[Short title + Author Name - P&H title] 17 (2024) 105735

Contents lists available at ScienceDirect

agssndllodl
King Saud University

Arabian Journal of Chemistry

journal homepage: www.ksu.edu.sa

Check for

Cationic anticancer peptide L-K6-modified and doxorubicin-loaded ol
mesoporous silica nanoparticles reverse multidrug resistance of

breast cancer

a,b

Haiting Sun
Yue Guan ™, Che Wang*”", Dejing Shang >

»! Shaodan Dong ™', Lingying Kong ", Rongchun Wang*®, Jiaqi Zhao®,

& Department of Medicinal Chemistry, School of Chemistry and Chemical Engineering, Liaoning Normal University, Dalian 116029, China
b Liaoning Provincial Key Laboratory of Biotechnology and Drug Discovery, Liaoning Normal University, Dalian 116081, China

¢ School of Life Science, Liaoning Normal University, Dalian 116081, China
d Zhuanghe No.30 Junior Middle School, Dalian 116499, China

ARTICLE INFO ABSTRACT

Keywords: Multidrug resistance (MDR) is the major challenge for chemotherapy of cancer and makes the treatment benefits
Cationic anticancer peptide unsustainable. To overcome this issue, nanotechnology has been introduced and various nanocarriers have been
f/[(g(]:);u/l:]c)l; constructed to reverse MDR in drug resistant cancer cells. Here, mesoporous silica nanoparticle (MSN-COOH)

were modified with cationic anticancer peptide L-K6 (MSN@L-K6), and further loaded with doxorubicin (DOX)
to construct an anticancer nano-system, MSN@L-K6@DOX. Our results showed that MSN@L-K6@DOX released
DOX in pH-sensitive manner, which enable to be highly efficient in delivering drugs to tumors, counterbalancing
the MDR. In addition, MSN@L-K6@DOX treatment decreased the expression level of P-glycoprotein in MCF-7/
ADR cells, enhanced the intracellular accumulation of DOX, and thereafter reversed the MDR of MCF-7/ADR
cells to DOX. Moreover, the MDR reversal activity of MSN@L-K6@DOX was further confirmed in xenograft
mouse model, as evidenced by the decreased tumor volume and weight. These results indicate the MDR reversal
activity of MSN@L-K6@DOX and may provide a novel strategy for the development of nano-based drug delivery

Mesoporous silica nanoparticle
Multidrug resistance

system to overcome cancer MDR.

1. Introduction

Cancer is a major public health challenge worldwide and is the
second leading cause of death in the United States (Siegel et al., 2021).
Despite the significant advances in the diagnosis and chemical or bio-
logical therapies of cancer, the development of multidrug resistance
(MDR) is still a major obstacle to effective cancer therapy (Jemal et al.,
2009; Szakacs et al., 2006). MDR refers to the phenomenon of cross-
resistance to a variety of drugs with different structures, targets and
mechanisms of action. There are two sources of MDR, one is endoge-
nous, itself exists in the tumor cells; the other is exogenously acquired
and is usually associated with overexpression of P-glycoprotein (P-gp) or
other efflux pump proteins, leading to reduced drug uptake, altered DNA
repair, and drug resistance. Both types seriously affect the action of
anticancer drugs (Duan et al.,, 2023), therefore, discovery and
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development of novel biomaterials or therapeutic candidates with MDR
reversal activity will help improve the clinical benefits of conventional
anticancer therapy.

The development of MDR in tumor cells is mainly caused by the
overexpression of P-gP on the cell membrane, and in order to reverse
MDR in cancer cells, some organic nano-based drug delivery systems
such as liposomes, lipid nanoparticles, polymer-based nanoparticles and
micelles have been constructed to bypass the specific efflux proteins and
increase intracellular drugs accumulation in cancer cells (Li et al., 2019;
Cao et al., 2019; Zhao et al., 2015; Wang et al., 2014). However, these
organic nano carriers easily suffer from various biochemical attacks and
bioerosions owing to their inherent instability in vivo (Shen et al,
2011).

