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Multifunctional mesoporous silica nanocarriers for
stimuli-responsive target delivery of anticancer
drugs

Yujuan Chen,? Hui Zhang,? Xiaoging Cai,? Jianbo Ji,? Shuwang He*®
and Guangxi Zhai*®

With the rapid development of nanotechnology, mesoporous silica nanoparticles (MSNs), as a new type of
inorganic nanomaterial, have been widely used in biomedical applications especially in drug delivery
systems owing to their unique physical-chemical properties such as tunable particle/pore size, high
surface area and pore volume, easy surface modification, remarkable stability and biocompatibility, and
high drug loading efficiency. By modifying the outer surface of MSNs with various functional groups such
as polymers, co-polymers, nanoparticles, quantum dots, supermolecules, ligands, or/and using
a combination with other nanomaterials, stimuli-responsive and active targeting nanosystems can be
designed for targeted delivery of anticancer drugs. In this review, the recent advances in stimuli-
responsive strategies involving pH-sensitive, redox-sensitive, thermo-sensitive, enzyme-sensitive, light-
sensitive, magnetic-sensitive, ultrasound-sensitive, and active targeting approaches involving vascular
targeting, tumor cell targeting, nuclear targeting and multistage targeting are discussed in detail. The
remaining challenges and the possible future directions are also suggested.

Conventional chemotherapy is the most common cancer treat-
ment method based on highly potent anticancer drugs such as

Cancer is a serious threat to human health and economic
constraints in human life, its morbidity is increasing at an
alarming rate and it is a major cause of death worldwide.
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vinblastine, camptothecin, doxorubicin (DOX), taxol and cur-
cuma (Cur) which can inhibit cell growth and cause subsequent
apoptosis. However, the harmful side-effects due to the
nonspecific uptake by normal tissues/organs and high-dose
administration of therapeutic agents, non-tumor selective bio-
distribution, hypersensitivity, acquisition of multidrug resis-
tance (MDR) and toxic metabolites which can lead to
cardiotoxicity and nephrotoxicity are all challenges. In addition,
the poor solubility of several anticancer agents also limits the
ability for intravenous delivery which is the preferred admin-
istration route for many anticancer drugs.® To conquer these
limitations, an effective way is to encapsulate the therapeutic
agents in nanocarriers with high loading efficiency, which can
spatiotemporally deliver the cargos and control the release of
them in a smart manner. These nanocarriers can be divided
into two groups: organic (such as liposomes, dendrimers,
polymeric micelle) and inorganic (such as mesoporous silica,
carbon nanomaterials, graphene oxide, quantum dot, gold/
silver nanoparticles, magnetic nanoparticles). Organic nano-
particles, such as liposomes, polymeric micelles are able to
encapsulate/load both hydrophilic therapeutic agents and
hydrophobic agents due to hydrophobic/hydrophilic interac-
tions, chemical reactions and electrostatic interactions and so
on, to protect therapeutic agents from destroying. A few
conventional organic nanocarriers have been approved by FDA
and applied in clinical, by contrast, most inorganic
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nanocarriers still remain in the preclinical development stage.>
Inorganic nanomaterials, compared to conventional organic
nanocarriers, exhibit outstanding advantages such as good
biocompatibility and high thermal, mechanical and chemical
stabilities under physiological conditions.* Moreover, relatively
simple chemical modifications can provide versatility of these
systems and extend their application, which make them suit-
able for drug delivery.”

Among the different inorganic materials, MSNs are considered
as one of the most promising nanomaterials for drug delivery due
to its unique inherent characteristic: (I) the large surface area
(>700 m*> g~ ') due to MSNs unique porous, honeycomb-like
frame* and high pore volume (>1 ¢cm® g™ '),> which makes it
possible for drug to be adsorbed and encapsulated within the
pore channels at high level. (II) The smart mesoporous structure
and an adjustable pore diameter (20-50 nm) which enables better
control of drug loading and release kinetics.® (III) At physiological
pH, there is abundant negatively charged silanol groups (SiO~) on
the surface of MSNs,* through interaction with SiO™, the func-
tionalized MSNs can be achieved by decorating with various
functional groups, to control and target delivery of anticancer
drug with enhanced therapeutic efficacy and reduced toxicity.”*
(IV) The good biocompatibility, the research on toxicology of
MSNs in vitro indicated that these materials are well-tolerated at
dosages <100 pug mL™~ and toxicity could be only observed at
dosage above hundreds of mg kg™ in vivo.">*2 (V) When combine
with magnetic and/or luminescent compounds, MSNs allow drug
delivery and bioimaging simultaneously.

Due to these unique intrinsic characteristic, MSNs have been
widely used to design multifunctional nanocarrier systems.
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Such as immediate drug delivery systems (DDSs), sustained
DDSs, stimuli-responsive controlled drug delivery systems
(CDDSs), and active targeted DDSs."* In this review, we mainly
focus on the most rapid and significant progresses of MSNs as
stimuli-responsive CDDSs and active targeted DDSs in the past
three years.

Development of MSNs

Until the early 1990s, the MCM-41-type mesoporous silica was
first reported and perked up the applications of MSNs in
catalysis due to its large surface area and the adjustable pore
size.** In 2001, isoprofen was first successfully loaded into
MCM-41 with sustained drug-releasing performance as well as
the drug-loading rate up to 30%."

Since then, the studies on MSNs increased rapidly, especially
in biomedical applications such as drug delivery. The develop-
ment of MSNs for drug delivery has experienced three genera-
tions.*® The properties of each generation are listed in Table 1.
The rapid development of synthetic chemistry allows con-
structing MSNs with various structures and morphologies such
as hollow nanostructures, janus MSNs, yolk shell nanorattles,
organic-inorganic hybrid mesoporous silica. In addition, MSNs
can conjugate with many types of functional groups due to rich
reactive silanol groups on the surface of MSNs, such as targeting
ligands, functional polymers/materials, and fluorescent agents.
These functional groups can provide MSNs with diverse inter-
esting functionalities including target delivery, controlled
release (e.g., stimuli responsive release, on-demand release), co-
delivery, bioimaging, synergistic therapy, etc.

Table 1 The three generations of mesoporous silica based NPs for drug delivery and features properties

Generation

Features properties

Generation I: concept demonstration

Generation II: standard evaluation

Generation III: multifunctionalization

92074 | RSC Adv., 2016, 6, 92073-92091

1. Evaluations of the sustained releasing performances of various loaded
cargos in vitro

2. Large particle sizes, irregular morphologies and severe aggregations
3. Limited cell-level evaluations and in vivo applications

1. Standard MSNs-based nanosystems and systematic in vitro and in vivo
evaluations

2. Uniform spherical morphology, tunable pore/particle sizes and
compositions

3. MSNs with hollow nanostructures (HMSNs) enhance the drug-loading
capacity of the carriers

1. Diverse functionalities, such as targeted delivery, co-delivery, on-
demand releasing, synergistic therapy, overcoming the multidrug
resistance (MDR) of cancer cells, theranostic, bioimaging

2. The surface of MSNs can be modified with a variety of biocompatible
materials which possess unique physical-chemical properties or/and
biological recognition ligands to control drug release under stimulation
and promote the targeted transport, even co-delivery different
therapeutic agent

3. The combine of mesoporous silica and magnetic nanoparticles,
quantum dots, gold/silver nanoparticle, upconverting nanoparticles,
photothermal conversion material, fluorescence material broaden the
versatility of silica based nanocarriers

4. Janus MSNs, yolk shell nanorattles and organic-inorganic hybrid
mesoporous silica further enhance the drug-loading capacity of the
carriers and broaden the types of loading cargo

This journal is © The Royal Society of Chemistry 2016
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Stimuli-responsive MSNs

Stimuli-responsive MSNs only release the cargos in the targeted
cancer sites upon triggering by intratumoral stimuli (pH, redox,
enzyme, temperature) or exogenous stimuli (magnetic field,
ultrasound, light) with nearly no premature drug release
(Fig. 1). The stimuli-responsive nanosystems based on MSNs are
shown in Tables 2 (pH) and 3. The schematic diagram of
stimuli-responsive mechanism is shown in Fig. 2. Stimuli-
responsive MSNs have been regarded as promising approach
to improve the therapeutic effect of anticancer agent and
simultaneously reduce the undesirable side effects to normal
cells.

Intratumoral stimuli-sensitive MSNs

Various kinds of tumor tissues share similar microenvironment
distinct from normal ones, such as leaky vasculatures, acidic
and hypoxic environments, high redox potential, increased level
of cancer-associated enzymes and higher local temperature.
Based on these, stimuli-sensitive delivery system can be
designed to response to the tumor microenvironment.

pH-Responsive MSNs

Among the various stimuli-sensitive DDSs, pH-responsive CDDSs
have been widely researched since the human body exhibits
variations in pH. The pH value approximately 7.4 in extracellular
of normal tissues and blood, while between 6.0 and 7.0 in tumor
microenvironment, which is mainly caused by high level of CO,
and high glycolysis rate.”” The pH value will decrease further
inside cancer cell such as endosomes (pH = 5.5-6.0) and lyso-
somes (pH = 4.5-5.0). Therefore, we can combine the unusual
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pH gradients with the advantages of MSNs to design pH-
responsive nanosystems which can control the release of drug
molecules under certain pH conditions. The pH-responsive
nanosystems based on MSNs are shown in Table 2.

pH-Sensitive linkers such as hydrazine bond, acetal bond,
boronate ester bond and ester bond that can be cleaved under
acidic pH value, thus providing the possibilities for designing
pH-responsive MSNs.

