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ABSTRACT

Nano-targeted delivery systems have been widely used for breast tumor drug delivery.
Estrogen receptors are considered to be significant drug delivery target receptors due to
their overexpression in a variety of tumor cells. However, targeted ligands have a significant
impact on the safety and effectiveness of active delivery systems, limiting the clinical
transformation of nanoparticles. Phytoestrogens have shown good biosafety characteristics
and some affinity with the estrogen receptor. In the present study, molecular docking was
used to select tanshinone IIA (Tan IIA) among phytoestrogens as a target ligand to be
used in nanodelivery systems with some modifications. Modified Tan IIA (Tan-NH,) showed
a good biosafety profile and demonstrated tumor-targeting, anti-tumor and anti-tumor
metastasis effects. Moreover, the ligand was utilized with the anti-tumor drug Dox-loaded
mesoporous silica nanoparticles via chemical modification to generate a nanocomposite
Tan-Dox-MSN. Tan-Dox-MSN had a uniform particle size, good dispersibility and high drug
loading capacity. Validation experiments in vivo and in vitro showed that it also had a
better targeting ability, anti-tumor effect and lower toxicity in normal organs. These results
supported the idea that phytoestrogens with high affinity for the estrogen receptor could
improve the therapeutic efficacy of nano-targeted delivery systems in breast tumors.
© 2023 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Breast cancer threatens human health worldwide, and
personalized drug delivery is a promising strategy for cancer
treatment. According to the latest cancer statistics released
in 2022, breast cancer accounted for 31% of new cancer
cases in American women, with an estimated mortality rate
of 15% [1]. The rapid development of nanotechnology has
improved the delivery of tumor drugs and reduced the side
effects of anticancer drugs while increasing their efficacy
[2]. Many researchers use the enhanced permeability and
retention (EPR) effect to achieve the good targeting effect of
nanodrugs through passive targeting and accordingly improve
the drug efficacy; however, the performance of passive
targeting research results in clinical translation is not ideal.
The main reason is that in normal tissues, nanoparticles
cannot easily penetrate the capillary wall with intact structure
and dense endothelial space [3].

Active targeting strategies can target the tumor tissue more
specifically than passive targeting using the EPR effect alone.
In recent years, various targeted ligands have been applied to
active targeted delivery, such as hyaluronic acid [4], angiopep-
2 [5], p32 and Her2-specific ligand [6,7], which achieving
good therapeutic effects on breast cancer brain metastases.
Currently, active targeting nanoparticles are internalized
through receptor-mediated endocytosis, and their cellular
uptake is much higher than that of unmodified nanoparticles,
resulting in better therapeutic effects [8]. Clinical studies have
shown that in breast cancer tissue, the estrogen receptor (ER)
positively correlated with the tumor size and is involved in
tumor metastasis [9]. In estrogen-dependent breast cancer, ER
is expressed in 70%-80% breast cancer cells but in only 15%-—
25% normal breast cells. Several clinical experiments have
confirmed that ERs are overexpressed in endometrial cancer,
laryngeal cancer, ovarian cancer, lung cancer and other tissues
[10-13]. At present, various nanodelivery systems targeting
ERs have been developed, and the targeting ligands used
mainly include estradiol [14], estrone [15], tamoxifen [16] and
endoxifen [17]. Among them, estradiol and estrone have a
higher affinity to the receptors; however, estrone was reported
to have a risk of promoting breast cancer proliferation and
metastasis [18].

To screen novel targeted ligands, molecular docking
technology is widely used to reveal the interaction between
structurally determined receptors and preselected ligands
[19,20]. Phytoestrogen is a kind of natural product with
a structure and function similar to those of estrogen.
Phytoestrogens and breast cancer are closely related
[21-23]. In a recent study, researchers evaluated the
chemosensitization and apoptotic effect of phytoestrogens
on breast cancer cells with molecular docking prediction
and in vitro studies [24]. The phytoestrogens show potent
activity on breast cell lines. Based on this, we hypothesized
that phytoestrogens as ligands can effectively bind to ERs or
breast cancer tissues and avoid the risk of promoting tumor
cell proliferation and metastasis.

In this study, we evaluated the binding effect of
phytoestrogens with antitumor activity (Fig. 1) on ER
by molecular docking. As the main active ingredient of

Salvia miltiorrhiza [25], tanshinone IIA (Tan IIA) was selected
from phytoestrogens by the molecular docking method
as a target ligand and used in nanodelivery systems with
modification (Tan-NH,). Moreover, Tan-NH, was grafted onto
mesoporous silica nanoparticles (MSNs) to prepare targeted
functional nanoparticles (Tan-MSN) and encapsulated
doxorubicin hydrochloride (Dox) in MSNs as a model drug.
Physicochemical characterization and hemolysis safety
research were carried out on the Tan IIA-modified MSN
loaded with Dox (Tan-Dox-MSN), and the in vitro and in vivo
targeting ability, antitumor efficacy and safety of Tan-Dox-
MSN were assessed.

2. Materials and method
2.1. Materials

Tan IIA, indocyanine green (ICG) and glycine ethyl ester
hydrochloride were obtained from Shanghai Yuanye Bio-
Technology Co., Ltd. (Shanghai, China). Dox with >98% purity
was obtained from Dalian Meilun Bio-Technology Co., Ltd.
(Dalian, China). Human breast carcinoma cells (MCF-7, T47D),
human breast cells (MCF10A) and complete growth medium
(Catalog No.: SCSP-660) for MCF10A cells were acquired
from the National Collection of Authenticated Cell Cultures
(Shanghai, China). These cells were cultivated in minimum
essential medium (MEM,; Gibco, 89% for MCF-7) or Dulbecco’s
Modified Eagle’s Medium (DMEM; Gibco, USA, 89% for T47D)
with 10% fetal bovine serum and 1% 100 IU/ml penicillin-
streptomycin. BALB/c nude mice (female, 4-5-weeks-old, 16—
18 g) were acquired from SiPeiFu Biotechnology Co., Ltd.
(Beijing, China). The animals were maintained in a specific
pathogen-free environment with free access to food and
water. New Zealand strain white rabbits (female, 2.0 £+ 0.5 kg)
were acquired from Beijing Huafukang Biotechnology Co., Ltd.
(Beijing, China). All animal experiments were carried out 1
week after the animals adapted to the feeding environment.
After evaluation and approval by the Ethics Committee of
Tianjin University of Traditional Chinese Medicine, all animal
experiments were conducted according to relevant procedure
guidelines (Ethics Code: TCM-LAEC2022016).