Recently, increasing lines of evidence has indicated that inorganic
mesoporous silica nanoparticles (MSNs) has a promising potential as

E-mail addresses: wangchel 26@Innu.edu.cn (C. Wang), djshang@Innu.edu.cn (D. Shang).

1 These two authors contributed equally to this work.

https://doi.org/10.1016/j.arabjc.2024.105735
Received 20 September 2023; Accepted 15 March 2024
Available online 16 March 2024

1878-5352/© 2024 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:wangche126@lnnu.edu.cn
mailto:djshang@lnnu.edu.cn
www.sciencedirect.com/science/journal/18785352
https://www.ksu.edu.sa
https://doi.org/10.1016/j.arabjc.2024.105735
https://doi.org/10.1016/j.arabjc.2024.105735
https://doi.org/10.1016/j.arabjc.2024.105735
http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2024.105735&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

H. Sun et al.

safe and effective drug delivery system due to their excellent in vivo
stability. MSNs have been intensively investigated in various fields
including drug delivery, biosignal probing, gene delivery, and bio-
marking (Huo, 2011). Compared with organic drug carriers, MSNs
possess some unique properties such as high specific surface area, large
pore volume, tunable pore structure and stable physicochemical prop-
erties, therefore have been investigated as drug delivery vectors to
deliver siRNA and other chemotherapeutic agents into cancer cells to
overcome MDR (Shen et al., 2011; Xu et al., 2006; Varshosaz and Tay-
mouri, 2015). However, the intracellular drugs delivered by MSNs can
still be actively exported out of cancer cells by efflux proteins, such as P-
glycoprotein (P-gP), before their entering into cell nucleus to kill cancer
cells. Therefore, functional modifications on MSNs to inhibit P-gP and to
strengthen their MDR reversal activity are urgently needed.

Functionally modified MSNs drug-carrying systems are mainly
environmentally responsive nanomaterials, with the most common
environmental factors include light, magnetism, enzymes, competitive
reactions, temperature and pH, etc., of which pH-sensitive occupies a
major role in biomedical field (Hu et al., 2017). In MSNs drugs carrying
system, chemotherapeutic drugs are commonly loaded onto the nano-
carriers through electrostatic attraction, which was weakened under
acidic condition, leading to the increased release of chemotherapeutic
drugs. Actually, the extracellular pH of tumor tissues (pH = 6.8) is
maintained below normal non-cancerous tissues, and the pH of intra-
cellular endosomes and lysosomes of tumor cells are even much lower
(pH < 5.4) (Zeng et al., 2017), therefore pH-sensitive carriers can serve
as a highly efficient tool for delivering drugs to tumors compared to
conventional nanoparticles. In addition, while these pH-sensitive mes-
oporous silica-carrying systems can be taken up by cells through endo-
cytosis, more chemotherapeutic drugs can be released under the
intracellular acidic conditions to counterbalance the P-gP mediated
cancer MDR (Huang et al., 2011).

Previous studies have found that the diameter of functionally-
modified nanocarriers is less than 200 nm, which can effectively
target tumor tissues in vivo by enhancing permeability and retention
effect. The smaller the diameter, the better the tumor targeting and
permeability (Murugan et al., 2016). At the same time, carboxyl modi-
fied MSNs (MSNs-COOH) have high specific surface area and pore vol-
ume, which can not only enhance the surface hydrophilicity of MSNs,
but also make the materials pH sensitive. Much more importantly,
modifications of MSNs using functional groups with P-gP inhibiting
activity have also been reported to strengthen the delivery efficiency
and anticancer activity of nanocarriers (Pan et al., 2021; Halder et al.,
2022).