A multifunctional envelope-type DDS based on upconverting
nanoparticle-capped mesoporous silica (MS) via pH-sensitive
linkers was reported by Chen et al.*® In this study, the gate-
keeper (S-NPs), upconverting nanoparticle doped with ultra-
small lanthanide (NaGdF,:Yb/Tm@NaGdF,), was grafted onto
the orifices of MS with the acid-labile acetals. DOX as model
drug was trapped in the pores. At acidic pH, the S-NPs caps were
removed due to hydrolysis of acetal group. DOX loaded nano-
composite could accumulate in tumor through enhanced
permeation and retention (EPR) effect after intravenous injec-
tion into the murine model. DOX was rapidly released in the
acidic environment of lysosomes and endosomes, which
enhanced the therapeutic efficacy by remarkable inhibition of
tumor growth, and the treated mice survived over 30 days
without any obviously visible tumor growth. In addition, the
encapsulation of gadolinium makes the nanocomposite
a promising T1-MRI contrast agent with contrast enhanced MRI
performance. Importantly, the nanocomposites are biocom-
patible and could be metabolized and degraded into nearly
nontoxic products within a few days.

The supramolecular nanovalve for controlling drug release,
is composed of an immobilized stalk molecule connected to the
silica matrix via covalent interaction and a movable cyclic
molecule as the gatekeeper encircling the stalk non-covalently.
More importantly, the binding process of cyclic gatekeeper/

Magnetic-Sensitive
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Light-Sensitive

o

Tumor cell

Fig. 1 Stimuli-responsive drug delivery based on MSNs in cancer therapy.
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Table 2 pH-Responsive nanosystems based on MSNs
Type Material pH-Responsive mechanism Ref.
Acid cleavable linker/bond Gold NP-acetal linker-MS Acetal linker 18
Lanthanide doped NP-acetal bond-MS Acetal bond 19
Fe;0, NP-boronate ester bond-MSNs Boronate ester bond 20
Poly(N-succinimidyl acrylate)-acetal linker-MS Acetal linker 21
MSN-hydrazone-Dox Hydrazine 22
DOX@PAA-ACL-MSN ACL 23
Au NPs-DNA-MSNs DNA 24
Polymer gatekeepers DOX@MSNs-gelatin Gelatin 25
DOX@MSNs-chitosan Chitosan 26
DOX@MSNs-PVP-PEG pvp 27
DOX@MSNs-PLGA PLGA 28
PAH/PSS MSNs PAH/PSS polyelectrolyte multilayers 29
Alginate/chitosan-NH,-MSNs Alginate/chitosan multilayers 30
Chitosan/dialdehyde starch-MSNs Chitosan/dialdehyde starch polyelectrolyte 31
multilayers
PAH-cit/APTES-MSNs Charge-reversal polymer PAH-cit 32
Cur@PAMAM-MSNs PAMAM- 33
PDEAEMA-MSNs PDEAEMA 34
DOX@PAA-MSNs PAA 35
DOX@PPEMA/PEG-MSNs PPEMA 36
i-motif DNA-MSNs i-motif DNA 37
Supramolecular-nanovalves B-Cyclodextrin caps-aromatic amines stalks- Aromatic amines stalks 38 and 39
MSNS
a-Cyclodextrin—p-anisidino stalks-MCM-41 p-Anisidino stalks 40
cucurbit(6)uril-trisammonium stalks-MSNS Trisammonium stalks 41
Acid decomposable ZnO@MSN ZnO 42
gatekeepers DOX-Si-MP-cap pH-Tunable calcium phosphate 43
LDHs-MSNs LDHs 44

stalk is reversible and the supramolecular gatekeeper can be
switched under certain stimuli (pH, light, redox potential,
temperature), causing large amplitude movement of the gate-
keeper, which in turn leads to the blocked pore open.*

Based on the noncovalent interactions between cyclic
molecule caps and immobilized amine stalks, Ling et al.*®
successfully constructed a pH-responsive nanosystem in view of
CD capped MSN that could control the release of cargo. With
DOX as model drug and B-CD as gatekeeper, this constructed
nanosystem showed a good pH-sensitive release property. The
cumulative release within 4 h was 0.7% at pH 7.4 and 3.6% at
PH 6.5, because the tight bind between hydrophobic p-anisidine
stalks and CD caps blocked the nanopores limited the release of
DOX. When at pH 5.0, the cumulative release increased signif-
icantly to 84.2% because the binding between p-anisidine stalks
and B-CD decreased and forced the removal of the CD caps,
then the cargo released by diffusion. In addition, they investi-
gated the p-anisidine stalks density and type of CD which were
critical factors impacting the pH inducing drug release. Result
showed that the too high or too low density of the grafted p-
anisidine stalk could lead to poor drug release, and the optimal
stalk density was ~8.7 stalks per nm”. Different types of CD
capes (a-CD and B-CD) were investigated and results showed
that the complex of p-anisidine stalk with B-CD had an excellent
pH-sensitive release capability for its largest changed formation
constant (AKy). Furthermore, the mechanism of pH-sensitivity
between CD and p-anisidine stalk was investigated, under

92076 | RSC Adv., 2016, 6, 92073-92091

neutral or acidic media, the binding process of p-anisidine/a-
CD was significantly enthalpy-driven with the main driving
force of van der Waals forces and hydrogen bonding. While the
complexion process between p-anisidine and B-CD was entropy-
driven with strong hydrophobic interaction under neutral
environment, but weak hydrogen bonding existed under acidic
pH. In short, both the stalk density and type of CD could
significantly affect the pH-sensitive release capability.

pH-Sensitive polymer shell contains functional groups with
acid/base properties. Thus, the polymer shell, such as poly(2-
vinylpyridine) PVP,*” self-fluorescent agents PAMAM (polyamido-
amine) dendrimers,* poly(2-(diethylamino)ethyl-methacrylate)
PDEAEMA*  poly(2-(pentamethyleneimino)ethyl-methacrylate)
(PPEMA)* and i-motif DNA,*” can undergo strong conforma-
tional structure transformation with the variation of external pH
because of strong hydrophilic change, chargeability change,
solubility change.* The polymer shell also can be easily modified
with various targeting ligands to acquire active target delivery,
simultaneously.

Containing repeating charged groups, polyelectrolytes that
can be either covalently bonded or electrostatically adsorbed to
the surface of MSNs and undergo form transition along with the
changes of pH values, which have been also utilized to design
pH-responsive release system.

Poly(allylamine)-citraconic anhydride (PAH-cit) is a pH
responsive charge-reversal polymer, whereby the charge can be
readily converted from negative to positive through side-chain

This journal is © The Royal Society of Chemistry 2016
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Table 3 The stimuli-responsive nanosystems based on MSNs
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Type

Material

Mechanism

Redox responsive

Cds* Au®' Fe;0, *?

Poly(propylenimine) dendrimers® PEG"***%*
heparin®® peptides®” polyethylenimine (PEI)*®
cyclodextrin®®° PDS®* cytochrome c¢® PEG-

Inorganic NPs-disulfide bonds-MSNs
Organic molecules-disulfide bonds-MSNs

PCL®!
mPEG@6-MP@CMS™
HA®@6-MP@CMS®?
MSN@MnO, **

Enzymes responsive MSN-GFLGR7-RGDS/a-CD®

DNA®® HA® gelation”®”" cellulose’” galacto-

oligosaccharides”
Temperature responsive

Poly(ethyleneoxideb-N-vinylcaprolactam),”

Thiolated drug-disulfide bonds-MSNs
Glutathione degradable gatekeepers
Protease-sensitive crosslinker

Enzyme degradable polymer

Thermo sensitive polymers

zwitterionic sulfobetaine copolymers,®
paraffins,®' supramolecules rotaxane®

copolymer-lipid bilayers®
DNA®**%* peptide sequences
Poly(N-isopropylacrylamide/N-
hydroxymethylacrylamide),”®
poly(ethyleneimine)-b-poly(N-

86,87

Magnetic responsive

Thermo sensitive bio-molecules
Heat produced by AFM + thermo-sensitive
gatekeeper

isopropylacrylamide),® lipid bilayer,'**

pseudorotaxanes'®®

mNPs + DNA + MSNs'*®
Azo-PEG@Fe;0,@Si0, *°
SPION@MSN-DA®®

MSNC®@Au-PFH-PEG'"*
p(MEO2MA)-co-THPMA'*®
Fc-CONH-MS'’

Ultrasound responsive

Light responsive UV-Vis
MSNs''®
a-CD-azobenzene stalks-MSNs
Thymine derivatives-MSNs'°
ester moiety-MSNs'>' poly(N-

119

B-CD and/or Py-B-CD-azobenzene stalks—

o-nitrobenzyl

Heat produced by AFM + thermally unstable
chemical linkers

Heat produced by AFM + thermally reversible
cycloreversion reaction

Ultrasound sensitive material + cavitation
Ultrasound-cleavable moieties

Ultrasound sensitive of ferrocene derivative
The isomerized of azobenzene group from cis to
trans

Photoresponsive polymers gatekeeper

isopropylacrylamide-co-2-nitrobenzyl acrylate)-

MSNs'??