2.2 Molecular docking

Molecular docking experiments were carried out in order to
elucidate the interaction between the ER and phytoestrogen
derived from TCM with anti-tumor effect. First, the structural
formulas for phytoestrogen and estradiol were downloaded
from the SciFinder website. The pre-selected ligand structure
was saved in the mol2 format, and all ligands were imported
into the Discovery Studio software. The minimum energy
process was then performed. Second, the structures for
estrogen receptors o (Era, PDB:1QAT) and B (Erg, PDB:30OLL)
were downloaded from the Protein data bank and saved in the
mol2 format. The protein structure was then imported into
the Discovery Studio software. After removing the water, the
binding site for the original ligand was selected, the original
ligand was deleted, and each conformation was docked with
ERs using the LibDock mode. Finally, the docking score was
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Fig. 1 - Chemical structure of phytoestrogen with anti-tumor activity. (A: Tan IIA; B: chibain A; C: isopsoralen; D: kaempferol;
E: Tan I; F: psoralen; G: resveratrol; H: wogonin; I: osthole; J: genipin).
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Fig. 2 - The screening and modification of Phytoestrogen-derived ligands. (A) Docking results of traditional Chinese
medicine phytoestrogens and estrogen receptor under LibDock mode. (B) Synthetic route of terminal amino-modified
TanlIA. Molecular docking of g-estradiol, Tan IIA and intermediate 2 with ER « protein (C) and ER g protein (D).

obtained after the program ran its course. The higher the
absolute score, the stronger the hydrogen bond interaction
between the ligand and ER, the closer the binding between the
molecule and ER. In addition, the CDOCKER mode was used
for docking verification of the bound ligands, including Tan
IIA and modifiers.

2.3.  Modification of Tan IIA

A side chain was introduced at the C16 position of Tan IIA
via Mannich reaction by dissolving Tan IIA in acetic acid with
glycine ethyl ester hydrochloride and formaldehyde to obtain
intermediate 1 (I1; Fig. 2B). Subsequently, I1 was subjected to
ester hydrolysis in hydrochloric acid to obtain intermediate
2 (12) with a terminal carboxyl group. 12 condensation was
performed to link the PEG short chain. The modification of
the terminal amino group (Tan-NH,) was thus obtained after
deprotection of the protective group in trifluoroacetic acid.
Detailed synthesis information is provided in the Support
Information section. The chemical structure of modified Tan
ITA with terminal amino group was analyzed using proton (1H)
nuclear magnetic resonance spectroscopy.

2.4. Nanoparticle preparation

Synthesis of carboxyl-functionalized mesoporous silicon was
carried out using the classical template method. Briefly,
surfactant CTAB was first dissolved in deionized water. After
adding ethylene glycol and ammonia water, the mixture
was stirred at 60 °C for 30 min. Tetraethyl orthosilicate
and 2-cyanoethyltriethoxysilane were rapidly added to the
mixture under vigorous stirring for 2 h and then maintained
at 60 °C for 24 h. The solution was then centrifuged at
12,000 rpm for 30 min and the pellet was washed several
times with deionized water and ethanol. The dried product
was functionalized with sulfuric acid at 100 °C and the
template agent CTAB was removed using an acidic ethanol
solution. The resulting sample was centrifuged at 12,000 rpm
for 30 min and washed three times with deionized water
and ethanol. The precipitate was vacuum-dried to obtain
the carboxyl-functionalized mesoporous silica nanoparticles
(MSN-COOQH).

MSN-COOH was drug loaded using the adsorption method.
Phosphate-buffered saline (PBS) buffer (pH 7.4) was utilized as
the drug-carrying solvent. After adding Dox and MSN-COOH
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at a drug-carrier ratio of 1:3 and stirring for 24 h, the resulting
solution was centrifuged, washed twice with PBS, and dried.
Dox-loaded mesoporous silica nanoparticles (Dox-MSN) were
thus obtained. All supernatants and washing solutions were
collected to calculate drug loading.

Dox-MSN was ultrasonically dispersed in the MES buffer
(pH 6.0). Then, EDC and NHS were added and mixed
well, shaken at room temperature for 1 h to activate the
carboxyl groups, and centrifuged. The precipitate was then
redispersed in PBS buffer (pH 7.4). After adding Tan-NH, and
trimethylamine in the buffer, the reaction was allowed to
incubate for 3 h and then centrifuged. The precipitate was
washed with PBS buffer three times to obtain Tan-Dox-MSN.
All supernatants and washing solutions were combined to
calculate the graft ratio.

2.5.  Nanoparticle characterization

2.5.1. Particle size, zeta potential, and morphology

The hydrodynamic particle size, polydispersity index (PDI)
and zeta potential for MSN-COOH, Dox-MSN and Tan-
Dox-MSN after ultrasonic dispersion were measured by a
Zetasizer (Nano ZS; Malvern Instruments, Malvern, UK). All
measurements were performed in triplicate. The morphology
of MSN-COOH, Dox-MSN, and Tan-Dox-MSN was observed
using a transmission electron microscope (TEM; JEOL, Tokyo,
Japan) and photographed.

