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ABSTRACT Infectious diseases are a major global concern

being responsible for highmorbidity andmortality mainly due

to the development and enhancement of multidrug-resistant

microorganisms exposing the fragility of medicines and vac-

cines commonly used to these treatments. Taking into account

the scarcity of effective formulation to treat infectious diseases,

nanotechnology offers a vast possibility of ground-breaking

platforms to design new treatment through smart nanostruc-

tures for drug delivery purposes. Among the available nano-

systems, mesoporous silica nanoparticles (MSNs) stand out

due their multifunctionality, biocompatibility and tunable

properties make them emerging and actual nanocarriers for

specific and controlled drug release. Considering the high de-

mand for diseases prevention and treatment, this review

exploits the MSNs fabrication and their behavior in biological

media besides highlighting themost of strategies to explore the

wide MSNs functionality as engineered, smart and effective

controlled drug release nanovehicles for infectious diseases

treatment.

KEY WORDS biological behavior . drug delivery . infectious

diseases . mesoporous silica nanoparticles . multifunctional

nanocarriers

INTRODUCTION

Infectious diseases are increasingly emerging as a cause of

morbidity and mortality worldwide, mainly due to the fact

that some diseases are caused by multi-resistant microorgan-

isms to existing drugs (1,2). Antimicrobial resistance occurs

when microorganisms (such as bacteria, fungi, viruses and

parasites) change when they are exposed to antimicrobial

drugs (such as antibiotics, antifungals, antivirals, antimalarials,

and anthelmintics). As a result, the medicines become ineffec-

tive and infections persist in the body, increasing the risk of

spread to others. Without effective antimicrobials for preven-

tion and treatment of infections, medical procedures such as

organ transplantation, cancer chemotherapy, diabetes man-

agement and major surgery (for example, caesarean sections

or hip replacements) become very high risk. Beyond that, an-

timicrobial resistance increases the cost of health care with

lengthier stays in hospitals and more intensive care required,

as stated by World Health Organization (WHO) (1,3).

Considering the health concern, nanotechnology offers po-

tential opportunities to design effective medicines and vac-

cines for diseases treatment (4–6). Nanotechnology is a multi-

disciplinary science field that studies the fabrication and ap-

plication of structures with one of its dimensions less than

100 nm (7,8). The use of nanostructures in health area are

desirable due to the fact that their size are 100 to 10000 times

smaller than eukaryotic cells and similar size to the most bio-

logical molecules and structures including DNA, proteins, cell

membranes and pathogenic microorganisms (9,10). In addi-

tion, the nanometric size can potentialize nanomaterials ac-

tion and efficacy comprising an emerging tools to develop

therapeutic agents, diagnosis systems, medical devices and

drug delivery platforms including medicines and vaccines for

infectious diseases treatment (8,11–14).

The use of nanomaterials as carriers for controlled drug

release has increasingly been explored due to their small size,

high surface area and ability to pass through epithelial and
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endothelial barriers increasing drugs permeability without

change its pharmacological properties (15–18). These nano-

systems can reach the action site with considerable drugs con-

centration increasing their specific retention time reducing

side effects (8,15–19). Nanoparticles can be produced from

various materials such as amphiphilic structures, lipids, biode-

gradable polymers and inorganic compounds (1,2,16,20).

Specifically, inorganic platforms as mesoporous silica nano-

particles (MSNs) comprise a potential nanosystem for health-

care applications due to interesting characteristics such as easy

functionalization, large surface area, high chemical and phys-

ical stabilities and hydroxyl groups available in their surface/

pores. In addition, MSNs tunable morphology, size, surface

charges and pores make them carriers with good biocompat-

ibility and biodegradability, low toxicity, good biodistribution

and elimination (12,21–27). Drugs loaded into MSNs pores

leading to pharmacological properties maintenance besides

protection against degradation and immediate drug release

(23,24,28,29).

Taking into account that infectious diseases are a serious

global public health concern and MSNs present several inter-

esting properties that make them widely desirable to design

controlled drug delivery systems, this review reports a brief

overview of MSNs properties and their influence in biological

behavior as well as highlights the advances in MSNs applica-

tions as multifunctional controlled drug release nanoplatforms

for infectious diseases treatment.

INFECTIOUS DISEASES

Infectious diseases are those caused by pathogenic microor-

ganisms such as bacteria, fungi, viruses and parasites, which

invade host's cells in order to reproduce and thereby damage

tissues causing disease. These diseases are transmitted directly

or indirectly from person to person (30–32). Currently, infec-

tious diseases are emerging at a global level and a rate never

seen before, representing a challenge for the 21st century re-

garding to the discovery and development of new formula-

tions (31,33).

The WHO brings cholera, Ebola virus, influenza, menin-

gitis, COVID-19, poliomyelitis, yellow fever as public health

emergencies. Five of them are caused by virus and two by

bacteria (considering that the main meningitis causing agent

is bacteria) (34). This may explain the data obtained in Fig. 1,

where the association of the keywords “infectious diseases and

virus and new formulations” recovered the largest number of

manuscripts published in the period from 2000 to 2020,

corresponding to 41%, followed by the association of the key-

words “infectious diseases and bacteria and new formulations”

which are assigned to 28%.

Because virus cannot reproduce or shows metabolism out-

side a host cell, it is not considered an organism, but rather

particles, which are coated with a protein or lipid capsid. As

for the genetic material, they are divided into double or single

stranded DNA viruses, or RNA, single or double stranded

viruses (30). Viruses listed as a public health emergency by

the WHO, Ebola virus, influenza, COVID-19, poliomyelitis

and yellow fever, are all single stranded RNA viruses (35–41).

Coronavirus, which causes COVID-19, is the current ma-

jor threat due to its ability to spread quickly (35,42). Until

May 31, 2020 5,956,883 confirmed cases (being that the larg-

est number of cases are concentrated in the Americas) and

366,409 deaths worldwide, which shows the seriousness of this

pandemic started in December 2019. Generally, this virus

causes infection in the upper respiratory tract, or, in some

patients in the lower respiratory tract, presenting fever, cough

and headache as main symptoms (6,34,35,42,43).

In the period of 2014-2016, worldwide efforts were focused

on combating the outbreak caused by Ebola virus in West

Africa, a severe hemorrhagic fever, fatal in many cases, the

average mortality rate in this period was 50%. In addition to

the great local concern, the world community feared for dis-

semination throughout the world and for its use as a biological

weapon. Although the outbreak period has passed, there is

currently a great concern related to the persistence of this virus

in the reproductive tract of male people who survived this

disease (34,37,44).

The yellow fever virus, transmitted by mosquitoes of the

generaHaemagogus and Aedes, was the cause of severe epidemics

that occurred in the 17th, 18th and 19th centuries. In the

1930s, fundamental vaccines were developed to contain this

disease, but it is not the same that is used nowadays due to the

appearance of adverse reactions. Even with the vaccine, this

disease is still epidemic in many regions such as Africa and

South America. It is a severe acute disease that presents as

symptoms fever, epigastric pain, nausea, vomiting, renal fail-

ure, hepatitis accompanied by jaundice, hemorrhage, shock

and death in 20-60% of cases (34,40,45,46).

In the years 1918 and 1919, the influenza virus was the

cause of a pandemic that caused about 20 to 50 million fatal

victims worldwide (47). This pandemic causing strain was the

influenza virus type A, which has the subtypes H1N1, H3N2

and H5N1, although influenza virus type B and type C are

also infectious in humans (41,48). Nowadays, the major con-

cern consists on prevents and controls this seasonal disease in

order to avoid new influenza pandemics from happening (34).

Poliomyelitis is a disease that has been plaguing humanity

for centuries, its first clinical description dates from 1789, be-

ing that only in 1955 the first vaccine was developed (49).

Children are themost affected by this disease, which can affect

the nervous system and cause paralysis. Nowadays, it is en-

demic in areas of Afghanistan and Pakistan, and in the period

of 10 years, 200,000 new cases were observed, probably due

to failures in strategic actions implementation, leading to a

high transmission of this virus (34).
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Bacteria, another infectious disease causative agent, are

prokaryotic single-cell microorganisms. They are classified

according to their morphology and the Gram stain reaction

(30). An example of a bacterial infectious disease would be

cholera, caused by Vibrio cholerae, a gram-negative bacterium.

It is an old disease, which has been the cause of seven pan-

demics throughout human history, the first being dated in

1817 (50,51).

Cholera is considered serious because it is the cause of

acute watery diarrhea and severe dehydration. Currently,

cholera still is considered a serious public health problem by

the WHO, being contracted by the ingestion of contaminated

water or food and considered a social inequality indicator. It is

responsible for 21,000 to 143,000 deaths per year, in areas

such as Asia, Africa and the Americas, where this disease only

evolves (34,51).

Meningitis is another bacterial disease considered by

WHO as an emergency, although also caused by fungi and

viruses, themost frequent cause is bacterial.Neisseria meningitidis

and Streptococcus pneumoniae are the largely responsible for the

threat to public health related to this disease. Meningitis has

high morbidity due to the inflammatory response resulting

from their passage through the blood-brain barrier causing

inflammation in the meninges and brain edema, leading to

neurological sequelae in this disease survivors (34,52,53).

Although fungal and parasitic diseases are not placed as a

public health emergency by WHO, it is worth noting that

fungi, single or multi-celled eukaryotic microorganisms, cause

infections ranging from superficial and mucous membranes to

systemic infections, which can lead the patient to death.

Fungal diseases epidemiology is difficult to measure, as they

are often underdiagnosed (7,30,54).

As for parasitic diseases, they are caused by protozoa

(single-celled eukaryotic cells) and helminths (invertebrate ani-

mals) (30,55). Parasitic diseases are a public health concern

that affects humans throughout history, leading to the millions

death of people annually (56,57).

Faced with the human being fragility in relation to the

severity of some infectious diseases that prove to be a world-

wide public health problem, the current scenario in which the

planet finds itself sparing no effort in order to face a pandemic

or even in the fight against resistant microorganisms, consid-

ering the new formulations development essential. In light of

this, the drugs association with promising nanocarriers such as

MSNs is fundamental to achieve new smart nanotherapeutics

systems for all aforementioned diseases (12,20,58–60).

MESOPOROUS SILICA NANOPARTICLES

Synthesis and Types ofMesoporous Silica Nanoparticles

Need for materials with high thermal, chemical and mechan-

ical properties have led to the development of MSNs. As per

IUPAC, mesoporous materials are define as the one having a

pore size in the range of 2-50 nm and an ordered arrangement

of pores giving an ordered structure to it (61,62). Mobil

Research and Development Corporation was the first to syn-

thesize mesoporous solids from aluminosilicate gels using liq-

uid crystal template mechanism in the year 1992. They des-

ignated it as (Mobil Crystalline Materials or Mobil

Composition of Matter) MCM-41. The pore size of the mes-

oporous materials could be varied and tuned through the

choice of surfactants used. MCM-41 is hexagonal with a pore

Fig. 1 Percentage of new

formulations research in the

infectious diseases field. The

numbers of manuscripts were

retrieved from SCOPUS®

database by searching “infectious

diseases/virus/new formulations”,

“infectious diseases/bacteria/new

formulations”, “infectious diseases/

parasites/new formulations” and

“infectious diseases/fungi/new

formulations” (Data accessed

June 01, 2020).
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diameter from 2.5 to 6 nm wherein cationic surfactants were

used as templates. Various other materials of mesoporous na-

ture have also been synthesized by varying the starting pre-

cursors and reaction conditions. These mesoporous materials

may vary in their structural arrangement or the pore size.

MCM-48 has a cubic arrangement whereas MCM-50 has a

lamella-like arrangement (61,63). Non-ionic triblock copoly-

mers like alkyl poly(ethylene oxide) (PEO) oligomeric surfac-

tants and poly(alkylene oxide) block copolymers have also

been used by University of California, Santa Barbara for syn-

thesized the named Santa Barbara Amorphous materials

(SBA). The ratio of ethylene oxide to propylene oxide was

varied to achieve the desired symmetry of mesoporous mate-

rials (SBA-11 (cubic), SBA-12 (3-d hexagonal), SBA-15

(hexagonal) and SBA-16 (cubic cage-structured) (61). This is

different from MCM in that they possess larger pores of 4.6-

30 nm and thicker silica walls. FSM-16, that is, folded sheets of

mesoporous materials are another type of mesoporous mate-

rials, which are synthesized using quaternary ammonium sur-

factant as a template and layered polysilicate kanemite (64).

Various other MSNs have been synthesized which vary in

their pore symmetry and shape, TUD-1 (Technical Delft

University), HMM-33 (Hiroshima Mesoporous Material-33),

COK-12 (Centrum Voor Oppervlaktechemie en Katalyse/

Centre for Research Chemistry and Catalysis) (65). The sche-

matic representation of several MSNs structures is shown in

Fig. 2 as well as structural characteristics and applications of

some mesoporous materials are listed in Table I.

MSNs are characterized by high surface area and large

pore volume, uniform and tunable pore size, facile surface

functionalization and a stable and rigid framework (71).

