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Background: Multidrug resistance is a common reason behind the failure of chemotherapy. Even if the therapy is effective, serious
adverse effects might develop due to the low specificity and selectivity of antineoplastic agents. Mesoporous silica nanoparticles
(MSNSs) are promising materials for tumor-targeting and drug-delivery due to their small size, relatively inert nature, and extremely
large specific surfaces that can be functionalized by therapeutic and targeting entities. We aimed to create a fluorescently labeled MSN-
based drug-delivery system and investigate their internalization and drug-releasing capability in drug-sensitive MCF-7 and
P-glycoprotein-overexpressing multidrug-resistant MCF-7 KCR cancer cells.

Methods and Results: To track the uptake and subcellular distribution of MSNs, particles with covalently coupled red fluorescent
Rhodamine B (RhoB) were produced (RhoB@MSNs). Both MCF-7 and MCF-7 KCR cells accumulated a significant amount of
RhoB@MSNs. The intracellular RhoB@MSN concentrations did not differ between sensitive and multidrug-resistant cells and were
kept at the same level even after cessation of RhoB@MSN exposure. Although most RhoB@MSNSs resided in the cytoplasm,
significantly more RhoB@MSNs co-localized with lysosomes in multidrug-resistant cells compared to sensitive counterparts. To
examine the drug-delivery capability of these particles, RhoB@Rho123@MSNs were established, where RhoB-functionalized
nanoparticles carried green fluorescent Rhodamine 123 (Rhol23) - a P-glycoprotein substrate — as cargo within mesopores.
Significantly higher Rho123 fluorescence intensity was detected in RhoB@Rho123@MSN-treated multidrug-resistant cells than in
free Rho123-exposed counterparts. The exceptional drug-delivery potential of MSNs was further verified using Mitomycin C (MMC)-
loaded RhoB@MSNs (RhoB@MMC@MSNs). Exposures to RhoB@MMC@MSNSs significantly decreased the viability not only of
drug-sensitive but of multidrug-resistant cells and the elimination of MDR cells was significantly more robust than upon free MMC
treatments.

Conclusion: The efficient delivery of Rhol23 and MMC to multidrug-resistant cells via MSNs, the amplified and presumably
prolonged intracellular drug concentration, and the consequently enhanced cytotoxic effects envision the enormous potential of MSNs
to defeat multidrug-resistant cancer.
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Introduction

The development of multidrug resistance (MDR) is one of the main reasons behind the low efficiency or the failure of
chemotherapy. This represents a major hurdle, especially in breast cancer treatment, where neoadjuvant chemotherapy is
routinely applied to manage early-stage operable or advanced breast cancer." The emerging MDR phenotype can be the
result of various molecular events. Such is the overexpression and/or increased efflux activity of membrane-bound ABC
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transporters like P-glycoprotein (Pgp, MDR1, ABCB1),” multidrug resistance-associated protein 1 (MRP1, ABCC1)* or
breast cancer resistance protein (BCRP, ABCG2, MXR),* that have broad substrate specificity and are capable of
eliminating chemotherapeutic agents from cancer cells, resulting in a significantly attenuated cytotoxic efficiency and
concomitantly, a higher survival rate of cancer cells upon first-line traditional chemotherapy.’ Nevertheless, apart from
ABC transporters, other mechanisms might also contribute to the development of chemoresistance in cancer cells,
including drug inactivation reactions, alteration of DNA damage response, apoptotic dysregulation, epithelial-
mesenchymal transition, and various epigenetic events.®’

Another critical issue of chemotherapy is the specificity of the employed anticancer agents which forms the basis of
the intensive ongoing research to find the ultimate compounds to specifically manipulate cancerous, especially MDR
cells without exerting unpredictable toxicities on healthy tissues.® The low specificity of antitumor drugs administered
clinically in the maximum tolerated doses (MTD) often leads to a broad range of undesired side effects such as nausea,
fatigue, diarrhea, myalgia, hand-foot syndrome, or in some cases to nephro- and neurotoxicity.”'° In order to increase the
efficiency and specificity of anticancer therapy, and to combat MDR cancer, the performance of various nanomaterials
has recently been tested in relevant oncotherapeutic settings.'''* Due to the unique characteristics, such as small size,
controllable drug release, and specific passive and active targeting capability, carefully designed smart nanosystems
might become the ultimate solution for overcoming drug resistance and suppressing unwanted side effects. Passive
targeting exploits the unique features of the tumor vasculature, where the fenestrated endothelium of blood vessels allows
the extensive passage and accumulation of nanomaterials, and the defective lymphatic drainage retains the nanoparticles
within the tumor to a higher extent compared to normal tissues and organs.'> Additionally, the functionalization of
nanocarriers with various tumor-specific ligands further enhances the direct, active targeting of tumors and improves the
internalization of the particles by cancer cells.'®

Silica nanoparticles (SNs) hold a huge potential in the biomedical field. Owing to a wide range of available synthesis
methods, reproducible and controlled preparation of SNs can be achieved to assure the appropriate nanoparticle size and
shape, the formation of uniform and tunable pores, and to offer the possibility of modification of both the internal and

7

external surfaces of the nanoparticles with different moieties for further functionalization.'” Mesoporous silica
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nanoparticles (MSNs) consisting of a honeycomb-like porous structure — with hundreds of cylindrical pores in the 2—-50
nm range as independent reservoirs that can encapsulate enormous amounts of the desired drug molecules — are
considered the most suitable for drug-delivery and controlled release purposes.'®2° Studies have already revealed that
MSNss are biocompatible, as they do not affect the viability and the morphology of human cells (at concentrations below
100 pg/mL).?" The large external and internal surfaces of MSNs can be modified selectively, nucleic acids, proteins, or
other types of targeting ligands, fluorescent dyes can be coupled to the exterior surface of MSNs, and state-of-the-art
antitumor drugs, pro-drugs, contrast agents, or fluorescent molecules can be encapsulated inside the mesopores.?” Further
modification of the MSN structure might be needed to avoid leakage of encapsulated anticancer agents or other bioactive
molecules from MSN-based delivery systems by various pH-, redox-, enzyme-, magnetic-responsive gatekeepers or to
achieve drug release from MSNs by pH- or stimuli-sensitive manner.?*

These results suggest that there is a rapidly growing scientific interest in delineating the potential of utilizing MSNs
for chemotherapeutic drug-delivery, in particular into multi-chemoresistant cancer cells, and defining the factors that
determine cancer selectivity and controlled drug release of MSNs upon cancer therapy. In fact, in this study, our aim was
to design and test a fluorescently labeled drug-delivery system based on MSNs, where the intracellular localization of the
nanoparticles as well as the intracellular presence and the cytotoxic effect of the mesopore-released cargo can be
monitored. For this, amino-functionalized MSNs were labeled on their surface covalently with Rhodamine
B fluorescent dye, and then first Rhodamine 123 was loaded into the internal pores of the particles. The drug-delivery
and the cytotoxicity of these functionalized MSNs were examined and compared in drug-sensitive MCF-7 and
P-glycoprotein-overexpressing multidrug-resistant MCF-7 KCR cancer settings to reveal their potential in defeating
MDR. Finally, as a proof-of-concept, the drug-delivery potential and anticancer properties of the MSN carrier were
investigated on MCF-7 and MDR MCF-7 KCR breast cancer cells using RhoB-labeled MSN particles encapsulating the
anti-proliferative agent Mitomycin C.

