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Mesoporous silica nanoparticles with folic acid (MSN-COOH-Tet-HBP-FA) are able to mediate targeting and have a pH stimulation
response character, and therefore have been successfully synthesized as vectors for antitumor drug delivery. The model drug is
tetrandrine (Tet). The chemical structure and properties of these NPs were characterized through systematic characterization
analyses. Their drug loading capacity was significantly improved through carboxy modification (26.86 % in max), and they
exhibited pH-dependent drug release profiles("zero pre-release™ within 20 hours in a normal physiological environment). In vitro
cytotoxicity and cell uptake of the as-synthesized NPs in Hela and A549 cells were also evaluated, and exhibited high cytotoxicity
and cell-targeted uptake capacity. It was concluded that MSN-COOH-Tet-HBP-FA could be used as a promising drug delivery

system for cancer therapy.
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Abstract

Mesoporous silica nanoparticles with folic acid (MSN-COOH-Tet-HBP-FA) are able to mediate targeting
and have a pH stimulation response character, and therefore have been successfully synthesized as
vectors for antitumor drug delivery. The model drug is tetrandrine (Tet). The chemical structure and
properties of these NPs were characterized through systematic characterization analyses. Their drug
loading capacity was significantly improved through carboxy modification (26.86 % in max), and they
exhibited pH-dependent drug release profiles("zero pre-release” within 20 hours in a normal
physiological environment). In vitro cytotoxicity and cell uptake of the as-synthesized NPs in Hela and
Ab49 cells were also evaluated, and exhibited high cytotoxicity and cell-targeted uptake capacity. It was
concluded that MSN-COOH-Tet-HBP-FA could be used as a promising drug delivery system for cancer
therapy.
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1. Introduction

Cancer is currently considered to be a leading factor that threatens human lives, and chemotherapy
remains one of the most common methods used for cancer treatment[*?, However, traditional drugs are
nonspecific and cannot discriminate cancer cells and normal cells, which not only limits the accumulation
of drugs in tumor cells, but also leads to systemic toxicity and adverse side effects®4l. In order to improve
the efficacy of chemotherapy, many studies have been devoted to the development of tumor-targeted
nanocarriers, which can be used to control the delivery of antitumor drugs®"l. Using the enhanced
permeation and retention (EPR) effects, researchers have developed multiple nanocarrier platforms,
including liposomes!®°l, polymer nanoparticles*®, nano-micellest*?, and dendrimersi*>*4, which are
used to delivery anticancer drugs into tumor tissues. However, the EPR effect is not efficient enough to
eradicate the side effects of cytotoxic drugs and to exert the anticancer therapy selectively in cancer
cellsi*®, In order to enhance the targeting and tumoral uptake ability, the external surface of nanocarrier is
often modified with various ligands, which can significantly enhance the interaction between the cancer
cells and the nanocarrierst*®-8l, Targeted agents typically include antibodies (such as monoclonal
antibodies) [1>%% peptides (such as Arg-Gly-Asp (RGD)) ?+2%, and small molecule compounds (such as

folic acid) (24261,



Over the past few decades, the use of a controlled drug delivery systems(DDS) has been widely
explored widely in anti-cancer fields®?”). The ideal drug delivery system should be stable and able to hold
the unreleased loaded drugs through the circulation in the bloodstream or in normal tissues. Upon
reaching and accumulating in tumor tissues by passive and active targeting, it will be taken up by cancer
cells, and the drugs should be released rapidly in response to the local environment. Due to its
responsiveness and adaptability, stimulation-responsive polymers have been widely studied and
developed in the fields of environmental monitoring, electronics, photonics, controlled drug release and
medical imaging. In recent years, mesoporous silica nanomaterials (MSN) have attracted much attention
due to their unique advantages, such as high specific surface area and large pore volume, homogeneous
controllable particle size and well-defined surface property for modification®®3, Moreover, the studies
have indicated that mesoporous silica materials possess good biocompatibility and biodegradability[232],
These features make mesoporous silica materials as drug carriers.