We previously found that one cationic anticancer peptide L-K6 can
inhibit P-gP expression in MCF-7/ADR cell (Wang et al., 2021). In an
endeavor to develop advanced drug delivery system with enhanced
chemotherapy to overcome MDR in breast cancers, in the present study,
we constructed a functional MSN delivery system modified with L-K6
and loaded with doxorubicin (DOX) by electrostatic action for syner-
gistic therapy of MDR cancer cells (Suppl. Fig. S1). The cationic property
and P-gP inhibiting activity may favor the delivery system to interact
preferentially with cancer cells and delivery DOX efficiently into MDR
cells. Carboxyl MSNs (MSN-COOH) were conjugated with L-K6
(MSN@L-K6) and subsequently loaded with chemotherapy drug DOX by
encapsulation into the channel of MSNs to construct MSN nanocarrier,
namely as MSN@L-K6@DOX. The in vitro cytotoxicity and MDR
reversal activity of MSN@L-K6@DOX were evaluated in MCF-7/ADR
cells and was further confirmed in vivo by xenograft model mice.

2. Materials and methods
2.1. Chemicals, cell lines and animals

3-ethylcarbodiimide =~ hydrochloride  (EDC-HCl), = N-hydrox-
ysuccinimide (NHS), and 3-[4,5-dimethylthiazol-2-yl1]-2,5 diphenyl
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tetrazolium bromide (MTT) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). DOX was provided by Dalian Meilun Biotech Co., Ltd.
(Dalian, China). All other chemicals used in the present study were
commercially available and used as received.

MCF-7 and MCF-7/ADR cell lines were obtained from the CBCAS
(Cell Bank of the Chinese Academy of Sciences, Shanghai, China). Cells
were routinely cultured in DMEM/F12 medium containing 10 % fetal
bovine serum (FBS), 1 % l-glutamine, 1 % sodium pyruvate, 50 U/mL
penicillin and 50 pg/mL streptomycin. The cells were maintained at
37 °C in a humidified atmosphere of 5 % CO.

Female Balb/c nude mice with average weight of 20 g (6-8 weeks of
age) were purchased from Vital River Laboratories (Beijing, China).
MCF-7/ADR cell xenograft tumor model was established according to
our previous protocol (Dong et al., 2020). MCF-7/ADR cells were
collected by centrifugation and dispersion in 100 pL sterilized saline at 2
x 107 cells/mL density and subcutaneously injected into the right flank
next to the forelimb of nude mice. As for the anticancer effects assess-
ment, when the tumor volume reached 50 mm3, the animals were ran-
domized into four groups (six mice per group): (1) saline control group,
(2) free DOX group, (3) MSN@DOX group, and (4) MSN@L-K6@DOX.
Animals were injected intravenously (i.v.) via the tail vein with 200
pL of sterile saline, free DOX, MSN@DOX, and MSN@L-K6@DOX (at a
dose normalized to be 100 mg/kg DOX equiv), respectively. Each
treatment was performed four times at 3-day intervals (days 1, 4, 7, 10).
The body weight and tumor size of each mouse were recorded every 2
days. All experiments procedures were performed in accordance with
the Laboratory Animal Care and Use Guidelines approved by the Animal
Care and Use Committee of Liaoning Normal University.

2.2. Preparations of MSN-COOH and MSN@L-K6

MSN-COOH was synthesized according to the previously reported
method (Ding et al., 2015). MSN (5 mg) and succinic anhydride (3 mg)
were dispersed in N,N-dimethylformamide and stirred overnight. The
products were then purified by centrifugation to remove excess succinic
anhydride. The deposition was ultrasonically dispersed in PBS (pH =
5.3), stirred with EDC (23.0 mg, 0.12 mmol) and NHS (13.8 mg, 0.12
mmol) at room temperature for 24 h, then washed and dispersed in PBS
(pH = 7.4). The pellet was re-suspended in methanol and washed at
10,000 rpm for 40 min, followed by washing with distilled water. These
washing steps were repeated twice with sonication at each step for re-
suspension. The yielded MSN-COOH was dried by desiccation. As for
the preparation of MSN@L-K6 nanocarrier, L-K6 peptide (1 mL, 1 mg/
mL) was added into MSN-COOH and stirred for 24 h.

