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The exploitation of mesoporous silica nanoparticles (MSNs) as drug delivery systems has grown exponentially
due to their remarkable tunable properties, such as high surface area, chemical and physical stability, high
loading and release capacities, distinct possibilities of particle and pore structures, as well as good biocompat-
ibility, biodegradability, and easy clearance. However, the main exposure routes that exploit MSNs qualities,
namely intravenous, subcutaneous, intramuscular, intratumoral, ophthalmic, pulmonary, nasal, dermal, and oral
administrations, have been underreported to date. In addition, a better understanding of these administration
routes can contribute to the development of smart MSNs-based nanoplatforms with interesting properties, such
as high stability in physiological media, specificity and efficacy in theranostic applications, and further clinical
translations. This review highlights the advantages and challenges of the administration routes aforementioned
regarding the MSNs as drug delivery systems. It also shows how their properties can influence the interaction
with biological media, and consequently, their biocompatibility, biodistribution, and clearance mostly in pre-

clinical assays, in order to contribute to further MSNs-based nanoplatform clinical translations.

1. Introduction

The research and design of nanomaterials has grown substantially to
meet the needs of applications in the diverse fields of medicine, con-
sumer products, environmental health, and information technology
[1-3]. Nanomaterials consist of materials with one of their dimensions
up to 100 nm. Great attention has been given to nanomaterials for
biomedical applications, such as sensing, imaging, therapeutic, and
theranostic agents [2-5].

Regarding therapeutic agents, organic and inorganic nanomaterials
have been extensively applied as active drug carriers to develop novel
drug delivery systems, and consequently, novel vaccine formulations
due to their tunable physicochemical properties, such as wide avail-
ability, rich functionality, and interesting biocompatibility [4,6]. Be-
sides, these engineered materials display small size and high surface
area, which allows good interaction with single cells aiming to mimic
natural and biological systems, such as lipids, sugars, peptides, nucleic
acids, and others. These nanosystems usually show advantages such as
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long circulation times in blood and biological media, few unspecific
interactions, and therefore, high specificity for designed target cells and
tissues [2,4].

Among several nanomaterials, mesoporous silica nanoparticles
(MSNs) have attracted great attention as drug delivery nanoplatforms
due to their unique properties, namely high chemical and thermal sta-
bility, high surface area, tailorable particle and pore sizes as well as
shapes. The pore structure can promote drug confinement, controlling
loading and release processes, and avoiding drug degradation and pre-
mature release before reaching the target. In addition, the hydroxyl
groups available in MSNs surface (exterior and interior of the pores) can
be easily functionalized, making MSNs interesting multifunctional
nanocarriers for biomedical applications [4,7-10].

Most MSNs can be prepared using mild and cheap processes by
controlling parameters such as reagent concentration, temperature and
pH of the reaction mixture, template agents (surfactants and co-
polymers), and types of silica source [4]. As stated by some authors [4,
11-15], MSNs biomedical applications are extremely dependent on the
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Fig. 1. Schematic representation of exposure routes commonly used for MSNs administration, including their main advantages (blue) and challenges (red). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

biological media response compared with factors such as particle
dosage, particle shape and surface, mesoporous structure, pore and
particle size.

Although several in vitro [7,12,16-21] and in vivo [4,14,22-28]
studies have proved good biocompatibility of pristine and engineered
MSNs, few clinical trials have reported the effects of MSNs, administered
via distinct routes, on the complete clearance from human organisms.
The possible routes of exposure by using MSNs as nanoplatforms
comprise intravenous, subcutaneous, intramuscular, intratumoral,
ophthalmic, pulmonary, nasal, dermal, and oral administration.

Taking into account that reviews concerning distinct administration
routes for MSNs are scarce, we proposed to highlight the advantages and
challenges of the exposure routes most commonly used for these nano-
platforms as drug delivery systems. We also review how MSNs properties
can influence the interaction with biological media, and consequently,
their biocompatibility, biodistribution, and clearance in vivo, in order to
contribute to further MSNs clinical applications.

2. Mesoporous silica nanoparticles

Mesoporous silica materials comprise materials with high surface
area due to diameter pore size from 2 to 50 nm, as stated by Interna-
tional Union of Pure and Applied Chemistry (IUPAC) classification [9,
29]. In particular, MSNs were first reported by some authors [30-32]
who adapted the Stober method [33] with surfactants or copolymers as
organic templates, alcohol solution in basic media (by addition of
ammonium hydroxide or sodium hydroxide) and then, a silica precursor
to form organic-inorganic hybrid structures. Parameters such as reagent
type and concentration, pH and temperature can influence particle size
and shape, along with pore size and assembly, to fabricate MSNs [4,9,34,
35]. Briefly, a general MSNs synthetic route comprises two mechanisms:

true liquid-crystal templating (TLCT) and cooperative self-assembly.
The TLCT mechanism consists of the micellar aggregate formation by
self-assembly of surfactants or copolymers at high concentration and
specific media conditions. Then, the inorganic source (tetraethyl-orto
silicates [TEOS]) is precipitated onto periodic micellar assembly. In the
cooperative self-assembly mechanism, the silica precursor promotes the
surfactant assembly at low concentration to prepare mesostructured
systems [4,30,36,37]. The organic templates can be removed by calci-
nation, solvent extraction, or dialysis, making silica mesopores free
(internal surface) for active molecule confinement and, consequently,
further biomedical applications.

3. Distinct administration routes

Considering MSNs as matrices for drug delivery, the great challenge
of becoming an efficient nanoplatform to treat any disease comprises
achieving high specificity, high blood circulation time, good cellular
uptake, intracellular release, and short clearance time. Several multi-
functional MSNs have been described aiming to achieve the attributes
mentioned above, minimizing side effects on healthy tissues and cells [4,
38]. Regarding clinical applications, it is worth emphasizing that
knowing the administration routes and their implications is essential for
designing targeted MSNs as efficient drug delivery systems. In this sense,
we review the exploitation of MSNs as drug carriers by using several
administration routes, showing their advantages and challenges, as
summarized in Fig. 1. The main findings concerning the fate of the
administered nanosystems, from toxicity and biodistribution to clear-
ance, are highlighted here.

The choice of administration route depends on the disease, the effect
desired, and the products available to achieve the goal. The MSNs
multifunctionality opens new horizons to design targeted drug



Table 1

Summary of several administration routes for MSNs as drug carriers, types of MSNs-based nanoplatforms, their physicochemical parameters, and main results.

Administration Carriers/composition Drugs Encapsulation Particle size (nm) Pore size (nm) Zeta potential Main results/goal Reference
routes efficiency (%) (mV)
Intravenous Anti-PSA-NCAM-PE (antibody)-UnPSi NPs (modified  SC-79 23 358 - -19 Targeted and drug delivery nanoplatform to  [27]
porous silicon nanoparticles) stimulate the Akt pathway aiming at
regenerating functional neurocircuitry after
stroke.
Intravenous Ru-MSN-P(target protein)lip (liposome) RuDPNI (C6H19CI3N303SRu)  26.5 60 8.5 -10.5 Ru-MSN-PLip exhibited long-term blood [39]
and RuDPH circulation, biocompatibility, accumulation in
(C14H14CI3N,0SRu) tumors, and inhibition of tumor growth in vivo.
Intravenous CuS@BSA (bovine serum albumin)-HMONs (hollow Doxorubicin (DOX) 42.9 117.6 1.8 +21.3 CuS@BSA-HMONs-DOX exhibited pH-, NIR- [40]
mesoporous organosilica nanoparticles)-DOX and GSH-sensitive drug release, fulfilling
synergistic chemo-phototherapy functions.
Intravenous MYR-MRP-1 (multidrug resistance protein small Myricetin (MYR) 36.7 109.8 - - Clinical treatment of non-small cell lung [41]
interfering RNA [siRNA])/MSN-FA (folic acid) cancer (NSCLC).
Intravenous DOX/MCN (mesoporous carbon nanocomposite)@Si ~ DOX 48.2 118 2.2 -23 Theranostic nanosystems for efficient chemo- [42]
(mesoporous silica nanoparticles)-CDs(carbon dots) photothermal synergistic antitumor therapy.
Intravenous MSN-SS (disulfide bound)-PDA(polydopamine)/DOX DOX 19.4 150 2 -2 Multi-responsive drug delivery and combined [43]
chemo-photothermal therapy.
Intravenous DMK NPs (DOX and KLAK peptide modified PEG DOX and KLAK peptide 27.6 and 11.1, 50 4.1 +15.5 Dual Redox/sensitive and controllable pH- [44]
loaded into mesoporous silica nanoparticles) respectively responsive drug release behaviors showing
high antitumor efficacy and high biosafety in
vivo.
Intravenous and TAX-CUR-PL(PEGylated lipid bilayer) MSNs paclitaxel (TAX) and curcumin 77.5 and 30.7, 130 2.7 - Effectively reduce the clinical dosage of drugs [45]
intratumoral (CUR) respectively and their toxic side effects, effectively carry
drugs into cancer cells, and exhibit good
targeting characteristics for breast cancer.
Intravenous DOX/MSN@CaCOs;@CM(cancer cell membrane DOX 4.2 160 - -19.8 Effective drug targeting system only using [46]
debris) natural biomaterials for the treatment of
prostate cancer.
Intravenous MSN-ATZ-CH (chitosan)-FA Anastrozole (ATZ) 52.5 168.9 3 +26.2 Excellent tumor suppressing activity against ~ [47]
Ehrlich Ascites Carcinoma (EAC) induced
breast cancer model.
Intravenous BSA-MnO,@HMSNs(hollow mesoporous silica DOX and chlorine e6 (Ce6) 14 and 36, 274 3.2 ~ =20 A high DOX-loading, pH/GSH(glutathione)/  [48]
nanosystem)-DOX-Ce6, labeled BMHDC respectively H,0,-responsive nanoplatform to achieve
intelligent chemotherapy and enhanced PDT
for cancer treatment.
Intravenous D(DOX)/C(Cypate)/PG(Glutamic acid modified DOX and Cypate 10.5 and 8.2, Up to 240 nm 2.4 0 and —20, pH and near-infrared (NIR) light dual- [49]
Pluronic P123)MSN and D/C/P(Pluronic P123)MSN respectively respectively responsive DOX release. Besides, deep tumor
penetration and targeted PTT effect made
PGMSN suitable for cancers overexpressing
LAT1 receptors.
Intravenous T(D-a-tocopherol polyethylene glycol 1000 succinate) DOX Up to 10 ~ 120 2.5 +20 The double inhibition of drug effluxand [50]
C(Cypate)MSN/DOX particle exocytosis in this nanosystem
cocontributed to sustaining drug action time,
enhancing the anti-tumor activity.
Intravenous SiNPs/DOX DOX 25 189 2.8 - The nanoplatform improved the cellular drug [51]
delivery efficiency and exhibited high
cytotoxicity, achieving the inhibition of tumor
growth.
Intravenous S(sphere like)-M(magnetic)-MSNs-P(PEG-g-PLL Ganciclovir (GCV) 33.7 250 2.8 - The fabricated nanosystems showed successful [52]
conjugation)@GCV@pTK(virus thymidine kinase) PTK/GCV delivery to perform combined
suicide gene/magnetic hyperthermia therapy
of hepatocellular carcinoma (HCC).
Intravenous (MSN)/MoS2-PEG nanoparticles (SMPs) DOX 64.7 147 3.7 +2.28 SMPs nanoplatform showed great synergistic  [53]

effect, i.e., the heat produced during PTT can
increase the chemotherapy sensitivity of DOX

(continued on next page)
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Table 1 (continued)

Administration

routes

Carriers/composition

Drugs

Encapsulation
efficiency (%)

Particle size (nm) Pore size (nm)

Zeta potential
(mV)

Main results/goal

Reference

Intravenous

Intravenous

Intravenous

Intravenous

Intravenous

Intravenous

Intravenous

Subcutaneous

Subcutaneous

Subcutaneous

Subcutaneous

AC-CMC(acetylated carboxymethylcellulose)/HMSN

PEG-spherical MONs (mesoporous organosilica
nanoparticles)

C(celastrol)MSN-PEG

PMOs(periodic mesoporous organosilic)-DOX@MoS,-
PEI(polyethylenimine)-BSA-FA

897r-b(bacterial like)GNR(gold nanorods)@MSN
(DOX)-PEG

DOX@MSNs-TPGS (D-a-tocopheryl poly-ethylene
glycol 1000 succinate copolymer)

ND-MMSNs (neutrophils capped DOX-loaded
magnetic mesoporous silica nanoparticles)

PEG-MSNPs-CUR

MSNs@OVA and CpG-ODNs plus MSRs(mesoporous
silica microrods)@GM-CSF
-MSNs

AIPH/MSN-TPP(triphenylphosphonium)@Lipo
(liposome)/DTX-FA NPs

DOX-Gd (Gadolinium)-mSiO,-HA (hyaluronic acid),
labeled DGMH nanoparticles

DOX

DOX

Celasterol (CST)

DOX

DOX

DOX

DOX

CUR

Ovalbumin (OVA) and CpG
oligodeoxynucleotides (CpG-
ODNSs)

AIPH(2,2'-azobis[2-(2-
imidazolin-2-yl) propane]
dihydrochloride) and
docetaxel (DTX)

DOX

39

99.9

40.9

92.65

94.5

92.4

31.2 and 63.3,
respectively

58.6

180

20-40

150

314

average length
and width 104.6
and 68.6,
respectively
160.3

75.3

184.6

150

87.8

137

1.8-3.8

3.8

4-8

20-30

2.76

~-20

~ —32

+6.8

-4.3

+20.8

~-12

-19.3

and synergistically improve its therapeutic
effect for cancer treatment.

AC-CMC/HMSN possess specificity, enhanced
cellular uptake, and tumor growth inhibition,
showing potential as a novel targeted vehicle
for efficient delivery of chemotherapeutics to
the tumor tissue.

MONSs-based drug delivery systems with
significantly enhanced antitumor effect and
largely diminished systemic side effects on
normal tissues and organs.

Fabrication of MONs with reduction-
responsive biodegradation behavior and high
performance for drug delivery, with great
potential for clinical translation.

CMSN-PEG was effectively used as a
mitochondrial targeting system for efficient
inhibition of solid tumors.