2.5.2. Thermodynamic analysis
For differential scanning calorimetry experiments (DSC,
Q1000, TA Instrument, USA), samples (Dox powder, Tan-NH,
powder, MSN-COOH, Dox-MSN, Tan-Dox-MSN, and mixture
of MSN-COOH, Tan-NH,, and Dox powder) were placed in
pierced aluminum pans and heated from 30 to 300 °C at a
scanning rate of 10 °C/min under nitrogen protection.
Thermogravimetric analyzer (Discovery TGA 5500, TA
instruments, USA) was used to verify drug loading and
grafting rates. The samples (MSN-COOH, Dox-MSN, and
Tan-Dox-MSN) were placed in a platinum plate, and the
temperature was raised from room temperature to 900 °C
at a heating rate of 10 °C/min. The amount of sample loss
was measured, while the curve was recorded, and then the
temperature was lowered to room temperature.

2.6.  Hemolysis assays

The safety of nano preparations in vivo was evaluated using
hemolysis experiments. After removing the fiber from rabbit
blood samples, normal saline was added for centrifugation,
which was performed several times. The red blood cell
samples were washed and diluted to a concentration
of 2%. Equal volumes of 2% red blood cell suspension,
normal saline (negative control), deionized water (positive
control), and physiological saline solution containing different
preparations were added into each tube and observed at 37 °C.
Hemolysis was recorded for each tube at 1 h, 2 h, 3 h, 4 h,
5 h, 8 h and 24 h. The samples were centrifuged (1,500 rpm,
10 min) and photographed after 24 h to determine whether
hemolysis and agglutination occurred. The hemolysis rate
was determined using absorbance values at 540 nm that were

obtained with a Microplate Reader (Spark; Tecan, Mannedorf,
Switzerland) using the following formula:

Hemolysis (%) = [(A1 - A2)/(As - Ay)] x 100%,

where A;, A, and Az refer to the absorbance of different

preparations, negative control, and positive control,
respectively.
2.7.  Drug release

In vitro release behavior of Dox, Dox-MSN and Tan-Dox-MSN
solutions was determined using the dialysis method. The PBS
buffers with different pH were selected as the release media.
The dialysis bag storing 3 ml the preparation was placed
in a container with 150 ml medium. The temperature was
maintained at 37 + 1 °C, and the rotational speed was set to
100 rpm. A total of 2 ml the sample were removed from the
release medium after 10, 30, 60, 120, 180, 360, 480, 600, 720 and
1,440 min and then the same volume of blank release medium
was added to the container. The contents of Dox filtrate were
determined using the microplate reader. The release studies
for each group were repeated three times.

2.8.  Cytotoxicity study

The cytotoxicity of MSN-COOH and ligand in MCF-7, T47D,
and MCF10A cells was measured using the CCK-8 kit. After the
cells were cultured in a 96-well plate for 24 h, the cytotoxicity
test was initiated, and the previous medium was replaced
with 100 pl medium containing different concentrations of
MSN-COOH and the ligand. The medium was removed after
24 h and 100 pl 10% CCK-8 diluent were added to each well.
The solution was incubated at 37 °C for 1 h and the absorbance
values at 450 nm were determined using a microplate reader.
The cytotoxicity effect of Dox and the formulation(Dox-MSN,
Tan-Dox-MSN and Tan-MSN) on MCF-7 cells was measured
using same method. Cell viability (CV,%) was calculated using
the following formula:

Cell Viability (%) = [(As - Ap)/(Ac - Ap)] x 100%,

where Ay, Ac, and A refer to the absorbance of the blank,
control, and experimental wells, respectively.

2.9.  Anti-metastasis study

2.9.1.  Scratch wound-healing assay

Human breast ductal carcinoma T47D cells were trypsinized
and then seeded in 6-well plates with 2 ml serum-free
medium per well. The center of each well in the 6-well
plate was scratched with a 200-pl pipette tip, observed,
and photographed under an optical microscope. Different
concentrations (1, 2 and 5 pg/ml) of Tan-NH, and nanocarrier
solutions (Tan-NH,: 5 pg/ml, MSN-COOH: 62.5 pg/ml) were
then added. After 24 h, cell healing in each group was observed
under an optical microscope and photographed. Image ]
software was used to calculate the scratch area. The cell
migration rate of the control group was 100%, which was used
to calculate the test group migration rates.
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2.9.2. Transwell migration and invasion assays

T47D cells were trypsinized and resuspended in serum-
free medium and seeded in the upper Transwell chamber
at a density of 1 x 10 cells/200 ul medium per well. In
addition, 800 pl complete medium containing 10% serum
were added to the lower chamber. Liquid in the upper
chamber was aspirated after the cells adhered and different
concentrations (1, 2 and 5 pg/ml) of Tan-NH, and nanocarrier
solutions (Tan-NH, content: 5 pg/ml in Tan-MSN group)
were added to the upper chamber. Each group was tested
in triplicate. The samples were incubated at 5% CO, and
37 °C for 24 h. Liquid in the upper and lower chambers
was then removed and 4% paraformaldehyde was added to
fix the cells. The unmigrated cells in the upper chamber
were gently wiped off with cotton balls. The cells were then
stained with 1% Crystal Violet solution and photographed
under an optical microscope. The migrated cells were
quantitatively analyzed using a microplate reader. Specifically,
they were ultrasonically treated with 35% glacial acetic acid
to completely dissolve the crystal violet. Then, 200 pl the cell
sample were pipetted into a 96-well plate and a microplate
reader was used to measure the absorbance at 570 nm.
The migration rate of the control group was 100%, which
was used to calculate the migration rates of the other
groups.

For the invasion assays, the PET membrane was coated
with Matrigel and then the cells were cultured. The
subsequent procedure was the same as that for the above
migration test. After incubation for 24 h with medium
containing Tan-NH, or nano-carrier solution of appropriate
concentration, the invading cells were stained and
photographed.