2.3. DOX loading

For DOX loading, 1 mg of MSN-COOH or MSN@L-K6 was mixed with
1 mL of DOX solution in PBS (pH = 7.4, 6.8, and 5.4, 1 mg/mL) and
stirred for 24 h at room temperature in the dark. The loading mixture
was centrifuged at 9000 rpm for 15 min to collect the DOX loaded
nanocarriers. Amount of DOX in the supernatant was estimated by
UV-vis Spectrophotometer (Nanodrop-2000C, ThermoFisher, USA). By
comparing the absorbance of DOX in the supernatants with the cali-
bration curves of DOX (obtained at the same conditions, diverse con-
centrations in the range of about 5-50 ppm), the load content and drug
entrapment efficiency were calculated.

2.4. Characterization of MSNs nanocarrier

The size, size distribution, and zeta potential of various nano-
materials were analyzed using a Delsa Nano photon correlation spec-
troscopy (PCS, Beckman Coulter, USA). The surface morphology was
observed by transmission electron microscopy (TEM, Tecnai G2 20, FEI
Company, Hillsboro, Oregon, USA). A Fourier transform infrared spec-
troscopy (FT-IR, TENSOR27, Bruker, Germany) was used to analyze
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Fig. 1. Characterizations of functionalized MSNs. (A) Fourier-transform infrared spectroscopy assay; (B) Surface charge potentials of different functionalized MSNs
as assessed by the zeta potential analysis; (C) Nitrogen adsorption—desorption isotherm analysis; (D) The transmission electron microscopy images of MSNs nano-
particles before and after drug loading; (E) The thermogravimetric analysis. (F) Accumulative release of DOX from MSN@L-K6@DOX under different pH conditions.

Table 1
The parameters of mesoporous silica nanoparticles (MSNs).
Sample BET Pore Pore NPs size Zeta
surface Volume Size (nm) Potential
Area (cm3/ g) (nm) (mV)
(m?/g)
MSN 1052.6 + 0.96 + 2.974 + 107.23 0
75.1 0.04 0.162 +1.79
MSN-COOH 632.2 + 0.93 + 2.970 £ 113.41 —24.07 £
42.4 0.03 0.151 +3.17 0.69
MSN@L-K6 210.8 + 0.76 + 2.741 £ 127.43 —18.51 +
15.6 0.02 0.169 + 4.36 0.15
MSN@L- 480.8 + 0.32 + 1.154 + 150.78 272 £
K6@DOX 28.2 0.03 0.137 +1.07 0.54
Table 2

The MSN@DOX@L-K6 of drug loading and entrapment efficiency.

pH Drug loading (%) Encapsulation efficiency (%)
7.4 28.47 % 69.36 %
6.8 22.65 % 56.37 %
5.4 13.41 % 31.32%

functional groups present in the MSNs. FT-IR spectra were obtained in
the range of 400-4000 cm™!. Thermal gravity analyzer (TGA, Perki-
nElmer, USA) was used to characterize MSNs by heating the sample to
800 °C (20 °C min™1). Ny adsorption/desorption isotherm analysis was
performed at —196 °C by an absorption analyzer (ASAP 2020, Micro-
meritics, USA), and the degassing temperature is 120 °C. The specific
surface area and pore size were calculated by BET and BJH method,
respectively.

2.5. In vitro drug release

The above-prepared MSN@L-K6@DOX (1 mg) in a 10,000 Ka dial-
ysis bag was immersed in 20 mL PBS (pH 7.4, 6.8 or 5.4), with stirring at
room temperature. At certain time intervals, 8 mL of the release medium
were taken out for testing DOX concentrations by UV/vis spectroscopy
at wavelength of 483 nm. The absorbance of supernatant was recorded.

