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Abstract

Background Chemotherapy, the mainstay treatment for metastatic cancer, presents serious side effects due to
off-target exposure. In addition to the negative impact on patients’ quality of life, side effects limit the dose that can
be administered and thus the efficacy of the drug. Encapsulation of chemotherapeutic drugs in nanocarriers is a
promising strategy to mitigate these issues. However, avoiding premature drug release from the nanocarriers and
selectively targeting the tumour remains a challenge.

Results In this study, we present a pioneering method for drug integration into nanoparticles known as mesoporous
organosilica drugs (MODs), a distinctive variant of periodic mesoporous organosilica nanoparticles (PMOs) in which
the drug is an inherent component of the silica nanoparticle structure. This groundbreaking approach involves

the chemical modification of drugs to produce bis-organosilane prodrugs, which act as silica precursors for MOD
synthesis. Mitoxantrone (MTO), a drug used to treat metastatic breast cancer, was selected for the development of
MTO@MOD nanomedicines, which demonstrated a significant reduction in breast cancer cell viability. Several MODs
with different amounts of MTO were synthesised and found to be efficient nanoplatforms for the sustained delivery
of MTO after biodegradation. In addition, Fe;O, NPs were incorporated into the MODs to generate magnetic MODs
to actively target the tumour and further enhance drug efficacy. Importantly, magnetic MTO@MODs underwent a
Fenton reaction, which increased cancer cell death twofold compared to non-magnetic MODs.

Conclusions A new PMO-based material, MOD nanomedicines, was synthesised using the chemotherapeutic

drug MTO as a silica precursor. MTO@MOD nanomedicines demonstrated their efficacy in significantly reducing the
viability of breast cancer cells. In addition, we incorporated Fe;O, into MODs to generate magnetic MODs for active
tumour targeting and enhanced drug efficacy by ROS generation. These findings pave the way for the designing of
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silica-based multitherapeutic nanomedicines for cancer treatment with improved drug delivery, reduced side effects

and enhanced efficacy.

Keywords Periodic mesoporous organosilica (PMO), Magnetic mesoporous organosilica drugs (MOD), Drug delivery
systems, Mitoxantrone, Breast cancer treatment, Magnetic nanomedicine

Introduction

Cancer is one of the leading causes of death in developed
countries, with an estimated 10 million persons calcu-
lated to have died in 2020 worldwide [1, 2]. Breast can-
cer in particular is the leading cause of cancer death in
women with nearly 700,000 deaths in 2022 [3]. For this
reason, researchers have focused their efforts on the
development of diverse therapeutic strategies, although
the different approaches imply different challenges. In the
case of chemotherapy, non-specific distribution, lack of
specificity and severe side effects cause systemic toxicity
with serious implications for patients’ quality of life [4—
6]. Systemic toxicity limits the dose that can be adminis-
tered and thus the efficacy of the drug. Nanotechnology
has emerged as a promising tool to overcome these prob-
lems [6-12] and is generating promising expectations to
treat different types of cancer, such as lung cancer, breast
adenocarcinoma, colon cancer, etc [10, 13, 14].

Several nanomaterials have been developed to be used
as drug delivery systems (DDS), such as biodegradable
polymers, hydrogels, liposomes and mesostructured sil-
ica nanocarriers [15-17]. Among them, mesoporous sil-
ica nanoparticles (MSNs) have attracted much attention
because they exhibit interesting properties as drug car-
riers: high pore volume, uniform pore size distribution,
large surface area, good chemical and thermal stability,
biocompatibility, and ease of functionalization, which
allows loading most of the drugs in clinical practice. In
addition, these features permit the incorporation of dif-
ferent functionalities on the surface of the nanoparticles
(NPs) to prevent drug leakage, prolong blood circulation
time and allow tumour targeting. In this way, MSNs are
suitable carriers to deliver the cargo to the specific target
in a controlled/sustained way to achieve maximal thera-
peutic activity with minimal toxicity [6, 10, 13—18]. Par-
ticularly interesting are MSNs ranging from 10 to 200 nm
because they preferentially accumulate in cancer cells by
means of passive targeting, likely due to the enhanced
permeation and retention effect (EPR effect) [19-21].

Great efforts have been made to improve the proper-
ties of inorganic MSNs by introducing organic moieties,
resulting in a new generation of silica hybrid analogues:
periodic mesoporous organosilica (PMO) [19, 22-32].
The introduction of organo-alkoxysilanes offers sev-
eral possibilities such as: (i) higher drug loading capac-
ity based on the ability to induce a more tuneable surface
polarity able to change mesostructure-cargo interac-
tions; (ii) improved and accurate control of cargo release

through increased or decreased degradation rate of the
mesostructure in biological media. Controlled release
of the cargo can additionally be improved by introduc-
ing molecules sensitive to specific stimuli, which would
act as gatekeepers [33—40]Thus, PMOs have emerged as
a promising tool to achieve sustained and even stimuli-
responsive drug release [4, 34, 35, 38, 39, 41-43].

However, the synthesis and properties of PMOs pres-
ent different challenges. First, the reduction of the silanol
content of the surface may reduce the colloidal stability
in biological aqueous solutions. For this reason, silica
precursors such as tetraethyl orthosilicate (TEOS) or
bis(triethoxysilyl)ethane are frequently used as an addi-
tional source of silica. In addition, the introduction of
organic bridging groups containing siloxanes, i.e. the
organosilica source, may interfere with the cooperative
self-assembly around the surfactant, hindering the for-
mation of the mesoporous structure [19, 22, 26, 34, 35].
Indeed, there is only one interesting paper described in
the literature on non-porous polysilsesquioxane (and
therefore non-PMO) containing a pharmacologically
active prodrug in the structure, based on a bis-(trialkoxy)
silane derivative of platinum [40]. Therefore, the synthe-
sis of PMOs incorporating prodrugs in their framework
remains elusive and represents a major unsolved chal-
lenge that could represent a new breakthrough in the use
of silica as DDS.

Mitoxantrone (MTO) is a widely used chemothera-
peutic drug in the treatment of different types of leuke-
mia and sarcoma, prostate and breast cancer [44—46].
MTO is a synthetic anthracenedione originally developed
to improve the therapeutic profile of anthracyclines by
avoiding their cardiotoxicity [46—48]. However, myelo-
suppression is an important side effect [49, 50]. MTO can
readily enter into cells by passive diffusion, presumably
via a “flip-flop” mechanism [46, 51], meaning that the
drug can be internalized by both healthy and cancer cells
[7, 20, 52]. Therefore, the delivery of MTO through NPs
appears to be an attractive alternative to avoid myelo-
suppression but not without challenges. However, when
the drug is physically adsorbed on the mesostructure of
silica NPs, premature drug release may occur by diffu-
sion. In this sense, complex gatekeepers have been used
to achieve “zero premature release” [13, 16, 52].

In this work, a new concept of periodic mesopo-
rous hybrid organic-inorganic silica material has
been uncovered: the Mesoporous Organosilica Drugs
(MODs) (Fig. 1). In this variety of PMO, the anticancer
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drug MTO is embedded in and forms part of the nano-
structured wall, unlike conventional PMOs and MSNs
in which the drugs are adsorbed in their mesoporous
channels. In addition, traditional drug encapsulation
requires a further step after NPs synthesis and surfactant
extraction, whereas MODs combine synthesis and drug
loading in a single step. To synthesize these new nano-
structures, MTO has been chemically modified to obtain
a bis-organosilane MTO derivative that can be used as
a source of organosilica. MTO bis-organosilane plays a
dual role: in addition to being a silica precursor (source
of organosilica), it is a prodrug that exerts its pharmaco-
logical activity once released from the PMO framework.
An important further advantage of MTO@MOD:s is that
premature drug release is prevented, in contrast with
conventional MSNs and PMOs materials, which require
complex gatekeepers to avoid drug leakage [53, 54] and
thus entail greater synthetic complexity and are more
difficult to translate into the clinical practice. Avoidance
of premature drug leakage leads to a reduction in side
effects such as myelosuppression, which is character-
istic of free MTO drug. Furthermore, these MOD NPs
keep the drug, in its prodrug form, completely protected
from the action of possible metabolites. These beneficial
properties may allow lower doses of MTO to be used to
achieve the same therapeutic effect, leading to a reduc-
tion in side effects [55] as well as reducing resistance.
Another challenge to the conventional drug administra-
tion is their selective targeted delivery and accumulation
in the organs or tissues affected. Although in the case of
passive MSNs, EPR phenomenon is frequently reported,
controversial results showed that the amount of gaps
in the endothelial border are not so frequent to lead to
tumour accumulation [56]. To overcome the drawbacks
of passive MSN delivery, targeted MTO delivery was
achieved in this work by means of magnetic MODs: by
incorporating magnetite NPs (Fe;O, NPs) inside MODs
nanostructure they can be directed towards the desired
target by using magnetic fields, thus focusing their phar-
macological action on the tumour. The use of magnetic
and non-magnetic MODs resulted in a significant reduc-
tion in cell viability of MCF-7 breast cancer cells for sev-
eral days.