7-Amino-coumarin derivative (CD)-MSNs,

1235 Photoresponsive linkers

coordinated Ru(bpy),(PPh;)-moieties-MSNs,'**

TUNA-MSNs'?®

NIR DNA-Au@MSNs”*
DNA-Cu,; gS@mSiO,
1-Tetradecanol-GNR@MSNs'>’

NIR-absorbing materials + thermal-responsive
materials

sulfonatocalix[4]Jarene-AuNR@MSN*2®

Au-nanocage@mSiO,@PNIPAM'*°

CuS@mSiO,-PEG"°
SWNT@MS-PEG"*
UCNP@mSiO,-Ru**?

hydrolysis upon exposure to acid solutions. Using this property,
Zhang et al.,* firstly developed a PAH-cit coated MSNs (PAH-
cit/APTES MSNs) and the MSNs was applied to devise an in situ
monitoring system of intracellular pH-responsive DDSs for the
treatment of malignant cells. APTES ((3-aminopropyl)triethox-
ysilane) was modified onto MSNs to obtain amino-
functionalized MSNs, then, through electrostatic interactions,
PAH-cit was bonded onto the inner and outer surfaces of
amino-functionalized MSNs (APTES MSNs). In acidic environ-
ments, the loaded DOX was steadily released from the MSNs as
a result of strong electrostatic repulsion forces among the
positively charged MSNs (APTES-MSNs), PAH and DOX. The

This journal is © The Royal Society of Chemistry 2016

result showed that the constructed nanocomposite (PAH-cit/
APTES-MSNSs) could effectively deliver and release DOX to the
nucleus of HeLa (human cervical carcinoma) cells.
Polyelectrolyte multilayers (PEM) are sensitive to various
specific physical and chemical conditions of the surrounding
medium based on its special properties and structure. In
particular, the pH can largely influence the state of the inter-
polyelectrolyte complex. Based on this, pH-sensitive drug
release systems via electrostatic interaction have been developed
in contribution to layer-by-layer assembly of PEM onto MSNs
surface, such as poly(allylamine hydrochloride) (PAH)/
poly(styrene sulfonate) (PSS),* alginate/chitosan® and chitosan

RSC Adv., 2016, 6, 92073-92091 | 92077
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Fig. 2 The schematic diagram of stimuli-responsive mechanism.

(CHI)/dialdehyde starch (DAS).** The biocompatible poly-
electrolyte multilayers functionalized MSNs have stupendous
potential to developed efficient and safe drug delivery system.

Some acidic-decomposable materials such as ZnO
quantum dots (QDs),”* calcium phosphate (CaP),** layered
double hydroxides (LDHs) which include the positively
charged brucite-type layers and exchangeable interlayer
anions,* have recently been reported as gatekeepers to design
pH-sensitive DDSs.

ZnO QDs are stable at pH 7.4, but when the pH is less than 5.5,
ZnO QDs immediately dissociate into Zn>" ions which induce the
generation of ROS and the ROS can involve lipid peroxidation
and damage of DNA. Based on this, Zhang and coworkers*?
developed a dual pH-sensitive DDS ZnO@MSN. In this system,
cell-penetrating peptide decalysine sequence (K10) covalently
covered MSNs via acid-labile B-carboxylic amides and the peptide
can also enhance endosomes/lysosome escape capability. After
this, ZnO QDs capped MSNs via electrostatic interaction to ach-
ieve a synergistic antitumor effect. At pH 7.4, almost no DOX
released from the ZnO@MSN DDS after 48 h, however, DOX was
released rapidly at pH 5.0 from the system, about 34%, 86% of
DOX was released within 12 h, 48 h, respectively, because the
dissociation of ZnO QDs and the hydrolysis of acid-labile amides
leaded to the uncap of MSNs, which confirmed that ZnO@MSN
had great sensitivity to the pH signal of endosomal environment
and obtained intracellular drug release. In addition, compared to
free DOX, the DOX-loaded ZnO@MSN showed higher cytotoxicity
with ICs, of 50 pg mL ™",

An innovative strategy to obtain pH-responsive DDSs is using
janus nanoparticles. For example, Shao et al.*” reported a novel
janus nanoparticles (Ag-MSNs) with a silver nanosphere head
and a mesoporous silica ordered mesostructure body. Within 24
h, more than 40% of DOX released in pH 5.5, while less 5% was
released at pH 7.4 due to the protonation and solubility of DOX
in acidic environments.

Redox-responsive MSNs

Glutathione (GSH) is an important antioxidant in the human
body, protecting cellular components from damage caused by

92078 | RSC Adv., 2016, 6, 92073-92091
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reactive oxygen species (ROS). In particular, the GSH concen-
tration in the intracellular environment is about 10° folds
higher than that in the extracellular matrix. Furthermore, the
intracellular GSH concentrations in most tumor cells are at
least 4-times higher than those in normal cells.*® Therefore,
GSH can be a potential trigger for drug release within cancer
cells. Given the fact that disulfide bonds are sensitive to GSH
reductant, smart designs incorporating disulfide S-S linkages
into nanoparticles can lead to redox-triggered release systems.*
Inorganic nanoparticles such as CdS,> Au,> Fe;O, > and
organic molecules such as poly(propylenimine) dendrimers,®
PEG,"*** heparin,” polyethylenimine (PEI),*® peptides,*’
cyclodextrin,*®*® cytochrome c,* poly(ethylene glycol)-b-poly(e-
caprolactone) (PEG-PCL),** can be chemically attached on the
MSN surface as biocompatible gatekeepers to control drug
release by using GSH-sensitive linkers. When the nanocarrier
reaches the intracellular sites, the existence of increased
amounts of reductive species can produce the rupture of the
disulfide bonds and open the pores.

Palanikumar et al.®* reported an active target and redox-
responsive MSNs through one-pot synthesis, which could load
DOX or cisplatin or DOX and cisplatin with high efficiency at 44,
33 wt% and 25% for DOX and 14% for cisplatin, respectively.
Self-crosslinkable random copolymer containing biocompatible
pyridine disulfide hydrochloride (PDS) and PEG side chains
noncovalently end-capped MSN without multiple chemical
modifications. PDS has multiple functions including wrapping
the negatively charged MSNs via temporarily positive charge,
stabilizing polymer-MSNs shell as a crosslinker and connecting
the targeting ligand (celcyclic (Arg-Gly-Asp-p-Phe-Cys)
(cRGDfC), an integrin-targeting ligand) through its functional
group. Intracellular reducing agents such as glutathione (GSH)
can lead to the cleavage of the wrapped polymer and induce the
release of cargo in a concentration-dependent manner.

A new strategy is connecting the thiol-containing/thiolated
therapeutic agent to the inside and outside of MSNs via cleav-
able disulfide bonds to design redox-responsive DDS. Zhao
et al.*** designed a redox-responsive DDS based on 6-mercap-
topurine (6-MP)-conjugated colloidal mesoporous silica (CMS)
via disulfide bonds. Hydrophilic polymers mPEG modified the
outside of MSNs to improve the biocompatibility and dis-
persibility of CMS by reducing hemolysis and protein adsorp-
tion,® and hyaluronic acid (HA) as a targeting ligand was
grafted on CMS surface through disulfide bonds which also
increased the biocompatibility and stability of CMS under
physiological conditions.”* CMS was prepared through a co-
condensation method, involving the simultaneous condensa-
tion of TEOS and MPTMS, to obtain a homogeneous distribu-
tion of mercapto groups on the internal and external surface of
the CMS carrier. In vitro release studies demonstrated that the
CMS possessed the great redox-responsive drug release capa-
bility. For the CMS-SSMP@mPEG,* the cumulative release of 6-
MP was less than 3% without GSH, while more than 70% of
loaded 6-MP was released within 2 h in the existence of 3 mM
GSH. For the CMS-SS-MP/oHA,** the cumulative release of 6-
MP within 2 h was less than 3% without GSH, while more than
80% for that in the existence of 3 mM GSH.

This journal is © The Royal Society of Chemistry 2016
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Another new strategy to design redox-responsive DDS is
capping outside of MSNs with glutathione degradable gate-
keepers. Yang et al.** have demonstrated a new type of redox-
responsive DDS by employing glutathione degradable MnO,
as capping to block the pore of MSNs. In the presence of GSH
molecules, the capped MnO, nanostructure dissociated into
Mn>" via redox reaction, which opened the blocked pores and
resulted in the release of the entrapped drugs.

Enzymes-responsive MSNs

Recently, due to mild reaction conditions, high specificity, and
less damage to body tissues, enzyme reactions have received
widespread attention. More importantly, many specific enzymes
show a high level of expression in tumor tissues and cancer cells
but no or relatively low level of expression in healthy tissues or
normal cells.”” Endogenous enzymes in tumor tissues and
cancer cell have used as stimuli to trigger drug release.