Stimulated-responsive terminated amino hyperbranched polymer (HBP) has a large number of
terminal amino groups and branches. They have attracted a lot of attention in recent years due to their
unique spherical cavity-like topology, low solution viscosity and good solubility. The structural
characteristics, functionalization and pH responsiveness of HBP provides a powerful platform for the
practical application of a pH-based triggered HBP system[®, Folic acid (FA), a water-soluble B vitamin
that is stable and nonimmunogenic, binds selectively to the folate receptor (FR)E>%1, The FR, known as a
glycophosphatidylinositol-linked cell surface receptor, is a high affinity membrane folate-binding
glycoprotein®839, As the FR is generally overexpressed on the surface of a variety of human cancer cells
and has a high affinity to FA binding®“2, a wide range of FA-conjugated drug delivery carriers have
been thoroughly investigated™3#4, Tetrandrine(Tet) is a kind of dibenzylquinoline alkaloid isolated from
traditional Chinese medicine, which has a long history of application in the clinical treatment of various
diseases in China. It has been reported as a cellular autophagy agonist*®! and a lysosomal inhibitor¢], and
has potent anti-tumor effects when used alone or in combination with other drugs®>“7l. And it was
explained that tetrandrine is a hydrophobic drug, and its bioavailability can be improved through the
delivery of nano-carrier materials, which can further exert its antitumor effect. Moreover, tetrandrine has
a relatively low toxicity to humans even when administered at high doses, thus we choose tetrandrine as a

model drug.



In this paper, mesoporous silica nanoparticles with a particle size of 130 nm were prepared and the
adsorption capacity of the antitumor drug tetrandrine was increased by surface carboxy functionalization,
and then the surface of the material was modified by terminated amino hyperbranched polymer and folic
acid target agents (MSN-COOH-Tet-HBP-FA) (Scheme 1). The engineered materials can be efficiently
captured by cancer cells through receptor-mediated endocytosis and then rapidly release the loaded

anti-tumor drugs at an acidic pH. Several functions were built into the multifunctional MSNs in order to
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Scheme 1 Schematic illustration showing the possible formation of MSN-COOH-Tet-HBP-FA and
the subsequent drug loading and delivery process
deliver drugs in an optimal fashion: i) functionalized with the carboxyl groups on the nanoparticles to
graft the terminated amino hyperbranched polymer molecule and increase the loading capacity of
tetrandrine ; ii) active tumor targeting folic acid ligands were attached to the surface of the nanoparticles;
iii) graft the terminated amino hyperbranched polymers were grafted on the surface of the nanoparticles to
block the mesoporous channel; iv) pH-triggered drugs to be released within acidic intracellular
compartments such as the endosome and lysosome. The design of drug carriers with these functions can
reduce the cytotoxicity to healthy cells and improve the delivery of antitumor drugs.

2. Material and methods

2.1. Materials



Tetraethylorthosilicate (TEOS; AR, Tianjin, China), diethylenetriamine (DETA; AR, Shanghai,
China), cetyltrimethyl ammonium bromide (CTAB; AR, Tianjin, China), 3-aminopropyl triethoxysilane
(APTES), methyl acrylate (MA; AR, Shanghai, China), 2-cyanoethyltriethoxysilane (CTES; AR,
Shanghai, China), vitriolicacid (H.SO.; AR, Chongging, China), methylbenzene (AR, Chongging,
China), hydrochloric acid (HCI, 36-38%, Chongqgin, China), N-hydroxysuccinimide (NHS; AR, Shanghali,
China), ammonia solution (NHs * H.O; AR, Chengdu, China), folic acid (FA; AR, Shanghai, China),
3-dimethylaminopropyl)-3-ethyl carbodiimide (EDC; AR, Shanghai, China), fluorescein isothiocyanate
(FITC; AR, Shanghai, China), N,N-dimethylformamide (DMF; AR, Shanghai, China), ethanol and
methanol (EtOH, MeOH; AR, Tianjin, China), 2-(N-morpholine)ethanesulfonic acid buffer solution
(MES; pH 5), phosphate-buffered saline (PBS; pH 4.5 and pH 7.4), and tetrandrine (Tet) were purchased

from Aladdin (Shanghai, China) and used without further purification. All water used was deionized.
2.2. Synthesis of Terminated Amino Hyperbranched Polymer

The terminated amino hyperbranched polymer was prepared according to the previous studyt8l,
Diethylene triamine (52 ml, 0.5 mol) was added in a 250-ml three-neck round-bottomed glass flask
equipped with a constant-voltage dropping funnel, a thermometer and a nitrogen inlet tube. The reaction
mixture was stirred with a heat-up magnetic agitator and cooled with an ice bath, while the solution of
methyl acrylate (43 ml, 0.5 mol) in methanol (100 ml) was added dropwise into the flask. Then the
mixture was removed from the ice bath and left stirring for a further 4 h at room temperature. The light
yellow AB; type monomer was synthesized and then the mixture was transferred to an eggplant-shaped
flask for an automatic rotary vacuum evaporator. After removing the methanol under low pressure, the

temperature was raised to 150°C using an oil bath, and left for 4 h until the yellowish viscid scale

terminated amino hyperbranched polymer was obtained.
2.3. Synthesis of Carboxyl Functionalized Mesoporous Silica Nanoparticles
2.3.1. Synthesis of Mesoporous Silica Nanoparticles

