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The current approaches used for the treatment of cancer face some clinical limitations such as induction of severe side effects,
multidrug resistance (MDR), and low specificity toward metastatic cancer cells. Hybrid nanomaterials hold a great potential to
overcome all these challenges. Among hybrid nanoparticles, those based on mesoporous silica and iron oxide nanoparticles (MSNs
and IONPs) have gained a privileged place in the biomedical field because of their outstanding properties. There are many studies
demonstrating their effectiveness as drug delivery systems, nanoheaters, and imaging contrast agents. This review summarizes
the advances related to the utilization of IONPs and MSNs for reducing side effects, overcoming MDR, and inhibiting metastasis.

Furthermore, we give a future perspective of the clinical application of these technologies.

1. Introduction

Cancer is the second cause of death in the United States
and will be responsible for 595,690 deaths in 2016 [1]. The
diagnosis and treatment of this deadly disease is challenging
due to clinical limitations of traditional approaches such as
surgery, radiotherapy, and chemotherapy [2-4]. For decades,
chemotherapy has been regarded as the standard form of
clinical therapy for most types of cancer. However, the induc-
tion of severe side effects and multidrug resistance (MDR)
limit the use and efficacy of this antineoplastic therapy [2, 5].
Moreover, due to the poor therapeutic outcome reached in
many solid tumors, cancer cells have the ability to travel
from their primary tumor and to reestablish in other organs
(metastasis). The formation of secondary tumors in distant
organs impacts negatively the survival of cancer patients [6].
For these reasons, detrimental side effects, MDR, and metas-
tasis are the greatest challenges in cancer treatment today.

The utilization of hybrid nanomaterials, which are com-
posed of organic and inorganic materials, has great potential
to overcome some of the major issues related to the treatment
of cancer. Several publications have shown the application of
hybrid nanoparticles for cancer treatment [7, 8]. They have
been used as drug delivery systems, nanoheaters, and MRI
contrast agents without inducing significant side effects [7-
10]. In addition, nanoparticles can be targeted to tumors
by a passive mechanism known as enhanced permeability
and retention (EPR) effect and an active approach using
targeting agents that allow the specific interaction of the
target-modified nanomaterial with cancer cells [10]. While
the EPR effect is the result of the leaky vasculature and
impaired lymphatic function of tumor tissue, active targeting
can be achieved by the conjugation of specific molecules or
antibodies onto the surface of nanoparticles to render the
ability of recognizing specific protein receptors overexpressed
in cancer cells [10, 11]. This could result in the accumulation



of nanoparticles in the tumor tissue and/or in cellular uptake,
allowing the intracellular delivery of therapeutic agents.

The use of different types of hybrid nanomaterials based
on iron oxide and mesoporous silica nanoparticles (IONPs
and MSNs) have been widely explored in biomedical research
with promising results for cancer therapy [10, 12-15]. This
review summarizes the advances related to the use of IONPs
and MSNs for reducing side effects, overcoming MDR and
inhibiting metastasis. Furthermore, we give a future perspec-
tive about the translation of these technologies to a clinically
available treatment.

2. Iron Oxide Nanoparticles

For more than a decade, IONPs have gained significant
interest, in particular for their application in the biomedical
field. This growing interest is due to their exclusive properties
such as their ability to respond to magnetic fields (in magnetic
field gradients), particle rotation (in alternating magnetic
fields), or internal dipole rotation (in alternating magnetic
field) [10]. As a result, IONPs can be directed to specific sites
using a magnetic field or dissipate magnetic energy in the
form of heat when an alternating magnetic field is applied.
IONPs are commonly synthesized by the coprecipitation of
aqueous iron salts in the presence of a strong base [16-18]. The
biocompatibility of this platform has been demonstrated in
vitro and in vivo. Currently, dextran-coated IONPs have been
approved by the FDA as MRI contrast agents for liver imaging
(19, 20]. These properties have allowed the use of IONPs
for different applications such as vectors for magnetic drug
targeting [21, 22] and hyperthermia (MFH) [10, 16, 23, 24] to
overcome some of the main challenges in cancer therapy.

2.1. Reducing Severe Side Effects. The use of IONPs for
magnetic drug targeting (MDT) was first proposed by Frei
[25]. It involves the coupling of anticancer agents to iron oxide
nanoparticles, injection of the nanovehicle into the blood
stream and its guidance to the tumor area using an externally
applied magnetic field (Figure 1). This approach allows higher
doses of antineoplastic agents in the tumor region with a
reduced overall dose [26]. Thus far, there are numerous in
vivo and several clinical trials demonstrating the effectiveness
of this technique and its ability to reduce side effects [27, 28].

One of the first in vivo studies that reported the utilization
of MDT for cancer treatment was conducted by Widder et
al. and involved the use of an iron oxide based nanocarrier
[29]. IONPs and adriamycin were entrapped in albumin
microspheres that were used to increase the amount of
chemotherapeutic agent in the tumor using an external
magnetic field. A significant accumulation of adriamycin was
observed in the tumor and it was similar to that achieved by
administrating a 100-fold higher dose of the free drug. After
these results, several preclinical studies involving the use of
MDT to reduce the severe side effects induced by anticancer
drugs have been reported [26, 30].

The antineoplastic drug mitoxantrone produces signif-
icant side effects such as heart problems, bone marrow
suppression, and paralysis [31]. Several studies have evaluated
the effectiveness of MDT to overcome these detrimental side
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FIGURE 1: Schematic representation of magnetic drug targeting
(MDT).

effects. For example, Alexiou et al. used iron oxide based
nanoparticles containing mitoxantrone to treat squamous cell
carcinoma in rabbits [32]. After intra-arterial injection of this
nanocarrier, an external magnetic field was applied on the
tumor. The authors reported complete tumor remission after
MDT application with minimum toxicity. Later, the same
group demonstrated that particles can not only penetrate the
vascular wall and concentrate into the tumor, but also can be
taken up by the tumor cells, reaching the intracellular space
[33]. The therapeutic agent was accumulated in the tumor 50
times higher using MDT than using systemic administered
chemotherapy.

