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Background: Breast cancer presents significant challenges due to the limited effectiveness of available treatments and the high
likelihood of recurrence. iRGD possesses both RGD sequence and C-terminal sequence and has dual functions of targeting and
membrane penetration. iRGD-modified nanocarriers can enhance drug targeting of tumor vascular endothelial cells and penetration of
new microvessels, increasing drug concentration in tumor tissues.

Methods: The amidation reaction was carried out between SiO,/AuNCs and iRGD/PTX, yielding a conjugated drug delivery system
(SiO,/AuNCs-iRGD/PTX, SAIP@NPs). The assessment encompassed the characterization of the morphology, particle size distribu-
tion, physicochemical properties, in vitro release profile, cytotoxicity, and cellular uptake of SAIP@NPs. The tumor targeting and anti-
tumor efficacy of SAIP@NPs were assessed using a small animal in vivo imaging system and a tumor-bearing nude mice model,
respectively. The tumor targeting and anti-tumor efficacy of SAIP@NPs were assessed utilizing a small animal in vivo imaging system
and an in situ nude mice breast cancer xenograft model, respectively.

Results: The prepared SAIP@NPs exhibited decent stability and a certain slow-release effect in phosphate buffer (PBS, pH 7.4). In
vitro studies had shown that, due to the dual functions of transmembrane and targeting of iRGD peptide, SAIP@NPs exhibited strong
binding to integrin avf3, which was highly expressed on the membrane of MDA-MB-231 cells, improving the uptake capacity of
tumor cells, inhibiting the rapid growth of tumor cells, and promoting tumor cell apoptosis. The results of animal experiments further
proved that SAIP@NPs had longer residence time in tumor sites, stronger anti-tumor effect, and no obvious toxicity to major organs of
experimental animals.

Conclusion: The engineered SAIP@NPs exhibited superior functionalities including efficient membrane permeability, precise tumor
targeting, and imaging, thereby significantly augmenting the therapeutic efficacy against breast cancer with a favorable safety profile.

Keywords: silicon dioxide nanoparticles, gold nanoclusters, iRGD penetrating peptide, integrin avp3, tumor targeting, breast cancer

Introduction

Breast cancer (BC) is a major focus of global health attention due to its high rates of occurrence and death in women with
cancer." Among new cancers in women, BC accounts for about 24.5% of overall cancer incidence and 15% of mortality,
affecting about 2.26 million women worldwide each year, and roughly 685,000 individuals succumb to the illness.” In
China, there has been a rapid increase in the occurrence of BC in the past few years, and the number of initial cases and
deaths each year have reached 420,000 and 130,000, respectively,’ posing a grave peril to human health and the
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sustainability of our species. Hence, there is an immediate need to investigate additional treatment methods and strategies
that are both safe and efficient in addressing the current state of BC.

At present, primary treatment for breast cancer involves predominantly surgical intervention in the early stage and
chemotherapy in the late stage.* Although chemotherapy drugs can kill rapidly growing tumor cells, they have strong
toxic side effects on the body owing to their lack of selectivity.”’ In addition, the water solubility of some chemotherapy
drugs is very poor, which will also bring greater difficulties to the preparation and its absorption in the body.® Secondly,
the antibody-drug directly binding complex has high targeting efficiency and little damage to normal tissues.” "'
However, as a result of the substantial molecular weight of the antibody, it is difficult to cross the biofilm, resulting in
low efficiency of penetration into tumor tissues, and easy to lose activity in the process of binding with drugs. Therefore,

how to make drugs exert better anti-tumor effects and how to optimize the drug’s penetration and distribution within the
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lesion tissue, while mitigating its systemic toxicity, have become acute problems necessitating resolution in clinical
treatment.