2.6. Cellular uptake assessment of DOX-loaded MSNs

The MCF-7/ADR cells were seeded in 12-well plate with cover slips
at 5 x 10° cells density. After 24 h incubation, different concentrations
(10, 20, 40 and 80 pg/mlL) of free DOX, MSN@DOX or MSN@L-
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Fig. 2. Intracellular DOX accumulation and P-gP inhibition after functionalized MSNs exposure in MCF-7/ADR cells. (A) Confocal laser scanning microscopy images
of MCF-7/ADR cells incubated with MSN@DOX and MSN@L-K6@DOX at different concentrations (10 pg/mL and 40 pg/mL) after 24 h; (B) P-gP expression level in
MCF-7/ADR cells after 24 h MSNs exposure. (C) Flow cytometric analysis and (D) quantitative analysis of the cellular DOX uptake in MSNs treated MCF-7/ADR cells.

K6@DOX were added and co-incubated for 24 h at 37 °C. After incu-
bation, culture medium was removed and cells were washed with PBS
thrice. Then, cells were fixed by 4 % paraformaldehyde (PFA), washed
with PBS and mounted on slides with 80 % glycerol. The intracellular
fluorescence of DOX was imaged using confocal microscope (Zeizz LSM
710, Zeizz Instruments Co., Germany).

Cellular uptake by MCF-7/ADR cells was confirmed using flow
cytometry. The cells were seeded in 6-well culture plates (8 x 10° cells/
well) and allowed to grow for 24 h. Free DOX, MSN@DOX or MSN@L-
K6@DOX were added into cells for 24 h incubation. Then, cells were
washed, centrifuged, and fixed in 4 % PFA (in PBS). Cells were re-
suspended in PBS and the intracellular fluorescence was analyzed
using flow cytometer (FACS callibur, BD Bioscience, USA).

2.7. Invitro cytotoxicity assessment by MTT assay

In vitro cytotoxicity was evaluated by MTT assay. MCF-7/ADR cells
were seeded in 96-well plate at a density of 5 x 10* cells/well and
cultured for 24 h. Then free DOX, MSN-COOH, MSN@DOX, and
MSN@L-K6@DOX were dispersed in complete medium and added into
the wells with final concentrations of 10, 20, 40, 80 and 160 pg of DOX/
mL. After incubation, 10 pL of MTT (5 mg/mL) was added to each well
and incubated for 4 h at 37 °C. Following incubation, medium with MTT
was removed, and 150 pL of DMSO was added to solubilize formazan
crystals.

2.8. Tumor xenograft models and treatments

All animals care and experiments were performed in compliance
with the Guidelines for the Care and Use of Laboratory Animals and all
procedures were approved by the Animal Care and Use Committee of
Liaoning Normal University. To set up the tumor xenograft model, the
female BALB/C nude mice (6 weeks, 18 ~ 22 g, purchased from Nanjing
Biomedical Research Institute of Nanjing University) were

subcutaneously inoculated in the right axilla with 10’ MCF-7/ADR cells
(200 pL/mouse). The tumor size was monitored by a vernier calliper and
the tumor volume (V) was calculated as V = L x W2/2, where L and W
were the length and width of the tumor, respectively. When the tumors
reached to 100 ~ 150 mm?®, the mice were randomized into 4 groups:
control group, DOX group, MSN@DOX group and MSN@L-K6@DOX
group, intravenously injected by sterile saline, DOX (5 mg/kg),
MSN@DOX (5 mg/kg), and MSN@L-K6@DOX (5 mg/kg), respectively.
The injection was performed every two days on day 1, 3, 5, 7 and 9. The
body weight and tumor volume were recorded. The DOX distribution
was monitored by in vivo imaging, based on the endogenous fluores-
cence property of DOX. As for the in vivo imaging observation, images
were taken once daily for 14 consecutive days on IVIS® Lumina III
imaging system (PerkinElmer, USA, excitation: 748 nm, emmision: 780
nm) 2 h post injection. After final scanning, the mice were euthanized
and sacrificed. The tumor tissues were harvested and weighted.

