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A B S T R A C T   

Mesoporous silica nanoparticles (MSNs) have attracted the attention of chemists, who have developed numerous 
systems for the encapsulation of a plethora of molecules, allowing the use of mesoporous silica nanoparticles for 
biomedical applications. MSNs have been extensively studied for their use in nanomedicine, in applications such 
as drug delivery, diagnosis, and bioimaging, demonstrating significant in vivo efficacy in different preclinical 
models. Nevertheless, for the transition of MSNs into clinical trials, it is imperative to understand the charac
teristics that make MSNs effective and safe. The biosafety properties of MSNs in vivo are greatly influenced by 
their physicochemical characteristics such as particle shape, size, surface modification, and silica framework. In 
this review, we compile the most relevant and recent progress in the literature up to the present by analyzing the 
contributions on biodistribution, biodegradability, and clearance of MSNs. Furthermore, the ongoing clinical 
trials and the potential challenges related to the administration of silica materials for advanced therapeutics are 
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discussed. This approach aims to provide a solid overview of the state-of-the-art in this field and to encourage the 
translation of MSNs to the clinic.   

1. Introduction 

The application of nanoparticles as a promising technology in the 
biomedical field, referred to as nanomedicine, has attracted the atten
tion of chemists in the last decades. [1] Particularly, mesoporous silica 
nanoparticles (MSNs) have gained attention since their first synthesis in 
the early 1990 s[2] and their first use in drug delivery in 2001 reported 
by Vallet-Regi at al.[3] MSNs have unique properties such as a confined 
space to encapsulate therapeutic compounds and attracted the attention 
of numerous groups that developed drug delivery systems based on 
MSNs.[4–6] Besides, MSNs have remarkable characteristics such as 
adjustable porous structures, tunable and narrow pore size distributions, 
high pore volumes, high loading capacity, and high silanol density that 
allows easy dual-functionalization (exterior and interior).[7–9] Further 
report in the 2000 s of the first gated MSNs[10] and the possibility to 
develop gated MSNs operative in aqueous solution[11] fueled the 
development of numerous materials containing molecular gates (also 
known as gatekeepers or nanovalves) sensitive to different stimuli. 
These molecular gates are grafted onto the external surface of the MSN 
blocking cargo transport from the pores to the solution, that is released 
on-command in response to a certain stimulus (chemical, biochemical or 
physical) that usually breaks apart the molecular gate, opening the pore 
for cargo release.[7,12,13] As a result, the functionalization of MSNs 
with gatekeepers allows obtaining efficient drug delivery carriers 
improving the biocompatibility, cell membrane penetration, and site- 
specific delivery and controlled release of drugs and therapeutic 
agents.[7,14–17]. 

Gated MSNs have demonstrated a wide range of biomedical appli
cations, including encapsulation and delivery of drugs, proteins, or 
genes for in vivo biological imaging, and therapies such as photothermal 
therapy, photodynamic therapy, radiotherapy, ultrasound therapy, anti- 
bacterial applications, and tissue engineering.[18] Moreover, gated 
materials have also been used in sensing and communication applica
tions.[19–22] Gated MSNs for drug delivery have been used successfully 
in in vivo models, resulting in an improvement of the solubility of the 
encapsulated drugs and in a reduction of undesired side effects. [23–28] 
From a chemical point of view, nanomaterials present several properties 
that can be tailored to achieve specific applications. Consequently, many 
MSNs-based nanoparticles with different compositions, structures, 
morphologies, and functionalizations have been synthesized with 
excellent results in terms of cytotoxicity, therapeutic effect, and com
patibilities. An exhaustive revision of synthetic protocols of MSNs has 
been published by Croissant and coworkers.[29]. 

Although the application of MSNs to clinical medicine seems feasible 
based on many promising in vitro results obtained to date, the in vivo 
translation remains challenging as the administration may exhibit 
different results under physiological environments and might have 
adverse effects leading to long-term safety issues. In addition, the effect 
of opsonization, enhanced permeability, and retention (EPR) effect, or 
the transportation in the blood stream are difficult to replicate in in vitro 
systems. Moreover, the cytotoxicity of MSNs captured by the reticulo
endothelial system (RES) organs is rarely studied in in vivo models. 
Therefore, this field raises many new questions regarding the pharma
cokinetic and safety behavior of nanoparticles within living systems. 

Compared to the number of preclinical studies, only a few silica- 
based nanomaterials have been FDA authorized for clinical trials. To 
reach clinical permission, the application of nanotechnology requires 
synthesizing nanoparticles with optimal in vivo features, not only for 
therapeutics outcomes but also for bio-safety concerns. Nevertheless, the 
literature around the biocompatibility, biodistribution, and biodegra
dation of MSNs is inconsistent, revealing an important gap in the 

complex knowledge of nanomedicine. Besides, the biological outcome of 
MSNs depends significantly on the nanoparticles’ physicochemical 
properties as it also happens with other nanoparticles.[30,31]. 