To obtain enzymes-responsive release, one strategy is
coating MSNs with gatekeepers containing protease-sensitive
sequences or enzyme-sensitive linkers. Cathepsin B, which
overexpressed in late endosomes and lysosomes of cancer
cells, could selectively hydrolyze specific peptide
sequences.®>®” Cheng et al.®® described an enzyme-induced
and tumor-targeted mesoporous silica nanocarrier which
was capable of releasing therapeutic drugs in response to
increased levels of cathepsin B. In the nanocarrier, the
alkoxysilane chain and a-cyclodextrin (a-CD) formed rotaxane
structure and anchored onto the pore of MSNs as gatekeeper,
subsequently modified by azido-GFLGR7-RGDS which
included a cell-penetrating peptide with seven arginine (R7)
sequence, a cathepsin B-cleavable peptide of Gly-Phe-Leu-Gly
(GFLG) as crosslinker and a tumor-targeting peptide of Arg-
Gly-Asp-Ser (RGDS) to stabilize the gatekeeper. The in vitro
release results indicated that in the presence of cathepsin B
(20 U), 60% and 80% of loaded DOX could be released from
the DOX@MSN-GFLGR7-RGDS/a-CD nanoparticles in pH 7.4
and pH 5.0 PBS buffer within 24 h, respectively. By contrast, in
the absence of cathepsin B, due to the protection of the
gatekeeper on the surface of the MSNs, less than 10% of
loaded DOX was released during the same period. Further-
more, in vitro cellular experiments indicated that this nano-
carrier had high growth inhibition rate toward avB3-positive
HeLa cancerous cells.

Biopolymers such as single-stranded DNA,*® HA,*
gelatin’®”* and other polymers such as cellulose,” galacto-
oligosaccharides”™ can be grafted on MSN surface, acting as
enzyme-responsive nanovalves and hampering the drug
diffusion until certain hydrolytic enzymes which are capable of
decomposing these polymers are present. Matrix metal-
loproteinases (MMPs) are up-regulated in most human cancer
and they are involved in tumor invasiveness, metastasis, and
angiogenesis.” Based on this, Zou and coworkers™ conjugated
the FA-MSN with MMP2-degradable gelatin to develop a smart
mesoporous silica nanocarrier (PGFMSN) which showed
MMP2-triggered release and FA modified tumor targeting.
After functionalizing MSN with target ligand FA, gelatin layer
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was decorated onto FA-MSN as gatekeeper to control the
release of drug and protect the target ligand. In order to
prolong blood circulation lifetime, PEG was further intro-
duced to obtain PGFMSN. In these nanosystems, DOX was
effectively loaded in PGFMSN with the loading amount as high
as 74.3 mmol g~ ' Si0,. The in vitro release results indicated
that PGFMSN exhibited MMP-2 concentration-dependent
release profiles via MMP2-triggered hydrolyzation of the
gelatin layer with approximately 7.2%, 19.1%, 43.7% and
75.3% of loaded DOX released at MMP2 concentration of 0,
1.25, 2.5, 5.0 mg mL~! within 600 min. Owing to the intro-
duction of gelatin, FA and PEG, PGFMSN can specifically target
cancer cells by up-regulated extracellular MMP2 and FA
receptor, exhibiting enhanced cancer cell internalization.
Most importantly, the in vivo therapeutic study indicated that
compared with free DOX, non-targeted nanoparticles and non-
PEG nanoparticles, DOX@PGFMSN exhibited the better ther-
apeutic efficacy.

Temperature-responsive MSNs

It has been revealed that the local temperature in many tumors,
inflamed or infected tissue is higher than normal body
temperature by 4-5 °C. Motivated by this, researchers graft
temperature-sensitive gatekeepers on MSN surface to retain
their cargo at normal body temperature (~37 °C), and rapidly
release at higher temperature (~40-42 °C) of heated tumor site,
which can prolong blood-circulation lifetime of the cargo and
avoid washout from the tumor. A common temperature-
responsive gatekeeper is thermo-sensitive polymer based on
poly-N-isopropylacrylamide (PNIPAM) and its derivatives."
PNIPAM can undergo a transition from hydrophilic to hydro-
phobic at “lower critical solution temperature” (LCST) of about
32 °C.” Below the LCST, PNIPAM chains are hydrophilic and
extended, preventing the release of the loaded drugs, when
temperature is above the LCST, PNIPAM chains are dehydrated
and collapsed, leading to the pore open and the release of the
cargo."

The LCST of pure PNIPAM is around 32 °C that is not suit-
able for biomedical applications. Increasing the LCST to phys-
iological temperature can be achieved by introducing
hydrophilic monomers into the polymer composition, such as
acrylamide,”® N-isopropylmethacrylamide (the LCST increased
to ~37 °C).”””® Other thermo-sensitive polymers such as poly
(ethyleneoxide-b-N-vinylcaprolactam),” biocompatible zwitter-
ionic sulfobetaine copolymers,* paraffins,®* supramolecules
rotaxane®* or copolymer-lipid bilayers® have been also re-
ported. Besides these abiotic thermo-sensitive polymers, some
bio-molecules have also been utilized, such as double-stranded
DNA (temperature above its melting point could induce the
melting of ds-DNA),* reversible single-stranded DNA® (as the
DNA gatekeeper which could be adsorbed outside of the silica
shell via electrostatic interaction and destroyed at high
temperature, leading to the release of loaded cargo molecules
from the nanocarrier), peptide sequences®®® (present the
disassemble processes or a-helix-to-disordered transformation
at specific temperature).
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Another strategy was based on the combination of
magnetic*®®**° or photothermal®®* materials with thermo-
sensitive polymers to reach temperature-triggered drug release.

Exogenous stimuli-sensitive MSNs

In this section, stimuli-responsive DDSs that take advantage of
externally applied stimuli, including magnetic fields, ultra-
sounds and light, were discussed.

Magnetic-responsive MSNs

Magnetic particles could be heated up under alternating
magnetic field (MF), or be guided to the tumor tissue under
a locally applied external MF. Therefore, researchers take
advantage of magnetic field and designed magnetic-responsive
DDSs through combining MSNs with magnetic particles.
Biocompatible superparamagnetic iron oxide nanoparticles
(SPION) are the most widely employed magnetic particles.
Under an extracorporeal permanent MF focusing on the bio-
logical target, injected magnetic responsive nanocarriers can be
guided to the target site. The temperature will rise when an
alternating magnetic field (AMF) is applied or permanent and
alternating MF is alternately used. These magnetic particles
transform magnetic energy into heat following two mecha-
nisms, Brownian fluctuations caused by the rapid rotation of
the nuclei and Nell fluctuations incited by the spontaneous
reorientation of the magnetic moment of particle, which are
consequence of the rotation of the magnetic moments.**** The
heat produced by an AMF can be used to achieve on demand
pulsatile drug release. By adjusting the intensity and location of
the MF, the accumulation of nanocarriers and the release of
loaded drug can be controlled, and harmful side effects on

. Magnetic particles

’ Mesoporoussilica particles
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normal tissues can be avoided. Therefore, the combination of
magnetic nanoparticles (mNPs) and MSNs with high target
specificity, loading capacity and magnetic properties constitute
promising DDSs to target and control the drug release.

The different possible structures of the combination
between MSNs and magnetic nanoparticles (mNPs) can be
summarized into four categories (Fig. 3): (I) core-shell struc-
ture covering mNPs core with mesoporous silica shell.***® The
outer mesoporous silica shell provides pore volume and
enough surface area for drug store and release, stimuti-
responsive gatekeepers placed on the pore outlets controlled
the release under an external magnetic field. (II) Rattle-type
hollow structure composing of mNPs core and mesoporous
silica shell.”>** Research showed that the saturation magne-
tization value of rattle-type hollow structure (35.7 emu g ') is
significantly higher than that of the corresponding core-shell
structure with an intact middle silica layer (28.8 emu g~ ') due
to the removal of the in-between silica layer. Furthermore,
pore volume and surface area of the rattle-type structure are
calculated to be 0.58 cm® g~ and 435 m? g, respectively,
which are obviously higher than the sample with an intact
middle silica layer (274 m® g~ and 0.38 cm® g~ ). Therefore,
the rattle-type structure is more suitable for targeting drug
release. (III) Embedded structure encapsulating mNPs in
mesoporous silica nanospheres;**** (IV) mesoporous silica
nanoparticles being capped with mNPs.'*>'® mNPs can be
immobilized onto the surface of MSNs surface via chemical
linkers or polymer.