CTAB (0.78 g) was dissolved in a mixture of distilled H.O (220 mL) and methanol (80 mL) under
vigorous stirring (1200 rpm), while the pH value was adjusted to 11.24 with ammonium hydroxide. The
mixture reaction was heated to 80 ‘C. TEOS (5 mL) was then added dropwise, stirred for 3 h, and aged

for another 3 h. The resulting solid was filtered and washed with excessive distilled H,O and MeOH,
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respectively. Finally, the sample was dried under vacuum to yield the as-synthesized nanoparticles. In
order to remove surfactant template (CTAB) from the mesopores of the nanoparticle, the as-synthesized
nanoparticle was extracted with a mixture of ethanol (100 mL) and concentrated HCI (10 mL). The

substance was called MSN-130.

2.3.2. Synthesis of Carboxyl Functionalized Mesoporous Silica Nanoparticles

Briefly, 500 mg MSN-130 was evenly dispersed in 40 mL dry toluene and bath sonicated for 30 min.
Then, 1.5 mL of CTES was added, the mixture was stirred for 15 h at 100 ‘C (800 rpm ), and the
resulting solid was isolated and washed with dry toluene. The resulting solid was dried under a vacuum at

60 °C. The substance was called MSN-CN.

Then, 400 mg of MSN-CN was dispersed into 40 mL of ethanol, and 30 mL of dilute sulfuric acid
(15 mL of concentrated sulfuric acid added to 15 mL of deionized water) was added. The mixture was

stirred for 5h at 90 °C (800 rpm ), and the resulting solid was isolated and washed with dry toluene. The

resulting solid was dried under a vacuum at 40 °C. The substance was called MSN-COOH.

2.3.3. HBP Encapsulation of Carboxyl Functionalized Mesoporous Silica Nanoparticles

HBP (1.5 g) was suspended in distilled H,O (10 mL), followed by adjusting the solution pH to 5~5.5
with 2-(N-morpholino) ethanesulfonic acid (MES) buffer solution (pH 5). MSN-COOH (80 mg) was
added to the solution. 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (40 mg) and
N-hydroxysuccinimide (40 mg) were then dissolved in the mixture at room temperature under magnetic
stirring for 16 h. The resulting solid was filtered and washed with distilled H,O and ethanol, and dried

under vacuum at 40 ‘C for 24 h to obtain the HBP-encapsulated mesoporous silica nanoparticles, which

were called MSN-COOH-HBP.

2.3.4. Conjugation of FA to HBP-Encapsulated Mesoporous Silica Nanoparticles

At room temperature, 2.3 mg FA, 1 mg EDC and 1.5 mg NHS were added to 10 mL PBS buffer
solution, and stirred for 15 h (stirring speed 800 rpm). Then 10 mg MSN-COOH-HBP was added, stirred
for 24 h, centrifuged and washed with distilled H,O and ethanol three times. It was dried under vacuum at

40°C to obtain the final product(MSN-COOH-HBP-FA).

2.4. Drug Loading
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MSN-COOH (100 mg) was added to MeOH solution (30 mL) containing Tet (50 mg). After the
mixture solution was stirred for 48 h at the speed of 500 rpm in the dark, it was sonicated to maximize the
nanoparticle dispersion. Tet-loaded MSN-COOH was obtained by centrifugation at 8000 rpm for 4 min.
The loading percentage of Tet in MSN-COOH was estimated through the UV-Vis 6100s absorption
measurements by subtracting the amount of Tet in the collected supernatant from the total amount of Tet
added. The loading capacity of Tet is calculated according to the formula®. The solid was dried under a

vacuum at 35 ‘C, and named MSN-COOH-Tet.

mi—CV
mz+ (m:—CV)

Wt.%z{ }xlOO% L

m1: the initial mass of Tet, mg;
mz: mesoporous adsorbent added into MeOH solution, mg;
C: Tet concentration of the supernatant solution, mg/mL;
V: the volume of the supernatant solution, mL.
2.5. Synthesis of FA-Targeted Carboxyl Functionalized Mesoporous Silica Nanoparticles

According to the reported literature®®%, the folic acid and HBP encapsulation of drug-loaded

mesoporous silica nanoparticles was carried out by a one-pot method. The process is as follows:

HBP (1.5 g) was suspended in distilled H,O (10 mL), followed by adjusting the solution pH to 5~5.5
with 2-(N-morpholino) ethanesulfonic acid (MES) buffer solution (pH 5). MSN-COOH-Tet (80 mg) was
added to the solution. N-hydroxysuccinimide (40 mg) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (40 mg) were then dissolved in the mixture at room temperature under magnetic stirring for
16 h. After that, EDC (40 mg) and NHS (40 mg) were added again, followed by 50 mg of folic acid, and
stirred for another 24 h. The resulting solid was filtered and washed with H,O and ethanol, and dried

under vacuum at 40 °C for 24 h to obtain the HBP encapsulation of carboxyl functionalized mesoporous

silica nanoparticles called MSN-COOH-Tet-HBP-FA.