More recently, an iron oxide carrier-system containing
mitoxantrone was developed and tested in tumors implanted
in the hind limbs of rabbits [34]. Results indicated that MDT
was able to concentrate the anticancer drug in the tumors at a
higher extent (572%) than using the systemic administered
chemotherapy (0.7%). In addition, this technique induced
complete tumor remission and a survival probability of
26.7%.

For decades paclitaxel has been regarded as a successful
antineoplastic drug for treating many types of cancer such as
breast, ovarian, lung, bladder, and prostate [35]. However, the
vehicle used to administer the drug (Cremophor EL/ethanol)
induces allergic reactions and histamine release. To overcome
this problem, the utilization of magnetoliposomes for MDT
has been proposed and evaluated. Zhang et al. synthesized
lyophilized paclitaxel magnetoliposomes to treat breast carci-
noma [36]. After intravenous (iv) injection of the paclitaxel-
loaded magnetoliposomes, a magnetic field induced from a
permanent magnet was used to lead and accumulated them
in the tumor area. The results in this work showed that this
platform effectively reached the tumor region and was able
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to induce significant antineoplastic activity, causing lower
systemic toxicity than other formulations. Another study
evaluated the magnetic vectorization of ultra magnetolipo-
somes (UML) toward tumors in mice [37]. The findings of this
study demonstrated that UML were efficiently internalized by
tumor cells when a magnetic field was applied.

MDT has also been explored to target tumors localized
in areas of restricted access such as brain tumors. Targeting
brain tumors is challenging due to the blood brain barrier
that the anticancer drugs need to overcome before reaching
the tumor sites. These hurdles make the prognosis of patients
with this type of cancer discouraging [38]. Some studies have
reported the efficacy of MDT to enhance the delivery of
chemotherapeutics to brain tumors with promising results
[39, 40]. The development of iron oxide based nanoparticles
encapsulated within the polymer poly[aniline-co-N-(1-one-
butyric acid)] aniline (SPAnH) was used to load the anti-
cancer drug epirubicin [39]. This nanovehicle was targeted
to the brain combining focused ultrasound and magnetic
targeting. The in vivo results confirmed that this synergistic
therapy increased the local drug concentration. Similarly,
Chertok et al. were able to deliver polyethyleneimine- (PEI-
) modified magnetic nanoparticles (GPEI) to brain tumors
using MDT [40]. While the absence of a magnetic field did
not show a significant accumulation of the nanocarrier in the
tumor, when the particles were guided by a magnetic field a
significant local increase of GPEI was observed.

Although many preclinical studies regarding MDT have
been reported, only some clinical phase I/II trials have been
conducted. In 1996 the first clinical trial in patients with
advanced cancer or sarcomas was carried out [41]. Epirubicin
was chemisorbed on IONPs that were covered with anhy-
droglucose polymers. The results showed that patients treated
with MDT exhibited tolerance to this therapy and that the
concentration of epidoxorubicin in blood plasma was lower
for those patients treated with magnetic drug targeting than
patients who received conventional systemic epidoxorubicin.

Later, in 2002 a pharmaceutical company designed and
tested magnetic targeted carriers containing doxorubicin for
the treatment of liver cancer patients [42]. The use of this
iron based nanocarrier for MDT caused the release of the
anticancer agent at the tumor site without significant side
effects. Despite these promising results, the company did not
continue enrolling patients after a phase III clinical trial. In
2004, Wilson et al. reported a clinical study where patients
with inoperable hepatocellular carcinoma were treated with
a magnetic carrier containing doxorubicin [43]. This study
demonstrated that MDT provided selective doxorubicin
delivery to the tumor, with a final fraction of treated tumor
volume of 0.64 to 0.91.

Despite of the encouraging results that have been
reported about MDT, to date it has not reached the clinical
market. Considering that the guidance of the nanoparticles
using an external magnetic field is only applicable to super-
ficial tumors, MDT could have tremendous potential for the
treatment of these types of tumors. Although there are still
some challenges such as optimizing magnetic nanocarriers
and magnet design that need to be addressed before trans-
lating this technology to a clinically available treatment, we
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FIGURE 2: Schematic representation of MFH application.

believe that multidisciplinary research will help to overcome
these challenges in the future.

2.2. Overcoming Multidrug Resistance. Although the mecha-
nism of cancer multidrug resistance is complex, it has been
related to low intracellular accumulation of chemotherapeu-
tics and the ability of cancer cells to repair DNA damage
[10]. The use of hyperthermia as an adjunct to improve
the therapeutic window of drugs that has shown clinical
limitations because MDR has gained great interest. The
mechanisms responsible for the enhanced drug cytotoxicity
associated with hyperthermia are not yet fully understood
but generally involve improved intracellular uptake of drugs
due to increased cell membrane permeability and inhibition
of DNA repair [44].

Current clinical applications of hyperthermia include sur-
face applicators (RF, microwave, or ultrasound), microwave
techniques (small antennas microwave, hot water tubes, and
laser fibers), and thermal conduction using thermal cham-
bers [45]. However, these techniques produce significant side
effects such as tachycardia, malaise, and impact on tissue
metabolism, blood flow, organ function, and tissue repair.
For this reason, the use of IONPs to induce local hyperther-
mia (magnetic fluid hyperthermia (MFH)) without causing
damage to adjacent tissues is an attractive approach. It takes
advantage of the ability of IONPs to dissipate the magnetic
field energy into heat in the presence of an alternating mag-
netic field (Figure 2). Numerous in vitro and in vivo studies
have reported promising results indicating that this practice
can promote thermochemosensitization of chemotherapeu-
tic agents [10, 46].