As mentioned above, there will be a temperature increase
when magnetic-responsive MSNs were under an AMF. Therefore,
temperature-responsive gatekeepers (such as DNA, thermo-
sensitive polymer) can be used to induce pore opening

Core-shell structure

Rattle-type hollow structure

Embedded structure

Magnetic particles capped the
pores of mesoporous silica

Fig. 3 The four possibilities structures of the combination between mesoporous silica hanoparticles and magnetic nanoparticles (mNPs).
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accompanied by temperature increase. Thermosensitive poly-
mers like poly(N-isopropylacrylamide/N-hydroxymethylacryla-
mide),”® poly(ethyleneimine)-b-poly(N-isopropylacrylamide),®
lipid bilayer'** and temperature sensitive pseudorotaxanes'® act
as thermosensitive nanovalves have been reported. At high
temperature achieved by applying an external magnetic field,
these temperature-responsive gatekeepers present structural
changes, permeability increasing, molecular nanocap disas-
semble. mNPs or polymers can be placed onto the surface of
MSN via thermally unstable chemical linkers like single-
stranded DNA with a melting temperature of 47 °C'* or
unstable covalent bond azo bond.*® Zink and co-worker®® firstly
reported a core-shell Fe;0,@SiO, nanocarrier coated with
thermodegradable azo-functionalised PEG. The thermally
decompose capability of the azo compounds makes them widely
used as thermal initiators via initiate radical polymerizations.
Azo-PEG can be broken at high temperature caused by a high
frequency oscillating MF, leading to the release of loaded drug,
while restricting cargo in mesopores at body temperature. This
strategy exhibits no fibroblast cytotoxicity, indicating its safety
and no damage to the surrounding tissues, because the external
MF produces locally heat within a nanoscopic volume.

[2 + 4] cycloaddition reaction (Diels Alder reaction) and
cycloreversion reaction (retro-Diels Alder reaction) of furan
derivatives with maleimide derivatives can be carried out at
mild temperature, especially, cycloreversion reaction can
proceed at conventional heating or heating triggered by super-
paramagnetic. Based on this, Ruhle and associate® constructed
a novel magnetic-responsive DDS (SPION@MSN-DA) with
thermoresponsive snaptop as gatekeeper by fixing the ada-
mantane group onto maleimide functionalized SPION@MSN
(SPION core-mesoporous silica shell) via a thermally reversible
[2 + 4] cycloaddition of a furan-modified linker. When under
external AMF, cycloreversion reaction could be carried out,
leading to cap detach from MSN, pore open and loaded cargo
release.

Besides superparamagnetic super-
paramagnetic manganese ferrite nanoparticles'® and zinc-
doped iron oxide nanocrystals**>'*” combined with MSNs have
been reported to produce novel magnetic responsive drug
delivery systems.

iron oxide NPs,
106

Ultrasound-responsive MSNs

Among possible external stimuli, ultrasounds (US) as an effec-
tive external trigger can be used to control drug release spatio-
temporally. US is appealing due to its non-invasiveness or
minimally invasiveness, without ionizing radiations, cost
effectiveness and easy control of tissue penetration depth by
tuning the frequency, cycles and exposure time.”* High-
frequency US can penetrate deeply into the body with focused
beams, which allows local therapy avoiding adverse side effects
to healthy tissues. Moreover, the US can not only trigger drug
release from nanocarriers but also enhance drug-loaded nano-
particle extravasation through blood capillaries, which increase
cell membrane permeation and even induce an immune
response against tumors.'**'%

This journal is © The Royal Society of Chemistry 2016
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Several physical effects will occur when an US wave propa-
gates through body tissue, so it can be utilized as trigger to
design ultrasound-responsive DDSs. These physical effects
include cavitation, local higher temperature, simple pressure
variation and acoustic fluid streaming. An ideal ultrasound-
responsive DDSs typically involves ultrasound sensitive mate-
rial to respond to one or more of these physical effects.**

Wang and coworkers™ synthesized an Au NPs-capped, per-
fluorohexane (PFH)-encapsulated and PEGylated mesoporous
silica nanocapsules-based enhancement agents (MAPP).
Hydrophobic pyrene as model drug was loaded into MAPP (pyr-
MAPP) to verify the effect of US on inducing drug release
behavior of MAPP. Before US irradiation, nearly no pyrene was
released, by contrast, under/after ultrasound irradiation,
a plenty of smaller-sized phase-changed PFH micro bubbles in
MAPP solution were generated, subsequently further swelled
and merged into larger microbubbles which could enhance the
release of pyrene. This indicated that the nanosized inorganic
MAPP possessed excellent US sensitivity, and the loaded drug
release could be trigger-controlled and enhanced via external
Us.

US waves can induce thermal and/or mechanical effects that
trigger the loaded drug release from nanocarriers. Moreover,
the advances in sonochemistry have shown that ultrasound-
induced chemical reactions can differ from those carried out
by bulk heating, implying mechanical or thermal effects at the
nanoscale.'*? US irradiation can also cleave certain chemical
bonds, so-called mechanophores.”**'* This strategy can be
exploited in the design of responsive nanoparticles with
ultrasound-labile moieties. 2-Tetrahydropyranyl methacrylate
(THPMA) can undergo a phase transformation from hydro-
phobic to hydrophilic by US irradiation. THPMA is a hydro-
phobic monomer bearing a labile acetal group that can be
cleaved by US to yield hydrophilic methacrylic acid (MAA).***1*>
Based on this, Paris et al™® developed a new ultrasound-
responsive system with MSNs as carriers and dual-responsive
copolymers composed of a thermoresponsive poly(2-(2-
methoxyethoxy)ethyl-methacrylate) (p(MEO2MA)) and THPMA
(MEO2MA : THPMA = 90 : 10) as nanogates sensitive to ultra-
sounds. The thermal response can be used to load and retain
the cargo, and the US sensitivity can induce the release of cargo
at physiological temperature. Copolymer p(MEO2MA)-co-
THPMA bearing US-cleavable hydrophobic tetrahydropyranyl
moieties, presents a LCST below physiological temperature. At 4
°C, the polymer is in its coil-like conformation, allowing the
cargo to be loaded in the mesopores. When the temperature is
increased to physiological temperature, the copolymer changes
to a collapsed state and the nanogates are closed retaining the
cargo into the pores. Upon US irradiation, the hydrophobic
tetrahydropyranyl groups in the polymer backbone were
cleaved, leading to hydrophilic methacrylate and increasing the
LCST over 37 °C. This induced a change in conformation of the
polymer to coil-like, opening the gates of the mesopores of the
MSNs and allowing the release of entrapped cargo. These hybrid
nanoparticles were no cytotoxic and could also be endocyted by
LNCaP cells, retaining their ultrasound-responsive capability
because they could release the cargo inside the cells upon US
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irradiation. When loaded with DOX, the hybrid MSNs only
induced cell death when exposed to ultrasound. Dating back to
2007, Kwon and coworkers'" first designed a newly ultrasound-
responsive system Fc-CONH-MS by grafting a ferrocene deriv-
ative including carboxylic acid group at both ends onto the
outside of amino-functionalized MSN. Upon ultrasound irradi-
ation, the ferrocene derivatives could be easily broken up by
local hyperthermia or the reaction of oxidized species, allowing
the entrapped cargo to be released.

Ultrasound-targeted DDS based on MSNs has achieved some
progress, but still in its infancy, need further study.

Light-responsive MSNs

Among various external stimuli, light is chosen as a trigger on
account of its rapid activation, low invasiveness and the possi-
bility of remote spatiotemporal control, which has been widely
applied, especially in drug delivery systems. In the past few
years, a large variety of light-responsive systems have been
designed to obtain on-demand drug release in response to
illumination of a specific wavelength (in the ultraviolet, visible
or near-infrared (NIR) regions).

Under UV irradiation, the azobenzene group and/or its
derivatives can undergo isomerization from a planar ¢rans form
to a non-planar cis form in surrounding aqueous medium. The
isomerization from cis to ¢rans via illumination in the visible
region enables photo-regulated control of drug release.''®'*®
Zink and coworkers designed a light-operated nanosystem with
an immobilized azobenzene-containing stalk molecule con-
nected to MSNs, light-operated dissociation movable B-CD and/
or Py-B-CD cyclic molecule threaded onto the azobenzene-
containing stalks, acting as gatekeeper. Without the irradia-
tion of 351 nm light, movable cyclic molecule could bind to
trans-azobenzene units to form the pseudorotaxanes, limiting
release of the cargo through closing the nanopores. The irra-
diating with 351 nm light could cause the isomerization of
azobenzene to the cis conformation, and the pores were
uncapped, the cargo was released."® MSNs assembled with
reversible and reusable nanovalves were designed by the same
research group based on the azobenzene/a-CD recognition
motif, which is capable of controlling the release of both small
cargo (alizarin red S) and larger dye molecules (propidium
iodide) because of azobenzene-containing stalks with different
lengths.” The results showed that cargo size-selectivity could
be achieved by tuning the length of the azobenzene stalk.

Molecules suffering physicochemical changes under UV
irradiation such as thymine possessing photodimerization—-
cleavage cycle'* and photocleavable o-nitrobenzyl ester moiety
and its derivatives™ have also been used as gatekeepers to
control drug release. Besides, the structure of the PNIPAM
polymers incorporating hydrophilic or hydrophobic light-
sensitive monomers could transform from collapsed (insol-
uble) to coil (soluble) state in the presence of UV irradiation, the
transformation can lead to the pores open and subsequently the
loaded molecules escape from the pores.***

Another strategy is grafting photoresponsive linkers such as
7-amino-coumarin derivative (CD) (at visible or NIR),"** S-
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coordinated Ru(bpy),(PPh;z)-moieties (A = 455 nm),"** and thi-
oundecyl-tetraethylene-glycol-ester-o-nitrobenzylethyl dimethyl
ammonium bromide (TUNA) (at UV region)' to the surface of
MSNs. The photoresponsive linkers can suffer physicochemical
changes or induced rupture under light irradiation, and then
light-induced drug release can be obtained.