Materials and methods

Chemicals

Mitoxantrone (98%) was purchased from Bosche Scien-
tific (New Brunswick, NJ, USA). Tetraethyl orthosilicate
(TEOS, 98%), hexadecyltrimethylammonium bromide
(CTAB>98%), dichloromethane anhydrous (DCM,
> 99.8%), iron (II) chloride tetrahydrate (FeCl,-4H,0,
98%), iron (III) chloride hexahydrate (FeCl;-6H,0, 97%),
titanium (IV) oxysulfate solution (TiOSO,, 1.9-2.1%),
hydrogen peroxide (H,O,, 32%), glacial acetic acid
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(299%), ammonium hydroxide solution (NH,OH,
30-33%), 3-(triethoxysilyl)propyl isocyanate (95%),

human serum (HS), dimethyl sulfoxide (DMSO), Dul-
becco’s Modified Eagle’s Medium (DMEM) (with 4,5 g
L~! of glucose, stable glutamine and sodium bicarbon-
ate), trypsin (1X), penicillin-streptomycin, L-glutamine,
non-essential aminoacids, phosphate buffered saline
(PBS) and Thiazolyl Blue Tetrazolium Bromide (MTT)
were obtained from Sigma-Aldrich (Madrid, Spain).
Absolute ethanol (EtOH), petroleum ether, sodium
hydroxide and hydrochloric acid (35% w/w) were bought
from Scharlab (Barcelona, Spain). Triton X-100 was pur-
chased from PanReac AppliChem (Barcelona, Spain).
DAPI (4’,6-diamidino-2-phenylindole) and Alexa Fluor
647 Conjugated Wheat Germ Agglutinin (WGA) were
obtained from Fisher Scientific (Madrid, Spain).

Synthesis of MSNs as reference material

A standard method was used for the synthesis of an MSN
as reference material incorporating small variations [57].
Briefly, 160 mg of CTAB (0.44 mmol, 1 equiv.) was emul-
sified in Milli-Q water (68 mL) and EtOH (10 mL). The
mixture was brought to pH 12 by adding NaOH (820 L)
and heated to 82 °C under magnetic stirring (500 rpm).
Then, the source of silica was added (3.94 mmol of TEOS,
9 equiv.). The reaction was stopped after 2 h by cooling
it with ice. The solid was recovered by filtration, washed
with distilled water and EtOH and dried. To remove the
surfactant, the product was redispersed in ethanolic
hydrochloric acid (1 g of HCI in 100 mL of EtOH for 1 g
of material) for 6 h at 60 °C. The removal of the template
was checked by thermogravimetric assay and elemental
analysis.

Synthesis of the bis-organosilane mitoxantrone derivative

(MTO-bis-organosilane)

The bis-organosilane precursor from mitoxantrone
(MTO-bis-organosilane) was obtained through the reac-
tion between the amino group of the aliphatic chain of
MTO and the isocyanate group of 3-(triethoxysilyl)pro-
pyl isocyanate. MTO (1.5 g, 3.37 mmol, 1 equiv.) was
dissolved in anhydrous DCM (50 mL) under nitrogen
atmosphere. Then, the isocyanate (3.3 mL, 13.3 mmol,
4 equiv.) was dissolved in dry DCM (10 mL) and added
over the previous mixture at 0 °C. The reaction was
stirred at room temperature overnight. After that, the
solvent was removed under reduced pressure and the
solid was washed with petroleum ether to remove the
unreacted isocyanate and dried under vacuum. The bis-
organosilane of MTO was fully characterized by 'H and
3C NMR and MS-ESL
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Synthesis of MODs using 100, 70, 60, 50, 20 and 10 wt% of
MTO-bis-organosilane

The synthesis of MTO-100@MOD, MTO-70@MOD,
MTO-60@MOD, MTO-50@MOD, MTO-20@MODs
and MTO-10@MODs was performed as for the refer-
ence material (Sect. 2.2) with the addition of 100, 70,
60, 50, 20 and 10 wt% of MTO-bis-organosilane to
TEOS. The molar ratio of CTAB: H,0O: EtOH: NaOH
was 1:8652:393:1.89 for MTO-20@MOD and MTO-10@
MOD, and 1:6761:963:1.14 for MTO-100@MOD, MTO-
70@MOD, MTO-60@MOD and MTO-50@MOD.

Synthesis of magnetic iron nanoparticles (Fe;0, NPs)
FeCl36H,0 (1755 mg, 0.65 mmol, 1 equiv.) and
FeCl,-4H,0 (64.5 mg, 3.24 mmol, 2 equiv.) were dissolved
in Milli-Q water (9.7 mL) and glacial acetic acid (0.3 mL)
at 80 °C under mechanic stirring. After 5 min, NH,OH (2
mL) was added, and the reaction was stirred for 15 min.
The as-made Fe;O, NPs were washed with Milli-Q water
and EtOH and dried under vacuum.

Synthesis of magnetic MTO-20@MOD and magnetic MTO-
100@MOD

Magnetic MTO-20@MODs were synthesized using the
same procedure as for non-magnetic MTO-20@MOD
NPs but with a difference: prior to the addition of CTAB
(160 mg), 50 mg of the Fe;O, NPs dispersed in water and
sonicated for 30 min were added.

In the case of magnetic MTO-100@MODs, an addi-
tional modification was required: the CTAB content was
increased to 250 mg to ensure the obtention of monodis-
persed NPs.

Here, the surfactant removal was accomplished by dis-
persing 100 mg of material in 15 mL of EtOH using ultra-
sounds at room temperature (3 h, 20 kHz).

Fenton reaction with magnetic MTO-20@MOD

Fenton reaction using magnetic MTO-20@MOD was
performed as follows. 180 mg of the material were dis-
persed in 10 mL of acetate buffer (pH=4.5) containing
H,0O, at 8 mM. The quantification of H,0, concentration
was measured through a colorimetric assay with TiOSO,
(1.9-2.1%).

Characterization

'"H NMR and '3C NMR spectra were obtained using
a Varian Infinity 400 MHz spectrometer fitted with
a 9.4 T magnetic field. *’Si MAS NMR experiments
were performed on a Bruker Avance III/HD spectrom-
eter equipped with a 9.4 T magnetic field. At this field
strength, the >Si nuclei frequency is 79.4 MHz. Samples
were packed in 4 mm zirconia rotors and experiments
were conducted at room temperature under Magic Angle
Spinning (MAS) conditions of 12 kHz using a 4 mm H/X
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double-resonance MAS probe head. Chemical shift (8)
axes are shown in ppm and were externally referenced to
tetramethylsilane (0 ppm). ?Si MAS NMR spectra were
acquired by cross polarization (CP) under Hartmann-
Hahn conditions with a contact time of 2ms, 2000 scans
and a recycle delay of 5s. Si High Power Decoupling
(HPDEC) NMR experiments were performed using a
single pulse with spinal 64 decoupling (HPDEC), 1000
scans and a recycle delay of 60s. A mass spectrometer
using vacuum insulated prove (VIP) heated electrospray
ionization interface (Bruker UHPLC/MSMS EVOQ™
ELITE) with a triple-quadrupole detector was used for
mass measurements.

The N, adsorption-desorption isotherms were obtained
from a Micromeritics TriStar 3000 instrument operat-
ing at —196 °C. Previously, the samples were treated to
remove the surfactant and outgassed at 100 °C for 24 h
with a N, flux. The pore size distribution (PSD) was cal-
culated using the NLDFT model for cylindrical pores.

A JEOL JEM 1400 flash microscope at 120 kV was used
to characterise the morphology of the nanoparticles. The
samples were first dispersed (0.04 mg mL™!) in etha-
nol and transferred to a carbon-coated copper square
mesh grids. An X-ray detector (EDS, energy dispersive
spectroscopy system model TEM XPlore, from Oxford
Instruments) was used for elemental mapping.

For FTIR measurements, a Mattson Infinity series
instrument based on the KBr technique was used, oper-
ating in the wavelength range from 4000 to 400 cm™*
with a step size of 2 cm™! and collecting 64 scans for each
analysis was used. XRD analyses were collected using a
Philips X’PERT MPD powder diffractometer equipped
with CuKa radiation.

Thermogravimetric analyses (TGA) were performed
using a Star System Mettler Thermobalance in the tem-
perature range from 40 to 800 °C with a rate of 5 °C
min~! under air atmosphere. The elemental composi-
tion was studied using a CHNS-O analyser Flash 2000
Thermo Scientific apparatus.

Hydrodynamic diameter and polydispersity index (PDI)
of the samples of nanoparticles were obtained using a
NanoPlus DLS Zeta potential from Micromeritics. Prior
to the measurement, the samples were dispersed (0.1 mg
mL™!) in ultrapure water (18.2 MQ cm) with a few drops
of triton X-100 (10% in Milli-Q water).