The nanoplatform displayed good
biocompatibility and synergistic chemo-
photothermal therapy, significantly inhibiting
tumor growth, with great potential in cancer
therapy.

Theranostic nanoplatform for photoacoustic
imaging-guided chemo-photothermal cancer
therapy in vivo.

High and specific cellular uptake (MCF-7/ADR
cells) and noticeable in vivo anti-tumor
efficacy.

D-MMSNs possess high drug loading efficiency
and do not affect the host neutrophil viability,
improving intratumoral drug concentration
and delaying relapse of surgically treated
glioma.

Enhancement of Cur bioavailability,
protection from premature degradation,
leading to tumor growth inhibition,
suggesting its application as therapeutic agent
for clinical trials.

MSR-MSN vaccine promoted the generation of
a large number of cytotoxic antigen-specific T
cells against cancer besides exhibiting
enhanced antitumor prophylactic efficacy and
animal survival rate compared to the
precursor vaccine.

FA induced tumor-targeting, excellent
mitochondria targeting ability, pH-responsive
drug release, temperature-activated alkyl
radicals burst in mitochondria, and rational
drug combination.

Simultaneous bio-imaging (Computed
Tomography and Magnetic Resonance
imaging) and chemotherapy for the lymphatic
system.

[55]

[56]

[5711

[58]

[59]

[60]

[61]

[62]

[63]

[64]
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Table 1 (continued)

Administration
routes

Carriers/composition

Drugs

Encapsulation
efficiency (%)

Particle size (nm)

Pore size (nm)

Zeta potential
(mV)

Main results/goal

Reference

Subcutaneous and
intravenous

Intramuscular,
subcutaneous
and intravenous

Intratumoral

Intratumoral

Intratumoral

Intratumoral

Intratumoral

Intratumoral

Intratumoral

Intratumoral

TOPSi (thermal oxidation of PSi), UnTHCPSi (1-
undecylenic acid attached to THCPSi) and THCPSi
(Thermal hydrocarbonization of PSi)

MSN-SS(disulfide bound)-MXF

pH-responsive biodegradable hollow mesoporous
organosilica nanoparticles (PBHMONSs)

Gem-PFH-Au star(gold nanostar)-HMS-IGF1 (insulin-
like growth factor-1)

Au@MPPD(mesoporous silica nanoparticles modified
with triphenylphosphine and loaded with DOX)@HA

PRN@MSN

HMSN-NH,-TPT-CGO(carboxylated Graphene oxide)

DOX-CuS@PMOs (periodic mesoporous organosilica
nanoparticles)

UCNP(upconversion nanoparticles)@SiO,@mSiO,
(mesoporous silica)-SP (spiropyran)-CUR

MSN-SP(sodium phthalate salt)-LPS
(lipopolysaccharide)-DOX

Peptide YY3—36 (PYY3-36)

Moxifloxacin (MXF)

DOX

Gemcitabine (Gem) and
perfluorohexane (PFH)

DOX and HA

Propranolol (PRN)

Topotecan (TPT)

DOX

CUR

DOX

30.4, 48.5 and
47.1,
respectively

35.9

86.4

95.2 and 0.94,
respectively

20.8

~ 68

94

18.5

163, 180 and

157, respectively

182

~100

~200

45

125

~190.3

299

100

~167.1

15.3,12.3 and
11.8,
respectively

2.2

2.5

2.6

~24.5

2.67

2.9

—47.8, —40.5
and —31.4,
respectively

-30

~+15

—5.03

—15.8

~-11

PSi nanocarriers improved sc PYY3-36
delivery, showing sustained release and
enhanced bioavailability regarding IV
delivery. More hydrophobic PSi surface
resulted in more sustained PYY3-36 release in
vivo.

MSN-SS-MTX comprises an interesting
nanoplatform for model of pulmonary
tularemia, which was more effective than free
MTX. The intramuscular route was more
effective than the intravenous route for this
treatment.

The nanoplatform entered the tumor cells via
EPR. The weakly acidic microenvironment
induced the biodegradation of the PBHMONS,
leading to partial drug release upon
degradation of the carrier and efficient cancer
cell killing, as well as rapid excretion.
Excellent nanoplatform for multimodal US
(ultrasound)/CT/PA/thermography imaging-
guided interventional therapy for pancreatic
cancer.

Au@MPPD@HA was highly cytotoxic to
cancer cells but biofriendly to normal tissues.
Under NIR light, PTT effectively suppressed
tumor growth, and associated with DOX
release, a synergistic effect was detected,
suggesting the nanosystem for
chemophotothermal cancer treatment.

This nanoplatform induced autophagy
dysfunction with excessive autophagosome
accumulation to promote the therapeutic
efficacy of PRN against infantile hemangioma.
Nanocarriers exhibited effective and enhanced
in vitro and in vivo apoptosis, as well as
significant tumor growth inhibition, even after
15 days of treatment time, with no toxic effect
on the vital organs.

Mild hyperthermia induced by laser-irradiated
CusS nanoparticles improved cell uptake of
nanotheranostics both in vitro and in vivo,
enhancing the chemotherapeutic efficacy for
complete tumor growth suppression without
recurrence.

CUR can be “uncaged” via NIR irradiation-
triggered hydrophobicity-hydrophilicity
switch of the spiropyran, inducing drug
release and recovering their bioactivity. Under
NIR light, the UV/Visible emissions from
UCNP can initiate the generation of reactive
oxygen species (ROS) by Cur, improving
therapeutic efficiency.

MSN-SP-LPS pathogen-mimicries elicited high
production of ROS in tumor
microenvironment; excessive production of

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

(continued on next page)
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Table 1 (continued)

Administration Carriers/composition Drugs Encapsulation Particle size (nm) Pore size (nm) Zeta potential Main results/goal Reference
routes efficiency (%) (mV)

ROS in turn oxidized the arylboronic ester to
perform controlled chemotherapy; the
nanocomplex self-stimulated macrophages
activation, activating cytotoxic T cells for an
anti-tumor immune response. Chemotherapy
and immunotherapy acted synergisticallyto
inhibit solid tumor growth.

Ophthalmic BEV@ MSN-PEG-NH, Bevacizumab (BEV) 79.2 140 9.8 6.9 BEV@ MSN-PEG-NH; nanosystem improved — [24]
BEV angiogenic effect in vitro and in vivo.
Ophthalmic BMD-AMS (amino-functionalized mesoporous silica Brimonidine (BMD) 4.17 1000-3000 3.8 —41.8 The AMS particles were adhesive to the [75]
nanoparticles) mucous layer lining the eye surface to allow a

high preocular retention property. In addition,
AMS remained in the preocular space longer
and concurrently released the drug in a
sustained manner, enhancing ocular drug

bioavailability.
Nasal Curcumin loaded MSNP (CUR-MSNP) and chyrsin Curcumin (CUR) and chrysin ~ 12.3 for both 200-283 1.93 —23.9-16.9 Promising characteristics of MSNs for nose-to- [76]
loaded MSNP (CHRY-MSNP) (CHRY) brain delivery
Nasal MSNs coated with polylactic acid (PLA) and modified Resveratrol (RSV) 1.6 200 4.0 - The conjugation of LDLR ligand peptide to [77]
with LDLR ligand peptide (LPMSNPs) MSNs promoted a reduction in microglia
infammation and superoxide production.
Nasal BSeC@MSNs-RGD ((arginine-glycine-aspartate) Organic selenium compound 12 136 - +29.6 MSNs-RGD enhanced the cellular uptake of [78]
peptide) (BSeC) BSeC by recognition of RGD peptide on

glioblastoma cells which overexpress
integrins, besides its ability to inhibit the
tumor spheroid growth in tumor model in

vitro.
Nasal MSNs@DOX conjugated with PEI-cRGD DOX 7.65-10.57 20-80 2.6-3.3 ~ —15-+45 DOX@MSNs functionalized with PEI-cRGD [79]
(polyetherimide-cricoids Arg-Gly-Asp-Phe-Lys) showed greater selectivity and antitumor
peptide activity in glioblastoma cells. Besides, the

MSNs with smaller diameter increased the
permeability across the BBB.

Nasal ANG(modified Angiopep-2 peptide)-PTX-PLGA DOX and paclitaxel (PTX) 77 - 90 and ~ 30-60 - —20-36 Functionalization with Angiopep-2 resulted in [80]
(modified poly(lactic-co-glycolic acid))-DOX-MSNs) 85-93, higher cytotoxicity, cell uptake and BBB
respectively permeability due to selectivity of the peptide
at the LRP receptor.
Nasal MSNP-TMZ-coated with PDA(polydopamine)-NGR Temozolomide (TMZ) 25.6 62-129 - —40 -+21 The modification of NGR ligand to MSNs [81]
(modified with Asn-Gly-Arg) nanocarriers was beneficial: it enhanced the

antitumor effect of drugs associated with
autophagy inhibition mediated by 3-MA.

Nasal H,04-responsive MSNs functionalized with 3-carbox- Metal chelator clioquinol (CQ) - 100 - - MSNs showed promising properties in terms of [82]
yphenylboronic acid and coated with immunoglobulin Ap aggregation inhibition, neurotoxic ROS
G (IgG) reduction, and high cell viability on rat
pheochromocytoma PC12 cells.
Nasal H,0,-responsive MSNs-CQ-AuNPs (gold Metal chelator clioquinol (CQ) - ~ 50 2.57 +20.6-26.7 In vitro co-culture model of BBB confirmed the [83]
nanoparticles) high ability of MSNs to cross the BBB, the

intracellular release of CQ, besides A
aggregation inhibition mediated by gold

nanoparticles.
Pulmonary MSNs combined with two types of siRNA targeted to DOX and cisplatin (CIS) 8 and 30, 180 2.8 - The combination of siRNAs promoted higher [84]
MRP1 and BCL2 messenger RNA (mRNA), and respectively cytotoxicity for both drugs in human lung
modified with LHRH peptide cancer cells, and higher accumulation of MSNs

into mouse lungs, confirming its potential for
inhalation delivery.
Pulmonary - - 70 2 - [85]

(continued on next page)
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Table 1 (continued)

Administration Carriers/composition Drugs Encapsulation Particle size (nm) Pore size (nm) Zeta potential Main results/goal Reference

routes efficiency (%) (mV)

MSNs coated with polyethyleneimine (PEI), and MSNss has the ability to achieve bronchial tree

functionalized with fluorescein isothiocyanate (FITC) and lung macrophages, confirming its
potential for drug delivery into the respiratory
tract.

Dermal Q/copoly(copolymerization of N-isopropylacrylamide Quercetin (Q) 26.4-39.4 200 and 328, ~35and5  —20.6 and Q/copoly-MSNbig exhibited more evident [86]
(NIPAM) and 3-(methacryloxypropyl) respecitvely respectively -21.3, thermoresponsive behavior, proving the
trimethoxysilane (MPS))-MSNgman and Q/copoly- respectively potential of these thermosensitive systems for
MSNpig advanced dermal delivery.

Dermal MTX/MSN MTX 37.8-39.4 200 - —-16.1 MTX-loaded MSN was capable of delivering  [87]

the drug to the deeper layers of the epidermis.
Drug skin absorption was significantly
enhanced by the addition of shea butter, found
to act as a penetration enhancer whose
effectiveness depended on the kind of
vegetable oil used.

Dermal 5-ALA@HMSNP-PEG + FA 5-Aminolevulinic acid (5-ALA) 3.4 150 2.1-2.7 - Cellular uptake of 5-ALA and PphIX [88]

accumulation were significantly enhanced by
using 5-5-ALA@HMSNP-PEG + FA. Upon red
light irradiation for PDT, efficient cancer cell
killing effect from 5-ALA@HMSNP-PEG + FA
was demonstrated, rendering it a promising
nanosystem for skin cancer treatment.

Dermal MSNPs-MB-PLL(poly-L-lysine) MB (molecular beacon, a 1.42 200-250 4 +30 From topical delivery of siRNA with MSNPs [89]

model of oligonucleotide) for skin tumor treatment, the release rates of
siRNA were the same as those of MBs, and
TGFpPR-1 gene expression in RT3 cells was
reduced by 60% relative to the control.
MSNSPs-MB-PLL are interesting nanosystems
for topical formulation to treat skin squamous
cell carcinoma (SCC).

Dermal LIDO/MCM41(MSNs)-NH, (APTES) Lidocaine (LIDO) 79.9-99.7 45-95 0.23-2.61 +23- + 33 From ex vivo skin permeation, LIDO/MCM41- [90]

NH, enhanced LIDO permeation, with 64% of
LIDO content released in 24 h, while LIDO
release was 13% from the bare MSNs.