MSNs are commonly prepared by sol-gel “chimie douce”

process in aqueous solution. This process involves the synthesis

of an inorganic polymeric network at low temperature, being

the gel formed from a colloidal suspension or by hydrolysis

and subsequent condensation of an silica precursor (Si(OEt)4),

generally the most used is a tetraethyl orthosilicate, TEOS, in

solution. In hydrolysis reactions, the alkoxide group (OR) of

the silica precursor is replaced by the silanol group (Si-OH),

forming an alcohol in parallel, due to the nucleophilic

attack of the oxygen atom of the water hydroxyl group

(72,73). In condensation reactions, dimers, linear

trimers, cyclic and polymeric species with siloxane

bonds (Si-O-Si) are formed (73). In order to obtain

mesoporous nanomaterials, surfactants have been used,

such as cetyltrimethylammonium bromide (also known

as CTAB) (74). Usually, the surfactant will self-

aggregate into micelles at a concentration higher than

the critical micelle concentration (CMC). Then, the sil-

ica precursors can condense at the micelles surface

forming MSNs. Finally, the template surfactant can be

removed either by calcination or by solvent extraction

to generate pores (74,75), as depicted in Fig. 3.

Considering the abundant availability of various surfac-

tants types and the deep understanding of sol–gel chemistry,

MSNs with different structures have been developed. The

size, morphology, pore size, and pore structure of MSNs can

be rationally designed and the synthesis process can be freely

controlled.

The resulting silica-based mesoporous matrices may offer

the following unique structural: 1) ordered porous structure. MSNs

have along-range ordered porous structure without intercon-

nection between individual porous channels, which allows fine

control of the drug loading and release kinetics; 2) large pore

volume and surface area. The pore volume and surface area of

MSNs are usually above 1cm3 g-1 and 700 m2 g-1, respective-

ly, showing high potential for molecules loading and dissolu-

tion enhancement; 3) tunable particle size. The MSNs particle

size can be controlled from 50 to 300 nm, which is suitable for

facile endocytosis by living cells; 4) two functional surfaces, namely

cylindrical pore surface and exterior particle surface. These

silanol-contained surfaces can be selectively functionalized to

achieve better control over drug loading and release.

Moreover, the external surface can be conjugated with target-

ing ligands for efficient cell-specific drug delivery (61,74–77).

Properties Effect of MSNs in Drug Delivery Systems

Stable suspension formation in solution, tunable pore size and

structure, controlled particle size and shape, high pore volume

and surface area, make the MSNs ideal for applications as

nanocarriers (12,77).

The pores size control influences on loading and re-

lease rates of molecules. Increasing pores size, more

molecules can be loaded inside the pores and conse-

quently, an increase of release rates can be observed

(12,77,78). Pores volume is an important factor on drug

loading properties. High pores volume can avoid strong

drug-drug interactions consequently facilitating drug-

pores wall intermolecular interactions leading to large

filling of the mesopores channels (12,77). The type of

pores arrangement can also influence on cargo loading

and release rates. Three distinct pore arrangement,

TUD-1, MCM-41 and SBA-15 materials, were evaluat-

ed in processes on ibuprofen loading and release pro-

cesses by Heikkilä et al . (79,80). TUD-1 (disordered

mesoporous) materials that present 3D pores arrange-

ment showed faster drug release than 2D hexagonal

mesopore s mate r i a l s (SBA-15 and MCM-41 ) .

Andersson et al . (81) demonstrated that similar hexag-

onal mesostructured materials with interconnected (SBA-

1) pores displayed faster release rate than unconnected

(SBA-3) pores systems. For these systems, similar drug

loading amounts were detected.

Large surface area is also a crucial characteristic regarding

to cargo diffusion process from MSNs. Vallet-Regí group
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(82–84) reported the 2-D hexagonal mesoporous silica as car-

riers showing higher drugs adsorption values for MCM-41

(Specific surface area (SBET) = 1157 m2 g−1) than for SBA-

15 (SBET = 719 m2 g−1) systems.

Particles size and shape can also influence their blood

circulation, cellular uptake and tumor penetration, being

determinant parameters to achieve therapeutic effects.

Regarding particles size, a diameter range from 50 to

300 nm can favor an optimal cellular uptake, long cir-

culation time, high drug loading and high accumulation

in tumors (12). Huang et al . (85,86) described the im-

portance of particle shape design towards therapeutic

application showing faster and higher internalization of

rod-shaped MSNs on tumor cells than spherical MSNs.

BIOLOGICAL BEHAVIOR OF MSNS:
BIOCOMPATIBILITY, BIODISTRIBUTION,
BIODEGRADABILITYAND CLEARANCE

The biocompatibility, biodistribution, biodegradability and

clearance of MSNs are subject to an ongoing discussion in

research circles. In this section, conclusions are presented

and a few representative studies are highlighted.

Biocompatibility and Biodistribution

Determining the safety and biocompatibility of MSNs is cru-

cial owing to its variable characteristics. The data generated

from literature suggest that careful control of particle size and

shape is the determinant factor in the biodistribution and tox-

icity of MSNs. In addition, the safety and toxicity of MSNs

also depend on the administered MSNs dosage. Surface

MSNs properties also have a great impact on their biodistri-

bution and biocompatibility (64,87–90). The major toxicity

pathway associated with silica is due to its surface chemistry

(silanol groups) which can interact with the membrane com-

ponents leading to the cells lysis and cellular components leak-

ing (91,92).Mesoporous silica exhibited lower hemolytic effect

compared to non-porous silica (25). This could be attributed

to the lower density of silanol groups on the surface of meso-

porous structures (93). Authors (61,94) made an attempt to

study the single and repeated dose MSNs toxicity following

intravenous administration inmice. LD50 ofMSNs was found

to be higher than 1000 mg kg-1. In single dose toxicity studies,

mice were injected withMSNs at a low dose and high dose. At

the higher dose of 1280 mg kg-1, mice did not survive. In

contrast, the groups treated with lowMSNs dose did not show

any behavioral changes nor any hematology or pathological

changes. To carry out the detailed repeated dose toxicity stud-

ies, intravenous administration of hollow MSNs (HMSNs)

Fig. 2 Schematic representation of

distinct types of MSNs.

Table I Some of the Types of

MSNs and Their Structural

Characteristics and Applications

MSN Family MSN type Pore size (nm) Pore symmetry Applications References

M41S MCM-41 1.5–8 2D hexagonal P6mm Drug delivery (61,66)

MCM-48 2–5 3D cubic Ia3d

MCM-50 2–5 Lamellar p2 Adsorbents; Catalysis (67,68)

SBA SBA-11 2.1–3.6 3D cubic Pm3m (67)

SBA-12 3.1 3D hexagonal P63/mmc (61,67)

SBA-15 6–0 2D hexagonal p6mm Drug delivery (61,69)

SBA-16 5–15 Cubic Im3m (61,70)
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were given to mice continuously for 14 days and observed for

a month. During the one-month observation period, no mor-

tality was observed. Moreover, no remarkable changes in pa-

thology or blood parameters were observed. In order to assess

the MSNs fate after different administration routes, Fu et al .

(95) tested MSNs with a particle size of 110 nm in ICR mice.

Following administration via hypodermic, intramuscular and

intravenous injection as well as oral administration, the in vivo

distribution of fluorescent-tagged MSNs was tracked. It was

observed that of all the exposure routes, the oral route was

found to be well tolerated even when the dose was increased to

5000 mg kg-1 and intravenous route seemed to have the least

threshold. MSNs administered via intravenous route were

found to preferentially accumulate in the liver and spleen at

the end of 24 h and 7 days whereas those administered by

other routes did not show any fluorescence in these organs.

It was observed that a portion of the MSNs administered via

intramuscular and hypodermic routes could cross different

biological barriers with a slow absorption rate. The major

excretion routes ofMSNs were found to be via urine and feces

with the highest values after oral administration as compared

to other routes. No histopathological changes were observed

in liver, spleen, kidney and lung at the end of 24 h and 7 days

by different exposure routes. The results suggested that MSNs

were found to be safe and well tolerated when administered by

oral and intravenous routes (87,95).

Biodegradability

The silica particles do degrade into silicic acid (Si(OH)4, pKa

9.6) in biological media by dissolution. Silicic acid is soluble in

water and consists on the dominant silicon species at low con-

centration (< 2 x 10-3 M) (96). It is also excreted through the

urine and its good bioavailability even contributes to main-

taining bone health (88,96).

The dissolution process of amorphous silica in aqueous

media includes three steps: i) hydration, in which water is

adsorbed into the siloxane framework, ii) hydrolysis, in which

siloxane are hydrolyzed into silanols, and ii) ion exchange

processes, which consist of nucleophilic attack of OH− leading

to the silicic acid leaching. At the molecular level, silica hydro-

lyzes in aqueous media to form the same products as those of

silica nanoparticles which are nontoxic and diffuse through

the blood stream or the lymphatic system to be eventually

cleared in the urine. Similar to silica nanoparticles, the solu-

bility of silicic acid degradation products is key for the effective

hydrolytic degradation of silica nanomaterials (96,97).

Investigations have been carried out to assess the direct

influence of the size, morphology and degradation medium

parameters on the silica nanoparticles degradation. The phys-

icochemical engineering of MSNs thus allows one to tune the

dissolution silica rate in biorelevant media for specific biomed-

ical applications (96). Some physicochemical parameters such

as morphology, particles and pores size, surface charge and

encapsulation efficiency (EE%) of the engineered MSNs-

based nanocarriers for infectious diseases treatment are

depicted in Table II.

Effect of Size

Chen et al . (98) demonstrated that the degradation ofMSNs is

independent of their diameter with 390, 310, 200, and

150 nm nanoparticles in simulated body fluid (SBF) at 37

°C. During the first two days, the degradation rate was nearly

45% per day, which then slowed down to about 1% per day,

and the degradation was completed in a week (88,98,99). He

et al . (100) investigated the role of the surface area on the

degradation of mesoporous silica, comparing three samples

of surface areas of 958, 829, and 282 m2 g-1 at fixed concen-

tration of 0.1 mg mL-1 in SBF, which were sealed in polyeth-

ylene bottles at 37 °C and shaken at 150 rpm with a

Fig. 3 Schematic representation of

MSNs fabrication.
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Table II Physicochemical Parameters as Morphology, Particles and Pores Size, Surface Charge and Encapsulation Efficiency (EE% of the Engineered MSNs-

Based Nanocarriers for Infectious Diseases Treatment

Carrier/morphology Encapsulation

efficiency (%)

Particle size (nm) Pores size (nm) Zeta potential (mV) References

Spherical MSNs 26.8 and

22.5,

respectively 40 and 100,

respectively

8 to 9 -20 and -

16.9,

respectively (110)

Spherical MCM-41-like MSNs — 150 — -25 (111)

Spherical MSNs-MCM-41, modified (vi-

nyl groups) MSNs-MCM-41 and

spherical MSNs-MCM-48

20 Modified and non-modified

MSNs-MCM-41: ~60 and

MSNs-MCM-48:~46

MCM-41 types: 2.5-

3.1 and MCM-48

type: 2.5-9

— (112)

Spherical MSNs — 80 — -26.7 (113)

Spherical MSNs — 210 2.4 — (114)

Rod shaped HMSNs with large cone-

shaped pores and small cone-shaped

pores

35 and 5, respectively Length and width of

400 and 200, re-

spectively, for

both

nanosystems

40 and 3, respectively —

(115)

Spherical MSNs-MCM-41 — 200-400 1.75 to 2.98 — (116)

MSNs-SBA-16 and MSMs-SBA-16/hy-

droxyapatite (HA)

28 to 31, respectively — 3.4 and 3.8, respectively -56 and

2.9,

respectively (117)

Spherical MSNs 5.9 to 26.8 100 2.8 -21.2 (118)

Spherical and spherical modified MSNs 7.8 ~150 2.4 -36.4 for non-modified MSNs

and +31.8 to +37.4 for

modified MSNs

(119)

Spherical MSNs-supported Ag-Bi

nanoparticles

— 200-240 3.4-4.8 — (120)

Spherical MSNs with large cone-shaped

pores

Ag: 2 and

DNase I:

32

200 42-43 — (121)

Spherical modified magnetic MSNs 10.7 240 3 -5.32 (122)

zSpherical MSNs-MCM-41 — 150-300 2 MSNs: -45 and MSNs-Ag:

+48

(123)

Spherical MSNs-MCM-41 and spherical

modified MSNs-MCM-41

— 122-220 1.9-2.4 MSNs: -30 and modified

MSNs: +5 to +25

(124)

Spherical MSNs-MCM-41 and spherical

modified MSNs-MCM-41

36 182 — -30 (125)

Spherical MSNs and spherical modified

MSNs

11to 40 ~72 3.3-4 MSNs: −22.9 and modified

MSNs:

Aminated MSNs: +19

Carboxyl functionalized MSNs:

-53

(126)

SBA-15 and modified SBA-15 93-98 100-300 SBA-15: 7

And modified SBA-

15: 6-6.2

— (127)

Spherical MSNs-MCM-48 and spherical

modified MSNs-MCM-48

27-31.5 150-600 3.2 MSNs-MCM-48: -28 to -34

and modified MSNs-MCM-

48: +30 to +63

(128)

modified porous silicon nanoparticles

(UnTHCPSi NPs)

— 176-184 — -25.5 (129)

Spherical MSNs-MCM-41 and spherical

modified MSNs-MCM-41

— 90 — — (130)

Hollow oblate MSNs and modified

hollow oblate MSNs

56-64 Average long-axis length of

~200 and a short-axis width

of ~100

3.3-3.7 — (131)

Spherical MSNs-MCM-41 and spherical

modified MSNs-MCM-41

— ~50 and ~100 ~2 MSNs-MCM-41: -26 to -29

and modified MSNs-MCM-

41: +38 to +42.5

(132)

— 100-130 2.5 (133)
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mechanical shaker. This study indicated, on the one hand,

that there was a burst degradation in the first 2 to 4 h, leading

to 30, 70, and 90% of silica hydrolytic degradation as the

surface increased, and, on the other hand, a complete degra-

dation was obtained in 15 days.