Drug release assay

Degradation studies were conducted by resuspend-
ing the material in human serum at a concentration of
5 mg mL~". The samples were placed in a thermo-shaker
(Grant-bio) and stirring at 1400 rpm and at 37 °C in dark-
ness. Several samples were collected at different times
and the NPs were separated from the supernatant by
centrifugation at 10 000 rpm for 10 min. The solid was
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analysed by TEM and the MTO released was quantified
by UV-vis spectrophotometry.

Labelling of MTO-20@MODs and MTO-100@MODs with
FITC

MTO-20@MODs/MTO-100@MODs (100 mg) were
resuspended in dry toluene (40 mL). When the solution
reached 80 °C, APTMS (2 mL) was added. The reaction
was stirred at 80 °C for 24 h, and then the material was
filtered, washed with toluene and EtOH and dried under
vacuum.

The material functionalized with amino groups
(100 mg) was dispersed in EtOH (25 mL). Then, a solu-
tion of FITC in EtOH (7.4 mg in 25 mL) was added, and
the reaction was stirred at RT for 24 h in darkness. The
product was filtered, washed with EtOH, dried under
vacuum and stored in darkness at —10 °C.

Cell culture

MCF-7 human breast cancer cells (from ATCC) were
cultured in DMEM supplemented with 10% foetal bovine
serum and 1% penicillin-streptomycin. Cultures were
grown at 37 °C in a humidified atmosphere containing 5%
of CO, and treated as indicated.

Cell viability studies
Cell viability was determined by two independent meth-
ods using either flow cytometry or colorimetry.

For colorimetric estimation of cell viability, cells were
seeded in 12-well plates at a density of 12 000 cells per
well and treated with the different materials and con-
trols for 3 and 7 days after incubation for 24 h. Then,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was added at a final concentration of
0.1 mg mL™". In living cells with an active metabolism,
the MTT is reduced to formazan, a purple product [58].
After incubating the cells for 3 h at 37 °C, the medium
was removed and DMSO was added, so the cells were
permeabilized. Once dissolved in DMSO, the formazan
was transferred to a 96-well plate and the absorbance was
measured at 542 nm using a Spectra FLUOR (Tecan).

For flow cytometry, MCF7 cells treated with the dif-
ferent materials for 1, 3 or 7 days were washed with PBS
solution and stained 10 min in the dark at 37 °C with
propidium iodide (PI, Sigma-Aldrich), a DNA interca-
lating dyes excluded from viable cells due to membrane
impermeability. Only apoptotic and necrotic cells are
stained by these dyes. The PI was excited at 305 nm and
analysed at 615 nm. The number of cells stained was
analysed using a CXP software. The percentages of cells
stained or not with dyes were analysed using CXP soft-
ware (Becton Dickinson). For each treatment, measure-
ments were conducted in at least three independent
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experiments, and, in each experiment every condition
was assessed by triplicated.

Cellular uptake

Cells were seeded at a density of 50 000 cells per well in
6-well plates and treated with the selected FITC-labelled
materials carrying MTO after 24 h. MTO and MTO-bis-
silane were used as positive controls and cells treated
with the reference material or untreated were used as
negative controls. At different times (1, 3 and 7 days) cells
were washed twice, resuspended in PBS solution, and
analysed by flow cytometry (FACSCalibur, Becton Dick-
inson). Intracellular FITC-labelled materials were excited
at 488 nm and analysed at 520 nm using CXP software
(Becton Dickinson). Each treatment was administrated
by duplicated and the experiment was repeated three
times.

Confocal imaging

The MCE-7 cells were grown on cover slips and treated
with the selected FITC-labelled NPs. After washing with
PBS, the cells were stained with fluorescent WGA (1 ug
mL™Y) and DAPI (1:10000) to reveal cell membranes
and nucleus, respectively. Images were acquired using
a FV3000 confocal microscope (Olympus) with a 63x
objective.

Results and discussion

Synthesis and characterization of the bis-organosilane
derivative of Mitoxantrone (MTO-bis-organosilane)

The aim of this work is the synthesis of a new type of
PMO, Mesoporous Organosilica Drugs (MODs), made
up of the chemotherapeutic drug MTO. Importantly,
the novelty of these new MODs NPs lies in the incorpo-
ration of the drug in the form of a prodrug that is part
of the 3D framework of the NPs, unlike conventional
MSNs or PMOs, in which the drugs are adsorbed into
the inner porosity or covalently grafted to the external
surface silanol groups of these NPs. Therefore, the first
objective in the design of MODs was to synthesize a
bis-organosilane derivative of the drug MTO that could
be used as a bridged silica precursor for the synthesis of
MOD:s. To do this, the molecule must carry alkoxysilane
groups that can participate in the condensation reaction
that builds the silica framework. In this case, we based
our approach on the synthesis of a bis-organosilane with
two triethoxysilane groups attached to mitoxantrone
through a urea linkage. These groups were introduced by
reacting the amino groups of the aliphatic chain of MTO
with the isocyanate group from 3-(triethoxysilyl)propyl
isocyanate, using DCM as a solvent (See Fig. 1). The reac-
tion was performed by using an excess of the isocyanate
to ensure complete conversion of the starting MTO. The
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excess of this reagent could be removed by washing the
crude product several times with petroleum ether.

The successful formation of the bis-organosilane MTO
derivative was confirmed by 'H and *C NMR spec-
troscopy. The new molecule shows a new signal corre-
sponding to the proton of the —NH group of the amide
bond, which appears as a triplet at 6.01 ppm (see Figure
S1 in the Supporting Information). The presence of the
signals of the protons of the —CH,CH; groups of the
triethoxisilane groups and their adequate integration
confirmed that the product remains non-hydrolysed.
The NMR spectra showed no impurities. The formation
of the desired bis-organosilane can also be confirmed
by the signal of the newly formed amide carbon in the
13C NMR spectrum at 159.9 ppm (see Figure S1). The
MTO-bis-organosilane derivative was also characterized
using FTIR measurements (see Figure S2). The spec-
trum of the bis-organosilane shows the stretching vibra-
tion bands at 1080 cm™?, corresponding to the presence
of Si-O bonds in the molecule, and the C=0 bond from
the amide group at 1562 cm™!, confirming the forma-
tion of the desired MTO bis-organosilane molecule. In
addition, mass spectrometry in the positive method was
performed to determine the exact mass of the molecule,
resulting in the value M+Na™ 961.4 (See Figure S3).
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Synthesis and characterization of mitoxantrone-modified
mesoporous organosilica drug nanoparticles (MTO@
MODs)
Having successfully synthesised the silica precursor
based on the modification of the MTO drug, the MTO
bis-organosilane molecule, the next step is to synthe-
sise a new type of PMO, the mesoporous organosilica
drugs (MODs), with the aim of overcoming one of the
challenges of drug delivery systems: avoiding drug leak-
age from the carriers before the NPs reach their target
and protecting the drugs from enzyme or metabolite
attack. By incorporating the MTO drug into the MOD
mesostructure, as a bis-organosilane MTO prodrug, we
expected that premature drug release would be remark-
ably lower or negligible compared to the case of conven-
tional procedures in which the drug is physisorbed on the
nanocarrier, as the MODs need to be degraded or semi-
degraded to release the drug. In addition, since carrier
uptake by cancer cells is enhanced for nanometre-sized
NPs, we aim to synthesize MODs in the range of 10 to
200 nm. For this purpose, we modified a standard pro-
cedure [57] for MSNs synthesis: the variation introduced
was the addition of the MTO-bis-organosilane (dissolved
in EtOH) together with TEOS as silica source (Fig. 1).
MTO@MODs with different amounts of the MTO-
bis-silane prodrug were synthesized and character-
ized. Conventional MSNs were also synthesised as
reference material. Initially, the challenge of synthesis-
ing a purely organic MOD (MTO-100@MOD) using the

Magnetic
MTO@MOD

Fig. 1 Scheme of the synthesis of MTO-bis-organosilane and MTO@MODs and treatment
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bis-organosilane derivative of MTO as the only source of
silica was investigated. To this end, an optimisation of the
procedure for the synthesis of the reference MSNs was
carried out (see SI for a detailed discussion). The opti-
mization process consisted of: (1) isolating and purifying
the MTO-bis-organosilane, (2) reducing the amount of
MTO-bis-organosilane added to the synthesis media to
decrease the particle diameter, (3) increasing the ethanol
content relative to water and (4) decreasing the amount
of base to reduce the polymerization rate. The specific
synthesis conditions are summarized in Table S1, and the
different attempts performed can be observed in Figure
S5.