Materials and Methods
Cell Culture

Drug-sensitive MCF-7 and multidrug-resistant MCF-7 KCR human breast adenocarcinoma cells were provided by
Prof. Imre Boros. The MCF-7 cell line was originally obtained from ATCC. The drug-resistant MCF-7 KCR cell line
was developed from MCF-7 under selection pressure using doxorubicin from 10 nM to 1 uM concentration.””-*® To
maintain the MDR phenotype MCF-7 KCR cells were kept in cell culture medium complemented with 1 uM
doxorubicin (Sigma-Aldrich, Saint Louis, MO, USA) for a week followed by a week of drug-free period. All cell
lines were maintained in RPMI-1640 (Lonza, Basel, Switzerland) medium complemented with 10% FBS (EuroClone,
Pero, Italy), 2 mM L-glutamine (Biowest, Nuaille, France), 0.01% streptomycin, and 0.005% penicillin (Biowest,
Nuaille, France). Cells were cultured under standard conditions in a 37 °C incubator containing 5% CO, in 95%
humidity.

Preparation of Mesoporous Silica Nanoparticles

All chemicals were purchased from Sigma-Aldrich (Saint Louis, MO, USA). In the initial steps of the synthesis, amino-
functionalized mesoporous silica nanoparticles (MSN) were produced through a sol-gel method by Finlay et al, with slight
modifications.?’ Firstly, 250 mg of cetyl trimethyl ammonium bromide (CTAB) was dissolved in 120 mL deionized water in
which 1 mL 1 M NaOH was added, then the solution was heated to 80 °C. Once the temperature has been reached, 1080 uL
tetracthyl orthosilicate (TEOS) and 120 pLL aminopropyl triethoxysilane (APTES), corresponding to the molar ratio of 10:1
TEOS:APTES were added to the mixture, and the resulting gel was stirred for 2 h at 80 °C.

Once the procedure was finished, the particles were washed repeatedly to remove the surfactant using ultracentrifuga-
tion on 5900 g for 25 min, with a few drops of 1 M NaOH added before each centrifugation, to electrostatically facilitate
the precipitation of MSN. This was repeated until the supernatant was clear and not foaming. The final step of MSN
synthesis was the drying of the particles using lyophilization.
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Selection of the Suitable Dye for MSN Labeling

To develop a fluorescently labeled MSN drug-delivery system, first, the appropriate fluorescent dyes had to be selected.
We opted for testing the suitability of the red fluorescent Rhodamine B and the green fluorescent Rhodamine 123. To
determine whether a given dye meets all the requirements, a series of flow cytometry tests were carried out on free dye-
exposed cancer cells. We examined how much dye is taken up by drug-sensitive and multidrug-resistant cells and
determined whether the dye is exported from the MDR cancer cells by efflux pump activity or not. For this, MCF-7, and
MCF-7 KCR cells were seeded into 6-well plates and left to grow. After 24 hours, cells were trypsinized and collected by
centrifugation (400 g, 5 min). Cell pellets were resuspended in a serum-free culture medium containing either 5.2 uM
Rhodamine B or 5.2 uM Rhodamine 123 and were incubated with the dyes for 20 min at 37°C. In separate MCF-7 and
MCF-7 KCR samples, the P-glycoprotein inhibitor verapamil was used in 20 uM concentration for 20 minutes
concomitantly with the fluorescent dyes Rhodamine B or Rhodamine 123 (in 5.2 uM concentration). After incubation,
cells were washed twice with pre-warmed PBS and the fluorescence intensities of Rhodamine B or Rhodamine 123 were
determined by a FACScalibur flow cytometer (BD Biosciences, San Jose, California, USA). Raw data were analyzed
using FlowJo V10 software.

Preparation of Functionalized Mesoporous Silica Nanoparticles

Silica nanoparticles covalently marked by Rhodamine B (RhoB@MSNs) were prepared through amide formation. In
a typical synthesis, 0.5 mg Rhodamine B and 0.047 g 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) were
dissolved in 50 mL deionized water and stirred for 30 min at room temperature during which activated ester groups could
form at the carboxyl functions of the dye. Subsequently, 0.63 g MSN was added into the solution and the coupling
reaction was performed at room temperature with overnight stirring. Any unbound Rhodamine dye was removed with
ultracentrifugation, which was repeated until the supernatant was colorless. At this point, the sample was either
considered finished, or 1 mg Rhodamine 123 was added to 0.63 g RhoB@MSNs to produce RhoB@Rho123@MSNs
or 10 mg Mitomycin C was added to 20 mg RhoB@MSNs to generate RhoB@MMC@MSNS, respectively. The samples
were stirred overnight at 40 °C to facilitate adsorption. Finally, all samples were once again freeze-dried and the resulting
pink (RhoB@MSNSs), orange (RhoB@Rho123@MSNs), and violet (RhoB@MMC@MSNs) powders were kept at 4 °C
until further use.

Characterization of Mesoporous Silica Nanoparticles

The synthesized MSNs were characterized by transmission electron microscopy (TEM), dynamic light scattering (DLS),
zeta potential measurement, N, adsorption porosimetry, and Fourier-transform infrared spectroscopy (FT-IR). The size
and morphology of MSNs were assessed through TEM, using an FEI Tecnai G* 20 x Twin instrument (Tecnai G2 Philips
CM10, Amsterdam, The Netherlands) with 200 kV accelerating voltage. The colloidal properties of the particles were
measured by dynamic light scattering and zeta potential using a Malvern Zetasizer Nano ZS, the specific surface area of
the mesoporous particles was investigated by a 3H-2000 BET-A surface area analyzer, finally, identification of the
functional groups of the chemical components and verification of the synthesis of amino-functionalized and Rhodamine
B-labeled MSNs was performed by FT-IR using a Bruker Vertex 70 spectrophotometer. The FT-IR spectra were collected
at a spatial resolution of 4 cm™' in the transmission mode, between 4000 and 450 cm .