Lin and colleague' reported a gold nanoparticle (AuNP)-
capped MSN as light sensitive DDS via photoresponsive linker
TUNA which would give rise to the negatively charged thio-
undecyltetraethyleneglycolcarboxylate (TUEC) and then the
capped Au NPs dissociated from the MSNs surface via charge
repulsion upon UV irradiation. Thus, the dissociation of the Au
NPs leads to the mesopores open and release of cargo
molecules.

Although UV/visible light have been widely applied in light-
responsive DDSs, its drawbacks limit its clinical application.
The UV/visible region of the spectrum (less than 700 nm)
usually has low penetration depth (~10 mm) due to the strong
scattering properties of soft tissues, which often limited its
application only on skin or external layers of organs. In addi-
tion, UV light may cause unwanted reactions including high
risks for DNA damage leading to cellular apoptosis. Thus,
developing longer wavelength NIR laser (in the range of 700-
1000 nm) systems with lower scattering properties, deeper
tissue penetration and minimal harm to tissues is required and
also desirable for real clinical application.”*"*¢

The property of NIR-absorbing materials such as Au,"”**
CuS®>** single-walled carbon nanotubes (SWNTs),**' upcon-
verting nanoparticles (UCNPs)"> to convert the adsorbed
photon energy through irradiation into hyperthermia, has been
used to trigger the release of therapeutic molecules from NIR
responsive DDSs. When combined with a thermal-responsive
polymeric shell, temperature-sensitive bonds or linkers, drugs
could be released under high temperature induced by NIR light
irradiation. For example, DNA duplexes have been used as
gatekeeper capping mesoporous silica shell and the dehybrid-
ization of the DNA duplexes leaded to the release of the loaded
molecules.**

UCNPs have the ability to absorb lower energy NIR light
photons and emit a single high energy photon of shorter
wavelength in the UV or visible region owing to its expanded
optical properties. He et al.'** synthesized b-phase NaYF,:-
TmYb@NaYF, UCNPs (core: NaYF4: 0.5 mol% Tm>": 30 mol%
Yb**; shell = NaYF,) coated by MSNs loaded with the anticancer
drug DOX and grafted with ruthenium complexes as photo-
active molecular valves. Result showed that loaded drug release
could be triggered by 974 nm light with 0.35 W cm ™2 based on
UCNP-assisted photochemistry. The literatures showed that the
lowest intensity for UCNP-assisted photochemistry was 0.35 W
cm™ 2. This intensity of light is also lower than the maximum
permissible exposure of skin (0.726 W cm™>). Such low intensity
of light minimized superheating problems and avoided photo
damage to biological samples. After irradiating with 0.35 W
cm 2 light (974 nm) for 5 hours, about 42% loaded DOX
released, while an increased release of 78% was obtained after
treating with 0.64 W cm ™ light (974 nm) for 5 hours. The
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results showed that drug release kinetics were intensity related
to the power of the light irradiation.

Multiple stimuli-responsive MSNs

Compared to single stimuli-responsive drug delivery systems,
dual or multi-responsive DDSs are sensitive to two or more
stimuli, either in a synergistic fashion or in an independent
style (Table 4), which has gained considerable attention in the
current decades for its capability of further improving drug
delivery.

Zhao and colleagues*** capped mesoporous silica with hya-
luronic acid (HA) through cleavable disulfide (SS) bonds, and
the loaded DOX release occurred either in a redox responsive
way by addition of glutathione (GSH) or in an enzyme respon-
sive way by introducing of hyaluronidases (HAase). In this
system, HA acted as both gatekeeper and targeting ligand owing
to the specific affinity with CD44 receptors with a high level of
expression on various tumor cells such as human HCT-116
cells. The MSN-SS-HA/DOX had the high drug loading effi-
ciency up to 12.5% and in vitro drug release study showed that
the release of DOX was triggered by GSH and HAase. Without
GSH and HAase, DOX released from MSN-SS-HA/DOX was
obviously inhibited with less than 20% for a period of 48 h.
Nevertheless, in the presence of HAase, GSH, GSH and HAase,
the cumulative amount of released DOX was significantly
increased to 30%, 50% and 60% within 48 h, respectively. In
addition, fluorescence-activated cell sorting (FACS) and
confocal laser scanning microscopy (CLSM) showed a higher
cellular uptake via CD44 receptor-mediated endocytosis with
increasing 3.0-times and 2.7-times for 100 and 200 ug mL ™"
MSN-SS-HA in HCT-116 cells compared with that in CD44
receptor-negative NIH-3T3 cells. In vitro cytotoxicity studies
showed that the ICs, value of MSN-SS-HA/DOX was signifi-
cantly reduced to 0.6 ug mL~" in HCT-116 cells from 4.5 pg
mL™" in NIH-3T3 cells. Therefore, MSN-SS-HA/DOX nano-
system could enhance the anticancer efficiency of DOX to CD44
receptor-positive cancer cells and reduce the undesirable side
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effects to healthy cells/CD44 receptor-negative cells. The results
suggested a potential approach via using a single substance to
obtain dual-stimuli responsive targeted cancer therapy.

Internal-sensitivity can also be associated with external
responsiveness. Very recently, Zhang et al'* reported
a reduction, pH and light triple responsive nanocarriers
(HMSNs-PDEAEMA) based on hollow mesoporous silica
nanoparticles (HMSNs) coated by poly(2-(diethylamino)-ethyl
methacrylate) (PDEAEMA). pH-Sensitive PDEAEMA polymer
capped on the surface of HMSNs through linkages including
reduction cleavable disulfide bond and light-cleavable o-
nitrobenzyl ester. DOX was easily loaded into the nanocarriers
with high drug loading efficiency, and the rapidly released of
DOX was triggered by the stimuli of acid environment,
reducing agent or UV light irradiation. In addition, the results
of flow cytometry analysis, CLSM and cytotoxicity indicated
that the DOX loaded HSNs-PDEAEMA was efficiently uptaken
by HeLa cells, showing (i) smart control on drug delivery and
release, (ii) the enhanced DOX release into the cytoplasm
under external UV light irradiation, and (iii) higher cytotoxicity
against HeLa cells.

Another nanosystem based on supramolecular switches
showed the response to ultrasound, pH and magnetic fields.
Leung and coworkers™® reported that a nanoparticle with
SPION as core, mesoporous silica as shell was functionalized
with a series of metal cations complexed dibenzo-crown ether
macrocycles which was utilized as gatekeeper controlling the
release of cargo through ultrasound waves. In this system, pH-
sensitive electrostatic interactions (such as metal chelating) or
intramolecular hydrogen bonds were used to control the “ON/
OFF” switching of the gatekeeper supramolecules. The dibenzo-
crown ether macrocycles nanovalves could be blocked via
chelating with Cs" and Na' ions and have the capability of
loading and controlling the release of different modes of drug.
In this work, the release profiles suggested that DOX released
from metal cation blocked crown ether-based nanovalves cap-
ped NPs could be triggered by (i) the change in electrostatic
interaction and hydrogen bonds induced by lower pH, (ii) the

Table 4 Multiple stimuli-responsive nanosystems based on mesoporous silica nanoparticles

Mechanism Material Release condition Biological model Model drug  Ref.
pH/cellulase Cellulose pH 4.0/cellulose HepG2 DOX 72
Redox/enzyme HA GSH/hyaluronidases HCT-116 DOX 138
pH/redox/UV PDEAEMA/disulfide bond/o-nitrobenzyl ester ~pH 5.0/DTT/UV HeLa DOX 134
NIR/PH/thermo  Au25(SR)18/P(NIPAM-MAA) 980 nm (NIR)/tumor sites A549, HeLa, SKOV3 DOX 139
pH/redox Poly(allylamine hydrochloride)-citraconic pH 5.0/Cytoplasmic QGY-7703 DOX/siRNA 140
anhydride/galactose-modified trimethyl glutathione
chitosan—-cysteine
Esterase/pH Poly(B-amino ester) Liver esterase/pH < 5.0 MDA-MB-231 DOX 141
Enzyme/redox or AND logic gates (DNA) DNase I/DTT or 50 °C/DTT  A549 Calcein 142
thermo/redox
pH/enzyme AND logic gate (PAA/PCL) pH 5.5@esterase SK-N-BE(2), HeLa, MRC-5 DOX 137
pH/redox Disulfide bonds/benzoic-imine bond Glutathione/pH 5.0 U87MG DOX 143
Magnetic/NIR Fe;0,@poly-L-lysine@Au@dsDNA Magnetic target/808 nm NIR HeLa, nude mice DOX 144
Ultrasound/pH/  Crown-ether/SPION Ultrasound/pH/magnetic L929 DOX 135
magnetic

This journal is © The Royal Society of Chemistry 2016

RSC Adv., 2016, 6, 92073-92091 | 92083


https://doi.org/10.1039/c6ra18062k

Published on 20 September 2016. Downloaded on 20.06.26 18:30:19.

