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Mesoporous silica nanoparticles (MSNs) are considered as suitable delivery
vehicles considering their unique characteristics. Various physicochemical
characteristics of MSNs govern their pharmacokinetic parameters which affect
the disposition of these nanoparticles in the body. Along with the advantages of
MSNs, the toxicity of nanoparticles entering the body is a major concern. Various
factors such as particle size, surface charge, route of administration, etc., may
affect organ toxicity of MSNs. The main target organs involved in the metabolism
and elimination of MSNs are the kidney and the liver as well as the hematopoietic
system. In this review, we first introduced the physicochemical characteristics of
MSNs which affect the pharmacokinetic properties including drug absorption and
bio-distribution. Thereafter, we discussed the mechanisms by which organ
toxicity may occur. In this regard, the effects of various factors on organ-
based MSNs toxicities and molecular mechanisms have been summarized. At
last, we emphasized on the role of the physicochemical parameters on organ-
based toxicities, and the proposed approaches to prevent or at least diminish
MSN-related toxicities are discussed in detail.
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1 Introduction

Mesoporous silica nanoparticles (MSNs) are well-ordered porous materials with a pore
size range of 2 to 30 nm. MSNs were designed to carry the large molecules that cannot be
incorporated within the micropores of conventional zeolites (SlowingVivero-Escoto et al.,
2010). MSNs are a subset of colloidal silica, that soluble silica precursors are gathered into
liquid-crystalline mesophases in the presence of amphiphilic surfactants or using block
copolymers as structure-directing agents, based on the dominant detergent phase diagram.
MSNs have been considered as potential nanocarriers which have gained much attention in
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recent years for the treatment of a diverse set of illnesses, especially
cancer. Easy functionalization, physicochemical stability, low
toxicity, and great loading capacity propose MSNs as an
attractive control drug delivery system (Manzano and Vallet-
Regí, 2018). MSNs may be considered as promising nanocarriers
for various therapeutic purposes due to their large surface area and
also large pore sizes, appreciable physicochemical stability, high
drug loading capacity, and controllable drug release properties
(Sábio et al., 2021). In addition, functionalization of MSNs with
desired moieties can lead to targeted delivery to the specific site of
action (Li et al., 2012). Therefore, MSNs have found emerging
applications in numerous fields especially nanotechnology,
nanomedicine, and biomedicine for therapeutic, diagnostic, and
theranostic purposes (Lee et al., 2011; Jafari et al., 2019).

Due to the tunable properties of MSNs as drug delivery systems,
they can be administered through various routes including oral
(Fang et al., 2023), topical, transdermal (Kolimi et al., 2023),
parenteral, nasal, pulmonary, ophthalmic, and intra-tumoral
(Sábio et al., 2021). However, intravenous (IV) and oral along
with intraperitoneal (IP) administration are the main routes of
administration of MSNs which determine the fate of these
nanoparticles (NPs) including absorption, distribution,
metabolism, and elimination. Numerous multifunctional MSNs
have been designed with the aim of targeted delivery through the
desired route of administration. Their main advantages would be
enhanced cellular uptake, prolonged circulation time, and tunable
drug release potential (Sábio et al., 2021).

Although MSNs have multiple biomedical applications, because
of their unique physicochemical properties, there are concerns about
their safety and potential toxicities (Fu et al., 2013; Karmakar et al.,
2014; Mirshafiee et al., 2017; Baeza and Vallet-Regí, 2020; MacCuaig
et al., 2022). Therefore, assessment of their safety is of great
importance. Since there is not much information available on the
toxicological outcome of MSNs, the application of MSNs in drug
delivery has faced many challenges (Rascol et al., 2018). Hence,
evaluation and assessment of the mechanisms of nephrotoxicity and
hepatotoxicity and the need to provide methods or pharmacological
interventions to prevent organ toxicities caused byMSNs are of great
concern (Wang et al., 2022).

Physicochemical properties of MSNs including their particle size
(He et al., 2011), pore size (Zhang et al., 2012), shape and
morphology (Huang et al., 2011), specific surface area and
surface charge (Chung et al., 2007), and functionalization (Peng
et al., 2022) can highly affect their fate and pharmacokinetic aspects
including bio-distribution and clearance after the administration
through various routes. In this regard, this review mainly focused on
the effect of each of these physicochemical factors on MSNs
pharmacokinetic and also MSN-related toxicities, especially
MSN-associated nephrotoxicity, hepatotoxicity, and
hematotoxicity. In this review, we first introduced various
physicochemical properties of MSNs including their particle size,
particle shape, mesoporosity, pore size, specific surface area and
surface charge, and also surface functionalization. Since MSNs can
significantly affect the blood circulation time of the loaded cargo
(Peng et al., 2020) and also since the two main organs of clearance
are the kidney and the liver, we thereafter, emphasized on the
molecular mechanisms involved in the hepatotoxicity,
nephrotoxicity, and hematotoxicity of MSNs and propose

molecular interventions in prevention and management of their
possible associated toxicities. Finally, the effect of MSNs
functionalization and also their unique physicochemical
properties in the induction and avoidance of these potential
toxicities are summarized and discussed in detail.

2 Effects of physicochemical factors on
pharmacokinetic parameters

2.1 Particle size

Particle size that is defined as the diameter or dimension of the
particles can highly affect the MSNs’ fate in the body. MSNs with a
hydrodynamic diameter of smaller than 100 nm have higher
delivery efficiencies than larger ones. Furthermore, nearly neutral
charged NPs (with zeta potential values of about −10 to +10 mV)
have higher delivery efficiencies than those with higher zeta
potential values. In addition, rod-shaped NPs are more efficient
for drug delivery purposes than spherical or flake-like ones. These
trends probably reflect the in vivo stabilities of the NPs and
differences in renal clearance. Previous bio-distribution studies
have shown that physicochemical properties of NPs including
particle size, particle charge, and surface polymeric coatings (He
et al., 2011; Meng et al., 2011; Chen et al., 2013) along with routes of
administration (Garbuzenko et al., 2014; Sapino et al., 2015; Lindén,
2018) are critical in governing the fate of NPs. However, systematic
comparisons are lacking.

As mentioned previously, particle size would be crucial for
designing a topical drug delivery system. Results of a previous
study using synthesized three silica particles (SP) with different
particle sizes ranging from 400 to 600 nm (nSP), 2 μm (mSP-2), and
7 μm (mSP-7) for topical drug delivery of metronidazole, revealed
that the depth of skin penetration through the human skin model
was different. Therefore, these results revealed that the vertical
distribution of these SPs was size-dependent. In this regard, the
nano-sized silica particles (nSP) with particle size ranges of
400–600 nm were accumulated in the skin microstructures and
resided in furrows as far down as 20 μm, whilst the micro-sized
SPs (mSP-2 and mSP-7) were found to reside superficially (Valetti
et al., 2021).

Another study on gelatin-coated mesoporous hollow silica
nanospheres (GSN) with an average particle size of 140 nm as a
nanocarrier for glimepiride delivery was accompanied by enhanced
water solubility of the incorporated drug along with controlled
release rate and longer drug accumulation at the target site.
Glimepiride-GSNs showed 40% drug release at 1 h and more
than 90% during 24 h. In addition, this study revealed that the
Tmax, mean residence time (MRT), and 24-h area under the curve
(AUC0–24h) values in glimepiride-GSNs were significantly higher
than the commercially available product counterparts. Moreover,
the bioavailability of glimepiride was enhanced after incorporation
into the GSNs and also lead to higher cellular and intestinal mucosal
uptake (Yu et al., 2020).

A study on Nimesulide, a poorly water-soluble drug, loaded into
chiral mesoporous silica nanoparticles (CMSN) and enlarged chiral
mesoporous silica nanoparticles (E-CMSN) with a particle size
range of 200 to 300 nm revealed that the E-CMSN was the
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superior nanocarrier for NMS delivery due to its higher oral
bioavailability and anti-inflammatory effects. Also, the E-CMSN
with enlarged mesoporous characteristics showed higher drug
loading capacity (Guo et al., 2019).

The potential effect of particle size on bio-distribution and drug
clearance kinetics has been studied in healthy rats using stable,
monosized, and radiolabeled MSNs. Results revealed that increasing
the particle size from ~32 nm to ~142 nm was accompanied by a
monotonic decrease in systemic bioavailability irrespective of the
route of drug administration due to higher accumulation in the liver
and spleen (Dogra et al., 2018). Results of another study on the bio-
distribution and excretion of MSNs and polyethylene glycol (PEG)-
MSNs with different particle size ranges (80, 120, 200, and 360 nm)
on the animal model through tail-vein injection revealed that PEG-
MSNs in comparison to the MSNs with the same particle size had
much lower liver, spleen, and lung uptake which lead to lower bio-
distribution concentrations and therefore longer systemic
circulation life-time, slower biodegradation, and lower excretion
rate of the degradation products. In addition, the results of this study
revealed that MSNs with small particle sizes could easily escape from
the liver and spleen uptakes, therefore, slower biodegradation and
much lower excretion rate of biodegradation products were obtained
(He et al., 2011). In another study, MSNs coated with pH-responsive
poly (N-isopropylacrylamide-co-methacrylic acid; P NIPAM-co-
MAA) for doxorubicin (DOX) delivery (P-MSN-DOX) were
fabricated. Based on the obtained results, P-MSN-DOX NPs with
a particle size of 190 ± 30 nm and loading capacity of more than
20%, had longer systemic circulation along with lower cardiac and
renal drug accumulation and therefore much lower organ toxicity. A
Pharmacokinetic study showed that P-MSN-DOX had a larger AUC
value and longer half-life in comparison to the free DOX. Also, the
free DOX was rapidly eliminated from systemic circulation. In
contrast, MSN-DOX and P-MSN-DOX delivery systems showed
noticeably delayed and reduced drug clearance (Chen et al., 2013).

Pharmacokinetic study on paclitaxel and curcumin-loaded
homogeneous PEGylated lipid bilayers coated with highly
ordered MSNs (PLMSNs) with a particle size of 115 ± 15 nm
and thickness of 10–15 nm suggested that this novel drug
delivery system could significantly enhance the AUC of both
encapsulated drugs. In addition, the half-life of paclitaxel in the
PLMSNs group was 7.2-fold higher than that of the free paclitaxel.
As a result, longer systemic circulation could be achieved. Also, the
Cmax of both paclitaxel and curcumin in PLMSNs group was much
higher than that of the free drug group (Gao et al., 2019).

Skin penetration and cellular uptake of the amorphous SPs with
particle sizes ranging from 291 ± 9 nm to 42 ± 3 nm were also
investigated. NPs were applied on human skin explants with
partially disrupted stratum corneum. Results revealed that only
the SPs with an average diameter of 42 ± 3 nm are capable of
penetrating the epidermal cells and especially dendritic cells.
Therefore, skin penetration of these SPs was size-dependent. It
has been reported that NPs with an average diameter of above
75 nm were unable to penetrate through the human skin even after
mild skin barrier disruption by means of cyanoacrylate biopsy
(Rancan et al., 2012).

Comparison among three different DOX-loaded MSNs
including non-coated (NP1, 100 nm), PEG-coated (NP2, 50 nm),
and PEI-PEG-coated (NP3, 50 nm) NPs revealed that particle size

reduction and surface functionalization of MSNs was accompanied
with diminished particles opsonization and enhanced passive
delivery of DOX to human squamous carcinoma xenograft in
nude mice after IV injection. In addition, results of this study
showed that MSNs with an average particle size of 50 nm coated
with PEI-PEG copolymer were capable to obtain an excellent EPR
effect in comparison with the non-coated larger ones (NP1, 100 nm)
or those coated with PEG alone (NP2, 50 nm) confirming the effect
of surface functionalization (Meng et al., 2011).

Altogether, MSNs with smaller particle sizes show enhanced
skin penetration, better cellular uptake, reduced nanoparticles
opsonization, longer circulation time, reduced drug accumulation
within the organs and therefore diminished related toxicities, longer
half-lives, and more controllable drug release profile.

2.2 Mesoporosity and pore size

A mesoporous material is a nanoporous material containing
pores with a diameter between 2 and 50 nm. Fabrication of MSNs
should be accompanied by managing their pore sizes, since pore size
would be an essential physicochemical property of MSNs that can
affect the amount of drug loading and also dug release profile. In
order to assess the effect of theMSNs’ pore size on the release pattern
of poorly water-soluble drugs including itraconazole, pore size was
enhanced from 4.5 nm to 6.4 nm and the results suggested a
significant increase in drug release rate. While further
enhancement in MSNs’ pore size from 7.9 nm to 9 nm was
accompanied by only a minor enhancement in drug release rate
emphasizing on the effect of critical MSNs’ pore size on molecular
diffusion and drug release rate. Therefore, it seems that itraconazole
release profile from MSNs can be tuned through alteration in pore
sizes of NPs to optimum values in order to obtain the desired
kinetics of drug release (Mellaerts et al., 2007).

Results of another study on captopril-loaded MSNs recruiting
three different surfactants including C16TAB, C12TAB, and
EO20PO70EO20 revealed that through pore sizes increase, the
drug loading amount enhances significantly. In addition, MSNs
with the largest pore size (7.39 nm) showed the fastest drug release
rate (Qu et al., 2006).