The obtained MOD NPs were spherical, monodisperse
and nanometre sized, as shown by TEM images (Fig. 2A;
Table 1) and DLS measurement (Fig. 2C). The organic
nature of MTO-100@MOD was confirmed by TEM
microanalysis as the presence of C atoms was homoge-
neous throughout the whole sample (Fig. 2B). Thermo-
gravimetric analysis revealed that, as expected (Table S2),
only a 21 wt% of the sample remained after exposure to
heat and air (Figure S6), corresponding to the inorganic
silicon moieties. The elemental analysis is displayed in
Table S3, and the results also shows that the expected
theoretical values for the % of C and N in the MTO-100@
MOD and the obtained experimental values are in good
agreement. However, the N, adsorption-desorption iso-
therm is of type II according to the IUPAC classification,
which is indicative of non-porous materials (Fig. 2D),
consistent with a BET surface area corresponding
roughly to that of a dense NP (32 m? g~') [57]. However,
the role of the surfactant was found to be essential for
the ordering and spherical geometry of this dense MOD
nanostructure. The synthesis of the MOD material has
been carried out in the absence of surfactant, obtaining
dense nanostructures but without any ordering in mor-
phology and geometry (Figure S7).

It can be concluded that the use of pure bis-organoalk-
oxysilanes as a silica source can prevent the formation
of a mesoporous structure [19, 34, 35]. For this reason,
we hypothesized that the introduction of an inorganic
silica source such as tetraethoxysilane (TEOS) would
improve the textural properties of the materials. We
then performed several syntheses with different ratios of
MTO-bis-silane/TEOS (Table 1). In the first attempt, the
amount of MTO-bis-silane added in weight was set at 70
wt% (MTO-70@MOD), with the remaining 30 wt% being
TEOS. The reaction conditions for the synthesis were
those optimized for MTO-100@MOD. The size and mor-
phology of the obtained material were similar to those
of MTO-100@MOD. MTO-70@MOD also showed very
poor textural properties with a BET surface area of 41
m? g~ ! and a total pore volume of 0.06 cm® g~! (Table 1,
entry 2). When the MTO-bis-silane content was reduced
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to 60 wt% (MTO-60@MOD), a slight increase in the BET
surface area to 92 m” g~ ! was observed (Table 1, entry 3).

Increasing the amount of TEOS to 50 wt% (MTO-50@
MOD) resulted in a more significant improvement in
the textural properties of the sample (Table 1, entry 4).
The N, adsorption-desorption isotherm is of type IV,
and the BET surface area increased to 241 m* g~! with
a total pore volume of 0.26 cm® g~! (Fig. 2D). Further-
more, the pore size distribution reveals mesopores with
a maximum around 2.6 nm. In addition, the XRD pattern
shows a prominent X-ray reflection peak in the range
of 1.5-3 (20), indicating the presence of mesostructure
(Figure S8). Finally, the mesoporous framework can also
be observed in the TEM images (Fig. 2A). The materials
were also characterized by DLS (Fig. 2C) and thermo-
gravimetric analysis and showed a decreased of mass of
56% (Figure S6), as expected. Thus, MTO-50@MOD is
the first PMO with remarkable textural properties syn-
thesized with an anticancer drug in the silica framework
and accessible internal porosity.

Next, to widen the range we decided to synthesize,
characterize and compare materials with a lower propor-
tion of MTO-bis-organosilane. The attempts included 20
and 10% by weight of added bis-organosilane (MTO-20@
MOD and MTO-10@MOD). The nitrogen adsorption-
desorption isotherms are of type IV according to the
IUPAC classification, indicating the capillary conden-
sation step at a relative pressure of 0.25-0.3 and a sig-
nificant filling of mesopores (Fig. 2D). Both materials
exhibited large BET surface areas of around 900 m?g~*
and pore volumes of around 1 cm®g~! (Table 1, entries
5 and 6), like the MSNs reference material (Figure S4).
The XRD spectra also showed the corresponding typi-
cal pattern for mesoporous frameworks (Figure S8).
Additionally, the NP size of MODs measuredusing TEM
micrographs (Fig. 2A) and showed dispersed NPs with
diameters around 50 nm (Table 1, entries 5 and 6). DLS
measurement (Fig. 2C) confirmed the homogeneous size
distribution and showed a larger diameter, as expected.

The synthesized MODs were also characterized using
CP/MAS %Si solid-state NMR (Fig. 2E). The material
synthesized with MTO-bis-organosilane as the only silica
source (MTO-100@MOD) shows a single band with two
signals at —59 ppm and —69 ppm which are assigned to
T? and T3 sites, respectively. Interestingly, the T? sites are
the predominant ones in the sample suggesting that most
of the triethoxysilane groups of the MTO-bis-silane have
been converted to siloxane groups during the polym-
erization process. In the case of the MOD NPs synthe-
sized with 50% of MTO-bis-silane, two different regions
are observed: the first one is the result of the condensa-
tion of the bis-silane with the same two signals as MTO-
100@MOD materials and assigned to the T? and T? sites;
while the other corresponds to signals at —92, —100 and
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—108 ppm assigned to Q% Q* and Q*?Si species, respec-
tively, from the condensation of TEOS. The intensity
of the Q and T sites is related to the amount of inor-
ganic and organic silica content. For MTO-20@MOD,

the intensity of the Q band is increased with respect to
MTO-50@MOD, while the T band decreases, as it can be
observed from the data of the different areas (Table S4).
The same tendency is observed in the case of MTO-10@
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Table 1 Textural properties and diameter of different MODs
varying the % in weight of MTO-bis-organosilane and TEOS

Entry Material BET Pore PSD Di-
area volume (nm)' am-
m?2  (ecm3 eter
g— 1) g— 'I) nm)Z
1 MTO-100@MOD 32 0.05 n.d. 107
2 MTO-70@MOD 41 0.06 n.d. 96
3 MTO-60@MOD 92 0.09 n.d. 96
4 MTO-50@MOD 241 0.26 26 92
(2.1-3.1)
5 MTO-20@MOD 950 093 27 49
(2.2-3.4)
6 MTO-10@MOD 896 0.95 2.7 50
(24-3.4)
7 Magnetic MTO-20@MOD 614 030 3.15 158
(2.8-3.8)
8 Magnetic MTO-100@MOD 32 0.04 n.d. 179

1 PSD based on NLDFT model. Maximum of the distribution followed by PSD in
parentheses. 2 Measured using TEM micrographs. n.d. = not determined

MOD. Then, as the amount of MTO-bis-silane moiety
decreases, the intensity of the band corresponding to the
T sites decreases. Overall, it can be concluded that as the
ratio of TEOS in these MODs increases, the intensity
of the Q sites relative to the T sites in the material also
increases.

Then, since the synthesis of MTO@MODs was success-
fully accomplished, thus obtaining a new type of PMO
with a prodrug as part of its 3D framework.

Release experiments of mitoxantrone-modified
mesoporous organosilica drug nanoparticles (MTO@
MODs)

As a result of the incorporation of the MTO-silane pro-
drug into the three-dimensional structure of the MODs,
biodegradation of the MODs will be necessary for sus-
tained drug release. To investigate whether the materials
would be degraded in normal tissue or in tumour micro-
environment and, subsequently, where the MTO prodrug
would be released from its matrix, we performed differ-
ent release assays. The experiments consisted of expos-
ing the materials to an environment that simulated the
physiological pH conditions in the human body and the
tumour microenvironment. Briefly, the materials were
stirred at a concentration of 5 mg mL™! at 37 °C in two
different buffers, PBS at pH=7.4 to simulate physiologi-
cal pH and acetate buffer at pH=4.5 to simulate lyso-
somal conditions, which are even harsher than tumour
microenvironment (reported to be between 5.6 and 6.8)
[59]. A sample of each material was removed over time.
After centrifugation, the absorbance of the supernatants
was measured using a UV-Vis spectrometer to deter-
mine the quantity of MTO released. Neither MTO-bis-
organosilane nor MTO could be detected in any of these
experiments (data not shown) indicating that MODs are
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not degraded under these conditions. Then, the release
experiment was conducted using a medium more similar
to the blood: human serum. In this case, a sustained drug
release over time was observed for all materials probably
due to enzymatic activity (Fig. 3A and B). TEM monitor-
ing revealed morphological changes during the degrada-
tion process (Fig. 3C) including deformation, merge, and
decomposition of the NPs boundaries as well as debris of
NPs. It is noteworthy that the process was accelerated as
the inner porosity and surface area increased from MTO-
100@MOD to MTO-10@MOD. In addition, long-term
biodegradation experiments resulted in the complete loss
of mesoporosity and full disordering of the framework
(Figure S9).

The highest release rate of MTO per g of NPs was
obtained for the material MTO-20@MOD, while MTO-
100@MOD and MTO-50@MOD exhibited the lowest
release rate (Fig. 3A), despite carrying the highest amount
of drug in their framework. This may be a consequence of
the textural properties of the different materials. MTO-
20@MOD has the highest surface area due to its higher
inner porosity, which is much larger than the surface area
of MTO-50@MODs and MTO-100@MODs. Thus, the
area exposed to degradation by the media is remarkably
larger in MTO-20@MOD, resulting in a faster degrada-
tion and therefore a faster release of the prodrug from the
host to the media. The difference in the amount of MTO
released between MTO-10@MOD and MTO-20@MOD,
which have a fairly similar surface area, may be a conse-
quence of the different amount of MTO in each material.