2.6. Fluorescent Labeling



Firstly, 20 mg fluorescein isothiocyanate (FITC) and 0.1 mL 3-aminopropyl triethoxysilane (APTES)
were added to 10 mL N, N-dimethyl formamide solution, stirred at 25 “C for 4 h. The sample frozen

collection was called FITC-APTES.

MSN-COOH (25 mg) and MSN-COOH-Tet-HBP-FA (25 mg) were added to 20 mL ethanol solution,
respectively, followed by 0.2 mL of the above prepared FITC-APTES solution, and tehn stirred at 25 C

for 16 h. Fluorescent labeled nanomaterials®®? were obtained by centrifugation. The samples are recorded

as MSN-COOH-FITC and MSN-COOH-Tet-HBP-FA-FITC, respectively.
2.7. Drug Release

To determine the kinetics of Tet release from the nanoparticles, each drug-loaded sample was carried

out in two different buffer solutions (pH 4.5 or 7.4).

The MSN-COOH-Tet and MSN-COOH-Tet-HBP-FA suspensions (3 mL, 1.67 mg mL™) were
dialyzed against phosphate buffer (10 mm phosphate, 50 mL) at 37 °C under different pH conditions(pH
7.4 and pH 4.5). Subsequently, 3 mL of PBS at the different pH values was added into the dialysis bags.
Simultaneously, 3 mL of fluid was taken out and 3 mL fresh PBS was immediately added into the flask.
UV-6100 was used for wavelength detection absorbance under 280 nm. The accumulated concentration

was calculated for each moment:

v t-1
C.=C,+=>.C,
V%S @)

2.8. Cell Assay in Vitro
2.8.1. Cell Cytotoxicity Assay in Vitro

The cytotoxicity of MSN-COOH-Tet-HBP-FA, MSN-COOH, MSN-COOH-Tet and free Tet were
evaluated by the MTT assay on A549 cells and Hela cells. The cells were seeded into a 96-well plate at a
density of 5X10° cells per well in a complete DMEM medium (200 pL) supplemented with 10% calf
serum, 1% penicillin, and 1% streptomycin, and then incubated in humidified 5% CO, atmosphere at
37 °C for 24 h. The culture medium was then replaced with fresh culture medium (200 pL) containing
Tet-loaded MSN at different Tet doses(15.5 pg/mL, 62.5 pg/mL and 250 pg/mL)) . The cells were further

incubated for 48 h, and were then washed three times with PBS, and 100 uL of MTT solution (0.5 mg/mL)



was slowly injected into each well and incubated for 4 h. The relative cell viability compared to control
wells containing medium without nanoparticles was calculated by [A]test/[A]control, where [A]test and

[A]control are the average absorbance of the test and control samples, respectively.
2.8.2. Cell Uptake Assay

Cellular uptake of nanoparticles was observed using a confocal laser scanning microscopys (CLSM).
HelLa and A549 cells were seeded in confocal dishes at a concentration of 1 x 10, After 24 h, the medium
was removed, washed once with PBS, and then medium containing MSN-COOH-Tet-HBP-FA and
MSN-COOH of 62.5 ug/mL was added, and then the cells were cultured at 37 “C, 5 % CO, for 12 h. The
medium was removed, washed there times with PBS, and incubated with 500 pL of lysosomal marker
(Lyso-Tracker Red, 75 nM) for 2 h. The liquid was removed, and the cells were washed three times with
PBS. Fixed cells were treated with 3.7% formaldehyde solution, and nuclei were stained with 57 nM
DAPI for 15 min, washed again with PBS, and 50% glycerol was added as a mounting solution. Finally,

the cells were observed under a confocal laser scanning microscopys (CLSM, LEICA TCS SP8).
2.9. Characterizations

'H NMR spectra were recorded on a Bruker BBFO-400 spectrometer. Dynamic light scattering
(DLS) and zeta potential experiments were performed at 25 °C using a Malvern Zetasizer NanoZS
instrument. The powder X-ray diffraction (XRD) patterns were recorded using a Rigaku D/Max 2400
diffractometer with a Cu Ka radiation. Fourier transform infrared (FT-IR) spectra were obtained with a
Nicolet iS50 spectrophotometer using KBr pellets. The Brunauer-Emmett-Teller (BET) surface area and
average pore volume of the synthesized mesoporous silica materials were measured by a Micromeritics
ASAP 2020 analyzer at 77 K. Transmission electron microscopy (TEM) images of the samples were
taken using a FEi G20 electron microscope operating at 200 kV. The morphological features of samples
were investigated by scanning electron microscopy (SEM) on a JEOL-JSM-7500F electron microscope
operating at 20 kV, coupled with an EDS micro-analyzer. UV absorbance spectra were obtained with a
Mapada UV-6100s spectrophotometer. Thermogravimetric analysis (TGA) was conducted in air on an

STA 449C Jupiter® thermal analyzer. The samples were heated from 30 ‘C to 1000 °C at a heating rate

of 10 C/min in air.

