity in tumoral cells treated with Ag@MnO,-sis-c-L. when compared to those treated in L929 cells, as
observed 24 hours after treatment (Figure 2D). The modification of cRGD on the surface of Ag@MnO,-sis-c-L promoted
cellular binding, thereby contributing to increased cytotoxicity in 4T1 cells. However, nanoparticles also possess inherent
toxicity to normal cells, given that in vitro experiments conduct direct exposure of cells to the formulation. The observed

6522 https: International Journal of Nanomedicine 2025:20



Zhang et al

A

=)

Oh 1Th 2h 4h 8h 12h 24h 4T1 cells

100

Free sis

%
S
1

N
S
1

Ag@MnO,-sis-c-L

Cell viability (%)

[
S
1

1h 2h
B L.929 cells
1004
- Ag@MnO,-sis-c-L
60 . .
OQ - Distilled water 3 3
e, S
o £ -
2 454 =
E =
5 5 40
= 3
£ 301 O -
ot
] L ] L 1 L 1 L 1 L 1 0-
0 2 4 6 8 10 1h zh

Bl Ag@MnO, H Ag@MnO,-sis-L. I Ag@MnO,-sis-c-L

E

Time (min)

a

70 2 08  mm Ag@MnOysisL ki
G ] ? mm Ag@MnO,-sis-c-L
o 60 2 0.6
£ ol 3 il
5 50 E
= 1 £ 0.4
f=l
g 40 £
I
E 30 S 0.2
S
= =
1 =
20 " T i T i T T 1 8
20 40 60 80 2 5 10 15
Time (min) Time (min)

Figure 2 (A) Agarose gel electrophoresis of Free sis and Ag@MnO,-sis-c-L after incubation with simulated serum at different time-points; (B) Temperature changes of
Ag@MnO,-sis-c-L under NIR radiation; (C) The photothermal conversion efficiency of Ag@MnO,-sis-c-L after repeated irradiation cycles; (D) Cytotoxicity of different

preparations containing a 0.2 ug/mL of Ag in 4T | and L929 cells; (E) Cellular uptake of Ag by 4T cells treated with Ag@MnO,-sis-L and Ag@MnO,-sis-c-L formulations (vs
model group, *P<0.05, **P<0.01).

cytotoxicity results further underscore the necessity of developing targeted formulations for in vivo applications, thereby
reducing off-target effects and potential harm to healthy tissues.

Cellular Uptake

Ag@MnO,-sis-L and Ag@MnO,-sis-c-L were co-cultured with 4T1 cells for various durations (Figure 2E). Compared
to Ag@MnO,-sis-L, Ag@MnO,-sis-c-L nanoparticles exhibit higher cellular uptake of Ag at all scheduled time points
within 15 min. Notably, a significant difference (P<0.05) between the two formulations was observed at the 5-minute
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Table 2 Pharmacokinetic Parameters of the Nanopreparation Treatment Groups

Analytes Toax Cinax AUC,_, MRT,.(h) cL v
(min) | (ng/mL#b) | (ng/mL h) (mg)/(ng/mL)/h | (mg)l(ngimL)
Ag@MnO, | 364 £0.18 | 20.05 £ 091 I15.1 £ 0.85 0.0066 + 0.0001 0.18 + 0.008
Ag@MnO,-sis-L | 375 +0.12 | 27.05 £ 0.49 16.7 £ 0.68 0.0040 + 0.0001 0.15 + 0.002
Ag@MnO,-sis-c-L | 469 £0.06 | 3145+ 1.13 17.6 £ 0.41 0.0030 + 0.0001 0.15 + 0.047

Abbreviations: T ., time to the peak plasma concentration; C.,,, the peak plasma concentrations; AUC: the area under the curve;
MRT, mean residence time; CL, clearance; V, the apparent volume of distribution.

mark. At the 15-minute mark, an even more pronounced difference between the two formulations was observed.
Additionally, within the 5-minute interval from 10 to 15 min, there was almost no increase in the Ag uptake content
in the Ag@MnO,-sis-L nanoparticle group, whereas a significant increase in Ag uptake content was observed in the
Ag@MnO,-sis-c-L nanoparticle group. These results indicate that surface modification with cRGD further promotes the
cellular uptake of nanoparticles.