Effects of Morphology and Degradation Medium

A remarkable study was reported by Li et al . (101) regarding

the degradation of MSNs with spherical and rod-shaped mor-

phologies with aspect ratios (ARs) of 1.75 and 5. Authors

investigated these nanoparticles by TEM and sample weight

measurements after degradation for 7 days by soaking in three

different degradation media: simulated gastric fluid (SGF, pH

1.2), simulated intestinal fluid (SIF, pH 6.5), and SBF (pH 7).

After a week in acidic gastric fluid, none of the three MSNs

did displayed significant alteration, and their degradation was

only about 10 wt% for all nanoparticles. On the contrary, the

degradation was much more pronounced and AR dependent

in both simulated intestinal and body fluids. In general, the

SIF generated more degradation than the SBF. The same

group 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 the Dulbecco’s modified Eagle medium

(DMEM) accelerated the degradation process (88,102).

Clearance

When ingested by human beings through food sources, silicon

species circulate through the blood plasma and are absorbed

in the form of silicic acid being 41% excreted in the urine

(103). In the case of silica-based nanoparticles, the particle

dissolution into silicic acid and its subsequent excretion was

demonstrated in vivo on mice models as well as in human

clinical trials (88,103). It is challenging to confidently draw

trends between separated studies describing the clearance of

silica nanoparticles because of the plethora of varying param-

eters, not least of which are the nanoparticle characteristics.

Nevertheless, on animal models, several trends have been ob-

served between MSNs characteristics and their clearance: i)

Table II (continued)

Carrier/morphology Encapsulation

efficiency (%)

Particle size (nm) Pores size (nm) Zeta potential (mV) References

Spherical MSNs and spherical modified

MSNs

MSNs: -7 to -10.5 and modi-

fied MSNs: +30 to +39

Spherical MSNs-MCM-41 and spherical

modified MSNs-MCM-41

Up to ~70 100 ~2 Phosphonate silane-modified

MCM-41: -46.3 and amine-

silane modified MCM-41:

38.8

(134)

Spherical modified MSNs — 117 3.8 +36 (135)

Spherical MSNs Up to ~35 38.8 ~7 -33 (136)

Spherical MSNs-MCM-41 and spherical

modified MSNs-MCM-41

— 110 3.3 MSNs-MCM-41: -21 and

modified MSNs-MCM-41:

+45.5

(137)

Spherical MSNs 83 100 to 105 — +32 to +30 (138)

Mesoporous silica whiskers-SBA-15 and

modified mesoporous silica whiskers-

SBA-15

62.6 to 71.4 50 6 — (139)

Spherical MSNs-MCM-41 and spherical

modified MSNs-MCM-41

Up to 42 and

63%

39-91 2.5 MSNs-MCM-41: -12 and

modified MSNs-MCM-41:

+32.5 to +33.6

(140)

Spherical MSNs and spherical modified

MSNs

58.5 500 2 — (141)

Spherical MSNs-MCM-41 — 100 3-3.5 — (142)

Spherical MSNs 10.7 20-40 2.5 to 3.1 — (143)

Spherical MSNs — 400 ~7.6 — (144)

Spherical MSNs and spherical modified

MSNs

2 75-88 2.6-3.5 MSNs: -25 and modified

MSNs: -0.26

(145)

Spherical MSNs and spherical modified

MSNs

— 150-200 2 MSNs: -39.6 and modified

MSNs: -29.5

(146)

Spherical MSNs and spherical modified

MSNs

30-34 100-150 2 MSNs: -28.8 to -44.1 and

modified MSNs: -32 to -40

(147)

Spherical MSNs and spherical modified

MSNs

— 354-571 — -11.2 to -20.5 (in PBS) (54)

Spherical HMSNs 15 200 — — (148)
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the effect of size, ii) the effect of surface functions, iii) the effect

of surface charge, and iv) the effect of morphology.

Effect of Size

He et al . (104) reported an in-depth study of bare MSNs of

various diameters (80, 120, 200, and 360 nm) and observed a

significant nanoparticles excretion from 15 to 45% after the

first 30 min with consistently higher excretion percentages for

larger nanoparticles. Burns et al . (105) have shown that non-

porous silica quantum dots (3-6 nm) can be effectively (≈ 70%)

cleared out of an animal body by renal excretion in 2 days,

while Kumar et al . (106) showed that larger silica nanopar-

ticles (20-25 nm) preferred hepatobiliary excretion, with a

complete clearance over a period of 15 days. Cho et al .

(107) studied dye-labeled nonporous silica nanoparticles of

50, 100 and 200 nm and demonstrated their clearance in

the urine and bile. The 50 nm nanoparticles cleared faster

than 100 and 200 nm ones, and 200 nm nanoparticles were

less excreted.

Effect of Surface Functions

Some authors (96,104,108) showed that PEG-modified 45 nm

nonporous silica nanoparticles exhibit a much longer blood

circulation time (t½ = 180 ± 40 min) than unmodified silica

nanoparticles (t½ = 80 ± 30 min) and carboxylated silica

nanoparticles (t½ = 35 ± 10 min), being partly excreted via

renal clearance. A stealth behavior is acquired by PEGylation,

which reduces the RES uptake and increases the circulation

half-life. As a result, PEGylated MSNs of various sizes (80,

120, 200, and 360 nm) were excreted slower than unfunction-

alized ones due to the much slower particle capture by the

liver and spleen.

Effect of Charge

The particle charge-clearance dependence studies indicated

that MSNs with a positive charge (+34 mV) at neutral pH

are rapidly excreted from the liver into the gastrointestinal

tract and then eliminated through the feces, while negatively

charged (−18 mV) MSNs remained trapped in the liver

(104,109).

Effect of Morphology

The morphology influence on the clearance displayed that

mesoporous silica nanorods of aspect ratio ≈1.5 (185 ±

22 nm long) are more rapidly cleared than longer nanorods

of aspect ratio around 5 (720 ± 65 nm long). Comparing

spherical-shaped and rod-shaped MSNs, nanospheres were

mostly excreted during the first few hours, while nanorods

had slower clearance rates (88,99). Several research groups

consistently found nearly intact MSNs in the mice urine.

Rod-shaped MSNs of various aspect ratios were also found

in the urine and feces of mice (96).

MSNS FOR INFECTIOUS DISEASES
TREATMENT

The direct drugs application in preclinical trials can generate

undesirable changes in their physicochemical, pharmacoki-

netic and biological properties, minimizing their action in in-

fectious diseases treatment associated with the risk of resis-

tance by pathogens. In this context, the development of smart

and specific MSNs-based nanocarriers comprise a promising

and effective approach for efficient drug delivery and conse-

quently infectious diseases treatment (149,150). Table III

depicted several examples of MSNs for infectious diseases

treatment including bacterial, parasitic, fungal and viral infec-

tions as well as drugs type, MSNs-based carriers, microorgan-

isms and drugs absorption and release mechanisms.

Bacterial Infections

The great challenge concerning bacterial infections treatment

comprises the development of antibiotic resistance in several

bacteria species, leading to ineffective treatment. One way to

overcome this drawback consists on to use nanoparticles that

can interact efficiently to the bacterial surface disrupting their

cell wall leading to cell death. Interestingly, multifunctional

nanoparticles can also interact with cellular organelles and

biomolecules present in the bacteria, making difficult the re-

sistance development against them (1,151).

Considering the abovementioned advantages, authors

have reported the use of MSNs containing peptides with an-

tibacterial properties, aiming to prevent their enzymatic deg-

radation potentiating their antimicrobial activity (110). It can

also guarantee the same effect for loading antimicrobial pro-

teins (115). Other studies reported the use of hydrophobic

antimicrobials drugs-loaded MSNs to enhance their effect in

biological media (112,113,118). On the other hand, for hy-

drophilic antimicrobial drugs which are very soluble in an

aqueous/biological environments, MSNs can also promote a

controlled drug release (116).

The association of multifunctional MSNs with antimicro-

bial drugs allows besides controlled drug release, efficient in-

ternalization in the bacterial environment (111,152). Drug-

loaded mesoporous silica carriers were reported to access

bone infections since fluids circulation in this region is very

low which reduce drugs bioavailability via conventional ad-

ministration (114,117). In addition, the MSNs specificity can

be achieved by easily functionalization improving nanoplat-

forms action in target sites and controlled drugs release min-

imizing side effects. Table III summarized examples of MSNs
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Table III MSNs as Drug Delivery Platforms for Infectious Diseases Treatment Including Bacterial, Parasitic, Fungal and Viral Infections Besides Drugs Type,

MSNs-Based Carriers, Microorganisms and Drugs Absorption and Release Mechanisms

Drug Carrier Assay Microorganism Adsorption

mechanism

Release

mechanism

References

Rifampicin (RIF) MSNs with 40 and 100 nm In vitro Staphylococcus aureus Passive diffusion

method

Diffusion (110)

Levofloxacin

(LEVO)

MSNs decorated with lectin concanavalin A (ConA)

(MSNConA)

In vitro Escherichia coli Impregnation

method

Diffusion (111)

Norfloxacin

(NFX)

MSNs-MCM-41, modified (vinyl groups) MSNs-

MCM-41 and MSNs-MCM-48

In vitro E. coli Impregnation

method

Dissociation/

diffusion

(112)

Gentamicin

(GEN)

MSNs modified with a lipid bilayer surface shell and a

bacterial-targeting peptide Ubiquicidin (UBI29-41)

(MSNs-LU)

In vitro and

in vivo

(S.aureus-

infected

mice)

S. aureus Impregnation

method

Bacteria-re-

sponsive

controlled

release

(113)

Vancomycin

(VAN)

MSNs dispersed onto gelatin matrix In vitro and

in vivo (in-

duced

bone in-

fection)

S. aureus Impregnation

method

Diffusion/sus-

tained

release

(114)

Lysozyme

(LYZ)

Hollow MSNs (HMSNs) with large and small cone

shaped pores (HMSN-LP and HMSN-SP,

respectively)

In vitro E. coli Ultrasonication

method

Diffusion/sus-

tained

release

(115)

Doxycycline

(DOXY)

MCM-41 modified with phenyl, mercaptopropyl,

propylsulfonic and magnesium (MCM-C6H5,

MCM-SH, MCM-SO3H and MCM-Mg,

respectively)

In vitro Klebsiella pneumoniae Impregnation

method

Dissociation/

diffusion

(116)

Ciprofloxacin

(CIP)

MSNs-SBA-16/hydroxyapatite (HA) modified with 3-

aminopropyltriethoxysilane (APTES), anchored

with diethylenetriaminepentaacetic acid (DTPA) for

chelating technetium-99m (99mTc-DTPA-SBA-16-

APTES)

In vitro S. aureus, P. aeruginosa,

E. coli and Bacillus cereus

Impregnation

method

Diffusion/sus-

tained

release

(117)

Clofazimine

(CFZ)

MSNs loaded with CFZ + acetophenone (AP) In vitro Mycobacterium

tuberculosis

Impregnation

method

Diffusion/AP-

assisted

release

(118)

Levofloxacin

(LEVO)

MSN modified with [3-(2-aminoethylamino) propyl]-

trimethoxysilane (DAMO) (MSNs-DAMO)

In vitro E. coli Impregnation

method

Diffusion/sus-

tained

release

(119)

Silver and bis-

muth nano-

particles (Ag

and Bi,

respectively)

Ag-Bi@MSNs In vitro and

in vivo

methicillin-resistant

S. Aureus (MRSA)

In situ growth of

Ag and Bi

nanoparticles Near-infra-

red

(NIR)-re-

sponsive

con-

trolled

release

(120)

DNase

I(Deoxyrib-

ose nucle-

ase I)

MSN-Ag In vitro E. coli and Streptococcus

mutans biofilms

Impregnation

method

Diffusion/sus-

tained

release

(121)

Vancomycin

(VAN)

sufonated-hyaluronic acid (S-HA) terminated mag-

netic MSNs modified with S. aureus antibody (Ab)

(Ab@S-HA@MMSNs)

In vitro S. aureus Impregnation

method

Hyaluronidase

(Hyal)-re-

sponsive

controlled

release

(122)

Silver nanopar-

ticles (Ag)

poly-L-glutamic acid (PG) and polyallylamine hydro-

chloride (PAH) assembled by the layer-by-layer

(LBL) technique onto MSN-Ag (LBL@MSN-Ag)

In vitro and

in vivo

S. aureus-associated os-

teomyelitis infections

In situ growth of

Ag

nanoparticles V8 enzyme- responsive controlled

release

(123)
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Table III (continued)

Drug Carrier Assay Microorganism Adsorption

mechanism

Release

mechanism

References

Levofloxacin

(LEVO)

mixed-charge pseudo-zwitterionic MSNs (ZMSN)

and PEGylated (PEG)-MSN

In vitro E. coli and S. aureus Impregnation

method

Diffusion/sus-

tained

release

(124)