3. Results and Discussion
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3.1. Preparation and Characterization of Multifunctional MSN

The synthesis of HBP was monitored by FT-IR and *H NMR. FT-IR spectra of the terminated amino
hyperbranched polymer is shown in Figure 1. It was found that the absorptions were at 1466.4 cm™ and
3280 cm?, corresponding to the —~CH,— bend and the N-H stretch of the primary amino groups and the
imino groups, respectively. The absorption at 1643.9 cm™? is characteristic of the C=0 stretch in amide
bonds (-CONH-). The possible structure of the terminated amino hyperbranched polymer was also
confirmed by *H-NMR spectroscopy. The peak at 2.58 ppm is attributed to protons corresponding to a, b,
¢, f, j, kand | of HBP. The peak at 2.35 ppm was attributed to protons corresponding to d and i of HBP.
The peak at 2.73 ppm was attributed to the corresponding proton of g of HBP. The peak at 3.23 ppm was
attributed to the corresponding proton of e of HBP. The peak at 3.28 ppm is attributed to the proton

corresponding to h of HBPI8l. All the analyses confirm the successful synthesis of HBP.
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Fig. 1 FTIR spectra and *H-NMR of terminated amino hyperbranched polymer

Figures 2 shows the scanning electron microscopy (SEM), particle size distribution, and X-ray
energy-dispersive spectroscopy (EDS) images of the prepared samples. It can be seen from the SEM
diagram that the prepared material is spherical nanoparticles with regular morphology, good dispersion
and narrow particle size distribution. The average particle sizes of MSN-130, MSN-COOH-HBP and
MSN-COOH-Tet-HBP-FA were 130£16.5 nm, 182+£17.9 nm, and 194+21.1 nm, respectively. When
the nanoparticles were modified with HBP and FA, the particle size obviously increases, indicating
successful grafting of functionalized groups. In addition, it can be seen that N elements appear in the
energy spectra of MSN-COOH-HBP and MSN-COOH-Tet-HBP-FA, with percentages of 1.6% and 7.8%,
respectively, indicating successful grafting of the terminated amino hyperbranched polymer and

tetrandrine.
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Fig2 SEM and EDS analysis of MSN-130 (A), MSN-COOH-HBP (B) and

MSN-COOH-Tet-HBP-FA (C)



As seen from Figure 3, MSN-130 was uniform spherical nanoparticles, and the mesochannels
throughout the entire particle could be seen clearly. The mesopore arrays on the nanoparticles cannot be
clearly observed after the introduction of the carboxyl groups and HBP, due to the masking of the
polymers. In addition, the nitrogen adsorption and desorption isotherms of all samples were type IV
isotherms with hysteresis loops according to the IUPAC classification (Figure 4A). At the low pressure
stage (0 < p/p° < 0.4), the amount of adsorption increases rapidly with the increase of relative pressure,

forming a steep step. This is due to capillary condensation of the N. molecules adsorbed by the

mesoporous sample, which causes the adsorption amount to rise sharply, indicating the existence of
mesoporous structure. At the relative pressure p/p°® > 0.4, the N, molecules began to adsorb on the outer
surface of the mesoporous material, and the curve became relatively flat. A sudden jump appeared at the
relative pressure p/p°=0.95. MSN-130 and MSN-COOH exhibited H4 hysteresis loops, while
MSN-COOH-HBP exhibited H3 hysteresis loops. This indicates that the pore structure of the three

materials is irregular, reflecting the flat slit structure or the wedge structurel*],

Fig. 3 TEM images of MSN-130 (A, B), MSN-130-COOH (C, D) and MSN-130-COOH-Tet-HBP-FA (E,

F
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Fig. 4 The nitrogen adsorption-desorption isotherms (A) and pore size distributions (B) of samples

MSN-130, MSN-130-COOH and MSN-130-COOH-HBP

Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) analyses were used to determine
the surface area and pore size of different nanoparticles. As depicted in Figure 4A and Table 1, the BET
surface areas of nanoparticles decreased from 786.44 m?gtto 254.12m?g! to 46.97 m?gt when
anchored with carboxyl groups and HBP. Correspondingly, the BJH pore sizes of nanoparticles also
changed from 2.060 nm to 1.744 nm to 1.745 nm. These results suggested that the mesopores were
successfully capped carboxyl groups and HBP. The pore diameter of MSN-COOH is reduced compared
with that of MSN-130, while the pore diameter of BJH of MSN-COOH and MSN-COO-HBP is almost

unchanged, indicating that HBP may be grafted to the material surface.