In another study, fenofibrate-loaded three-ordered MSNs with
different pore diameters including 7.3 nm, 4.4 nm, and 2.7 nm were
designed and compared. Results revealed a significant increase in
drug release rate with increasing the pore sizes of MSNs. While the
pharmacokinetic data of this study showed that MSNs with smaller
pore sizes had better therapeutic efficacies with larger AUC values
(Van Speybroeck et al., 2010).

Another study investigated the effect of MCM-48 with pore sizes
of 3.7 nm and SBA-15 with pore sizes of 8.8 nm on the release
kinetics of ibuprofen. Results showed that pore sizes of MSNs can
affect drug release profile and its kinetic. In this regard, drug release
kinetics was best fitted with first-order and zero-order kinetics for
MCM-48 and SBA-15, respectively (Izquierdo-Barba et al., 2009).

Raloxifene hydrochloride with limited aqueous solubility was
incorporated into MSNs (with different pore sizes) including RLF-
41 (3.11 nm), RLF-48 (2.5 nm), RLF-41-NH2 (2.96 nm), and RLF-
48-NH2 (2.3 nm) in order to enhance its bioavailability. Results of
this study revealed that the Cmax values gradually declined in the
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following order: RLF-48< RLF-41<RLF-48-NH2<RLF-41-NH2. In
addition, the enhanced water solubility and systemic bioavailability
were more obvious for RLF-48 and RLF-48-NH in comparison to
RLF-41 and RLF-41-NH2 (Shah and Rajput, 2019).

Ibuprofen, a poorly aqueous-soluble drug, was co-spray dried
with MSNs (with different pore sizes) including MCM-41 (2 nm),
SBA-15 (6–8 nm), and SBA-15-LP (20 nm) in order to enhance the
dissolution rate. Results suggested that the physical and solid state of
ibuprofen were also affected by the pore sizes of MSNs.
Nanocrystalline ibuprofen could be incorporated into the pore
channels of ≥20 nm in diameter, while the amorphous ibuprofen
could be incorporated into the pore sizes of <10 nm. Therefore, the
dissolution rate could be affected by the solid state of the drug and
also the pore sizes of MSNs. The dissolution rate of co-spray dried
ibuprofen/SBA-15 was relatively faster than that of ibuprofen/
MCM-41 with percentage values of 95% vs. 88%, respectively
during 15 min. The dissolution rate of ibuprofen in ibuprofen/
SBA-15-LP formulation with pore sizes of 20 nm was the slowest
with 76% dissolution during 15 min (Shen et al., 2011).

Cilostazol-loaded into two different MSNs including MCM-41
and MCM-48 was designed to enhance the systemic bioavailability of
cilostazol. Results revealed that cilostazol-loaded MSNs with different
specific surface area pore sizes (surface area of 978.66 m2/g and pore
size 3.8 nm for MCM-41 and surface area of 1108.04 m2/g and pore
size of 3.6 nm forMCM-48) showed different behaviors in adsorption.
The cumulative percentages of drug release from cilostazol-MCM-
48 and cilostazol-MCM-41 within 60 min were 63.41% and 85.78%,
respectively. While the cumulative percentages of drug release within
12 h reached 100% for both of theseMSNs. The dissolution rate, Cmax,
and AUC values were significantly enhanced in MSNs formulation in
comparison to the free cilostazol. According to the results of drug
release assessments, MCM-41 with a pore size of 3.8 nm would be a
potential nanocarrier for sustained drug release purposes due to its
longer disconnected tubular structure. Results of the pharmacokinetic
assay revealed that both MSNs, especially the MCM-48 formulation,
could significantly improve the bioavailability of cilostazol (Wang
et al., 2014).

In a study, ibuprofen-loaded three-ordered MSNs were
synthesized inside the channels (120–200 nm in diameter and
60 µm long) of porous anodic alumina membranes with different
pore sizes including COL-CTAB (4.73 nm), CIRC-P123 (6.08 nm),
and COL-P123 (6.32 nm) and the effect of MSNs’ pore size on the
loading and release pattern of ibuprofen was investigated. According
to the reported data, ibuprofen in COL-P123 formulation had the
highest loading levels. Therefore, in MSNs with columnar
morphology, there was a significant association between pore
diameter and drug adsorption or loading capacity within the
mesoporous structure. MSNs with limited pore access showed
much lower drug adsorption within the NPs. In addition, the
morphology and pore sizes of the MSNs could drastically affect
the drug release rate. In this regard, results revealed that in columnar
MSNs, an increase in pore diameter could significantly enhance the
drug release rate (Cauda et al., 2009).

Taken together, MSNs with larger pore sizes promote faster
release rates. In addition, the pore size of MSNs could significantly
affect the kinetics of the drug release profile. Furthermore, MSNs
with larger pore sizes show faster dissolution rates of loaded
compounds in comparison to those with smaller pore sizes.

2.3 Shape and morphology

In order to show the crucial effect of MSNs’ shape on the
pharmacokinetics profile of the loaded drugs, three different
shapes of nifedipine-loaded fluorescent MSNs including long rod
NPs (NLR), short rod NPs (NSR), and spherical NPs (NS) were
investigated in a study after oral administration. Results of animal
studies indicated that the rod NPs had a longer residence time in the
gastrointestinal tract in comparison with the spherical ones. In
addition, the capability of NLR to overcome the rapid clearance
through the reticuloendothelial system (RES) was greater in
comparison with NSR and NS. Therefore, NLR exhibited a
longer systemic circulation than NSR and NS. Furthermore,
spherical NPs were cleared faster than rod ones through renal
excretion. Also, MSNs with different shapes showed different
biodegradation rates. In this regard, NSR had faster degradation
than NLR and NS. Results of the pharmacokinetic study
demonstrated that nifedipine-loaded NLR had a higher
bioavailability than NSR and NS formulations. In addition, the
AUC0-∞ of -loaded NLR, nifedipine-loaded NSR, and nifedipine-
loaded NS were 2.1-fold, 1.6-fold, and 1.4-fold higher than that of
the commercially available nifedipine tablets, respectively. Tmax, the
time taken to reach Cmax was about 10 min for all three MSNs, while
it was about 30 min for commercial nifedipine tablets (Zhao et al.,
2017).

The capability of albumin-coated hollow MSNs (A-HMSNs) to
improve the chemotherapeutic efficacy of docetaxel was investigated
in previous studies. Based on the results, A-HMSNs could
significantly improve the pharmacokinetic profile of docetaxel in
comparison with the free drug. Increased Cmax, Tmax, MRT, and
AUC values, prolonged drug release, extended systemic circulation
time, lower drug clearance, hemocompatibility, and higher drug
loading capacities were observed with this nano-delivery system.
Notably, these A-HMSNs were spherical in shape and had hollow
structures (Pandita et al., 2021).

Another study, investigated the effect of MSNs’ shape on oral
delivery and bioavailability of indomethacin, mesoporous silica
nanorods (MSNRs), and mesoporous silica nanospheres
(MSNSs). Results revealed that the cumulative percentage of drug
release from MSNRs reached 100% after 1 h, while this percentage
for free drug was only 27% after 1.5 h. The dissolution rate of
indomethacin in MSNRs was faster than that of MSNSs. Therefore,
different dissolution rates might be attributed to different pore
architectures and shapes of the MSNs. Since the MSNRs had
relatively more ordered helical channels and larger pore sizes in
their structure than MSNSs, therefore faster dissolution rate of
indomethacin was achieved with MSNRs. In addition, the
bioavailability of indomethacin-MSNR was approximately 4-fold
and 2.2-fold higher than that of the free indomethacin solution and
indomethacin-MSNS. Similarly, the AUC of indomethacin-MSNR
was significantly higher than that of indomethacin-MSNS and free
indomethacin solution (1.3-fold and 2.2-fold, respectively).
Moreover, MSNRs showed a longer systemic circulation and
could more easily overcome the rapid clearance through RES in
comparison with the MSNSs (Zhang et al., 2018a).

DOX hydrochloride DOX-loaded MSNSs and MSNRs with
different aspect ratios but identical surface chemistry were
designed to investigate the effect of MSNs’ shape on oral
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delivery. The results of this study revealed that MSNRs had a higher
cellular uptake than MSNSs. The apparent permeability coefficient
value of DOX-loaded MSNRs was about 1.8-fold, 3.2-fold, and 6.3-
time higher than DOX-loaded MSNS1, DOX-loaded MSNS2, and
free DOX solution, respectively. Also, the results of in vivo
pharmacokinetics study indicated that the AUC of DOX-loaded
MSNRs was 1.9-fold, 3.4-fold, and 5.7-fold higher than that of DOX-
loaded MSNS1, DOX-loaded MSNS2, and free DOX solution,
respectively (Zheng et al., 2018).

Another study investigated the effect of spherical and rod-
shaped mesoporous structures on cellular uptake efficiency in
various cancerous cell lines for potential uses as nanomedical
drug delivery systems. On the other hand, rod-shaped and
spherical particles were easily uptake by HeLa cells with minor
shape and charge differences, while in the Caco-2 cells, rod-shaped
particles were uptake more easily than spherical ones (Karaman
et al., 2012).

Three PEGylated fluorescent MSNs (FMSN-PEG) with different
shapes including long-rod (NLR-PEG), short-rod (NSR-PEG), and
sphere (NS-PEG) NPs were fabricated to evaluate the effect of NPs
shape on the cellular uptake pathway in Hela cells. The cellular
uptake kinetics and the pathways of these three different FMSN-
PEG were completely shape-dependent. In this regard, the NLR-
PEG showed higher intracellular retention amounts than the NSR-
PEG and NS-PEG over 8 h. The NSR-PEG showed the lowest
intracellular retention amount, especially with prolonged
incubation time. It has been reported that spherical NPs were
preferred in terms of internalization through the clathrin-
mediated pathway, while the MSNs with larger aspect ratios were
preferred to be internalized through the caveolae-mediated pathway.
Therefore, different cellular uptake kinetics can be attributed to the
different shapes of MSNs (Hao et al., 2012).

Furthermore, two different shapes of fluorescent MSNs with
AR values of 1.5, and 5 were designed in another study to
investigate the effects of NPs shape on bio-distribution,
clearance, and biocompatibility of the drugs through in vivo
studies. Results revealed that short-rod MSNs were easily
uptake and trapped within the liver, while long-rod MSNs
were more distributed in the spleen. Also, the clearance of
MSNs was primarily dependent on the nanoparticles’ shape.
In this regard, the short-rod MSNs had a more rapid
clearance than long-rod ones (Huang et al., 2011).

In summary, Rod shape MSNs have longer residence time in the
gastrointestinal tract in comparison with the spherical ones. In
addition, the long rod MSNs have a greater capability to
overcome the rapid clearance through the RES in comparison
with the short rod MSNs and spherical ones. Therefore, long rod
MSNs exhibit a longer systemic circulation than short rod and
spherical shape MSNs. Moreover, spherical MSNs show faster renal
clearance than rod-shaped ones. The dissolution rate of loaded drugs
in nanorod MSNs is faster than that of nanosphere MSNs.

2.4 Surface functionalization

Surface functionalization can be defined as the decoration of
different functional groups, via the chemical bonds, on the
surface of the particles. In a study, resveratrol, a polyphenol

agent with anti-oxidant, anti-inflammatory, and anti-cancer
properties, was loaded into the uniformly sized (~60 nm)
functionalized MSNs including PO3-MSNs and NH2-MSNs in
order to improve its in vitro anti-proliferative activity and also to
sensitize docetaxel in hypoxia-induced drug resistance in
prostate cancer. Resveratrol was efficiently encapsulated within
phosphonate (PO3; negatively charged) and amine (NH2;
positively charged)-decorated MSNs. The effect of surface
functionalization of MSNs on drug loading, in vitro drug
release, anti-proliferative activity, and cytotoxic capability of
resveratrol in prostate cancer cell lines was also investigated in
this study. Results revealed that at pH 7.4, both free resveratrol
and resveratrol-loaded NH2-MSNs had burst drug release which
reached to plateau (90% cumulative drug release) within 12 h,
while the resveratrol-loaded PO3-MSNs revealed a significantly
slower drug release rate with only 50% cumulative drug release
after 12 h. Drug release assessments at pH 5.5 showed that both
PO3-MSNs and NH2-MSNs had sustained drug release over 24 h
(about 40% cumulative drug release) (Chaudhary et al., 2019).

Oral administration of some nanocarriers still faced significant
challenge in pharmaceutical industries. Since the designed
nanocarriers should efficiently overcome multiple gastrointestinal
barriers including the harsh gastrointestinal environment, the
mucosal layer, and the epithelium layer. Neutral hydrophilic
surfaces are necessary for mucosal permeation, while
hydrophobic and cationic surfaces are crucial for efficient
epithelial permeation. In order to adjust these conflicting surface
properties, some strategies have been considered to modify
nanocarriers surfaces. Surface modification with cationic cell-
penetrating peptides concealed by a hydrophilic succinylated
casein layer was one of these approaches. Furthermore, quantum
dots doped hollow silica nanoparticles (HSQN) with an average
diameter of about 180 nm were used and demonstrated a suitable
loading efficacy of 50% for paclitaxel as a poorly water-soluble drug
with low permeability. After gastrointestinal degradation of
succinylated casein by peptidase, strong interaction with
epithelial membranes led to a 5-time increase in cellular
internalization. Results of the pharmacokinetics study on
paclitaxel-loaded surface-modified MSNs revealed a 40%
enhancement in absolute bioavailability and a 7.8-fold higher
AUC value in comparison to the free paclitaxel after oral
administration (Wang et al., 2018).