RSC Advances

dissociation of blocked agents from dibenzo-crown ethers
induced by ultrasound. Furthermore, under external magnetic
field, particles could be attracted to specific lesion site via MF
guiding and the nanoparticles showed great MRI capability,
which indicated that this constructed nanosystem is potentially
useful as multiple stimuli-responsive DDSs and theranostic
agents.

AND logic gates could also be used to design MSNs with dual-
stimuli controlled release, a MSN system with “AND” logic gate
in respond to pH and light was first reported by Angelos.'*® The
dual-controlled nanoparticle systems were functioned with
a true “AND” logic gate in which drug release only happened in
the presence of two stimuli. So the drug was released only at the
required site and required time. Recently, Chen et al.**” reported
a MSN system with “AND” logic gate in respond to enzyme and
pH based on polycaprolactone (PCL) and polyacrylic acid (PAA)
functionalized MSNs (PAA-PCL-MSNs). PAA-PCL-MSNs
showed the capacity of selectively controlling delivery and
release of cargo in cancer cells. Esterase degradable PCL was
immobilized into the pores of MSNs while pH responsive PAA
was capped the outside of the MSNs to constitute a PAA-PCL-
MSNs construct. With DOX as model drug, the PAA-PCL-
MSNs@DOX possessed high drug loading efficiency up to 0.3 g
g™, the in vitro drug release study showed that only in the
coexistence of low pH and esterase, DOX release could occur.
The ICs, of the PAA-PCL-MSNs@DOX in normal fibroblasts
MRC-5 was 8-times than that in neuroblastoma SK-N-BE(2) cell.

Receptor

1.Tumor vascular
targeting
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This 8-fold divergence demonstrated that PAA-PCL-
MSNs@DOX possessed the higher cytotoxicity to cancer cells
than normal cells. The release based on “AND” logic gate could
reach smart control in complicated physiological environment,
then decreasing undesirable toxic side effects on normal cells
and enhancing therapeutic efficacy of target cells.

Active targeting MSNs

Active targeting as a complementary strategy to EPR effect has
opened up a new area for traditional chemotherapy to enhance
the efficiency of anti-cancer, which known as ligand-mediated
targeting involving functionalization of the MSNs surface with
active targeting ligands. The active targeting ligands, such as
small molecules, peptides, antibodies, proteins, saccharides
and aptamers, have specific affinity to the over-expressed
receptors on the tumor cells. Typically, there are three paths
(targeting to tumor vessels, tumor cells, nuclear) to achieve
effective enrichment of drugs in tumor tissues (Fig. 4). The most
relevant results derived from the conjugation of active targeting
ligands to MSNs-based nanosystems to promote specific
recognition and cellular uptake by cancer cells are summarized
in Table 5.

Vessel targeting MSNs

Different from normal tissues, many proteins show specific
over-expression on the surface of tumor-associated endothelial

\»
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Nuclear pore

3.Nuclear
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2. Tumor cell
targeting
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‘Normal Tumor Endothelial Drug@MSNs@
cell cell cells Target ligand

Fig.4 Schematic illustration of active targeted drug delivery based on MSNs for effective cancer therapy: (1) tumor vascular targeting. (2) Tumor

cell targeting (3) nuclear targeting.
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Table 5 Active targeting ligands conjugated to mesoporous silica nanoparticles-based nanosystems that permit their specific recognition®

Site Targeting ligand Targets/mechanism Model Model drug Stimuli-responsive Ref.
Tumor cell HA CD44 receptor MDA-MB-231 Rhodamine B 69
membrane  HA CD44 receptor HCT-116 DOX 145
MSN-SS-HA CD44 receptor HCT-116 DOX Redox and enzyme 133
redox and enzyme
control release,
improved cytotoxicity
and cellular uptake
CMS-SS-0HA CD44 receptor HCT-116 6-MP Redox improved 63
cytotoxicity and cellular
uptake
FA Folate receptor A549, HeLa DOX 146
DOX@HPSN-Salphdc- Folate receptor HepG2 DOX PH, minimal toxic side 147
FA effect, induce cell
apoptosis, inhibition of
tumor growth
MSN-FA@gelatin-PEG Folate receptor HT-29 DOX Enzyme, MMP-2 71
induced release, target
endocytosis
SBA-PEG-FA Folate receptor HepG2 DOX PH, enhanced cancer 21
cell killing efficacy
FA-PEI- Folate receptor HeLa DOX and siRNA PH, enhanced 148
HMSN@Dox@siRNA therapeutic efficacy co-
delivery of DOX and
siRNA
MSNs-S-S-HP-LA Galactose receptor HepG2 DOX Redox induce cell 55
apoptosis, inhibition of
tumor growth
HMSNs-S-S-Ada/B-CD-  Asialoglycoprotein HepG2 DOX Redox, inhibited tumor 58
LA receptor growth with the
minimized side effect
anti-EpCAMDNA EpCAM SW620 DOX 149
aptamer (Ap)
YY146 (an anti-CD146 CD146 U87MG DOX 150
antibody)
Antibody/single-chain Specific affinity receptor ~ OVCAR-5 Bevacizumab 151
variable fragment (Ab-/
ScFv)
K4YRGD peptide avp3 receptor HepG2 DOX 152
Lactose ASGPR HepG2 Docetaxel 153
SMMC7721
AS1411 aptamer Nucleolin HeLa DTX 154
AS1411 aptamer Nucleolin HeLa DOX ATP 155
ATP aptamer ATP-triggered release,
high therapeutic
efficacy
PTX-MSNs@AgNPs— — CEM Paclitaxel (PTX) Redox, inhibition of 156
PEG/sgc8 (aptamer) tumor growth
- Transferrin receptor HeLa DOX pH-responsive, SERS- 157
Ag@Si0,@mSiO,@CS-  (TfR) traceable, cancer cells
PMAA target
N3GPLGRGRGDK-Ad avp3 integrins SCC-7 DOX 158
PEI-cRGD avp3 integrins Blood-brain DOX 159
barrier model
c¢RGDfK avpB3 integrins MDA-MB-231 Arsenic trioxide (ATO) 160
triple-negative
breast cancer
CRGDKGPDC a2B3 receptor HeLa Combretastatin A4, 161
DOX
CRGDyK avp3 integrins U8S7MG Sunitinib (SUN) 162
Kg(RGD), avpB3 integrins US7MG DOX 163

This journal is © The Royal Society of Chemistry 2016
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Table 5 (Contd.)
Site Targeting ligand Targets/mechanism Model Model drug Stimuli-responsive Ref.
MSN-GFLGR7RGDS/a- avP3 integrins HeLa DOX Enzyme superior tumor 65
CD targeting, drug
internalization,
cytotoxicity, and in vivo
antitumor efficacy
cRGD avp3 integrins SCC-7 CPT Tumor tissues 164
(vasculature)
MSN-SS-RGDFFFFC- avp3 integrins U-87 MG DOX Redox, PH selectively 143
MPEG tumor cell killing
HB5 aptamer HER2 SK-BR-3 DOX 165
PEGA-PVEC peptide — MCF-7 (—)-Epigallocatechin- 166
3-gallate
Vascular endothelial VEGEF receptor SKOV3 siRNA 167
growth factor (VEGF)
VEGF121 VEGF receptor U87MG Sunitinib (SUN) 168
Anti-TRC105 CD105 HUVE-Cs DOX 169
anti-VCAM-1 VCAM-1 receptors HUVEC-CS Fluorescein 170
isothiocyanate (FITC)
Nuclei TAT peptide Nuclear membrane MCF-7/ADR DOX 171
receptors
MONSsS-PTAT Nuclear membrane HeLa DNA 172
receptors
MSNSATAT&PMAK, Stepwise-acid-active Hela DOX 173
QDs@mSiO,-CPP (TAT, Cathepsin B protease A549 DOX Enzyme selectively 67
PGFK, oligoanionic- release drug into the
inhibitory domain) nucleus of targeted
tumor cells with high
tumor cytotoxicity and
minimum side effects
Dexamethasone (DEX) Glucocorticoid receptor ~ HeLa DOX 174
(GR)
Multistage target
Tumor and  FA and dexamethasone  Folate receptor and HeLa DOX 174
nuclei (DEX) glucocorticoid receptor
(GR)
Tumor tLyp-1 peptide Neuropilin (NRP) MDA-MB-231, DOX 175
cells and HUVECs
vessels
Vascular- RGD peptides, TAT avp3 integrins HeLa DOX 176
cell peptide Nuclear membrane
nuclear receptors
Tissue-cell-  Magnetic, FA, TAT Magnetic target, folate HeLa Camptothecin (CPT) 177
nuclear peptide receptor, nuclear-target

¢ anti-EpCAMDNA Ap: (5’-amino-CAC TAC AGA GGT TGC GTC TGT CCCACG TTG TCA TGG GGG GTTGGC CTG-3', MW = 748.70), HB5Ap: (5'-
AACCGCCCAAATCCCTAA-GAGTCTGCACTTGTCATTTTGTATATGTATTTGGTTTTTGGCTCTCACA-GACACACTACACACGCACA-3', 86 bp), tLyp-1:
(sequence CGNKRTR) PEGA-pVEC peptides (cCPGPEGAGC-LLIILRRRIRKQAHAHSK-NH,), LA: lactobionic acid, ASGPR: asialoglycoprotein
receptor, EpCAM: epithelial cell adhesion molecule, HER2: human epithelial growth factor receptor 2, 6-MP: 6-mercaptopurine, HA: hyaluronic
acid, SERS: surface enhanced Raman scattering.