Dermal DA(N-[3-(trimethoxysilyl)- propyl]ethylenediamine)  N-[3-(trimethoxysilyl)- propyl] - 179-357 2.8-13.6 - Promising characteristics of MSN, with their ~ [91]
MSN, ZnDAMSN, periodic mesoporous organosilica ethylenediamine (DA), Zn** potential for sunscreen applications.
nanoparticles containing bridging ethane (PMOBTE) ions, ethane and benzene
and periodic mesoporous organosilica nanoparticles  bridges
containing bridging benzene (PMOBTB)

Dermal 2-Ethylhexyl salicylate was physically encapsulated in Salicylate and curcumeroid 0.85-2.88 657-809 2-3.1 - Hollow silica nanoparticles were prepared and [92]
hollow silica nanoparticles (E-Sal), particles were sunscreens both the salicylate and curcuminoid particles
coated with an additional shell or cap of silica (cap-E- could be classified as broad-spectrum, and
Sal), salicylate attached to the silica matrix through they ranged from moderate to superior in
single (P-Sal) or two silsesquioxane groups (B-Sal) and terms of UVA protective ability.
particles based on curcuminoid-bridged monomer (B-

Curc)
Dermal MSN-CAF and MSN-RUT Caffeic acid (CAF) or rutin - 220-223 3 —19.5 and RUT yielded the best results in terms of [93]
(RUT) —22, antioxidant capacity preservation during
respectively coupling procedures, cellular toxicity

alleviation, and decrease in ROS level after 24
h incubation of cells with grafted
nanoparticles. The coupling of RUT to silica
nanoparticles was beneficial in terms of ROS
reduction, cellular viability, and protective

(continued on next page)
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Table 1 (continued)

Administration Carriers/composition Drugs
routes

Encapsulation
efficiency (%)

Particle size (nm) Pore size (nm)

Zeta potential
(mV)

Main results/goal

Reference

Dermal Chlorhexidine

Dermal (THPMA-co-AEMA)-g((tetrahydropyranyl 5-flurouracil (5-FU)
methacrylate-co-amino ethyl methacrylate)-grafted)-
MSN

Oral IMC-MSNRs (mesoporous silica nanorods) and IMC-  Indomethacin (IMC)
MSNSs

Oral MSM (mesoporous microparticles)-A-CUR and MSN-A CUR
(amine functionalized)-CUR

Oral H(hollow)MSMs-CUR CUR

Oral MSNs-TEL Telmisartan (TEL)

Oral MSN-CTB Cholera toxin subunit B (CTB)

Oral Spherical-shaped MSNs with AR = 1 (NSs), short-rod -
MSNs with AR = 1.75 (NSRs) and long-rod MSNs with
AR =5 (NLRs)

Oral MSN-PMV (Poly (methacrylic acid-co-vinyl Insulin (INS)
triethoxylsilane))-INS

~ 29 and 22,
respectively

47.8

39

53-477 2.86-2.88

104.9-137.2 3.73-3.8

- 5.8 and 4.7,
respectively

1000 and 100, 10
respectively

725 ~25

20-90

300-350 8

83, 83 width and
146 length, 96
width and 483
length

+31.3 - +32.7

—20--25

effects mediated through the activation of the
Nrf2 antioxidant pathway.

Spherical nanoparticle-encapsulated CHX
could preferably enhance its antibiofilm
efficiency through an effective releasing mode
and close interactions with microbes.

In vivo Chorioallantoic membrane (CAM)
assay confirmed that the fabricated material
could prevent premature drug leakage in
addition to its capability of sustained release
and anti-angiogenesis activity.

IMC-MSNRs and IMC-MSNSs showed low drug
loading but excellent dissolution- enhancing
effect (100% of IMC release after 1 h), being
important nanosystems to overcome poor
aqueous solubility of IMC.

The nanosystems improved in vitro solubility
of CUR and the bioavailability in mice after
oral administration.

Good in vitro release behavior of CUR from
HMSMs@CUR An impressive improvement in
the in vivo oral absorption and prolonged
systemic circulation time were achieved. Non-
cytotoxicity was observed for HMSMs with
Caco-2 cells.

MSNss significantly enhanced TEL
permeability and reduced the rate of P-gp
mediated drug efflux. Enhanced in vivo
pharmacokinetics was demonstrated for the
MSN-TEL formulation when compared with a
commercial formulation.

The superior immune response in the MSN-
CTB-immunized group suggested that
compared to MCN (mesoporous carbon
nanoparticles), MSN was a better choice for
protection, delivery, and release of antigen
against V. cholerae in an oral vaccine
formulation.

With the decrease of AR, the systematic
absorption by the small intestine and other
organs increased and the urinary excretion
decreased. The biodistribution tendency was
consistent with the MSNs degradation rate in
simulated body and intestinal fluid. Particle
shape-dependent renal toxicity of MSNs was
observed.

pH responsive behavior of PMV helped in
monitoring INS release, more pronounced in
intestinal region. Pharmacodynamic and
pharmacokinetic response of orally
administered MSN-PMV-INS displayed

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

(continued on next page)
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nanocarriers to treat organs and diseases. The main administration
routes that exploit the remarkable properties of MSNs comprise intra-
venous, subcutaneous, intramuscular, intratumoral, ophthalmic, pul-
monary, nasal, dermal, and oral routes. Table 1 depicts these routes for
MSNs as drug carriers, types of efficient MSNs-based nanoplatforms,
their physicochemical parameters, and main results.

Reference
[103]
[104]

3.1. Intravenous route for MSNs administration

The intravenous (IV) injection is the fastest invasive administration
route allowing good drug delivery control, high bioavailability even at
low doses, and immediate response. By using IV injection, the estimated
time from the bloodstream to the brain is between 20 and 40 s. The IV
route is suitable for drugs that cannot be absorbed in the gastrointestinal
tract or hardly applied via subcutaneous (SC) or intramuscular (IM)
routes [105-107]. However, some drawbacks of IV routes include pain
for the patient, high cost, resistance by the first-pass effect on the liver,
easy contamination, and the requirement of experienced healthcare
personnel and tools for the method to be safe [2,105,106]. To overcome
these limitations, the design of multifunctional MSNs as specific drug
, , delivery nanoplatforms is essential to improve the administration route
advantages and minimize the reported side effects [2,4,38].

Balasubramanian et al. [27] designed modified porous silicon

potential of this novel formulation for oral INS
MSNs delivered more NMS after responding to

delivery.
activity in clearing intravacuolar Salmonella

infection. The L-MSN particle system
the in vivo environment, presenting stronger
anti-inflammatory pharmacodynamic effect.

requirement of CIP dose as detected in the in
(698.45 and 887.03%, respectively), and FD-

exhibited controlled release of CIP. The lipid
vivo model.

coat around the
particle improved its biocompatibility and

aided in intravacuolar targeting of the drug

cargo, leading to a lower
improved the oral bioavailability of NMS

inflammatory pharmacodynamic studies

L-MSN@CIP showed improved antibacterial
indicated that FL-MSNs and FD-MSNs

In vivo pharmacokinetic and anti-

Main results/goal

(mV)

Particle size (nm) Pore size (nm) Zeta potential

<
$ nanoparticles (UnPSi NPs) covalently conjugated with a specific anti-
N body (anti-PSA-NCAM) against polysialylated neural cell adhesion
: o molecule (PSA-NCAM). The nanoplatform was loaded with SC-79 drug
to increase the Akt signaling pathway in doublecortin positive neuro-
blasts. The engineered nanosystems were successfully fabricated and
S § characterized. Cytotoxicity assays in cultures of primary embryonic
g g' neuronal stem/progenitor cells (NSPCs) at different
n N

anti-PSA-NCAM-UnPSi NPs concentrations were performed, and no
significant cytotoxicity was detected, suggesting good cytocompati-
bility. In addition, the authors reported a concentration-dependent
cellular uptake caused by these nanosystems. In vivo targeting assays
were carried out by intravenous injection of iodine-125 -radiolabeled
! ! anti-PSA-NCAM-PE-UnPSi NPs in a rat model of stroke. By the IV
administration route, 125I-labeled anti-PSA-NCAM-PE-UnPSi NPs dis-
played maximum signal in the brain at 2 h post-injection, but with
prominent accumulation in the liver and spleen, suggesting that IV
nanosystem injection was feasible. In the evaluation of targeting prop-
erties, aiming to reduce and avoid immune recognition and
reticulo-endothelial system (RES) clearance, local bilateral intraven-
tricular injections were performed. Furthermore, the authors exhibited
the real potential of targeted delivery of SC-79 by
anti-PSA-NCAM-PE-UnPSi NPs to stimulate the Akt pathway in endog-
enous doublecortin (DCX") neuroblasts in the subventricular zone
(SVZ). This multifunctional nanoplatform comprises a novel tool to
develop new therapeutic strategies aiming at regenerating functional
neurocircuitry after stroke.

Chen et al. [39] prepared a multifunctional MSNs nanodrug
(Ru-MSN-PLip) by loading RuDPNI complex into MSNs pores (Ru-MSN)
covered with a protein-incorporated liposome (PLip) to achieve multi-
ple targeting and eGFP-based fluorescence imaging of non-small cell
lung cancer. All synthesis steps were successfully performed and the
nanosystems were well characterized. The Ru-MSN-PLip nanosystem
was stable and hardly precipitated under physiological conditions.
From in vitro tests, specific and high cellular uptake was detected for
Ru-MSN-PLip in H1299 tumor cells, compared with other cells and
precursor nanosystems. By nanosystem IV administration, in vivo assays
exhibited RuMSN-PLip long-term blood circulation, biocompatibility,
accumulation in tumors, and consequently tumor growth inhibition.
The authors’ findings [39] shed light on the potential applications of
bioreducible and traceable nanoprodrugs for efficient and safe
non-small cell lung cancer therapy. These results suggest that these
nanoprodrugs can be used as theranostic platforms for efficient and safe
non-small cell lung cancer treatment.

Encapsulation
efficiency (%)

Ciprofloxacin (CIP)

Drugs

MSNs with molecular level chiral function property (F- Nimesulide (NMS)

L-(lipid-coated)MSNs@CIP
MSNs), namely levorotatory MSNs (FL-MSNs) and
dextrorotatory MSNs (FD-MSNs)

Carriers/composition

Administration

routes
Oral
Oral

Table 1 (continued)
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Li et al. [40] reported the fabrication of multi-responsive and
biodegradable theranostic nanoplatforms based on hollow mesoporous
organosilica nanoparticles (HMONS) for highly efficient photoacoustic
(PA) imaging-guided chemo-photothermal therapy (PTT) of human os-
teosarcoma cancer. HMONs were impregnated with DOX and then
decorated with biocompatible nanocomposites (CuS@BSA) through a
GSH-sensitive disulfide bond (labeled as CuS@BSA-HMONs-DOX). The
theranostic nanosystems exhibited GSH-responsive breakage in the
tumor microenvironment of the disulfide bonds in the HMONS structure
and the linker between HMONSs and BSA, leading to the DOX release and
tumor-specific biodegradation. Besides, the nanosystems were also acid
pH and mild hyperthermia-responsive, promoting DOX release.
CuS@BSA-HMONs-DOX presented strong absorbance in near-infrared
(NIR) region, leading to excellent diagnostic performance on the PA
imaging modalities. The CuS exhibited high photothermal conversion
efficiency (51.5%) for hyperthermia. These results configured
CuS@BSA-HMONs-DOX as a pH-, NIR- and GSH-sensitive nanoplatform
for DOX release, performing synergistic chemo-phototherapy functions.
From in vitro and in vivo assays, effective DOX delivery to tumor
sites/cancer cells and induced mild hyperthermia were detected,
resulting in enhanced suppression of tumor growth after synergistic
chemo-photothermal treatment. In addition, by IV nanoplatform
administration, the high nanosystem concentration in the tumor was
observed at 12 h, while most nanosystems are detected in RES organs
(liver and spleen) at 24 h. The pH/GSH/NIR tri-stimuli-responsive
CuS@BSA-HMONs-DOX nanoplatform, combined with excellent
biocompatibility and biodegradability, comprises an excellent and
innovative nanotheranostic tool for imaging-guided and synergistic
treatments.

In another study [60], the researchers designed an intelligent bio-
mimetic theranostic nanoplatform by integrating
inflammation-activatable neutrophils with core-shell structured magnetic
mesoporous silica nanoparticles (MMSNs) containing DOX (labeled
ND-MMSN) to treat remaining glioma after surgical resection of primary
tumors. ND-MMSNs were prepared by internalizing Dox-loaded MMSNs
into neutrophils, which still maintained cellular activity and could actively
target the inflamed glioma site for therapeutic purposes. In addition, the
phagocytic MMSNs possessed cell tracking capability (magnetic resonance
imaging [MRI] tracking), providing a diagnosis of residual tumor and
therapeutic guidance. Furthermore, improved survival rate and delayed
glioma relapse were demonstrated in surgically treated glioma mouse
models after IV administration of ND-MMSNs, showing that neutrophils
carrying D-MMSNs could effectively identify the inflammatory signals
derived from surgical management and accumulate in the remaining
tumor site to maximize the drug bioavailability. This strategy provides a
new insight to track the fate of neutrophils by MRI and explore immune
cell-based drug delivery systems (CDDSs) to treat diseases associated with
inflammation.

3.2. Subcutaneous route for MSNs administration

The subcutaneous (SC) administration route is an interesting alter-
native to IV administration by which carriers and drugs can be delivered
without using blood vessels as injection sites, reducing fast clearance
processes and optimizing therapeutic effects. Besides, the SC adminis-
tration route is widely used to deliver systems with poor oral bioavail-
ability, showing advantages such as good acceptance by patients, higher
safety, effectiveness, and reduced healthcare costs in comparison with
IV injection. Drug delivery systems can usually be transported from the
injection site to lymph nodes according to the lymphatic flow rates and
carrier physicochemical properties. The carrier size parameter is
essential to assess whether the delivery platforms will remain in injec-
tion sites or will be absorbed for the lymphatic system. The authors
reported that carriers with few nanometers in size can be drained, thus
reaching the lymphatic system, whereas larger carriers remain longer at
the application site [2,108,109].
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Kovalainen et al. [65] reported the fabrication of three nanoplat-
forms based on mesoporous silicon nanoparticles (PSi), thermally
oxidized (TOPSi, hydrophilic), undecylenic acid-treated thermally
hydrocarbonized (UnTHCPSi, moderately hydrophilic), and thermally
hydrocarbonized (THCPSi, hydrophobic). These nanocarriers were
evaluated for sustained SC and IV peptide YY3—36 (PYY3-36) delivery.
The authors showed that the evaluated administration routes directly
influenced PYY3-36 release from the nanoplatforms in vivo. The inves-
tigated PSi nanocarriers improved SC PYY3-36 delivery, showing sus-
tained release (over 4 days) and enhanced bioavailability in comparison
with the IV administration route. The hydrophobicity of the PSi nano-
carrier (THCPSi) decreased the in vivo release rate of PYY3-36, indi-
cating that peptide release can be modified by changing the PSi surface
chemistry. The authors demonstrated that IV administration of nano-
carriers did not sustain PYY3-36 delivery, suggesting their rapid clear-
ance from the bloodstream circulation to the liver and spleen. These
results exhibited the feasibility of PSi nanocarriers for the sustained
PYY3-36 delivery via the SC administration route.