Moxifloxacin

(MXF)

disulfide snap-top redox-operated MSNs (MSN-SS) In vivo Francisella tularensis Impregnation

method

Redox-respon-

sive con-

trolled

release

(125)

Polymyxin B MSNs, aminated MSNs (N-MSNs) and carboxyl

modified MSNs (C-MSNs)

In vitro P. aeruginosa, E. coli and

Acinetobacter

baumannii

Impregnation

method

Diffusion/sus-

tained

release

(126)

Levofloxacin

(LEVO)

MSNs-like SBA15, SBA15@NH2 and

SBA15@NH2/PLA(polylactic acid)

In vitro S. aureus, E. coli, C. albi-

cans and Aspergillus

niger

Impregnation

method

Acid pH-

controlled

release

(127)

Biocide

Parmetol

S15

MSNs-like MCM-48 modified with quaternary am-

monium salts (QASs)

In vitro S. aureus and E. coli Impregnation

method

Diffusion/sus-

tained

release

(128)

Ethionamide

(ETH)

carboxylic acid functionalized thermally hydrocarbon-

ized porous silicon nanoparticles (UnTHCPSi NPs)

In vitro multidrug-resistant

M. tuberculosis

(MRD-TB)

Covalent con-

jugation of

ETH

— (129)

Moxifloxacin

(MXF)

disulfide snap-top redox-operated MSNs modified

with β-cyclodextrin (β-CD) (MSN-SS- β-CD)
In vitro and

in vivo

Francisella tularensis Impregnation

method

Redox-respon-

sive con-

trolled

release

(130)

Isoniazid (INH) Hollow oblate MSNs (HOMSNs), trehalose-

conjugated HOMSNs (HOMSNs-Tre) and

mannose-conjugated HOMSNs (HOMSNs-Man)

In vitro M. smegmatis (INH-re-

sistant),

Staphylococcus

epidermidis and E. coli

Impregnation

method

Slow/sustained

release

(131)

Isoniazid (INH) MSNs-CHO (aldehyde modified)-INH and MSNs-

CHO-INH- poly(ethylene imine)-poly(ethylene

glycol) (PEI-PEG)

In vitro and

in vivo

M. tuberculosis Impregnation

method

pH-responsive

controlled

release

(132)

Isoniazid (INH)

and rifampin

(RIF)

MSNs, PEI-MSNs and MSNs-MBI (1-methyl-1H-

benzimidazole)-βCD (beta-cyclodextrin)

In vitro and

in vivo

M. tuberculosis Impregnation

method

pH-responsive

controlled

release

(133)

Moxifloxacin

(MFX)

MSNs-ANA (anilinoalkane)-αCD (alpha-cyclodextrin)

and MSNs-MBI (1-methyl-1H-benzimidazole)-

βCD (beta-cyclodextrin)

In vitro and

in vivo

F. tularensis Impregnation

method

pH-responsive

controlled

release

(134)

Model drugs

(Fluorescein

and

Hoechst

33342)

MSNs- Ft-LVS-LPS-FB11 In vitro F. tularensis Impregnation

method

Pathogen (Ft-

LVS-LPS)-

responsive

controlled

release

(135)

Antigenic

Preparation

of Soluble

Worm

(SWAP)

MSNs In vivo S. mansoni Impregnation

and sonica-

tion

methods

— (136)

Benznidazole

(BZ)

MSNs-MCM-41 functionalized with (3-

glycidoxypropy) trimethoxysilane (GPTMS) and

chitosan succinate (CS)

In vitro T. cruzi Simple impreg-

nation

Method

— (137)

Praziquantel

(PZQ)

MSNs In vivo S. mansoni Simple impreg-

nation

method

Sustained

release

(138)

Metronidazole

(MNZ)

Mesoporous silica whiskers-SBA-15 modified with

tannic acid (TA)

In vitro Trichomonas gallinae Simple

Impregnatio-

n method

pH-responsive

controlled

release

(139)

Econazole

(ECO)

MSNs functionalized with aminopropyl groups

(MCM-41-NH2)

In vitro and

In vivo

C. albicans Simple impreg-

nation

method

Slow/sustained

release

(140)

Rose Bengal

(RB)

Amino-modified MSNs conjugated with RB (MSNs-

RB)

In vitro C. albicans Simple RB

conjugation

(141)
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for bacterial infections treatment as well as drugs type, MSNs-

based carriers, microorganisms and drugs absorption and re-

lease mechanisms.

Bacterial conventional treatment possesses challenges

mainly due to the poor antimicrobial compound’s permeation

into the infected cells. In this regard, Subramaniam et al . (110)

proposed to evaluate distinct size of MSNs containing rifam-

picin (RIF) aiming to improve the intracellular bacterial infec-

tion treatment. Spherical MSNs were fabricated with average

size of 40 and 100 nm (labeled MSNs-40 and MSNs-100,

respectively), zeta potential values of -20 and -16.9 mV, re-

spectively and pores size ranging from 8 to 9 nm. RIF was

successfully encapsulated into MSNs-40 and MSNs-100 via

passive diffusion method, showing encapsulation efficiency

(EE) values of 26.8 and 22.5%, respectively. Cellular uptake

assays performed in RAW 264.7 cells exhibited interesting

MSNs-100 macrophage internalization achieving up to

80%, whereas MSNs-40 showed lower uptake values (up to

40%), assigned to the exocytosis process more pronounced for

smaller nanoparticles. From in vitro release assays, both RIF-

loaded MSNs displayed low release rates up to 10% (in PBS

buffer solution at pH 7.4). In contrast, at pH 5.0, no changes

were detected in release profile for both nanosystems within

12 h, attributed to the low RIF solubility. Intracellular infec-

tion model was established using small colony variants (SCV)

of Staphylococcus aureus in macrophages. Results exhibited high

MSNs-RIF internalization and an antibacterial activity en-

hancement regarding free RIF solution. Authors concluded

that despites low release rates achieved, high internalization

and bacterial activity enable these nanoplatforms to treat bac-

terial biofilms.

Regarding bacterial biofilms infections and resistance,

Vallet-Regí group (8,111) developed a smart nanocarrier

based on antibiotic levofloxacin (LEVO)-loaded MSNs deco-

rated with the lectin concanavalin A (ConA), as displayed in

Fig. 4. ConA was used to aggregate specificity to the nano-

system promoting better internalization into biofilm and then

antimicrobial activity. MCM-41-like MSNs with spherical

shape of 150 nm in size and hexagonal pores channels

structure were fabricated. In vitro release tests displayed that

bare MSNs retained drug release achieving up to 30% after

48 h. This can be attributed to the hydrogen bonding inter-

action between MSNs Si-OH groups and LEVO zwitterionic

form. On the other hand, MSNConA promoted total LEVO

release up to 5 days, assigned to the interaction of ConA

protein on MSNs surface with LEVO that leads to its fast

release from the mesopores. The nanoantibiotic (labeled

MSNConA@LEVO) targeting effect was successfully evaluated

in Escherichia coli biofim exhibiting a dose dependent internal-

ization, that means the greater is the MSNConA@LEVO con-

centration, the higher is the nanosystem penetration. The

nanoplatform with negatively charged surface (potential zeta

of -25 mV) promoted high electrostatic affinity toward the

biofilm polysaccharide. Antimicrobial in vitro assays were per-

formed in three distinct MSNConA@LEVO concentrations (5,

10 and 20 μg mL-1). Results confirm high internalization pro-

cess displaying high antimicrobial efficacy values from 97 to

100%. Beyond that , cytotoxic i ty as says showed

MSNConA@LEVO were nontoxic up to 50 μg mL-1 enabling

these smart nanocarriers for further clinical translations.

Deaconu et al . (112) reported the fabrication of norfloxacin

(NFX)-loaded modified and unmodifiedMCM-typeMSNs to

evaluate their action against E. coli. Authors synthesized five

types of MSNs: MCM-41 with long mesopores channels, pris-

tine MSNs without surfactant (MSN), surfactant non-

extracted (MSN-E), modified with vinyl groups (MSN-vinyl)

and MCM-48 nanosystems. All MCM-type carriers showed

spherical nanosized morphologies up to 60 nm. High surface

area (up to 1222 m2 g-1) and pores size ranging from 2.5 to

9 nm were detected for these nanocarriers. MCM-41 types

exhibited hexagonal mesopores arrays with average size of

2.5-3.1 nm whereas MCM-48 showed interconnected pores

forming cubic arrays with sizes of 2.5-9 nm. The successfully

nanoconfinement into mesopores by impregnation method

confirmed NFX amorphization. In vitro release studies dem-

onstrated NFX-loaded MSNs carriers enhanced dissolution

rates regarding free NFX in same conditions. In addition,

the association and dissociation NFX-nanocarriers processes

Table III (continued)

Drug Carrier Assay Microorganism Adsorption

mechanism

Release

mechanism

References

Slow/con-

trolled

release

Tebuconazole

(TEB)

MSNs-N3 (3-[2-(2-

aminoethylamino)ethylamino]propyltrimethoxysilane)In vitro
C. albicansandSaccharomyces cerevisiae
Simple impregnation methodpH-responsive controlledrelease(142)Zinc ions(Zn2+)ZnO@MSNsIn vitroandInvivo
Aspergillusniger (MTCC10180and MTCC2196) andtwo strainsof Fusariumoxysporum (NCIM 1043andNCIM1072)In situgrowth of Znnanoparticles underheatingSlow/sustained release(143)Silver ions (Ag+)MSNs-AgNPs (silvernanoparticles)Invitro
C. albicans
Insitu AgNPsimpregnationSlow/sustained release(144)VEEV inhibitor(ML336)Lipid (1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC):Cholestrol:1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (DSPE-PEG(2000))-coatedMSNs(LC-MSNs)Invitro (TC-83VEEV)and invivo (TC-83VEEV infected mice)
Venezuelan equine encephalitis virus (VEEV)Impregnation/sonicationmethodspH-responsive controlledrelease(145)—GAGs (glycosaminoglycans, sodiumbenzene sulfonate)mimetic-functionalizedMSNs(MSNs-SO3)Invitro
Herpes simplex type1and type2 viruses (HSV1 and HSV2,respectively)——(146)Acyclovir (ACV)benzenesulfonate-modifiedMSNs, propyl thiol-modifiedMSNs, propylsulfonate-modified MSNs, zwitterionicsulfonate-modified MSNsandphenyl-modifiedMSNs(MSNs-Phenyl-SO3,MSNs-Propyl-Thiol,MSNs-Propyl-SO3,MSNs-Zw-SO3 andMSNs-Phenyl,respectively)Invitro
Herpes simplex type1and type2 viruses (HSV1 and HSV2,respectively)SonicationmethodSlow/sustainedrelease(147)—((APTES),(3-glycidyloxypropyl)trimethoxysilane(GPTMS)and trimethoxy-(2-phenylethyl)silane(TMPES) groupswereused tomodified MSNssurfaceandnoted asMSNs-APTES,MSNs-GPTMSand MSNs-TMPESInvitro
recombinant lentivirus with VSV-GandHIV-gp120envelopes——(54)PCV2GST-ORF2-EproteinHMSNsInvitroand invivo
Porcine circovirus type2 (PCV2)SonicationmethodSlow/sustainedrelease(148)
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were considered reversible with a first-order kinetics. In addi-

tion, high initial release of the antibiotic, which is suitable for

applications in severe infections. Authors concluded that

NFX-loaded MCM-based nanocarriers displayed good and

similar antibacterial activity compared to free NFX. These

nanosystems could be applied to avoid the use of high free

NFX concentration, maximizing antibacterial effect in any

biological media.

Conventional antibiotic treatments are less effective to

S. aureus because this microorganism can invade host cells like

osteoblasts and macrophages and use them as reservoir to

reduce antibiotic action leading to infection recurrence. In

this sense, Yang et al . (113) proposed to design a gentamicin

(GEN)-loaded MSNs modified with a lipid bilayer surface

shell and an bacterial-targeting peptide ubiquicidin (UBI29-

41) onto lipid bilayer (labeled LU). Spherical MSNs with high-

ly ordered mesoporous channels and average size of 80 nm

were synthesized. GEN EE of 25.6% was achieved. MSNs

surface modification was firstly performed with liposome layer

aiming to prevent nonspecific nanoparticles uptake under

physiological conditions whereas the conjugated UBI29-41
allows the nanosystems targeting to bacteria in infected tissues.

In addition, the liposomal bilayer can act as a blocker avoiding

GEN leakage. When the nanocarrier reaches the infected

cells, the liposome can be degraded by bacterial enzymes

and toxins. In vitro and in vivo assays were performed on plank-

tonic and intracellular infection of S. aureus bacteria. In vitro

tests revealed that the S. aureus growth on agar plates showed

higher microbial inhibition for Gen@MSNs-LU than the un-

modified nanosystem (GEN@MSNs) and free drug besides a

responsive-bacterial toxin release. From in vivo assays, high

specificity, bacterial reduction and no infection recurrence

were detected by using GEN@MSNs-LU. In addition, phys-

iopathology studies were performed and no histological

changes were detected in major organs indicating no organ

toxicity when submitted to GEN@MSNs-LU treatment. All

these results enable this bacterial-responsive nanosytem as a

promising and adaptable tool to delivery other drugs targeting

distinct bacteria and, consequently, treat diverse kind of

infections.