Cisplatin is used to treat many types of cancer such as
testicular, ovarian, bladder, and non-small cell lung cancer
[47]. Nevertheless, its clinical application is limited because
some types of malignances do not respond to its ther-
apeutic effect. The thermopotentiation of cisplatin using
MFH has widely been studied. One of the first studies



that demonstrated the enhanced potentiation of cisplatin
with IONPs was conducted by Babincova et al. [48]. After
these encouraging results, several studies have been reported
regarding the combination of cisplatin and MFH [49-51]. For
example, Taylor et al. used carbon-encapsulated iron oxide
nanoparticles to treat DU-145 cells using cisplatin and MFH
[50]. The results showed that this combined treatment was
more effective than each separate treatment. Similarly, Petryk
et al. demonstrated that cisplatin in combination with MFH
was able to induce higher toxic effects than the treatments
alone in a murine mammary adenocarcinoma model [52].
Lee et al. investigated the in vitro thermochemosensitization
of cisplatin using MFH [51]. In this study, the treatment
sequence was evaluated in Caco-2 cancer cells and the
results were compared to hyperthermia induced by hot water.
For all treatment sequences used, MFH was more effective
in enhancing the cytotoxicity of cisplatin than hot water
hyperthermia at the same conditions. The highest toxicity
was obtained when cisplatin and MFH were applied at the
same time. Later, Alvarez-Berrios et al. demonstrated that
one of the mechanisms by which MFH potentiates cisplatin
toxicity is an increase in membrane fluidity [18]. The heat
released from IONPs was able to improve drug cytotoxicity by
increasing the intracellular accumulation of cisplatin through
increased membrane fluidity.

Other anticancer agents have also been explored with this
technique. For example, Brusentsov et al. demonstrated that
by combining a dextran ferrite- and citrate-coated magnetic
nanoparticles with melphalan or cyclophosphamide the lifes-
pan of mice increased by 180% and 290%, respectively, with
significant tumor remission [53]. The in vitro and in vivo
thermopotentiation of geldanamycin, an HSP 90 inhibitor
using IONPs was evaluated in a B16 melanoma model [54].
Complete tumor remission in five out of nine animals was
observed after application of the combined treatment. Sim-
ilarly, the thermochemosensitization of 5-bromotetrandrine
(5-BrTet) and daunorubicin using MFH was observed in an in
vivo model of leukemia [55]. The results indicated that tumor
size reduction was evident when the combined treatment was
applied. Recently, Ren et al. studied the in vivo thermopo-
tentiation of adriamycin using multidrug resistance protein
inhibitor-conjugated IONPs [56]. A significant decrease in
tumor size was observed in those animals that were exposed
to MFH in combination with the anticancer drug. On the
other hand mice that were not exposed to this combined
treatment showed an increase in the tumor size.

The enhanced potentiation of bortezomib with MFH has
also been investigated [16, 17]. Bortezomib is a proteasome
inhibitor that has been approved by the FDA for multiple
myeloma, but its clinical use is limited due to clinical
toxicity and drug resistance [57, 58]. Alvarez-Berrios et al.
treated bortezomib resistant and non-resistant cancer cells
with bortezomib and MFH [16]. This combined treatment
was effective in reducing cell viability in both resistant and
non-resistant cancer cells. These results revealed that the
utilization of IONPs as nanoheaters to induce localized
hyperthermia can sensitize otherwise multidrug-resistant
cells. In addition, this approach can not only overcome
multidrug resistance, but also help to decrease side effects.
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Although several studies evaluating the effectiveness of
MFH in humans have been reported [59, 60], to date no
clinical application of MFH in combination with anticancer
drugs has been reported. There are still some challenges
with this technology such as improving IONPs concentration
and heat generation in the tumor that need to be addressed
before it is translated to the clinic. However, based on the
encouraging results obtained we anticipate that in the future
this approach will gain significant progress to reach the
clinical market.

2.3. Fighting Metastasis. The decisions for the treatment
of metastatic disease highly depend on diagnostic tools
that have the capability of detecting the exact place where
metastatic cancer cells are housed [61]. The imaging technol-
ogy used currently in clinical settings is not precise on finding
singlet cells hidden in other organs beyond the primary
tumor [62]. The use of IONPs as contrast imaging agents
seems to be a powerful tool for metastases diagnosis. IONPs
can be modified with molecules that target specific surface
receptors or antigens on metastatic cancer cells, allowing the
tracking of targeted cells using MRI (Figure 3). The detection
of lymph node metastases using IONPs has been explored in
the last years, showing promising results [63, 64]. Harising-
hani et al. conducted a study to prove if highly lymphotropic
superparamagnetic particles could be used simultaneously
with high resolution MRI in order to expose small nodal
metastases [65]. This study enrolled eighty patients with T1,
T2, or T3 prostate cancer. Each patient was tested by MRI
before and after 24 hours of intravenous injection of 2.6 mg
of iron per kg of body weight of the lymphotropic superpara-
magnetic particles. The high resolution MRI in conjunction
with the magnetic nanoparticles allowed a node by node
analysis and the detection of small lymph node metastases
in patients with prostate cancer. The results obtained from a
meta-analysis established that enhanced MRI (superparam-
agnetic iron oxide nanoparticles (SPIONPs) in combination
with MRI) is a sensitive and specific approach for lymph
node metastasis detection [63]. While SPIONPs-enhanced
MRI had an overall sensitivity of 0.88 and specificity of 0.96,
conventional MRI had a sensitivity of 0.63 and specificity
of 0.93. Similarly, a more recent meta-analysis demonstrated
that SPIONPs-enhanced MRI offers higher diagnostic perfor-
mance, showing better sensitivity (0.90) and specificity (0.96)
for the detection of lymph node metastasis than conventional
MRI (sensitivity of 0.39 and specificity of 0.90) [66].
SPIONPs-enhanced MRI has also been studied for the
detection of other cancer metastases. For example, Leuschner
et al. studied the ability of targeted SPIONPs to accumulate in
metastatic breast cancer cells and to improve the sensitivity
of MRI [67]. The surface of the nanoparticles was modified
with luteinizing hormone releasing hormone (LHRH) and
tested in breast cancer cell lines and in animal models.
Nanoparticles were poorly internalized by macrophages and
highly incorporated into metastatic cancer cells present in
the lungs. Authors claimed that the use of these targeted
nanoparticles may serve as a contrast agent for MRI imaging,
increasing the sensitivity for the detection of metastasic
cancer cells in lymph nodes, bones, and peripheral organs.
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FIGURE 3: Schematic representation of the capability of IONPs for
detecting metastatic cancer cells.

Similarly, Vu-Quang et al. reported a targeted IONPs system
for the diagnosis of liver metastasis, which occurs in patients
with colon, breast, lung, and gastric cancer [68]. IONPs were
functionalized with a group of glucose polymers named beta-
glucan and their ability to target liver and lymph nodes in
a metastatic mouse liver model was studied using MRI. The
utilization of glucan coated nanoparticles revealed macro and
micro metastasized regions in the liver.