The development of nano-scale drug delivery systems offers a potential solution to address the constraints associated
with the use of chemotherapy medications.'*'* Nano-delivery systems are made of natural or synthetic polymer materials
in which the drug is wrapped inside or modified on its surface, relying on the physicochemical properties to achieve
passive targeted drug delivery. Compared with traditional dosage forms, nano-drug delivery systems show significant

14,1
advantages,'*'°

such as enhancing the ability of hydrophobic medications to dissolve and remain stable, altering their
distribution in the body, and regulating the rate at which they are released. In addition, the construction of
a multifunctional delivery system can realize the integration of tumor imaging as well as targeted radiotherapy,
chemotherapy, hyperthermia, and so on. Further, after nanoparticles are modified with specific antibodies, ligands,
folic acid, hyaluronic acid, polypeptides, and other special substances, they are more likely to bind to biomolecules in
target cells, thus achieving active targeting function.'®'®

RGD peptide is a kind of short peptide containing the structure of arginine-glycine-aspartic acid, which is widely found in
organisms.'? It is the binding site of various extracellular ligand proteins and integrins and plays a pivotal role in facilitating
the attachment of cancerous cells to the matrix outside of the cells.**' Among them, iRGD (CRGDK/RGPD/EC) is a cyclic
peptide with both RGD sequence and C-terminal sequence (Cend R), which is involved in the activation of multiple signal
transduction pathways, attaching to the receptors of integrin avp3 and avp5 that are abundantly present on the exterior of
cancerous cells, and exposing the Cend R fragment through hydrolysis.”?>>* The Cend R fragment can target Neuropilin-1
(NRP-1) on the cell surface to activate cellular endocytosis and improve vascular permeability.> iRGD possesses both RGD
sequence and C-terminal sequence and has dual functions of targeting and membrane penetration.”®*’ Its targeting depends on
its binding with integrin, and its change in cell permeability depends on its binding with NRP-1. Based on the above properties,
iRGD-modified nanocarriers have the potential to potentiate the ability of drugs to selectively target tumor vascular
endothelial cells and penetrate tumor new microvessels, thereby increasing drug concentration in tumor tissues.”®
Moreover, recent studies have shown that iRGD itself can inhibit tumor metastasis, which can also achieve the purpose of
inhibiting tumor metastasis while improving the targeting efficiency of the drug delivery system.?*

In the previous research process, we prepared silicon dioxide nanoparticles (SiO,NPs) with uniform particle size and
decorated their surfaces with gold nanoclusters (AuNCs) that emit red fluorescence to prepare SiO,/AuNCs.*>' The
antibody was then modified on SiO,/AuNCs to act as a fluorescent immunosensor probe to detect tumor markers in the
patient’s serum. The probe had uniform particle size, good dispersion in water, good biocompatibility, large surface area,
and can emit red fluorescence, which was convenient for cell imaging in vitro, and can be considered as a carrier of anti-
tumor drugs. However, if it was to be used in anti-tumor aspects, it was necessary to solve the problems of membrane
penetration and targeting of the carrier. Through the literature review, we learned that iRGD had dual functions of
membrane penetration and targeting. Therefore, we believed that iRGD can be covalently bound to the anti-tumor drug
paclitaxel (PTX) and then modified on the surface of SiO,/AuNCs to construct an iRGD-targeted nano drug delivery
system. Thus, breast cancer was chosen to be a tumor model to investigate the anti-tumor effects of the targeted drug
delivery system at the cellular and overall animal levels.

The drug delivery system had the capability to augment the aqueous solubility of PTX, as well as address the issues
related to poor targeting efficiency and limited drug loading commonly associated with traditional targeting agents.
Moreover, the drug delivery system also had an imaging function, which was convenient to monitor, diagnose, and judge
the progress of tumors and the anti-tumor effect of drugs, and can provide a good idea and method for tumor diagnosis
and adjuvant treatment.

Materials and Methods

Materials

PTX (99%) was purchased from Solarbio Science & Technology Co., Ltd (Beijing, China). Tetraethoxysilane (TEOS),
3-Aminopropyltriethoxysilane (APTES), Chloroauric acid (HAuCly-4H,0), Bovine serum albumin (BSA), 1-Ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 6-Maleimidohexanoic acid
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(MCA), Dimethyl sulfoxide (DMSO), (3-Dimethylaminopropyl) ethyl-carbodiimide monohydrochloride (EDCI), Tween 80
was purchased from Aladdin Chemistry Co., Ltd (Shanghai, China). MDA-MB-231 cells were supplied by Wuhan Service
Biotechnology Co., Ltd. (Wuhan, China). All remaining chemicals were either of analytical grade or chromatographic grade
and were utilized in their original state. iRGD (90%) was customized by China Peptides Co., Ltd (Shanghai, China).