Table 1 Specific surface area, pore volume and pore size of MSN

Specific surface area Pore volume

Sample BJH adsorption pore
(Seer) (M? ™) (Vp) (cm’g™)

MSN-130 786.44 0.278 2.06

MSN-COOH 254.12 0.189 1.744

MSN-COOH-HBP 46.97 0.069 1.745

The samples were further characterized by FT-IR. As shown in Figure 5A, stretching vibration peaks
of the —CH; of surfactant CTAB were observed at 2810 cm™ and 2930 cm™ in the FT-IR spectrum of
MSN-130/CTAB, whereas they were not found in MSN-130, indicating that the template agent was
nearly removed. In Figure 5Bd, the bands at 1400 cm™ are attributed to the stretching vibration peaks of
C-N. Thus, the characteristic peaks appearing at 1673 cm™ (amide | belt) and 1511 cm™ (amide Il belt)

are the absorption vibration peaks of CO-NH, which are the absorption peaks of the amide group obtained



by condensation of the amino group on HBPs with the carboxyl group on folic acid, In addition, the band
at 1071 cm is assigned to the vibration of C-O-C of tetrandrine in Figure 5Ac, whereas, in Figure 5Bc, d,
1071 cm? is the coincidence peak of the asymmetric stretching vibration absorption peak of Si-O-Si in
mesoporous silica and the C-O-C absorption peak generated by Tet. Simultaneously, the characteristic
peaks appearing at 1619 cm, 1552 cm™ and 1511 cm are the stretching vibration peaks of the benzene

ring skeleton in Tet, indicating the successful loading of the antitumor drug tetrandrine.
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Fig. 5 Infrared characterization of samples A: MSN-130/CTAB (a), MSN-130 (b) and Tet(c); B: FA (a),
HBP (b), MSN-COOH-Tet (c) and MSN-COOH-Tet-HBP-FA (d)

Small-angle and wide-angle X-ray diffraction were carried out in order to investigate the regularity
of the mesopores. As shown in Figure 6A, small angle X-ray diffraction shows that both MSN-COOH
and MSN-COOH-HBP have diffraction peaks at 26=2°, indicating that there is an ordered pore structure
in the nanomaterials®®. Furthermore, the intensities of the peaks of MSN-COOH-HBP only changed
slightly after being modified with HBP, which showed that HBP functionalization did not influence the
ordering of the pore structure. Figure 6B shows the wide-angle X-ray diffraction pattern of the material.

Both materials have an distinct broad peak at 15-28°, which is the characteristic peak of typical

amorphous silical®l,

Thermogravimetric analysis (TGA) further confirmed the successful surface functionalization of the

materials. In Figure 7, the weight loss of the sample MSN-130 at 30-150 ‘C is caused by the adsorption



of water on the surface of the nanoparticles®. Afterwards, the percentage weight loss of MSN-130 was
about 7.54% at 200-800°C, which was largely due to the removal of silicone groups on the surface of
particles. MSN-COOH and MSN-COOH-HBP had a weight loss of 19.92% (H2) and 30.62% (H3) at
200-800°C,which was due to the decomposition of the organic functionalized molecules -COOH and

HBP, indicating that functional molecules were successfully immobilized onto the surface of the

nanoparticles!®sl,
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Fig. 6 XRD analysis of the small angle (A) and wide angle (B) of the samples
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Fig. 7 Thermogravimetric curves of MSN-130, MSN-COOH and MSN-COQOH-HBP

Zeta potential experiments and dynamic light scattering (DLS) further confirmed the successful
surface functionalization of MSN. Figure 8A shows the Zeta potential diagrams of MSN-130,
MSN-COOH and MSN-COOH-HBP. The zeta potential of MSN-130 decreased from -18.10 mV to
-22.59 mV, which was caused by the increasing negative charges on the surface of the materials,

indicating that carboxyl functionalization was successfully anchored. The Zeta potential of



MSN-COOH-HBP increased to 44.18 mV due to the introduction of a large number of
polyaminobranched chains (positive charge) in HBP grafting, indicating that HBP was successfully
grafted. In addition, dynamic light scattering (DLS) detection was used to investigate the regular
hydrodynamic diameter of HBP on the surface of nanoparticles and the particle size changes at different
pH values. In Figure 8B, with the increase of acidity (decreased pH), the particle size of
MSN-COOH-HBP decreased from 229 nm to 187 nm, suggesting that HBP will undergo a gradual

decomposition process in an acidic environment, which leads to a smaller particle sizel>"].