Indomethacin-loaded amino-modified mesoporous silica
xerogel (B-AMSX) and mesoporous silica xerogel without amino
modification (B-MSX) were designed in a study and characterized to
improve drug solubility. Loading capacity of B-AMSX was higher
than that of B-MSX. Since more indomethacin molecules can be
encapsulated via the stronger hydrogen bonding force induced by
the amine functional group. In addition, results of in vitro drug
release assessment revealed that both B-MSX and B-AMSX could
improve indomethacin release profile. However, indomethacin was
released from the B-AMSX a little faster than the B-MSX due to the
larger pore sizes in the B-AMSX structure (Li et al., 2016a).

A dual-functionalized MSN with carboxyl modification and
chirality was successfully designed and developed for the purpose of
DOX delivery. Characteristics of Dual-MSN and recruiting as DOX
nanocarrier were compared with naked non-functionalized MSN.
Results of this study indicated that both naked MSN and dual-MSN
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could remarkably control DOX release because of the presence of
release modulation induced by their mesoporous structure. However,
the dual-MSN showed a pH-responsive drug release pattern due to the
negative charges of its carboxyl groups. The cytotoxicity profile of
DOX-loaded dual-MSN was better than DOX-loaded naked MSN
owing to its enhanced cellular internalization governed by the chirality
of dual-MSN. In addition, the outcome of this study emphasized on the
superiority of dual-MSN in the enhancement of the antitumor effect of
DOX against MCF-7 cells. Therefore, dual-MSN would be a promising
nanocarrier for DOX delivery (Li et al., 2016b).

Curcumin-loaded amine-functionalized MSN was
investigated to enhance the bioavailability of curcumin in
animal models after oral administration. In this regard, the
effect of particle size on drug release profile, drug solubility,
and oral bioavailability of curcumin was assessed in both amine-
functionalized MSN with particle size ranges of 100–200 nm and
amine-functionalized mesoporous silica microparticles (MSM).
Results revealed that curcumin-loaded amine-functionalized
MSN (MSN-A-Cur) had a modified drug release pattern and
enhanced drug solubility in comparison with curcumin-loaded
amine-functionalized MSM (MSM-A-Cur). In addition, the
bioavailability of both MSN-A-Cur and MSM-A-Cur were
significantly higher than the free curcumin. These results
confirmed the capability of amine-functionalized MSN as a
preferred nanocarrier for oral delivery of poorly water-soluble
drugs (Hartono et al., 2016).

Etoposide-loaded highly ordered hexagonal MSNs (MCM-41)
and also MSNs functionalized with amino groups (MCM-41-A)
were designed to assess the effect of amine-functionalization on the
release pattern of poorly water-soluble drugs including etoposide.
The release pattern of crystalline etoposide, commercial
formulation, etoposide-MCM-4, and etoposide-MCM-41-A were
assessed and compared. Drug release rate from MCM-41 was much
faster than that of crystalline etoposide and commercial formulation.
These results might be attributed to the enhanced dissolution rate of
etoposide from MCM-41 of about 5.1-fold and 1.16-fold in
comparison to the crystalline etoposide and commercial
formulation, respectively. Furthermore, burst release was solely
detected in unmodified MCM-41 NPs and it did not occur for
MCA-41-A NPs. Drug release kinetics for MCM-41 and MCM-41-
A NPs were best fitted with Weibull and Higuchi model,
respectively. Therefore, the amine-functionalization of MSNs was
accompanied by a more sustained drug release pattern (Saroj and
Rajput, 2018).

In another study, DOX-loaded amino-modified multimodal
MSNs (M-NSNs-NH2) were fabricated to enhance drug loading
capacity in order to obtain a controlled drug release profile. Results
revealed that both M-NSNs and M-MSNs-NH2 could significantly
control the DOX release in comparison to free DOX. However,
DOX-loaded M-MSNs-NH2 showed a slower and more sustained
drug release pattern in comparison to DOX-loaded M-MSNs which
can be attributed to the presence of stronger hydrogen bonding
forces between DOX and amine group in M-MSNs-NH2 (Wang
et al., 2017).

Paracetamol as the most commonly used analgesic and
antipyretic drug has a challenge of dosing frequency.
Therefore, it would be desirable to change the drug release
kinetics to a zero-order model. In this regard, non-toxic

wrinkled mesoporous carbons with specific morphology was
fabricated as suitable carriers for paracetamol delivery. The
fabricated particles could significantly control the release rate
of the loaded drug over 24 h in a simulated gastric fluid and drug
release kinetics was best fitted to the zero-order model. This
delivery system could also increase the bioavailability of
paracetamol and extend its duration of action (Goscianska
et al., 2021). This study revealed that among the three
different carriers including wrinkled mesoporous silica
(WMS), wrinkled mesoporous carbon (WMC), and modified
WMC (ox-WMC; oxidized with ammonium persulfate solution
to produce surface oxygen-containing functional groups) which
were investigated in paracetamol delivery, Ox-WMC had the
lowest pore volume and average pore diameter in comparison
with WMS and WMC. Hence, drug molecules could not be
readily placed within the pores of ox-WMC and therefore
paracetamol release pattern was faster than that of the non-
functionalized WMC. Drug release assessment at pH 1.2
(simulated gastric fluid) revealed that the cumulative
percentage of paracetamol release during 24 h was the
highest for ox-WMC and the lowest for WMS. The initial
burst release was only reported for WMS. The release rate of
paracetamol from both WMC and ox-WMC remained constant
over the assay period and no burst release occurred (Goscianska
et al., 2021).

To obtain gemcitabine and quercetin delivery, MSN
functionalized withNH2, SH, and COOH, as suitable drug
delivery systems were fabricated. Drug loading capacity and
drug release profile of bare and functionalized MSNs were
investigated for both gemcitabine (as a hydrophilic drug) and
quercetin (as a hydrophobic drug). Based on the results, the
functionalized MSNs exhibited higher drug loading capacity and
slower drug release profile due to the electrostatic interaction and
also the hydrogen bonding between the organic functional groups
on the MSN surface and the drug molecules. Regarding quercetin,
the MSN-NH2 showed the highest drug loading (72%) and also
the slowest pH-dependent drug release pattern. As for
gemcitabine, the MSN-COOH showed the highest drug
loading (45%) and also the slowest pH-dependent drug release
(Zaharudin et al., 2020).

Results of another study reported that methotrexate delivery to
the brain was significantly enhanced through the encapsulation of
methotrexate in MSNs functionalized with transactivator of
transcription peptide which is a cell-penetrating peptide.
Therefore, surface functionalization of MSNs was accompanied
by enhanced brain penetration and uptake, increased
methotrexate half-life, and enhanced brain-to-plasma
concentration ratios (Shadmani et al., 2023).

As a whole, Amine-functionalized MSNs with positive surface
charge show a faster release rate in comparison to phosphate-
functionalized MSNs with negative surface charge. However, the
amino-functionalization of MSNs is accompanied by enhanced drug
loading capacity and also a more sustained drug release pattern in
comparison to the naked MSNs. Carboxyl-functionalized MSNs
show a pH-responsive drug release pattern due to the negative
charges of their carboxyl groups. In addition, carboxyl
functionalization would be associated with enhanced cellular
uptake of the loaded drug.
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2.5 Specific surface area

Specific surface area is defined as the surface area of 1 g or 1 cm3

of the materials. A study conducted on velpatasvir, a poorly water-
soluble antiviral drug, was encapsulated into MSNs. In this regard,
blank MSNs with specific surface area and pore diameter of 602.5 ±
0.7 m2/g and 5.9 nm, were synthesized, respectively. The surface area
and pore size values were reduced after the incorporation of
velpatasvir into MSNs. The results of this study showed that free
velpatasvir had a poor dissolution rate along with a progressive
increase in the pH of the dissolutionmedia that could reduce the oral
bioavailability of velpatasvir. Drug release assessments at a wide
range of pH values (from 1.2 to 6.8) revealed an enhancement in
drug solubility and release pattern. In addition, the in vivo
pharmacokinetic data showed that velpatasvir-MSNs could
significantly enhance the oral bioavailability of the drug in
comparison to free velpatasvir. Furthermore, the AUC and Cmax

values were enhanced for velpatasvir-MSNs, while the Tmax was
reduced in comparison to the free velpatasvir. The in vivo results
were in accordance with the in vitro studies where the velpatasvir-
MSNs in comparison to free velpatasvir showed rapid dissolution
rate, higher absorption, higher systemic concentration, and higher
accumulation of velpatasvir-MSNs at the target site, i.e., the liver.
Therefore, it seems that MSNs are capable of improving the both
in vitro and in vivo performance of poorly water-soluble drugs with
limited oral bioavailability (Mehmood et al., 2020).

Ibuprofen-loadedMSNs with specific microstructural properties
were also synthesized through the binary surfactant templated
approach with different concentrations of Pluronic F127. Results
exhibited that the drug loading amount was mainly dependent on
the specific surface area values. In this regard, the
F127 concentration of 0.17 mM induced the highest specific
surface area of 1300 m2/g and the largest pore volume of
0.99 cm3/g. While increment in the F127 concentrations was
accompanied by a reduction in the specific surface area of MSNs.
In general, the particle size reduction can increase the particle-
specific surface area. It has been shown that the specific surface area
of MSNs was profoundly affected by the NP’s pore volume than the
particle size, therefore, the highest surface area of MSNs was gained
with the lowest F127 concentration. In addition, the amount of
loaded drug was mostly dependent to the specific surface area. Also,
the MSNs prepared with the highest F127 concentration showed the
fastest drug release pattern (Chen et al., 2012).

All together, reduction in MSNs’ particle sizes and also increase
in porosity of MSNs are associated with enhanced surface area. In
addition, the surface area of the MSNs is correlated with pore sizes.
MSNs with higher surface area would result in a higher drug loading
capacity and also a faster drug release rate.

2.6 Surface charge

Surface charge would be defined as density of the electric charge
that existed on the surface of the particles. Porous silica particles
with spherical and rod-shaped structures were investigated in a
previous study to compare their cellular uptake efficiencies in
2 various cancerous cell lines including HeLa cells and Caco-2
cells. Based on the results, both of them could easily internalize

into the HeLa cells with slight particle shape and particle charge
differences. While, for Caco-2 cells, the rod-shaped particles could
internalize more efficiently. The difference in cellular uptake was
most obvious for uncoated silica particles for both HeLa and Caco-2
cell lines. In addition, it has been reported that silica particles with
higher particle charges could induce higher cellular uptake.
Therefore, a net positive charge could enhance cellular
internalization regardless of particle shape and the type of cell
line. Moreover, the surface charge is another potential factor to
modulate the cellular internalization even in HeLa cells. It has been
reported that higher particle charges (+/−) resulted in higher cellular
uptake in comparison to the net neutral charge. However, the
positive net charge was superior to the negative charge for the
purpose of cellular uptake enhancement. At higher concentrations,
the effect of surface charge was predominated in HeLa cells, and the
rod-shaped particles were internalized regardless of coating. While
for the sphere-shaped particles and Caco-2 cells, the distinctions
based on particle coating still remained. Since the particle shape can
influence the cellular uptake of drugs in a cell-dependent manner,
morphologically engineered particles could be used potentially as a
promising tool to enhance NP-mediated drug delivery (Karaman
et al., 2012).

Two different indomethacin delivery systems including chiral
MSNs (CMSNs with a surface area of 525.36 m2/g) and amino-
modified chiral MSNs (Amino-CMSNs with positive surface charge
and surface area of 190.74 m2/g) were designed to assess the oral
bioavailability and pharmacokinetic parameters. Both CMSN and
Amino-CMSN were safe to be circulated in the blood. Also, the
Amino-CMSN showed a significantly lower hemolysis ratio than
CMSN. In addition, the oral bioavailability and anti-inflammation
effect of indomethacin-loaded CMSN and Amino-CMSN were
significantly enhanced in comparison to the free indomethacin
which can be attributed to the enhanced dissolution rate.
Moreover, the indomethacin-loaded Amino-CMSN with a
positive surface charge could induce improved biological effects
(Li et al., 2018).

Curcumin-loaded MSNs (MCM-41) with different surface
chemistry properties were designed to assess the anticancer
activity. Furthermore, curcumin encapsulated within pristine
MCM-41 (a hydrophilic and negatively charged MSN), amino-
functionalized MCM-41 (MCM-41-NH2; a hydrophilic and
positively charged MSN), and methyl-functionalized MCM-41
(MCM-41-CH3; a hydrophobic and negatively charged MSN)
were also synthesized, characterized and cell cytotoxicity was
assessed in human squamous cell carcinoma (SCC25) cell line.
Both positively and negatively charged hydrophilic MSNs were
shown to improve drug release profiles and enhance anti-cancer
activity in comparison to free curcumin. However, the positively
charged hydrophilic MSNs showed higher cellular uptake in
comparison to the negatively charged ones which can be
attributed to the stronger electrostatic interactions with cells. The
hydrophobic surface-modified NPs (MCM-41-CH3) showed no
improvement in drug release profile, nor in its anticancer activity
because of its poor wetting effect. Cell cycle analysis and cell
apoptosis studies showed that although different mechanisms
were involved in the anti-cancer properties of positively and
negatively charged MSNs, they exhibited similar anti-cancer
activity in SCC25 cells (Jambhrunkar et al., 2014).
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Another study on large-pore Atto-647-MSNs with a hexagonal
well-ordered pore structure was synthesized via sol-gel co-
condensation of tetraethoxysilane and Atto-647-conjugated 3-
aminopropyltrimethoxysilane in the presence of CTAB, a
swelling agent (n-octane), and a base catalyst (NH4OH). In order
to enhance DOX cellular uptake as well as minimize self-
aggregation, the outermost surfaces of MSNs were functionalized
with trimethylammonium (TA) groups that could enhance the NP’s
surface charge. At higher positive charges of the surface of TA-
modified MSNs, higher rate of the cellular internalization was
observed. Therefore, surface charge modulation of MSNs through
the decoration of positively charged TA groups could be directly
associated with cellular uptake and cytotoxicity potential (Lee et al.,
2010).