Animals

Balb/c-nude mice (9, 18~20 g) were obtained from Henan SCBS Biotechnology Co., Ltd (License number: SCXK (Yu)
2020-0005) and were raised in the SPF Animal Laboratory Center of Wannan Medical College. All the nude mice ate
and drank freely and were reared at (23£2) °C and relative humidity (55+10) % for one week before the experiment.

Preparation of SiO,/AuNCs

SiO,NPs were prepared with a slight modification according to our previous work.>> 90 mL 95% ethanol, 2.7 mL 28%
ammonia solution, and 5 mL distilled water were successively added to the treated beaker. About 2.7 mL TEOS was added
to the solution. After sonication for 10 min, the resultant blend was stirred at ambient temperature for 24 h. Subsequently,
0.4 mL of APTES was introduced into the blend and stirred consistently for a duration of 6 h. The suspension was subjected
to three ethanol washes and dried to obtain the amino-functionalized silicon dioxide nanoparticles (NH,-SiO,NPs).
Twenty-milligram NH,-SiO,NPs were ultrasonically dispersed in 2.0 mL of AuNCs colloidal solution. About 0.6 mg
NHS and EDC were added and activated for 30 min. The solution was subjected to magnetic stirring for 12 h and washed
three times to obtain Si0,/AuNCs.>!

Preparation of iRGD/PTX

Preparation of iRGD/PTX was divided into two steps, and MCA-PTX needed to be prepared first.>* Simply, PTX
(20 mg, 0.023 mmoL) and MCA (50 mg, 0.23 mmoL) were dissolved in 2 mL of DMSO. Then, EDCI (70 mg, 0.37
mmoL) was added to the solution and stirred at room temperature for 96 h before vacuum evaporation. Next, iRGD
(4 mg) was dissolved in DMSO (1 mL). MCA-PTX (20 mg) was added and stirred at room temperature for 48 h. The
mixture was then added to 10 mL of deionized water under ultrasound. The resulting mixture underwent dialysis using
deionized water for a period of 3 days (MWCO: 3500 Da). Following centrifugation, the liquid on top was collected
and subjected to lyophilization. The structure of the prepared iRGD/PTX was verified through "THNMR (AVANCE III
600M, Bruker, Germany).

Preparation SiO,/AuNCs-iRGD/PTX (SAIP@NPs)

Twenty-milligram SiO,/AuNCs were ultrasonically dispersed in 10 mL distilled water, and 10 mg iRGD/PTX was added
for a further ultrasound for 5 min. The addition of a suitable quantity of EDC and NHS was followed by 30 min of
activation through magnetic stirring. The mixture underwent continuous stirring for a period of 24 h and was subse-
quently rinsed with water on three occasions. After freeze-drying, SiO,/AuNCs-iRGD/PTX (SAIP@NPs) was obtained.
The nano-drug delivery system was characterized by fluorescence spectrum (Cary Eclipse, Agilent, USA) and TEM
(JEM1200EX, JEOL, Japan). The particle size distribution and zeta potential of the nano-drug delivery system were
measured with a nanoparticle particle size analyzer (Litesizer 500, Anton Paar, Austria).

Drug Loading (DL) and Encapsulation Efficiency (EE)

The centrifugation of the mixture was carried out at 10,625 g for a duration of 10 min. The resulting supernatant
underwent filtration through a 0.22 um microporous filter membrane and was later analyzed using a high-performance
liquid chromatography (HPLC) system equipped with a C18 column set at 227 nm (LC-20A, Shimadzu, Japan). This trial
was carried out three times to guarantee the consistency of results. The column was thermostatted at 30 °C, and a 10 pL
sample injection volume was employed and a mobile phase consisting of methanol-acetonitrile-deionized water
(40:30:30, vol/vol/vol), flowing at a rate of 1 mL/min. The percentages of drug loading (DL %) and encapsulation
efficiency (EE %) for SAIP@NPs were computed based on the following formula.
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DL (%)= Amount of PTX encapsulated/Amount of SAIP@NPs x 100%