The drug loading efficiency of Rhodamine 123 and Mitomycin C in RhoB@MSNs was assessed based on the paper
by Lei et al.*® For this, we used UV-Vis spectroscopy relying on the characteristic absorbance of the dye and the drug.
The absorbance spectra of different MSN-structures were recorded on an Ocean Optics 355 DH-2000-BAL UV-Vis
spectrophotometer (Halma PLC, Largo, FL, USA), within the range from 200 to 600 nm using a 10-mm path length
quartz cuvette. First, to describe the calibration curve, a dilution series was prepared from the given compound to cover
the 0—1 absorption range. After determining the calibration curve and the equation, a solution of the given compound and
silica particles were made at the proper concentrations (described in the Materials and Methods section), then mixed in
100 mL distilled water, stirred overnight and the resulting samples were collected by centrifugation. Thereafter, the
absorbance of the supernatant was examined and based on the calibration curve the concentration of the supernatant and
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the loaded silica product was calculated. The amount of Rhodamine 123 and Mitomycin C were determined by the
characteristic absorbance maximum and the drug-loading efficiency (LE(%)) was calculated by the following equation:

LE(%) = —"2 =" 100
mg — mp + me
in which m, was the added mass of Rhodamine 123 or Mitomycin C, m;, was the mass of Rhodamine 123 or Mitomycin
C in supernatant, and m, was the total mass of RhoB@Rho123@MSN or RhoB@MMC@MSN input of the reaction
system.

The drug release behavior of the RhoB@MMC@MSNs and RhoB@Rho123@MSNs was also evaluated.*'** To
measure drug release from the MSNs, first we performed calibration experiments using Rhodamine 123 and Mitomycin
C via measuring the absorbance of Mitomycin C at 365 nm and the Rhodamine 123 at 503 nm. Rhodamine 123 and
Mitomycin C release from the substrates was assessed as follows. The release profile was obtained by soaking the loaded
MSNs in 50 mL of stirred distilled water; 200.57 mg of RhoB@Rho123@MSN and 38.56 mg of RhoB@MMC@MSN
were placed in a seamless semipermeable cellulose dialysis membrane (length: 8 cm, (cut-off: 12—14 kDa) Merck Ltd.,
Budapest, Hungary). The solution was kept at 310 K and the pH was regulated (pH:7.3—7.4). In order to avoid limitation
of the delivering rate by external diffusion constraints, continuous stirring at 500 rpm was maintained during the assays.
The drug concentration in the liquid phase was evaluated by UV spectrometry at 503 (Rhodamine 123) or 365 nm
(Mitomycin C), respectively. One milliliter of sample was taken at predetermined time intervals (at 5, 10, 15, 30, 60, 75,
90, 120, 180, 240, 300 min and 24h) and absorbance of the solvated drug was determined. These absorbance values were
convertible to concentration dimension when the relationship between these parameters is determined by calibration
process (the error of the calculated concentrations was less than +2%). Based on the previously published work, for the
mathematical modelling of the registered dissolution profiles (relative concentration (ct/c0) of released drug as
a function of time) the first-/second-order-, Higuchi-, Weibull-, Korsmeyer—Peppas-, and Hopfenberg-models were
applied to fit the experimental data in nonlinear parameter estimation way, and the goodness the fits were measured

by the value of R>.*

Assessing the Intracellular Accumulation of Functionalized MSNs

To examine the intracellular accumulation of RhoB@MSNs and RhoB@Rho123@MSNs in MCF-7 and MCF-7 KCR
cells, Rhodamine B and Rhodamine 123 fluorescence intensities were measured. Cells in 1x10* cells/well density were
seeded into 96-well plates and were left to grow. On the following day, cells were exposed to RhoB@MSNs or
RhoB@Rho123@MSNs in various concentrations (0; 0.2; 0.4; 0.6; 0.8; 1; 1.2; 1.4 mM of MSN). After 24-hour
incubation samples were washed 3 times with PBS, and the Rhodamine B or the Rhodamine 123 fluorescence intensity
was determined using Synergy HTX plate reader (BioTek, Winooski, Vermont, USA). The applied parameters were Ex:
485/20; Em: 528/20 in case of the Rhodamine 123 fluorescence measurements and Ex: 530/25; Em: 620/40 filters were
used for the Rhodamine B fluorescence intensity determination. The measured values were normalized to the fluores-
cence intensity of the cell-free wells containing RhoB@MSNs or RhoB@Rho123@MSNs, according to the previously
described protocol. GraphPad Prism 6 software was used for statistical analysis, two-way ANOVA Sidak’s multiple
comparisons test was applied on experimental data.

Toxicity of Functionalized MSNs

To investigate the viability of MCF-7 and MCF-7 KCR cells upon treatments with the different MSNs, 10* cells/well
were seeded into 96-well plates and were exposed to RhoB@MSNSs, or to RhoB@Rho123@MSNs in various concen-
trations (0; 0.2; 0.4; 0.6; 0.8; 1; 1.2; 1.4 mM of MSNs). After 24-hour treatments, we removed the MSN-containing
media, washed the cells, and incubated them with 0.5 mg/mL MTT (Sigma-Aldrich, Saint Louis, MO, USA) in culture
medium for 1 hour at 37°C. Formazan crystals were solubilized in DMSO (Molar Chemicals, Halasztelek, Hungary), and
the absorbance at 570 nm (Background: 630 nm) was determined using Synergy HTX plate reader (BioTek, Winooski,
Vermont, USA). Statistical analysis was performed in GraphPad Prism 6 software using two-way ANOVA Sidak’s
multiple comparisons test.
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Uptake of Functionalized MSNs by Cancer Cells

Flow cytometry was utilized when the uptake of MSN nanoparticles by cancer cells was examined. In these cases, 3x10°
MCF-7 or MCF-7 KCR cells were seeded into 6-well plates in complete culture media (RPMI medium complemented
with 10% FBS, 2 mM L-glutamine, 0.01% streptomycin and 0.005% penicillium). On the following day, cells were
treated with 0.1 mM RhoB@MSNs in the above described complete culture media for 24 hours. Then, the RhoB@MSN-
containing medium was removed, samples were washed with PBS, and cells were incubated in serum-free media for 24
or 48 hours. As a reference, in independent samples, cells were treated only for 24 hours in full culture media containing
0.1 mM RhoB@MSNs. Before flow cytometry analysis, all samples were washed with PBS, trypsinized, centrifuged
(400 g, 5 min), resuspended in 200 pL PBS and measured by FlowSight Imaging Flow Cytometer (Amnis, EMD
Millipore, Burlington, MA, USA). Data were analyzed by Ideas Software Version 6.2 (Amnis, EMD Millipore,
Burlington, MA, USA). Statistical analysis was performed in GraphPad Prism 6 software using two-way ANOVA
Sidak’s multiple comparisons test.