In a study, pentamidine, as an antiprotozoal agent, was loaded
into bare and functionalized MSNs including carboxypropyl-,
aminopropyl- and cyanopropyl-MSNs to compare the drug
release profile. This study revealed that aminopropyl-MSNs had
positive ζ potential values, carboxypropyl-MSNs had negative ζ
potential values, while the cyanopropyl-MSNs were neutral.
Based on the results, only the negatively-charged MSNs including
MSN-OH and MSN-COOH, were effective while the neutral or
positively-charged MSNs (MSN-CN and MSN-NH2) were not.
These results can be attributed to a proton transfer from Si-OH
and -COOH surface group to pentamidine that can lead to the
formation of a complex that is stabilized by electrostatic interactions.
In contrast, the positively-charged MSN-NH2 in the aqueous
medium and the neutral environment correspond to the MSN-
CN could not result in a stable drug loading. Furthermore, faster
pentamidine release from MSN-OH was observed, while
pentamidine was released more gradually from MSN-COOH.
The obtained results showed the effect of hydrophobic
interactions between the drug molecule and the propyl graft
chains of MSN-COOH on drug encapsulation and stabilization
inside the MSNs’ pores that can lead to a sustained release
pattern (Peretti et al., 2018).

In order to provide mixed-charged brush MSNs, the surface was
modified with two silane molecules (-NH3

+/−PO3
-), and their low-

fouling capability, surface characteristics, and cellular uptake were
compared with PEGylated MSNs. The MSN functionalization
process consisted of the simultaneous direct-grafting of the
hydrolyzable short-chain amino (aminopropyl silanetriol) and
phosphonate-based (trihydroxy-silyl-propyl-methyl-phosphonate)
silane molecules to induce a pseudo-zwitterionic nature at
physiological pH states. The results showed that both mixed-
charged pseudo-zwitterionic MSNs and PEG-MSN induced a
significant reduction in serum protein adhesion and cellular
uptake regarding to pristine MSNs. Regarding pseudo-
zwitterionic MSNs, this reduction was up to 70%–90% for
protein adsorption and up to 60% for cellular uptake. Pseudo-
zwitterionic MSNs could enhance targeted local drug delivery by
the synergistic effect of the capability of the nanocarriers to deliver
active pharmaceuticals to the specific site and also the induce of
electrostatic interactions between the mixed-charge MSNs and
bacteria (Encinas et al., 2019).

Briefly, MSNs with higher surface charge could enhance cellular
uptake. Higher particle charges (regardless of positive or negative
charges) result in higher cellular uptake in comparison to the neutral

net charge. However, the positive net charge would be superior to
the negative charge for the purpose of cellular uptake enhancement.
In addition, MSNs with positive surface area show higher
dissolution rates and improve the biological effects. Moreover,
the electrostatic attraction between the loaded drug and the
MSNs surface charge can lead to a sustained drug release profile.

3 Organ-based toxicity of MSNs

3.1 Nephrotoxicity of MSNs

After entering the bloodstream MSNs can as well enter the
lymph and thus access various organs and tissues (Sarkar et al.,
2014). The kidney as one of the main excretory organs, is supplied
with large amounts of blood vessels. In this regard, MSN-induced
renal toxicity should be considered (Chen et al., 2015). MSNs that
circulate in the blood can be filtered by the kidney and by means of
the glomerular filtration barrier. Glomerular endothelial cells and
glomerular basement membrane and podocytes are components of
the glomerular filtration barrier (Kamaly et al., 2016; George et al.,
2017).

A number of in vitro and in vivo reports showed the potential
toxicity of MSNs (Murugadoss et al., 2017). Although the
nephrotoxicity of MSNs has been mentioned in these studies, the
mechanism of renal toxicity caused by MSNs is still not fully
elucidated (Mahmoud et al., 2019a). MSNs can induce oxidative
stress, inflammation, fibrosis, autophagy, and at last organ injury
(Chou et al., 2017; Zhang et al., 2018b; Hozayen et al., 2019).

3.1.1 Mechanisms involved in nephrotoxicity of
MSNs
3.1.1.1 Activation of TLR4/MyD88/NF-κB signaling pathway

The mechanism of nephrotoxicity of MSNs is probably through
inflammation and oxidative stress, which is governed through the
activation of the nuclear factor-kappa B (NF-κB) pathway (Xi et al.,
2016; Mahmoud et al., 2019a) (Chen et al., 2015). NF-κB is
considered as a transcription factor for regulating inflammation
(Yuan et al., 2020). NF-κB contributes markedly to various cellular
functions from cell survival to cell death, as well as predisposition to
various diseases. Regulation of the immune system, inflammation,
function of the nervous system as well as the development of cancer
are influenced by the signaling of NF-κB (Yamamoto and Gaynor,
2001; Mahmoud et al., 2019a). Toll-like receptors (TLRs) can be
considered as an important class of protein molecules that are
involved in non-specific immunity and can act as a bridge
between non-specific and specific immunity. TLRs are a family of
transmembrane receptors that can activate downstream
proinflammatory cascades. In fact, innate immune cells detect
danger signals through TLR engagement. One of the downstream
pathways of TLR4 is TLR4/MyD88/NF-κB signaling pathway, which
ultimately leads to NF-κB activation and inflammation (Zhang et al.,
2022). Activation of NF-κB can increase the expression and release
of pro-inflammatory cytokines such as tumor necrosis factor alpha
(TNF-α) and interleukin-6 (IL-6) and can also cause the
accumulation of infiltrating inflammatory cells in the kidney. In
conclusion, all of these can lead to inflammation in the kidney (Hu
et al., 2020; Ren et al., 2020). Inflammation that is caused by the
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production of pro-inflammatory cytokines, can eventually lead to
damage to the nephrons and kidneys (Chen et al., 2018) and may
often lead to chronic kidney disease (CKD) (Qian, 2017). MSNs can
increase the release of TNF-α, interleukin-1 beta (IL-1β), and IL-6 by
activating NF-κB. In general, NF-κB plays an important role in
inflammation and oxidative stress, and studies have shown that
silica nanoparticles can activate NF-κB (Waters et al., 2009; Chen
et al., 2015). Toll-like receptor 4 (TLR4) activation and Myeloid
differentiation primary response 88 (MyD88) play an effective role
in NF-κB activation (Winkler et al., 2017). It has been observed that
the expression of TLR4 andMyD88 was increased inMSN-receiving
rats. Therefore, the TLR4/MyD88/NF-κB signaling pathway may be
involved in the kidney damage caused by MSNs (Mahmoud et al.,
2019a).

3.1.1.2 Oxidative stress and overproduction of reactive
oxygen species (ROS)

The main mechanism involved in MSN-induced
nephrotoxicity is oxidative stress. As ROS production
increases, an imbalance is created between the ROS level and
the antioxidant defense, which ultimately leads to oxidative stress
(Chen et al., 2008; Hayyan et al., 2016). Increased levels of ROS
disrupt the natural mechanism of cell metabolism, which can
eventually lead to inflammation and DNA damage, cell cycle
arrest, and ultimately cell apoptosis (Nemmar et al., 2016; Xiao
et al., 2016; Reddy et al., 2017). Apoptosis in renal tubular
epithelial could be of the main cause of tubular dysfunction
(Basile et al., 2012; Berger and Moeller, 2014). ROS can also cause
podocyte injury or reduce podocyte activity (Xu et al., 2012) (Xu
et al., 2013) (Wolf et al., 2005). It has been shown that different
types of MSNs can induce the production of intracellular ROS.
However, NP size, chemical composition, and surface reactivity
contribute substantially in this regard (Møller et al., 2010; Thit
et al., 2015; Xiao et al., 2016; Reshma and Mohanan, 2017).

MSNs can increase ROS in kidneys in a dose-dependent
manner. Overproduction of ROS can lead to lipid peroxidation
and induce damage to cellular proteins and DNA (Sun et al., 2011;
Zuo et al., 2016). In MSNs-administered rats, it has been observed
that following excessive production of ROS, there is an increase in
malondialdehyde level, and a reduction in glutathione level,
superoxide dismutase, catalase (CAT), and glutathione peroxidase
activity. These findings refer to the state of oxidative stress caused by
MSN in the kidneys of rats (Yu et al., 2017a).

MSNs can also increase nitric oxide (NO) production in rat
kidneys. The increase in the expression of inducible NO synthase
(iNOS) can lead to the overproduction of ROS and ultimately the
synthesis of pro-inflammatory cytokines (Xue et al., 2014;
Mahmoud et al., 2019a).

In the studies conducted on MSNs, it has been determined that
they have the ability to produce intrinsic ROS and can activate
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
[NOX] and cause mitochondrial dysfunction (Fubini and Hubbard,
2003; Chen et al., 2015). The redox potential sensor transient
receptor potential melastatin 2 (TRPM2) is responsible for the
regulation of NOX activity and ROS generation in the human
embryonic kidney 293 cell line (HEK293) treated with MSNs
(Chen et al., 2015).

3.1.1.3 Suppression of Nrf2/ARE/HO-1 signaling pathway
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a

transcription factor that can regulate the expression of
antioxidants such as heme oxygenase (HO-1) (Satta et al., 2017).
The main function of Nrf2 is the activation of the antioxidant
response. If mild oxidative stress is present, ROS can disrupt the
Keap1–Cullin 3 ubiquitination system, which degrades Nrf2.
Therefore, Nrf2 can translocate into the nucleus and form a
complex with small MAF and bind to the antioxidant response
element (ARE), which ultimately can increase the expression of
antioxidant genes (Itoh et al., 1997) (Villeneuve et al., 2010). In
general, the activation of Nrf2 signaling can lead to an increase in
antioxidants and a decrease in ROS levels. It has been found that
MSN-administered rats can possibly inhibit Nrf2 in a dose-
dependent manner. Also, a decrease in HO-1 expression along
with a decrease in antioxidant enzymes has been observed in
MSN-administered rats. These could indicate override and
sustained oxidative stress in MSN-receiving rats (Mahmoud
et al., 2018; ALHaithloul et al., 2019; Mahmoud et al., 2019a;
Mahmoud et al., 2019b).

3.1.1.4 Activation of JAK2/STAT3 signaling pathway
MSNsmay also activate the Janus kinase 2/signal transducer and

activator of the transcription 3 (JAK2/STAT3) signaling pathway.
STAT3 may be involved in MSN-induced fibrosis since MSNs can
increase the phosphorylation of JAK2 and STAT3 in rat kidneys
(Levy and Darnell, 2002; Ogata et al., 2006; Mahmoud et al., 2019a).
MSNs may also promote fibrosis induced by the enhanced collagen
expression (Mahmoud et al., 2019a).

3.1.2 Laboratory studies
3.1.2.1 In vivo studies

In a study on MSN-administered rats, increased renal toxicity
with a significant elevation in serum creatinine and urea was
observed. Serum creatinine increased on day 14 after intragastric
administration of 40 mg/kgMSNs in rats. Following consumption of
25 mg/kg MSNs, various kidney damages including tubular
degeneration, glomerulonephritis, glomerular hypercellularity,
chronic nephritis, and leukocyte infiltration were reported. At the
dose of 50 mg/kg of MSNs, tubular necrosis was observed as well. In
higher doses, glomerular atrophy, casts, tubular dilatation, cystic,
and Bowman’s capsule dilatation occurred. Following the injection
of 300 and 600 mg/kg MSN, on day 12, lymphocytic infiltration,
interstitial fibrosis, and renal tubular regeneration were observed in
mice. As a result, MSNs can affect the function and structure of
kidneys (Mahmoud et al., 2019a).

In another study, it has been determined that IP administration
of MSNs in mice has the ability to cause selective acute kidney
toxicity in the early stages, which can lead to interstitial fibrosis of
renal tubules. In this study, inflammation has been introduced as the
main cause of acute kidney toxicity induced by MSNs, which is
modulated by the NF-κB signaling pathway (Chen et al., 2015).

The toxicity of MSNs after a single IP administration also has
been investigated in BALB/c mice. Severe spread of renal interstitial
inflammatory reactions and hyperemia of renal tubules were
identified in the histological studies. Also, the increase in BUN
and serum creatinine levels, which are very sensitive indicators of
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kidney toxicity, indicate MSN-induced kidney function injury
(Wang et al., 2022).

3.1.2.2 In vitro studies
In vitro studies can sometimes be controversial in the global

framework of nano-toxicity. Controversial results in such studies
may be due to differences in production processes or life cycles of
NPs or dispersion methods, which ultimately lead to differences in
surface characteristics and reactivity of NPs. Therefore, precise
control of the physical and chemical properties of the tested NPs
is essential (Barillet et al., 2010).