EE (%)= Amount of PTX encapsulated/Amount of PTX added x 100%

Release of SAIP@NPs in vitro

The PTX release profile from SAIP@NPs was investigated using dialysis in PBS buffers under pH 5.6 and pH 7.4
conditions (10 mmoL, 0.5% Tween 80), respectively.®> Twenty-milligram SAIP@NPs were put in a dialysis tube
(MWCO: 8000-14000 Da). The stationary dialysis tube was submerged in 40 mL of the release medium and agitated
at 37 °C with a speed of 100 rpm. At 0, 0.25, 0.5, 1, 2, 4, 8, 12, 24, 36, 48, and 72 h, 1 mL of the release medium was
aspirated and replenished with 1 mL of fresh medium. The PTX concentration in the solution was quantified using HPLC
as detailed earlier. The PTX release rate was computed using the following formula.

Cumulative release rate (%)= cumulative drug release/total drug dose x 100%

Cytotoxicity Against MDA-MB-231 Cells

Cells from the MDA-MB-231 line in the logarithmic growth phase were plated onto 96-well plates at a density of 5 x 10°
cells/well in DMEM supplemented with 10% FBS.** After 24 h of incubation in 5% CO, at 37 °C, the supernatant was
removed and 100 pL-free iRGD, free PTX, free iRGD + free PTX, and SAIP@NPs with three different concentrations
were added and cultivated in an incubator. After waiting 24 h, the cell condition was investigated employing the
microscope. Following this, 10 pL of a 5 mg/mL MTT solution was dispensed into each well and incubated for an
additional 4 h. Upon removal of the supernatant, 100 pL of DMSO was added to solubilize the formazan crystals. The
absorbance at 490 nm was then measured using a microplate reader (Epoch, BioTek, USA), and cell viability (%) was
subsequently calculated using the following formula.

Cell V1ab111ty (%): (Asample_Ablank) /(Acontrol_Ablank> x100%

Cell Apoptosis Test

Flow cytometry (FCM) was employed to evaluate the cellular apoptosis rate.”> MDA-MB-231 cells were plated
onto 6-well dishes at a density of 4 x 10° cells/well. Following exposure to free PTX, SiO,/AuNCs, and
SAIP@NPs (40 pg/mL as PTX) for 24 h, the culture medium was aspirated and rinsed with PBS. Then, the
handled cells were digested with trypsin without EDTA for 15 min. The cells were harvested by centrifugation and
rinsed with PBS buffer (with 1% BSA). Then, according to the instructions provided in the kit, they were labeled
with annexin V-FITC for 25 min and PI for 5 min. Subsequently, the cells obtained were combined with 0.5 mL of
PBS buffer and transferred into a flow tube. The apoptosis was measured by flow cytometry (FACSVerse,
BD, USA).

Cellular Uptake

The MDA-MB-231 cells with good logarithmic growth were selected as experimental cells and removed the nutrient
solution from the surface of the cells and rushed twice with PBS (0.01moL, pH 7.4). After that, the digested cells are
collected in a test tube. About 0.1 mL cell suspension and 0.9 mL DMEM were, respectively, added into three confocal
cell culture dishes at a density of 4 x 10° cells/dish. After repeated blowing several times to make the cells evenly
distributed, 0.5 mL of AuNCs, SiO,/AuNCs, and SAIP@NPs were added and incubated for 2 h, respectively. Each dish
was subjected to three rounds of PBS washing, followed by fixation of the cells with 4% paraformaldehyde for 15 min.
Subsequently, the cell nuclei were stained with Hoechst 33342 dye (10 pg/mL) for 10 min, washed twice with PBS, and
then an appropriate volume of PBS was added to each dish. Cell uptake and intracellular distribution were observed by
laser confocal microscopy (TCS-SPS, Leica, Germany) in 405 nm and 633 nm laser excitation samples and photographed

under a 63-x oil lens.3¢
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Tumor Targeting Study in vivo