Intracellular Localization of Functionalized MSNs

To distinguish between intracellular and membrane-associated MSNs, the cell membranes of MCF-7 and MCF-7 KCR
cells were labeled with PKH67 green fluorescent dye (Sigma-Aldrich, Saint Louis, MO, USA) according to the
manufacturer’s instructions. After membrane staining with PKH67, 3x10° cells were seeded into 6-well plates and left
to grow. On the following day, cells were treated with 0.1 mM RhoB@MSNs for 24 hours. Then, the samples were
prepared for flow cytometry according to the previously described protocol. The obtained fluorescence data were
analyzed with FlowSight Imaging Flow Cytometer using Ideas Software Version 6.2 (Amnis, EMD Millipore,
Burlington, MA, USA).

The intracellular localization, more specifically, the cytosolic, the potential mitochondrial or lysosomal localization of
RhoB@MSNs was investigated also by fluorescent microscopy. For this, MCF-7, and MCF-7 KCR cells were seeded
into 24-well plates containing glass coverslips in each well (VWR International, Radnor, PA, USA). On the
following day, cells were exposed to 0.1 mM RhoB@MSNs and after 24-hour treatments, cells were washed twice in
PBS. The localization of RhoB@MSNs was detected owing to its red fluorescence; lysosomes were visualized by green
fluorescent LysoTracker Green DND-26 (Cell Signaling Technology, Danvers, MA, USA) applied in 50 nM concentra-
tion for 5 minutes; in parallel samples, mitochondria were stained with green fluorescent MitoTracker Green FM (Cell
Signaling Technology, Danvers, MA, USA) applied on cells in 100 nM concentration for 15 minutes. In case of MCF-7
KCR cells, verapamil was applied on cells 1 hour before Lyso-, or MitoTracker staining. All samples were visualized by
Zeiss Axio Observer 7.0 fluorescence microscope (Zeiss Microscopy, Jena, Germany) and photos were taken by Zeiss
Axiocam 503 mono camera (Zeiss Microscopy, Jena, Germany). To test co-localization of lysosomes and RhoB@MSNs,
CellProfiler 3.1.8. was used with a custom-made pipeline. Statistical analysis was performed in GraphPad Prism 6

software using unpaired ¢-test.

Anticancer Efficiency of Free and of MSN-Delivered Mitomycin C

To determine if Mitomycin C (MMC) is a substrate of Pgp or not, 1x10* of either MCF-7 or MCF-7 KCR cells were
seeded into 96-well plates, and on the following day, cells were exposed to MMC (in 5.78; 11.56; 23.13; 46.25; 92.5; 185
uM concentrations). A set of MCF-7 and MCF-7 KCR samples were treated with 20 uM of the Pgp inhibitor verapamil
1 hour prior to MMC treatments. As a read-out, MTT assays were performed, as described above.

Next, to assess the efficiency of drug-delivery to MCF-7 and MCF-7 KCR cells, we compared the anti-cancer effect
of the free MMC and the MSN-delivered MMC (RhoB@MMC@MSNs). In these cases, 1x10* cells were seeded into
96-well plates and left to grow overnight. On the next day, free MMC and MMC-loaded MSNs were added to the media
of cells in various concentrations (5.78; 11.56; 23.13; 46.25; 92.5; 185 pM MMC). After 24-hour treatments, cells were
washed with PBS and then incubated with 0.5 mg/mL MTT reagent for 1 hour at 37°C. Finally, the absorbance of the
dissolved formazan (absorbance at 570 nm, background: 630 nm) was measured in Synergy HTX plate reader (BioTek,
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Winooski, VT, USA). Statistical analysis was performed in GraphPad Prism 6 software using two-way ANOVA Sidak’s
multiple comparisons test.

Results

Synthesis and Functionalization of MSNs

For this study, first amino-functionalized mesoporous silica nanoparticles (MSNs) were produced through a sol-gel
method. Based on TEM images and DLS measurements, the utilized sol-gel process was successful in synthesizing
mesoporous spherical nanoparticles of approximately 100 nm average diameter as illustrated in Figure 1A—C. The FT-IR
analysis on the samples revealed characteristic Si-O-Si (1078 cm ') and Si-OH (950 cm™ ') vibrations, the NH, scissoring
vibration (1600 cm™ "), and the band at 3400 cm ™! attributed to the primary amine N-H stretching are in good agreement
with the literature data proving that the method provided amino-functionalized MSNs (Figure 1D). Regarding the

A c . — o
g
&
o
£ 15
S
=z
) I 1 W/ \—
1 10 100 1000 10000
Particle diameter (nm)
B D ) 100 v)
40 d=100,5%9,5nm o 80 4
- §
o
*30 § 60 §
290
2 F a0 (S
2 60
< 10 1000 2000 3000 4000 2000 2500 3000 3500 4000
Wavenumber (cm™') Wavenumber (cm-')
050 75 100 125 150 — MSN — RhoB@MSN RhoB

Particle diameter (nm)

1) Si-O-Si (1078 cm™") and Si-OH (950 cm’") vibrations
1) NH, scissoring (1600 cm'™)

1Il) Carboxylic O-H stretch (2980 cm’")

V) Primary amine N-H stretch (3400 cm™)

E 400 F
[]|  unstained MCF-7 400
|| Unstained MCF-7 KCR 200
€ [7]| stained MCF-7 €
3 S '
o] . O 200 |
(&) Stained MCF-7 KCR O |
D Verapamil-treated,
stained MCF-7 KCR 100
0
100 101 102 103 104 100 10‘l 102 103 104
RhoB fluorescence Rho123 fluorescence

Figure | Characterization of the obtained MSNs and Rhodamine B-functionalized MSNs. (A) Representative transmission electron microscopic image of amino-
functionalized MSNs. Scale bar: 500 pm (B). Size distribution of the amino-functionalized MSNs was determined based on TEM image analysis. The particles on TEM
images were measured and their diameter was illustrated on this graph. (C) Using dynamic light scattering the average size of amino-functionalized (MSN) and Rhodamine
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nitrogen adsorption isotherm of the sample, its specific surface area was 1423.5 m?/g, which is in the typical range of
similar MCM 41 type materials and drug-delivery systems.>* >