Infected bone defects often cause limited blood circulation

in the infected sites resulting in poor ability to self-heal for

restoring the structure and function of bone tissue. Take this

into account, the development of bone implants based on

specific and antibiotic controlled delivery systems is essential

for an effective bone infection treatment. Zhou et al . (114)

designed scaffolds based on MSNs containing vancomycin

(VAN) into mesopores channels dispersed in gelatinous ma-

trix. In addition to control drug release, MSNs incorporated

into polymer scaffolds can increase their mechanical proper-

ties, enhancing cell adhesion, proliferation and osteogenic

osteoblasts differentiation. In this context, spherical MSNs

were successfully prepared with average size and pores diam-

eter of 210 and 2.4 nm, respectively. In vitro VAN release was

Fig. 4 MSNs as nanocarrier of antimicrobial agent (levofloxacin, LEVO) and functionalized with a biofilm targeting agent (ConA). In this case, the functionalization

of MSNs with ConA favours its internalization in E. coli biofilms affording a synergistic combination with LEVO-loaded MSNs, which triggers an efficient

antimicrobial effect on E. coli biofilm. The image represents the percentage of covered surface by live bacteria (green) and mucopolysaccharide layer (blue)

and the representative confocal images show a complete reduction after incubation with the nanosystems functionalized with ConA and loaded with LEVO

(MSNConA@LEVO) [7].
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investigated for VAN@gelatin and VAN@MSNs/gelatin.

While VAN@gelatin displayed an initial burst release (up to

45% in the first day), VAN@MSNs/gelatin presented an ini-

tial release of 19% (first day) and about 78% over 28 days,

suggesting a sustained VAN release. From in vitro antibacterial

(S. aureus) assays, both composite systems showed antibacterial

activity dose-dependent with 95% of growth inhibition at

60 μg mL-1. Additionally, cytocompatibility tests were carried

out presenting good spreadability and proliferation of bone

mesenchymal stem cells (BMSCs) in the evaluated scaffolds.

Osteogenic differentiation tests suggested that the incorpora-

tion of MSNs facilitated the osteogenic differentiation of

BMSCs and VAN-loaded into mesopores had no negative

effects on its bioactivity. In vivo tests were established by bone

infection induced in rabbits and the implantation of gelatin

and MSNs/gelation were evaluated. High leukocytes levels

were detected after 8 weeks of treatment for both samples.

On the other hand, the implantation of VAN@MSNs/gelatin

depicted the leukocyte concentration decreased significantly

and reached a normal level after 4 weeks of treatment. The

excellent result indicates that MSNs promoted a controlled

VAN release at the specific site. Authors concluded that the

composite scaffolds based on MSNs as nanocarriers leaded to

slow and prolonged VAN release inhibiting local infection

in vivo and, consequently, bone regeneration, constituting a

promising tool for infected bone defects therapy.

The antibiotic ciprofloxacin (CIP) possesses wide antibac-

terial spectra and good permeation for bone tissues, however,

low blood circulation in bone site, high drug concentration

and several side effects makes its direct application inviable.

In this context, Andrade et al . (117) fabricated ciprofloxacin

(CIP)-loaded SBA-16-type MSNs and SBA-16/hydroxyapa-

tite (HA) composites for bone infection treatment. Both nano-

platforms were modified with 3-aminopropyltriethoxysilane

(APTES), anchored with diethylenetriaminepentaacetic acid

(DTPA) for chelating technetium-99m. The SBA-16 and

SBA-16/HA exhibited ordered cubic mesoporous structures

with average pores size of 3.4 and 3.8 nm, respectively. CIP

loading ranging from 28 to 31% were detected for modified

and unmodified SBA-16 carriers. In vitro CIP release studies

(SBF pH 7.3) displayed that SBA-16-APTES and SBA-16/

HA-APTES were similar with initial burst release of 42-43%

in the first 9 h, achieving the maximum release (51-53%) in 76

h. These results suggested that at SBF solution with pH 7.3,

the nitrogen of piperazinyl ring is protonated and classified as

a zwitterionic species, which can lead to great CIP interaction

with the amine groups modified onto SBA-16 surface. In vitro

antimicrobial assays by using S. aureus, Pseudomonas aeruginosa,

E. coli and Bacillus cereus were performed for CIP@SBA-16-

APTES and CIP@SBA-16/HA-APTES. Both aminated

platforms presented high antibacterial activity against all

microorganisms especially relating to free CIP. It is worth

emphasizing that the tested free CIP amount was approxi-

mately three times greater than CIP-loaded SBA-16 carriers.
99mTc-DTPA-SBA-16-APTES and 99mTc-DTPA-SBA-16/

HA-APTESwere prepared as radiotracer platforms aiming to

Fig. 5 Schematic description for

the preparation of Ag-Bi@MSNs

and its synergistic antibacterial

effects [120].
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evaluate their in vivo biodistribution. Both nanosystems were

mostly uptaken by liver and spleen, reaching the highest ra-

dioactivity level at 4 h post-injection. Considering bone up-

take, a higher uptake for 99mTc-DTPA-SBA-16/HA-APTES

was detected relating to 99mTc-DTPA-SBA-16-APTES, at 1

and 4 h post-injection. These results suggested 99mTc-DTPA-

SBA-16/HA-APTES was more specific for bone tissue than
99mTc-DTPA-SBA-16-APTES, which can be attributed to

the presence of hydroxyapatite in the nanosystem that pos-

sesses high affinity for bone matrix. Authors pointed out that

the fabrication of these nanocarriers are relevant showing low

cost and easy preparation and effective CIP release, which

make them promising nanoplatforms to treat bone infections.

Bacterial biofilm comprises up to 70% of infection and

inflammation in clinic being usually resistant to the most

conventional antibiotic treatment. In light of this, Xu et al .

(115) prepared rod shaped hollowMSNs (HMSNs) with large

and small cone shaped pores (HMSN-LP and HMSN-SP,

respectively) via oil-water system containing lysozyme (LYZ)

to treat E. coli biofilms. The synthetized nanosystems pre-

sented averages particle length and width of 400 and 200

nm, respectively. Average pores size of 40 and 3 nm were

found for HMSN-LP and HMSN-SP, respectively. HMSN-

LP exhibited loading capacity 7 times higher than HMSN-SP,

ascribed to the pores size difference. In vitro release tests (PBS

pH 7.4) revealed that slower drug release was achieved by

HMSN-LP than HMSN-SP, with up to 80% of LYZ release

over 48 h. Corroborating the aforementioned results, antimi-

crobial assays using E. coli biofilms model confirmed the high-

est antimicrobial action of HMSN-LP-LYZ compared to

HMSN-SP-LYZ and free LYZ. Additionally, the HMSN-LP

was marked with fluorescent dye and its penetration ability

into biofilms after 24 and 48 h of incubation was confirmed

by confocal laser scanning microscope (CLSM) analysis. All

results demonstrated the high therapeutic activity of HMSN-

LP towards E. coli biofilms, which enable the design of novel

and multi-responsive nanosystems against infectious

pathogens.

Doxycycline (DOXY) is an antibiotic very hydrophilic and

soluble in biological fluid showing a high bioavailability at

short time being the most part quickly eliminated by the

kidneys. Aiming to overcome the aforementioned drawback

and considering the development of bacterial resistance,

Deaconu et al . (116) proposed to ally antibiotic properties

and MSNs matrix by preparing DOXY-loaded MCM-41-

type MSNs and modified MSNs to treat Klebsiella pneumoniae

strains. MCM-41 (using hexadecyltrimethylammonium bro-

mide (C16TAB) and TMOS as surfactant and inorganic pre-

cursor, respectively) platforms were prepared and then mod-

ified with phenyl, mercaptopropyl, propylsulfonic and mag-

nesium labeled (MCM-C6H5, MCM-SH, MCM-SO3H and

MCM-Mg, respectively). MCM-C14 was also synthetized by

using reduced chain surfactant (C14TAB) and TEOS as

inorganic precursor. All MCM-41 nanoplatforms exhibited

spherical shape ranging from 200-400 nm with ordered hex-

agonal mesopores channels arrays with mean pores size from

1.75 to 2.98 nm. DOXY incorporation was performed for all

nanocarriers by wetness impregnation method. From drug

release studies (PBS pH 5.2) was detected that DOXY deliv-

ery profiles depend on the modification and distinct type of

mesoporous silica matrix. The MCM-Mg showed lower

DOXY release kinetic, which can be assigned to the enhanced

basicity of the magnesium oxide particles formed on the silica

surface. Despite distinct DOXY release kinetics obtained, ef-

fective and similar antibacterial activity was detected for all

nanoplatforms. In addition, these results were similar to free

DOXY expected that controlled and prolonged release can be

achieved only by using the nanocarriers.

The use of MSNs to transport and deliver poorly soluble

drugs to the target diseases sites comprises an attractive and

useful method to improve drug’s efficacy. Notwithstanding,

high loading and also total release drugs amount is a great

challenge due to the nanoconfinement and possible

interaction with the matrix. In light of this, Chen et al . (118)

demonstrated the use of acetophenone (AP), an FDA-

approved food additive as co-solvent (known as chaperone)

to promotes efficient clofazimine (CFZ) entrapment and re-

lease fromMSNs channels to aqueous environment. CFZ is a

water-insoluble antibiotic used to treat leprosy and multidrug-

resistant tuberculosis. Spherical andmonodisperseMSNswith

highly ordered hexagonal mesopores arrays and average size

of 100 nmwere obtained as well as high surface area (1060m2

g-1), negatively charged (zeta potential of -21.2 mV) with av-

erage pore size of 2.8 nm. All these results favorMSNs loading

with CFZ and AP. CFZ loading and release assays were car-

ried out in DMSO and AP solvents. The loading CFZ capac-

ity by using AP increased as a function of CFZ concentration,

showing 26.8% at 50 mM whereas by using DMSO the load-

ing capacity was 5.9% at the same concentration. By using AP

strategy, the CFZ release efficiency was 47.2% whereas by

using DMSO was only 0.02%. The novel strategy showed

release efficiency 2300 times higher than the conventional

method with DMSO (0.02%). The high increase in CFZ re-

lease can be assigned to the release of AP from the MSNs

pores carrying CFZ molecules together into the aqueous so-

lution. The chaperon-based MSNs were evaluated in a mac-

rophage model of Mycobacterium tuberculosis infection. The op-

timized CFZ-AP(10mM CFZ in AP)@MSNs exhibited high

antimicrobial efficacy (dose-dependent) reducing the bacteria

number by 1 log CFU (90% of bacteria were killed). In addi-

tion, no changes on the macrophages morphological appear-

ance were detected for the applied nanosystems. This

loading/delivery “chaperone-assisted” strategy can be used

for other hydrophobic drugs with their suitable solvents (chap-

erone), opening up opportunities to design novel drug delivery

MSNs-based nanosystems for biomedical applications.
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Despites the challenges cause by microbial biofilms forma-

tion and antibiotic resistance generation, Gram-negative bac-

teria possess outer membranes as a highly impermeable bar-

rier as well as additional defense mechanisms no detect in

Gram-positive bacteria (153). Considering these drawbacks,

González et al . (119) developed nanoantibiotics based on lev-

ofloxacin (LEVO)-loaded MSNs covalently modified with

third-generation poly(propyleneimine) dendrimer (G3), which

has high affinity to negatively charged bacteria cell walls.

Beyond that, LEVO-loaded [3-(2-aminoethylamino) propyl]-

trimethoxysilane (labeled DAMO)-modified MSNs (noted

LEVO@MSNs-DAMO) were also fabricated to evaluate an-

timicrobial action against Gram-negative bacteria. Spherical-

shaped MSNs with 2D hexagonal mesoporous arrangement

were prepared, showing average diameter and pores size of

150 and 2.4 nm, respectively. In addition, negatively charged

bare MSNs (-36.4 mV) after modification become positively

charged achieving zeta potential around +31.8-37.4 mV,

which make them enable to interact with negatively charged

bacteria walls. LEVO loading amount up to 7.8% were

detected for the nanovehicles. LEVO release performance

(PBS pH 7.4) were evaluated exhibiting a first-order kinetics

for all nanosystems (LEVO@MSNs, LEVO@MSNs-DAMO

and LEVO@MSNs-G3), with 100% of LEVO release over

72 h for LEVO@MSNs-G3. LEVO@MSNs showed lower

release values indicating strong interaction via hydrogen

bonding between LEVO zwitterionic form (at pH 7.4) and

Si-OH groups from MSNs. E. coli internalization assays con-

firmed good MSNs-DAMO and MSNs-G3 internalization

due to their positive charge density making electrostatic inter-

actions with E. coli cells walls possible. Additionally, MSNs-G3

displayed higher internalization than MSNs-DAMO, as-

cribed to the MSNs-G3 high surface flexibility and high inter-

action points with negatively charged E. coli phospholipid

membranes regarding MSNs-DAMO. These results corrobo-

rated antimicrobial assays against E. coli biofilms showing the

MSNs-G3 with higher and remarkable antimicrobial efficacy

relating to the other nanosystems. These findings demonstrat-

ed that the synergistic combination of bacterial internalization

and antimicrobial agents into MSNs-based nanovehicles lead

to interesting and efficient antibiotics for infections treatment.