A more recent study, reported the utilization of IONPs
covered with folic acid to target metastatic ovarian cancer
cells present in the whole blood using a magnetic field [69].
The study was able to detect metastatic ovarian cancer cells
from the blood of five out of ten patients’ whole blood.
Although metastasis is still a prevalent challenge in cancer,
the use of IONPs for its early diagnosis seems to have a bright
future. Since the surface of IONPs can be decorated with
different molecules, IONPs have tremendous potential, not
only for the diagnosis of metastatic cancer cells, but also for
the treatment of metastasis.

3. Mesoporous Silica Nanoparticles

Mesoporous materials, which are defined according to
TUPAC as materials containing pores with diameters between
2 and 50 nm, have attracted significant attention for their
potential use in the biomedical field. Among these inorganic-
based materials, MSNs have become the most investigated
material in the areas of nanomedicine and biotechnol-
ogy. MSNs are solid materials, which contain hundreds of
empty channels (mesopores) arranged in a 2D network of
honeycomb-like porous structure. This ordered pore net-
work, with its size homogeneity, allows for high loading
capacity and controlled release kinetics. MSNs are synthe-
sized following a surfactant-templated synthetic approach
using tetraethylorthosilicate (TEOS) as silica precursor for
the condensation reaction under either basic or acidic condi-
tions. After the material has been synthesized, the surfactant
is removed by calcination or acid wash to afford MSNs [70].
As a potential alternative to the current treatments, MSNs
have several unique features such as high specific surface area,
large pore volume, tunable pore structures, high biocompat-
ibility, and chemical stability. Moreover, MSNs are physically
customizable, nontoxic, and safely carry anticancer agents

(b)

FIGURE 4: Schematic representation of MSNs as a platform for drug
delivery (a). (A) Nanoparticles attached to MSNs as functional gate-
keepers. (B) Hydrophobic/hydrophilic guest molecules entrapped
in the interior of the nanochannels. (C) Stimuli-responsive linkers,
which chemically attach MSNs and gatekeepers. (D) Grafting with
a protecting polymer, such as PEG, shields the MSN surface
from interacting with opsonizing proteins. (E) Bioimaging agents
such as magnetic nanoparticles, quantum dots, or fluorophores.
(F) Targeting ligands such as antibodies. (G) Complexation with
plasmid DNA. (H) Additional ligands such as cell penetrating pep-
tides. (I) Incorporation of a diagnostic label. (J) Stimuli-responsive
polymers. (K) Attachment of functional groups that could modify
the metabolism of cells. Transmission electron microscopy image of
MSNs (b) [79].

in vivo [14, 71]. Because of these structural properties the
drug loading capacity of either hydrophobic or hydrophilic
drugs is increased, making MSNs a promising drug delivery
carrier for cancer therapy [72-74]. Additionally, MSNs can
be selectively functionalized in both the interior (meso-
porous channels) and exterior surfaces with a wide variety
of functional groups including small molecules, polymers,
and biomolecules [70, 75]. The chemical flexibility of this
silica-based platform and the vast possibilities of surface
functionalization have allowed researchers to develop drug
delivery systems with target-specific, stimuli-responsive, and
biodegradable properties (Figure 4). Furthermore, a vast
variety of contrast agents can be readily incorporated to
MSNs. The modification of MSNs with imaging agents for
techniques such as optical, MRI, CT, and PET has already
been reported in the literature [76, 77]. The combination
of the capabilities of MSNs as therapeutic and diagnostic
platform has resulted in theranostic systems. The advantages
and efficacy of MSN-based theranostic carriers has also been
demonstrated in in vitro and in vivo settings [78]. In addition,
MSNSs are also an excellent system to develop combinational
therapy approaches for cancer treatment.

The use of MSNs for the delivery of anticancer drugs
to enhance the therapeutic efficacy against cancer has made
significant progress in the last decade. The ability of MSN
platform to safely carry and deliver anticancer therapeutics
in a target-specific, stimuli-responsive control fashion has
been demonstrated in vitro and in vivo with a wide variety
of cancers. Nevertheless, in recent years, a great deal of
attention has been paid to the use of MSN systems for the



enhancement of chemotherapy efficacy and inhibitions of
multidrug resistance (MDR) and cancer cell metastases.