Despite many excellent articles and reviews have been previously 
published related to MSNs in biomedical applications,[32–38] the lack 
of evidence in the literature regarding safety issues of MSNs during in 
vivo studies has emerged as the most critical barrier to clinical trans
lation. In this review, we have compiled selected examples in the liter
ature up to the present, with an emphasis on the biodistribution, 
biodegradability, and clearance of MSNs showing the potential and 
challenges related to the administration of MSNs for advanced thera
peutics. Along the review, we also evaluate the main factors influencing 
the MSNs fate when administered in living organisms and highlight the 
strategies to reduce potential toxicities from MSNs administration. 
[30,31] This approach aims to provide a general conceptual view of this 
field and aims to help researchers to develop MSNs to reach the clinical 
application. 

2. Preparation and types of mesoporous silica nanoparticles 

Porous materials have received much attention in the last decade 
because of their physicochemical features, which makes them particu
larly versatile for a wide range of applications. The International Union 
of Pure and Applied Chemistry (IUPAC) classified the porous material 
according to the pore size as microporous (pore size < 2 nm), meso
porous (2–50 nm), and macroporous (greater than50 nm) materials. 
[39]. 

In 1992, researchers from Mobile Oil Company developed the syn
thesis of mesoporous silica materials (also known as M41S) using a self- 
assembled surfactant as the organic template: MCM-41 with a hexagonal 
arrangement of mesopores, MCM-48 with a cubic arrangement of mes
opores, and MCM-50 with a lamellar structure.[40–42] These materials 
have pores with diameters ranging from 2 to10 nm and surface areas 
larger than 1000 m2/g [43]. In addition, in 1998 researchers from Santa 
Barbara University reported the SBA-15 material, another class of hex
agonal mesoporous materials, with pores sizes in the 5–30 nm intervals. 
[44,45] Since the breakthrough discovery of MCM-41, numerous syn
thetic methods for the preparation of MSNs have been developed.[45] 
Overall, these methods provide a range of options for synthesizing MSNs 
with different sizes, shapes, and pore structures, enabling the develop
ment of tailored materials for specific applications. The developed 
methods include the template-directed method,[46] the sol–gel method, 
[47] the chemical etching,[48] and microwave-assisted protocols.[49] 
For example, in the sol–gel method, alkoxysilanes are hydrolyzed and 
polymerized in the presence of a template that can be a surfactant or a 
block copolymer to direct the mesopore formation [50–53]. In this 
method, once the material is prepared, the template is removed from the 
mesopores. Of note is that certain procedures use surfactants that can be 
highly toxic, and an incomplete removal result in high toxicity in in intro 
and in vivo. Therefore, it is crucial to ensure complete removal of sur
factants from MSNs specially for drug delivery applications.[53]. 

Among all possible types of MSNs, the MCM-41 phase has attracted 
considerable attention and it is perhaps the most studied. The synthesis 
of MCM-41 materials involves the use of cetyltrimethylammonium 
bromide as surfactant (CTAB) and tetraethyl orthosilicate (TEOS) at 
basic pH obtained by the addition of NaOH. The reaction is performed at 
80 ◦C for 2 h and the product of the reaction is isolated by centrifugation 
or filtration yielding a material with hexagonal pores of 2 to 3 nm. The 
surfactant is removed from the pores of the MCM-41 structure by 
extraction under reflux conditions in acidic media or by calcination with 
heating at temperatures around 550 ◦C in a muffle furnace for several 
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hours.[54] A uniform particle size distribution can be obtained using a 
low concentration of surfactants[55]. 

MSNs are formed by a 3D framework of (SiO2)x where silicon atoms 
have tetrahedral coordination with oxygen atoms (SiO4). In particular, 
SiO4 moieties are interconnected by bridge oxygen atoms (see Q4 
structure in Fig. 1) and isolated silanol groups, which are mostly present 
at the surface of the structure exposed to the solvent (see Q3 and Q2 
structures in Fig. 1). If the network connectivity is low (i.e. if the ratio 
(Q2 + Q3)/Q4 is high), the dissolution and biodegradation rates are 
higher.[56] Moreover, the chemical composition of the MSNs, the size, 
shape, and porosity of the nanoparticle are key parameters that define 
the dissolution and biodegradation rates. 

Besides the MCM-41 type structures, various types of silica nano
particles such as nonporous, hollow, core–shell or rod MSNs, etc., have 
been developed for biomedical applications (see representations in 
Fig. 2).[57] Additionally, more complex geometries can also be ob
tained, as for example, dendritic mesoporous silica nanoparticles, 
[58–60] or virus like mesoporous silica nanoparticles.[61–63]. 

One of the key challenges in developing MSNs for biological appli
cations is achieving a homogeneous solution or dispersion. MSNs, as 
other nanoparticles, tend to aggregate and form clumps, which can lead 
to inaccurate dosing, inconsistent biological interactions, and potential 
toxicity.[64,65] Therefore, it is critical to ensure that the particles are 
dispersed to minimize the risk of toxicity, maximize their therapeutic 
potential and avoid problems such as having an actual number of 
circulating particles being much less than the number of particles in the 
injected dose. However, achieving this dispersion is not straightforward, 
and various strategies, such as coatings and sonication, are required. 
[66] In this regard, it is essential to assess the monodispersity of the 
samples to ensure that the nanoparticles do not form aggregates or 
multiple nanoparticles. Besides, it is of importance to measure the bulk 
monodispersity of the sample to accurately determine the dose of 
nanoparticles injected in in vivo studies. However, such important issue 
is not fully addressed in many publications. 