2.10. Cellular uptake study

2.10.1. Cellular uptake

Studying the uptake of different cells is an important aspect
of investigating the targeting specificity of Tan IIA-modified
MSN. The uptake of different nano formulations by MCF-7,
T47D, and MCF10A cells was evaluated using a confocal laser
scanning microscope (Zeiss, USA) with a 40x objective and
Dox as a fluorescent probe. The quantitative analysis of Dox
fluorescence intensity of cellular uptake was performed using
flow cytometry (Attune, Thermo Fisher, USA). For qualitative
analysis of cellular uptake, MCF-7, T47D, and MCF10A cells
were seeded on round coverslips in 12-well plates. After
incubation for 24 h, the cells were cultured in fresh medium
containing Dox, Dox-MSN, and Tan-Dox-MSN solutions for
1.5 h. Then, 1 ml the mixture containing 1.67 pg/ml Hoechst
33342 was added to each well to stain the nuclei, and the cells
were incubated in the dark at 37 °C for 30 min. After washing
with PBS three times, the round coverslips were placed on
the glass with anti-fluorescence attenuator for observation.
MCF-7, T47D, and MCF10A cells were seeded in 6-well plates
for quantitative analysis of cellular uptake. After incubation
for 24 h, the cells were cultured in fresh medium containing
Dox, Dox MSN and Tan Dox MSN solutions with an equivalent
concentration of Dox for 1 h, 2 h or 4 h. After washing
three times with PBS buffer, the cells were collected for flow
cytometry analysis.

2.10.2. Cell uptake pathways
A competitive study was carried out to investigate whether
the receptor ligand was effectively bound. The ligand
and estrogen receptor inhibitor (ICI 182780) solutions were
incubated with MCF-7 cells for 12 h before the cell uptake
experiment.

To investigate the energy dependence of cell intake, MCF-
7 cells were seeded in 6-well plates, incubated at 37 °C for
24 h, maintained at 4 °C for 30 min, and then incubated with
Dox-MSN or Tan-Dox MSN (Dox concentration: 5 pg/ml) at
4 °C for 2 h. The quantitative analysis of cell uptake was
then performed. To reveal the mechanism of cell uptake, the
MCF-7 cells were incubated for 1 h at 37 °C with methyl-b-
cyclodextrin (5 mmol/l), amiloride (20 pmol/1), chlorpromazine
(30 pmol/l), and colchicine (250 pmol/]l) prior to treatment
with Dox-MSN or Tan-Dox-MSN for an additional 2 h. No
inhibitor was added to the control group, and the results were
expressed as the relative uptake inhibition ratio.

2.11. Tumor targeting evaluation

Breast cancer xenograft model mice were prepared to evaluate
the tumor targeting of Tan IIA-modified MSN. ICG or Dox was
used as a fluorescent probe. To prepare the ICG formulation,
Dox was replaced with ICG using the steps described in
the ‘Nanoparticle preparation’ section. Briefly, 0.2 ml the
Matrigel cell suspension (1 x 108 MCF-7 cells/ml) were
subcutaneously injected into the left side of female BALB/c
nude mice. When the tumor volume increased to 100 mm?
(tumor volume (V)=ab?/2; a: tumor length, b: tumor width),
the mice were randomly divided into the saline, Dox-Sol, Dox
MSN, Tan-Dox MSN, ICG-Sol, and Tan-ICG-MSN groups (three
mice per group, 1 mg/kg for ICG, 2 mg/kg for Dox). The ICG
fluorescence intensity of each mouse was measured using a
live imaging system at the excitation wavelength of 780 nm
and the emission wavelength of 800 nm 1 h, 4 h, 12 h and
24 h after administration. In addition, fluorescence intensity
of the main organs and tumor tissues was observed after
the mice were sacrificed after 12 h of Dox administration
to evaluate the distribution of Tan IIA-modified MSN
in vivo.

2.12. Anti-tumor efficiency

Breast cancer xenograft model mice were obtained as
described in the ‘Tumor targeting evaluation’ section. The
mice were randomly divided into the saline, Dox injection,
Dox-Sol, Dox-MSN, Tan-MSN, and Tan-Dox-MSN groups (five
mice per group). Saline group mice were injected with 100
pl saline to serve as the control group. For the Dox injection
group, 100 pl commercial Dox (2 mg/kg) were injected. For
the Tan-MSN group, 100 pl carrier (same carrier mount
with Tan-Dox-MSN) were injected. The other groups were
injected with 100 pl per mouse (Dox: 2 mg/kg) once every
3 d, five times in total. The changes in mouse body weight
and tumor volume were recorded after drug administration.
Finally, mouse blood samples were collected to measure the
levels of biochemical markers of cardiac function (Creatine
Kinase, CK), hepatic function (Aspartate aminotransferase,
AST), and renal function (Creatinine, CRE) 24 h after the last
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administration. The main mouse organs and tumor tissues
were also extracted and weighed.

To observe the changes in each organ, tumor-bearing mice
in each group were sacrificed and weighed. The samples were
dissected, and the heart, liver, spleen, lung, kidney, and other
organs were taken-out and weighed. The weight ratio of the
corresponding mouse before sampling served as the organ
index.

2.13. Immunohistochemistry

The main organ samples were dehydrated, embedded in
paraffin, and then stained with hematoxylin and eosin. A
microscope (NIKON Eclipse Ci) was used for observation.
Immunofluorescence staining was performed using a TUNEL
detection kit (Roche). Tumor section slides were de-affiliated,
rehydrated, and stained with DAPIL

2.14. Statistical analysis

All values were expressed as mean =+ standard deviation (SD).
Statistical significance was analyzed using one-way ANOVA
or Student’s t-test with Graphpad Prism 8 software, and P
value<0.05, <0.01, or <0.001 indicated statistical significance.

3. Result and discussion
3.1.  Molecular docking

Molecular docking technology has been widely used in
molecular biology, pharmacology, pharmacy, and other
disciplines. By simulating the interaction between the
targeted receptors determined by conformation and small-
molecule ligands or drugs, the binding of ligands can be
evaluated, and drug targets can be predicted.