3.1. Reducing Severe Side Effects. Conventional chemotherapy
involves the use of agents that are toxic and lack the ability
to discriminate between normal and cancerous cells [80-
83]. For this reason, reducing the side effects induced by
chemotherapy is critical to make this therapy more efficient,
safer, and patient-friendly. Several approaches have been
proposed to address these issues, such as increasing the
amount of anticancer drugs loaded to nanoparticles and
control their release by stimuli-responsive strategies. In
addition, optimizing the intracellular delivery of therapeutic
drugs by using nanocarriers as organelle specific delivery
systems is a promising alternative to enhance the thera-
peutic efficacy of antineoplastic agents. Targeted delivery
and responsive release of therapeutic drugs based on the
difference between tumor tissue/cells and normal ones are
a strategy that has also been successfully demonstrated.
Because of their outstanding structural properties MSNs are
an excellent platform to enhance the target-specificity, safety,
and therapeutic efficacy of anticancer drugs. There are many
studies that have evaluated their efficacy in different types of
malignances with optimistic results. For example, pancreatic
cancer is the fourth leading cause of cancer death in the
United States. This is one of the most difficult conditions to
treat, with a 5-year survival at about 6% [84]. The horrific
prognosis of pancreatic cancer is a result of late diagnosis
and the tumor’s refractory behavior toward current drug
treatment. Gemcitabine is the standard chemotherapeutic
drug for this type of cancer, providing a median survival
of 5.65 months. Combinations of gemcitabine with other
chemotherapeutic drugs and targeted therapies have so far
failed to provide any significant improvement [85]. Gurka et
al. studied a urokinase-type plasminogen activator receptor
(uPAR) targeted, pH-responsive MSN system loaded with
gemcitabine and indocyanine green (ICG) as a theranostic
MSN-based system for the treatment of pancreatic cancer
[86]. uPAR is overexpressed in pancreatic cancer cells and
ICG is a multispectral optoacoustic tomography (MSOT)
contrast agent that has been used for both in vitro and in
vivo assays. The results of this study demonstrated an increase
in the specificity of the nanoparticle for pancreatic cancer
cells resulting in improved diagnostic accuracy and drug
delivery while sparing normal tissues. On the other hand,
fluorescence microscopy showed minimal fluorescence for
untagged MSNs, while significant fluorescence was observed
for uPA targeted MSNs. Additionally, pretreatment using
uPAR blocking antibody caused minimal fluorescence con-
firming that the fluorescence of the uPA targeted MSNs
was attributable to uPAR binding. Biodistribution studies
performed on S2VP10 mice showed greatest accumulation
within the spleen for the untargeted MSNs, whereas sub-
stantial binding of uPA targeted MSNs particles within the
orthotopic S2VP10 mouse tumor was observed with reduced
secondary binding in the specimenss liver, spleen, and kidney.
These findings illustrated that uPA targeted, pH-responsive
MSN delivery system can be a promising strategy for the
treatment of pancreatic cancer with minimal side effects.
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Bladder cancer is among the five most common cancers.
This year 76,960 new cases of bladder cancer are expected
and 16,390 deaths are estimated to be caused by this type
of cancer [1]. Nearly 50% of all bladder cancer patients
are diagnosed while the tumor is in situ; for this reason
the most widely practiced treatment is a surgical procedure
known as transurethral resection of bladder tumor (TURBT).
However, due to the high rate of recurrence among bladder
cancer patients (50-90%), it is necessary to use other types
of treatments in order to assure complete elimination of
cancer. This has been achieved to a large extent by treating
patients with intravesical chemotherapy, where the drug is
injected intravenously and/or combining it with TURBT.
However, this therapy is limited due to the rapid clearance
of the drugs from the bladder and low exposure of the
tumor site to the chemotherapeutic agents, which can be
overpowered by employing nanocarriers for delivering the
drug. Taking advantages of the capabilities of MSNs, Zhang
et al. reported a pH-responsive, thiol (-SH) functional-
ized MSNs (MSNPs-Cyclodextrin-(NH,)-SH), encapsulating
doxorubicin (DOX) for the treatment of bladder cancer [87].
The authors suggested that the introduction of thiol groups,
in the surface of the material, would increase the adhesion of
MSNs to the mucous membrane of the urothelium through
the formation of disulfide bonds. This will allow the sustained
release of the loaded anticancer drugs from MSNs during
intravesical chemotherapy. In vitro experiments showed that
significant fluorescence was observed on the bladder walls for
fluorescein labelled MSNs-CD-(NH,)-SH, while a material
lacking thiol groups (MSNPs-CD-NH,) showed much lower
fluorescence. These results confirmed that the presence of
thiol groups on the surface of MSNs enhanced the mucoadhe-
sive capacity for the mucous membrane of the urothelium due
to its ability to form covalent bonds between its thiol groups
and the glycoproteins in mucin protein. DOX was efficiently
loaded into the mesopores of MSNs-CD-(NH,)-SH, and its
release was triggered by acidic pH conditions. Dox@MSNPs-
CD-(NH,)-SH can induce cytotoxicity against UMUC3 blad-
der cancer cells with an ICs, of 3.92 + 1.06 ug DoxmL ™.
This report thereby demonstrated promising results with
functionalized MSNs for mucoadhesive and sustained drug
delivery system for superficial bladder cancer therapy.

One of the major issues of anticancer drugs is that despite
their advantageous pharmacological activities, most of them
cannot be translated into clinical application due to their
poor solubility, which usually leads to poor bioavailability.
Recently, Jambhrunkar et al. showed a scheme to encap-
sulate curcumin in the pores of MSNs (MCM-41) through
a hydrogen-bonding approach [88]. This strategy improved
aqueous solubility, drug release, and cellular delivery of
curcumin. These advantageous pharmacological properties
resulted in significantly higher cell cytotoxicity toward SCC-
25, a skin cancer cell line (Figure5). Celastrol is a tradi-
tional herbal medicine known for its anti-inflammatory and
anticancer activities. When the apoptotic effects induced by
celastrol-loaded MSNs was compared to the same concen-
trations of free celastrol, a considerably higher efficacy was
found when celastrol was delivered by the MSN platform
[89].
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FIGURE 5: In vitro cytotoxicity of pure curcumin, MCM-41-CUR and MCM-41-CUR PM in SCC-25 cell line after 24, 48, and 72 h (a). CTL,
Cl, C2, and C3 denote the control group, curcumin equivalent dose of 15 ppm, 30 ppm, and 45 ppm, respectively, used in the cell cytotoxicity
experiment. Protein expression studies using Western blot analysis for pure curcumin, MCM-41-CUR and MCM-41 (b) [88].

Other groups have also explored the use of aptamer-
functionalized MSNs loaded with DOX for the treatment of
colon cancer [13]. Combinational therapies have also been
investigated using MSNs. Wang et al. have demonstrated
synergistic effect between chemotherapy and photothermal
therapy using a drug-loaded MSN platform (MSCN-PEG-
HB5/DOX) that led to significant cytotoxicity to HER2-
positive breast cancer cells [90]. Theranostic alternatives in
cancer therapy have attracted significant attention in recent
years. Lanthanide doped MSNs have been successfully used
as theranostic system to integrate dual-imaging, targeting,
and therapeutic treatment in multifunctional diagnosis drug
delivery systems [91-93].