In vitro Release

The cumulative release profiles of Ag@MnO,-sis-c-L in PBS containing 0.5% polysorbate 80 at different pH values are
presented in Figure 3A. No significant burst release of Ag@MnO,-sis-c-L was observed over these two pH conditions.
At pH 5.0 and 7.4, the cumulative release rates of Ag were 3.06% and 2.17%, and those of Mn were 58.79% and 19.17%,
respectively. At a tumor tissue pH of 5.0, the release rates of Ag@MnO,-sis-c-L. were increased relative to those at pH
7.4. The normal physiological pH of the human body ranges from 7.35 to 7.45,> whereas the pH of the tumor
microenvironment is generally lower than that of normal tissue,** typically acidic. This slightly acidic environment is
widely present in various types of tumors and plays an important role in the occurrence and development of cancer.
Ideally, compared to normal tissues, nanoparticles should release more drugs at the tumor site; in this study, the
nanoparticles met these criteria. Figure 3A shows the release profile of the Ag@MnO,-sis-c-L nanoparticles corresponds
to the pH change.

Pharmacokinetic Data

As shown in Table 2 and Figure 3B, the peak plasma concentrations (C,.x) of Ag@MnO,-sis-L and Ag@MnO,-sis-c-L were
1.03 and 1.28 times higher than that of Ag@MnO,, respectively, indicating that encapsulation of the core is beneficial for the
retention of the drug in the bloodstream. Compared to Ag@MnO,, the area under the curve (AUC_) of Ag@MnO,-sis-L and
Ag@MnO,-sis-c-L groups were 1.34 and 1.57 times higher, respectively, with extended drug retention time and reduced
apparent volume of distribution (V). Moreover, relative to Ag@MnO,, the drug clearance rates of Ag@MnO,-sis-L and
Ag@MnO,-sis-c-L were reduced by 30% and 45%, respectively. This finding suggests that the hybrid core of Ag@MnO, is
rapidly cleared, but after encapsulation with lipids, as in the case of Ag@MnO,-sis-L and Ag@MnO,-sis-c-L, the drugs are
retained for a longer period in the body, with a stronger effect observed for Ag@MnO,-sis-c-L, which is conducive to
enhancing therapeutic efficacy. This result may be due to the highly positive charge of Ag@MnO,, which serves as a distinct
marker for immune recognition once the nanoparticles enter the bloodstream. In contrast, encapsulating the nanoparticles with
PEG-conjugated lipids not only reduces their surface charge but also creates steric hindrance, making them less detectable by
the complement system.*> Without such modifications, complement proteins tag nanoparticles for opsonization, leading to
rapid clearance by macrophages in the liver and spleen. Additionally, complement activation can contribute to protein corona
formation and trigger inflammatory responses.>® Moreover, the larger size of the Ag@MnO,-sis-c-L nanoparticles decreased
their clearance and enhanced their residence time. A longer residence time is vital in cases where drug exposure can be
enhanced while the treatment frequency can be reduced. To further validate the properties of these nanoparticles,
a biodistribution study was conducted.
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Figure 3 (A) Release of Ag and Mn from Ag@MnO,-sis-c-L at different time-points; (B) Ag concentration-time curves of the preparations in blood (n=3); (C) The tissue
distribution of Ag at time points (n=3); (D) The rates of change in relative Ag contents in tissues at time-points of 0.5 h (A), 4 h (B), and 12 h (C) (**P<0.01, ***P<0.001).

Biodistribution

The concentration of Ag in each sample in Ag@MnO,-sis-c-L was normalized to that in Ag@MnO,-sis-L, which served
as the reference. As shown in Figure 3C and D, in normal tissues, at 15 min, the percentage of Ag content in the heart
tissue of Ag@MnO,-sis-c-L nanoparticles was higher than that of Ag@MnO,-sis-L nanoparticles; however, there is no
significant difference in the absolute concentration. In Figure 3C, the nanoparticles show noticeable accumulation in the
kidney within 15 minutes. While clearance occurs over time, it is more gradual compared to the non-targeted formula-
tion, indicating sustained presence and potential for prolonged therapeutic effects. At 4 h, the Ag content in the spleen
tissue increased slightly, whereas it decreased in other tissues except for the tumor tissue. At 12 h, Ag content in the heart
and lung tissues increased slightly, and there was a significant increase in the spleen. The nanoparticles did not end up in
major organs but were mainly on the target side. The one exception is the spleen: nanoparticles often accumulate in the
spleen due to their unique role in filtering blood and immune surveillance. The spleen contains specialized macrophages
and dendritic cells in the marginal zone (MZ) and red pulp that efficiently capture nanoparticles, especially those larger
than 100-200 nm. These particles are unable to cross the endothelial slits in the splenic sinuses and are thus retained and
processed by splenic macrophages. Additionally, the composition and surface properties of nanoparticles, such as the
presence of anionic or cationic lipids, influence their uptake by specific splenic cells.*’*® The findings of this study
suggest that, based on their accumulation profile, these nanoparticles may also exhibit therapeutic potential for lung-
related cancers. Although nanoparticle accumulation in the spleen is often considered a drawback due to concerns about