In order to investigate renal toxicity of NPs, different cell lines
are used among which glomerular mesangial cells (IP15) (L’azou
et al., 2008), epithelial proximal tubular cells (LLC-PK1, NRK-52E,
HK-2) (Passagne et al., 2012) (Valentini et al., 2017), epithelial distal
tubular cells (MDCK) (Yamagishi et al., 2013), HEK293 (Wang
et al., 2009), porcine kidney (PK 15) (Milić et al., 2015) are mostly
used however, depending on the type of the cell line toxicity result
may vary.

In an in vitro study conducted on rat kidney cell line (NRK-52E),
cytotoxicity and fibrosis markers, and NF-κB pathways were
investigated. It was determined that MSNs can cause cytotoxicity
and can increase the expression of fibrosis markers and can induce
NF-κB pathway activation (Chen et al., 2015).

In a study, the genotoxicity of MSNs in HEK293 cells has been
investigated. For this purpose, HEK293 cells were treated with
100 μg/mL MSNs for 24 h. As a result, it has been found that
MSNs can significantly alter the expression of various genes.
MSNs have been able to cause upregulation in the expression of
579 genes and downregulation in the expression of 1263 genes. This
genotoxicity may induce cellular dysfunction and other benign
diseases (Zhang et al., 2015).

3.1.3 Proposed solutions to reduce MSNs
nephrotoxicity

forkhead box protein O3 (FOXO3) belongs to the O subgroup
of the forkhead family of transcription factors. FOXO3 can act as
a regulating factor in various cell functions including growth,
metabolism, and survival (Nho and Hergert, 2014). FOXO3 can
also regulate oxidative stress and inflammatory process.
FOXO3 can promote the gene transcription of MnSOD and
CAT by binding to the gene promoter region and ultimately
increase the level of ROS (Shi et al., 2019a; Han et al., 2020).
FOXO3 can also bind to NF-κB and eventually lead to the
inhibition of NF-κB activity (Hwang et al., 2011). Therefore,
in general, upregulation of FOXO3 activity may be able to delay
the inflammatory process and increase the antioxidant capacity
of the cell. This can make FOXO3 a therapeutic target for MSN-
induced nephrotoxicity (Wang et al., 2022). Apigenin, which is a
phytochemical flavonoid, can be effective in the regulation of
FOXO3 levels. Apigenin can inhibit NF-κB activity and thus lead
to a reduction in the level of pro-inflammatory cytokines (Sun
et al., 2016; Ranucci et al., 2020). Therefore, Apigenin may
prevent MSN-induced renal cytotoxicity by reducing
inflammation and oxidative stress (Wang et al., 2022). In a
study, the effect of Apigenin on MSN-induced nephrotoxicity
has been investigated. It has been found that Apigenin can
decrease the level of BUN and serum creatinine and increase

the level of superoxide dismutase, glutathione, and CAT and
improve the pathological changes caused by MSNs in the kidneys
of mice (Wang et al., 2022).

The potential effects of the route of administration, particle
size, and dose on the nephrotoxicity of MSNs are summarized in
Table 1.

3.2 Hepatotoxicity of MSNs

Numerous studies have reported that several factors including
particle size, porosity, animal sex, and duration of exposure can
affect the hepatotoxicity of MSNs (Mohammadpour et al., 2019).

3.2.1 Mechanisms involved in the hepatotoxicity of
MSNs

The liver is a specific immunological and anatomical site in
which blood is perfused through a network of sinusoids. Different
zones of the liver are responsible for different functions. Blood
antigens in the liver can be scanned by antigen-presenting cells and
lymphocytes. The liver as a multicellular structure has four lobes
which are subdivided into hexagonal-shaped lobules (Racanelli and
Rehermann, 2006; Thompson and Takebe, 2021). The liver is a
major organ for immune defense and metabolism. Studies have
elucidated that many nanoparticles prefer to accumulate in the liver.
Although they can participate in the treatment of liver diseases such
as liver fibrosis, viral hepatitis, and liver cell carcinoma, however,
they can also cause liver injury. Their hepatotoxicity effects depend
on the size, charge, dose, and modification of the MSNs. An
increasing number of studies have found that nanomaterials can
trigger the immune system and elevate ROS levels, leading to liver
damage. Kupffer cells (KCs) as specialized macrophages have an
important role in the clearance of substances such as MSNs, gut-
derived bacteria, and bacterial toxins. Autophagy is a critical
dynamic intracellular process for cell hemostasis and often has a
protective role in the liver. Impaired autophagy in KCs exacerbates
liver injury in diseases like liver fibrosis, toxin-induced liver injury,
and alcoholic liver disease (Zhu et al., 2017).

Herein, we provide an overview of different molecular
mechanisms involved in the hepatotoxicity of MSNs as well as
available data on their liver toxicity in cell cultures, animal models,
and at last, present data from available clinical studies. A schematic
view of the main pathways involved in the hepatotoxicity and
nephrotoxicity of MSNs is depicted in Figure 1.

MSN can induce oxidative stress, inflammation, fibrosis, and
liver injury. Activation of TLR4/MyD88/NF-κB and JAK2/
STAT3 signaling, suppression of the Nrf2/ARE/HO-1 pathway,
pyroptosis, and autophagy are involved in MSN hepatotoxicity
(Mahmoud et al., 2019a) and are discussed in the upcoming
sections.

3.2.1.1 Activation of TLR4/MyD88/NF-κB signaling pathway
Silica nanoparticles can activate NF-κB and accordingly increase

the release of TNF-α, IL-1β, and IL-6. NF-kB is a group of inducible
transcription factors that protect cells from cellular stress and
pyroptosis. As was mentioned in the literature review the
expression of TLR4 and MyD88 increases in MSN-administered
rats. Different cells such as Kupffer cells, hepatocytes, and hepatic
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stellate cells widely express TLRs. TLR-mediated signaling is
involved in liver injury. MSN suppresses Nrf2 and
Nrf2 suppression can be involved in the activation of NF-kB
signaling. In conclusion, the loss of Nrf2 function exhibits
oxidative stress and exacerbates inflammation. Furthermore,
overexpression of the NF-kB p65 subunit can increase nuclear
keap 1 and inhibit Nrf2 signaling but the effect of keap 1 on the
deactivation of Nrf2 within the nucleus has not yet been definitively
stated and is under discussion. Nrf2 is an upstream regulator of
proinflammatory cytokine production (Mahmoud et al., 2019a).

3.2.1.2 Activation of JAK2/STAT3 signaling pathway
Janus protein tyrosine kinase (JAK2) can activate signal

transducer and activator of transcription (STAT3). Activation of
STAT3 may be involved in MSN-associated fibrosis. Promotion of
JAK2 and STAT3 phosphorylation occurs by MSNs. Persistent
activation of STAT3 is accompanied by different pathological
states such as fibrosis. The exact molecular mechanisms of
STAT3 in fibrosis are still remained to be clear but some studies
have demonstrated that STAT3 triggers the production of collagen
type 1 (Mahmoud et al., 2019a; Zhao et al., 2021). The collagen

TABLE 1 The effect of route of administration, particle size, and dose on the nephrotoxicity of MSNs.

Nanoparticles Type of
study

Route of
administration

Particle size Dose Exposure
time

Result Ref.

MSNs Animal
study (Balb/
c mice)

single intraperitoneal
injection

-Round with a
homogeneous pore
structure
inside −198.2 ±
21.8 nm

150, 300, or
600 mg/kg

2 and 12 days -Renal interstitial fibrosis Chen et al.
(2015)

-Regeneration of renal tubules

-Increase the expression of
fibrosis markers and the nuclear
translocation of NF-κB p65 in
the kidney sample

-Induce AKI at the preliminary
stage

-Development of renal tubular-
interstitial fibrosis

-Inflammation is a major
initiator of the AKI induced by
MSNs, that is mediated by the
NF-κB signaling pathway

MSNs Cell line
(NRK-52E)

-Round with a
homogeneous pore
structure
inside −198.2 ±
21.8 nm

25, 50, 100,
200, 400, 800,
1000 (µg/mL)

3 and 24 h -A dose- and time-dependent
NRK-52E cell viability reduction

Chen et al.
(2015)

-Cytotoxicity in NRK-52E cells
and enhanced the expression of
fibrosis markers.

MSNs Animal
study (Balb/
c mice)

single intraperitoneal
injection

-Uniform and roughly
spherical in shape

300 mg/kg 7 days -Renal interstitial inflammatory
reactions cell infiltration, and
hyperemia of renal tubules

Wang et al.
(2022)

−203.2 ± 17.5 nm -Increased BUN and serum
creatinine

MSNs Cell line
(NRK-52E)

-Uniform and roughly
spherical in shape

400 μg/mL 24 h -Decrease cell viability Wang et al.
(2022)

−203.2 ± 17.5 nm

MSNs Animal
study
(Wistar
rats)

single intraperitoneal
injection

-Spherical, non-
aggregated, well-
dispersed particles
- 50 nm

25, 50,
100 and
200 mg/kg

30 days -Increase BUN and serum
creatinine

Mahmoud
et al.
(2019a)

-Tubular degeneration,
glomerulonephritis, glomerular
hypercellularity, chronic
nephritis, and leukocyte
infiltration

-Tubular necrosis, tubular
dilatation, Bowman’s capsule
dilatation, glomerular atrophy,
casts, and cystic fibrosis

MSNs Cell line
(HEK293)

100 nm 100 μg/mL 24 h -Upregulation of 579 genes
expression

Zhang et al.
(2015)

-Downregulation of 1263 genes
expression
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family is an extracellular matrix protein that is used to provide
structural support to connective tissue and form the basement
membrane of the liver. Different types of collagens exist. Various
types of collagen such as type I, III, and V are mostly involved in liver
fibrosis. Elevation in the expression of type I collagen is considered
as the most characterized aspect of liver fibrosis (Tsukada et al.,
2006).

3.2.1.3 Suppression of Nrf2/ARE/HO-1 signaling pathway
Nrf2/ARE/HO-1 signaling pathway is involved in ROS

production which ultimately leads to the destruction of
hepatocytes. Nrf2 as a transcription factor govern the
expression of HO-1 as an antioxidant. In pathological
conditions, extra- and intra-cellular levels of free heme
probably increased because of the release from hemoproteins.
Free heme has pro-inflammatory and oxidative properties and
can act as a dangerous signal. HO which degrades heme with

antioxidants effects has two isoforms. Inducible HO-1 and
constitutively expressed HO-2. ROS degrades Nrf2 through
the disturbance of the keap1-cullin3 ubiquitination system.
Increased expression of antioxidant genes occurs after
translocation of Nrf2 into the nucleus, complex with small
MAF, and binding to antioxidant response element (Lundvig
et al., 2012; Mahmoud et al., 2019a). In conclusion, as Nrf2 is
inactivated antioxidant properties decline and ROS levels
increase. A recent study on MSN-administered rats has
demonstrated that Nrf2 suppression can lead to liver fibrosis
in a dose-dependent manner.

3.2.1.4 Apoptosis
Persistent apoptosis is the main factor involved in MSN-

associated liver fibrosis. Membrane blebbing, chromatin
condensation, cell shrinking, inter-nucleosomal DNA
fragmentation, and the formation of small vehicles occur in

FIGURE 1
Activation of TLR4/MyD88/NF-κB signaling pathway, induction of oxidative stress and overproduction of ROS, activation of JAK2/STAT3 signaling
pathway, upregulation of proinflammatory cytokines, induction of apoptosis, overexpression of PPARγ all may lead to hepatotoxicity and nephrotoxicity
of MSNs.
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apoptosis. Caspases mediate all biochemical and morphological
changes related to apoptosis. The death receptor pathway is an
extrinsic pathway that mediates death signaling by the
superfamily of death receptor transmembrane proteins.
Trimerization and clustering of receptors happen as ligands
bind to the receptors to recruit adapt protein such as Fas-
associated via the death domain and facilitate their binding to
procaspase 8. Caspase 3 is activated after auto-catalyzation and
activation of caspase 8. This pathway leads to initiation of the
execution phase of apoptosis. Different types of oxidative stress
such as DNA damage, hypoxia, growth-factor deprivation, and
mitochondrial membrane permeabilization initiate the intrinsic
pathway of apoptosis. Dimerization and insertion of
proapoptotic proteins including BAX and BAK1 into the outer
mitochondrial membrane trigger the intrinsic pathway of
apoptosis. Cytochrome C is released into the cytosol through
permeabilized mitochondria, binds to apoptotic peptidase
activating factor1 (APAF1), and starts the formation of
apoptosomes. Apoptosomes have a substantial role in the
recruitment and activation of CASP9, CASP3, CASP6, and
CASP7 which further leads to apoptosis. After apoptosis, KC
rapidly engulf apoptotic hepatocytes and the accumulation of
apoptotic bodies induces the production of TNF-α and the release
of TGF-B1 (Mahmoud et al., 2019a; Mohammadinejad et al.,
2019).