The balb/c-nude mice xenografted with MDA-MB-231 tumors, each with a volume of up to 500 mm?, were divided into
three groups of three mice each in a random manner. The free Cy7, Cy7-SiO,/AuNCs-and Cy7-SAIP@NPs were
intravenously injected into each group. At 1, 2, 4, 8, 12, and 24 h, the mice were anesthetized by inhalation with 2%
isoflurane. The small animal imaging system (Lumina LT Series III, PerkinElmer, USA) was used to capture the
fluorescence images.>’

Tumor Model Construction

MDA-MB-231 with a good growth state was selected, suspended into 1 x 107 cells/mL with PBS, and then mixed with
the basement membrane matrix in equal volume. An insulin syringe was used to inject 0.2 mL subcutaneously into the fat
pad of the right breast of female balb/c-nude mice. The inoculated mice were carefully fed and the tumor growth was
recorded several times.

Antitumor Effect Study in vivo

When the mean tumor volume of the mice reached 100 mm®, the mice were stratified into four cohorts: control group,
free PTX (10 mg/kg), low dose (5 mg/kg), and high dose (10 mg/kg) of SAIP@NPs, with 5 mice in each group. Each
treatment group was injected with the corresponding drug through the tail vein every 2 days for two weeks. The control
group received an equivalent amount of saline solution. The mice’s weight and tumor size were documented. After 14
days, the mice in both groups were humanely euthanized. Stripping the tumor and weighing, and by the following
formula to compute the tumor inhibition rate (%).

Tumor inhibition rate(%)=(1—West/ Weontrol ) X 100%

Where, Wi and W onio1 are the average tumor weight of the control group and tested groups.
The vital organs, including the myocardium, hepatic tissue, splenic tissue, pulmonary tissue, and renal tissue were
procured for the purpose of evaluating the main visceral toxic effects of drug delivery system.

Statistical Analysis of Data

The experimental data were analyzed using SPSS 21.0 and expressed as the means £SD. A paired #-test was employed to
assess the statistical significance of differences between two sets of data, and p-value <0.05 indicated a significant
difference.

Results and Discussion

'H NMR Spectra of MCA-PTX and iRGD/PTX

Before the preparation of iRGD/PTX, MCA was esterified with PTX to produce MCA-PTX. Then, iRGD was conjugated
with MCA-PTX through a Michael addition reaction involving sulfhydryl groups (-SH) to form iRGD/PTX.* It can be
observed from Figure 1A, the "H NMR spectra of MCA-PTX showed the characteristic signals of MCA at 8H (ppm) 7.00
(32), 3.21 (31), 2.29 (27), 1.52 (30), 1.36 (28), and 1.18 (29). In the '"H NMR spectrum of iRGD/PTX (Figure 1B), the
absence of the maleimide characteristic signal at H (ppm) 7.00 indicates successful conjugation of iRGD with MCA-
PTX, signifying the completion of the coupling reaction.

Characterization of SAIP@NPs
SAIP@NPs was prepared by a two-step method. First, AuNCs that emit red fluorescence were fixed onto NH,-SiO,NPs’
surface through an amide reaction in order to obtain SiO,/AuNCs. Next, with the help of EDC and NHS, the amino
groups (from SiO,/AuNCs) and carboxyl groups (from iRGD-PTX) were reacted by amide reaction again to obtain
SAIP@NPs.

The BSA-protected AuNCs were synthesized according to the reference.*® The prepared Au NCs had the double
protection of Au-S bond and BSA steric hindrance, so that it can maintain good stability under various conditions, such
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(D) TEM image, (E) size distribution and (F) in vitro PTX release curves of SAIP@NPs.

as different pH values, high salt, and different types of buffering systems. Under the excitation of 380 nm, AuNCs
emitted a fluorescence signal peak at 660 nm, which appeared deep red under ultraviolet irradiation.

SiO,NPs can maintain good strength, toughness and stability under high temperature and different chemical
environments. Amino or carboxylated silica nanoparticles can further modify enzymes, proteins, DNA molecules on
their surface through amidation reactions to meet their biological applications.** When AuNCs were decorated on the
surface of NH,-SiO,NPs to form SiO,/AuNCs, they can still maintain good stability at different pH values.