Nguyen et al. [62] fabricated an injectable dual-scale mesoporous
silica vaccine (MSR-MSN) consisting of MSNs loaded with Ovalbumin
(OVA) and CpG oligodeoxynucleotides (CpG-ODNs) combined with
mesoporous silica microrods (MSRs) loaded with dendritic cells (DC)-re-
cruiting chemokine (granulocyte-macrophage colony-stimulating factor,
GM-CSF) for cancer immunotherapy. MSRs formed a three-dimensional
macroporous scaffold after SC injection, and the subsequent release of
DC-recruiting chemokine loaded in the mesopores of MSRs led to the
recruitment of numerous DCs into the scaffold. Subsequently, MSNs
co-loaded with an OVA antigen and CpG-ODNs were internalized by the
recruited DCs, leading to the generation of antigen-presenting activated
DCs. The MSR-MSN dual-scale vaccine generated a significantly larger
number of antigen-specific T cells displaying higher B16-OVA melanoma
suppression than single MSR or MSN vaccines. In addition, the dual-scale
vaccine was synergized with the immune checkpoint anti-cytotoxic
T-lymphocyte-associated antigen 4 antibody (a-CTLA-4) to treat
tumor-bearing mice and enhance their survival rate. These findings
indicated that MSR-MSN acts as a dual-mesoporous silica vaccine for
further enhancement of cancer immunotherapy.

Wang et al. [63] constructed a core-shell two-step precise targeting
nanoplatform based on MSNs modified with triphenylphosphonium
(TPP) and loaded with 2,2'-azobis[2-(2-imidazolin-2-yl) propane]
dihydrochloride (AIPH) covered with pH-sensitive liposomes containing
docetaxel and modified with folic acid as a target agent (Lipo/DTX-FA).
These nanosystems were characterized, and in vitro tests exhibited high
specificity tumor cell uptake through FA receptor-mediated endocytosis.
The pH-sensitive liposomes were destabilized in the lysosomes, resulting
in DTX release and AIPH/MSN-TPP nanoparticles. TPP-modified nano-
systems acted as mitochondria targeting, promoting the AIPH delivery
and then, the production of alkyl radicals under the high-temperature
environment, causing oxidative damage to the organelle. Additionally,
DTX was able to enhance the anti-tumor effect of AIPH by down-
regulating the expression of antiapoptotic Bcl-2 protein. From in vivo
assays, via SC administration, the targeting nanosystems accumulated
more effectively in the tumor site and showed longer in vivo retention
time than the non-targeted group. These results demonstrated the
preparation of a precise dual-targeted nanoplatform as a new approach
to chemotherapy.

3.3. Intramuscular route for MSNs administration

The intramuscular (IM) administration involves injection into the
high vascularity of muscle tissue to achieve a moderately rapid onset of
action, usually within 5-10 min, faster than that of the SC injection. IM
injections are used when effects are desired over a longer period than
can be expected after IV injection, for drugs that are too irritant to be
given subcutaneously, or for oily solutions, which cannot be given
intravenously [107,110]. When the drug is adequately administered, its
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absorption from an IM injection deep into a large muscle is much faster
and more dependable than that given by the oral route. The absorption
rates vary as a function of solution/suspension physiochemical proper-
ties and physiological variables such as muscle blood circulation and the
state of muscular activity [111]. Besides, the IM route is the most
feasible injection route because it requires no special equipment (only a
syringe and needle) or patient cooperation [107,110]. However, it has
the disadvantage that the IM route limits the amount injected to the
muscle mass available and, like all injection routes, it causes pain at the
injection site [111]. To date, few results concerning the IM route for
MSNs administration have been reported [66,112].

Interestingly, Clemens et al. [66] evaluated the action of free moxi-
floxacin (MXF) and disulfide snap-top redox-operated MSNs containing
MXF (MSN-SS-MXF) to treat pneumonic tularemia via three distinct
administration routes: intravenous (IV), subcutaneous (SC), and intra-
muscular (IM) routes. From preclinical assays using equivalent amounts
of MXF, the highest efficacy to treat pneumonic tularemia was achieved
by IM MSN-SS-MXF followed by SC MSN-SS-MXF and IV MSN-SS-MXEF.
In addition, the targeted nanoplatform was more effective than free
MXF, for all administration routes. Despite the targeting ability of
modified-MSNs to reach infected cells or tissues, the greatest efficacy of
this nanoplatform was ascribed to the markedly longer half-life of MXF
and the markedly longer duration of MXF blood levels above the mini-
mal inhibitory concentration (MIC). These results can be attributed to
the pharmacokinetic enhancement achieved by using MSN-SS-MXF via
the IM administration route, in comparison with other evaluated routes.

3.4. Intratumoral route for MSNs administration

Similarly to SC administration, the intratumoral (IT) administration
route is performed in specific sites, in this case, tumor tissues. Nowa-
days, the IT route is extensively applied in animal models (preclinical
assays), showing promising and interesting potential for clinical appli-
cations. This administration route can overcome drawbacks, such as
systemic administration, and the targeting nanoplatforms can be
designed considering the direct application into the interstitium of
cancer cells/tissues [2,113]. Therefore, factors such as the acid pH of
tumor cells, absence of vascularization in tumor tissues, and higher
interstitial pressure in tumor tissues than in healthy tissues, can provoke
higher leakage of the administered nanosystems to the surrounding
healthy tissues. In addition, the IT administration route is currently
considered only for accessible and external tumor tissues [2,113]. As
mentioned above for the SC route, factors such as surface and particle
size also influence the biodistribution and clearance of the nanosystems.

Zhou et al. [69] prepared a nanocomposite hydrogel containing tri-
phenylphosphine (TPP) modified core-shell gold MSNs loaded with DOX
and covalently embedded with hyaluronic acid (HA) as a targeting drug
delivery system for sustained stomach cancer treatment. HA constitutes
the extracellular matrix and shows an affinity for the
CD44-overexpressed cancer cell. As mentioned above, TPP acts as a
targeting agent for mitochondria. The Au@MPPD@HA exhibited high
specificity and toxicity for cancer cells whereas the nanocomposites
were biofriendly to healthy cells. After IT injection, the Au@MPPD@HA
released, in a controlled manner, the Au@MPPD nanosystems by the
action of tumor-specific exocrine HAase degrading HA hydrogel. The
nanosystems released selectively attacked cancer cells and then the
mitochondria, thus exhibiting good multistage-targeted properties.
Additionally, the Au@MPPD nanosystem (via core Au nanoparticles)
converted NIR light irradiation into thermal energy, inducing tumor
growth suppression, and showed a synergistic therapeutic effect asso-
ciated with DOX. These nanocomposites displayed an excellent che-
mophotothermal effect on a gastric tumor comprising a
multistage-target drug-delivery nanoplatform for synergistic cancer
chemophototherapy.

Liu et al. [73] synthesized upconversion nanoparticles (Yb/Tm
co-doped NaYF4, UCNP) coated with spiropyran (SP)-modified
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mesoporous silica (mSiO2) and loaded with curcumin (CUR) as a
NIR-controlled cage-mimicking system for hydrophobic drug-mediated
cancer therapy. The authors reported that CUR stability increased and
drug release was efficiently controlled by the hydrophobic layer
composed of SP. Under NIR light irradiation, UCNP absorbed this light
and converted it into ultraviolet/visible (UV/Vis) light that allowed the
conformational change of SP, opening the blocked mesopores and pro-
moting CUR release and activation. NIR light is suitable for in vivo
studies due to its deep tissue penetration and ability to generate UV-Vis
light, which sensitized CUR promoting reactive oxygen species (ROS)
production, enhancing the UCNP@mSiOo@CUR-SP therapeutic effi-
ciency. From in vivo assays, both IT and IV routes were evaluated. In IT
administration, the nanosystem was well-distributed in tumor issues
after 4 h or 24 h treatment with minimal spread from the tumor site to
other organs. On the other hand, in IV injection, fast and high nano-
system accumulation was detected in the liver and spleen, with little
accumulation in the lung, heart, kidney, and tumor. In this sense, IT
injection was the most efficient administration route for nanosystem
delivery and antitumor efficacy. Additionally, in vivo assays displayed
the best tumor suppression ability when the photo-controlled drug de-
livery nanosystems were irradiated with NIR light, suggesting the syn-
ergistic chemotherapy and photodynamic therapy.

Dong et al. [74] constructed a DOX-loaded sodium phthalate salt of
parent lipopolysaccharide (SP-LPS) coated MSNs (labeled MSN-SP-LPS)
as gram-negative bacteria-mimicking nanosystem for synergistic che-
moimmunotherapy. The amino-modified MSNs were reacted in a second
step with 4-carboxyphenylboronic acid (CBA) subsequently loaded with
DOX, and finally, modified with detoxified lipopolysaccharide (SP-LPS).
The novel nanoplatform was successfully characterized, proving the
MSN-SP-LPS preparation. The modification with SP-LPS exhibited a dual
function: it mimicked the pathogen to trigger immune responses and
avoided premature DOX release from the nanoplatform. The developed
nanosystem was recognized similarly to the pathogenic agent, and it
promoted the enhancement of ROS production at the site tumor envi-
ronment. The arylboronic ester in the nanosystem was ROS-sensitive, so
the ROS enhancement in the tumor site led to its oxidation, opening the
blocked mesopores and promoting controlled DOX release. In addition,
the nanosystems displayed the ability to self-stimulate macrophages
activation, which subsequently activated T cells for an anti-tumor im-
mune response. In vivo assays were performed to corroborate in vitro
results, before further clinical trials. By the IT injection route, the
MSN-SP-LPS were nontoxic and did not induce systemic inflammation to
healthy tissues. The nanoplatform biodistribution was evaluated, and
within 7 days, 24% was observed in tumors whereas the liver retained
the highest amount and the kidney a small amount, suggesting that the
main clearance occurred via hepatobiliary excretion. The
DOX-controlled release was confirmed by the opening of the
ROS-sensitive mesoporous blockers and the immune activity was
demonstrated by the higher tumor necrosis factor-alpha (TNF-a) con-
centration achieved by using MSN-SP-LPS, subsequently stimulating T
cells and then anti-cancer immune response. All results confirmed high
nanoplatform performance for synergistic chemoimmunotherapy in
preclinical assays, suggesting them as novel nanotools for further clin-
ical tests.

3.5. Ophthalmic route for MSNs administration

Ocular drug delivery and absorption pose a big challenge due to the
unique characteristics of the eye anatomy and physiology. The eye
anatomy can be divided into two segments: the anterior segment, which
consists of the cornea, iris, lens, and aqueous humor, and the posterior
segment, which includes the vitreous body, retina, choroid, and the back
of the sclera [114,115]. There are two main obstacles to achieving high
ocular bioavailability, and consequently, high drug absorption: the
blood-aqueous barrier (BAB) composed of the inner ciliary epithelia,
endothelia around the iris, and ciliary muscle capillaries; and the
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blood-retinal barrier (BRB), formed by the endothelia of the retinal
capillaries and retinal pigment epithelium [114,115]. Both barriers can
be overcome by multifunctional nanoplatforms such as modified
drug-loaded MSNs, which enhance drug bioavailability and absorption
at the target site. Fig. 2 summarizes the eye anatomy and physiology,
showing the barriers to drug absorption and the main possibilities of
ophthalmic administration routes.

The choice of ophthalmic administration routes to exploit inorganic
systems, especially MSNs as drug carriers, has so far been limited. In this
sense, Sun et al. [24] reported the fabrication of amino-modified
MSNs-encapsulated bevacizumab (BEV) nanoplatforms aiming to
improve BEV antiangiogenic response and therapy. The nanoplatform
(BEV@MSN-PEG-NH;) was prepared by amino and subsequent
PEG-modification and, finally, encapsulation of BEV. The nanosystem
was characterized by physicochemical analysis, showing high encapsu-
lation efficiency (EE, 79.2%) and sustained in vitro BEV release, with 5%
of BEV released in the first 2 days, but with a burst release in the first
1-10 h. About 35% of BEV was released in the next 5 days with subse-
quent slow release up to 28 days. Additionally, BEV-loaded MSNs did
not show any cytotoxic effects on endothelial cell viability at reasonable
concentrations (above 1 mg mL™1), suggesting that the BEV angiogenic
effect was preserved and improved by using BEV@MSN-PEG-NH,. In
vivo assays were performed based on the retinal neovascularization in-
duction in mice. The animals were subjected to intravitreal systems and
nanoplatform injections. The author demonstrated that only BEV@-
MSN-PEG-NH, induced a significant reduction in retinal neo-
vascularization, indicating that inhibition of oxygen-induced retinal
angiogenesis is an excellent and promising nanoplatform for anti-
angiogenic therapy.

Kim et al. [75] proposed the preparation of amino-functionalized
mesoporous silica (AMS) particles containing brimonidine (BMD) as
topical delivery carriers to treat glaucoma. The nanosystems were
characterized and in vitro mucoadhesive tests were performed to assess
their mucoadhesiveness to the mucin. The authors reported good
mucoadhesive properties ascribed to the presence of both hydroxyl and
amino groups onto the nanosystem surface, favoring hydrogen bonds
and an ionic complex with the mucin, respectively. From cytotoxic tests,
BMD-AMS was found to be nontoxic to L929 mouse fibroblast cells
(KCLB) and human primary corneal epithelial cells (HCECs). In vitro
release studies showed sustained BMD release over 8 h resulting from
the out-diffusion of BMD encapsulated into nanoscale mesopores. In vivo
assays were carried out by topical administration of BMD-AMS suspen-
sion to rabbit eyes. In vivo mucoadhesive results showed that BMD-AMS
remained onto the preocular surface for 1 h, and more than 20% was
found after 4 h, which slowly disappeared over the next 12 h, suggesting
that BMD-AMS was adhering to the mucous layer at the preocular sur-
face. In addition, the variance in intraocular pressure (IOP) and BMD
concentration in the aqueous humor (AH) after applying BMD-AMS to
the eye were examined and compared with commercial BMD eye drops.
The results of BMD-AMS administration exhibited a decrease in IOP, and
the area under the BMD concentration in the AH-time curve (AUC) was
12 h and 2.68 pg h mL ™}, respectively, which were about twice as large
as the values obtained with commercial BMD eye drops. These findings
suggest that this nanoplatform is a promising carrier for enhanced
bioavailability of a topically delivered ocular drug.