Then, using the obtained MSN-samples, three differently labeled and loaded functionalized MSN-delivery systems
were synthesized. To be able to track the localization of the particles within cells following treatments, red fluorescent
Rhodamine B dye was coupled to the surface of the MSNs yielding RhoB@MSNs. To visualize the cargo-releasing
capability of the particles, Rhodamine 123 green fluorescent dye was loaded into the mesopores of the synthesized
RhoB@MSNS, resulting in RhoB@Rho123@MSNSs. Finally, to verify the advantageous drug-delivery properties of the
fluorescently-labeled MSN carrier — especially in MDR settings — with a clinically applied anti-proliferative agent
Mitomycin C (MMC), RhoB@MMC@MSNs was prepared, where the mesopores encapsulated MMC instead of
Rho123. Prior to MSN functionalization, the two fluorescent dyes were tested to reveal if they were substrates of
P-glycoprotein. Flow cytometry results revealed that both dyes could be internalized by the studied breast cancer cells
indicated by high fluorescence intensities for RhoB and for Rhol23 in both MCF-7 as well as MCF-7 KCR cells
(Figure 1E and F). Importantly, these experiments affirmed that Rho123 is a substrate of Pgp, however RhoB is not.
Histograms obtained for RhoB-exposed MCF-7 and MCF-7 KCR, as well as for verapamil-treated MCF-7 KCR cells
were all overlapping, indicating that when Pgp is inhibited by verapamil, no change occurs in the amount of the
intracellularly retained fluorescent dye (Figure 1E). However, when Pgp-overexpressing multidrug-resistant MCF-7 KCR
cells were treated with verapamil to block Pgp-driven dye efflux, the Rho123 fluorescence intensity increased, and MCF-
7 KCR cells retained approximately the same amount of Rho123 dye as MCF-7 cells (Figure 1F). Therefore, we decided
to couple RhoB to the surface of MSNs and use Rho123 as a model cargo within mesopores. The functionalized MSNs
were then prepared accordingly. The free amino functional groups on the surface of MSNs were used for the covalent
conjugation of the nanoparticles with the fluorescent dye Rhodamine B through a coupling reaction between MSN amino
and RhoB carboxyl groups mediated by EDC. The success of the functionalization was demonstrated by the subsequent
DLS (Figure 1C), zeta potential and FT-IR (Figure 1D) analysis of the particles. The particle number-based size
distributions provided by DLS revealed, that while both MSNs and RhoB@MSNs demonstrated slight aggregation
leading to secondary peaks at pH 7, the primary diameter of the silica nanoparticles remained unaffected by the coupling
reaction. The zeta potential of MSNs was —25.7 mV, while +19.3 mV was measured for RhoB@MSNs. The sign change
in the zeta potential of the particles was due to the fact, that on neutral pH, the surface of silica has a negative charge due
to the acid/base equilibrium of silanol groups, while Rhodamine B possesses a quaternary nitrogen, leading to the
positive potential measured on the functionalized particles.’® Ultimately, FT-IR spectroscopy was used to determine the
exact nature of the surface functionalization by comparing the spectra of MSNs, RhoB@MSNs and RhoB (Figure 1D).
At lower wavenumbers, the IR spectrum of the dye is excluded, since its numerous peaks would make the comparison of
the silica samples difficult.>” Based on the results, the chemical composition of the mesoporous silica nanoparticles can
be verified, as strong Si-O-Si (1078 cm ') and Si-OH (950 cm™ ') vibrations were detected in both samples. The
formation of amide bonds was assessed based on the presence/absence of related vibrations in specific samples. Namely,
NH, scissoring, and primary amine NH stretching vibrations were detected around 1600 and 3600 cm ' in MSNs,
respectively, which were absent in RhoB@MSNSs, furthermore, the carboxylic OH stretching vibration (2980 cm™ ') of the
fluorescent dye was absent in either silica samples, leading to the conclusion, that the conjugation reaction was
successful.

Following the chemical characterization of the dye-conjugated particles, a portion was loaded with either Rhodamine
123 or Mitomycin C. Then, the loading efficiency of RhoB@MSNs with the two cargo molecules was evaluated. Based
on the measurements, in case of Rhodamine 123, loading efficiency (LE) was calculated to be 0.15% by measuring the
absorbance of the supernatant at 503 nm. In case of Mitomycin C, LE(%) was calculated to be 30.33% by measuring the
absorbance of the supernatant at 365 nm. These values are in good correlation with the dye/drug input amounts. In fact,
we have utilized significantly less amount of Rhodamine 123 to be incorporated into MSN mesopores than Mitomycin C,
since this dye shows strong fluorescence at very low concentrations, and we estimated that a smaller amount of the dye
would be more suitable for the fluorescence measurements of the treated cancer cells.

Finally, the drug release profile of RhoB@Rho123@MSNs and RhoB@MMC@MSNs was assessed. The release
kinetics of the drugs were studied as a function of time and the results are shown in Supplementary File. As it is visible,
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the materials exhibit somewhat different drug release profiles. The diffusion model that we have applied to study the
delivery from this system considers the leaching of the medicament by water, which is able to enter the drug-matrix
phase through pores. The drug is presumed to dissolve slowly into the fluid phase and diffuses from the system along the
solvent filled capillary channels. While Mitomycin C release occurred faster in the first hour, and the curve saturated at
70%, in case of Rhodamine 123 the release was 75%, showing a slower, stable and controlled pattern. The latter feature
increases the bioavailability and allows the reduction of the dosage. The observed profiles were similar in trend to the
results of previously published studies showing controlled drug release from MSN.>**® Based on the previously
published work, for the mathematical modelling of the registered dissolution profiles (relative concentration (ct/c0) of
released drug as a function of time) different models were applied to fit the experimental data in nonlinear parameter
estimation way.>?

Accumulation of RhoB@MSNs in Drug-Sensitive and Multidrug-Resistant Cancer
Cells

Next, we characterized the effects induced by the Rhodamine B-labeled MSNs that did not yet contain any dye or drug to
carry within mesopores, on drug-sensitive MCF-7 and on multidrug-resistant MCF-7 KCR cells. Thus, the potential toxic
effects exerted by RhoB@MSNs as well as the uptake efficiency of RhoB@MSNs by these breast cancer cells were
investigated. In accordance with other publications, RhoB@MSN treatments did not cause significant viability loss of
either cell line in the tested concentration range compared to the untreated cells (Figure 2A), which supports the proposed
biocompatibility of MSNs. Although RhoB@MSNs exerted no or low toxicity, a concentration-dependent increase in the
Rhodamine B fluorescence intensity could be measured in MCF-7 cells following exposure to RhoB@MSNs, and more
importantly, a similar degree of nanoparticle accumulation was observed in drug-resistant MCF-7 KCR cells as well
(Figure 2B). These observations indicate that both MCF-7 and MCF-7 KCR cells can internalize RhoB@MSNs with
a comparable degree.

To verify that the detected fluorescent signal is the result of internalized particles, the cell membranes were labeled with
green fluorescent PKH67 membrane dye then cells were treated with 0.1 mM RhoB@MSNs for 24 hours and finally the
samples were prepared for flow cytometry. The software analysis differentiated the intracellular, or membrane-associated
particles according to the overlap of red RhoB fluorescent signal and the green fluorescent PKH67 membrane dye (Figure 2C
and D). The analysis revealed that 72.7 + 8.1% of RhoB-positive MCF-7 cells internalized the RhoB@MSNs and 79.9 +
7.9% of RhoB-positive MCF-7 KCR cells carried the RhoB@MSNss in their cytosol (Figure 2E).