300000
—— MSN-COOH — pH=4
—— MSN-COOH-HBP A —— pH=5
250000 —— MSN-130 \ —— pH=74
!‘L pH=8
& 200000 1 I S
E [ 5
e 1 5
= 150000 [ g
= A g
100000 | \‘ =
[
50000 - c/ \
'
i\
0 T T : T T T
-100 -50 0 50 100 150 SizMnray

Zeta potentitial (mV)

Fig. 8 Zeta potential distribution of MSN-130, MSN-COOH and MSN-COOH-HBP(A), and size
distribution of MSN-COOH-HBP at different pH values(B)

The surface functionalization of MSN was further confirmed by XPS analysis (Figure 9, Table 2). In
figure 9A, the peaks at 103.73 eV, 155.44 eV, 285.36 eV, 398.99 eV and 531.78 eV are the binding
energy of Si 2p, Si 2s, O 1s, N 1s and C 1s of MSN-COOH-HBP samples, respectively, and no N 1s
peaks appear in MSN-130, indicating that HBP was successfully grafted on the surface of MSN-130. In
Figure 9B, N 1s can be divided into three distinct peaks, N-C (C-N-C) (399.132 eV), O=CN (399.679 eV),
and N-H (400.122 eV), indicating the presence of the amino chains in HBP. From the high resolution
spectrum of C in figure 9C, a C 1s peak was observed at around 288.944 eVV(O-C=0), 286.601 eV(C=0),
285.700 eV(C-0), 284.950 eV(C- N), 284.332 eV(C-C) and 284.313 eV(C-Si), where the presence of
C-Si is the cyanation of CTES (silane coupling agent), and O-C=0 is assigned to the carboxyl group. The

O 1s peaks consist of a SiO; peak (284.7 V), O=C peak (533.177 eV) and C-O peak (531.966 eV)



(Figure 9D). The above analysis indicates a successful carboxylation of -CN and the successful grafting

of HBP onto the surface of the nanoparticles.
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Fig. 9 XPS spectrum of the MSN sample. (A) MSN-130 and MSN-COOH-HBP; (B) N1s of

MSN-COOH-HBP; (C) C1s of MSN-COOH-HBP; (D) O1s of MSN-COOH-HBP

3.2. Drug Loading and Release Studies

Drug loading and releasing behavior are the most important characteristics of drug delivery
systems®®5], Herein, tetrandrine was used as model drug and loaded into MSN-COOH-Tet. Tetrandrine
is a kind of dibenzylquinoline alkaloid isolated from traditional Chinese medicine, and the carboxyl and
silanol groups of the material can interact with the Tet through hydrogen bonds, thereby increasing its
loading capacity. Tetrandrine is typically loaded into the inner channels and surfaces of nanoparticles by
diffusion and electrostatic attraction®. The drug-loading property of MSN nanocomposites was

calculated to be 26.86%, and the Tet loading content was 367.2 ug Tet per mg of nanoparticles.


https://www.sciencedirect.com/science/article/pii/S0928493117330631?via=ihub#bb0285

Figure 10 shows the cumulative release curves of Tet from the nano drug delivery system in
simulated physiological environment (PBS buffer, pH 7.4) and tumor tissue acidic environment (PBS
buffer, pH 4.5). Both nanoparticles exhibited the typical sustained release behavior. It can be seen from
the experimental results that MSN-COOH-Tet has a faster release rate at both pH values, and the
maximum release can reach 80% within 72 h before HBP encapsulation and FA targeted modification.
Whereas the release of the MSN-COOH-Tet-HBP-FA system was only 30% in 72 h, indicating that the
HBP encapsulation improved the controlled release capacity of the drug delivery system. Simultaneously,
Tet release from MSN-COOH-Tet-HBP-FA complexes was significantly increased at lower pH values,
enabling zero pre-release within 20 hours, which was mainly due to the packaging effect of
hyperbranched polymer HBP. Meanwhile, HBP undergoes a process of gradual decomposition (see figure
8) in an acidic environment, which accelerated the drug release rate and achieved the controlled release of
the drug, indicating that the modification of HBP gives an obvious pH-dependent drug release behavior.
The high drug loading capacity and the pH-dependent sustained release manner suggested that

MSN-COOH-Tet-HBP-FA was a promising carrier for anticancer drugs.
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Fig. 10 Release behavior of Tet from MSN-COOH-Tet and MSN-COOH-Tet-HBP-FA nanoparticles



3.3. In Vitro Cytotoxicity Assay

Investigation into the cytotoxicity of drug delivery vehicles is necessary for a drug delivery system.