3.6. Pulmonary route for MSNs administration

The great interest in the pulmonary pathway is related to systemic
drug delivery or lung disease therapy. Lung has a large surface area (150
m?) composed of alveoli and airways, characterized by high vasculari-
zation and endothelial permeability, which favor systemic drug delivery
and/or localized therapy [2,116]. Lung drug delivery can be performed
by the inhalation route. This pathway exhibits advantages such as spe-
cific lung drug delivery leading to enhanced drug accumulation and
retention at the action site (target cells/tissues), thus reducing systemic
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side effects. Additionally, this route makes it possible to overcome the
limitations of the gastrointestinal tract (GIT) degradation and hepatic
metabolism commonly caused by the oral route (Fig. 3) [116].

Efficient lung drug delivery via the inhalation pathway aiming at
local or systemic effects depends on lung aerodynamics, particle size,
breathing conditions, and inhalation devices [116]. The aerodynamic
filter present in the lungs and the mucus lining the pulmonary airways
must be overcome in order to favor drug deposition into lung tissue.
Between 10 and 40% of the drug is usually deposited into the lungs by an
inhalation device [111]. Another lung defensive mechanism that limits
inhalation therapy is related to lung macrophages, efflux transporters,
and enzymes. It is known that some lung defensive mechanisms can
affect systemic therapy more than local therapy by the inhalation
pathway [116]. To overcome the drawbacks related to lung deposition,
particle size, and specific drug delivery to the respiratory tract and to
make lung disease therapy more effective, MSNs have been explored in
association with the inhalation route.

Taratula et al. [84] designed multifunctional MSNs by loading
doxorubicin (DOX) and cisplatin (CIS), combined with two types of
small interfering RNA (siRNA) targeted to MRP1 and BCL2 messenger
RNA (mRNA) for suppression of pump and non-pump cellular resistance,
and modified with luteinizing hormone-releasing hormone receptor
(LHRH) peptide targeted to lung cancer cells. Modified MSNs nano-
carriers showed a hexagonal array mesostructure with a pore size of 2.8
nm and particle size of 180 nm, besides values of drug loading of 8 and
30% for DOX and CIS, respectively. The nanosystems combined with
two types of siRNA were able to suppress the expression of targeted
mRNA (MRP1 and BCL2), resulting in higher cytotoxicity of DOX and
CIS in A549 human lung cancer cells, compared to the free drugs. In vivo
organ distribution assays showed that the MSNs-based nanocarrier
inhalation delivery increased the nanosystems accumulation in mouse
lungs (73%) significantly, compared to the IV route (5%). Moreover,
MSNs-based nanocarriers did not show significant accumulation in other
organs (liver, kidneys, or spleen). These findings confirm the potential of
MSNss for the treatment of lung cancer by the inhalation route.

In order to achieve the direct delivery of nanocarriers to the respi-
ratory tract, Li et al. [85] engineered MSNs coated with poly-
ethyleneimine (PEI) and functionalized with fluorescein isothiocyanate
(FITC, fluorescent dye) as a strategy to evaluate toxicity and MSNs
aerosol delivery in pulmonary tissues, using an in vivo inhalation model.
MSNs nanocarriers with particle diameter and mesopores of 70 and 2
nm, respectively, were obtained. MSNs were aerosolized in
respirable-size droplets between 0.1 and 3.0 pm, using a water-based
aerosol system for detection in the mouse respiratory tract. Results
showed that the aerosolization method did not modify the MSNs struc-
ture, remaining stable one week after inhalation. Interestingly, MSNs
reached the bronchial tree and gas exchange regions of the mouse pul-
monary tract, being able to target these systems to lung macrophages,
demonstrating their importance in the treatment of lung infections
caused by intracellular pathogens. In addition, no acute pulmonary
toxicity was observed during treatment. This work provided a new MSNs
delivery strategy to the respiratory system.

Wang et al. [117] reported the development of MSNs with a core
(dense silica nanoparticles)-shell structure loaded with paclitaxel (PAC)
for lung cancer therapy enhancement. Nanocarriers were obtained with
average diameter and pore size of 200 and 5.7 nm, respectively, with a
PAC-loaded maximum amount of 45.7%. MSNs significantly increased
the PAC release rates, compared to the free drug, showing enhanced
absorption by the pulmonary alveoli as determined in rabbit plasma
after pulmonary administration. In addition, from MSNs lung biopsy
data, inflammation signs were not observed, suggesting their biosafety.
PAC-MSNs promoted higher cell apoptosis than free PAC, and cell up-
take studies displayed MSNs endocytoses in the cytoplasm by A549 cells.
These results suggest that PAC-MSNs are interesting drug delivery
nanosystems via the pulmonary administration.
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3.7. Nasal route for MSNs administration

The nasal route has been considered an alternative drug adminis-
tration route to achieve topical and systemic effects. This route emerged
as a convenient and safe approach to overcome the limitations of oral
and parenteral administrations such as first-pass metabolism and drug
degradation/instability in the GIT [111]. Nowadays, the nasal route has
been proposed as an effective route for direct drug delivery to the brain
aiming to reach the central nervous system (CNS), due to its anatomical
characteristics [111,118].

The drug transport mechanism from nose-to-brain involves two main
pathways: the intranasal route (olfactory and respiratory regions) and
systemic circulation through the blood-brain barrier (BBB) (Fig. 4)
[118]. Regarding the nasal cavity region (olfactory and respiratory),
differences in cell structure, drug transport mechanism, and drug ab-
sorption site were found to play an important role in drug delivery to the
brain.

The olfactory region located in the upper portion of the nasal cavity
is composed of three major cell types, namely supporting cells, basal
cells, and microvillar cells, which are connected by tight junctions. In
this region, the drug comes into contact with olfactory and trigeminal
neurons, which carry the drug from the olfactory epithelium by intra-
cellular and extracellular mechanisms to the brain. After reaching the
brain, the drug is distributed in the CNS via perivascular spaces [118,
119].

The respiratory region is the main area of the nasal cavity, consti-
tuted by goblet, basal, ciliated, and non-ciliated cells. This region is
highly vascularized with blood vessels and innervated by trigeminal
nerves, both responsible for drug transport. The blood vessels favor drug
absorption to the systemic circulation whereas trigeminal nerves pro-
mote drug entrance to brain pons and cerebrum [118]. Therefore, the
olfactory and trigeminal nerves represent a direct connection between
the drug and brain, given that nose-to-brain drug delivery can follow one
or more pathways.

However, some factors are capable of limiting drug absorption/
transport from the nasal route, such as mucociliary clearance, enzymatic
activity, and low nasal epithelium permeability, hindering the drug
transport to the brain, especially in the CNS [118,120]. To overcome the
aforementioned obstacles and enable drug transport through the nasal
route, MSNs have been explored due to their high versatility and ease of
surface modification with targeting molecules. Additionally, these
nanocarriers can favor the transport of molecules over 500 Da and
promote the enhancement of drug BBB permeability.

Lungare et al. [76] reported the development of MSNs containing
phytochemical drugs (CUR and chrysin [CHRY]) as a strategy for
nose-to-brain delivery against CNS diseases. The MSNs loaded with CUR
and CHRY were successfully characterized, exhibiting particle size of
200 nm with high surface porosity. In vitro release assays revealed a
pH-dependent release for both drugs, indicating a greater drug release at
the pH of the nasal cavity (5.5). From in vitro tests using cultures of ol-
factory neuroblastoma cells (OBGF400), no significant toxicity was
demonstrated for MSNs nanocarriers in both phytochemicals. In addi-
tion, the authors associated this behavior with protein corona formed
onto the nanosystem surface, leading to alteration of the MSNs cytotoxic
potential due to their contact with the serum protein present in the
culture media. Besides, MSNs-based nanocarriers with particle size
below 500 nm were uptaken by olfactory cells, demonstrating a cyto-
plasmic accumulation as observed by confocal microscopy. These data
exhibited the MSNs feasibility for phytochemical drug delivery to the
brain from the nasal administration route.

In another study [77], the researchers proposed to design polylactic
acid (PLA)-coated MSNs, conjugated with peptide as a ligand for
low-density lipoprotein receptors (LDLR) to achieve targeting delivery
of resveratrol (RSV) in the CNS. The authors showed that PLA coating
prevented RSV premature release from MSNs-based nanocarriers. The
presence of ROS in the release medium promoted the drug release due to
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PLA degradation. A co-culture of rat brain microvascular endothelial
cells (RBECs) and microglia cells were used to assess the RSV delivery
across the BBB. Results showed the LDLR ligand peptide-modified MSNs
not only promoted an enhancement migration across the RBECs mono-
layer, but also improved the MSNs-based nanocarrier transcytosis. In
addition, RSV was released from the nanocarriers, reducing microglia
inflammation and superoxide production, thus indicating a potential
application in oxidative stress therapy of the CNS.

You et al. [78] engineered MSNs-based nanocarriers of a novel
organic selenium compound BSeC, modified by arginine-glycine-
—aspartate (RGD) peptide, which recognizes the integrins on tumor
membranes to treat brain glioma. The BSeC@MSNs-RGD showed high
stability in human blood serum and increased the BBB permeability of
BSeC in bEnd.3/U87 co-culture model. In addition, BSeC@MSNs-RGD
selectively recognized U87 and bEnd.3 cells, which overexpress integ-
rins, enhancing BSeC cellular uptake. Consequently, BSeC@MSNs-RGD
cellular uptake led to mitochondrial dysfunction and intracellular ROS
overproduction, inducing cell apoptosis. BSeC@MSNs-RGD also
exhibited the ability to inhibit the tumor spheroid growth in a tumor
model in vitro by using glioblastoma cells U87. These nanosystems
prolonged drug blood circulation time in vivo, with the drug being
cleared by renal excretion, reducing its toxicity, thus comprising an
excellent approach to treat human brain glioma.

In another study on glioma therapy, Mo et al. [79] designed
MSNs-based nanosystems with tailored size conjugated with PEI-cRGD
(polyetherimide-cricoids Arg-Gly-Asp-Phe-Lys) peptide in order to
enhance DOX loading efficiency. DOX@MSNs functionalized with
PEI-cRGD showed greater selectivity and antitumor activity for U87
glioblastoma cells than the free drug, leading to the cell apoptosis trig-
gered through ROS overproduction. The authors also explained that the
smaller the particle diameter (40 nm), the higher the cellular uptake and
antitumor activity, since small size hinders particle excretion, resulting
in higher drug accumulation. MSNs-based nanocarriers with smaller
diameter increased the permeability across the BBB and could interfere
with the vasculogenic mimicry capacity of glioma cells due to regulation
of FAK, E-cadherin, and MMP-2 protein expression. These nanosystems
could achieve interesting antitumor efficacy against glioblastoma.

Heggannavar et al. [80] designed MSNs modified with poly
(lactic-co-glycolic acid) (PLGA), loaded with two anticancer drugs
(DOX and paclitaxel [PTX]), and later functionalized with Angiopep-2
peptide to achieve targeting for the lipoprotein receptor-related (LRP)
protein. LRP is expressed on the blood-brain barrier (BBB) and glioma
cells aiming to enhance glioblastoma multiforme treatment efficacy. The
authors showed that by controlling the polycondensation degree and
hydrolysis rate, different particle sizes were obtained. Functionalization
with Angiopep-2 resulted in significant cytotoxicity on U87 cells due to
the high selectivity of the peptide at the LRP receptor. Later, cellular
uptake assays confirmed higher cell uptake, demonstrating that
Angiopep-2 binds to LRP receptors. The authors also assessed the
permeability of MSN-based nanocarriers across the BBB using an in vitro
BBB model. Results revealed that the smaller size and conjugation with
Angiopep-2 promoted a greater permeability across the BBB. These
findings demonstrate the potential of Angiopep-2-MSNs nanocarriers for
drug delivery to the brain for further effective gliomas treatment.

Another interesting study on glioma treatment [81] investigated the
inhibition ability of autophagy (protective mechanism for tumor cells)
of 3-methyladenine (3-MA) using MSNs loaded with temozolomide
(TMZ), coated with polydopamine (PDA), and modified with
Asn-Gly-Arg (NGR). The modification of NGR ligand recognized the
aminopeptidase N (cluster of differentiation 13) overexpressed in gli-
oma cells, enhancing the accumulation of MSNs nanocarriers in C6 rat
glioma cells. MSNs@TMZ@PDA@NGR multifunctional nanosystems
exhibited a high apoptosis-inducing effect, compared with free TMZ,
besides an antitumor effect enhanced by autophagy inhibition. This
greater antitumor effect occurred because the autophagy inhibitors can
block the antitumor drugs that cause autophagy in tumor cells,
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enhancing the antitumor drug therapeutic effect. MSNs-based nano-
carriers in combination with autophagy inhibitors characterize a new
approach to glioma treatment.

Important advances have been demonstrated in Alzheimer’s disease
therapy using metal chelators associated with MSNs-based nanocarriers.
Geng et al. [82] developed HyOy-responsive MSNs nanosystems func-
tionalized with 3-carboxyphenylboronic acid and coated with immu-
noglobulin G (IgG) for targeted delivery of metal chelator clioquinol
(CQ). Nanoparticles with a diameter of 100 nm and hexagonally ar-
ranged pores were obtained. In addition, the synthesis steps involving
IgG and phenylboronic acid were successfully performed. The authors
showed that the presence of HyO3 can trigger CQ release from MSNs due
to boronate ester hydrolysis activated by HoO,. Moreover, MSNs con-
taining CQ and IgG significantly inhibited the Af aggregation in the
presence of HyO2 reducing neurotoxic ROS production, showing a
similar behavior to that of CQ. The in vitro cytotoxicity using rat pheo-
chromocytoma PC12 cells showed high cell viability, suggesting good
biocompatibility of MSNs-CQ-IgG nanocarriers. These nanosystems
represent a promising alternative application for Alzheimer’s disease.

In another study, Yang et al. [83] engineered gold
nanoparticle-capped MSNs nanocarriers as an HyOp-responsive release
system for CQ delivery (labeled MSN-CQ-AuNPs). The authors exploited
MSNs properties to enhance the chelator efficiency in the BBB as well as
the potential of gold nanoparticles to inhibit amyloid-p peptide (Af)
aggregation, an important Alzheimer’s disease process. The
MSN-CQ-AuNPs synthesis was successfully performed and character-
ized. The nanosystems showed a strong ability to cross the BBB by the in
vitro co-culture model of the BBB, besides selective intracellular CQ
release. Additionally, MSN-CQ-AuNPs inhibited AP aggregation,
reducing cell membrane disruption and neurotoxic ROS formation,
demonstrating its potential for Alzheimer’s disease treatment.