Compared with AuNCs, the fluorescence peak positions of SiO,/AuNCs and SAIP@NPs were slightly blue-shifted,
and their fluorescence intensity gradually decreased due to a series of preparation operations (Figure 1C). The blue shift
might be caused by the change in pH value or charge during the experiment.** TEM imaging in Figure 1D and particle
size distribution in Figure 1E revealed that the morphology of SAIP@NPs was a consistent round form with a relatively
uniform particle size distribution of about 160 nm. The zeta potentials of NH,-SiO,, AuNCs, SiO,/AuNCs, and
SAIP@NPs in deionized water were +0.6, —18.1, —31.2, and —9.5, respectively. It is inferred that the negative charges
at the exterior of the drug delivery system came from AuNCs. The hydrodynamic size and presence of a negative surface
charge on SAIP@NPs allowed the NPs to evade non-specific uptake by cells and instead accumulate specifically at the

site of the tumor.*!**?

Determination DL and EE

The data detected by HPLC were substituted into the PTX standard curve equation established in advance to acquire DL and
EE of SAIP@NPs were 23.17%+0.14% and 90.26+1.16%, respectively. In general, the DL of traditional nanoparticles was
not greater than 10%.%>** SAIP@NPs which exhibited a high PTX loading capacity may be mainly attributed to the
following two aspects: (1) SiO, NPs were a typical inorganic nanomaterial with good adsorption performance. During the
construction of the drug delivery system, part of PTX was covalently bound by amide bonds, while the other part of PTX
can be loaded onto the surface of SiO,/AuNCs by physical adsorption; (2) The prepared AuNCs (about 5 nm) were loaded
onto the silicon spheres to form composite nanoparticles, which further increased the specific surface area of the carrier,
resulting in the improvement of PTX loading capacity, underscoring their significant potential for application in anti-cancer

therapy.
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In vitro Release

The in vitro release of SAIP@NPs was investigated in PBS buffers at pH 5.6 and pH 7.4. As can be seen from Figure 1F,
PTX release from SAIP@NPs was more ideal in the pH 5.6 PBS buffer, which was due to the fact that under acidic
conditions, the ester bond connecting the linker and PTX in the drug delivery system was more prone to hydrolytic
fracture.*> In the range of 0.25-72 h, the drug delivery system exhibited a sustained PTX release behavior, and the
cumulative release amount of PTX after 72 h at pH 5.6 and pH 7.4 PBS buffer was 71.45% and 63.36%, respectively.
The acidic microenvironment of tumor tissue is conducive to the breakage of amide bonds in SAIP@NPs. This may
result in easier release of PTX from SAIP@NPs under slightly acidic conditions.

In vitro Cytotoxicity

To investigate the cytotoxicity of the nanocarriers on tumor cells, an MTT assay was adopted to detect the survival rate of
cells treated with MDA-MB-231 by free iRGD, free PTX, free iRGD + free PTX, and SAIP@NPs. After treatment for 24 h,
there was no cytotoxicity to MDA-MB-231 cells even if the concentration of free iRGD was as high as 200 pg/mL, while
the cytotoxicity was small when the concentration of free PTX was lower than 20 pg/mL, and gradually enhanced when the
concentration was higher than 20 pg/mL (Figure 2A). This was attributed to the lower cytotoxicity profile of PTX compared
to other chemotherapeutic agents, necessitating relatively high doses for therapeutic efficacy.*® Therefore, combined with
the above experimental conditions, we chose a PTX concentration of 40 pg/mL for follow-up experiments. Compared with
free PTX, free PTX + free iRGD exhibited almost the same cytotoxicity regardless of 24 h or 48 h, while SAIP@NPs
showed significantly enhanced cytotoxicity (Figure 2B). This may be due to iRGD modification, enhancing the nanopar-
ticles of MDA-MB-231 cell penetration, effectively promoting the SAIP@NPs intracellular accumulation and the

D free iRGD
- free PTX

I rec iRGD-+free PTX

- SAIP@NPs

sk kk

A I iRGD B

Cell viability(%)

Cell viability (%)

5 10 20 40 60 80 100 150 200 24 48
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Qa1 Q2