Drug release experiments of conventionally encapsu-
lated drugs are usually performed in aqueous buffer and
generally result in a burst release of the drug. In contrast,
here a much more degradative medium (human serum
contains enzymes) was used to release the drug from
the NPs. Continuous and sustained drug release for 14
days was observed for MTO-10 and MTO-20@MOD.
Encouraged by these results, the release of MTO from
the MTO-20@MOD was followed over two months, to
confirm continuous and sustained drug release over time,
with no clear tendency to reach a plateau, indicative of
release completion or equilibrium (Fig. 3B). In addition,
2Si-RMN was used to analyse the samples of MTO-20@
MOD exposed to human serum degradation for differ-
ent periods of time (Fig. 3D). Interestingly, a significant
reduction in the number of Q and T sites was observed
over time, suggesting that the degradation of the MODs
occurs mainly by hydrolysis of the siloxane groups, which
are further converted to silanols and finally lead to leach-
ing of the different silica species [60]. Thus, the cleavage
of the Si-O-Si bonds triggers the release of MTO as a
prodrug in a continuous and sustained manner, in good
agreement with the drug release results observed in
human serum.
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The percentage of MTO prodrug released from the
materials MTO-50@MOD and MTO-100@MOD is
practically negligible until day 10 (Fig. 3A). These mate-
rials, synthesised with a higher amount of MTO bis-
organosilane relative to TEOS, have a lower surface area
than MTO-10@MOD and MTO-20@MOD, as well as a
lower porosity, which results in a much smaller surface
area exposed to the medium to undergo biodegrada-
tion. In conclusion, the adjustable rate of drug release is
a remarkable feature of MOD nanoparticles. MODs can
be designed to tune the rate of drug release by changing
the amount of prodrug introduced into their framework,
thus adapting to the sensitivity of the patient and the
degree of disease progression.

Biological in vitro evaluation of mitoxantrone-modified
mesoporous organosilica drug nanoparticles (MTO@
MODs) in breast cancer cells viability

As MTO is a treatment for breast cancer, the biologi-
cal effect of the MTO@MOD materials was investigated
in vitro to assess their cytotoxicity on a well character-
ised breast cancer cell line, MCF-7. The slow release of
MTO exhibited by MODs should lead to a parallel slow
decline in cell viability. For this reason, MTT assays were
designed to follow cell viability effects of MTO@MODs at
3 and 7 days. As proper controls, MTO alone was added
to the culture medium of the cells. Besides, in order to
guarantee the cytotoxic activity of the MOD NPs, it was
first necessary to prove that the MTO-bis-organosilane
itself had cytotoxic capacity. For this purpose, several
solutions of MTO-bis-organosilane were also prepared
in DMEM at different concentrations and used to treat
MCEF-7 cells (Figure S10). As expected, MTO-bis-
organosilane causes breast cancer cell death although at
higher concentration than free MTO drug. Therefore,
the observed cytotoxic activity of MTO-bis-organosilane
ensures that MTO@MODs have the ability to effectively
reduce the viability of breast cancer cells. Thus, follow-
ing the cell viability decrease during the experiment time,
doses of 0.15 uM for MTO and 25 uM for MTO-bis-
organosilane were chosen as positive controls.

Moreover, the biocompatibility of the pure silica host
(reference MSN) was assessed and found no change in
the cell viability for cells treated with the reference mate-
rials as compared to the negative control without treat-
ment (Figure S11). The good biocompatibility of these
pure silica materials has been previously reported [18, 34,
35].

The effect of MTO@MOD NPs was investigated using
different doses. At a dose of 10 pg mL~! (Fig. 4A), MTO-
20@MOD is the only material that induces a significant
decrease in cell viability in a week. At increased doses of
25 pg mL~! MTO-10@MOD NP also reduce cell viabil-
ity (Fig. 4B). However, MTO-50@MOD and MTO-100@

Page 11 of 17

MOD caused no significant changes in cell viability at
these doses, despite carrying a remarkably higher amount
of MTO. A plausible explanation may be found in the dif-
ferent textural properties of the materials. The nanopar-
ticles with higher surface area (MTO-20@MOD and
MTO-10@MOD) have a higher rate of degradation and
therefore a higher rate of drug release and thus, elicit a
higher decrease in cell viability, even though the MODs
with lower surface area carry a higher amount of drug
(MTO-50@MOD and MTO-100@MOD). Faster deg-
radation of materials with higher BET areas was already
demonstrated in the release assay. The different behav-
iour of MTO-20@MOD and MTO-10@MOD may be
explained by the different amount of MTO incorporated
in their structure. From these results, it can be concluded
that MTO-20@MOD exhibits the most suitable behav-
iour, as a significant decrease in the cell viability can be
observed at the lowest dose used.

Higher doses (50 and 100 pg mL~') were used to fur-
ther investigate the cytotoxic behaviour of the MODs.
At both doses, MTO-10@MOD and MTO-20@MOD
reduced cell viability by 100% in a short time half week
(Fig. 4C and D). As for MTO-50@MOD and MTO-
100@MOD samples, there are no significant differences
between the two materials at 50 ug mL™!, although some
cytotoxic activity (around 30%) is observed after 7 days.
Interestingly, an increased dose of 100 pg mL~! exerted
differential cytotoxicity, with MTO-50@MOD reducing
by 80% cell viability after 7 days, whereas MTO-100@
MOD reduced cell viability only by 30%, which was an
effect similar to that observed with 50 ug mL™'. Again,
the most likely explanation for this result is that the mate-
rial with higher porosity and specific surface area under-
goes greater biodegradation, allowing a faster release of
the pharmacologically active species, mainly the MTO
prodrug.

It should be noted that MOD NPs have a sustained
release profile over time, even in long-term in vitro cell
viability studies of more than 7 days, where the growth
rate of tumour cells in a favourable medium is usually
higher than the cytotoxicity rate. The fact that MODs
reduce the viability of breast cancer cells for several days
while preventing premature release of active species, as
demonstrated, is a promising result for reducing chemo-
therapy-related side effects.

Finally, MTO-20@MODs cellular internalization was
evaluated by confocal imaging at the equatorial plane of
the cells (Fig. 5). The generated image corresponds to a
specific depth within the sample, thus ensuring colocal-
ization of the captured objects. MTO-20@MODs was
labelled by conjugation with the fluorochrome FITC
(green), cell membranes were stained with WGA (red)
and nuclei were revealed with DAPI (blue). Efficient cel-
lular internalization of MTO-20@MODs is appreciated
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Fig. 4 Cell viability loss of MCF-7 breast cancer cells using MTT assay after treatment with MTO-10@MODs, MTO-20@MODs, MTO- 50@MODs and MTO-
100@MODs at a dose of 10 ug mL™" (A), 25 ug mL™" (B), 50 ug mL~" (C) and 100 ug mL~" (D)

in the merged pictures of bottom panels (FITC/WGA
or FITC/WGA/DAPI). Untreated cells served as nega-
tive controls and cells treated with reference NPs labelled
with FITC but not containing MTO served as posi-
tive internalization controls. The dose of reference NPs
and MTO-20@MODs used was 25 pg mL~!. MTO and
MTO-bis-organosilane showed no fluorescence in the
FITC wavelength (Figure S12), as expected.

In line with the confocal images, quantification of cellu-
lar uptake using flow cytometry revealed higher internal-
ization rate for the reference MSNs than for MTO-20@
MODs (Figure S13). The high cytotoxicity of MTO-20@
MODs may be responsible of the fewer living cells with
these NPs inside. To explore this possibility, we evalu-
ated cell viability reductions in MCE-7 cells treated with
MTO-20@MOD NPs by flow cytometry (Figure S14).
Indeed, cell viability reductions of more than 50% by day

3 and almost 90% by day 7, in line with previous MTT
assays, support this idea.

Synthesis and characterization of magnetic mitoxantrone-
modified mesoporous organosilica drug nanoparticles
(magnetic MTO@MODs)

Several studies have questioned the enhanced permeabil-
ity and retention (EPR) effect as the paradigm for reten-
tion and passive accumulation of nanomedicines in solid
tumours, highlighting the importance of active targeting
therapies [6, 61, 62]. For this reason, we aim to direct
MTO-20@MOD and the purely organic MTO-100@
MOD, to the desired target. We then re-engineered the
previously obtained MOD nanomedicines by introducing
magnetic NPs into their structure for magnetic target-
ing (Fig. 1). The synthetic strategy consisted of dispers-
ing magnetic Fe;O, NPs by ultrasonication before adding
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Fig. 5 Confocal imaging (single plane) of MCF-7 cells incubated with 25 ug mL™" of FITC-conjugated reference MSNs and MTO-20@MODs. Control cells
were cultured without NPs. Reference MSNs and MTO-20@MODs were conjugated with FITC (green), cell membranes were stained with WGA (red) and

nuclei with DAPI (blue)

the CTAB surfactant, so that the magnetic NPs are sur-
rounded by the surfactant molecules inside the micelles.
Magnetic Fe;O, NPs were prepared by co-precipitation
using iron chloride salts as precursors, and ammonium
hydroxide as catalyst.