3. Safety and biocompatibility 

Even though silica-based nanosystems are widely regarded as very 
bio-safe in vivo, indicating that they could be used for controlled release, 
drug delivery, or diagnosis, the possibility of long-term retention in the 
body remains a potential concern and one of the crucial issues for 

clinical translation. In this section, we review how the safety of MSNs is 
influenced by the intrinsic physicochemical properties of the nano
particles as well as the route of administration and describe different 
studies that assess MSN biocompatibility and biodegradability to ensure 
clinical translation. 

3.1. Nanotoxicity of MSNs 

The dose, exposure, route of administration, as well as the particle 
size shape and composition play a key role in the assessment of nano
particles’ toxicity. Regarding the dose and exposure time, there are 
frequently differences between the toxicity shown after a single dose, 
which typically results in short-term toxicity, compared with a repeated 
exposure. On its part, the toxicity is classified as acute (observed<24 h 
after single administration), subacute (observed<1 month after 
repeated exposure), subchronic (observed 1–3 months after repeated 
exposure), and chronic (observed 3 months after repeated exposure). 
[67] Nanotoxicology studies usually evaluate similarly acute and sub
acute toxicity by monitoring during the study different parameters, such 
as: immediate hematological, cardiac and neuronal responses, weight 
change, clinical observation of effects on cardiovascular, respiratory, 
locomotor, gastrointestinal function and effects on skin and fur, mor
tality, macroscopic necropsy and histopathological evaluation in 
selected organs.[68]. 

In the case of inorganic nanoparticles (including MSNs), acute tox
icities have frequently been studied, however, there is a significant lack 
of information regarding long-term toxicity.[69] Besides, the differences 
between published studies about dose levels, frequency and delivery 
routes make it difficult to compare the toxicity of inorganic nano
particles. In addition, the specific characteristics of each nanoparticle 
may also contribute to toxicity through unique mechanisms. For 
example, some toxicological mechanisms appear to be shared by all 
inorganic materials during chronic exposure: inflammation, generation 
of oxidative stress, impaired clearance, and fibrosis. Nevertheless, the 
toxicological mechanisms appear to be type specific. The chronic 
toxicity of different inorganic nanoparticles (gold, iron oxide, silver, zinc 
oxide and silica nanoparticles) has been shown to correlate with 
different factors such as particle composition, physicochemical proper
ties, dose, duration, frequency, animal age, strain, and sex as well as the 
route of administration, as it has been extensively reviewed by the group 
of Ghandehari.[67] Following the purpose of this review, we focus 

Fig. 1. The framework and surface chemistry of MSNs.  
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below on the literature that specifically refers to the toxicity of silica 
nanoparticles (including MSNs) and evaluate their safety after admin
istration by various routes. 

3.1.1. Intravenous administration (I.V.) 
The main safety concern in the use of inorganic nanoparticles is the 

potential to saturate the mononuclear phagocytic system (MPS) after 
their direct administration in the bloodstream, which might diminish 
the response to pathogens. However, a two-month FDA study reported 
that repeated intravenous administration (I.V.) to mice for up to 8 weeks 
of silica (10 nm) nanoparticles (5 mg/kg) did not saturate the MPS in the 
liver or spleen. Nevertheless, some changes in histopathology and in 
serum were noticed after week 3.[70] In addition, it has also been found 
that the toxicity produced by silica-based nanomaterials vary signifi
cantly depending on changes in porosity.[71]. 

Following the role of surface characteristics and porosity in toxicity, 
Ghandehari and co-workers evaluated acute toxicity of different silica 
nanoparticles with similar size (ca.120 nm) in vivo in Female CD-1 im
mune-competent mice after intravenous injection. According to the re
sults, unmodified or amine-modified nonporous SiO2 exhibited the 
lowest systemic toxicity and the highest maximum tolerated doses 
(MTDs) (450 mg/kg). On the other hand, regardless of geometrical as
pects, MSNs caused significant systemic toxicity, with MTDs ranging 
from 30 to 65 mg/kg. However, when MSNs was amine-modified, the 
toxicity was reduced, and MTDs increased to 100–150 mg/kg. The 
adverse reactions were mainly associated with vasculature obstruction 
due to the hydrodynamic size of the nanoparticles upon protein expo
sure in serum, as the larger the hydrodynamic size, the lower the MTD. 
The lung and kidney were most susceptible to nanoparticle obstruction 
in vasculature above MTDs as a result of their abundant blood supply 
and special anatomic structures.[72]. 