The in vitro cell cytotoxicity of MSN-COOH-TET-HBP-FA against A549 cells and hela cells was

assessed by the MTT method. As can be seen from Figure 11, the free antitumor drug Tet was less toxic

to Hela cells and A549 cells at a low concentration, but showed significant dose-dependent cytotoxicity

with increasing drug concentrations. It was explained that Tet is a kind of hydrophobic drug, which needs

to be enriched to a certain concentration to be able to exert its anti-tumor efficacy. As figure 11 shows,

MSN-COOH is of moderate toxicity to Hela and A549 cells. After loading the drug, MSN-COOH-Tet

showed significant dose-dependent cytotoxicity to both cells. It was explained that the way in which free

Tet enters the cells depends primarily on passive diffusion, while the hydrophobicity of Tet resulted in

less cytotoxicity at low concentrations in a short period of time. The drug was released from

MSN-COOH-Tet under acidic conditions, which increased the cytotoxicity. While the drug was loaded

and encapsulated (MSN-COOH-Tet-HBP-FA), cytotoxicity was greatly reduced relative to

MSN-COOH-Tet, which may be due to the fact that the drug molecule is blocked by HBP in the material,

resulting in a lower release within 48 h. These results indicated that the MSN-COOH-Tet-HBP-FA

nanoparticles are more suitable as vehicles for drug delivery.
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Fig. 11 In vitro cytotoxicity of Tet, MSN-COOH, MSN-COOH-Tet and MSN-COOH-Tet-HBP-FA
in Hela cells(A)and A549 cells(B) after incubation for 48 h.

3.4. Cellular Uptake Assay

After FA moiety conjugation, MSN-COOH-Tet-HBP-FA complexes could be internalized by cancer
cells due to folate receptor-mediated endocytosis. To visualize intracellular Tet release, the cellular
uptake of Tet-loaded nanomparticles was further investigated by confocal laser scanning microscopy
(Figure 12, Figure 13). Lyso Tracker lysosomes were labeled with red fluorescent markers and DAPI,
respectively. The blue region is the nucleus of cells, green is the fluorescent nanoparticles, and red is the
lysosomes in the cytoplasm. It can be seen from the figure that the green fluorescence emitted by the
FITC-MSNs is widely distributed in the cytoplasm, indicating that the nanoparticles enter the cytoplasm
after being ingested by the cells. The superimposed photographs shows that MSN-COOH has a large
number of green bright spots and a small amount of yellow bright spots (the superposition of green
MSN-COOH-FITC and red lysosomal highlights) after 24 hours of coculture in both cells, showing
significant lysosomal escape. However, the superimposed photos of folic acid-modifiedl
MSN-COOH-Tet-HBP-FA showed a large number of yellow bright spots, indicating that nanoparticles

were ingested into lysosomes by Hela and A549 cells. The vyellow bright spot of



MSN-COOH-Tet-HBP-FA in Hela cells was significantly higher than that of MSN-COOH, suggesting

that the cellular uptake of folic acid modified materials may partly benefit from folic acid receptor

mediated active uptakel®61],
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Fig. 12 Confocal laser scanning microscopy (CLSM) of Hela cells after incubation for 24 h with

FITC-MSNs of samples MSN-COOH and MSN-COOH-Tet-HBP-FA
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Fig. 13 Confocal laser scanning microscopy (CLSM) of A549 cells after incubation for 24 h with

FITC-MSNs of samples MSN-COOH and MSN-COOH-Tet-HBP-FA

4. Conclusions

In summary, multifunctional MSNs (MSN-COOH-Tet-HBP-FA) with particle a size of 130 nm for

folic acid-mediated active targeting and pH stimulation response were successfully synthesized as a

vector for the delivery of the antitumor drug tetrahexine. The high loading efficiency of tetrandrine

(26.86%) was achieved by carboxyl modification and grafting of HBP and folic acid, as well as enhanced

toxicity to Hela and A549 cells. Furthermore, the hyperbranched polymer HBP is attached to the outside

of the mesopores and encapsulates the drug molecules in the mesopores as a cap, which improves the

stability of the carrier material and enables the drug to achieve "zero pre-release” within 20 hours in a

normal physiological environment. MSN-COOH-Tet-HBP-FA has good biocompatibility and is taken up

into lysosomes of Hela cells and A549 cells, and exhibits folate receptor-mediated active uptake in Hela

cells. These results indicated that MSN-COOH-Tet-HBP-FA could be potential carriers for anticancer

drug delivery.
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