By using the LibDock mode, the structures of Tan IIA, Tan
I, resveratrol, wogonin, osthole, psoralen, isopsoralen, genipin,
kaempferol and chibain A are used as ligands for docking with
ERs. The 10 traditional Chinese medicine phytoestrogens that
were successfully docked with ER were scored, as shown in
Fig. 2A. Tan IIA scored first in docking with two subtypes of
ERs, so Tan IIA was preselected. The ligands were subjected to
subsequent docking studies.

The modified Tan IIA with the terminal amino group (Tan-
NH,) was successfully prepared by the Mannich addition, ester
hydrolysis, and condensation reactions. LCMS: RT= 0.889 min,
[M-+H]*=556.3, purity: 95% 1H NMR (400 MHz, DMSO) § 9.60
(s, 1H), 8.58 (t, ] = 5.5 Hz, 1H), 7.87 (dJ = 8.2 Hz, 3H), 7.60
(dJ = 8.1 Hz, 1H), 4.35 (s, 2H), 3.78 (s, 2H), 3.62 - 3.49 (m,
11H), 3.43 (tJ = 5.6 Hz, 2H), 3.28 (ddJ = 11.0, 5.4 Hz, 2H), 3.09
(tJ = 6.0 Hz, 2H), 2.98 (ddJ = 10.5, 5.2 Hz, 2H), 2.22 (s, 3H), 1.79
-1.57 (m, 4H), and 1.29 (s, 6H).

The preselected active ingredient ligands of traditional
Chinese medicine were docked with the ER protein by the
CDOCKER mode, and to compare the binding effect, the
original ligands g-estradiol and «-estradiol were docked with
the ER protein by CDOCKER. The results showed that both
Tan IIA and its terminal carboxyl-modified products could be
successfully docked. The -CDOCKER INTERACTION ENERGY

between Tan IIA modifications and ER was shown in Table
S1-S2, while the lower the energy, the better the stability,
indicating that Tan IIA and its modifications are relatively
stable when binding to ER-a and ER-B.

As shown in Fig. 2C, Tan IIA and intermediate 2
form hydrogen bond, hydrophobic, Pi-sulfur and Pi-Sigma
interactions. As shown in Fig. 2D, Tan IIA and intermediate 2
form hydrogen bond, hydrophobic and Pi-sulfur interactions
with amino acid residues in ER-8.

Tan IIA has a wide range of pharmacological activities;
however, its strong lipophilicity, low bioavailability and
short half-life prompt researchers to modify its structure to
improve its physicochemical properties and pharmacokinetic
parameters. At present, four main modification sites for Tan
IIA are identified, namely, the 1-position of the A ring, ortho-
diquinone of the C-ring, methyl group of the 18-position of
the p-ring, and 16-position of the p-ring. The substitution
reaction occurs at C at the 1-position of the A ring, and
the subsequent reaction occurs after bromine substitution
to obtain hydroxyl, alkoxy, and monosaccharide-substituted
derivatives, improving solubility and biological activity. By
using the o-diquinone structure of the C ring, it can react
with primary amines or aromatic primary amines in ethanol
at room temperature to obtain a nitrogen-containing five-
membered ring. However, some studies have shown that after
the modification at the o-diquinone site, its activity decreased,
indicating that the key site of Tan IIA cytotoxicity may be
the ortho-diquinone structure of the C ring. Another study
showed that various imidazole derivatives were obtained by
modifying the o-diquinone structure of Tan IIA, and one
of them had an obvious inhibitory effect on breast cancer
MDA-MB-231 and a certain effect. Tan IIA derivatives provide
a basis for the prevention of cancer metastasis [26]. The
methyl group at the 18-position of the furan ring of the
D-ring can be oxidized to a hydroxyl group, and the 16-
position is the most active reactive site, which can be used
for sulfonation, Vilsmeier reaction, Mannich reaction, etc.
Tan IIA sodium sulfonate obtained by sulfonation is used
as a commercial preparation for the treatment of coronary
heart diseases, angina pectoris, venous embolism, and other
diseases.

3.2 Characterization of nanoparticle

The physicochemical properties of MSN-COOH, Dox-MSN,
and Tan-Dox-MSN are summarized in Table S3. All NPs
demonstrated a narrow size distribution (PDI < 0.3) with sizes
ranging from 110 to 150 nm. The zeta potential of Dox-MSN
and Tan-Dox-MSN was approximately —20 mV, suggesting
a change during the process of drug loading and ligand
modification, shifting from a negative potential to a positive
potential. From the TEM results (Fig. 3A), the nanoparticles are
spherical, with good dispersibility, round shape and uniform
particle size distribution. Surface-modified tumor-targeting
ligands have little effect on the morphology and particle size
of nanoparticles.

From the DSC analysis (Fig. S2), the preparation contains
drugs and ligands. The endothermic peaks of Dox and Tan-
NH, are located at 242 °C and 218 °C, respectively. Although
the endothermic peaks of Tan-NH, in the physical mixing
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group are not apparent, the absorption of Dox can still be
observed. Thermal peaks and each group of preparations
did not respond at the corresponding melting temperature.
This result indicates that Dox and Tan-NH, were successfully
loaded on MSN and may exist in the nanoparticles as an
amorphous or solid solution on the surface or pores.

By the thermogravimetric analysis of MSN-COOH, Dox-
MSN, and Tan-Dox-MSN, the results are shown in Fig. 3B.
The weight loss below 200 °C occurs following a high-
temperature removal of water molecules adsorbed on the
surface of nanoparticles, and 200-900 °C is the weight loss
of organic groups. According to the data analysis, Dox-MSN
has a weight loss of 12.02% compared with MSN-COOH,;
thus, the dosage of Dox loaded in MSN-COOH is ~12.02%,
which is consistent with the previous high-performance
liquid chromatography results, indicating that mesoporous
silicon is the perspective load carrier for Dox. Moreover,
according to the weight loss rate of Tan-Dox-MSN, Tan-NH,
was successfully modified on the mesoporous silicon support.
Compared with MSN-COOH, the weight loss was 18.86%, and
the grafting rate was 6.84%, which was lower than that of
liquid phase determination. The obtained grafting rate was
due to drug loss during the modification process of Tan-Dox-
MSN.