A more recent and extensive study reported the influence of silica 
nanoparticle size, porosity, animal sex, and time on in vivo acute (10- 
day) and subchronic (60-day and 180-day) toxicity and inflammation 
profiles of nonporous silica nanoparticles (SNPs) of 50 nm (Stöber 
SNPs50) and 500 nm in diameter (Stöber SNPs500), and MSNs of 
approximately 500 nm in diameter (MSNs500) after single-dose intra
venous administration in male and female BALB/c mice up to 180 days. 
[73] While nonporous Stöber silica nanoparticles of 50 nm (SNPs50) and 
mesoporous silica nanoparticles of 500 nm (MSNs500) showed to be 
more toxic under acute conditions, these nanoparticles showed less 
toxicity on days 60 and 180 at the MTDs in comparison to SNPs500. 
Importantly, it was found that male BALB/c mice appear to be more 
sensitive to MSNs500 at 10 days of survival evaluation, with MTD from 
40 ± 2 mg/kg to 95 ± 2 mg/kg for male and female mice, respectively. 
However, this sex-related effect was not observed at 60 and 180 days. 
Toxicity was influenced by the porosity of the nanoparticles as Stöber 
silica nanoparticles with the same size did not show the same effect. 
Attending to tissue toxicity, the histological examination also showed 
size-, porosity- and time-dependent tissue toxicity. The Stöber SNPs500 
caused major toxic effects in different organs as lung, heart, brain, 
kidneys and liver. However, the most affected tissue by both spherical 

Stöber and MSNs was the liver, which showed a higher accumulation 
after 10 days post-injection. Nevertheless, higher inflammatory re
sponses occurred in the subchronic studies at day 60 and day 180. 
Despite the relatively high doses, none of the SNPs caused severe sub
chronic toxicity at day 180 after a single-dose intravenous injection and 
most of the lesions observed during the 60- and 180-day periods of the 
study are related to the recovery and clearance processes of the body 
following blood obstructions.[73] These observations correlate with 
previous work showing that the liver and spleen were the major organs 
for the toxicity of nonporous SNPs (70 nm diameter) at 4 weeks in male 
BALB/c mice chronically administered intravenously.[74]. 

In addition, the biocompatibility of MSNs in the long-term has been 
recently evaluated by the group of Ghandehari.[75] The authors 
determined one-year chronic toxicity of non-surface modified silica 
nanoparticles with different sizes and porosity (Stöber silica NPs 46 ±
4.9 nm diameter, Stöber silica NPs 432.0 ± 18.7 nm diameter, and MSNs 
466.0 ± 86.0 diameter) after a single intravenous administration in both 
male and female BALB/c mice. Clinical observation showed no signifi
cant changes in body weight or hematology markers such as cell blood 
count or plasma biomarker indices. Post-necropsy examination of in
ternal organs confirmed the biocompatibility of these silica nano
particles. Nevertheless, a few animals showed microscopic lesions in the 
liver, kidney, spleen, or lungs which might indicate an ongoing or 
resolving injury that is caused by the rapid and long accumulation of 
nanoparticles in these organs upon I.V. administration. Importantly, the 
pathologic lesions were observed mainly when large, non-porous silica 
nanoparticles were administered, and no significant toxicity was found 
for small non-porous, and mesoporous nanoparticles. Furthermore, ex 
vivo evaluation with human blood and plasma revealed no hemolysis or 
activation of the complement pathway after incubation with the silica 
nanoparticles. This work is a long evaluation supporting the biosafety of 
silica nanoparticles for biomedical applications. [75]. 

3.1.2. Oral gavage administration (O.G.) 
In the case of oral administration, there is only a report by Zande et al 

in which the long-term toxicity of different silica-based materials was 
evaluated after oral administration. Zande and coworkers demonstrated 
that oral gavage of 25 nm nanostructured silica to rats resulted in 
pathological effects on liver tissue after 84 days of exposure, whereas 
exposure to 7 nm synthetic amorphous silica nanoparticles did not. The 
histopathological analysis and the expression of fibrosis-related genes in 
liver samples confirmed increased fibrosis.[76]. 

3.1.3. Intraperitoneal administration (I.P.) 
Both MSNs and colloidal silica NPs, having the same spherical 

morphology (approximately 100 nm in diameter), were intraperitone
ally administered in female mice BALB/c for 4 weeks at different doses 
(2, 20, and 50 mg/kg/day) to evaluate clinical toxicity. MSNs seemed to 
increase the liver and spleen weight and splenocyte proliferation. Mice 
treated with MSNs showed altered lymphocyte populations in the 
spleen, increased serum IgG and IgM levels, and spleen histological 
changes but no systemic dysregulation was found with the colloidal NPs. 

Fig. 2. Selected examples of the different types of silica nanoparticles.  
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These results contradicted those obtained in vitro, emphasizing the 
importance of evaluating nanomaterials through both in vitro and in vivo 
experiments.[77]. 

Different reported studies with various inorganic nanoparticles 
identified hepatotoxicity and spleen alteration as the main subchronic 
toxic effects to be taken into account in safety analyses regardless of the 
route of administration.[67] Different studies analyzed here show that 
these data also apply specifically to silica-based nanoparticles, including 
MSNs. However, the few data collected, the observed effects and the 
difference between studies makes it difficult to draw meaningful con
clusions in this regard. 