3.2. Overcoming Multidrug Resistance. Several types of can-
cer have the ability to develop MDR to traditional therapies.
The growing prevalence of MDR needs in-depth research
and the development of novel approaches for its treatment.
MDR has been one of the biggest impediments to the success
of cancer chemotherapy that results when diseases become
tolerant to pharmaceutical treatments. Although many types
of cancers are initially susceptible to chemotherapy, over time
they can develop resistance through a handful of mecha-
nisms. The most generic reason for MDR has been conferred
to the presence of at least two molecular “pumps” in tumor
cell membranes that actively expel chemotherapy drugs from
the interior. P-glycoprotein and the multidrug resistance-
associated protein (MRP), belonging to the ATP-binding
cassette family, are the efflux pumps that render the cells
resistant to anticancer drugs by altering drug accumulation
within the cells. Other mechanisms operating at cellular levels
that contribute to MDR include (1) the acquired resistance
altered target enzyme (e.g., mutated topoisomerase II); (2)
the increased drug degradation due to altered expression of
drug-metabolizing enzymes; (3) the drug inactivation due
to conjugation with increased amounts of glutathione and
the enhanced DNA repair; and (4) the failure to undergo

apoptosis as a result of mutated cell cycle proteins such as p53
[94, 95].

The interest of developing nanoparticle-based drug deliv-
ery systems to reverse MDR in cancer has been growing in
recent years [96-98]. For example, it has been reported that
nanoparticles can bypass the efflux pump transport and accu-
mulate in cells by passive or active targeting [99, 100]. Thus,
anticancer agents can be efficiently delivered by nanoparticles
into MDR cells to reach intracellular therapeutic drug levels
to kill cancer cells [101, 102].

P-glycoprotein (P-gp) is the best clinically studied
drug efflux pump [12]. P-gp mediates resistance to a broad
spectrum of anticancer drugs such as DOX, daunorubicin,
epirubicin, and paclitaxel. These agents are commonly used
in the treatment of breast cancer [103]. The combinatorial
approach of chemotherapy and gene therapy has proven to
be an effective pharmacologic strategy in overcoming MDR
[104, 105]. Recently, Wang et al. took advantage that CD44
antigen is overexpressed in breast cancer stem cells and MDR
breast cancer cells [106-108]. The data showed that CD44ab-
modified MSNs increased cytotoxicity and enhanced the
downregulation of P-glycoprotein in comparison to CD44
antibody [109]. Flow cytometry assay results showed
increased fluorescence for DOX-loaded MSNs (DMSNs)
and CD44ab-modified DMSNs in comparison to free DOX.
Compared to the cells treated with free DOX, the resistant
cells treated with DMSNs led to increased DOX fluorescence,
demonstrating the efficiency of MSNs to bypass the MDR
efflux system and increase the accumulation of anticancer
drugs in MDR cancer cells. Moreover, DOX fluorescence
from cells treated with CD44ab-modified DMSNs was
1.3-fold higher than fluorescence with DMSNs. These results
demonstrated that a higher cellular uptake of DOX can
be achieved in MCF-7/MDRI cells by targeting DMSNs
with CD44ab. Western blot analysis was used to detect
the expression of P-gp in MCF-7/MDRI. The data showed
more significant reduction on P-gp expression level for



CD44ab-modified DMSNs than with CD44ab alone, or the
combinations DMSNs + CD44. Thereby, Western blot anal-
ysis corroborated the increased cytotoxicity and enhanced
reversal of MDR for CD44ab-modified DMSNs. Animal
studies of the MDR breast cancer xenografts demonstrated
that CD44ab-modified MSN-based drug delivery system
remarkably induced apoptosis and inhibited the tumor
growth. In addition, the examination of the tumor DOX
retention showed higher intratumoral accumulation of DOX
in the case of DMSNs than free DOX. Nonetheless, CD44ab-
modified DMSNs showed even higher DOX distribution
(1.7-fold DOX) than that of DMSN material. The evaluation
of the therapeutic efficacy of CD44ab-modified DMSNs
in vivo, using MCF7/MDRI xenografts, showed significant
shrinkage of tumor with reduction of about 65% tumor
weight compared with control groups. In summary, CD44ab-
modified MSNs provided active target, which promoted more
cellular uptake of DOX in the MDR cells and more retention
of DOX in tumor tissues than the nonmodified MSN
material. Therefore, CD44ab-modified MSNs demonstrated
superior therapeutic efficacy against MDR breast can-
cer.

Stimuli-responsive MSN-based drug delivery systems
can temporally and spatially regulate the drug-releasing
pattern to overcome MDR [110-112]. Zhang et al. utilized
this approach to formulate a pH-responsive polymer-lipid
combined layer coated MSNs (PLS-MSNs) to enhance the
antitumor efficacy against MDR cancer cells [113]. The breast
cancer resistance protein (BCRP), which is overexpressed
in breast cancer, leukemia, pancreatic cancer, and hepato-
cellular carcinoma patients [114-117], was used as a target
biomarker. BCRP is capable of effluxing a broad range of
anticancer agents such as mitoxantrone and camptothecin
analogs. Pluronic block copolymers are known to be effective
inhibitors of P-gp, multidrug resistance protein (MRP), and
BCRP. The use of this platform resulted in the chemosen-
sitization effects in MDR tumors [15, 118-120]. The PLS
acted as a door blocker that allowed the controlled release
of the antitumor drugs after being internalized by cancer
cells. Thereby, this strategy not only minimizes toxicity and
maximizes the therapeutic effect of the drugs, but also
prevents drugs from being pumped out of MDR cancer cells.
In this study, PLS-MSN was loaded with CPT-11. Drug release
experiments in simulated body fluid showed that PLS-MSNs
released more than 85% of their encapsulated CPT-11 within
12h at pH 5.0; meanwhile, minimal release of CPT-11 was
detected at pH 7.4. CPT-11-loaded PLS-MSNss resulted in a
significantly higher intracellular CPT-11 delivered into MCEF-
7/BCRP cells after 24 h of incubation in comparison with free
CPT-11 (12.9-fold). These results showed a strong anti-MDR
effect of PLS-MSNs. Antitumor activity in BALB/c nude mice
MCF-7/BCRP drug resistance tumor xenograft model was
investigated to clarify the biological roles of PLS-MSN in
reversion of MDR. The final results of their study showed
an enhanced cellular uptake of PLS-MSNs by tumor cells,
thus improving the efficiency of the active agent (CPT-11). In
addition, it was demonstrated that PLS-MSNs could block the
efflux transporter and inhibit BCPR mediated CPT-11 pump
out of the MDR cells. These promising results provide the
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basis for future preclinical and clinical testing for developing
MSN-based MDR cancer treatment.