Infrared spectroscopy was used to characterize MSN and
different formulations (Fig. 3); the results show that the typical
peaks of MSN-COOH appear at 1084 and 798 cm~?, which are
the characteristic peaks of Si-O-Si stretching vibration [27].
In addition, the infrared spectrum of the MSN-COOH sample
has a peak at 1718 cm™?, which is the stretching vibration

frequency of C=0 in the carboxyl group. After loading Dox
in Dox-MSN, a new peak of DOX molecular ring breathing
vibration appeared at 1581 cm~'. New peaks in Tan-Dox-MSN
and Tan-MSN appeared at 1550 cm~! after modification with
Tan-NH,, which belonged to the bending vibration peaks of
N-H. The results showed that the Tan-Dox-MSN payload was
loaded with Dox and Tan-NH,.

3.3.  Hemolysis assays

As shown in Fig. 3E, the solution in the deionized water
group was clear red, and the remaining tubes did not appear
as clear red within 24 h. When each preparation group
contained 20-4,000 pg per 2 ml, a clear red appearance was
not observed, indicating that the preparation was in a wider
range. It has good biocompatibility and blood safety within the
concentration range.

3.4.  Drug release

As shown in Fig. 3C, the cumulative-release rate of the Dox
solution group in the pH 7.4 buffer for 6 h was (96.81% =+ 0.60%),
and the release was complete, whereas the Dox-MSN group
and the Tan-Dox-MSN group showed sustained release effect
in both buffers, and in PBS buffer of pH 6.5 simulating the
tumor microenvironment, the cumulative release rate at 24 h
was higher than that in PBS buffer of pH 7.4 simulating body
fluids, indicating that the MSN group and the Tan-Dox-MSN
group had certain pH response characteristics of the tumor
microenvironment.
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3.5.  Cytotoxicity

The cytotoxicity of MSN-COOH on human breast cancer (MCF-
7 cells), human breast ductal carcinoma (T47D cells), and
human normal breast (MCF10A cells) was determined by the
CCK-8 method (Fig. 4A). In the concentration range of 1-
200 pg/ml, the survival rates of the three cells were all > 85%,
indicating that MSN-COOH had no significant toxicity to the
three cells, and the interference of carrier toxicity could be
excluded in subsequent studies.

Since Tan IIA has certain cytotoxicity to MCF-7 and T47D
cells, the cytotoxicity of Tan-NH, to the three cells needs
to be investigated. The cytotoxicity of Tan-NH, at a higher
dose was investigated (Fig. 4B). In the concentration range
of 1-50 pg/ml, the survival rate of MCF10A cells varies with
the ligand. The ligand has no significant toxicity to normal
cells with the increased concentration. At a higher dose of
50 pg/ml, Tan-NH, significantly inhibited the growth of tumor
cells, the survival rate of MCF-7 cells was only 16.53%, and
the survival rate of T47D cells was 17.92%. At low doses, it
did not tend to promote tumor cell growth, indicating that
the ligand has a certain antitumor effect, and it did not
promote tumor cell growth in the concentration range of
1-50 pg/ml.

As shown in Fig. 4C, the three preparations had dose-
dependent cytotoxicity. At higher concentrations, the
cytotoxicity of the modified group is stronger than that
of the unmodified group, which may be due to the increased
cellular uptake, whereas the cell survival rate of the solution
group was lower, indicating that Dox was more cytotoxic, and

biocompatibility was improved after being prepared into a
nanoformulation.

3.6.  Anti-metastasis study

The higher the cell migration rate, the greater the likelihood
of cancer metastasis. Compared with estrone and estradiol,
which have the risk of promoting cancer metastasis, some
studies have reported that Tan IIA inhibits the migration of
various tumor cells. The cytotoxicity results showed that Tan-
NH, concentration of < 10 pg/ml did not affect the activity
of T47D cells. Thus, we investigated the effect of Tan-NH,
on T47D cell migration. Accordingly, 1 pg/ml Tan-NH, could
significantly delay the process of cells entering the central
wound (P < 0.01), and the inhibitory ability was stronger with
the increase in ligand concentration. As shown in Fig. 4D,
the cells in the control group migrated to the central wound
area continuously within 24 h, and the cells on both sides
nearly healed, whereas the groups containing ligands could
effectively inhibit the migration of tumor cells. Moreover,
the MSN-COOH group inhibited migration, but the Tan-MSN
group was like the solution group and strongly inhibited the
migration of T47D cells.

As shown in Fig. 4F, T47D cells were treated with
different concentrations of Tan-NH,, the cell migration rate
was inversely proportional to the concentration, MSN-COOH
nanocarriers had little effect on cell migration, and Tan-MSN
nanocarriers had good anti-cell migration effect. According to
the quantitative analysis results (Fig. 4H), the cell migration
rates of different concentrations of ligand solutions, i.e, 1, 2,
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and 5 pg/ml, decreased to 63.4%, 52.6% and 42.2%, respectively,
compared with the control group. In addition, compared with
the control group, Tan-MSN nanocarriers containing 5 pg/ml
targeting ligand had a cell migration inhibition rate of 41.6%,
which could significantly inhibit the migration of T47D cells.
As shown in Fig. 4G, Tan-NH, can dose-dependently inhibit
the invasion of T47D cells. Compared with the control group,
after treatment with different concentrations of the ligand
solution (1, 2 and 5 pg/ml) and Tan-MSN (5 pg/ml Tan-NH,),
the cell invasion inhibition rates in each group were 77.4% and
56.1%, 46.1% and 45.0%, respectively, indicating that targeting
ligands do not promote cell metastasis and have a certain
inhibitory effect on tumor metastasis.