Regarding the high mortality and morbility caused by

bacterial resistance, Cao et al . (120) proposed to ally the amaz-

ing properties of MSNs with metallic nanoparticles such as

silver (Ag) and bismuth (Bi). Authors designed amultifunction-

al MSNs-suported Ag-Bi nanoparticles (NPs) associating hy-

perthermia generated by Bi nanoparticles with Ag release for

synergistic antibacterial therapy as shown in Fig. 5. Ag-Bi

nanoparticles were fabricated via in situ growth onto MSNs

pores structure aiming to avoid their aggregation and oxida-

tion under physiological environment. Under the NIR laser

irradiation (808 nm laser irradiation, 1 W cm-2, 15 min), hy-

perthermia can be generated by Bi NPs destroying bacterial

cell membrane and biofilm promoting and increasing Ag+

release from the nanocarrier, resulting in photothermal-

enhanced antibacterial activity. Spherical nanosystems with

average size and pores of 200-240 nm and 3.4-4.8 nm, respec-

tively were successfully fabricated. In addition, Ag NPs

showed average size of ~15 nm. Photothermal therapy

(PTT) ability of Ag-Bi@MSNs was evaluated exhibiting high

stability and laser power irradiation and concentration depen-

dence. As higher is laser power density and Ag-Bi@MSNs

concentration, higher is the achieved temperature confirming

great PTT performance. In vitro antibacterial activity was eval-

uated against MRSA cells by adding Ag-Bi@MSNs with or

without laser irradiation. At same concentration (128 μg mL-

1), 22 and 76% of cells death were achieved without and with

laser irradiation, respectively. Additionally, release studies

were performed for 75 min with and without laser irradiation

(at the same concentration, 200 μg mL-1). Results corroborate

antibacterial assays displaying a NIR-responsive Ag+ release,

with 11.3 and 37.3% of release without and with laser irradi-

ation, respectively. Aiming to prove the synergic antibacterial

effect, MRSA-infected mice were investigated with five

groups: PBS, Bi@MSNs, Ag-Bi@MSNs, Bi@MSNs + NIR

and Ag-Bi@MSNs + NIR groups. Regarding to the control

group (PBS), the number of colonies were reduced to 90.3,

74.6, 35.1 and 5.9% for Bi@MSNs, Bi@MSNs + NIR, Ag-

Bi@MSNs and Ag-Bi@MSNs +NIR, respectively, indicating

that multimodal synergistic therapy based on Ag-Bi@MSNs

could effectively treat MRSA skin infection. The therapeutic

effect was confirmed by histological analysis. Beyond that, the

animals evaluated showed no obvious changes in their body

weight suggesting no biotoxicity. These findings made Ag-

Bi@MSNs a promising multimodal nanoplatform against

bacterial infections and for further clinical translations.

Fast and accurate bacteria detection and their effectively

killing in the bloodstream in low doses are crucial and act as

key roles in medicine and microbiology studies. Integrating

diagnosis and treatment to achieve accurate diagnosis and

efficient treatment of diseases has always been an important

goal of modern medicine. In this context, Xu et al . (122)

developed a smart and theranostic nanoplatform based on

vancomycin (VAN)-loaded magnetic (Fe3O4 NPs) MSNs

(MMSNs) modified with sufonated-hyaluronic acid (S-HA)

and S. aureus antibody (Ab) grafting via amidation reaction

(labeled Ab@S-HA@MMSNs) for S. aureus detection and

treatment in bloodstreams. S-HA was selected due to its cap-

ping and targeting function, biocompatibility, biodegradabil-

ity besides promotes drug sustained release and anti-adhesion

effects. Fe3O4 NPs displayed average size of 180 nm whereas

spherical MMSNs achieved average size and pores diameter

of 240 and 3 nm, respectively. In addition, Ab@S-

HA@MMSNs exhibited 180 nm core uniformly wrapped

with 30 nm shell, with zeta potential of -5.32 mV. Van loading

efficacy of 10.7 wt% was achieved and antibacterial assays
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were carried out since S. aureus can secrete hyaluronidase

(Hyal), enzyme that degrades S-HA promoting controlled

VAN release. Results exhibited 98% of bacterial reduction

suggesting high antibacterial efficacy and Hyal-responsive

controlled VAN release. In vitro release tests were conducted

showing that no significant VAN was release without Hyal

presence whereas after Hyal addition (up to 500 U mL-1),

up to 83% of VAN corroborating the Hyal role in the “on-

demand” drug release. The Ab@S-HA@MMSNs magneti-

zation behavior was evaluated and despites magnetization

values reduction after all modification, the nanosystem pre-

sented goodmagnetic responsivity and can be utilized tomod-

ify the surface of magnetic glassy carbon electrode (MGCE)

(noted Ab@S-HA@MMSNs/MGCE) by magnetic interac-

tion. From electrochemical and analytical studies, the fabri-

cated immunosensor exhibited an excellent electrochemical

response towards S. aureus in the range of 1x101–1x1010

CFU mL-1 with high selectivity, stability and reproducibility.

The detection limit with linear range was up to 3 CFU mL-1,

and this responsiveness was also well demonstrated in the

blood environment. Beyond that S-HA-modified MMSNs

possess anticoagulant property, the Ab@S-HA@MMSNs/

MGCE displayed antiadhesion property, ensuring that it can

be directly applied to detect S. aureus in whole blood.

Additionally, increasing S. aureus amount of arriving at

Ab@S-HA@MMSNs/MGCE, the capping Ab@S-

HA@MMSNs were degraded by Hyal secreted by S. aureus

and “on demand” VAN released was achieved. All results

suggest this multifunctional theranostic nanoplatform for ac-

curate diagnosis and efficient treatment of S. aureus blood-

stream infection.

Zink group (23,118,125,132–135) have designed stimuli-

responsive controlled drug delivery MSNs-based nanoplat-

forms to treat infectious diseases such as caused by Francisella

tularensis (125,130,134,135) and M. tuberculosis (118,132,133).

From one of these works (135), authors developed a pathogen-

specific detection and drug delivery nanoplatform based on

MSNs modified with silane groups attached with lipopolisac-

charide chain of F. tularensis live vaccine strain (Ft-LVS-LPS)

as stalks (modified antigen) that interact with FB11 anti-O-

antigen antibody (FB11) nanovalve as a capping agent to

block the mesopores avoiding drug diffusion without specific

stimulus. By manipulation of the non-covalently interaction

MSNs modified antigen (Ft-LVS-LPS)-antibody (FB11), the

antigen produced by the target bacteria can compete effec-

tively for binding to the gatekeeper antibody, reducing stalk-

nanovalve interaction, leading to displacement of the anti-

body, pore uncapping and finally cargo release. Model drugs

such as fluorescein or Hoechst 33342 were used to evaluate

the nanoplatform specificity and action. Spherical MSNs with

high surface area (840 m2 g-1), surface charge of +36 mV and

average diameter and pores size of 117 and 3.8 nm, respec-

tively, were prepared as nanoplatform. The specific antigen-

antibody modification was successfully confirmed by immu-

nostaining assay showing no nonspecific binding of the FB11

antibody to the unfunctionalized MSN surface and also no

nonspecific binding of the fluorescent secondary goat-

antimouse (GAM) immunostaining antibody to the unfunc-

tionalized MSN surface or the Ft-LVS-LPS. Authors also

evaluated whether a competitive FB11 antibodies displace-

ment could be achieved in the presence of Ft-LVS-LPS.

From immunostaining assays, by using both types of silane

groups (APTES and ICPTES) as stalks to interact with the

modified antigen, successful displacement of FB11 antibodies

from the MSN surface in the presence of Ft-LVS bacteria can

be confirmed in vitro indicating that the operation of the nano-

valve is feasible at high bacterial concentration. In addition,

the reduction of the FB11 antibody affinity to the LPS-

modified MSNs surface was achieved by acetylation of LPS-

modified MSNs reducing the OH groups available for

hydrogen-bonding with FB11, requiring lower Ft bacterial

concentrations to displace FB11 antibody from the nanoplat-

form. From cargo release studies, authors reported that the

use of LPS from a Ft wzy deletion mutant can promote better

mesopores capping avoiding any cargo leakage before reach

the target site. Beyond that, from this highly specific nature of

the antibody-antigen interaction, a significant cargo release

was detected only in Ft-LVS-LPS presence. These results sug-

gested that the pathogen-sensitive controlled cargo release

nanoplatforms can be also applied to other gram-negative

bacteria as novel theranostic smart MSNs-based nanosystem

for infectious diseases treatment.

Parasitic Infections

MSNs have received great attention towards vaccines produc-

tion due to the large amount of silanol groups on its surface

that facilitates the functionalization and drugs incorporation.

The surface functionalization with several molecules allows

improving cells target and uptake besides favor drugs trans-

port and release from the mesopores, leading to interesting

immune and cellular responses, which makes MSNs attractive

and potential nanoplatforms for vaccines fabrication against

any infectious diseases (154).

Few studies have been reported in the literature applying

MSNs for parasitic diseases treatment (as shown in Table III).

For instance, Oliveira et al . (136) described that vaccine and

prophylactic protection development against Schistosoma

mansoni are essential to reduce the infection cases. In this

way, authors reported the use of MSNs containing SWAP

(Antigenic Preparation of Soluble Worm) as new strategy to

treat S. mansoni infection. MSNs were characterized according

to their size (38.8 nm), polydispersity index (0.24), zeta poten-

tial (-32.9 mV), surface area (871.19 m2 g-1) and porosity with

pores volume and diameter of 0.243 cm3 g-1 and 6.91 nm,

respectively. SWAP was successfully incorporated into MSNs
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showing EE up to 35.35%. Immunological tests indicated that

MSNs were able to stimulate a high immune response com-

pared to conventional adjuvants (SWAP-associated aluminum

salt). Authors also reported that higher immunization perfor-

mance observed for MSNs may be related to some unique

characteristics presented by the nanosystem, such as high sur-

face area, spherical morphology, high pores volume, stability,

biocompatibility and non-toxicity which make SWAP-loaded

MSNs a promising strategy to improve immune response

against S. mansoni and enabling vaccines production.

In another study, Nhavene et al . (137) designed multifunc-

tional MSNs based on MCM-41 functionalized with (3-

glycidoxypropy) trimethoxysilane (GPTMS) and chitosan suc-

cinate (CS) containing benznidazole (BZ) onto modified

MSNs surface aiming to evaluate their action against the par-

asite Trypanosoma cruzi responsible for Chagas disease. The

MSNs-like MCM-41 were successfully prepared with well-

defined hexagonal arrays of uniform mesopores network,

spherical shape and pores size of 3.3 nm. TheMSNs function-

alization withGPTMS andCSwas confirmed by spectroscop-

ic analysis. BZ anchored onto CS-modified MSNs surface via

hydrogen bond interactions was confirmed by spectroscopic

and density functional theory (DFT) analysis. In vitro assays

showed that the nanosystem can effectively performed BZ

delivery being thirty times more active against epimastiogotes

T. cruzi CL-Brener than free BZ, revealing its potential and

effectiveness as nanocarrier for BZ delivery. Authors also con-

cluded that all results demonstrated MSNs-GPTMS-CS as a

potential and promising nanoplatform for drugs and genes

delivery to treat neglected diseases such as Chagas disease or

American trypanosomiasis.

Tawfeek et al . (138) fabricated praziquantel (PZQ)-loaded

MSNs in order to evaluate its therapeutic effect against mu-

rine S.mansoni. MSNs@PZQ showed spherical shape, average

size ranging from 100 to 105 nm, zeta potential from +31.9 to

+30 mV and EE of 83%. Mice were infected with S. mansoni

and treated 6 weeks after infection with similar doses of

MSNs@PQZ and free PZQ evaluating several concentra-

tions, orally and intraperitoneally (IP). A maximum anti-

schistosomal effect was achieved using MSNs@PZQ admin-

istered orally. The biomarkers related to liver oxidative stress

status and immunomodulatory effect (serum TNF-α and IL-

10) were significantly improved showing IP route was less

effective for PQZ delivery. Authors also reported that the

MSNs@PQZ administration allows the reduction of the ef-

fective therapeutic dose, indicating MSNs as a safe nanoplat-

form that enhances anti-schistosomal, antioxidant, immuno-

modulatory and anti-inflammatory PQZ actions in animal

model infected by S. mansoni.

Yunessnia lehi et al . (139) synthesized whisker-formed

SBA-15 nanoparticles as a pH-sensitive metronidazole

(MNZ)-trapped nanocarrier. This nanosystem was modified

with tannic acid (TA) aiming to block the mesopores and

control drug release process. The SBA-15 nanowhiskers had

small fibrous structures 0.5-1.5 μm in length and up to 50 nm

in diameter. Through characterization analysis, 2D ordered

hexagonal mesostructures were detected, with surface area of

491.38 m2 and pores volume and diameter of 0.593 cm3 g-1

and 6.06 nm, respectively. In addition, the modification with

TA increased MNZ EE from 62.6 to 71.4%. In vitro release

assays exhibited fast MNZ release from unmodified SBA-15

nanowhiskers whereas TA-SBA-15 nanocarriers controlled

MNZ release for an extended time. Interestingly, the modified

nanosystems displayed a pH-sensitive behavior, showing

MNZ release up to 85% at pH 5.8. The minimal lethal con-

centration (0.5 mg mL-1) of TA-modified SBA-15@MNZ

showed 100% protozoal growth inhibition for 180 min re-

garding to parasite control and free MNZ solution. These

studies suggest this multifunctional nanoplatform as promising

and efficient MNZ delivery system for parasitic diseases

treatment.