3.2. Hemotoxicity and immune response 

After administration, MSNs may interact with components in the 
bloodstream, therefore it is important to investigate the hemotoxicity 
properties of these materials for potential intravenous applications.[78] 
Indeed, amorphous silica compounds have been shown to cause hemo
lysis in mammalian red blood cells (RBCs), raising major bio-safety 
concerns.[79] Slowing et al. observed that the hemolytic activity of 
silica is related to the presence of silanol groups on the surface. The 
authors suggested that the presence of negatively charged silanols on the 
surface of bare MSNs (ca. 100 nm diameter) might react with the 

Fig. 3. (A) Representation of the interaction of (upper) amorphous silica nanoparticles, and (bottom) MSNs with the red blood cells (RBC) membrane (rectangular 
surfaces). (B) Hemolysis assay for amorphous silica (red lines) and MSN (green lines), at 100 mg/mL, using water as a positive control (blue lines) and PBS as a 
negative control (dashed black lines). The presence of hemoglobin (red) in the supernatant visually (up) and by absorption at 541 nm (bottom). Adapted with 
permission from Small 2009, 5: 57–62. Copyright © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (C) Scanning electron images of RBCs incubated for 2 h 
at room temperature with (a) PBS as control, (b) 100 μg/mL of MCM-41-type MSN, and (c) 100 μg/mL of SBA-15-type MSN. MCM-41-type MSNs were found to 
adsorb on the surface of RBC without modifying the normal biconcave shape compared to control RBCs. SBA-15-type MSN attached to RBC membranes induced a 
strong local membrane deformation, which resulted in particle encapsulation by RBCs, leading to the destruction of these cells. Reprinted with permission from ACS 
Nano 2011, 5, 2, 1366–1375. Copyright © 2011, American Chemical Society. 
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positively charged trimethylammonium groups of the lipid RBCs, 
causing hemolysis[79] (Fig. 3A). When compared to their non-porous 
counterparts, (commercial amorphous with two size distributions 
centered at 459 and 1720 nm) MCM-41-type MSNs had a lower hemo
lytic impact at doses suitable for pharmacological applications, sug
gesting that this material was innocuous[79] (Fig. 3B). To forward 
clarify this mechanism, a comprehensive study evaluated the interaction 
between MSNs possessing different surface functional groups (ionic, 
polar, neutral, and hydrophobic) with different blood components, in 
terms of their hemolytic activity, thrombogenicity, and adsorption of 
blood proteins on their surfaces. The authors demonstrated that surface 
functionalization can significantly diminish or even prevent the hemo
lytic activity of bare MSNs (up to 1 mg/ml MSNs concentration). Be
sides, none of the MSNs used had significant thrombogenic activity. 
Finally, the authors used human serum albumin (HSA) and gamma 
globulins (gGs) to study non-specific protein adsorption on MSN sur
faces (particle diameter around 80 nm) and observed that surface 
functionalization with ionic groups can considerably reduce protein 
adsorption.[80] Further research confirmed that the hemocompatibility 
of MSNs depends on the size of the nanoparticles, and the hemolytic 
activity of nonporous silica nanoparticles on RBCs is reduced when 
mesoporous silica particles of similar size are used (particle sizes from 
~25 to ~250 nm diameter).[81] A different study compared the size- 
dependent hemocompatibility of two types of MSNs materials (MCM- 
41 and SBA-15), and it was found that MCM-41 MSNs (~100 nm 
diameter) did not disturb the membrane or morphology of RBCs. In 
contrast, adsorption of large SBA-15-type MSNs (~600 nm diameter) 
caused strong local membrane deformation leading to spiculation of 
RBCs, and eventual hemolysis, suggesting that smaller nanoparticles 
may be considered safe candidates for intravascular drug delivery[82] 
(Fig. 3C). Furthermore, nanoparticle-induced hemolysis can be avoided 
by modifying the silanol surface with a poly(ethylene glycol) coating. In 
addition, PEGylation might be a critical step for the systemic adminis
tration of MSNs (particle sizes from ~25 to ~250 nm diameter) since it 
reduced particle aggregation in presence of serum, which may obstruct 
vessels.[81] As an alternative to PEGylation, the group of Kuroda 
demonstrated that introducing ethenylene-bridge silsesquixane into the 
MSNs (diameter of ~20 nm) framework provided hemolytic protection 
due to the longer Si-Si distance and lower acidity of the silanol groups. 
[83]. 