Other groups have also looked at the effective circum-
vention of MDR in cancer cells by an active nuclear-targeted
drug delivery of DOX loaded to TAT-conjugated MSNs. This
strategy facilitated the nuclear-targeted delivery of DOX in
comparison with free DOX [121]. In addition, Jia et al. have
fabricated multifunctional MSNs for codelivery of paclitaxel
and the anti-MDR agent tetrandrine to successfully reverse
the resistance against paclitaxel [122]. Stimuli-responsive
hybrid lipid-capped MSNs for drug release and overcoming
MDR have been suggested to exhibit higher uptake efficiency,
cytotoxicity, and increased intracellular accumulation in
resistant MCF-7/Adr cells compared with free drug. All these
examples show that the versatility and multifunctionalization
of MSNs make this material a promising vehicle for intracel-
lular drug release to overcome MDR [123].

3.3. Fighting Metastasis. Metastasis is defined as the ability of
tumor cells to spread from local tissues at the primary tumor
site to another at distant secondary site. Metastasis is facili-
tated by four essential steps: detachment, migration, invasion,
and adhesion. Tumor metastases are responsible for approx-
imately 90% of all cancer-related death [124]. Few patients
with metastatic cancer are cured by surgical intervention,
and other treatment modalities are limited. Across all cancer
types, only one in five patients diagnosed with metastatic
cancer will survive more than 5 years [61]. There are handful
FDA approved antimetastasis drugs, but so far they have
been of little significance into translating them for clinical
application. This is attributed to the nonspecific toxicities that
result from the lack of ability to recognize the biomarker
expression differences between metastatic and normal cells
[125]. This nonspecific toxicity can be reduced by making
use of nanomedicine to optimize drug distribution, efficient
tumor targeting, and guided drug delivery with stimuli-
responsive drug release. Ideal nanocarriers to take over this
task should incorporate drugs and target molecules to release
the cargo in a spatial and temporal fashion. Moreover, these
nanocarriers should contain imaging agents alongside for
constructing individualized nanomedicines. Owing to the
advantaged associated with MSNs, this platform has been
used to enhance the efficacy of various antimetastatic drugs
and genes, such as silibinin, DOX, and siRNA [95, 126, 127].
Current target-specific antimetastatic treatments mainly
rely on antivasculature (antiangiogenesis) and matrix met-
alloproteinase (MMP) inhibitors. MMP-2 and MMP-9 are
overexpressed in advanced stages of cancer, whereas they are
minimally expressed in healthy tissue [128]. These elevated
levels of MMP in the tumor environment are known to
augment the metastatic potency of malignant cells and
correlate with tumor progression, angiogenesis, or metastasis.
van Rijt et al. have utilized the overexpression of MMP in
tumoral tissues to develop a MMP-responsive cisplatin- (CP-)
loaded MSNs. The system is capped with avidin protein
via a short heptapeptide-biotin linker that is specifically
cleaved by MMP9 [129]. This strategy renders controlled
release of CP from the MSNs in high MMP9-expressing
tumor areas. As a control, the authors synthesized a MSN
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material containing a noncleavable heptapeptide (nc) linker.
The release studies under simulated physiological condi-
tions validated the enzymatic-specific release behavior of
the entrapped active agents (fluorescein and cisplatin) from
the MMP-responsive MSN system by recombinant MMP2/9
enzymes. MMP-triggered release was investigated on two
human lung cancer cell lines (A549 and H1299). It was
demonstrated via gelatin zymography that the cell-secreted
concentration of MMP-9 was able to trigger the release
of CP from the MMP-responsive MSN material. On the
contrary, the control MSNs containing noncleavable linkers
(ncMSN-CP) did not induce any cell death in either cell line.
The authors implemented this MMP-responsive CP-loaded
MOSN system for combinatorial therapy using the proteasome
inhibitor bortezomib (Bz). The authors found out that the
combination of Bz with nontoxic dosages of CP augmented
the cytotoxicity in presence of MMP-9. A remarkable 5- to
10-fold increase in cytotoxicity for nontoxic doses of the CP
was observed. These findings illustrated the combinatorial
delivery of CP and Bz via nanoparticles that induced an
additive cytotoxic effect and thus allowed for a reduction
of drug dosage. The authors tested the MMP-responsive
CP-loaded MSN platform in lung tumors using a 3D ex
vivo tissue culture method. They were able to demonstrate
MMP9-trigered release of CP from MSN materials, which
induced apoptotic cell death only in lung tumor regions of
Kras mutant mice without causing toxicity in tumor areas
lacking overexpression of MMP-9 or in healthy mice tissue.
Interestingly, MMP-9 expression has been reported as a
clinical marker for tumor progression and metastasis [130].
It is possible that these overexpressing MMP-9 tumor areas
represent metastasis-prone tumor cells. Therefore, MMP9-
triggered CP delivery most likely target metastatic tumor
cell areas, which may effectively reduce tumor invasion and
metastasis. In contrast, Kras mutant mice 3D-LTC exposed
to comparable doses of free CP resulted in apoptotic cell
death that did not discriminate much between cancer and
healthy tissue. RNA-based therapeutics have also been known
to provide a promising strategy to treat cancer by shutting
down the genes that translate the specific proteins involved in
the mechanism of proliferation, invasion, antiapoptosis, drug
resistance, and metastasis [131, 132]. Chen et al. reported on
the development of magnetic MSN (M-MSN) based siRNA
delivery system with fusogenic peptide KALA modifica-
tion, using vascular endothelial growth factor (VEGF) as
the target gene [127]. VEGF is a gene overexpressed and
secreted by most tumor cells that stimulate the formation
of new blood vessels through proliferation of endothelial
cells [133, 134]. The carrier was constructed by loading
siRNAs into the mesopores of M-MSNs, followed by capping
with polyethylenimine (PEI) and further PEGylation with
KALA-PEG derivative (siRNA@PEI-PEG-KALA-M-MSNs).
The CCK-8 assay for this MSN siRNA delivery system showed
favorable biocompatibility and biosafety. In vitro siRNA
experiments suggested that the siRNA@PEI-PEG-KALA-M-
MSN material produced more effective VEGF silencing as
compared with commercial analog. Moreover, it displayed
negligible cytotoxicity at optimal M-MSN concentration of
80 pg/mL containing 150 nM siRNA dose. The effectiveness