3.2.1.5 Peroxisome proliferator-activated receptor gamma
(PPARγ)

Peroxisome proliferator-activated receptor gamma (PPARγ)
significantly protects the liver from oxidation, inflammation,
fibrosis, fatty liver, and tumor formation. Activation of the
expression of antioxidant enzymes, NF-κB and TGF-β1/
Smad3 suppression occurs by PPARγ (Mahmoud et al., 2019a;
Wu et al., 2020). A previous study has shown that MSNs
distribute in the hepatocytes, KC, hepatic stellate cells (HSC),
and fibroblast cells leading to activation of the TGF-β1/
Smad3 signaling pathway and liver fibrosis (Yu et al., 2017b).
Additionally, overexpression of PPARγ has been shown to cause
remarkable liver fibrosis, suppressed HSC, and fibrogenesis in
PPARγ-deficient mice. PPARγ downregulate in MSN-treated
mice (Mahmoud et al., 2019a).

3.2.1.6 Pyroptosis
Pyroptosis is a novel caspase-1-dependant form of programmed

cell death which is characterized by forming pores on the plasma
membrane, swelling cells, and disrupting the plasma membrane
with a large number of pro-inflammatory factors. Nucleotide-
binding oligomerization domain-like receptor protein 1 (NLRP1)
and nucleotide-binding oligomerization domain-like receptor
protein 3 (NLRP3) as pattern recognition receptors (PRR) bind
to pro-caspase-1 and change it into mature caspase-1. It can also
release IL-1β and interleukin-18 (IL-18) that can induce
inflammatory responses. Inflammasomes as polyprotein
complexes distinguish damage- and/or pathogen-related
molecular patterns and induce pyroptosis. A recent in vitro study
has demonstrated that MSN hepatotoxicity may be due to inducing
NLRP3 in a dose and time-dependent manner (Zhang et al., 2018b;
Zhang et al., 2021).

3.2.1.7 Autophagy
Autophagy or self-eating is an emerging process that degrades

misfolded protein and dysfunctional organelles in lysosomes. As
mentioned earlier, a recent study has demonstrated that MSN
induces toxicity through activation of the NF-kB pathway and
release of IL-1β and TNF-α. MSNs upregulate the levels of
Beclin-1 and LC3II as markers of autophagy in MSN-treated
cells. It is worth noting that autophagy enhances inflammation
mediated by the NF-kB pathway. In conclusion, different studies
suggested that autophagy can be a possible protective factor in
inflammation caused byMSN inmacrophages (Xi et al., 2016; Li and
Ju, 2018).

3.2.2 Laboratory studies
3.2.2.1 In vivo studies

Several in vivo studies have been carried out on different breeds
of mice to evaluate the hepatotoxicity of MSNs. Studies that
administered MSNs via the IV route have shown that ROS
generation, liver inflammation, hepatic cell pyroptosis, and as a
result hepatotoxicity was induced (Zhang et al., 2018b; Li et al.,
2022). The increasing levels of aspartate aminotransferase (AST)/
alanine aminotransferase (ALT) and the inflammatory factors IL-6,
IL-1β, and TNFα as well as glutathione peroxidase, superoxide
dismutase 3, Glucose-6-phosphate dehydrogenase (G6PD),
hexokinase (HK), and phosphofructokinase (PFK) at proteomic
and transcriptomic levels were increased. On the other hand,
oxidative phosphorylation, tricarboxylic acid (TCA), and
mitochondrial energy metabolism were decreased (Li et al.,
2022). Another study has indicated that an increase in particle
size elevates MSN hepatotoxicity (Mohammadpour et al., 2019).

IP administration of MSNs is suggestive of a rise in liver injury
markers such as ALT, IL-1 β, TNF-α, lymphocytic infiltration,
silicotic nodular-like lesions, and collagen fibers as well as a
dramatic incline in hydroxyproline. Levels of ROS, lipid
peroxidation, and NO are shown to be elevated as well. On the
contrary, suppression of the Nrf2/HO-1 signaling pathway along
with antioxidant capacity have been documented. Other observed
mechanisms embracing MSN hepatotoxicity, are regulation of the
expression of TLR4, MyD88, NF-κBp65, and caspase-3. MSNs also
activate the JAK2/STAT3 signaling pathway and downregulate
PPARγ and promote liver fibrosis (Liu et al., 2012; Mahmoud
et al., 2019a). A study has shown that liver and spleen weight
increase significantly and lymphocyte population changes in the
spleen following MSN administration (Lee et al., 2013).

Oral administration of MSNs has been shown to disturb
inflammatory factors and metabolites of ribose-5-phosphate, 6-
phosphogluconate, Glutathione disulfide (GSSG), as well as
nicotinamide adenine dinucleotide phosphate (NADP+)
associated with the pentose phosphate pathway, glutathione
synthesis, and oxidative stress (Li et al., 2022). Another study has
indicated that short-term oral administration of non-porous silica
nanoparticles and MSNs was not associated with systemic or local
toxicity in mice (Cabellos et al., 2020).

3.2.2.2 In vitro studies
An in vitro study has shown that MSNs cause liver

inflammation, hepatic cell pyroptosis, hepatotoxicity, and increase
ROS generation (Zhang et al., 2018b).

Frontiers in Materials frontiersin.org13

Niroumand et al. 10.3389/fmats.2023.1189463

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1189463


TABLE 2 The effect of route of administration, particle size, and dose on the hepatotoxicity of MSNs.

Nanoparticles Type of
study

Route of
administration

Particle
size

Dose Exposure
time

Result Ref.

MSN Cell line
(L02 cells)

- 109.2 nm - 24 and 48 h. -Liver inflammation,
hepatotoxicity, and
hepatic cell pyroptosis

Zhang et al.
(2018b)

-Increase ROS
generation

MSN Animal study
(BALB/C
mice)

Intravenous injection 109.2 nm 50 mg/kg Three times a
week for 3 weeks

-Liver inflammation,
hepatotoxicity, and
hepatic cell pyroptosis,
and -Increase ROS
generation

Zhang et al.
(2018b)

MSN Animal study
(BALB/C
mice)

Intraperitoneal
injection

~100 nm 2,20 and
50 mg/kg/day

5 days/week for
4 weeks

-Increase significantly
in liver and spleen
weight.

Lee et al. (2013)

-Lymphocyte
population change in
the spleen.

MSN Animal study
(Female ICR
mice)

Intraperitoneal
injection

~110 nm 10,25 and
50 mg/kg

Twice a week for
6 weeks

-Increase liver injury
markers including
alanine
aminotransferase
(ALT) and
inflammatory
cytokines including IL-
1β and tumor necrosis
factor-alpha (TNF-α)

Liu et al. (2012)

-Lymphocytic
infiltration, silicotic
nodular-like lesions,
and Collagen fibers
have been observed.

-Increase dramatically
hydroxyproline level

MSN Animal study
(male Wister
Rats)

Intraperitoneal
injection

~50 nm 25,50,100, and
200 mg/kg

30 days -Increase ROS, nitric
oxide production, and
lipid peroxidation

Mahmoud et al.
(2019a)

-Suppress antioxidants
and Nrf2/HO-
1 signaling in the
kidney and liver.

-Regulate expression of
TLR4, MyD88, NF-
κBp65, and caspase-3.

-Increase serum pro-
inflammatory
cytokines.

-Activate the JAK2/
STAT3 signaling
pathway

-Down-regulate the
peroxisome
proliferator-activated
receptor gamma
(PPARγ) and promote
fibrosis.

(Continued on following page)
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TABLE 2 (Continued) The effect of route of administration, particle size, and dose on the hepatotoxicity of MSNs.

Nanoparticles Type of
study

Route of
administration

Particle
size

Dose Exposure
time

Result Ref.

MSN Animal study
(male ICR
mice)

-Intravenous -Oral
administration

~80 nm - 20 mg/kg/d -
200 mg/kg/d)

10 days IV injection: Li et al. (2022)

-Induce inflammation

-Increase the levels of
AST/ALT and the
inflammatory factors
including IL-6, IL-1β,
and TNF-a

-Increase in
glutathione peroxidase,
superoxide dismutase
3, HK, G6PD, and PFK
at proteomic and
transcriptomic levels

-Reduce oxidative
phosphorylation, TCA,
and mitochondrial
energy metabolism

Oral administration:

-Disturb inflammatory
factors and metabolites
of GSSG, ribose-5-
phosphate, 6-
phosphogluconate, and
NADP + associated
with the pentose
phosphate pathway,
oxidative stress, and
glutathione synthesis

MSN Animal study
(male ICR
mice)

Intragastrical injection 85 nm 40 mg/kg Single dose -MSN has shown
decreasing in vivo
biodegradation,
absorption, and
excretion, decrease
liver distribution and
urinary excretion as the
aspect ratio increase.

Li et al. (2015a)

MSN Animal study
(female Swiss
mice)

Oral gavage 100 and
300 nm

100 and
1000 mg/kg b.w.

5 consecutive
days

-No systemic or local
toxicity after short-
term oral
administration.

Cabellos et al.
(2020)

MSN Animal study
(Male albino
B6 mice)

Intravenous,
subcutaneous, and
Intraperitoneal
injection

200 nm 250–2000,
23–260, or
1–71 mg/kg of
HMS particles

Single dose -The lowest lethal dose
toxicity, the maximum
tolerated dose, and
allergy-inducing ability
in HMS are the same
in MSN.

Sun et al. (2021)

-Lower inflammation
has been shown
in HMS

MSN Animal study
(BALB/C
mice)

Intravenous
administration

50 and 500 nm 40–700 mg/kg 10–60–180 days -Increasing particle
size elevates toxicity.

Mohammadpour
et al. (2019)

-SNPs accumulation in
the liver would be time-
dependent -Cytokine
levels increased
dramatically on day 60

(Continued on following page)
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3.2.3 Proposed solutions to reduce MSNs
hepatotoxicity

Size and surface modification of MSNs can be used to avoid the
side effect of MSNs (Zhang et al., 2018b). A study conducted on
ICR mice treated by spherical MSNs has shown that MSNs and

PEGylated MSNs with different ranges of sizes distribute mainly
in the liver and spleen. Smaller and PEGylated MSNs escape more
easily from liver capturing (He et al., 2011). MSN shapes are
another factor that can be a solution to reduce their adverse
effects. A study has indicated that short-rod MSNs are more

TABLE 2 (Continued) The effect of route of administration, particle size, and dose on the hepatotoxicity of MSNs.

Nanoparticles Type of
study

Route of
administration

Particle
size

Dose Exposure
time

Result Ref.

MSN Animal study
(female and
male BALB/c
mice)

Intravenous
administration

432.0 ±
18.7 nm, 46 ±
4.9 nm, and
466.0 ± 86.0

100 mg kg−1 in
females and
40 mg kg−1 in
male

Single dose -Microscopic lesions in
the liver, spleen,
kidney, or lung has
found.

Mohammadpour
et al. (2020)

-Pathological lesions
were found in animals
injected by large,
nonporous SNPs.

MSN Animal study
(female
BALB/c mice)

Intraperitoneal
injection

~150 nm 150, 300 of
600 mg/kg MSN

Single dose -Potential protective
roles of autophagy
against a large dose of
MSN have been shown
in this study.

Xi et al. (2016)

MSN Animal study
(Male ICR
mice)

Intravenous injection 64.43 ±
10.50 nm

20 mg/kg Every 3 days for
5 times

-Silica nanoparticles
can cause liver fibrosis
by inducing oxidative
stress and apoptosis.

Yu et al. (2017b)

The bold letters were used to distinguish the results of the oral and IV routes of administration.

FIGURE 2
Induction of hemolysis which happens mainly by the production of ROS, the proliferation of lymphocyte population, and formation of protein
cornea are among the main mechanisms involved in the hematotoxicity of MSNs.
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readily accumulated in the liver than long-rod MSNs (Wani et al.,
2017).

The potential effects of the route of administration, particle size,
and dose on the hepatotoxicity of MSNs are summarized in Table 2.

3.3 Blood toxicity of MSNs

Blood can be considered as a gateway that delivers all NPs to the
target tissue or organ (Matus et al., 2018). Therefore, the interaction
of NPs with blood components is inevitable and hemocompatibility
should be considered in the design and development of therapeutic
NPs (de la Harpe et al., 2019). One of the methods usually used to
evaluate the hemocompatibility of MSNs is the hemolysis assays,
however, it is important to note that hemolysis assays cannot
separately indicate the compatibility of NPs with erythrocytes
(Yu et al., 2011; Krajewski et al., 2013). Optical analysis and
deformability assessments can provide a better over view of the
effect of NPs on red blood cells (RBCs) (de la Harpe et al., 2019).

3.3.1 Mechanisms involved in blood toxicity of
MSNs

RBCs, white blood cells (WBCs), and platelets are the main
cellular components of the blood and each of these blood cells has a
unique structure and function (Scanlon and Sanders, 2018). Plasma
proteins can rapidly attach to the surface of NPs and create a protein
corona that can effectively interact NPs with blood components
(Ritz et al., 2015). A schematic view of molecular mechanisms
involved in the blood toxicity of MSNs is shown in Figure 2.

3.3.1.1 Hemolysis
MSNs induce hemolysis that can occur by two mechanisms

including ROS generation that can induce cell death through
apoptosis or necrosis and membranolysis caused by electrostatic
interactions between MSNs and tetra-alkyl-ammonium-containing
phospholipids. Silica consists of terminal silanol groups. Hemolysis
occurs less in MSNs than in nonporous silica NPs due to the
accessibility of the surface silanols (Morrow and McFarlan, 1992;
Croissant et al., 2018). Two major processes which are involved in
the interaction between MSNs and the membrane of RBCs are the
bending of the RBCmembrane to adapt to the rigid surface of MSNs
and the binding of the silanol-decorated surface of MSNs with the
phosphatidyl choline-containing RBC membrane. Hemolytic
activity depends on several accessible surface silanol groups
(Zhao et al., 2011; Yildirim et al., 2013).