3.7. Cellular uptake
As shown in Fig. 5E, Dox can be used as a fluorescent

probe to well indicate the cell uptake status. After incubation
with MCF-7 cells for 2 h, the fluorescence intensity of the

solution group was the highest, indicating that Dox can pass
through the cell membrane by passive diffusion. Meanwhile,
the fluorescence intensity of the Tan-Dox-MSN group was
higher than that of the Dox-MSN group, which may be caused
by ER overexpression in MCF-7 cells. As the uptake of MCF-7
cells, after incubation with T47D cells for 2 h, the uptake of the
Dox solution group was higher than that of the preparation
group, indicating that the solution group could pass through
the cell membrane well through passive diffusion and could
be taken up by T47D cells. The Dox signal in the solution group
co-localized well with the signal of the nucleus after Hochest
staining, indicating that the Dox solution at the cellular level
could reach the nucleus and exert its medicinal effect. In the
cell uptake experiment of NIH-3T3, the fluorescence intensity
of the Tan-Dox-MSN group did not show marked signal
enhancement compared with the Dox-MSN group, which may
be due to the lower expressions of ERs in NIH-3T3 cells. This
result shows that the nanodelivery system had little effect on
the uptake of normal cells expressing ERs.
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The uptake levels of the modified preparations with Tan
IIA in MCF-7 (Fig. 5A) and T47D (Fig. 5B) cells were higher than
those in the unmodified group at 1,2 and 4 h, and a significant
difference in the cellular intake was found at 2 and 4 h,
indicating that the cellular internalization efficiency of Tan-
Dox-MSN was higher than that of Dox-MSN. In MCF10A cells
(Fig. 5C), no significant difference was found in the uptake of
Tan IIA-modified preparations compared with the unmodified
group. However, the fluorescence intensity of the cell uptake
is higher, which may be related to the cell state and cell
membrane fluidity.

3.8. Cell uptake pathways

As shown in Fig. 5D, the cellular uptake of the Tan-Dox-
MSN group was significantly decreased after the addition
of ICI 182780, which indicated that ERs were involved in
the cellular uptake of Tan-Dox-MSN. Furthermore, upon the
addition of the ligand solution, the cellular uptake was
reduced and significantly different from that in the control
group, suggesting that the uptake of Tan-Dox-MSN is related
to Tan IIA modification. Moreover, under the same conditions,
the uptake of Dox-MSN by MCF-7 cells slightly decreased after
incubation with ER inhibitor, and no statistical difference was
found.

The endocytic pathway of the formulations was
investigated by changing the temperature and using chemical
inhibitors. As shown in Fig. SH-5I, decreasing the temperature
from 37 °C to 4 °C inhibited the uptake levels of Dox-MSN and
Tan-Dox-MSN by MCF-7 cells by 83.3% and 60.7%, respectively.
These results indicate that the uptake of Dox-MSN and Tan-
Dox-MSN is an energy-dependent endocytosis process,
and ER-mediated endocytosis is an energy-dependent
process. The endocytosis of the formulation was significantly
inhibited by chlorpromazine and to a lesser extent by methyl-
B-cyclodextrin, suggesting that the uptake process is a
clathrin-dependent and cholesterol-related uptake pathway.
Amiloride and colchicine had little effect on the endocytosis
of the preparation, indicating that the endocytoses of Dox-
MSN and Tan-Dox-MSN do not belong to macropinocytosis
and are less related to actin polymerization.

3.9. Tumor targeting evaluation

The biodistribution of near-infrared fluorescent dye ICG-
labeled nanoparticles in tumor-bearing nude mice at 1, 4,
12 and 24 h was investigated by IVIS small animal in vivo
imager, targeting the advantages of nanoparticles in vivo. The
excitation and emission wavelengths of the ICG dye were
780 nm and 800 nm, respectively. The colored scale was used
to measure the fluorescence intensity, from dark blue to white,
representing a gradual increase. Experiments were conducted
by tail vein injection in the normal saline, ICG solution, ICG-
MSN, and Tan-ICG-MSN groups. After administration, the
fluorescence signal weakened with time, indicating that the
preparations in each group could be effectively metabolized
by the body.

As presented in Fig. 6A, no fluorescence was noted in
the tumor site of the ICG solution group, indicating that the
drug solution has no tumor-targeting property. In addition,

no fluorescence signal was detected after 12 h, indicating
that the ICG solution was quickly metabolized by the body
and had a short half-life in vivo. In the ICG-MSN group, no
fluorescence at the tumor site was observed at 1 and 4 h,
and over time, a small amount of fluorescence at the tumor
site was found at 12 h, indicating that the drug could be
delivered to the tumor site by a small amount of MSN. The
nanoformulation still has a certain degree of fluorescence
signal at 12 and 24 h, which reflects the long-circulation
advantage of the nanoformulation. The Tan-ICG-MSN group
has stronger fluorescence at the tumor site than the ICG-MSN
group over time, indicating that the drug can be sustained
by Tan-MSN through long circulation and active targeting
delivered to the tumor site.