of this siRNA delivery system was partially attributed to
the presence of the fusogenic peptide on the surface of
the nanoparticle. KALA not only increased the endosomal
escape of the nanoparticles, but also enhanced their cel-
lular uptake by as much as threefold. This was supported
by efficient release of siRNAs from the nanocarrier into
the cytoplasm based on confocal microscopy experiments.
Biodistribution studies in tumor-bearing mice showed the
accumulation of nanoparticles in tumor by MRI up to 7
days after injection. As has been reported in the literature,
siRNAs delivered in vivo suffer from rapid degradation in
the systemic circulation with a half-life of few minutes
[135]. However, using the siRNA@PEI-PEG-KALA-M-MSN
system, a 10-fold increase in bioavailability of Cy3-siRNA
was achieved. Direct observation and weight measurements
also proved the effectiveness of siRNA@PEI-PEG-KALA-M-
MSNSs to inhibit the growth of a subdermal tumor xenograft.
Further analysis showed that treatment with siRNA@PEI-
PEG-KALA-M-MSNs effectively knocked down VEGF levels
by ~70% in tumors. The effect in the reduction of microvessel
density in the tumor tissue resulted in a remarkable tumor
growth inhibition. In order to determine the effectiveness
of the MSN delivery system to suppress tumor growth in
the metastasized organs, systemic assessment was performed.
The analysis of liver treated with siRNA@PEI-PEG-KALA-
M-MSNs showed negligible liver metastasis; on the contrary,
massive tumor occupancy in the livers was found in the
untreated control groups. Consistently, siRNA@PEI-PEG-
KALA-M-MSNs significantly inhibited the tumor nodule
formation by metastatic lung cancer cells, at least up to the
examination period of 15 days. Overall, this MSN platform is
delivered not only to the primary tumor site, but also to the
metastatic site.

Metastasis obstructs the seemingly insurmountable goal
of ultimate cancer therapy. Moreover, traditional studies on
nanotechnology based anticancer therapies have not included
metastasis, since the first line demonstration of anticancer
efficacy is primary tumor growth inhibition. Thus, the ability
to effectively treat cancer is largely dependent on the ability to
eliminate and perhaps even reverse the process of metastasis.

4. Conclusion and Future Perspective

Among the different nanomaterials that have been developed
for the treatment and diagnosis of cancer, mesoporous
silica nanoparticles and iron oxide nanoparticles hold a
great potential due to their interesting properties such as
high payload, response to external magnetic fields, ease of
surface engineering to circumvent unfavorable biological
interactions, and excellent biocompatibility, thereby giving
us a platform to overcome the main challenges in cancer
treatment today.

The exclusive properties of IONPs allow their use as
nanoheaters, contrast imaging agents, and drug delivery
systems in the fight against cancer. Although IONPs have
demonstrated to decrease the detrimental side effects induced
by conventional chemotherapy, to date MDT has not reached
the clinical market. We believe that the interaction of different
research areas such as chemistry, biology, and medicine will
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FIGURE 6: Schematic representation of MSN platform and its
interaction with the three main obstacles described in this review
for cancer treatment.

provide the necessary tools to overcome the major challenges
that prevent this technology from being translated to the
clinic. Moreover, the enhanced anticancer efficiency induced
by MFH provides an alternative platform for reversion of
MDR. There are no clinical trials regarding the use of MFH
in combination with anticancer drugs; however, this is an
active field of research and we envision that in the future
this technology will gain significant progress to reach the
clinical market. Additionally, the utilization of IONPs as
imaging contrast agents has proven to be a promising tool
for detection of metastatic cancer cells and we anticipate
that their use will have a bright future not only for the
diagnosis of metastatic cancer cells, but also for the treatment
of metastasis.

On the other hand, MSNs are versatile materials with
outstanding structural and chemical properties that can be
easily manipulated to design optimal drug delivery platforms.
As we have illustrated in this review, in the case of reducing
severe side effects, overcoming MDR, and fighting metastasis,
MSN-based systems have shown tremendous progress in in
vitro and in vivo settings to reduce or eliminate those major
issues for cancer treatment. Nevertheless, as far as we know,
there are no MSN-based formulations for cancer treatment
undergoing clinical trials yet. This situation challenges cur-
rent researchers in this field to push forward the translation
of MSN platform into clinic.

We envision that novel developments for the synthesis
and functionalization of MSN materials will enhance the
application of this delivery system in biomedicine and also
the need to translate this platform from the bench to
bedside. From our point of view, some areas that need to
be further explored are (1) the development of MSN mat-
erials that can be degraded under specific conditions inside
the body without producing any toxicity and can be rapidly
excreted through the renal excretion pathway; (2) further
developments in combination therapy using MSNs as nano-
carriers are required, where the therapeutic agents are not
only combined anticancer drugs but siRNA, DNA, and ther-
apeutic proteins as well; (3) the fabrication of MSN-based
platforms with long circulation time for detection and/or
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elimination of metastatic cells in blood stream is an area
that has not been investigated; (4) in vivo experiments
evaluating the performance of MSNs in orthotopic and
genetically engineered mouse models have to thoroughly
not only explore the efficacy of the MSN formulations in
primary tumors, but also evaluate the effect on metastasized
secondary tumors. Promising results have been recently
reported in the literature for pancreatic cancer using MSNs
for the delivery of irinotecan in an orthotopic Kras-derived
pancreatic ductal adenocarcinoma model [136].

Multidrug-resistant cancer tissues are closely related to
the metastatic process that results in the generation of
secondary tumors. These issues create the need for using
highly toxic drugs or their combination to treat the tumors,
which at the end increase the side effects of the treatment.
MSN is a promising drug delivery platform that can have a
major impact in each of these issues to improve the efficacy
and safety of the treatment (Figure 6).

There is no doubt that MSNs and IONPs can overcome
some of the main issues associated with cancer side effects,
drug resistance, and metastasis. Nevertheless, more extensive
preclinical and clinical testing is necessary for this new and
rapidly expanding field to conquer the remaining challenges
for moving these platforms toward clinical applications.
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