3.8. Dermal route for MSNs administration

Skin drug release is a localized therapy, whose main aim is to
minimize the side effects related to conventional drug administration
routes. Different types of cells compose the skin, each having different
functions and biochemical properties, in addition to containing a num-
ber of appendages, such as hair follicles, sweat glands, and nails [121].
In view of this, it is evident that the success of a treatment performed
through this route depends on many factors, including the skin complex
structure as well as the drug and carrier physicochemical properties.

Some challenges are mainly related to the skin barriers, which
hamper drug permeation. Indeed, the skin is composed of three
consecutive outer-to-inner layers: i) epidermis, ii) dermis, and iii) sub-
cutaneous tissue, also called hypodermis (Fig. 5). The Stratum corneum
(sc, or non-viable epidermis) is the outermost epidermis layer composed
of low hydrated, flattened, and keratinized cells called corneocytes,
which are embedded in a lipid matrix and organized in 15-25 layers of
10 pm in thickness, representing the most difficult barrier to drug
permeation [122,123]. On the other hand, basal, spinous, granular, and
lucid strata make up the viable epidermis.

It is worth highlighting that the drug transport mechanism through
the sc occurs by passive diffusion taking place by three different routes
as a function of the drug physicochemical properties, such as trans-
cellular transport occurring through corneocytes, intercellular transport
through the spaces between the corneocytes with partitioning into the
lipid matrix, transfolicular transport through the hair follicles, and
transglandular transport through the sudoriparous glands [125,126]
(Fig. 6). However, in conditions of perfect skin integrity, transport oc-
curs mainly through the appendages, intercellular and transcellular
route, the latter being the least frequent transport [127].

Considering the difficulty of drugs permeating the skin, among
several strategies proposed, the use of penetration enhancers and
nanostructured systems seem to be the most effective. The properties of
these systems, such as particle size, zeta potential, crystal structure,
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chemical composition, surface chemistry, and shape can influence their
interactions with skin constituents. Regarding the percutaneous pene-
tration of MSNs, some factors are pervasive considering the interactions
with skin components. In addition to penetration enhancers, it seems
that MSNs promote the drug diffusion across sc due to their nanometric
size and high surface area. However, the drug penetration depth to
viable epidermis and dermis is also dependent on vehicle solubility and
the subsequent partitioning. Predominantly lipophilic vehicles pene-
trate the lipid-rich sc more easily, and the vehicle pH can ionize weak
acid and basic drugs, hindering the drug permeation. The pH adjustment
values also play an important role in MSNs stability because suitable
surface charges are essential to keep them in dispersion, avoiding
instability phenomena like aggregation, which impedes drug perme-
ation mainly due to the increase in size [129].

According to Nigro et al. [130], the use of MSNs as a skin drug de-
livery system can be classified in terms of their applications as dermo-
cosmetic [131], biomedical, and cancer treatments [132]. Other
applications include transdermal drug delivery [133], gene delivery,
and transcutaneous vaccination [134]. In the cosmetic field, MSNs can
be considered a viable strategy to circumvent the toxicity issues related
to inorganic compounds (ZnO and TiO3) of sunscreens. In addition,
MSNs can contribute to improving the stability of label natural active
agents incorporating them into MSNs pores.

Ugazio et al. [86] reported the incorporation of an antioxidant
quercetin (Q) into thermo-responsive MSNs to achieve effective skin
release. Two types of MSNs were analyzed in terms of pore size, MSNgman
(3.5 nm) and MSNp;g (5 nm). Free radical copolymerization of N-iso-
propylacrylamide (NIPAM) and 3- (methacryloxypropyDtrimethox-
ysilane (MPS) inside the mesopores was conducted to modulate drug
release in response to temperature stimulus. These polymers were cho-
sen based on the premise that they suffer coil-to-globule transition in
temperatures above the low critical solution temperature (LCST =
33 °Q), in which the polymer chain shrinkage leads to about 90% of
hydration loss, delivering therapeutic molecules. Overall, MSNs samples
were 100-150 nm in size with regular and ordered channels with hex-
agonal symmetry. The Q loading from MSNgpay was higher than that
obtained with MSNy;g. The authors attributed this behavior to the higher
pore size unable to efficiently hold drug molecules. After functionali-
zation, a decrease in Q loading was observed for both samples in
response to the grafted copolymer hindrance. The slower Q release from
functionalized MSNs, in comparison with bare MSNs, suggests a stronger
drug-matrix interaction. Further, an in vitro Q release assay was evalu-
ated in temperatures below (20 °C) and above (40 °C) LCST, showing
that polymer chains really respond to temperature stimuli, releasing the
flavonoid molecules immobilized within the mesopores. It was inter-
esting to observe that no Q permeation performed at Franz vertical cells
with porcine skin was verified in the receptor medium after 24 h, which
was attributed to sc resistance as well as the physicochemical charac-
teristics of this flavonoid. In relation to Q retention by porcine skin,
Q/MSNy;g showed higher retention than Q/copoly-MSNpjg, in agreement
with the faster Q release rates, increasing the Q availability to the sc.
Both samples displayed biocompatibility with immortalized human
keratinocytes (HaCaT).

Another noble function of MSNs administration through the cuta-
neous route is that it circumvents the drawbacks related to the side ef-
fects exacerbated by the systemic exposure. Sapino et al. [87] explored
this strategy to deliver methotrexate (MTX), a folic acid antagonist
showing cytotoxic activity, to treat skin disorders. The particles pre-
pared had an average diameter of 200 nm with a zeta potential of —21.6
mV related to the silanol groups; however, this value decreased to
—16.1 mV after MTX incorporation, meaning that silica hydroxyl groups
are involved in noncovalent bonding with MTX. The amount of MTX
loaded in MSNs was about 39.4%. The in vitro release profile under
physiological conditions showed that MTX/MSN was able to prolong the
MTX release rates, compared to free MTX, due to the weak drug-matrix
interactions. An ex vivo porcine skin study using Franz cells was
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performed to test free MTX and MTX/MSN incorporated in different
dermal formulations, namely phosphate buffer, pure shea butter, glyc-
erolipidic lotions, and some oil-in-water (O/W) and water-in-oil (W/O)
emulsions. High MTX permeation values (from 6.52 to 6.56 pg cm™2)
were reached from glycerolipidic lotions, recognized for favoring
permeation. Higher MTX epidermal retention was observed in skin slices
from the nanosized complex than that of free-MTX, which was related to
the greater intercellular penetration and increased surface area of the
nanosized carriers. Later, porcine dermatomed skin was examined by
scanning electron microscopy (SEM) after 24 h of MSNs application,
demonstrating the presence of silica aggregates with a micrometric
range in the epidermis. The authors concluded that such silica aggregate
can slow systemic absorption and act as a prolonged-release deposit of
the incorporated drug.

Cancer therapy is still a great challenge. Photodynamic therapy
(PDT) has gained attention due to its non-invasive character and gen-
eration of highly toxic, effective ROS in solid tumors. 5-Aminolevulinic
acid (5-ALA) shows many advantages over other photosensitizers due to
its nontoxicity and quick excretion from biological systems. However, 5-
ALA shows hydrophilic property and low specificity to cancer cell,
impacting on bioavailability. Therefore, Ma et al. [88] developed hollow
MSNs (HMSNs) to overcome the lipophilic barrier and facilitate the
entry of 5-ALA into skin cancer cells. The functionalization with folic
acid (FA) as a cancer-targeting ligand was explored to facilitate the
internalization of HMSNs. Particles exhibited 150 nm in size with a
mesoporous shell thickness of 30 nm, besides pore sizes ranging from 2.1
to 2.7 nm. In order to investigate the target delivery of HMSNs, cells with
low (normal HEK293 cells) and high (B16F10 skin cancer cells) FA re-
ceptor (FAR) expression were used. Functionalized samples (HMSN-FA)
were labeled with fluorescein isothiocyanate (FITC). When the results of
the two cell lines were compared, a remarkably higher uptake of
HMSN-FA-FITC was observed in B16F10 cells than in HEK293 cells,
confirming the targeted delivery capability attributed to the FAR
meditated endocytosis. Further, the in vitro protoporphyrin IX (PphIX)
generation was investigated by confocal laser scanning microscopy
(CLSM). Interestingly, any red fluorescence color could be seen in
HEK293 normal cells, in contrast to B16F10 skin cancer cells, where red
fluorescence was more intense from 5-ALA@HMSNP-PEG + FA than
from free 5-ALA. Photocytotoxicity was investigated by a 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2
H-tetrazolium (MTS) assay, and results for non-irradiated samples
showed that ALA@HMSNP-PEG + FA was biocompatible. However,
light irradiation led to cell viability decrease, which occurred in a
dose-dependent way.

It is known that small interfering RNA (siRNA) is a promising tool for
skin squamous cell carcinoma (SCC) treatment because of its interfer-
ence with specific gene expression related to this disease. However,
properties such as siRNA size (10-20 kDa) hinder the skin permeation.
Lio et al. [89] developed a topical formulation based on MSNs for siRNA
transdermal delivery aiming to facilitate skin cancer treatment.
MSNP-MB (MB = molecular beacon, a model of oligonucleotide) was
built and further coated with poly-1-lysine (PLL) converting particles to
cationic ones, showing a pore size of 4 nm, particle sizes of 200 and 250
nm, and zeta potential of —19 and —34 mV, before and after complex-
ation. However, PLL coating caused the zeta potential to rise to + 30 mV.
In in vitro release tests, 65% of MB was released within 6 h of testing, and
PLL coating showed no interference in the release profile. It seems that
the MSNPs-MB-PLL positive charges were responsible for the greatest
nanosystem internalization and MB concentration in the cells,
confirmed by its recognition of cellular GAPDH (Glyceraldehyde 3-phos-
phate dehydrogenase, a kind of mRNA) mRNA following
MSNPs-MB-PLL delivery. Higher fluorescence levels were observed in
mice via IT injection, followed by those under topical application in a
SCC xenograft model. However, MSNSPs-MB-PLL was responsible for
the lowest stain Cy5 distribution in all major organs. In the topical de-
livery of siRNA with MSNPs for skin tumor treatment, the siRNA release
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rates were the same as those of MBs, and TGFBR-1 gene expression in
RT3 cells was reduced by 60% relative to the control.

The use of MSNs has also been explored for the topical administra-
tion of anesthetics on the skin. In a study developed by Nafisi et al. [90],
lidocaine (LIDO)-a member of the Caine Family used as topical anes-
thetic showing both poor aqueous solubility and negligible skin upta-
ke-was incorporated into MSNs (3/1, 2/1 and 1/1 ratios) and
functionalized with positively charged amino-propyl groups (NH>) as a
strategy to enhance the LIDO permeation into the skin. MSNs showed
sizes ranging from 45 to 95 nm and distinct zeta potential as a function
of NH; functionalization (non-functionalized samples from —35 to —19
mV due to Si-OH groups), with values ranging from +23 to +33 mV in
amino-functionalized samples. Pores sizes were 0.23-2.61 nm. An in
vitro LIDO delivery study was performed using a cellulose dialysis bag
immersed in phosphate buffer saline with the 1/1 functionalized sam-
ples (encapsulation efficiency [EE] of 99.73%) and non-functionalized
MSNs (EE of 94.40%). Dissolution LIDO rates from MSNs and
NH,-MSNs were faster than pure LIDO, the achieved percentage being
38, 60, and 28% after 7 h, respectively, in accordance with the therapy
requiring a quick onset of anesthetic effect. Ex vivo skin permeation was
carried out in vertical diffusion Franz cells by means of skin from an
abdomen reduction surgery. Like the in vitro drug release,
amino-functionalized MSNs also enhanced LIDO permeation, so 64% of
the drug content was released in 24 h, while LIDO release was 13% from
the bare MSNs. The authors attributed this behavior to the electrostatic
interactions occurring between the sample positive charges and the skin
negative charges, confirming the importance of NH; functionalization.
Other studies exploring the use of MSNs can be analyzed using Table 1.

3.9. Oral route for MSN administration

Among all drug administration routes, the oral way remains the most
accepted route mainly by patients in chronic disease treatment, since it
has important advantages that make administration easier, with its non-
invasive and safer route [135,136]. It allows greater dosage flexibility,
therapeutic classes, and different dosage forms. In addition, there is no
need for administration to be performed by a specialized professional or
in a hospital environment, contributing to a reduction in the overall
treatment costs. Besides, in economic terms, the pharmaceutical dosage
forms for oral administration do not require aseptic and/or sterile con-
ditions for their production [137].

Despite the important advantages of this administration route, drugs
administered orally must overcome different barriers imposed by the
GIT in order to exert their therapeutic effect, be it local or systemic. In
terms of the systemic effect, it is known that the drug must be absorbed
into the bloodstream, occurring most often through the small intestine,
which has a high absorptive capacity and extensive surface area
(300-400 m?) due to villi and microvilli present on the surface of in-
testinal cells (enterocytes). Only after this previous stage can the drug be
distributed to the different tissues, reaching the target site. However,
due to the long path traveled by the drug and considering possible losses,
whether due to problems of molecule instability and/or permeability or
by interacting with different compounds present in the GIT, high doses
of these drugs must be administered to achieve therapeutic concentra-
tions, which are associated with increased toxic effects. The same should
be considered when it comes to the local effect, since depending on the
drug origin, it may undergo enzymatic digestion (anti-hyperlipidemic
agents, cephalosporin antibiotics, proteins, and peptides) or chemical
degradation in the upper GIT portions with acid pH [136], like arte-
mether, erythromycin, and candesartan cilexetil drugs [135].

Indeed, it can be inferred that the therapeutic effect of the drug
administered orally depends on the physiological barriers imposed by
the GIT, the drug physicochemical properties (solubility [log-P], particle
size, and acid dissociation constant [pKa]) and the biopharmaceutical
properties (permeability, metabolization, and efflux mechanisms),
remaining a scientific challenge.
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Fig. 2. Schematic representation of eye anatomy and physiology indicating the barriers to ocular absorption and the possible ophthalmic administration routes.