cells due to the abnormal overgrowth of intratumoral vascula-
ture, which can be utilized as targets for targeted drug delivery
and cancer treatment. According to the literatures, targeting to
the endothelial cells of the tumor vessels and subsequently
killing them can lead to the necrosis of tumors because tumor
vasculatures are the transport channel of nutrition which
guarantees the fast proliferation of tumor cells,'””® which has
become a promising alternative in treating solid tumors. In
2013, Chen et al.'® reported the first example of in vivo tumor

92086 | RSC Adv., 2016, 6, 92073-92091

vascular targeted drug delivery system based on MSNs. In this
nanosystem, TRC105 antibody targeting to CD105 receptor was
conjugated onto MSNs surface. In the 4T1 tumor tissue, the
receptors (CD105) only overexpressed in the tumor vasculature
but did not express on 4T1 tumor cell. Active vessel targeting
giving rise to ~2 times enhancement of tumor uptake
comparing to passive targeting only based on the EPR effect.
Since then, various tumor vascular targeting ligands, such as
vascular endothelial growth factor (VEGF) specific for VEGF
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https://doi.org/10.1039/c6ra18062k

Published on 20 September 2016. Downloaded on 20.06.26 18:30:19.

Review

receptors (VEGFRs), arginine-glycine-aspartic acid (RGD)
peptides targeting to ovB3 integrin receptor, HB5 aptamer
which was specific for human epithelial growth factor receptor 2
(HER2), anti-VCAM-1 monoclonal antibody specific for vascular
cell adhesion molecule-1 (VCAM-1) receptors, have been con-
nected to the surface of MSNs to develop vascular targeted drug
delivery systems with enhanced therapeutic efficiency.

Very recently, Li et al.*** reported a novel vascular-targeting
co-delivery DDS based on targeting molecules (iRGD peptide)
modified MSNs. In this system, antiangiogenic agent (com-
bretastatin A4) and chemotherapeutic drug (DOX) were pay-
loaded, leading to significantly improved anti-cancer efficacy
even at a very low DOX dose (1.5 mg kg™ '). Furthermore, the
disruption of vascular structure caused by combretastatin A4
which was released quickly at tumor vasculatures had a syner-
getic effect with DOX which released slowly in the subsequent
delivery of DOX into tumors.

Tumor cell targeting MSNs

After reaching tumor tissues, drug loaded nanocarriers are
often expected to target to tumor cells through specific inter-
action between ligand and receptor, leading to the enhanced
cellular uptake and drug delivery efficiency and the enhanced
therapeutic efficacy. Ligand-mediated targeting to tumor cells
need meet the following requirements: (I) a threefold over-
expression of the targeted receptor on the cancer cell compared
with normal cells is generally considered to be sufficient to
warrant further investigation, although greater upregulation is
preferred.'” (II) The density of active targeting ligands on the
surface of nanoparticles should be carefully manipulated and
optimized in order to obtain maximized targeting and therapy
efficiency. Because the ligand/nanoparticle ratio strongly affects
the cell recognition specificity, so greater selectivity and tar-
geting efficiency can be obtained with higher density of active
targeting ligands.'™® But excessively high density of active tar-
geting ligands may increase the steric hindrance effect and lead
to poor cellular uptake efficiency.’ (III) Preventing targeting
ligands coated by the plasma protein is also a noteworthy issue
because the targeting ligands can be shielded by opsonization,
which can result in loss of their targeting ability in a complex in
vivo environment.'®* (IV) The targeted receptor on the cancer
cell can induce endocytosis.

Various tumor cell targeting ligands such as antibodies (anti-
CD146 antibody, antibody fragment (Ab-/scFv)), proteins
(transferrin (Tf)), peptides (K4YRGD peptide), saccharides
(hyaluronic acid (HA)), lactobionic acid (LA), lactose, small
molecules (folic acid (FA)), aptamers (anti-EpCAMDNA aptamer,
AS1411 aptamer), have been conjugated onto MSNs surface to
receive tumor cell targeted property.

Quan et al.*®® designed a hepatoma targeting DDS based
on lactose conjugated MSNs (Lac-MSNs) with anticancer
drug DTX loaded. The DTX-Lac-MSNs showed specific tar-
geting to ASGPR-positive SMMC7721 and HepG2 cells, and
the cellular uptake of Lac-MSNs was an energy-consuming
process and predominated by clathrin-mediated endocy-
tosis. Thanks to active targeting, significantly enhanced
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inhibition of the growth of HepG2 and SMMC7721 cells in
vitro was obtained.

Nuclear-targeting MSNs

The nucleus is important space for the storage, replication and
transcription of genetic material and plays an important role in
cell metabolism, growth and differentiation. Therapeutic genes
must enter the cell nucleus and correct dysfunctional and/or
missing genes. Some anti-cancer drugs, such as cisplatin and
DOX, must enter into the cell nucleus to induce apoptosis.
Therefore, the nuclei of cancer cells has become an ultimate
target point and nuclear-targeted treatment systems are hoped
to be more efficiently and directly deliver therapeutic drugs to
kill tumor cells. There are a lot of nuclear pore complexes
distributing on the nuclear membrane, the pore with a diameter
value of 20-70 nm. The diameter of the pore is related to the cell
type and cell cycle, especially, the nuclear pore diameter of
tumor cells is bigger than normal cells.” The -classical
cytoplasm-to-nuclear transport of nanocarriers must pass
through the nuclear pore, nanocarriers with the aid of proteins
which contain nuclear localization sequences (NLS) form
complexes with importin «/f, then interact with nucleoporins
within the NPCs, and finally transversely enter the nuclei from
cytoplasm.™ Therefore, enough small nanocarriers or dilated
nuclear pore and conjugated appropriate nuclear targeting
ligands (such as cell-penetrating peptides (CPPs) which contain
nuclear localization sequences (NLS)), are two critical presup-
positions for the nuclear-targeted nanocarriers. Besides these,
the nanocarriers should be tumor specific without any harmful
side effects and have the ability to escape from endo/lysosomal
to avoid the internalized nanocarriers and cargos being
degraded.

Lin et al.*”* reported a cancer-cell-specific nuclear targeted
delivery system based on both FA and dexamethasone (DEX)
targeting ligand modified MSNs. In which, the nuclear targeting
ligand dexamethasone is a potent glucocorticoid with the
capability of enlarging nuclear pore up to 60 nm during the
translocation process, it can promote transport from cytoplasm
to nucleus via specifically binding to the nuclear receptor,
glucocorticoid receptor (GR) expressed in almost style cell. FA
acting as tumor cell targeting ligand can enhance cancer
cellular uptake. The results demonstrated that the constructed
FA-MSN-DEX showed higher anticancer efficacy of DOX on
HeLa cells via enhanced cellular uptake and active nucleus
accumulation with the calculated ICs, of 0.78 ug mL ™" at 48 h.

Conclusions

In the war against cancer, conventional chemotherapy is still
the main approach among various types of cancer treatments.
While conventional chemotherapy will cause severe harmful
side-effects due to nonspecific uptake by healthy cells and high-
doses administration of therapeutic agents. The nonspecific
cellular uptake of the drug by healthy cells is an important
obstacle during the treatment of cancer. Therefore, it is
important to target delivery of anticancer drugs with suitable
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nanocarriers. MSNs are promising candidates in target delivery
of anticancer drugs for its unique physical-chemical properties.
Through conjugating of various functional groups on MSNs,
stimuli-responsive and active targeted anticancer drug delivery
systems have been successfully prepared. The wide range of
endogenous stimuli (e.g. pH, redox, enzymes, temperature) or
exogenous stimuli (e.g. light, magnetic, ultrasound) is able to
trigger the release of anticancer drug at the right place and time.
And various functional groups or molecules can be combined
with MSNs, which allows more flexibility in design of stimuli-
responsive DDSs. Yet, the design of sensitive nanocarriers to
endogenous or exogenous stimuli may exist severe limitation in
practice, because the difference of internal stimuli is not
enough big and external stimuli is difficult to accurately locate.
To improve practicability, multiple stimuli-responsive drug
delivery systems or/and combination with active targeting have
been designed to cover the insufficiency of single stimuli-
sensitive nanosystems, thereby achieve more accurately
controlled release of drug. As for active target, nanocarriers
based on MSNs possessing higher targeting efficiency and
treatment efficiency are needed, the role and contribution of
tumor cell targeting ligands to tumor site specific accumulation
at in vivo conditions need more detailed studies.

Although a number of stimuli-responsive and active target-
ing nanosystems have been reported in vitro proofs of concept,
only a few have been performed in vivo preclinical research, and
none has reached the clinical stage. In addition, researches
about the toxicity and benefit-to-risk ratio after long-term use,
the feature of pharmacokinetic in vivo are severe insufficient.
Therefore, to develop a biodegradable, non-toxic, safety, high
targeting efficiency drug delivery system based on MSNs is an
important direction and main objective in the future.
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