Intracellular Localization of RhoB@MSNs

The subcellular localization of the internalized RhoB@MSNs was investigated by fluorescent microscopy. Fluorescent
microscopic images confirmed that both MCF-7 (Figure 3A) and MCF-7 KCR (Figure 3B) cells can internalize
RhoB@MSNSs. In fact, no significant difference was observed in the percentage of RhoB-positive MCF-7 (36.1 +
4.7%) and MCF-7 KCR (29.4 + 2.8%) cells (Figure 3C). To detect the intracellular localization of MSNs, lysosomes and
mitochondria were counterstained with Lyso- and MitoTracker green fluorescent dyes (Figure 3A and B). The red
fluorescent RhoB@MSNs accumulated in the cytoplasm, and partly in the lysosomes of drug-sensitive MCF-7 cells
(Figure 3A). Strong co-localization was observed between RhoB@MSNs and the green fluorescent LysoTracker in
multidrug-resistant MCF-7 KCR cells (Figure 3B). Significant differences were observed between MCF-7 cells and
MCF-7 KCR cells in the intracellular localization of RhoB@MSNSs, namely significantly more RhoB@MSNs were found
in lysosomes of MCF-7 KCR cells than in MCF-7 cells (Figure 3D). We could not detect co-localization between
RhoB@MSNs and mitochondria in any of the samples.

Time-Dependent Dynamics of the Intracellular Rhodamine B Fluorescence Intensity in
RhoB@MSN-Treated MCF-7 and MCF-7 KCR Cells

Next, we wanted to test whether the internalized RhoB@MSNs stay permanently within drug-sensitive and multidrug-
resistant cancer cells or get quickly eliminated. To investigate this, the time-dependent changes in the intracellular

International Journal of Nanomedicine 2022:17 hetps: 3087
Dove:


https://www.dovepress.com
https://www.dovepress.com

Igaz et al Dove

A

(@)

Untreated RhoB@MSN-treated
RhoB@MSN treatment
0.6 -}
1507 =@ MCF-7 @B NCF-7KCR l‘
3 g
° nsns g nsns g‘:oa— I E
‘?‘g 1001 ns nsns nsns ns § \J |gh intemalization § HIdT intemalization
= ns
20 l
S o o-% ' ‘ T ' '
> < 504 6 3 0 3 6 9 .
°\° Intemnalization_Erode(M02, 4)_Ch03 Internalization_Erode(M02, 4)_Ch03
D Untreated RhoB@MSN-treated

0 0204 06 08 1 12 14

MSN concentration (mM) g g
g
s &
j: j:
B E \Tlgh intemalization S
RhoB@MSN treatment e H : . . ;
° 3001 & MCF-7 ps ns ns Internalization_Erode(M02, 4)_Ch03 Internalization_Erode(M02, 4)_Ch03
e BB MCF-7KCR ns @ §# #+#
&= 7 E
3] —
@ & 200- n—i 2 2 400, ns
£5 273
Ed 92 =1
L "'o' 100+ g§ 604
2% 22
£ B A 40
N =
0- ® X 204
0 0204 06 08 1 1.2 14 £%
MSN concentration (mM) EE O ck7 MCF.T KCR

Figure 2 Accumulation of RhoB@MSN:ss in drug-sensitive and multidrug-resistant cancer cells (A). Viability of MCF-7 and MCF-7 KCR cells after RhoB@MSN treatments
compared to the untreated control samples (B). Rhodamine B fluorescence intensity of MCF-7 and MCF-7 KCR cells following 24-hour RhoB@MSN exposure. Two-way
ANOVA Sidak’s multiple comparisons test, *P<0.05; #*P<0.01; *P<0.0001 (C). Representative histograms obtained by flow cytometry analysis of PKH67-labeled untreated
and RhoB@MSN-treated MCF-7 cells (D). Histograms representing the internalized Rho@MSNs in RhoB@MSN-treated and control MCF-7 KCR cells (E). Relative amount
of internalized RhoB@MSNs within RhoB-positive cells. Unpaired t-test.

fluorescence intensity of RhoB were measured by flow cytometry 0, 24 and 48 hours after the MSN-containing medium
was removed and replaced by FBS-free medium to avoid cell division.

No differences were observed in the percentage of RhoB@MSN-positive drug-sensitive MCF-7 cells at any time
point. After the 24-hour RhoB@MSN treatment 37.4 + 4.2% of MCF-7 cells were RhoB-positive, and 24 and 48
hours after the removal of the particle-containing media 37.4 + 9.7% and 37.1 = 8.9% of the MCF-7 cells were
RhoB-positive, respectively (Figure 4A and C). Despite no changes in the percentage of RhoB-positive cells, a slight
decrease in fluorescence intensity can be observed on the histograms within RhoB-positive MCF-7 cells (Figure 4A).

In case of the multidrug-resistant MCF-7 KCR cells, when the RhoB@MSN treatment was removed, 30.9 + 4.8% of
the cells was RhoB-positive (Figure 4B and C). Twenty-four hours after the removal of RhoB@MSN-containing media,
no changes were detected in the relative amount of RhoB-positive MCF-7 KCR cells (33.9 + 5.5%). However, 48 hours
after switching for MSN-free media, the percentage of RhoB-positive cells was slightly, but not significantly reduced
(27.9 + 12.6%) (Figure 4B and C). On the representative histograms of MCF-7 KCR cells, a dynamic decrease in the
fluorescence intensity is clearly visible (Figure 4B).
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The fluorescent microscopic results were in accordance with those of flow cytometry, since there was only a slight,
but not significant difference in the percentage of RhoB-positive cells between MCF-7 (36.1 + 4.7%) and MCF-7 KCR
cells (29.4 £ 2.8%) (Figure 3C). These results suggest that RhoB@MSNs are permanently trapped in sensitive MCF-7,
and also in multidrug-resistant MCF-7 KCR cells.

The Efficiency of Drug-Delivery via MSNs

To investigate the efficiency of drug-delivery by MSNs, the green fluorescent dye Rhodamine 123, then the antineo-
plastic agent Mitomycin C were utilized as cargo, thus were loaded into the mesopores of RhoB@MSNs in separate
synthesis events.