2.9. Statistical analysis

The results are expressed as the means and standard errors. A paired
Student’s t-test was used to determine the significance of difference
between groups. Significance is indicated as fellows: *p < 0.05, **p <
0.01, ***p < 0.001.

3. Results and discussion

3.1. Characterization of MSN-COOH, MSN@DOX and MSN @DOX@L-
K6

FT-IR was used to identify the chemical functional groups of MSN-
COOH and MSN@L-K6 surface (Fig. 1A). Weak absorption peaks of Si-
OH bending vibration can be observed at 970 cm ™!, whereas a strong
absorption peak of Si-O-Si antisymmetric stretching vibration was found
at 1,092 cm™!. Worth noting, at 1,648 cm™! wavelength, a typical
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Fig. 3. MCF-7/ADR and MCF-7 cell viability after DOX and MSNs exposure (A) Cell viability after exposure of various concentrations (5 to 500 ug/mL) of MSN-
COOH for 24 h. (B-D) In vitro viability of MCF-7/ADR cells after 24, 48, and 72 h incubation with MSN@DOX, MSN@L-K6@DOX, or free DOX. (E) MCF-7 cell
viability after exposure of various concentrations (5 to 500 pg/mL) of MSN-COOH for 24 h. (F, G) In vitro viability of MCF-7 cells after 4 h and 24 h, incubation with

MSN@DOX, MSN@L-K6@DOX, or free DOX.

carboxyl absorption peak in MSN-COOH was presented, which
confirmed the success of carboxyl functionalization. In addition, the
peak at 1,642 cm ™! corresponding to the characteristic bending of -NH;
and another asymmetric peak at 3,486 cm™! attributed to -N-H
stretching in MSN@L-K6, which indicated the conjugation of L-K6 with
MSN-COOH surface.

Additionally, as shown in Fig. 1B, the zeta potential analysis indi-
cated that MSN-COOH showed a negative potential at -23.89 mV. In
contrast, DOX showed a positive potential of 20.13 mV. Hence, after
DOX loading, zeta potential value of MSN@DOX was increased to —6.77
mV, but still under the negative level. L-K6 also showed a positive charge
of 5.89 mV. Therefore, the L-K6 and DOX dually loaded MSN@L-
K6@DOX system showed a further reduced negative charge as 2.58
mV (Fig. 1B).

N2 adsorption-desorption isotherms analysis (Fig. 1C) and TEM
observation (Fig. 1D) indicated that MSNs and MSN-COOH presented a
moderate size of 100 nm. The results demonstrated that MSN-COOH
exhibited uniform mesoporous nanostructure but with a slight
decrease on specific surface area (632 m2/g) and average pore size
(2.970 nm) as compare to MSN (1052.673 m2/g and 2.974 nm,
respectively, Table 1). Nevertheless, our data indicated the success of
carboxyl functionalization did not alter the overall morphology and
mesoporous structure of MSN. Hydrodynamic diameter of the MSN-
COOH was 113.41 + 3.17 nm (Table 1), which was consistent with
the size measured by TEM (~100 nm).

After being dispersed in complete medium containing 10 % FBS for
72 h, the hydrodynamic diameters of MSN-COOH particles was steady at
120 nm (Suppl. Fig. S2A) and the DOX release of MSN@L-K6@DOX was
around 20 % (Suppl. Fig. S2B), suggesting a high stability and

biocompatibility of MSN@L-K6@DOX.

TGA analysis was further performed to estimate the DOX and L-K6
loading in MSN@DOX and MSN@DOX@L-K6. As shown in Fig. 1E, the
weight loss of MSN@DOX and MSN@DOX@L-K6 was approximately 24
% and 38 %, which were 13 % and 27 % higher than MSN-COOH (11 %).
Additionally, the weight loss in MSN@DOX was 14 % lower than that in
MSN@DOX@L-K6. All these data confirmed that DOX and L-K6 were
successfully loaded on MSN-COOH.