Fungal Infections

The development of new formulations against Candida albicans

is essential to overcome drawbacks as multiple resistance

mechanisms developed by biofilms formation, which makes

this pathogen resistant to drugs such as fluconazole and

amphotericin B, and, consequently, making difficult to treat

effectively these infections, contributing to high morbidity and

mortality rates in immunocompromised patients (141,155). In

light of this, Paramanantham et al . (141) reported a nano-

system based on MSNs modified with Rose Bengal (RB) as

photodynamic therapy (PDT) as antimicrobial alternative to

treat C. albicans biofilms. MSNs with average pores size and

diameter of 2 and 500 nm, respectively, were amino function-

alized aiming to increase the conjugation capacity of RB. RB

is a photosensitizer, an organic compound that absorbs light of

a suitable wavelength generating singlet oxygen and reactive

oxygen species (ROS), which can kill microbial systems. High

values of RB EE (58.54%) was achieved by amino-modified

MSNs due to the good electrostatic interaction of the positive-

ly charged MSNs surface with anionic dye RB. Taking the

aforementioned into account, in vitro release tests showed a

slow and controlled RB release with a maximum of 66.38%

after 3 h. Additionally, cellular uptake studies exhibited high

MSNs-RB uptake (up to 47%) compared to the free RB (up to

10%) after 3 h. Through in vitro release results, amine groups

modified onto MSNs enabled a slow and controlled release,

by electrostatic attraction with the RB, which is desirable and

allow a good PDT action after a single administration. When

associated with PDT, high values of MSNs-RB antimicrobial

action were achieved for both C. albicans planktonic cells (up to

88.7%) and biofilms (up to 79.7%) regarding pristine MSNs

and free RB. Beyond that, after light irradiation, MSNs-RB

exhibited high ROS production, proteins leakage (from
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cytoplasm C. albicans cells), DNA damage and lipid peroxida-

tion. These results confirmed the MSNs-RB as an efficient

nanosystem as antimicrobial PDT against infections caused

by antifungal drug resistant and biofilm forming strains, being

its application extended to enhance C. albicans eradication on

medical devices such as implants and catheters.

Econazole (ECO), an antifungal widely used for topical

infections treatment has limited bioavailability due to its low

aqueous solubility (156). Aiming to overcome ECO solubility

drawbacks, Montazeri et al . (140) developed ECO-loaded

MSNs modified with aminopropyl groups. Spherical shape

and hexagonal mesopores arrays were detected for MSNs.

Pristine MSNs, modified MSNs and ECO-loaded MSNs dis-

played average size ranging from 39 to 91 nm while the nano-

systems presented average pores size up to 2.54 nm. In addi-

tion, MSNs was negatively charged (MSNs and MSNs-ECO

showed -12.14 and -17.51 mV, respectively) whereas after

amino modification the nanosystem showed positive surface

charge (MSNs-NH2 and MSNs-ECO-NH2 exhibited +32.52

and +33.63 mV, respectively). MSNs and MSNs-NH2

exhibited ECO EE of up to 42 and 63% and release rate of

29.57 and 38.65, respectively. Both MSNs and modified

MSNs containing ECO were non-toxic to human dermal fi-

broblast strains cells. Distinct ECO/MSNs and modified

MSNs ratios were evaluated being that the antifungal activity

(C. albicans) for all nanosystems increased as drug amount load-

ing increased. Greater antifungal activity was observed for

modified nanosystems compared to the non-modified ones

showing inhibition zone of up to 19.5 and 16.0 mm, respec-

tively (at 1.2 mgmL-1 of ECO). ECO-loadedMSNs displayed

greater antifungal activity regarding to the econazole cream,

confirming the nanosystem efficiency for the infectious treat-

ment caused by fungus such as C. albicans. Additionally, the

developed nanosystem exhibited non induced skin irritation

on rabbits, being cutaneous reaction negligible after 72 h. It is

worth mentioning that the designed nanoplatform could re-

duce the treatment duration by increasing patient compliance,

making this nanosystem desirable for fungal therapy purposes.

In another study, authors (142) fabricated pH-responsive

gated MSNs-based nanosystem aiming to treat fungal infec-

tions such as vaginal candidiasis. The sensitive MSNs like

MCM-41 nanoplatforms were loaded with tebuconazole

(TEB) and modified with silane groups as 3-[2-(2-aminoethy-

lamino)ethylamino]propyltrimethoxysilane (N3) used as gate-

keepers that can avoid TEB leakage from the mesopores be-

fore the nanosystem reach the target site. Spherical-shaped

silica nanoplatform with average size of 100 nm and hexago-

nal pores arrays with mean diameter of 2.45 nm were success-

fully prepared as well as the TEB loading (0.064 mmol g-1 of

MSNs) into mesopores and subsequently capping with N3

groups (2.43 mmol g-1 of MSNs). For cellular uptake assays,

fluorescein (FL, green dye) were loaded into MSNs and mod-

ified with the N3 gatekeeper. The simulated nanosystem

exhibited good cellular internalization (Saccharomyces cerevisiae

cells, incubated at pH 3.7) detected by fluorescence microsco-

py. In addition, in vitro release FL tests were performed at pHs

3.7 and 5.5. Results showed that more than 95% of FL was

released after 12 h whereas almost no release was detected at

pH 3.7, confirming the design of pH-responsive nanosystem.

At pH 3.7, the polyamines of N3 capping was more proton-

ated than at pH 5.5, which allowed high rigid chain confor-

mation and high interactions with anions (as SO4
2-), that favor

the mesopores blockage. At pH 5.5, the polyamine chains is

more flexible allowing pores opening and FL release. After

successful cellular uptake and FL release tests, in vitro antifun-

gal assays (C. albicans cells) were performed with the MSNs-

TEB-N3 and free TEB. Results exhibited high antifungal ac-

tivity promoting 90% of cells death by using MSNs-TEB-N3

while free TB showed only 10% of action. In this way, the

designed smart nanoplatform improved TEB efficacy com-

prising an interesting tool to overcome side effects associated

with topical therapies for vulvovaginal infection and improve

its cost-effectiveness. A schematic pH-responsive nanosystem

action is displayed in Fig. 6.

In order to facilitate metallic nanoparticles (MNPs) appli-

cations as multifunctional drug delivery systems, authors

(143,144,157) have proposed their association with MSNs

aiming to increase biocompatibility avoiding MNPs

aggregation and action lost. Mitra et al . (143) incorporated

zinc oxide nanoparticles (ZNPs) into MSNs (noted

ZnO@MSNs) in order to evaluate the antifungal efficiency

against two strains of Aspergillus niger (MTCC 10180 and

MTCC 2196) and two strains of Fusarium oxysporum (NCIM

1043 and NCIM 1072). The MSNs and ZnO@MSNs nano-

systems displayed spherical shape with a size ranging from 20

to 40 nm with average pore size ranging from 2.5 to 3.1 nm,

respectively. The authors observed that ZnO@MSNs activity

was dose dependent, requiring high doses to achieve antifun-

gal response. The enzymatic tests showed that ZnO@MSNs

activity occurred through the generation of oxidative stress

through ROS generation. The generated oxidative stress

caused morphological changes in the fungi. Both in vitro and

in vivo tests indicated good biocompatibility of the developed

nanosystem, with sustained release exerted by MSNs prevent-

ing the ZnO direct exposure reducing toxic effects, which

makes the developed MSNs-based nanoplatform enable to

desirable antimicrobial applications.

In another study, silver nanoparticles (AgNPs), synthesized

by green synthesis using Azadirachta indica leaf extract as a

reducing agent, were loaded into MSNs (noted MSNs-

AgNPs) aiming to evaluate antifungal activity against

C. albicans 077 strains. The fabricated MSNs presented spher-

ical shape with size of around 400 nm and hexagonal pores

structures with average size of ~7.6 nm. The impregnated

AgNPs were detected onto MSNs pores/surface showing

spherical shape with average size ranging from 5 to 50 nm.
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From antifungal activity assays, MSNs-AgNPs proved to be

efficient in inhibiting the fungus growth in a dose-dependent

manner, both in the disc diffusion and in vitro killing assays,

being a promising alternative approach to infections treat-

ment caused by C. albicans. However, more preclinical studies

are already essential to better understand the real potential of

the MSNs-AgNPs for future clinical translations (144).

Viral Infections

Viral infections and spreadability can be establish only by

their interaction with host cells. The key and great challenge

to develop viral infections treatment consist on understand

and elucidate the interaction virus-host cells at molecular lev-

el. In addition, virus can evolve by genetic mutation and be-

come drug resistant making urgeous and essential the design

of new drugs. In current medical scenario, the lack of antiviral

broad-spectrum drugs, the fast and wide spreadability and the

long time demanded to elucidate virus mechanism action to

design a safety and efficient vaccines or treatment making viral

infections such as SARS-CoV-2 a great threat to human glob-

al health (6,146,147,158,159).

Taking the aforementioned into account, the design of new

antiviral MSNs can be an effective approach to control viral

Fig. 6 Schematic representation of

the design and action mechanism of

S1-Teb under usual vaginal condi-

tions (A) and in the presence of

C. albicans (B) (S. cerevisiae has

been used in experimental assays as

a model organism). Abbreviation:

MCM-41, mobil composition of

matter-41; S1-Teb, MCM-41 load-

ed with tebuconazole [142].
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infections inhibiting virus mechanism action by interaction

with virus, targeted drug delivery, interaction with host cells

r e c ep t o r s i nduc i ng ce l l u l a r immune r e spon s e

(6,146,147,158,159).

Venezuelan equine encephalitis virus (VEEV) comprises a

great public health concern due to its possibility amenability

for use as a bioterrorism agent and its severe health conse-

quences in humans. In addition, natural VEEV outbreaks

resulted in equine and human infections, provoking high

death rates in equines (85%) and chronic neurological com-

plications in humans. A chemical VEEV inhibitor known as

ML336 was developed and its effectiveness in VEEV infection

was confirmed in preclinical assays. However, the great

limitation for ML336 clinical translation consists on its poor

solubility and stability in biological media. Taking this into

account, LaBauve et al . (145) designed lipid-coated MSNs

(LC-MSNs) as smart nanocarriers for ML336 delivery, as

depicted in Fig. 7. This nanovehicle was proposed to improve

ML336 stability, promoting its controlled release for VEEV

treatment. Narrow size distribution (~75 nm) and hexagonal

pores structures (average pore size of 2.65 nm) were achieved

for MSNs. The lipidic shell consists of a liposome structure

composed by 1,2-distearoyl-sn-glycero-3-phosphocholine

(DSPC):Cholestrol:1,2-distearoyl-sn-glycero-3-phosphoetha-

nolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-

PEG(2000)), which can enhance colloidal stability, circulation

time besides reduce protein adsorption to the nanosystem sur-

face. From electron microscopy analysis, LC-MSNs@ML336

showed a lipid bilayer thickness of 6 nm besides zeta potential

of -1.76 mV. 20 μg ML336/mg LC-MSNs were loaded into

the nanocarrier showing a ML336 release of 34% over 24 h.

TC-83 VEEV infected HeLa cells were treated with LC-

MSNs@ML336. Results displayed virus inhibition in a dose-

dependent manner, with significantly decreased viral load by

4 orders of magnitude after 24 h and 6 orders of magnitude

after 48 and 72 h. From in vivo assays, LC-MSNs were consid-

ered nontoxic at 0.11 g LC-MSNs/kg mouse dose adminis-

tered per day during four days. In addition, LC-

MSNs@ML336 exhibited significant reduction (about 10-

fold) of brain viral titer in VEEV infected mice compared to

PBS and other controls. These results highlighted the LC-

MSNs@ML336 potential to treat VEEV infections and LC-

MSNs as smart nanovehicles for antiviral applications.

Herpes simplex virus (HSV) provokes several infectious dis-

eases such as orolabial and genital herpes being currently

treated by guanine analogues such as acyclovir, valaciclovir

and others, which inhibit viral DNA replication. However,

these compounds suffer from antiviral drug resistance espe-

cially in immunocompromised individuals besides show poor

bioavailability being necessary several and high doses admin-

istration (146,147). The HSV cells infection can start by elec-

trostatic and hydrophobic interactions between viral glyco-

protein (gB or gC) and cell glycosaminoglycans (GAGs, hep-

aran sulfate) composed of negatively charged sulfonate groups

linked by hydrophobic moieties. Molecules that mimic GAGs

can interact with virus avoiding their interaction and penetra-

tion into susceptible cells (146,147). In this context, Le et al .

(146,147) have designed GAG mimetic-functionalized MSNs

to treat HSV-1 and HSV-2 infections. In a first work (146),

aryl sulfonate GAG mimetic-modified MSNs exhibited low

Fig. 7 Schematic representation of

LC-MSNs@ML336. The antiviral

ML336 was incubated with MSNs

prior to vesicle fusion with

liposomes containing a composition

of 77.5% DSPC:2.5% DSPE-

PEG2000:20% cholesterol at mole

ratios [145].
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toxicity besides inhibited HSV-1 and HSV-2 penetration into

health cells while controls were inactive. In this work, Lee et al .