Moreover, the interaction of nanoparticles with immune system 
components is one area of interest. Nanoparticles can be engineered to 
either avoid interaction or to specifically interact with the immune 
system. An interaction between a nanoparticle and the immune system is 
considered desirable when it led to beneficial medical applications, such 
as vaccines or therapeutics for inflammatory and autoimmune disorders. 
However, if the immune cells identify the nanoparticles as foreign, it 
could trigger an immunological reaction against them and ultimately 
cause toxicity in the host.[84] Amino-modified MSNs (160 nm diameter) 
were observed to induce a very low immune activation and non-toxic 
effect in primary murine leukocytes, determined by the release of in
flammatory cytokines.[85] Even though, recently MSNs have been 
pointed out as good candidates for immunotherapy. MSNs can act as 
adjuvants to promote immune cell recruitment and enhance the 
immunostimulatory effect in cancer immunotherapy. Specific nano
devices can be designed to achieve a suitable immunogenic response by 
controlling nanoparticle shape, size, surface modification, etc. For 
example, cationic and small size (100–200 nm) nanoparticles have been 
developed as cancer vaccines due to their easy internalization by some 
types of antigens-presenting cells (APCs).[86] Additionally, the immune 
response has been found to play a significant role in biomaterial- 
mediated osteogenesis. By activating immune cells and increasing 
cytokine release, MSNs can regulate inflammation and create an 
immunological environment that is beneficial to bone regeneration at 
appropriate concentrations.[87]. 

3.3. Biodegradability 

To exploit their use in clinical translation, MSNs should be degraded 
and excreted in a reasonable time after their biomedical mission in the 
organism, either diagnosis or drug delivery.[88] Thus, it is essential to 
evaluate the rate and mechanism of degradation of the inorganic support 
as it would determine the safety and biocompatibility of these materials. 
[29] Due to their nature, inorganic materials are more difficult to 
degrade, so there is still an assumption that silica nanoparticles are not 
metabolized and tend to accumulate in RES organs (e.g. liver and 
spleen), where clearance might take weeks or even months. Although 
silica and its degradation products have been “generally recognized as 
safe” (GRAF) by the FDA for the past 50 years, and silica nanoparticles 
are used in the food and pharmaceutical industries, the low degrad
ability in vivo could lead to long-term toxicity in various tissues or cause 
diseases.[29,89,90] Although the degradation kinetics of these MSNs are 
critical, they have not been completely investigated, and the impacts of 
experimental conditions during synthesis are yet unclear. 

The MSNs framework is obtained through siloxane bonds (Si-O-Si) 
with silanol groups (Si-OH) on the surface. The central Si atom in the 
tetrahedral SiO4 network is susceptible to being breakable in aqueous 
media following hydration, hydrolysis, and ion-exchange steps (Fig. 4). 
First, the water molecules are absorbed into the silica framework, and 
then, the hydroxide molecules (OH–) present in water cause a nucleo
philic attack leading to a hydrolytic breakdown of the siloxane bond. 
MSNs decompose in soluble silicon species, such as silicic acid, which 
are soluble in water and can be excreted either through urine or 
absorbed by the human body, which even contributes to maintaining 
bone health,[91] with non-toxic effect leading to a reduction in un
wanted side-effects by accumulation.[92–94]. 

The rate of degradation depends on the physical properties of the 
nanoparticles (e.g., surface area, pore size, shape, condensation degree, 
aggregation state, etc.), the surface coatings or surface modification, and 
alterations in the framework (e.g., ion-doping and hollowness). 
Furthermore, the physiological environment (e.g., pH, temperature, 
concentration, protein content, etc.) plays also a role in the degradation 
of MSNs. In this regard, the degradation rate in physiological fluids is an 
important factor to consider when evaluating cytotoxicity. Degradation 
can take place over a timescale of hours to days depending on the 
conditions.[95–97] Some studies show that simulated lung fluid (SLF) 
imposes the fastest degradation rate of nanoparticles, followed by 
simulated body fluid (SBF) or PBS. The slowest rate occurred in simu
lated gastric fluid (SGF).[97] Consequently, the design of MSNs can be 
used to tune the dissolution rate of silica in biorelevant fluids for specific 
biomedical purposes.[29,88,89]. 

3.3.1. Degradability of MSNs by tuning surface area 
The synthetic procedures followed to obtain silica nanoparticles can 

affect biodegradability kinetics. In particular, modifying the contact 
area between the framework of MSNs and water molecules can be used 
to control MSN degradability. Indeed, the accessible surface area is the 
main factor that determines the MSN dissolution rate, showing a linear 
relationship.[98]. 

One of the first studies regarding the biodegradation kinetics of 
MSNs was performed in 2010.[95] In this study the authors reported a 
three-stage degradation process of bare MSNs (ca. 100 nm) in simulated 
body fluid (SBF), consisting of a rapid bulk degradation on an hour-scale 
(stage 1), followed by a decelerated degradation (stage 2), and finally a 
sustained slow diffusion of the silicate layer over days (stage 3). The 
authors found that the biodegradation percentage of MSNs with a high- 
degree of Si-O-Si bond condensation only reached 32% after 15 days. 
Importantly, this behavior was not observed for nonporous silica 
nanoparticles. Later on, Hao et al., demonstrated that sphere-shaped 
bare MSNs (87 nm diameter) have a faster degradation rate than rod- 
shaped counterparts (short rods of 194 nm and long rods of 416 nm), 
because of their external surface area. Moreover, the presence of 
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proteins from the FBS accelerates the degradation rates of MSNs. Be
sides, the authors proposed a mechanism by which naked MSNs are 
degraded from the external surface, while PEGylated MSNs degraded 
from the interior of the particles for the steric hindrance of the hydro
philic PEG molecules outside the pore entrance. In contrast, the 
morphology and structure of solid Stöber silica nanoparticles did not 
significantly change within 60 days.[99]. 