At the beginning, we used the green fluorescent Rhodamine 123 as a model compound and followed its delivery into
drug-resistant and sensitive cancer cells both in free format and as the mesoporous payload of MSNs. Previously, by
selecting the appropriate dyes for the synthesis of functionalized MSNs, we performed flow cytometry experiments on
Rhodamine 123-treated MCF-7 and MCF-7 KCR cells, the latter ones with and without Verapamil treatment. We found
that the Rhodamine 123 dye is the substrate of P-glycoprotein (Figure 1F). Further experiments were carried out by
applying free Rhodamine 123 in increasing concentrations on MCF-7 and MCF-7 KCR cells, then the green fluorescence
intensities of the cells were assessed. These data revealed Rho123 concentration-dependent increase in the fluorescence
of MCF-7 cells; however, no fluorescence could be achieved for MCF-7 KCR cells following free Rhodamine 123
exposures (Figure 5A). This confirms that Rho123 dye is effectively eliminated by efflux pump activity of MDR cancer
cells.

Next, MCF-7 and MCF-7 KCR cells were treated with the RhoB@Rho123@MSN system. Viability assays confirmed
that similarly to RhoB@MSN:ss, these particles do not exert any toxic effect on either cell line (Figure 5B). Furthermore,
both the intracellular Rhodamine B (Figure 5C) and Rhodamine 123 (Figure 5D) fluorescence intensities of the
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Two-way ANOVA Sidak’s multiple comparisons test, ***P<0.0001.

RhoB@Rho123@MSN-exposed cells could be measured. These results revealed that RhoB@Rho123@MSNs were able
to efficiently deliver intracellularly the Pgp substrate Rhodamine 123 to both sensitive and drug-resistant MCF-7 KCR
cells (Figure 5D). Although due to P-glycoprotein activity, the Rhodamine 123 fluorescence intensities are somewhat
weaker in MCF-7 KCR cells after RhoB@Rho123@MSN treatments than those in their drug-sensitive counterparts, it is
of utmost importance that a rather high intracellular concentration of Rhodamine 123 could be achieved in drug-resistant
cells with the help of this MSN-delivery platform. This is an extremely relevant finding, since it suggests that when
cytotoxic drugs are administered and transported via alternative drug-delivery approaches, multidrug-resistant cancer
cells can be targeted and defeated efficiently.

Finally, as a proof-of-concept, we examined the impact of a commonly used anti-proliferative and anticancer agent
Mitomycin C (MMC),*® after it reached cancer cells in free form and in our MSN-based system. For this aim, we
generated RhoB@MMC@MSNs, where MMC was loaded into the porous channels of RhoB@MSNs. Before starting
the experiments with RhoB@MMC@MSNSs, we had to delineate whether MMC is recognized by Pgp as a substrate or
not. A similar approach was used as in case of Rho123, since MCF-7 and multidrug-resistant MCF-7 KCR cells were
treated with free MMC with or without Verapamil, however, this time the viability of the treated cancer cells was used as
a read-out. According to the results, cell viability was significantly decreased for Pgp-overexpressing MDR MCF-7 KCR
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Figure 5 The efficiency of MSN-based drug-delivery of the fluorescent cargo Rhodamine 123 (A). Intracellular Rho123 fluorescence intensity of MCF-7 and MCF-7 KCR
cells treated with the free form of Rho123. Two-way ANOVA Sidak’s multiple comparisons test, **P<0.01; ****P<0.0001 (B). Viability of MCF-7 and MCF-7 KCR cells after
RhoB@Rho [23@MSN exposures compared to the untreated cells (C). Rhodamine B fluorescence intensity of MCF-7 and MCF-7 KCR cells after RhoB@Rho123@MSN
treatments (D). The measured Rhodamine 123 fluorescence intensity after RhoB@Rho123@MSN exposure of MCF-7 and MCF7 KCR cells. Two-way ANOVA Sidak’s
multiple comparisons test, ****P<0.0001.

cells after they were treated with Verapamil + MMC, compared to MMC monotreatments (ICs, of Verapamil + MMC
treatment = 100.2 uM; ICso of MMC treatment >185 uM) (Figure 6A and B). Nevertheless, no difference was observed
in MCF-7 cell viability following MMC and MMC + Verapamil exposures (ICsq of MMC treatment = 69.7 uM; ICsq of
Verapamil + MMC treatment = 69.8 uM) (Figure 6A and B). These findings suggest that MMC is the substrate of efflux
transport in drug-resistant cancer cells.

Then, the drug-delivery efficiency of MSNs was investigated using free MMC and RhoB@MMC@MSNs and the
anti-proliferative and toxic effects of MMC were detected on the two cell lines. As expected, after 24-hour incubation,
the free MMC treatment resulted in a concentration-dependent decrease in the viability of drug-sensitive MCF-7 cells
(ICs0 = 63.3 uM); therefore, MMC could exert its toxic activity on these cancer cells that do not overexpress Pgp
(Figure 6C). However, the free MMC treatment did not affect the cell viability of multidrug-resistant MCF-7 KCR cells,
showing only a slight toxic effect in the highest applied concentration. Indeed, the impact of free MMC on multidrug-
resistant MCF-7 KCR cells is so weak, that the estimated ICs, value is out of the tested concentration range (ICsy >185
uM). Importantly, it is already evident at a glance that significantly lower cell viability of both MCF-7 and MCF-7 KCR
cells was obtained following RhoB@MMC@MSN treatments compared to the cell viability recorded after free MMC
exposures. Albeit the MDR MCF-7 KCR cells were not exactly as sensitive to the RhoB@MMC@MSN treatments than
MCF-7 cells (IC59 on MCF-7 = 13.6 uM, ICsq on MCF-7 KCR = 35.9 uM) (Figure 6C and D), clearly, it is possible to
efficiently eliminate multidrug-resistant cells with RhoB@MMC@MSNs and lower MMC concentrations are necessary
to achieve this goal than when free MMC is used on MDR cancer cells. Therefore, we can conclude that both Rhodamine
123 accumulation and MMC anticancer efficiency on MCF-7 KCR cells were significantly increased when the agents
were delivered via MSNs, thus by exploiting the excellent delivery propensity of MSNs higher intracellular concentration

of anticancer agents can be achieved even in highly challenging multidrug-resistant cancer cells.
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Figure 6 The efficiency of MSN-based delivery of the anticancer agent Mitomycin C as a cargo (A). Viability of MCF-7 and MCF-7 KCR cells after Mitomycin C or Mitomycin
C + Verapamil treatments. Two-way ANOVA Sidak’s multiple comparisons test, **P<0.005; ***¥P<0.0001 (B). ICs, values calculated from the viability results of Mitomycin
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way ANOVA Sidak’s multiple comparisons test, *P<0.05; **P<0.005; ****P<0.0001 (D). ICs, values determined from the viability results of MCF-7 and MCF-7 KCR cells after
MMC or RhoB@MMC@MSN treatment.