3.3.1.2 Proliferation of lymphocyte population
Decreasing levels of mitotic indices and inhibited progression of

cells from the G1 to the S phase of the cell cycle are indicative of
lymphocyte proliferation (Lankoff et al., 2012). Further study should
target the exact molecular mechanisms of lymphocyte proliferation.

3.3.1.3 Protein corona
Proteins in media that mimic biological environments

instantaneously adsorbed onto the surface of the particles and
form protein corona. Protein corona has been observed in MSNs.
As little time as 30 s is needed to form protein corona onto MSNs in
human serum. The mostly encountered proteins in the corona are

lipoproteins, hemoglobins, and α-2-HS-glyocoprotein but human
serum albumin was hardly shown to be adsorbed. Soft corona and
hard corona are two folds of protein adsorption. Soft corona involves
loosely bound proteins that are reversibly adsorbed. Hard corona
contains strongly bound proteins which are irreversibly adsorbed.
Studies have shown that protein size has a crucial role in protein
penetration depth inside the MSNs (Croissant et al., 2018).

3.3.2 Laboratory studies
3.3.2.1 In vivo studies

In a study, the hematotoxicity of MSNs was evaluated using
uncoated MSNs, chitosan-coated MSNs, low and high molecular
weight PEG-coated MSNs which were injected intravenously in
mice. Acute and chronic toxicity was assessed every week for four
consecutive weeks. It was found that MSNs and the chitosan-coated
MSNs (C-MSNs) are similar to the control group in histological and
blood chemistry in acute and chronic conditions, and no toxicity was
observed after their use. However, PEG may negatively affect mice
with pre-existing vascular risk. It was found that PEG coating can
exacerbate pre-existing vascular conditions with 2K PEG, which
causes much more toxic effects than 35K PEG. Therefore, low
molecular weight PEG can increase the exacerbation of vascular
injury. 2K PEG exhibits rapid clearance from the body, while 35K
PEG accompany by a longer circulation time (MacCuaig et al.,
2022).

According to the studies, it has been found that MSNs can be
considered as a promising homeostatic agent. Male New Zealand
White rabbits have been used to investigate this issue. By cutting the
femoral artery and vein, uncontrolled bleeding has been created.
After bleeding for 10 s, 300 mg of MSNs was applied to the injury
site. After 15 s of MSNs application, the injury site has been
evaluated. It was found that the use of MSNs leads to a
reduction in bleeding time, blood loss, and mortality rate
compared to the control group. Therefore, MSNs can effectively
control lethal artery hemorrhage (Chen et al., 2016).

3.3.2.2 In vitro studies
In a study that investigated the effect of morphology and pore

size of MSNs, the interaction of RBCs and serum proteins with
spherical MSNs with different pore sizes (s-SPs and l-SPs) and rod-
shaped (RPs-3) MSNs was evaluated. Adsorption of different
proteins including human albumin, globulin, and fibrinogen on
different types of MSNs was investigated. As a result, it was found
that formation of absorbed human albumin and fibrinogen, while
not globulin, will be affected by the pore size and morphology of the
MSNs. Conformational changes in absorbed proteins can influence
the saturation absorption capability. However, the properties of
MSNs and proteins determine the initial uptake rate. According to
the results of the hemolysis assay, it has been shown that the
morphology and porosity of MSNs can affect their hemolytic
activity in RBCs, which is greatly reduced by the formation of a
protein crown (Ma et al., 2014).

In another study, hemolysis by nonporous and porous silica NPs
was investigated. The effects of porous structure and integrity on
NP-cell interaction were assessed. Ultimately, it was found that
nonporous and porous silica NPs can induce membrane damage in
RBCs in a concentration-dependent and size-dependent manner.
MSNs have induced less hemolysis compared to their nonporous
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counterparts of similar size, which is probably the result of fewer
silanol groups present on the cell-contactable surface in MSNs. In
MSNs, pore stability can be considered as an important factor in
determining hemolytic activity (Lin and Haynes, 2010).

MSNs can be considered as homeostatic agents. MSNs with
larger pore size and higher specific surface area can probably exhibit
better hemostatic efficacy. However, the presence of high
concentrations of polar silanol groups and negative charges on
MSN surfaces can also be beneficial for blood coagulation since
they can be effective in activating factor XII and other coagulation
proteins (Hata et al., 2014; Yoshida et al., 2015). Particle
morphology, sizes, surface potential, and specific surface area can
be mentioned among the factors that can be effective in the
coagulating response of MSNs (Ostomel et al., 2006; Tenzer
et al., 2011; Du et al., 2013; Kushida et al., 2014; Yoshida et al.,
2015). In a study to determine the effect of pore size and particle size
of MSNs on coagulation ability, clotting blood tests, blood
coagulation factor XII adsorption, prothrombin time (PT),
activated partial thromboplastin time (aPTT) and
thromboelastograph were analyzed. The results of the clotting
blood tests test indicated that MSN pore size ranging from 5 nm
to 15 nm has a great effect on the coagulation rate of rabbit plasma,
and altering particle size from 60 nm to 220 nm has little effect on
coagulation. Desired pore size can induce blood proteins interaction
with the interior surfaces of MSN, and as a result, blood coagulation
can start faster. The final result of the analysis showed that MSNs
with an average pore size of about 15 nm had the best homeostatic
performance (Chen et al., 2016).

In a study, the effect of MSNs morphology on RBC membrane
integrity has been investigated. For this purpose, MSNs with various
shapes (spherical and rod-shaped) and different sizes (small and
large) but with similar surface and pore properties were used. It was
found that all four morphologies ofMSNs are hemocompatible up to
the concentration of 100 μg/mL, and geometry does not have much
effect on blood biocompatibility, but at higher concentrations,
morphology-dependent hemolytic activity was observed. MSNs
with spherical geometries, showed much lower hemolytic activity
however, RBC speculation occurred significantly, which indicates
damage to the plasma membrane (Joglekar et al., 2013).

The effect of geometry, pore size, and surface charge of MSNs on
cellular toxicity and hemolytic activity has been considered. In this
study, Nonporous Stöber silica nanospheres, mesoporous silica
nanospheres, mesoporous silica nanorods, and their cationic
counterparts were assessed. It was found that cell toxicity of
MSNs depends on cell type, surface charge, and pore size. The
results have shown that geometry probably does not affect the level
of SiO2 association at early or extended time points. The extent of
cellular interaction of the NPs was directly related to the amount of
plasma membrane damage. It was also found that hemolytic activity
was dependent on geometry, porosity, and surface charge (Yu et al.,
2011).

Another study investigated the interactions of a series of MSNs
[with different functional groups (polar, neutral, ionic, and
hydrophobic)] with blood components. Hemolytic activity,
thrombogenicity, and absorption of blood proteins on surfaces of
MSNs were examined. The results of the hemolysis assay indicated
that surface functionalization can decrease or avoid the hemolytic
activity of naked MSNs. In order to investigate thrombogenicity, PT

and aPTT were evaluated and it was determined that the used MSNs
could not show significant thrombogenic activity. Non-specific
protein adsorption on MSN surfaces has also been investigated
using gamma globulins and human albumin. Results indicated that
surface functionalization via different ionic groups can profoundly
decrease protein adsorption (Yildirim et al., 2013).

Protein corona is an emerging concept that is related to the
manifestation of energetically driven protein-NP interactions and
can be pretty effective in evaluating the toxicity of nanomaterials. In
a study, the effect of protein formation during hemolysis induced by
spherical MSNs with exposed silanol groups was investigated.
Finally, it was found that human blood proteins including
human plasma, albumin, hemoglobin, and RBC lysate can
suppress the hemolytic effects caused by MSNs in a dose-
dependent manner. In general, this study has indicated that
hematotoxicity, and bioreactivity of MSNs is highly associated
with protein corona formation (Martinez et al., 2015).

3.3.3 Proposed solutions to reduce MSNs blood
toxicity

It is essential to minimize the cytotoxic effects of MSNs to
develop drug delivery. The surface chemistry of MSNs is a
predominant factor that determines the interaction of MSNs with
blood cells. Hemocompatibility of MSNs can be improved by bilayer
coating of MSNs which mimics bilayer composition in the outer
membrane of RBCs. The majority of the outer membrane of RBC is
constituted by choline lipids. The negatively-charged MSNs and the
choline-based lipids interactions may cause hemolysis. It seems that
lipid bilayer-coatedMSNs can interface with RBCwithout damaging
the cells (Yildirim et al., 2013; Roggers et al., 2014). AnMSNwhich is
treated with organosilane monomers prevents hemolytic activity.
MSNs with aminopropyl and methyl phosphonate propyl functional
groups reduce protein adsorption on their surfaces. Additionally,
higher concentrations of MSNs may cause morphology-dependent
hemolytic activity. Spherical geometry has better hemocompatibility
than tubular morphology (Joglekar et al., 2013). However, since the
interaction between biological systems and MSNs is much more
complicated, thus clinical studies need to be carried out in order to
provide a more vivid interaction mechanism (Yildirim et al., 2013).

The potential effects of the route of administration, particle size,
and dose on the hematotoxicity of MSNs are presented in Table 3.

4 Discussion

4.1 Physicochemical factors influencing
MSNs toxicity

4.1.1 MSN surface functionalization and related
toxicities

MSN functionalization using PEG grafting showed lower liver,
spleen, and lung uptakes in the MSN nanoparticles with the same
particle sizes (Kolimi et al., 2023). In this regard, surface
functionalization profoundly affects the bio-distribution of the
nanoparticles and the fate of the MSN-based delivery systems.
Surface functionalization also affects drug loading capacity and
release kinetics (Wang et al., 2022). According to the published
studies surface functionalization by N-isopropylacrylamide-co-
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TABLE 3 The effect of route of administration, particle size, and dose on the hematotoxicity of MSNs.

Nanoparticles Type of study Rout of
administration

Particle size Dose Exposure
time

Result Ref.

MSNs Animal study (CD-
1 female mice)

Intravenous tail
injection

-MSN: 25.8 nm 1010 particles in
100 µL

-acute:24 h MacCuaig
et al.
(2022)-Chitosan-MSN:

31.8 nm
- chronic:
1 injection per
week for
4 weeks

-Chitosan-coated MSNs
accompanied minimal
toxicity.

-2KPEG-MSN:
29.7 nm

-PEG-coated MSNs
exacerbate the pre-existing
vascular conditions

−35KPEG-MSN:
30.1 nm

MSNs In vitro (Human
blood samples)

- s-SPs: 67 ± 3 nm 600 μL of
0.83 mg/mL
MSNs

5, 10, 20, 40,
and 80 min

-The formation of
absorbed human albumin
and fibrinogen affected by
the porosity and
morphology of the MSNs

Ma et al.
(2014)

- l-SPs: 68 ± 4 nm -The size, porosity, and
morphology of MSNs
could affect hemolytic
activity

-RPs-3: (107 ±
8) × (343 ± 16)

MSNs In vitro (Human
blood samples)

25, 42, 93, 155,
and 225 nm

at a range of
concentrations

3 h -Reduced hemolytic
activity of MSNs in
comparison to nonporous
counterparts.

Lin and
Haynes
(2010)

from 3.125 to
1600 μg/mL

MSNs In vitro (New Zealand
rabbits blood
samples)

60, 100, 150,
220 nm

Different
concentration
in different tests

Different
exposures time
in different
tests

-Use of MSNs led to a
reduction in bleeding time,
blood loss and mortality
rate.

Chen et al.
(2016)

-MSNs can effectively
control lethal artery
hemorrhage.

MSNs Animal study (Male
New Zealand White
rabbits)

applied over the
location of injury
(femoral artery and
vein)

60 nm 300 mg 15 s -Decrease bleeding time Chen et al.
(2016)

-Decrease blood loss

-Decrease mortality rate

MSNs In vitro (Human
blood samples)

- LS: 459 nm 20, 50, 100,
250 and
500 μg/mL

2 h -Hemocompatibility is
shape- and concentration-
dependent

Joglekar
et al.
(2013)- SS: 275 nm

-LT:164,930 nm

-ST:142, 396 nm

MSNs In vitro (A549 cells or
RAW
264.7 macrophages)

Have diameter of
120 nm with an
aspect ratio of 2,
4 and 8 (width by
length 80 ×
200 nm, 150 ×
600 nm and 130 ×
1000 nm,
respectively)

Different
concentration
in different tests

Different
exposures time
in different
tests

-Cell-type-, surface
charge- and pore size-
dependent cellular
toxicity.

Yu et al.
(2011)

-The level of cellular
association of the
nanoparticles has been
directly related to the
amount of plasma
membrane damage.

-Hemolytic activity was
shape-dependent

(Continued on following page)
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methacrylic acid resulted in longer systemic circulation with lower
cardiac and renal accumulation that would be accompanied by lower
cardiac and renal toxicity and in this regard not only longer systemic
circulation would be expectable but also lower toxicities in some vital
organs would be possible (Zhang et al., 2012; Fu et al., 2013).
Probably surface functionalization affects particle opsonization
and that in turn will influence the fate of the nanoparticles in the
systemic circulation. Surface functionalization by amine, phosphate,
or carboxylic acid groups not only affects the loading capacity and
loading efficacy but also influences the absorption rates and
bioavailability of active pharmaceuticals (Shen et al., 2011; Shah
and Rajput, 2019). Positively charged MSN nanoparticles showed
higher internalization rates (Gao et al., 2019).