3.2. Drug loading/release of MSN-COOH@DOX@L-K6

As assessed by UV-vis Spectrophotometer, under different pH con-
ditions (7.4, 6.8 and 5.4), DOX loading for MSN@DOX@L-K6 were
23.71 %, 20.78 % and 12.86 % (w/w), respectively (standard curve as
shown in Suppl. Fig. S3). A best drug loading for DOX can be found at
pH = 7.4 (Table 2).

As shown in Fig. 1F, after 20 h incubation at pH 7.4, 6.8 and 5.4, the
release of DOX from MSN@L-K6@DOX was 18.3 %, 53.6 % and 73.4 %,
respectively. The drug release tended to be declined as evidenced by a
less than 6 % of DOX release after 45 h (data not shown). The major
reason for DOX release from MSN-COOH might be due to the weakened
interactions between positively charged DOX and negatively charged
MSN-COOH under different pH conditions.

Much more interestingly, we found an excellent property of pH-
responsive drug release for MSN@L-K6@DOX. Under the acidic micro-
environment, which favorites the growth and invasion of solid tumor
(Wojtkowiak et al., 2012; Estrella et al., 2013), the DOX release was
increased. This property predicted a specific toxicity of MSN@L-
K6@DOX against cancer cells.
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Fig. 4. DOX distribution (A) and anticancer activity assessment (B, C, D) in vivo using zenograft model mice.

3.3. Invitro cellular uptake of DOX

Cellular uptake of different concentrations of free DOX, MSN@DOX
and MSN@L-K6@DOX in MCF-7/ADR cells after 24 h incubation was
evaluated using confocal microscopy (Fig. 2A). As expected, MCF-7/
ADR cells were resistant to DOX, as shown by the weak red fluores-
cence (Fig. 2A left panel). This resistance can be partially reversed by
MSN@DOX, evidenced by the increased DOX fluorescence density
(Fig. 2A middle panel). MSN@L-K6@DOX treatment induced a dramatic
increase of intracellular uptake of DOX in a dose dependent manner
(Fig. 2A right panel). The ameliorated intracellular accumulation of
DOX after MSN@DOX and MSN@L-K6@DOX treatment could be
attributed to their high positive charge, allowing more interactions be-
tween positive charged MSN@DOX and negatively charged cancer cell
membrane (Motomura et al., 2018; Wang et al., 2017; Wang et al., 2016;
Iwasaki et al., 2009). Additionally, the better performance of MSN@L-
K6@DOX than either free DOX or MSN@DOX might be due to its P-gP
inhibiting activity. As shown in Fig. 2B, MSN@L-K6@DOX exposure
decreased the expression level of P-gP in a dose-dependent manner (p <
0.05 or 0.01, compared with control group). DOX as the substrate of P-
gP, one multidrug efflux pump protein, can be fluxed out of cells. In
MDR cancer cells, the level of P-gP protein is higher than that of both
non-MDR cells, which leading to insufficient anticancer benefits. The
MSN@L-K6 group dramatically depressed the P-gP protein level,
thereby inhibited the P-gP-mediated efflux of DOX, increased its intra-
cellular accumulation, and finally reversed MDR and improved the
anticancer effect of DOX in MCF-7/ADR cells.

Consistent with confocal microscopy observation, quantitative
analysis by flow cytometry confirmed higher intracellular DOX fluo-
rescence density in MSN@DOX or MSN@L-K6@DOX treated cells
(Fig. 2C). Moreover, MSN@L-K6@DOX exhibited a much better per-
formance than MSN@DOX, with a 1.5- and 1.4-fold increase of fluo-
rescence at 40 and 80 pg/mL, respectively (Fig. 2D). This elevated

cellular uptake of DOX in MSN@L-K6@DOX was further confirmed by
microplate assay (Suppl. Fig. S4).