Discussion

The therapy of malignant diseases often leads to the development of multidrug resistance, which would ultimately cause
the failure of traditional chemotherapy. By exploiting the passive tumor-targeting potentials of nanometer-sized materials
increased efficiency and higher tumor-specificity could be achieved via nanoparticles. Moreover, functionalization of
nanoparticles with tumor-specific ligands can further enhance the delivery and the accumulation of nanosystems in the
tumor tissue and augment their uptake by cancer cells. Mesoporous silica nanoparticles (MSNs) are promising materials
for tumor-targeting and drug-delivery purposes due to their two distinct surfaces. The large outer surface of the MSNs
can be functionalized to enhance the targeting efficiency and cancer-specificity, while different anticancer agents can be
loaded into the mesopores of the nanosystem to increase the concentration of antitumor drugs in the tumor tissue. It was
previously shown that MSNs have an extremely high drug-loading capacity, thus are ideal carriers of various types of

antineoplastic agents, their combinations and also for multimodal cancer therapy.* >
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One of the principal reasons behind the multidrug-resistant phenotype is the increased expression and activity of plasma
membrane residing efflux transporters. In previous studies, it was verified that the ABC transporter Pgp is overexpressed in
MCF-7 KCR cells,”*** therefore this cell line represents an ideal in vitro model to investigate the drug-delivery capability of
our MSN-based system on multidrug-resistant cells. In this study, our aim was to create a fluorescently labeled MSN-based
drug-delivery system to investigate the delivery and the cytotoxicity of the cargo drugs for the purpose to eliminate multidrug-
resistant MCF-7 KCR breast cancer cells. Furthermore, we wanted to examine and compare the impact and the faith of the
carrier system on drug-sensitive and drug-resistant cancer cells. For this, first amino-functionalized MSNs were synthesized
with an average size between 50 and 100 nm. This size range is suitable for cancer targeting, since the surface area and the
loading capacity of such particles are very high and previously it was shown that the 50 nm sized particles are taken up by
cancer cells with the highest degree.** In our system, MSNs were functionalized with red fluorescent Rhodamine B dye, which
was linked via amide bonds to the NH, moieties on the outer surface of MSNs (RhoB@MSNs). Rhodamine B was selected as
a surface marker of MSNs, because this dye is not the substrate of Pgp according to our flow cytometry results. To follow the
drug-releasing capability and the efficiency of cargo-delivery by MSNs, the green fluorescent Rhodamine 123 dye or the
anticancer agent Mitomycin C was loaded into the mesopores of the particles, respectively, yielding two different functiona-
lized nanosystems (RhoB@Rho123@MSNs and RhoB@MMC@MSNs).

According to our results, MSNs (both RhoB@MSNs and RhoB@Rho123@MSNs) are biocompatible, since no toxic
effect was detected upon exposing either MCF-7 or MCF-7 KCR cells to these materials in the tested concentration
range, which indicates the feasibility of this system for drug-delivery purposes. Moreover, we verified by flow cytometry
and fluorescent microscopy that drug-sensitive and MDR cancer cells are both able to take up and accumulate
RhoB@MSNs to a similar degree. It is known that MSNs are internalized by cancer cells mainly via endocytosis, but
it is also accepted that the particles can escape from endolysosomal vesicles, thus the cargo can be protected from
degradation.*®*” This raised a question about the exact localization of MSNs following cellular uptake, especially in the
case of MDR cancer cells. We could detect nanoparticles in the cytoplasm, partly in the lysosomes of MCF-7 cells.
Significant difference was observed between MCF-7 and MCF-7 KCR cells in the number of lysosomally localized
RhoB@MSNSs, since more red fluorescing RhoB@MSNs were detected in the lysosomes of MCF-7 KCR cells. We
concluded that these nanoparticles can be internalized by drug-sensitive, and more importantly by multidrug-resistant
cancer cells as well, but in MCF-7 KCR cells more particles might be remaining within lysosomes.

Thus, the next question was whether this lysosomal presence of MSNs affects the efficiency of the delivered
anticancer agents against MDR cells or not. For the subsequent experiments, we utilized cargo-carrying RhoB-labeled
MSNs, where Rhodamine 123, a Pgp substrate green fluorescent dye was selected as a payload. We verified that drug
loading was in fact efficient and that the cargo fluorescent dye can be effectively and dynamically released from the
mesoporous structure of the RhoB@Rho123@MSNs. After treating MCF-7 and MCF-7 KCR cells with free Rho123 or
RhoB@Rho123@MSN the green fluorescence intensities of the cells were compared. Our flow cytometry results
confirmed that after free Rhodamine 123 treatments in contrary to MCF-7 cells, extremely low green fluorescence signal
of MCF-7 KCR cells could be detected, suggesting that the efflux activity of Pgp in these drug-resistant cells can
completely eliminate Rho123. However, the inhibition of Pgp with Verapamil resulted in increased Rhodamine 123
fluorescence of multidrug-resistant cancer cells. Importantly, high intracellular concentration of Rhodamine 123 could be
achieved both in MCF-7 and MCF-7 KCR cells, when RhoB@Rho123@MSNs were applied instead of free Rho123,
implying that dye-delivery by MSNs can circumvent the immediate elimination of Rho123 from MDR cancer cells.
Finally, to validate the excellent drug-delivery capability of MSNs to MDR cancer cells with an anti-proliferative agent,
MMC was loaded into the mesopores of MSNs (RhoB@MMC@MSNs). Again, efficient drug loading was verified and
drug release tests revealed that the cargo antineoplastic drug can be effectively released from the mesoporous structure of
the RhoB@MMC@MSNs. MMC is also the substrate of Pgp, and when it enters the drug-resistant cells in free form,
without the inhibition of the efflux pumps, this anticancer agent would be readily eliminated from MDR cells to prevent
cell death. However, MMC delivered as RhoB@MMC@MSN decreased more the viability of drug-sensitive as well as
of multidrug-resistant cancer cells, than free MMC. As expected, a slightly higher ICs, value was obtained after
RhoB@MMC@MSN treatments on MCF-7 KCR cells than on drug-sensitive MCF-7 cells; nevertheless, these ICsq
values were much lower than those calculated based on the viability of free MMC-treated samples.
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Conclusion

In summary, this study provides compelling data on the suitability of MSNs for carrying the anticancer agent Mitomycin
C as cargo molecule into various cancer cells. Our results suggest that MSNs are appropriate drug delivery platforms, and
apart from MMC, other highly efficient antineoplastic agents could also be supplied to the tumor tissue via this system,
but prove also that with the help of the outstanding activity of these carriers even multidrug-resistant cancer cells can be
defeated. The application of MSNs in tumor therapy could enhance the performance and the specificity of oncotherapy
especially when multi-resistant and highly challenging cancer cells have to be destroyed. The numerous advantages of
these materials could be exploited in the future also in multimodal treatment approaches.
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