The magnetic MTO-20@MODs retained their spheri-
cal shape, and slightly increased their size as shown by
TEM micrographs (Fig. 6A). The incorporation of the
Fe;O, NPs was confirmed by EDS elemental mapping
(Fig. 6B) and quantified from the TEM images. Once
synthesized, up to 68% of the NPs were magnetic. We
increased the proportion to 98% by separating the mag-
netic MODs from those without magnetite by using a
magnet. The good dispersion of the NPs and textural
properties were also retained as shown by the N, iso-
therms (Figure S15) and the DLS measurement (Figure
S16).

Interestingly, magnetic MTO-20@MOD exerted a sig-
nificantly higher reduction in breast cancer cells viabil-
ity than their non-magnetic counterparts at 25 pg mL™*
(Fig. 6D). As a control, the reference magnetic MSNs
had no effect on cell viability. Therefore, the enhanced
cytotoxic effect of magnetic MTO-20@MOD may be a

consequence of a synergistic effect between magnetite
and MTO. Previously, other authors have proved that
magnetite catalyses the Fenton reaction, in which the
decomposition of hydrogen peroxide (H,O,) produces
toxic free radicals (reactive oxygen species, ROS) [63—
65]. High concentration of H,O, has been recognized as
a hallmark of the tumour microenvironment [66, 67]. In
addition, MTO can be oxidized by ROS to produce dif-
ferent metabolites, which have been reported to be the
active ingredient of the drug [68-71]. Magnetic MODs
could then catalyse the conversion of H,O, into free radi-
cals, triggering MOD degradation, MTO release and oxi-
dation. Toxic free radicals together with oxidized MTO
metabolites would then have a synergistic effect promot-
ing cancer cell death. To prove this hypothesis, magnetic
MTO-20@MODs were dispersed in aqueous solution
containing H,0,. Quantification of H,0O, content over
time (Figure S17) demonstrated a reduction that sup-
ports that magnetic MTO-20@MODs catalyse the Fen-
ton reaction. The efficient internalization of the magnetic
MTO-20@MODs was also confirmed by confocal imag-
ing (Fig. 5).
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Encouraged by these results, we aimed to investigate
whether if magnetite introduction could trigger the
degradation of MTO-100@MOD and thus enhance its
cytotoxicity. Magnetic MTO-100@MOD retained the
spherical shape and were larger than MTO-100@MOD
(Fig. 6C and S18). Indeed, the MTT assay demonstrated
that magnetic MTO-100@MOD had significantly higher
cytotoxicity, more than 20%, compared to its non-mag-
netic counterpart.

In conclusion, newly synthesized magnetic MTO-20@
MOD and magnetic MTO-100@MOD have shown a
great potential as DDSs to specifically deliver the che-
motherapeutic drug MTO to the tumour by using mag-
netic fields with tissue penetration ability. Furthermore,
the introduction of magnetite triggers the degradation
of these materials through the generation of ROS by the
Fenton reaction. This releases MTO-bis-organosilane
prodrug, which together with ROS species and local
magnetic hyperthermia, also induced by magnetite NPs,
would synergistically enhance the cytotoxicity of these
nanocarriers, thus achieving a three-in-one trimodal
therapeutic nanomedicine.

Conclusions

In conclusion, we have successfully synthesized a bis-
organosilane derivative of the chemotherapeutic drug
mitoxantrone to be used as a prodrug silica source for the
synthesis of a novel type of PMOs: Mesoporous Organo-
silica Drug (MODs), which differ from conventional
PMOs by carrying the drug covalently embedded in the
NP framework and potentially capable to carry addi-
tional synergistic drugs. Several MODs with different
content of mitoxantrone prodrug (MTO bis-organosilane
derivative) have been synthesised even with 100% purely
organic bridged material. These MODs exhibit properties
suitable for use in nanomedicine: the optimized materials
were spherical, nanometre-sized, and with relative mes-
oporosity depending on the incorporation of MTO bis-
organosilane in the framework.

Interestingly, the nanomaterials MTO-10@MOD and
MTO-20@MOD showed higher and faster drug release
rates than MTO-50@MOD and MTO-100@MOD,
despite their lower drug content. This fact, which may
be explained because the surface area exposed to envi-
ronmental degradation is greater, is associated with a
greater reduction in cell viability in MCEF-7 breast cancer
cells. The higher release rate and efficacy in reducing cell
viability was observed for the MTO-20@MOD material.
However, depending on the specificity of the patients
and their required treatment conditions, the material
obtained from the pure MTO-bis-organosilane prodrug,
MTO-100@MOD, could be used for slow and prolonged
treatment, and therefore the adjustable drug release rate
is a remarkable feature of MOD nanoparticles.
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Importantly, by incorporating the drug into the NPs
framework, we achieved the goal of avoiding premature
drug release, unlike traditional MSNs and PMOs that
carry the drug adsorbed in their channels. Subsequent
MODs biodegradation enabled MTO prodrug sustained
release at the target cancer tissue, thereby minimising the
side effects. In addition, Fe;O, NPs were incorporated
into the MODs to obtain magnetic MOD NPs, with the
aim of active targeting to direct the MODs to the tumour
site by means of alternating magnetic fields, thereby
increasing the efficacy of the drug. In addition, magnetic
MODs facilitate the Fenton reaction by reacting with
hydrogen peroxide that exist in cancer environment, pro-
moting the generation of ROS capable of killing cancer
cells. This cooperates with and enhances the efficacy of
the MTO drug loaded into the NPs. Cancer cell viabil-
ity was greatly reduced by magnetic MTO@MODs, and
cytotoxicity was more than doubled after 3 days com-
pared to non-magnetic MTO@MODs. Magnetic MODs
are therefore promising materials that could significantly
increase the efficacy of a given chemotherapy, while
avoiding side effects and reducing the toxicity of free cir-
culating drugs in the body, such as MTO. New promising
insights are the synthesis of MODs carrying two or more
drugs to benefit from combination therapy to achieve
synergistic effects.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512951-024-02522-4.

[ Supplementary Material 1 J

Acknowledgements
The authors thank the Electron Microscopy Service in Universitat Politécnica
de Valéncia (UPV).

Author contributions

Investigation, EVR, and SME; Conceptualization, CGJ and RGM; Funding
acquisition, RGM, RS, CGJ and ACC; Supervision, VM, RS, and RGM; Writing—
original draft, ERC; Writing—review & editing, VM, JGM, ACC, CGJ, RS and RGM,;
Methodology, ERC, VM, RS, CGJ and RGM,; Validation, ERC, VM, RS, and RGM. All
authors have read and approved the final manuscript.

Funding

This work was supported by the Agencia Estatal de Investigacion of the
Spanish Government for Science, Innovation and Universities [Grant Nos.
CTQ2017-88642-R, PID2021-1252160B-100, PID2022-13672908B-100, PID2019-
104867RB-100/AEI/https://doi.org/10.13039/501100011033] and Comunidad
de Madrid [PRECICOLON-CM: P2022/BMD7212].

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.


https://doi.org/10.1186/s12951-024-02522-4
https://doi.org/10.1186/s12951-024-02522-4
https://doi.org/10.13039/501100011033

Romani -Cubells et al. Journal of Nanobiotechnology (2024) 22:249

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Chemical and Environmental Technology, Rey Juan
Carlos University (URJC), C/Tulipan s/n, Méstoles, Madrid 28933, Spain
2Depar‘[ment of Basic Health Sciences, Rey Juan Carlos University (URJC),
Avda. Atenas s/n, Alcorcon, Madrid 28922, Spain

Received: 7 February 2024 / Accepted: 1 May 2024
Published online: 14 May 2024

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, et
al. Global Cancer statistics 2020: GLOBOCAN estimates of incidence and
Mortality Worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2021;71:209-49.

2. BrayF, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. Cancer J Clin. 2018,68:394-424.

3. FerlayJ, Ervik M, Lam F, Laversanne M, Colombet M, Mery L et al. Global
Cancer Observatory: Cancer Today [Internet]. 2024 [cited 2024 Apr 4]. https://
gco.darcwho.int/today/.

4. Rahikkala A, Pereira SAP, Figueiredo P, Passos MLC, Aratjo ARTS, Saraiva
MLMFS, et al. Mesoporous silica nanoparticles for targeted and Stimuli-
Responsive Delivery of chemotherapeutics: a review. Adv Biosystems.
2018;2:1800020.

5. GuY,Fei Z. Mesoporous Silica Nanoparticles Loaded with Resveratrol Are
Used for Targeted Breast Cancer Therapy. Ding X, editor. Journal of Oncology.
2022;2022:1-11.

6. Aquib M, Faroog MA, Banerjee P, Akhtar F, Filli MS, Boakye-Yiadom KO, et al.
Targeted and stimuli-responsive mesoporous silica nanoparticles for drug
delivery and theranostic use. J Biomedical Mater Res. 2019;107:2643-66.