4.1.2 MSN particle size and related toxicities
An increase in MSN particle size resulted in limited systemic

availability due to a higher tendency to accumulate within the
spleen and liver (He et al., 2011). Also, skin permeation of the
MSN NPs would be size-dependent (Huang et al., 2011). Smaller
particles with a size range of about 42 nm showed considerable
skin permeation than the larger sizes of about 75 nm. Also,
particles specific surface area provides more opportunity for
higher drug loading and then could enhance the dissolution
rates of the poorly soluble drugs that result in higher
bioavailability (Zhang et al., 2018a).

4.1.3 MSN porosity, pore size and toxicity
MSN pore size profoundly affects the release rates of the loaded

drug and it seems that there is an optimum pore size for an efficient
release rate that would be customized based on the specific delivery
system characteristics (Chung et al., 2007; Peng et al., 2022). Based
on the published reports larger pore size accompanied by higher
loading capacity (Garbuzenko et al., 2014; Peng et al., 2022).

4.1.4MSN particles shape,morphology and toxicity
MSN with different morphology showed a different rates of

absorption from the GI tract and also biodegradation rates of MSN
nanoparticles were not only affected by surface functionalization but
also influenced by particle morphology (Rancan et al., 2012; Gao

et al., 2019). Bio-distribution of the MSN nanoparticles would be
affected by the morphology of the particles. In this regard, targeting
of a specific tissue or organ would be tuned by adjusting the particle
size and shape (Mellaerts et al., 2007).

4.1.5 MSNs characteristics, toxicity and
biocompatibility

Compared to nonporous silica nanoparticles, MSNs have well-
defined structures, having high specific surface area, and large pore
size, which have created their special capabilities (Jafari et al., 2019).
MSNs are generally considered biocompatible while they may have
minimal non-specific adverse effects. Various factors such as shape,
size, surface modification, etc., may affect the biocompatibility of
MSNs. Therefore, any alteration in any of these factors may affect
the toxicity caused by MSNs (Jafari et al., 2019; Niculescu, 2020).
Herein, we discuss the possible modifications which can reduce
MSNs associated toxicities.

4.1.6 Surface modifications of MSNs and toxicity
Since the MSNs are used to deliver encapsulated cargo to a target

organ in the body, a stimuli-responsive gatekeeper would be used to
induce MSNs specificity. The gatekeeper can provide stimuli
responsivity for cargo release and can also circumvent toxicity.
The gatekeepers on the surface of the MSNs can give them the
ability of site-specific delivery, while non-coated MSNs can lead to
pro-inflammatory and toxic responses, especially through the
accumulation in the kidney and liver (Marzaioli et al., 2014;
Mahmoud et al., 2019a). Therefore, adding gatekeeper molecules
to the surface of MSNs provides specificity for drug delivery and also
reduces toxicity concerns with loaded drug (Frickenstein et al.,
2021).

The biocompatibility of MSNs is influenced by the silanol
groups on their outer layer, which can negatively interact with
biological molecules and destroy their structure. Therefore, it is
important to pay attention to surface functionalization to increase
biocompatibility (SlowingWu et al., 2009; Niculescu, 2020).
Functional group modification is a known method to modify
MSN cellular interactions. For example, amine functional groups
can be substituted instead of the silanol groups to achieve the net

TABLE 3 (Continued) The effect of route of administration, particle size, and dose on the hematotoxicity of MSNs.

Nanoparticles Type of study Rout of
administration

Particle size Dose Exposure
time

Result Ref.

MSNs In vitro (Human
blood samples)

Different types of
MSNs in the range
of 62 to 83 nm

Different
concentration
in different tests

Different
exposures time
in different
tests

-MSN surface
functionalization reduced
hemolytic activity

Yildirim
et al.
(2013)

-MSNs showed no
significant thrombogenic
activity.

-MSN surface
functionalization with
ionic groups can affect
protein adsorption

MSNs In vitro (Human
blood samples)

The size is
different based on
the duration of
intubation.

5.0, 25, 50, 125,
250, 375, and
500 μg/mL

3, 15, 45, and
60 min

-Human blood proteins
and RBC lysate can reduce
hemolytic activity.

Martinez
et al.
(2015)
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positive surface charge (Shi et al., 2019b). It has been found that
MSNs with carboxyl or amine groups can result in less immune cells
cytotoxicity than unmodified MSNs (Nabeshi et al., 2011). MSNs
possessing amine and phosphate groups on their surface can exhibit
mitigated pro-inflammatory responses that can be induced by naked
MSNs or even PEG-conjugated MSNs (Marzaioli et al., 2014).
Aminopropyl- and vinyl-modified MSNs have shown less
cytotoxic effect than unmodified MSNs related to protecting
blood lymphocytes from damage (Lankoff et al., 2012). It has
also been found that MSNs grafted with phosphonate groups,
despite having a negative charge, have been able to improve drug
delivery to tumor cells, while showing limited undesirable
cytotoxicity or opsonization (Yildirim et al., 2013; Bouchoucha
et al., 2016).

4.1.7 Surface charge of MSNs and toxicity
The surface charge of MSNs is considered as one of the

parameters that can influence their biological impacts. In
general, it has been shown that the ROS-induced toxicity in
positively charged (cationic) MSNs is higher than in negatively
charged (anionic) and neutral MSNs (Tarn et al., 2013). It is
expected that amine-modified MSNs, which have cationic
surface charges, are more toxic than unmodified particles (Yu
et al., 2011; Hosseinpour et al., 2020). MSNs with cationic charges
may produce remarkable immune reactions and toxicity but they
are desiring for trans-vascular transport in tumors. Usually,
negative zeta potential may involve in serum opsonization
(Niculescu, 2020).

An important point to consider is that the methods chosen for
the synthesis of MSNs can influence their surface charge since based
on the methods used siloxanes, silanols, or their derivatives can be
put on the surface of MSNs. For example, amorphous SNPs
synthesized using the wet chemistry technique are less likely to
exert toxic effects on cells because they are rich on silanol groups
(Sulpizi et al., 2012; Hosseinpour et al., 2020).

4.1.8 Shape, size, and density of MSNs and toxicity
It has also been found that the shape of MSNs can affect their

toxicity by influencing intracellular levels of ROS (Hosseinpour
et al., 2020). The shape of MSNs can also affect biocompatibility,
bio-distribution, and clearance. Instantly, short-rod MSNs are
mainly distributed in the liver, while long-rod MSNs are
accumulated in the spleen and show a reduced elimination rate
(Huang et al., 2011). A study has shown that as the aspect ratio
increases, in vivo biodegradation, systematic absorption, and
elimination will decrease. Moreover, MSNs trigger shape-
dependent renal damage during the period of urinary excretion
(Li et al., 2015b).

There are two opinions about the influence of the size of MSNs
on biocompatibility. One opinion considers particle size as one of
the most important properties and the other one has the opposite
view that believes that particle size does not have any significant
effect. Therefore, no precise conclusion can be reached at this point.
A study has shown that MSNs of all different sizes mostly distribute
in the liver and spleen, and minimally in the lung, kidney and heart.
As particle size increases from 80–120–200 nm, liver, and spleen

FIGURE 3
A schematic view of various MSNs’ distribution and their related organ toxicities. Functionalized MSNsmostly remain in the systemic circulation with
much lower renal toxicity and hepatotoxicity. MSNs with larger particle sizes remain on the surface of the epidermis layer with much lower skin
penetration potential, while the smaller ones could penetrate easily through the skin layers. Long rod MSNs most commonly deposit in the spleen, while
the short rods show higher hepatic deposition.
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distribution increases. The particles with an average size of 360 nm
have shown different degrees of distribution in the spleen. The
smaller-size NPs have longer blood-circulation lifetimes and
increased particle size remarkably increases urine excretion (Tang
et al., 2012). A schematic view of various MSNs’ distribution and
their related organ toxicities is depicted in Figure 3.

Compared to nonporous silica nanoparticles, MSNs exhibit
fewer hemolytic effects, which is the result of the lower density
of silanol groups decorated on the surface of MSNs (Jafari et al.,
2019).

5 Conclusion

MSNs have been considered as promising drug delivery systems
due to their unique characteristics including biocompatibility, high
drug loading capacity, controlled drug release, and longer blood
circulation time. Various physicochemical characteristics of MSNs
can influence their pharmacokinetic and toxicokinetic properties
which govern the disposition of MSNs in the body. In conclusion,
although MSNs have been considered as relatively safe nanocarriers
for drug delivery purposes, however, different levels of toxicities in
main organs including the liver, kidney, and hematopoietic system
may occur depending on the MSNs’ size, morphology, surface
functionalization, zeta potential, and routes of administration.
The extent of the adverse reactions and their severity would be
different based on the aforementioned MSNs characteristics and in
this regard, in each case separate pharmacokinetic and toxicity
studies are required to elucidate pharmacokinetic parameters and
possible toxicity levels to fulfill safe administration requirements of
this delivery system. A probable limitation of this review studymight
be that we mainly focused on MSNs utilized in the field of
nanotechnology for drug delivery purposes, however, other
applications of MSNs have not been discussed in detail.

6 Future perspectives

Although numerous articles have been published regarding
various applications of MSNs especially for targeted delivery
purposes in nano- and bio-medical fields, however, to the best of
our knowledge, there is no comprehensive review on the effect of
various physicochemical properties of MSNs including particle size,
particle shape, specific surface area, particle charge, pore sizes, and
surface functionalization on pharmacokinetic aspects and also
potential toxicities of MSNs through different routes of
administration. Therefore, precise consideration of the effect of
each of these physicochemical parameters on pharmacokinetic
and toxicokinetic aspects of MSNs would be essential for all
researchers in the field of chemistry, nanotechnology,

nanomedicine, biomedicine, drug delivery, and toxicology who
are working on MSNs synthesis, preparation, optimization,
characterization, and also animal or clinical assessments. In
addition, further assessment of the pharmacokinetic and
toxicokinetic profiles of MSNs with unique properties and
various surface modifications would be crucial in order to obtain
an optimum clinical response and avoid unwanted adverse
reactions. On the other hand, due to the mutual effects of these
parameters, considering design of experiment (DOE) would be more
helpful to assess the simultaneous effects of all these parameters in
one study.
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Glossary

MSN Mesoporous silica nanoparticles

IV Intravenous

IP Intraperitoneal

NP Nanoparticles

SP Silica particles

nSP Nano-sized silica particles

GSN Gelatin-coated mesoporous hollow silica nanospheres

MRT Mean residence time

AUC0–24h 24-h area under the curve

CMSN Chiral mesoporous silica nanoparticles

E-CMSN Enlarged chiral mesoporous silica nanoparticles (E-CMSN)

P
NIPAM-co-MAA

N-isopropylacrylamide-co-methacrylic acid

DOX Doxorubicin

PLMSNs PEGylated lipid bilayers coated with highly ordered MSNs

RES Reticuloendothelial system

NLR Long rod NPs ()

NSR Short rod NPs

NS Spherical NPs

A-HMSNs Albumin-coated hollow MSNs

MSNR Mesoporous silica nanoparticles

MSNS Mesoporous silica nanospheres

FMSN-PEG PEGylated fluorescent MSNs

B-AMSX Amino-modified mesoporous silica xerogel

B-MSX Mesoporous silica xerogel without amino modification

MSM Mesoporous silica microparticles

WMS Wrinkled mesoporous silica

WMC Wrinkled mesoporous carbon

SCC25 Squamous cell carcinoma cell line

TA Trimethylammonium

NF-κB Nuclear factor-kappa B

TLR Toll-like receptors

TNF-α Tumor necrosis factor alpha

IL-6 Interleukin-6

CKD Chronic kidney disease

ROS Reactive oxygen species

NO Nitric oxide

iNOS Inducible NO synthase

CAT Catalase

NADPH Nicotinamide adenine dinucleotide phosphate

NOX NADPH oxidase

TRPM2 Transient receptor potential melastatin 2

HEK293 Human embryonic kidney 293 cell line

Nrf2 Nuclear factor erythroid 2-related factor 2

HO-1 Heme oxygenase 1

JAK2/STAT3 Janus kinase 2/signal transducer and activator of the
transcription 3

IP15 Glomerular mesangial cells

MDCK Epithelial distal tubular cells

PK 15 Porcine kidney

NRK-52E Rat kidney cell line

FOXO3 forkhead box protein O3

KC Kupffer cells

PPARγ Peroxisome proliferator-activated receptor gamma

HSC Hepatic stellate cells

TGF-β Transforming growth factor-β

NLRP1 Nucleotide-binding oligomerization domain-like receptor
protein 1

IL-18 Interleukin-18

AST Aspartate aminotransferase

ALT Alanine aminotransferase

G6PD Glucose-6-phosphate dehydrogenase

HK Hexokinase

PEK Phosphofructokinase

TCA Tricarboxylic acid

GSSG Glutathione disulfide

NADP+ Nicotinamide adenine dinucleotide phosphate

PEG Polyethylene glycol

RBC Red blood cells

WBC White blood cells

PT Prothrombin time (PT)

aPTT Activated partial thromboplastin time

DOE Design of experiment
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