5 a1 a2
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5
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Figure 2 In vitro cell cytotoxicity and cell apoptosis against MDA-MB-231 cells. (A) After incubation with MDA-MB-231 cells for 24 h, the cytotoxic effects of free iRGD
and free PTX at different concentrations. (B) Comparison of cytotoxicity of free iRGD (40 pg/mL), free PTX (40 pg/mL), free PTX (40 pg/mL) + free iRGD (40 pg/mL),
SAIP@NPs (including 40 ug/mL PTX) in vitro. *p<0.01, vs free iRGD; *p<0.01, vs free PTX. (C) Apoptosis detection of MDA-MB-231 cells.
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intracellular release of PTX. Because the free PTX was no load on the nanoparticles, so difficult to effectively penetrate the
interior of the tumor cells, its effective concentrations of intracellular are lower than SAIP@NPs group. These results
suggested that the nanocarriers exhibited better in vitro antitumor activity than free PTX and also confirmed that iRGD
covalently bound to PTX without reducing the effectiveness of PTX.

Cell Apoptosis

The Annexin V-FITC/PI kit was used to stain MDA-MB-231 cells in early and late stages of apoptosis, and flow cytometry
was employed to determine the proportion of apoptotic cells. From Figure 2C, it was observed that SAIP@NPs showed
a higher apoptosis rate (Q2 + Q3, 41.03%) after 24 h of cell treatment compared with free PTX (Q2 + Q3, 15.96%). This
indicated that SAIP@NPs could promote cell uptake, accelerate PTX-induced apoptosis, and better exert the anti-tumor
effect of PTX. In addition, the apoptosis rate of SiO,/AuNCs group without PTX (4.14%) was not much different from that
of the control group (4.49%), suggesting that the drug delivery system was relatively safe and less toxic.

Cellular Uptake

The internalization of the drug delivery system by MDA-MB-231 cells was visualized using laser confocal microscopy to
assess the membrane permeation of iRGD. In Figure 3, the blue fluorescence was the nuclear position after staining with
Hoechst 33342, and the red fluorescence was caused by the emission of AuNCs. Since AuNCs were synthesized under
mild conditions protected by BSA and had good biocompatibility,*® the cells survived well after co-culture with MDA-
MB-231 cells for 2 h. However, due to the small size of AuNCs (about 2 nm) and the absence of targeted molecular

Hoechst33342 AulNCs Merge

SiO,/AuNCs Free AuNCs

SAIP@NPs

Figure 3 Uptake of nanoparticles by MDA-MB-231 cells.
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modification, AuNCs were washed off during the experimental operation, and no obvious red fluorescence was observed
in tumor cells. At the same time, the size of the SiO,/AuNCs was about 140 nm, and although there was no iRGD
modification, the nano complex themselves had a good affinity for cells and were able to exert a certain passive targeting
effect, so weak red light can be observed around the breast cancer nucleus. SAIP@NPs not only had the function of
membrane permeability but also had the targeting function and demonstrated a high affinity for the integrin avp3,*’
which is overexpressed in tumor tissues; therefore, a strong fluorescence signal can be observed in tumor cells.

In vivo Biodistribution

To investigate the biological distribution of the drug delivery system in animals, near-infrared fluorescent pigment Cy7
was used to label the nanoparticles.*® Free Cy7, Cy7-SiO,/AuNCs, Cy7-SAIP@NPs were injected intravenously into
MDA-MB-231 tumor-bearing nude mice for observation through the animal imaging system, and the results are shown in
Figure 4. After intravenous injection of free Cy7, the fluorescent signal was almost undetectable at the tumor site, which
may be attributed to the fact that free Cy7 in the bloodstream was rapidly hepatic uptake and subsequent excretion result
in limited tumor bioaccumulation. However, the accumulation of Cy7-SiO,/AuNCs and Cy7-SAIP@NPs at the tumor
site was rapid following injection, reaching its peak within 2—4 h. After 4 h, Cy7-SiO,/AuNCs gradually left the tumor
site, and the fluorescence signal gradually attenuated with clearance. In the meantime, strong fluorescence was still
observed in the Cy7-SAIP@NPs group at 8 h, and then gradually cleared by the body. This may be due to the gradual
capture of Cy7-SAIP@NPs by the liver, allowing it to accumulate at the tumor site over a long period of time through
EPR effects and the interactions of iRGD with integrin avf3, which is upregulated on the endothelial cells within tumor