7. LiuY, Sun J,Han J, He Z. Long-circulating targeted nanoparticles for Cancer
Therapy. CNANO. 2010;,6:347-54.

8. Norouzi M, Amerian M, Amerian M, Atyabi F. Clinical applications of nano-
medicine in cancer therapy. Drug Discovery Today. 2020;,25:107-25.

9. Kimna C, Lieleg O. Engineering an orchestrated release avalanche from
hydrogels using DNA-nanotechnology. J Controlled Release. 2019;304:19-28.

10.  MoralesV, Gutiérrez-Salmeron M, Balabasquer M, Ortiz-Bustos J, Chocarro-
Calvo A, Garcia-Jiménez C, et al. New Drug-structure-directing Agent
Concept: inherent pharmacological activity combined with templating
solid and hollow-Shell Mesostructured silica nanoparticles. Adv Funct Mater.
2016;26:7291-303.

11. Ding C, Chen C, Zeng X, Chen H, Zhao Y. Emerging strategies in Stimuli-
Responsive Prodrug Nanosystems for Cancer Therapy. ACS Nano.
2022;16:13513-53.

12. Craig M, Jenner AL, Namgung B, Lee LP, Goldman A. Engineering in Medicine
to address the challenge of Cancer Drug Resistance: from Micro- and
nanotechnologies to Computational and Mathematical modeling. Chem Rev.
2021;121:3352-89.

13. BaekS, Singh RK, Khanal D, Patel KD, Lee E-J, Leong KW, et al. Smart multi-
functional drug delivery towards anticancer therapy harmonized in mesopo-
rous nanoparticles. Nanoscale. 2015;7:14191-216.

14. Martin A, Morales V, Ortiz-Bustos J, Pérez-Garnes M, Bautista LF, Garcia-Munoz
RA, et al. Modelling the adsorption and controlled release of drugs from the
pure and amino surface-functionalized mesoporous silica hosts. Microporous
Mesoporous Mater. 2018;262:23-34.

15.  Ortiz-Bustos J, Martin A, Morales V, Sanz R, Garcia-Munoz RA. Surface-
functionalization of mesoporous SBA-15 silica materials for controlled release
of methylprednisolone sodium hemisuccinate: influence of functionality
type and strategies of incorporation. Microporous Mesoporous Mater.
2017;240:236-45.

16.  Slowing |, Vivero-Escoto J, Wu C, Lin V. Mesoporous silica nanoparticles as
controlled release drug delivery and gene transfection carriers. Adv Drug
Deliv Rev. 2008,60:1278-88.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 16 of 17

LiH, Wu X, Yang B, Li J, Xu L, Liu H, et al. Evaluation of biomimetically synthe-
sized mesoporous silica nanoparticles as drug carriers: structure, wettability,
degradation, biocompatibility and brain distribution. Mater Sci Engineering:
C.2019;94:453-64.

Kesse S, Boakye-Yiadom K, Ochete B, Opoku-Damoah Y, Akhtar F, Filli M, et al.
Mesoporous silica nanomaterials: versatile nanocarriers for Cancer Theranos-
tics and Drug and Gene Delivery. Pharmaceutics. 2019;11:77.

Croissant JG, Fatieiev Y, Almalik A, Khashab NM. Mesoporous silica and
Organosilica nanoparticles: Physical Chemistry, Biosafety, Delivery Strategies,
and Biomedical Applications. Adv Healthc Mater. 2018,;7:1700831.

Sahay G, Alakhova DY, Kabanov AV. Endocytosis of nanomedicines. J Con-
trolled Release. 2010;145:182-95.

Jin Q Deng Y, Chen X, Ji J. Rational Design of Cancer Nanomedicine for
Simultaneous Stealth Surface and Enhanced Cellular Uptake. ACS Nano.
2019;acsnano.8b07746.

Hatton B, Landskron K, Whitnall W, Perovic D, Ozin GA. Past, Present, and
Future of Periodic Mesoporous OrganosilicasThe PMOs. Acc Chem Res.
2005;38:305-12.

Asefa T, Yoshina-Ishii C, MacLachlan MJ, Ozin GA. New nanocomposites: put-
ting organic function inside the channel walls of periodic mesoporous silica.
J Mater Chem. 2000;10:1751-5.

Morales V, Villajos JA, Garcia RA. Simultaneous synthesis of modified binol-
periodic mesoporous organosilica SBA-15 type material. Application as cata-
lysts in asymmetric sulfoxidation reactions. J Mater Sci. 2013;48:5990-6000.
Garcia-Munoz RA, Morales V, Linares M, Rico-Oller B. Synthesis of helical and
supplementary Chirally Doped PMO materials. Suitable catalysts for asym-
metric synthesis. Langmuir. 2014;30:881-90.

Garcia RA, Morales V, Garcés T. One-step synthesis of a thioester chiral PMO
and its use as a catalyst in asymmetric oxidation reactions. J Mater Chem.
2012;22:2607-15.

Garcia RA, van Grieken R, Iglesias J, Morales V, Villajos N. Facile one-pot
approach to the synthesis of chiral periodic mesoporous organosilicas SBA-
15-type materials. J Catal. 2010,274:221-7.

Garcia RA, van Grieken R, Iglesias J, Morales V, Gordillo D. Synthesis of

Chiral Periodic Mesoporous silicas incorporating tartrate derivatives in

the Framework and their use in Asymmetric Sulfoxidation. Chem Mater.
2008;20:2964-71.

Teng Z,Wang C, Tang Y, Li W, Bao L, Zhang X, et al. Deformable Hollow
Periodic Mesoporous Organosilica Nanocapsules for significantly improved
Cellular Uptake. J Am Chem Soc. 2018;140:1385-93.

Teng Z, LiW, Tang Y, Elzatahry A, Lu G, Zhao D. Mesoporous Organosilica Hol-
low nanoparticles: synthesis and applications. Adv Mater. 2019;31:1707612.
Takeda H, Goto Y, Maegawa Y, Ohsuna T, Tani T, Matsumoto K et al. Visible-
light-harvesting periodic mesoporous organosilica. Chem Commun.
2009;6032.

Teng Z,Su X, Zheng Y, Zhang J, Liu Y, Wang S, et al. A Facile Multi-interface
Transformation Approach to Monodisperse multiple-shelled periodic Meso-
porous Organosilica Hollow spheres. J Am Chem Soc. 2015;137:7935-44.
Sébio RM, Meneguin AB, Ribeiro TC, Silva RR, Chorilli M. New insights towards
mesoporous silica nanoparticles as a technological platform for chemothera-
peutic drugs delivery. Int J Pharm. 2019;564:379-409.

Du X, Li X, Xiong L, Zhang X, Kleitz F, Qiao SZ. Mesoporous silica nanoparticles
with organo-bridged silsesquioxane framework as innovative platforms for
bioimaging and therapeutic agent delivery. Biomaterials. 2016;91:90-127.
Hunks WJ, Ozin GA. Challenges and advances in the chemistry of periodic
mesoporous organosilicas (PMOs). J Mater Chem. 2005;15:3716.

Croissant J, Salles D, Maynadier M, Mongin O, Hugues V, Blanchard-Desce M,
et al. Mixed periodic Mesoporous Organosilica nanoparticles and Core-Shell
Systems, application to in Vitro two-Photon Imaging, Therapy, and Drug
Delivery. Chem Mater. 2014;26:7214-20.

Parambadath S, Rana VK, Moorthy S, Chu S-W, Park S-K, Lee D, et al. Periodic
mesoporous organosilicas with co-existence of diurea and sulfanilamide as
an effective drug delivery carrier. J Solid State Chem. 2011;184:1208-15.
Zhang W, Ma H, Hua J, Zhang W, Guo C, Wang J. Construction of pH respon-
sive periodic mesoporous organosilica with histidine framework (His-PMO)
for drug delivery. J Solid State Chem. 2019,277:761-8.

Parambadath S, Mathew A, Jenisha Barnabas M, Ha C-S. A pH-responsive
drug delivery system based on ethylenediamine bridged periodic mesopo-
rous organosilica. Microporous Mesoporous Mater. 2015;215:67-75.

Della Rocca J, Huxford RC, Comstock-Duggan E, Lin W. Polysilsesquioxane
nanoparticles for targeted platin-based Cancer Chemotherapy by Triggered
Release. Angew Chem Int Ed. 2011;50:10330-4.


https://gco.iarc.who.int/today/
https://gco.iarc.who.int/today/

Romani -Cubells et al. Journal of Nanobiotechnology

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.
57.

(2024) 22:249

Esquivel D, Jiménez-Sanchidrian C, Romero-Salguero FJ. Comparison of the
thermal and hydrothermal stabilities of ethylene, ethylidene, phenylene

and biphenylene bridged periodic mesoporous organosilicas. Mater Lett.
2011,65:1460-2.

Fan'W, Lu N, Shen Z,Tang W, Shen B, Cui Z, et al. Generic synthesis of small-
sized hollow mesoporous organosilica nanoparticles for oxygen-indepen-
dent x-ray-activated synergistic therapy. Nat Commun. 2019;10:1241.