3.4. Cytotoxicity of MSN@L-K6@DOX in MCF-7 and MCF-7/ADR cells

MCF-7/ADR cells were incubated with various concentrations of
DOX, MSN-COOH, MSN@DOX or MSN@L-K6@DOX for 24, 48 and 72 h.
MCF-7 cells were incubated for 4 and 24 h. Cells viability was deter-
mined using MTT assay. As shown in Fig. 3, while 24 h MSN-COOH
exposure induced no obvious toxicity in MCF-7/ADR (Fig. 3A) and
MCF-7 cell (Fig. 6E), significant cell death was observed after exposure
of DOX, MSN@DOX and MSN@L-K6@DOX in both cell lines (Fig. 3B-D
and Fig. 3F-G). Moreover, as expected, compared to MCF-7 cells, the P-
gP over-expressed MCF-7/ADR cells were relatively resistant to DOX-
induced toxicity, as evidenced by the increased ICsy values (Suppl.
Table S1).

Consistent with the increased intracellular accumulation of DOX, the
resistance of MCF-7/ADR cells to DOX can be reversed by exposures of
MSN@DOX and MSN@L-K6@DOX, with MSN@L-K6@DOX more
potent. This potentiated cytotoxicity and MDR reversal activity by
MSN@DOX and MSN@L-K6@DOX was generally attributed to
following factors: the enhanced permeability and retention effect of
MSNs (Sun et al., 2016; Shi et al., 2020; Maeda et al., 2013), the cancer
targeting and cell-penetration of L-K6 peptide (Dong et al., 2020), and
the P-gP inhibiting activity (Fig. 2B).

3.5. The in vivo distribution, anticancer and MDR reversal activities of
MSN@DOX and MSN@L-K6@DOX in xenograft tumor model mice

To confirm that the cancer targeting property of dual-loaded MSNs
result in greater in vivo anticancer activities, we assessed DOX distri-
bution in nude mice bearing MCF-7/ADR cells on their right flank.
Xenograft model mice were intravenously administered DOX or DOX-
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loaded MSNs, and the in situ particle distributions inside mice were
assessed by IVIS spectrum imaging system (IVIS Lumina III, Perki-
nElmer, USA). As shown in Fig. 4A, DOX showed a dispersed distribution
after repeated treatment, whereas DOX loaded MSNs exerted a cancer
targeting distribution. Moreover, DOX level in MSNs treated mice,
especially MSN@L-K6@DOX, was higher than that in DOX treated mice,
as evidenced by the increased DOX red fluorescence.

Much more importantly, consistent with in vitro cytotoxicity, in vivo
data further confirmed the anticancer and MDR reversal effects of
MSN@L-K6@DOX. While no obvious body weight changes were
observed (Fig. 4B), a significant decrease of tumor size (Fig. 4C) and
tumor weight (Fig. 4D) were recorded in tumor bearing xenograft model
mice. This rapid growth of tumor was inhibited by repeated treatment of
DOX, and almost completely halted by DOX-loaded MSNs.

4. Conclusion

In our present study, we constructed a DOX and L-K6 dual-loaded
MSNs nanocarrier. This biomaterial showed good biocompatibility,
drug loading and encapsulation efficiency, as well as a pH sensitive drug
release. Functionally, this dual-functionally loaded MSN delivery system
with positively charged L-K6 antimicrobial peptide can preferentially
target tumor cells, through electrostatic action, change the permeability
of cell membrane, and reduce P-gP expression. Moreover, it was found
that in acidic tumor microenvironment, the electrostatic interaction
between positively charged DOX and loaded MSN-COOH is weakened.
All these properties and advantages may favor the uptake and accu-
mulation of DOX in cancer cells, thereby reversing MDR in the cancer
both in vivo and in vitro. In vivo mouse experiments with subcutaneous
zenograft tumors further showed that dual-loaded MSNs reach the
tumor site and accumulated at higher concentrations than free DOX
treatment. These findings indicate broad potential biomedical applica-
tions of this dual-loaded functionalized MSNs.
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