potential toxicity and reduced availability at target sites, our study demonstrates that despite visible spleen accumulation,
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there are no signs of tissue toxicity (H&E staining results (Figure S1). These findings serve as proof of concept,
confirming the feasibility of this nanoparticle system. Furthermore, the formulation can be further optimized to enhance
therapeutic benefits by improving targeted delivery while maintaining a favorable safety profile. Additionally, the
concentration of Ag@MnO,-sis-L in tumor tissue increased steadily over the first 4 hours before starting to decline.
In contrast, Ag@MnO,-sis-c-L accumulated in the tumor for up to 12 hours at a significantly higher rate than Ag@MnO,
-sis-L. The distribution characteristics of Ag@MnO,-sis-c-L. may be attributed to the combined action of passive and
active transport, which are the enhanced permeability and retention (EPR) effect’® and cRGD-mediated tumor targeting
and internalization.*’

Anti-Tumor Efficacy

Analysis of the tumor weight and volume change curves showed that the tumor weight and growth curves of mice in the
Free sis group were not significantly different from those of the model group (P>0.05), indicating a poor inhibitory effect
on tumor growth (Figure 4A and B). In contrast, a significant difference in tumor weight was evident between the siRNA
groups (Ag@MnO,-sis-c-L and Ag@MnO,-scrsis-c-L) and the model group (P<0.05). Furthermore, tumor weights of
the light-exposed groups were markedly reduced compared with those of the formulation and model groups that were not
exposed to light (P<0.05). Additionally, the Ag@MnO,-sis-c-L-NIR group exhibited a smaller tumor volume than the
Ag@MnO,-c-L-NIR group. This could be attributed to the fact that PTT leads to an increase in the survivin protein in the

1

tumor area,*' which is known to promote the proliferation of tumor cells. When sis was incorporated into the
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Figure 4 (A) Tumor volumes of mice from each preparation-treated group (n=3); (B) Tumor weights of mice in each group (*P<0.05); (C) Survivin and B-actin protein
expression in tumor tissues of each group (I: Ag@MnO;-sis-c-L-NIR, 2: Ag@MnO,-sis-c-L, 3: Ag@MnO,-scrsis-c-L-NIR, 4: Ag@MnO,-scrsis-c-L, 5: Ag@MnO,-c-L-NIR,
6: Ag@MnO,-c-L, 7: Free sis-NIR, 8: Free sis, 9: Model); (D) Thermography of mice from the model group (I), low-dose (2) and high-dose (3) of Ag@MnO,-sis
-c-L-treatment groups (Ag equivalents of 37.5 ug/mL and 75.0 pg/mL, respectively).
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nanoparticles, a better anti-tumor therapeutic effect was observed, indicating that the nanoparticles successfully delivered
sis to the targeted site and effectively silenced the survivin protein production process, which was triggered by PTT
treatment. In particular, the Ag@MnO,-sis-c-L-NIR group displayed the lowest tumor weight and a nearly flat tumor
growth curve, clearly indicating a trend of tumor growth inhibition. These results are consistent with the tissue
distribution results (Figure 3C and D) and indicate that PTT with gene therapy possesses a synergistic therapeutic effect.

Western Blot
The formulations containing scrambled siRNA (scrsis) and those without the siRNA exerted no effects on the expression
of survivin protein under non-illuminated conditions, however, upon light exposure, increased tissue expression of

survivin protein was observed which can increase the survival rate of cancer cells,**

as shown in Figure 4C. Both
Ag@MnO,-sis-c-L-NIR and Ag@MnO,-sis-c-L suppressed the target protein expression and effectively counteracted the
increase in survivin protein levels under light exposure. This finding was consistent with the strongest anti-tumor efficacy

recorded for Ag@MnO,-sis-c-L-NIR.

In vivo Photothermal Conversion Experiments

In mice in the model group, the temperature of the tumor area was 32.8°C, which was only slightly different from the
surrounding skin temperature (Figure 4D). In contrast, following administration of Ag@MnO,-sis-c-L at low dose of Ag
equivalents of 37.5 pg/mL, the temperature in the tumor area of mice reached 41.8°C and further increased to 47.2°C at
a high dose of Ag@MnO,-sis-c-L (Ag equivalents of 75.0 pg/mL), indicating a significant temperature difference.
Additionally, Figure 4D shows that the temperature of the irradiated area was significantly higher than that of the non-
irradiated area, which indicates that PTT can effectively concentrate light energy on the lesion site with minimal harm to
normal tissues.** Overall, compared to the model group, Ag@MnO,-sis-c-L demonstrated strong photothermal conver-
sion capability within the body, rapidly reaching 47.2°C under infrared laser irradiation, thereby leveraging the photo-
thermal therapeutic effect of metal nanoparticles.