Tang W, Fan W, Wang Z, Zhang W, Zhou S, Liu'Y, et al. Acidity/Reducibility
dual-responsive Hollow Mesoporous Organosilica Nanoplatforms for Tumor-
Specific Self-Assembly and synergistic therapy. ACS Nano. 2018;12:12269-83.
Saka C. Chromatographic methods for determination of drugs used in pros-
tate Cancer in Biological and pharmacological samples. Crit Rev Anal Chem.
2019;49:78-99.

Damiani RM, Moura DJ, Viau CM, Caceres RA, Henriques JAP, Saffi J. Pathways
of cardiac toxicity: comparison between chemotherapeutic drugs doxorubi-
cin and mitoxantrone. Arch Toxicol. 2016;90:2063-76.

Evison BJ, Sleebs BE, Watson KG, Phillips DR, Cutts SM. Mitoxantrone, more
than just another topoisomerase Il poison. Med Res Rev. 2016;36:248-99.
Rossato LG, Costa VM, Dallegrave E, Arbo M, Silva R, Ferreira R, et al. Mito-
chondrial cumulative damage Induced by Mitoxantrone: late onset Cardiac
energetic impairment. Cardiovasc Toxicol. 2014;14:30-40.

Gill JH, Rockley KL, De Santis C, Mohamed AK. Vascular disrupting agents in
cancer treatment: Cardiovascular toxicity and implications for co-administra-
tion with other cancer chemotherapeutics. Pharmacol Ther. 2019;202:18-31.
Wang L, Cao J, Li C, Wang X, Zhao Y, Li T, et al. Efficacy and safety of mitoxan-
trone hydrochloride liposome injection in Chinese patients with advanced
breast cancer: a randomized, open-label, active-controlled, single-center,
phase Il clinical trial. Invest New Drugs. 2022;40:330-9.

Yamamoto C, Ito S, Mashima K, Umino K, Minakata D, Yamasaki R, et al. Dose-
reduced combination of mitoxantrone, etoposide, and cytarabine (miniMEC)
for relapsed and refractory acute leukemia. Leuk Lymphoma. 2016,57:2541-7.
Regev R, Yeheskely-Hayon D, Katzir H, Eytan GD. Transport of anthracyclines
and mitoxantrone across membranes by a flip-flop mechanism. Biochem
Pharmacol. 2005;70:161-9.

Mascheroni P, Schrefler BA. Silico models for Nanomedicine: recent develop-
ments. CMC. 2018:25:4192-207.

Iturrioz-Rodriguez N, Correa-Duarte MA, Fanarraga ML. Controlled drug
delivery systems for cancer based on mesoporous silica nanoparticles. IJN.
2019;14:3389-401.

Ahlawat J, Guillama Barroso G, Masoudi Asil S, Alvarado M, Armendariz |,
Bernal J, et al. Nanocarriers as potential drug delivery candidates for over-
coming the blood-brain barrier: challenges and possibilities. ACS Omega.
2020;5:12583-95.

Glasgow MDK, Chougule MB. Recent developments in active Tumor targeted
multifunctional nanoparticles for Combination Chemotherapy in Cancer
Treatment and Imaging. j Biomed Nanotechnol. 2015;11:1859-98.
Challenging paradigms. In tumour drug delivery. Nat Mater. 2020;19:477-477.
Vidaurre-Agut C, Rivero-Buceta E, Romani-Cubells E, Clemments AM,
Vera-Donoso CD, Landry CC, et al. Protein Corona over Mesoporous silica
nanoparticles: influence of the Pore Diameter on competitive adsorption and
application to prostate Cancer Diagnostics. ACS Omega. 2019;4:8852-61.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Page 17 of 17

Carrefio EA, Alberto AVP, de Souza CAM, de Mello HL, Henriques-Pons A,
Anastacio Alves L. Considerations and technical pitfalls in the employment of
the MTT Assay to Evaluate Photosensitizers for photodynamic therapy. Appl
Sci. 2021;11:2603.

Lin B, Chen H, Liang D, Lin W, Qi X, Liu H, et al. Acidic pH and High-H , O,
dual Tumor Microenvironment-Responsive Nanocatalytic Graphene Oxide
for Cancer Selective Therapy and Recognition. ACS Appl Mater Interfaces.
2019;11:11157-66.

Croissant JG, Fatieiev Y, Khashab NM. Degradability and Clearance of Silicon,
Organosilica, Silsesquioxane, silica mixed oxide, and mesoporous silica
nanoparticles. Adv Mater. 2017,29:1604634.

Sindhwani S, Syed AM, Ngai J, Kingston BR, Maiorino L, Rothschild J, et al. The
entry of nanoparticles into solid tumours. Nat Mater. 2020;19:566-75.

de Lazaro |, Mooney DJ. Obstacles and opportunities in a forward vision for
cancer nanomedicine. Nat Mater. 2021,20:1469-79.

Minella M, Marchetti G, De Laurentiis E, Malandrino M, Maurino V, Minero C,
et al. Photo-Fenton oxidation of phenol with magnetite as iron source. Appl
Catal B. 2014;154-155:102-9.

Kankala RK, Liu C-G, Chen A-Z, Wang S-B, Xu P-Y, Mende LK, et al. Overcoming
Multidrug Resistance through the synergistic effects of hierarchical pH-Sensi-
tive, ROS-Generating nanoreactors. ACS Biomater Sci Eng. 2017,3:2431-42.
Gil-Lozano C, Davila AF, Losa-Adams E, Fairén AG, Gago-Duport L. Quantifying
Fenton reaction pathways driven by self-generated H202 on pyrite surfaces.
SciRep. 2017;7:43703.

Yang N, Xiao W, Song X, Wang W, Dong X. Recent advances in Tumor
Microenvironment Hydrogen Peroxide-Responsive materials for Cancer
Photodynamic Therapy. Nano-Micro Lett. 2020;12:15.

Martinez-Outschoorn UE, Lin Z, Trimmer C, Flomenberg N, Wang C, Pavlides
S, et al. Cancer cells metabolically fertilize the tumor microenvironment with
hydrogen peroxide, driving the Warburg effect: implications for PET imaging
of human tumors. Cell Cycle. 2011;10:2504-20.

Avendafo C, Menéndez JC. Chapter 4 - Anticancer Drugs Acting via Radical
Species: Radiotherapy and Photodynamic Therapy of Cancer. In: Avendario C,
Menéndez JC, editors. Medicinal Chemistry of Anticancer Drugs (Second Edi-
tion) [Internet]. Boston: Elsevier; 2015. pp. 133-95. https://www.sciencedirect.
com/science/article/pii/B9780444626493000041.

Gomez-Canela C, Campos B, Barata C, Lacorte S. Degradation and toxic-

ity of mitoxantrone and chlorambucil in water. Int J Environ Sci Technol.
2015;12:633-40.

Briick TB, Briick DW. Oxidative metabolism of the anti-cancer agent mitoxan-
trone by horseradish, lacto-and lignin peroxidase. Biochimie. 2011;93:217-26.
Reszka K, Kolodziejczyk P, William Lown J. Horseradish peroxidase-catalyzed
oxidation of mitoxantrone: spectrophotometric and electron paramagnetic
resonance studies. J Free Radicals Biology Med. 1986;2:25-32.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://www.sciencedirect.com/science/article/pii/B9780444626493000041
https://www.sciencedirect.com/science/article/pii/B9780444626493000041

	﻿Magnetically modified-mitoxantrone mesoporous organosilica drugs: an emergent multimodal nanochemotherapy for breast cancer
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Chemicals
	﻿﻿Synthesis of MSNs as reference material
	﻿Synthesis of the bis-organosilane mitoxantrone derivative (MTO-bis-organosilane)
	﻿Synthesis of MODs using 100, 70, 60, 50, 20 and 10 wt% of MTO-bis-organosilane
	﻿Synthesis of magnetic iron nanoparticles (Fe﻿3﻿O﻿4﻿ NPs)
	﻿Synthesis of magnetic MTO-20@MOD and magnetic MTO-100@MOD
	﻿Fenton reaction with magnetic MTO-20@MOD
	﻿Characterization
	﻿Drug release assay
	﻿Labelling of MTO-20@MODs and MTO-100@MODs with FITC
	﻿Cell culture
	﻿Cell viability studies
	﻿Cellular uptake
	﻿Confocal imaging

	﻿Results and discussion
	﻿Synthesis and characterization of the bis-organosilane derivative of Mitoxantrone (MTO-bis-organosilane)
	﻿Synthesis and characterization of mitoxantrone-modified mesoporous organosilica drug nanoparticles (MTO@MODs)
	﻿Release experiments of mitoxantrone-modified mesoporous organosilica drug nanoparticles (MTO@MODs)
	﻿Biological in vitro evaluation of mitoxantrone-modified mesoporous organosilica drug nanoparticles (MTO@MODs) in breast cancer cells viability
	﻿Synthesis and characterization of magnetic mitoxantrone-modified mesoporous organosilica drug nanoparticles (magnetic MTO@MODs)

	﻿Conclusions
	﻿References