Furthermore, it was found that the method for removing the tem
plate after the synthesis of MSNs influenced the degradation behavior. 
Calcined nanoparticles (~100 nm diameter) showed a lower degrada
tion compared to nanoparticles in which the template is removed by 
refluxing in hydrochloric acid.[95] This study showed that high initial 
concentrations of the MSNs in SBF and a low surface area prolong the 
degradation rate. The connection between the degradability with the 
surface area was explained by the group of Kuroda.[100] For nonporous 
silica nanoparticles (~5–10 nm diameter), biodegradability was related 
to particle size. As a result, the smaller the nanoparticles are, the more 
contact they have with the surrounding medium at the interface, and the 
more easily they degrade. Unfortunately, the toxicity and hemolytic 
activity of such small particles increased. Thus, the presence of meso
pores in colloidal MSNs showed a much higher degradation rate because 
of the increased contact area with water molecules, and this effect is 
independent of their size in a range of 20 to 80 nm diameter.[100,101] 
Moreover, aggregated MSNs presented a longer degradation rate in 
contrast to monodispersed MSNs. Zhao et al., showed that uniform 
monodispersed dendritic mesoporous silica nanospheres (~5–180 nm 
diameters with ~2.8–13 nm pores) possessed high degradability.[102] 
The authors concluded that the larger the pore size of MSNs, the faster 
the degradation rate. A different study also showed that bare MSNs 
(diameter ranges between 150 and 300 nm) prepared using the Stöber 

method and immersed in SBF tended to degrade from the inside to the 
outside, becoming hollow after 36 h and nearly completely degraded 
after 3 days.[103] Also, biodegradation was demonstrated in human 
embryo kidney 293 T cells without observing any toxicities. Impor
tantly, Choi et al. evaluated if the presence of cargo in the pores of MSNs 
has an effect on the degradation of MSNs. The study compared 
doxorubicin-loaded MSNs (DMSNs), cargo-free MSNs, and nonporous 
solid silica nanoparticles (nanoparticle sizes < 200 nm) in terms of 
degradation. Doxorubicin-loaded MSNs degraded more quickly than 
bare MSNs, while the latter degrade at a similar rate to non-porous solid 
silica nanoparticles.[104]. 

Overall, the reported studies indicate that the modification of the 
different parameters that affect the contact area between MSN’s 
framework and water molecules, such as pore size and porosity, can be 
used to regulate the degradability of MSNs from days to hours. 

3.3.2. Degradability of MSNs by surface modification 
Besides the surface area, the surface functionalization of MSNs has 

been demonstrated to affect the biodegradability of MSNs by promoting 
hydration or hydrolysis progress. Bindini et al reported that blocking the 
pores with organic or biomolecules (such as albumin present in the 
blood) reduces the surface of the material exposed to water, and the 
initial degradation rate is slowed by introducing a lag-time period.[98] 
Therefore, coatings play a crucial role in modulating the properties and 
behavior of MSNs having a significant impact on their degradability. 
While coatings could be categorized as cationic, anionic or neutral, it is 
important to note that specific coatings within each category can yield 
different outcomes. Consequently, evaluating each coating individually 
is necessary to fully understand its impact on MSN behavior. In this 
regard, Kim et al. showed that coating MSNs with polyethyleneimine 

Fig. 4. Schematic representation of the dissolution mechanism of mesoporous silica nanoparticles.  
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(PEI) to obtain PEI-MSNs (~80 nm diameter), accelerates the hydrolytic 
degradation of MSNs regardless of the pH value of the PBS medium. 
[105] The degradation rate of bare MSNs (~80 nm diameter) in acidic 
PBS was lower than in neutral PBS, which was explained as the nucle
ophilic attack by OH– to the Si-O bond in MSNs framework is inhibited in 
acidic conditions. However, when the coating of PEI is present, the 
numerous amine residues of PEI could buffer the local pH around MSNs 
surface allowing the OH– attack (Fig. 5). Thus, PEI-MSNs degradability is 
similarly achieved both in acidic PBS (83%) and neutral PBS (81%) at 
day 7.[105] Cauda et al. also evaluated the influence of the hydrophilic 
polymer coating PEG and demonstrated that PEGylation significantly 
retarded the degradation of MSNs in SBF (~60-400 nm diameter), and it 
depended on the density of the coverage and the molecular weight of the 
polymer.[106] The same researchers also evaluated different functional 
groups for coating MSNs (spherical and elliptical with sizes ~50-70 nm 
diameter) and found that phenyl-functionalized MSNs degraded signif
icantly faster, followed by chloropropyl- and aminopropyl- 
functionalized MSNs.[107] In another work, it was studied the de
gradability of modified MSNs with the functional groups –NH2 and 
–COOH (~10-30 nm diameter). The amino-functionalized nanoparticles 
(MSNs-NH2) showed the fastest degradation behavior, followed by 
carboxylated-functionalized nanoparticles (MSNs-COOH) and non- 
functionalized nanoparticles when evaluated in PBS.[108]. 