microvasculature.*’
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Figure 4 In vivo tumor targeting of Cy7-SAIP@NPs.
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Antitumor Effect Study in vivo
Normal saline, free PTX, low-dose, and high-dose of SAIP@NPs were injected into MBD-MB-231 tumor-bearing mice
via tail vein, respectively, and the weight changes and tumor growth of each group were recorded.

As shown in Figure 5A, the body weight of mice in the control group had been in a state of continuous growth
because the injection of normal saline had no inhibitory effect on tumor growth, while the body weight growth rate of
mice in other groups (including the drug-carrying system group) was significantly lower than that of the control group.

The alterations in tumor volume within each cohort are illustrated in Figure 5B. Within the 14-day treatment period,
the tumor growth of mice in the control group was rapid because they were not inhibited by the drug. Compared with the
control group, the tumor volume of the other groups showed an overall upward trend, but the growth rate was slower. In
comparison to the control group, a significant statistical variance was observed in the PTX group and the low-dose
SAIP@NPs group (p<0.05), and a substantial and statistically significant variance was observed in the high-dose
SAIP@NPs group (p<0.01).

Upon completion of the therapy, the mice in each group were euthanized, tumor-stripped, and weighed, and the
results are shown in Figure 5C and D. Relative to the control group, the tumor weight of mice in the drug-loading system
group was significantly decreased (p<0.05, p<0.01). The tumor inhibition effect of the high-dose SAIP@NPs group
(60.83%) was better than that of low-dose SAIP@NPs group (55.04%) and PTX group (37.52%). The results showed
that the drug delivery system can play a good anti-tumor effect by inducing apoptosis and inhibiting tumor cell
regeneration. In recent years, there are still a lot of PTX delivery systems research has shown that the inhibition rate
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Figure 5 Antitumor effect of drug delivery system in vivo. Data were expressed as means * SD (n = 5). (A) Body weight curves of mice, (B) tumor growth curves of mice,
(C) tumor photos of mice, (D) tumor weight of mice. *p <0.05, *p <0.01 vs control, *p <0.05 vs PTX.
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Liver Heart

Spleen

Figure 6 Histological inspection of heart, liver, spleen, lung, and kidney of MBD-MB-23| tumor-bearing mice after 14 days of intervention with different treatment strategies.

of 40-70% of breast cancer.’®>? This implied that SAIP@NPs exhibit potential anti-breast cancer research value.
However, compared with some reports of PTX drug delivery system, our current work still needs to be further explored,
and the research on the anti-breast cancer mechanism of PTX needs to be further explored.

In vivo Safety Evaluation

Safety checks were very important for drug administration in injectable drug delivery systems.”” Histological observa-
tions of the main organs in tumor-bearing mice groups, such as heart, liver, spleen, lung, and kidney, were conducted
using H&E staining. The findings are presented in Figure 6. Relative to the control group, the major organs of the
treatment group had no obvious pathological damage, suggesting that the constructed drug delivery system was safe and
had low toxicity to the major organs of mice, which was a relatively safe injection drug delivery strategy.

Conclusion

In this study, we covalently combined iRGD and PTX, and then modified them on SiO,/AuNCs composite nanoparticles
to construct an active targeted drug delivery system. SAIP@NPs showed a good sustained release effect, which has the
potential to enhance the uptake capacity of MDA-MB-231 cells, suppress the proliferation of MDA-MB-231 cells,
induce apoptosis in tumor cells, and increase the effectiveness of tumor site targeting, and show excellent anti-tumor
effect. This drug delivery system has the capability to overcome the challenge of PTX’s poor aqueous solubility but also
overcome the problems of small drug loading and easy aggregation of anti-tumor drugs modified by antibodies. The
system also has the functions of permeating membrane, targeting and imaging, which can provide a good idea and
method for the diagnosis and adjuvant therapy of tumors.
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