GIT can be divided into three main portions, namely stomach, small
intestine (consisting of duodenum, jejunum, and ileum), and large in-
testine (or colon) (Fig. 7). For each of these sections, different motility
patterns, transit time, pH values, fluid volume, and viscosity, diversity of
microbiota, and enzyme content are found, in which drugs must be
resistant without activity loss [138]. In addition, it is worth mentioning
that there is great inter-individual variability related to these factors,
which are intensified mainly when individuals of different race, sex, and
age groups are compared, and to some pre-existing diseases. The food
presence in the GIT must also be considered, since drugs can interact
with certain compounds, changing their bioavailability [139,140].

Therefore, in a sequence of successive events occurring after oral
administration, the drug must resist the acid attacks in the stomach (pH
values ranging between 1.5 and 5 for the fasted and fed state, respec-
tively), as well as digestion by enzymes present in the stomach (pepsin)
and small intestine (trypsin, chymotrypsin, amylase, lactase, carboxy-
peptidase, and lipase) [141]. The drug must also pass through the mucus
layer (diffusion across mucus) that coats the GI epithelium, establishing
direct contact with the intestinal membrane being absorbed from the
lumen for systemic circulation through different mechanisms of cell
transport [142].

However, even if all the steps mentioned above are successfully
completed, drug transport across the intestinal membrane may still be
limited by efflux mechanisms through transporters present in the cell
membrane, such as glycoprotein P (P-gp) [143], as occurs with the
digoxin, PTX, and DOX drugs [144]. Even though absorption occurs,
hepatic metabolism may be responsible for the reduced bioavailability
of several drugs [145]. The first pass (hepatic) metabolism of
anti-hypertensive, cardiovascular (b-blockers, calcium channel
blockers, ACE inhibitors), and anti-diabetic agents (repaglinide) are
responsible for their low oral bioavailability [135].

Regarding physicochemical drug properties (solubility, molecular
weight, and stability), it is known that most drugs are weak acids or
basics that undergo ionization at different pH values found throughout
the GIT, affecting their stability, solubility, and the consequent
bioavailability. In fact, to achieve therapeutic effect after oral admin-
istration, a drug must be in solution in the gastrointestinal fluids for the
absorption to occur [137]. Sodium diclofenac (SD) is a classic example,
as this weak acid with pka of 4.15. SD can suffer great dissociation at pH
values above pKa (in the small intestine), which explains why this drug
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is released in greater amounts in this GIT portion.

Special classes of bioactive molecules, such as biotherapeutics based
on peptides and proteins, deserve greater attention when administered
orally. These macromolecules are generally not stable in stomach acid
pH, undergoing conformational changes and being digested by the
proteolytic enzymes present in the stomach and small intestine. The
activity loss is accompanied by a low intestinal permeation capacity as
these are molecules of high molecular weight and high hydrophilicity,
requiring their incorporation into sophisticated release systems
providing both protection and release kinetics control [146,147], such
as those associated with absorption enhancers, enzyme inhibitors,
mucoadhesive systems, and systems with enteric coating.

Despite the oral route being the most widely accepted, promoting
greater adherence to treatment by the patient, oral absorption is a
challenge. Nanometric-size drug delivery systems, which can be poly-
meric, inorganic, and lipid-based, can play a key role in favoring a
bioavailability increase and stability following oral administration
[135]. However, according to Florek et al. [137], only a few of them
meet commercialization requirements.

MSNs have been proven to be a promising oral drug delivery system
due to their tunable properties, like controllable pore size, high drug
loading, porosity, and controlled release kinetics [148], besides being
biocompatible. It is known that among all the factors that contribute to
reduced oral bioavailability, the low solubility of some drugs is among
the most important. However, drug-loaded MSNs can overcome these
problems, since drugs become confined in a nanosized environment with
increased solubility due to the high surface area, and drug-carrier in-
teractions change the drug physical state from crystalline to amorphous,
thus contributing to enhancing drug delivery rates [149].

Another remarkable advantage of MSNs for oral delivery is their easy
functionalization due to the presence of silanol groups on the surface,
which have been related to an increase in drug loading capacity, as well
as greater release kinetics control. This is due to the establishment of
stronger drug-carrier interactions, such as electrostatic interactions,
achieved through functionalization with ionic groups [137]. Many fac-
tors also influence the drug loading into MSNs, such as adsorption time,
temperature, loading solution pH, and concentration [150].

In order to overcome the poor aqueous solubility of Indomethacin
(IMC), Zhang et al. [96] fabricated mesoporous silica nanorods (MSNRs)
as a strategy to improve oral bioavailability and evaluate the shape
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effects of MSNs on oral delivery. Results showed low values of drug
loading (~29 and 22% for MSNRs and MSNs, respectively), but an
excellent dissolution-enhancing effect (100% of IMC release after 1 h). In
vitro IMC release was governed by diffusion due to the mesostructure,
related to both the IMC incorporation into MSNRs in an amorphous state
and the hydrophilicity of the silica surface. Regarding the faster IMC
release from MSNRs than from MSNs, the larger pores of the former,
along with the more ordered helical channels, are known to facilitate the
drug release. This set of results led to better oral IMC bioavailability.

Although several organic nanoparticles are currently used as an
alternative to enhance the oral bioavailability of CUR, these systems
present many instability issues, making the proposal unfeasible. Hartono
et al. [97] explored the conjugation of CUR with amino-functionalized
MSNs with 3D interconnected large pore size (10 nm), originating
new composites with  different particle sizes, namely
micron-sized-particles (MSMs with 1 pm) and MSNs (100 nm). The
amino-functionalized MSNs successfully controlled the CUR release
rates, with the release profile reaching a plateau after 48 h. MSNs were
responsible for the higher CUR release amount relative to MSMs, which
is in accordance with their lower particle size and, consequently, higher
surface area. Likewise, the solubility test followed the same trend, so
MSNs-CUR showed solubility twice as high as that exhibited by
MSMs-CUR. These results contributed to the bioavailability enhance-
ment in mice after oral administration with equal t,, (time to reach the
maximum concentration) of 3 h, but MSNs showed higher CUR con-
centration in plasma (Cpax = 0.0291 pg mL™Y), compared to MSMs
(Crmax = 0.0105 pg mL™Y).

Later, some authors also investigated the therapeutic effects (anti-
inflammatory activity) of CUR orally administered through MSNs [151].
MSNs were prepared as a cubic mesostructure of 100 nm in size and pore
size of 10 nm, besides 3-aminopropyl-triethoxysilane (APTES)
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functionalization (amine groups). An In vivo study was performed by
induction of carrageenan in Wistar rat feed, and results showed that
CUR-MSN was responsible for the lower percentage of edema formation
than that of free CUR and SD (positive control). This behavior may be
attributed to the enhancement of CUR aqueous solubility and bioavail-
ability. Interestingly, MSNs-CUR showed almost the same ulcerogenic
index (2.32 + 0.82) as the negative control group (2.00 + 0.00), sug-
gesting its importance in side effects reduction. To confirm this hy-
pothesis, the authors compared the MSNs-CUR result with the ulcer
index found for SD, which was almost three times higher (6.16 + 0.41).
Another study on CUR can be found in Gao et al. [98].

The effects of MSNs on the oral bioavailability and intestinal Tel-
misartan (TEL) permeability were investigated by Zhang et al. [99] and
compared with commercial Micardis®. TEL release was significantly
improved from MSN, compared to Micardis®, in phosphate buffer (pH
6.8). The authors attributed this behavior to the pore channels that
change the crystalline drug state to an amorphous phase of enhanced
dissolution. Likewise, it seems that the shorter pore channel length of
MSNss facilitates drug molecule diffusion due to the shorter pathway to
the dissolution medium. It is worth noting that MSNs internalization
with different particle sizes (20, 60, and 90 nm) into Caco-2 cells after 1
h of incubation by CLSM displayed higher accumulation in the cell
membrane region without reaching the nucleus. In addition, trans-
mission electronic microscopy (TEM) was able to demonstrate the en-
docytoses of MSNs by Caco-2 cells after binding to intestinal villi. The
MSNs uptake was time-, concentration-, and size-dependent. Regarding
the intestinal permeability, TEL transport was linear, increased by the
P-glycoprotein inhibitor (cyclosporin A) and MSNs use, suggesting that
both decreased the P-gp-mediated drug efflux.

Recently, the antigen stability and immune response intensity
against the recombinant subunit of cholera toxin (CTB) were also
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investigated by exploring the MSNs unique properties [100], consid-
ering the need for special carriers intended to improve gastrointestinal
protection and vaccine potency. Indeed, the oral vaccine can be opti-
mized by exploring the endocytosis particle uptake occurring in M cells
associated with immune response. According to the results, MSNs are
advantageous over polymeric and lipid-based nanoparticles, which hy-
drolyze in the harsh GIT conditions. Characterization results showed
that MSNs were spherical, exhibiting 350-500 nm in size with an
average pore diameter of 8 nm. MSNs were able to control CTB antigen
release rates for 12 days, with only 25% of the loaded antigen being
released in the first 24 h. After rabbit immunization by the oral route,
IgG titration response exhibited an elevated antibody response for
MSN-CTB after the 4th week, while free-CTB was devoid of any
response. In addition, anti-CTB IgA response of immunized rabbits
evaluated from saliva and vaginal secretions displayed an intense IgA
response superior to the already marketed Dukoral® vaccine. This
impressive behavior was ascribed to the suitable CTB antigen protection
and the target-specific delivery to the M cells.

Despite MSNs unique properties, few works have described their
biodistribution and toxicity after oral administration. Li et al. [101]
proposed an interesting study about the impact of three types of MSNs
shapes on in vivo behavior, which varied as a function of aspect ratios
(AR). MSNs with AR equal to 1 were considered spherical (labeled NSs),
those with AR equal to 1.75 were considered short-rod (labeled NSRs),
and those with AR equal to 5 were considered long-rod (labeled NLRs).
Media simulating the stomach, intestine, and body fluids were used as a
reference for the study of in vitro biodegradation, followed by the
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incubation of 2 mg mL ™! of samples in them (37 °C and 150 rpm min1).
After 7 days, low biodegradation in acid medium (lower than 10%) was
detected for all MSNs, while an increase of 62, 29, and 17% for NSs,
NSRs, and NLRs was observed for intestinal medium, respectively. This
behavior makes this nanosystem applicable as an oral delivery system
that protects drugs in the stomach area, promoting intestinal release,
which is very important for biotechnological actives. However, in vivo
studies showed that all three-shaped MSNs are absorbed into systemic
circulation with an observable distribution in the liver, lung, spleen, and
kidney.

It is important to bear in mind that these MSNs global performance
can be totally changed by the simple functionalization with specific
molecules, contributing to effective targeting or solubility and perme-
ability enhancement. Different molecules can be explored for silica
functionalization, such as polymers resistant to the harsh stomachic
environment  (cellulose  acetate  phthalate and  hydrox-
ypropilmethylcellulose phtalate) and polymers with pH-dependent sol-
ubility, to explore the pH gradient along the GIT as a release-trigger
mechanism (alginates, pectin, and gellan gum). Bioadhesive molecules,
such as cationic polymers like chitosan, which electrostatically interacts
with mucin (negatively charged), has also been used, increasing the
system permanence time at the target site and, consequently, the
bioavailability.

Following this concept, Guha et al. [102] developed pH-dependent
cylindrical MSNs to deliver insulin (INS) orally by coating the parti-
cles with poly-(methacrylic acid-co vinyl triethoxylsilane) without pre-
senting cytotoxicity. The final coated sample had a pore diameter of
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about 65 nm and entrapment efficiency of 39%. Interestingly, the
coating was responsible for the pH-dependent INS release, being more
pronounced at intestinal (pH 7.4) than stomachic pH (only 13% of in-
sulin released after 2 h in pH 1.2), which should contribute to its pro-
tection against acid denaturation and enzymatic degradation in upper
GIT portions. The hypoglycemic profile tested in rats with
streptozotocin-induced diabetes showed a fall of about 60% in blood
glucose levels after 6 h of coated-MSNs oral administration owing to INS
protection against degradation.

Another type of lipidic coating was performed by sonicating a
mixture of liposomes and MSNs for oral delivery of ciprofloxacin (CIP)
for the intracellular elimination of Salmonella [103]. Particles (lipid
coated MSNs [L-MSNs]) had 50-100 nm in diameter with a lipid coat
thickness of 5 nm. Interestingly, liposome fusion on MSNs surface was
able to prolong the CIP release rates, so after 30 min only 30% of the
drug was released, against 90% for uncoated MSNs, meaning that lipid
countered the molecule diffusion to the elution medium. As a conse-
quence, antibacterial activity was higher compared with free CIP. Sal-
monella intracellular proliferation inside the host cell was evidenced in
untreated samples with lower fold change from L-MSNs@CIP in both
RAW 264.7 macrophage cells and HeLa cells. L-MSN uptake observed by
confocal analysis increased after 4 h of treatment, the antibacterial ac-
tivity enhancement being attributed to the intracellular accumulation of
L-MSNs in Salmonella typhimurium. These findings converged to excel-
lent in vivo antibacterial results, measured in terms of mice survival after
Salmonella infection. Lower doses of L-MSNs@CIP were as effective as
free CIP administered at twice the concentration [103].

An interesting study explored the chirality of structures as a mech-
anism to differentiate nimesulide (NMS) release profile from MSNs
[104]. The authors synthesized functional MSNs (F-MSNs) with molec-
ular level chiral function property, namely levorotatory MSNs
(FL-MSNs) and dextrorotatory MSNs (FD-MSNs). Spherical MSNs with a
rough surface of about 200-300 nm in size were prepared; however, no
morphological differences were observed between them. Both samples
incorporated the same drug amount and no crystalline peak was
observed in X-ray diffraction (XRD) analysis, demonstrating the amor-
phous nature of the incorporated drug. Differences were not observed
between the drug release profiles from FL-MSNs and FD-MSNs. How-
ever, the chiral in vitro medium was also evaluated using two kinds of
chiral dissolution medium, one at pH 6.8 PBS containing 0.5 mg mL !
t-Alanine (L-Ala-PBS) and the other at pH 6.8 PBS containing 0.5 mg
mL~! p-Alanine (D-Ala-PBS). As expected, a higher drug release was
observed from FL-MSNs in L-Ala-PBS and FD-MSNs in D-Ala-PBS, i.e.,
each carrier responded to the corresponding chiral medium. In addition,
FD-MSNs were considered the best carriers, since higher drug amounts
were released. According to the paw edema degree of rats, both
NMS-loaded FL-MSNs and NMS-loaded FD-MSNs had stronger
anti-inflammatory action; however, the swelling inhibition rate of
FD-MSNs was 1.5 times stronger than that of FL-MSNs.