Since Dox is mainly metabolized by the liver and excreted
through the gallbladder, Fig. 6B shows that the Dox solution
group still exhibited apparent fluorescence in the liver, low
fluorescence in the kidney, and absence of fluorescence in
the tumor site 12 h after administration in the Dox solution
group, indicating that the drug solution has no tumor-
targeting effect. In the Dox-MSN group, in addition to the
strong fluorescence intensity in the liver, low fluorescence
was noted in the lung and kidney, indicating that the drug-
loaded MSN played a long-term circulation effect on the
body and accumulated in small amounts in metabolic organs
such as the liver and kidney. The Dox-MSN group showed
apparent fluorescence at the tumor site, indicating that the
nanoformulation can be passively targeted to the tumor
site through the EPR effect in animal models. The tissue
distribution of the Tan-Dox-MSN group was similar with that
of the Dox-MSN group, indicating that the drug delivered
by MSNs into the body has a long-circulating effect and
accumulated in small amounts in the liver, kidney, and other
metabolic organs, and in the tumor site of the Tan-Dox-MSN
group, a strong fluorescence can be seen, indicating that after
Tan IIA modification, the ER is overexpressed in the tumor
site, which has an active targeting effect. Active targeting is
stronger than passive targeting, and it has the potential to
improve the therapeutic effect of the targeted drug delivery
system.
3.10. Antitumor efficiency
As shown in Fig. 7B-7C, the inhibition of the tumor weight
corresponded to the results of the tumor volume change.
The tumor growth inhibition rate in the Dox-MSN group was
not significantly different from the relative tumor mass and
the Dox injection group, and the tumor volume and tumor
weight inhibition rates were > 40%, indicating that Dox-MSN
can inhibit tumor growth to a certain extent effect. Owing to
the lower content of Tan-NH; in Tan-MSN, the carrier group
did not show a strong antitumor effect. The tumor growth
inhibition rate of the Tan-Dox-MSN group was very high, and
the relative tumor mass was significantly different from that
of the Dox injection group (positive drug group) and the Dox-
MSN group (P < 0.01), and the tumor volume and weight were
inhibited The rate is > 70%, indicating that the tumor-targeted
modified MSNs can improve the tumor targeting of the drug,
induce the accumulation of the drug-loaded nanoparticles at
the tumor site, improve drug bioavailability, and improve the
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antitumor effect in vivo, which indicated that Tan-Dox-MSN is
a potential delivery system for antitumor drugs.

The hematoxylin-eosin staining results (Fig. S3) showed
that the Tan IIA-modified MSN group did not cause significant
pathological changes in various organs, indicating that
nanocarriers did not show significant systemic toxicity.
Compared with the organ index in the normal saline group,
the index in the Dox solution, Dox-MSN, Tan-MSN, and
Tan-Dox-MSN groups did not differ significantly, which
preliminarily showed that the prepared preparation had low
toxicity to these four organs and had good safety (Fig. S4).
The potential toxicity of different preparations was further
evaluated by measuring the serum AST, CRE, and CK levels.

AST activity in the serum of mice 12 d after administration
was measured, and the damage level of each group of drugs
on the liver was evaluated. As presented in Fig. 7D, compared
with the levels in the normal saline group, the AST levels
in the serum of the Dox injection and Dox solution groups
were significantly increased, indicating that the groups had
liver damage, which may be related Dox hepatotoxicity [28].
The AST levels in the Dox-MSN and Tan-Dox-MSN groups did
not increase significantly, which may be due to the improved
distribution of Dox in the body and reduced damage to the
liver after the adsorption of Dox by MSNs. The circulating
amount of free CRE in the serum depends entirely on its
excretion level; thus, free CRE in the serum can be quantified
for renal function detection. High CRE levels are observed with
decreased excretion in chronic renal failure and acromegaly.
Studies have shown that Dox can lead to nephrotic syndrome,
resulting in high CRE levels in the serum [29]. The CRE levels in
the serum of mice 12 d were measured after administration,
and the effects of each group of drugs on kidney damage were
evaluated. As presented in Fig. 7E, compared with the positive

drug group (Dox injection), the CRE levels in the serum of
the Dox solution, Dox-MSN and Tan-Dox-MSN groups were
high, indicating that the preparation caused a certain degree
of kidney damage. Moreover, the CRE level in the serum of
the Tan-Dox-MSN group was lower than that of the Dox-MSN
group, suggesting that the nanoparticles modified with Tan IIA
can reduce the toxicity of the drug to the kidneys to a certain
extent. CK is widely present in skeletal, cardiac, and smooth
muscles. When muscle cells are damaged, the CK activity in
the serum increases [28]. CK activity in the serum of mice 12
d after administration was measured, and the effects of each
group of drugs on muscle cells were evaluated, focusing on
the damage to myocardial cells. As shown in Fig. 7F, compared
with the activity in the normal saline group, the CK activity
in the serum of the Dox-MSN, Tan-MSN and Tan-Dox-MSN
groups did not change significantly, indicating the lack of
obvious muscle cell damage. Compared with the activity in the
normal saline group, the CK activity in the serum of the Dox
injection and Dox solution groups was significantly increased,
indicating that Dox has significant cardiotoxicity.

3.11. Immunohistochemistry analysis

Subsequently, an immunofluorescent TUNEL staining assay
was applied to investigate tumor cell apoptosis. As shown
in Fig. 7G, compared with normal saline, the number of
green positive nuclei in the Dox injection, Dox solution,
Dox-MSN and Tan-Dox-MSN groups increased, indicating
that these groups significantly promoted the apoptosis of
MCF-7 cells.Compared with the number of green nuclei in
the Dox solution group, the number in the Dox-MSN and
Tan-Dox-MSN groups increased, indicating that the targeted
modification of mesoporous silicon nanoparticles and Tan IIA
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nanoparticles can effectively deliver drugs to the tumor site
and significantly promote the apoptosis of MCF-7 cells.

4, Conclusion

In this study, the affinity of the active ingredients of traditional
Chinese medicine with estrogen-like effects to ERs was
verified by molecular docking technology, and Tan IIA with a
better binding effect was screened out as a preselected ligand.
The modified Tan IIA with a terminal amino group (Tan-NHy)
was successfully prepared. Tan-NH, showed good biosafety,
tumor targeting, and antitumor and antitumor metastasis
effect. Tan-Dox-MSN as a novel phytoestrogen-modified
nanoparticle had uniform particle size, good dispersibility,
and high drug-loading capacity. Tan-Dox-MSN has better
targeting ability and antitumor effect and lower toxicity to
normal organs through in vivo and in vitro validation. Our

confirmatory research shows that MSN Tan can be a promising
drug delivery platform for the treatment of diseases with ER
overexpression characteristics, such as breast cancer.
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