(147) explored distinct functional groups related to GAG

structure attached to MSNs and investigated their activity

against HSV-1 and HSV-2. In addition, authors evaluated

GAG mimetic-functionalized MSNs as smart nanocarriers

for acyclovir (ACV) delivery aiming simultaneously inhibition

of viral penetration and DNA replication. Five modified

MSNs were prepared: benzene sulfonate-modified MSNs,

propyl thiol-modified MSNs, propyl sulfonate-modified

MSNs, zwitterionic sulfonate-modified MSNs and phenyl-

modified MSNs ((MSNs-Phenyl-SO3, MSNs-Propyl-Thiol,

MSNs-Propyl-SO3, MSNs-Zw-SO3 and MSNs-Phenyl, re-

spectively). All nanoplatforms were characterized showing av-

erage size from 100-150 nm and negative surface charge (~ -

40 mV), conferring good colloidal stability by interparticle

repulsion. Antiviral in vitro assays toward HSV-1 and HSV-2

were carried out displaying that sulfonate group presence was

as a prerequisite for antiviral activity, with the benzene group

(from benzene sulfonate-modified MSNs) enhancing the anti-

viral response regarding to an alkyl group (propyl sulfonate-

modified MSNs). Phenyl-modified MSNs showed a relatively

weak antiviral activity, reinforcing the sulfonate group impor-

tance. From second study concerning ACV-loaded benzene

sulfonate-modified MSNs (labeled ACV@MSNs-phenyl-

SO3), high drug loading (34% w/w) and controlled and pro-

longed ACV release (70% (w/w) up to 24 h) were detected.

This release profile can be assigned to themesopores function-

alization with hydrophobic groups which can act as blockers

controlling drug release. To evaluate post viral penetration

into cells, Vero cells were infected with HSV-1 and then,

treated with the nanoplatforms. Results exhibited higher anti-

v i ra l act iv i ty for ACV@MSNs-phenyl-SO3 than

ACV@MSNs and free ACV. The targeting effect of GAG

mimetic from ACV@MSNs-phenyl-SO3 against HSV-1 was

investigated achieving 100% antiviral activity whereas both

no interaction with HSV-1 were detected for ACV@MSNs

and free ACV. These results confirmed that the GAG

mimetic-functionalized MSNs performed dual action mecha-

nism against HSV-1 and HSV-2 opening up new possibilities

for virus infections treatment.

As aforementioned, viruses comprise a harmful pathogen

to the humans responsible for millions of people death every

year. Despites some therapies such as highly active anti-

retroviral therapy (HAART) available to treat human immu-

nodeficiency virus (HIV), the demand for new therapies and

vaccines are essential to fight against new viruses. To better

understand the mechanism of antiviral MSNs action, Silva

et al . (54) developed modifiedMSNs to evaluate their biocom-

patibility and their ability to inhibit the virus transduction of

target cells. (3-aminopropyl)triethoxysilane (APTES), (3-glyci-

dyloxypropyl)trimethoxysilane (GPTMS) and trimethoxy-(2-

phenylethyl)silane (TMPES) groups were used to modified

MSNs surface and noted as MSNs-APTES, MSNs-GPTMS

and MSNs-TMPES. Spherical-shaped modified MSNs with

average size from 354-571 nm and negative surface charge

(from -11.2 to -22.8 mV) were fabricated. Cytotoxicity assays

were performed for the nanosystems exhibiting cells metabolic

activity similar to the control at lower particle concentration

(10-5 g mL-1) and cells nuclei morphology preserved after in-

teraction. The inhibitory potential of the nanosystems to pre-

vent virus transduction was evaluated by using a truncated

version of the HIV-gp120 glycoprotein that can interact with

cells containing CD4 receptor and VSV-G envelope that can

bind on different cell surfaces. When target cell was trans-

duced by virus, GFP is expressed by the infected cell, that

means, whether transduction occurs GFP can be detected.

In this way, the pseudotyped preparation was treated with

the nanosystems. At low concentration, all nanosystems re-

duced transduction for both recombinant lentivirus with

VSV-G and HIV-gp120 envelopes. MSNs-APTES and

MSNs-TMPES showed higher transduction reduction for

VSV-G (~50%) and HIV-gp120 (~20%) envelopes, respec-

tively. Theoretical studies suggested that higher hydrophobic-

ity could favor interaction with HIV-gp120 whereas hydro-

philicity could lead to better interaction with VSV-G, explain

the distinct responses. These results provide new insights to-

wards the design of specific MSNs-based nanocarriers as new

strategies for viral control and anti-HIV therapy.

Porcine circovirus type 2 (PCV2) is a primary etiological

agent of post-weaning multi-systemic wasting syndrome

(PMWS). PMWS are severe in acute outbreaks, causing death

of up to 80% of affected animals. To develop new therapies

for PCV2 infections is essential for pig industries. For this

reason, Guo et al . (148) reported the preparation of PCV2

GST-ORF2-E protein-loaded HMSNs as nanovaccines aim-

ing to induce persistent immune responses of PCV2. The

nanosystem was characterized exhibiting spherical shape with

average size of 200 nm. Maximum protein loading amount of

15% (w/w) were achieved. Protein release profile (PBS at pH

7) was time-dependent showing rapid release (~50%) up to

12 h and slow release up to the sixth day. To evaluate the

specificity of mice antibodies immunized by GST-ORF2-E,

mouse sera were used in immunofluorescence experiments to

determine the specificity of antibodies by PCV2-infected

PK15 cells. Results displayed that no significant staining was

detected suggesting specificity of the mouse antibody against

PCV2. Indirect ELISA assays displayed that the antibody

titers of mice immunized with PCV2 GST-ORF2-

E@HMSNs were higher than those of mice immunized with

the GST-ORF2-E protein, especially at the third- and fourth-

weeks post-vaccination. Furthermore, the T-lymphocyte pro-

liferation response inmice induced by the PCV2GST-ORF2-

E@HMSNs remained at levels higher than those in mice im-

munized with the GST-ORF2-E protein, demonstrating that

the proteins loaded into the HMSNs not only stimulate
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humoral and cellular immune responses but also induce per-

sistent immune responses because of the release kinetics from

HMSNs. Results confirmed HMSNs as an interesting an effi-

cient vaccine nanovehicle for PCV2 treatment and further

studies regarding virus therapy.

CLINICAL TRANSLATION, CHALLENGES
AND FUTURE OUTLOOK

The challenges of any designed nanostructure for therapeutic

purposes consists on achieve good biocompatibility, biode-

gradability, complete and short clearance time as already stat-

ed by US FDA. Considering the aforementioned, MSNs are

very attractive as nanocarriers/nanotherapeutics because

their interesting properties such as chemical and physical sta-

bilities, size, morphology, surface and pores structures can be

easily modulated to achieve good biological behavior and also

effective drug loading and delivery at the desired site, com-

prising efficient nanoplatforms in most of pre-clinical assays.

Internal, external or multi stimuli-responsive MSNs con-

trolled drug delivery systems have been designed as smart

nanoarchitectures that control pharmacokinetics parameters

and emphasize the amazing properties of MSNs, stimulating

researches towards their application in clinical trials

(12,160,161).

Wiesner group (162,163) described the fabrication of

“Cornell dots or C dots” (labeled 124IcRGDY–PEG–C dots)

as the first nanosilica approved by the FDA for clinical assays.

A smart core-shell nanosilica containing Cy5 dye and 124I

radiolabels for optical-PET (positron emission tomography)

dual imaging was fabricated and modified with PEG and

cRGDY peptides as target agent for molecular expression in

human melanoma xenografts (162,163). Biological behavior

was evaluated showing fast Cornell dots (C dots) excretion via

the kidneys (~ 90%) and hepatobiliary route (~ 10%) with

excretion times from 13 to 21 h (163). These smart silica-

based nanostructures were successfully applied as nanoprobes

for tumors detection and monitoring in clinical assays

(163–165).

Chen et al . (166) described the fabrication of C dots con-

jugated with the radiometal Zirconium-89 (89Zr, t1/2 = 78.4

h) using two different strategies: chelator-free and chelator-

based radiolabeling. The best nanosystem (labeled 89Zr-

DFO-cRGDY-PEG-C′ dots) fabricated by chelator-based

radiolabeling exhibited higher in vivo radiostability with good

renal clearance, low reticuloendothelial system (RES) accu-

mulation, high tumor uptake and target-to-background ratios

relative to biological controls for human melanoma xenograft

models. The first clinical trial using 89Zr-DFO-cRGDY-PEG-

C′ dots has been carried out for bioimaging of malignant

brain tumors (NCT03465618).

Kharlamov et al . (167) described the application of plas-

monic photothermal therapy (PPTT) by using near-infrared

(NIR) laser irradiation onto silica-gold nanoparticles (AuNPs)

for Angioplasty and artery remodeling. Interesting safety level

and significant treatment efficacy with plaque burden reduc-

tion (79.4 mm3) was successfully achieved. In this regard,

authors (168) conducted a first-in-man trial (labeled

NANOM-FIM, NCT01270139) by using multifunctional

silica-AuNPs-dispersed on-artery patch associated with

PPTT for atherosclerosis treatment. Results exhibited signifi-

cant regression of coronary atherosclerosis with good biocom-

patibility and no significant toxicity besides lower risk of car-

diovascular death in humans. This bioengineered nanostruc-

ture offers great potential for further atherosclerosis theranos-

tic purposes.

The clinical applications of aforementioned silica-based

nanostructures encourage researchers focuses on MSNs clini-

cal translation and further commercialization. Although sev-

eral researches have been performed in the last two decades

towards the biological behavior and preclinical evaluation of

smart and engineered stimuli-responsive MSNs for monitor-

ing and/or therapeutic purposes (12,88,89,96,161,169–171),

achieve their clinical translation is still a great challenge re-

quiring long-term stability, scale-up of these nanostructures

(from bench to industrial scale-up) and overcome obstacles

in animal trials and regulating authorities evaluation

(160,161,171). Despites the numerously reports concerning

multifunctional MSNs fabrication, their scale-up is rarely de-

scribed. Some authors (172,173) reported large-scale synthesis

of dense and hollow mesoporous silica micro/nanoparticles

(173) and monodisperse small MSNs with a fine size distribu-

tion at room temperature (27 °C) (172), both methods

using CTAB as template. The structural stability of

nanoparticles is usually determined by interaction with

the biological environment and between themselves.

Poor colloidal and thermal stabilities can result in draw-

backs with long-term storage and nanosystems adminis-

tration. In this sense, MSNs present robust silica frame-

work and exceptional electronic architecture easily opti-

mized, making them amazing nanoarchitectures with in-

teresting structural stability for biomedical applications

(174). Additionally, authors reported that the association

of MSNs with metals such as iron, Pt, Al and others,

can improve the nanoplatforms thermal and physical

stabilities considering a critical ratio of metal to silica

content (174).

Up to now, preclinical assays related to MSNs were suc-

cessfully performed whereas noMSNs have been described in

clinical trials. Authors (160) suggested that the clinical transla-

tion has failed due to the large physiological distinction be-

tween small animals and humans, indicating that animal mod-

els are not the better indication for further nanostructures

success in humans. In addition, authors suggest that rather
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than prolonged xenografting experiments (in cancer treat-

ment), positive animal toxicological results could allow to start

phase 1 of clinical trials.

Another concern related to MSNs or any nanostructures

for clinical translation relies on regulatory agencies (as US

FDA) evaluation. Currently, nanostructured materials are

evaluated as small-molecule drugs, being that some nanosys-

tems can act only as nanoprobes or without loaded drugs. In

this sense, the actual evaluation processes by agencies com-

prise a bottleneck that allow only a few percentages of nano-

structures can be approved for commercial purposes. Authors

suggested that regulatory agencies could create specific evalu-

ation category for nanomedicines aiming to streamline their

translation (160,161,171).

Finally, taking into account all abovementioned challenges,

the tunable properties of MSNs and recent advances regard-

ing smart and multi stimuli-responsive MSNs for diagnosis,

therapy or theranostic applications, we can expect in the next

years MSNs-based nanoplatforms and other silica-based

nanosystems will become approved by FDA, impacting the

treatment way and global human health.

CONCLUSIONS

Currently, there is a great global concern regarding infectious

diseases, especially those without well-established therapy or,

mostly, which exhibits multidrug resistant microorganisms.

Recently, nanomedicine has emerged from the nanotechnol-

ogy as a wide and great approach to overcome drawbacks in

biomedical field imposed by several diseases. More precisely,

MSNs have great potential for biomedical application due to

their interesting properties including biocompatibility, biode-

gradability, easy clearance, tunable physicochemical proper-

ties as size, shape and pores size. MSNs multifunctionality

opens up several possibilities to fabricate smart and targeted

nanomedicines or nanovaccines for infectious diseases preven-

tion and treatment. These nanoplatforms can promote specif-

ic and controlled drug release at target disease cells/tissues

improving treatment efficacy minimizing side effects besides

no patient compliance. Despites MSNs potential has received

great attention in the last years towards the design of new

formulations and therapies, MSNs applications to treat infec-

tious diseases such as parasites, viruses and fungi have been

already scarce up to now. As depicted in this review, only

MSNs-based nanocarriers for bacterial infections and treat-

ment have been widely exploited, which opens up several

opportunities to design multifunctional MSNs-based nano-

platforms for controlled drug delivery to threat the most of

infectious diseases presented nowadays. Although very few

reports are described regarding MSNs-based nanovehicles in

clinical assays, the good biological behavior, unceasing pre-

clinical tests performed and the last trends using these

nanosystems, allow us to prospect a clinical translation in a

near future.
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