4. Biological behavior of MSNs

The successful application of MSNs as versatile drug carriers requires
a deep understanding of the interactions between MSNs and biological
systems. Physicochemical properties such as size, shape, and surface
chemistry can dramatically influence the MSNs behaviors in biological
systems and might, in part, determine their biocompatibility, bio-
distribution, biodegradability, and clearance [28,152].

4.1. Biocompatibility and biodistribution

The biocompatibility and biodistribution of any carrier are a pre-
requisite property of any pharmaceutical product to ascertain that these
products do not accumulate in the body over a period of time causing
untoward effects. Fu et al. [112] studied the toxicity of MSNs with a
particle size of 110 nm in ICR mice. Following administration via
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hypodermic, IM and IV injections as well as oral administration, the in
vivo distribution of fluorescent-tagged MSNs was tracked. MSNs
administered via IV route were found to preferentially accumulate in the
liver and spleen at the end of 24 h and 7 days whereas those adminis-
tered by other routes did not show any fluorescence in these organs. A
portion of the MSNs administered via the IM and hypodermic routes
could cross different biological barriers with a slow absorption rate. No
histopathological changes were observed in the liver, spleen, kidney, or
lung at the end of 24 h and 7 days by different exposure routes. These
results suggested that MSNs were safe and well-tolerated when admin-
istered by oral and IV routes.

Surface properties have a great impact on the MSNs biocompatibility
and biodistribution. The main toxicity pathway associated with these
nanosystems is due to their surface chemistry (silanol groups), which
can interact with the membrane components leading to cell lysis and
leaking of the cellular components [152,153]. Functionalization with
polyethylene glycol (PEG) helps the MSNs to escape, being captured by
the liver, spleen, and lung tissues [154]. Yu et al. [155] studied the
surface features of silica nanocarriers on cellular toxicity. After 72 h
exposure, cancer epithelial (A549) cells were resistant to the nano-
particles even at a concentration of 500 pg mL L. However, at 1000 ng
mL™!, observable toxicity was seen. It was observed that
amino-modified MSNs showed a higher level of cellular association. This
higher interaction between amino MSNs and cells could be associated
with a particular surface threshold beyond which cell interaction is
facilitated.

Nanoparticle size also has a profound influence on the MSNs bio-
distribution. MSNs with particle size from 80 to 360 nm were adminis-
tered to ICR mice. An increase in particle size led to an increase in its
accumulation in the liver and spleen following IV administration.
However, no pathological abnormalities were observed at the end of 1
month [154]. Zhang et al. [156] synthesized DOX-loaded MSNs func-
tionalized with folic acid sizes varying from 48, 72, to 100 nm and
investigated the particle size effect on its in vivo distribution in
MDA-MB-231 tumor-bearing Balb mice. It was observed that MSNs with
a size of 48 nm showed the highest accumulation in the tumor tissues.

4.2. Biodegradability

The silica particles do degrade into silicic acid (Si(OH)4, pKa of 9.6)
in biological media by dissolution. Silicic acid is soluble in water and
consists of the dominant silicon species at low concentration (<2 x 10~3
M) [14]. It is also excreted through the urine and its good bioavailability
even contributes to maintaining bone health [14,25]. Investigations
have been carried out to assess the direct influence of the size,
morphology, and degradation medium parameters on the silica nano-
particle degradation. The physicochemical engineering of MSNs thus
allows one to tune the dissolution silica rate in biorelevant media for
specific biomedical applications [14].

4.2.1. Effect of size

Chen et al. [157] showed that MSNs degradation is independent of
their diameter with 390, 310, 200, and 150 nm nanoparticles in simu-
lated body fluid (SBF) at 37 °C. During the first two days, the degrada-
tion rate was nearly 45% per day, which then slowed down to about 1%
per day, and the degradation was completed in a week.

4.2.2. Effect of surface area

He et al. [158] investigated the role of the surface area on the mes-
oporous silica degradation, comparing three samples of 958, 829, and
282 m? g~! at a fixed concentration of 0.1 mg mL™" in SBF, sealed in
polyethylene bottles at 37 °C and shaken at 150 rpm with a mechanical
shaker. This study indicated that, on the one hand, there was a burst
degradation in the first 2-4 h, leading to 30, 70, and 90% of silica hy-
drolytic degradation as the surface increased, and, on the other hand, a
complete degradation was obtained in 15 days.
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4.2.3. Effects of morphology and degradation medium

Li et al. [101] reported the MSNs degradation with spherical and
rod-shaped morphologies with aspect ratios (ARs) of 1.75 and 5. They
investigated these nanoparticles by TEM and sample weight measure-
ments after degradation for 7 days by soaking in three different degra-
dation media: simulated gastric fluid (SGF, pH 1.2), simulated intestinal
fluid (SIF, pH 6.5), and SBF (pH 7). The degradation was much more
pronounced and AR-dependent in simulated intestinal and body fluids.
In general, the SIF generated more degradation than the SBF. The au-
thors also showed that spherical MSNs were more rapidly degraded than
rod-like MSNs with ARs of 2 and 4, and the presence of FBS in Dulbec-
co’s modified Eagle medium (DMEM) accelerated the degradation pro-
cess [25,159].
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4.3. Clearance

The MSNs ingested by humans circulate through the blood plasma
and are absorbed in the form of silicic acid. After that, MSNs are excreted
mainly by the renal clearance route, urine (~73%), but also feces
(~21%). The particle dissolution into silicic acid and its subsequent
excretion was demonstrated in vivo on mice models and in human
clinical trials [25,85,160]. Several trends have been observed between
the MSNs characteristics and their clearance: i) the effect of size, ii) the
effect of surface functions, iii) the effect of surface charge, and iv) the
effect of morphology.

4.3.1. Effect of size
Silica-based nanoparticles with sizes ranging from 100 to 400 nm
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were increasingly captured by the reticuloendothelial system organs as
the size increased [25,26].

He et al. [154] reported a study where MSNs of various sizes (80,
120, 200, and 360 nm) presented a significant nanosystem excretion of
15-45% after the first 30 min. Kumar et al. [161] showed that MSNs
with sizes of 20-25 nm preferred hepatobiliary excretion, with a com-
plete clearance over a period of 15 days [25,154]. Cho et al. [162]
studied nonporous silica nanoparticles of 50, 100, and 200 nm and
demonstrated that their clearance occurred in the urine and the bile. The
nanoparticles with a smaller size were excreted faster [14,25].

4.3.2. Effect of surface functions

It was demonstrated that PEGylated nonporous silica nanoparticles
had longer blood circulation times (t/2 = 180 + 40 min) than unmodified
silica (t%» = 80 + 30 min) and carboxylated silica particles (t/» = 35 + 10
min), and were partly excreted via renal clearance [14,25,163]. A
stealth behavior is acquired by PEGylation, which reduces the RES up-
take and increases the circulation half-life. As a result, PEGylated MSNs
of various sizes (80, 120, 200, and 360 nm) were excreted more slowly
than unfunctionalized ones due to the much slower particle capture by
the liver and spleen. This trend was also observed in the MSNs [154].

4.3.3. Effect of charge

The surface charge has a key impact on the adsorption of lipoproteins
circulating in the bloodstream and plays a critical role in the nano-
particles (NPs) excretion from the body [14,25,161]. Souris et al. [164]
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studied for the first time the charge influence on the MSNs excretion.
MSNs with a highly positive charge (zeta potential of +34 mv at pH 7.4)
were rapidly excreted from the liver into the GIT and then eliminated via
feces, while negatively charged nanoparticles (zeta potential of —18 mv
at pH 7.4) remained sequestered within the liver.

4.3.4. Effect of morphology

The morphology influence on the clearance showed that MSNRs of
aspect ratio ~1.5 (185 nm =+ 22 nm long) are more rapidly cleared than
longer nanorods of aspect ratio around 5 (720 nm =+ 65 nm long) [14,
25]. The comparison between spherical-shaped and rod-shaped MSNs
showed that nanospheres were mostly excreted during the first few
hours [25,165], while nanorods had slower clearance rates. In some
studies, nearly intact MSNs were consistently found in the mice urine
[14,25]. The content of silicon excreted in the feces was significantly
higher than that detected in the urine [14,25,166].

The unique Cornell silica dots developed by the Wiesner group
[167-170] received the American Food and Drug Administration (FDA)
Investigational New Drug approval for first-in-human trials as a drug for
targeted molecular imaging of integrin-expressing cancers. These
multifunctional silica NPs were used in imaging tumor sites of five
melanoma patients [14,167]. The silica NPs biodistribution and clear-
ance were investigated and a rapid excretion was revealed: ~90% via
kidneys and ~10% via the hepatobiliary route.

Despite several efforts and studies focused on the design of smart
MSNs-based nanocarriers, evaluated by several administration routes,
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their clinical translation is still scarce, and it remains a great challenge
for most research groups concerned with therapy and diagnosis.

5. Benefits and challenges of MSNs as nanotherapeutics

The ideal biological behavior, good biocompatibility, biodegrad-
ability, and complete and short clearance time are the challenges of any
nanostructure designed for therapeutic purposes. MSNs are widely
investigated as nanocarriers due to several factors. The physicochemical
parameters of the MSNs can be precisely tuned to achieve good behavior
and effective drug loading and release at the desired site, comprising
efficient nanoplatforms [4,171,172]. The scale of MSNs interactions
with living systems is another factor. The MSNs allow good control over
the pharmacokinetic profile of the transported therapeutic agent. The
use of MSNs as controlled drug delivery systems could keep the drug
concentration at optimal levels over prolonged periods of time,
improving the treatment efficiency and avoiding any type of potential
toxicity and the subsequent side effects. MSNs can also protect the
therapeutic agents. The great loading capacity of MSNs favors the
transport of two or more drugs into the same nanoparticles, which
makes it possible to design combined therapies for tackling multi-
resistant tumors. This feature allows the inclusion of certain contrast
agents for biomedical imaging, which could be very interesting for
following up on the treatment evolution in real-time [173,174].

On the other hand, MSNs face many unique challenges that need to
be overcome in order to gain clinical approval and subsequently impact
clinical healthcare [175]. MSNs clinical translation is still a great chal-
lenge requiring long-term stability and scale-up of these nanostructures,
and it needs to pass the regulating authorities’ evaluation [171,172,
176]. The industrial technology transfer would depend on the scaling-up
process, which together with the reproducibility and the total costs,
constitutes the ordinary barriers for commercialization. The scaling-up
of MSNs synthesis is not trivial because many different factors must be
taken into account during the synthetic procedure [173,174]. The pro-
duction of large-scale batches under Good Manufacturing Practices
(GMP) conditions, needed for preclinical screening, clinical trials, and
clinical use, is a roadblock for their commercialization. Reproducibility
on the MSNs synthesis at a small scale is relatively easy, but at the larger
and industrial scale, it is very difficult to control [173,177]. Another key
point during the planning of the clinical trials should be dealing with
regulatory agencies, such as the American FDA and the European
Medicines Agency (EMA). Nowadays, there are no specific requirements
for nanomedicines from these agencies, and the evaluation process fol-
lows the same path as that for small-molecule drugs. In the near future,
the regulatory agencies are expected to develop specific requirements
for nanomedicines to accelerate the translation from the lab to the clinic
[152,173,177]. The potential challenge to the clinical translation of the
MSN-based drug delivery system lies in the lack of substantial evidence
on its chronic toxicity studies, genotoxicity and teratogenic potential,
and long-term tissue compatibility. The degradation mechanism of
mesoporous silica in vivo has not been well established yet. Efforts are to
be made to bridge the gap between the preclinical and clinical use of
MSNs and achieve marked progress in this subject [152].

6. Conclusions and perspectives

Most clinical therapies using drugs suffer from low bioavailability,
specificity, and efficacy and show several side effects to healthy cells and
tissues. Accordingly, several treatments based on drug-loaded nano-
carriers have been proposed and designed to achieve good cost-
effectiveness and FDA approval. In this context, MSNs have been
widely exploited as interesting nanoplatforms to solve most of the
drawbacks aforementioned, conferring tunable and remarkable prop-
erties such as high surface area, easy functionalization, high loading and
release capacities, interesting pore and size structures, as well as low
toxicity, high bioavailability, biodegradability, and clearance. However,
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to build an interesting and specific multifunctional MSNs-based nano-
carrier, it is extremely important to know the exposure routes through
which these nanosystems will reach the target site and, consequently,
efficiently treat any disease. In light of this, the main exposure routes
exploiting MSNs as efficient nanocarriers comprise intravenous, subcu-
taneous, intramuscular, intratumoral, ophthalmic, pulmonary, nasal,
dermal, and oral administration. Most research groups have reported
preclinical assays (in vitro and in vivo results) by using MSNs as nano-
platforms for drug delivery via all the mentioned administration routes.
Notwithstanding, most studies reported to date have highlighted the use
of intravenous, oral, and intratumoral administration as the main routes,
with the evaluation of the multifunctional MSNs-based nanocarriers via
ophthalmic, pulmonary, nasal, and dermal routes being very scarce.
Therefore, the exponential growth of MSNs as nanoplatforms for effi-
cient drug delivery and the few reports describing the possibilities of
administration routes for MSNs, we believe that the understanding and
better exploitation of all these administration routes in preclinical assays
will contribute to developing smart MSNs-based nanocarriers with high
stability in physiological media, specificity, and efficacy to treat most
diseases, especially cancer. In addition, after a better understanding of
the aforementioned implications and of the biodistribution, biodegrad-
ability, and clearance of these nanosystems, the complexity of the
human body will be more thoroughly studied, thus opening interesting
perspectives for clinical translations in the near future.
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