MRI Scanning

MRI signal intensity (commonly visualized as brightness) reflects the spatial distribution and relaxation properties of
contrast agents. MnO, in Ag@MnO,-sis-c-L nanoparticles acts as a contrast agent due to Mn2" ions after degradation of
the MnO, core for T,-weighted magnetic resonance (MR) imaging, which shortens proton longitudinal relaxation times
(T1) and enhances signal brightness.** As shown in Figure 5A, the whole-body imaging at 0.167 and 0.5 h post-injection
exhibited significantly increased signal intensity compared to later time points, indicating rapid nanoparticle distribution
and initial tumor accumulation. Notably, from 0.5 to 3 h, tumor-specific brightness persisted while systemic signals
diminished, demonstrating remarkable tumor-selective retention. This suggests the nanoparticles’ enhanced permeability
and retention (EPR) effect in the tumor microenvironment, combined with potential active targeting mediated by the
cRGD ligand modification. The MRI results demonstrated the contrast capability of the nanoparticles, which could be
effectively employed in theranostic applications.

Monitoring of Mouse Weights

As illustrated in Figure 5B, the body weights of mice in all treatment groups fluctuated within a certain range, but
maintained an overall stable trend, indicating that the formulation was effective in treating tumors while preserving the
health and vitality of the experimental animals, resulting in no appreciable weight loss. The toxicological effects of
AgNPs include oxidative stress, mitochondrial dysfunction, and metabolic disruptions, which can indirectly influence

weight by altering metabolic or physiological processes.***’

Biochemical Parameter Determination

In addition to the treatment effects on tumors and no significant toxicity of the nanodrug formulations, we observed no
significant changes in the levels of biochemical indicators (including AST, ALT, BUN, and CRE-L) in the treatment
groups relative to the model group, confirming the absence of damage to the normal liver and kidney functions (Table 3).
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Figure 5 (A) MRI images of Ag@MnO,-sis-c-L in mice at different time points (horizontal plane in the upper line, coronal plane in the lower line); (B) Changes in body
weights of mice from each treatment group (n=3).

The results are consistent with those of H&E staining (Figure S1). In the anti-tumor experiments, observations of mouse
weight, biochemical indicators, and HE staining results revealed that Ag@MnO,-sis-c-L nanoparticles have relatively
low systemic toxicity, which corresponds with the biodistribution results. The tumor-targeting characteristics of the
Ag@MnO,-sis-c-L nanoparticles and their distribution in smaller quantities in the major organs except for the spleen,
could be credited.

Table 3 Biochemical Parameters of Mice in Each Group (n=3)

Formulation ALT(U/L) AST(U/L) | AST/ALT | BUN (umol/L) | CRE-L(mmol/l)
Ag@MnO,-c-L 258 + 3.39 30 = 1.56 9+033 12 +2.69 14 +2.40
Ag@MnO,-c-L-NIR 269.5 +43.13 | 56.5+9.19 | |l +238 7 +205 9+0.2l
Ag@MnO,-sis-c-L 375+ 1.48 46 + 2.05 8 + 0.40 7 +0.04 13 + 43I
Ag@MnO,-sis-c-L-NIR 211.5+0.71 43 £7.07 5+1.23 7+ 163 10 + 1.84
Ag@MnO,-scrsis-c-L 341 +827 30 = 1.56 Il +0.31 7+ 148 Il +£0.28
Ag@MnO,-scrsis-c-L-NIR | 187 + 15.56 40 + 7.07 5+1.23 7%1.63 10 + 1.84
Free sis 264 + 42.92 38 + 856 7+277 8+ 0.7l 12 +£0.28
Free sis-NIR 316 + 495 30 £7.07 Il +238 7 205 9+0.2l
Model 234 £ 332 38+778 6+ 123 9+ 14l Il +0.07

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CRE-L, creatinine.

6528 https: International Journal of Nanomedicine 2025:20


https://www.dovepress.com/article/supplementary_file/510514/Supplementary%252520materials_1.docx

Zhang et al

Conclusion

Ag@MnO,-sis-c-L nanoparticles have several beneficial characteristics, including small particle size and PDI, sustained
release, good sis loading capability, long-term effects in serum, and good photothermal conversion ability. In vivo,
Ag@MnO,-sis-c-L nanoparticles significantly reduced the tumor volume and expression of survivin at tumor locations,
with good tumor-targeted imaging capability and no significant toxicity. Overall, the targeted Ag@MnO,-sis
-c-L nanoparticles have favorable physical and chemical properties, as well as significant anti-tumor efficacy in vivo
and are therefore expected to achieve integrated photothermal diagnostic and therapeutic applications.
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