From these results, it can be concluded that the surface functionali
zation of MSNs affects their hydrolytic stability and their degradation 
rate. 

3.3.3. Degradability of MSNs by tuning silica framework 
The biodegradation rate of MSNs is greatly influenced by the 

condensation degree of the silica framework (Si-O-Si bond), with a 
higher condensation degree resulting in a lower biodegradation rate. In 
this line, the synthesis of silica nanoparticles without surfactant leads to 
looser structures that are easier to hydrolyze in physiological conditions. 
[109,110] The degradability of MSNs can also be regulated and 
controlled by changing the chemical composition of the silica frame
work which has been achieved by doping with metal oxides and organic 
incorporation. 

3.3.3.1. Doping with metal oxides. Degradability of the siliceous 
framework in physiological fluids of MSNs doped with manganese (Mn, 
~60-70 nm diameter)[111], calcium (Ca, ~50-100 nm diameter) 
[112–114], iron (Fe, ~20-80 nm diameter)[115,116] or copper (Cu, 
~160 nm diameter),[117] has been successfully achieved by regulation 

of the hydrolytic behavior of MSNs (vide infra). The presence of ions in 
the silica network introduces non-bridging oxygens leading to a weaker 
condensation of Si, and therefore, accelerating the hydrolysis of the 
silica framework. In contrast, the inclusion of zirconium in the MSN 
framework had the opposite effect and strongly inhibits degradation. 
[118]. 

The first report on metal ion-doped MSNs for biomedical applica
tions was published in 2016.[111] Yu et al., synthesized manganese- 
doped hollow MSNs (Mn-HMSNs) (~60-70 nm diameter) as a ther
agnostic platform. The degradation rate was evaluated in SBF solutions 
at low pH 5.0 and the presence of glutathione (GSH, 5.0 mM and 10.0 
mM) to accelerate this process. Also, the intracellular degradation 
behavior resulted in a significant fusion of degraded products on day 3 
with no sign of material after 7 d, demonstrating that biodegraded debris 
could be easily excreted out of the cells (Fig. 6). Importantly, the rapid 
biodegradation of Mn-HMSNs in the presence of a mildly acidic and 
reducing tumor microenvironment resulted in substantially faster anti
cancer drug release and improved T1-weighted magnetic resonance 
imaging of the tumor.[111]. 

Shi and co-workers reported that the addition of calcium salt into the 
aqueous basic synthesis of MSNs resulted in mesoporous calcium-doped 
silica spheres (100 nm), containing an amount of CaO up to 8.18 wt%. 
[112] These particles had similar drug loading and release behavior as 
pure MSNs, but improved significantly their degradability rate.[112]. 
Hao and co-workers designed a hybrid mesoporous silica scaffold with 
hydroxyapatite (MSNs/HAP) which became into debris after 4 h in PBS 
pH 5.0 and they were found completely broken into small fragments at 
12 h [113] (Fig. 7A y 7B). The degradability was improved by Ca2+

scape from the skeleton of MSNs in an acid environment. Importantly, 
the fast breakdown of MSNs/HAP nanospheres improved the penetra
tion ability and release efficiency of the loaded doxorubicin into tumor 
tissues in mice, which might be more effective in cancer treatment[113] 
(Fig. 7C). 

Iron ions can also be coupled to the silica framework, increasing MSN 
degradability in a protein-rich environment. Wang et al. produced an 
iron-doped hollow MSNs nanocatalyst (rFeOx-HMSN) (ca. 80 nm 
diameter) and found an accelerated biodegradation behavior, attributed 
to coordination between proteins and Fe ions.[115] The degradation of 
rFeOx-HMSN was evaluated in presence of SBF at pH = 7.4 and pH =
6.0, where the acidic condition accelerated the fracture of Fe-O bonds 
showing faster degradation. Also, the presence of deferiprone, which 
mimics a protein-rich environment and has been proved to coordinate 
with iron ions, accelerated the process (Fig. 8A). The catalytically active 

Fig. 5. (A) Schematic depiction of the hydrolytic degradation process of PEI-MSNs (upper) and pure MSNs (bottom) in an acidic medium. (B) TEM images of PEI- 
MSNs and bare MSNs in PBS at pH 5.0 at different times (1, 4, and day 7). Adapted with permission from J. Colloid Interface Sci. 2019, 533, 463–470. Copyright © 
2018 Elsevier Inc. All rights reserved. 
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framework of rFeOx-HMSN react with tumor-abundant H2O2 to produce 
toxic hydroxyl radicals (OH–) via Fenton-like reactions under mildly 
acidic conditions of the intratumoral microenvironment, resulting in 
severe oxidative stress conditions as an efficient treatment to damage 
tumors and enhanced biodegradability. Biocompatibility of rFeOx- 
HMSN (80 nm diameter) was evaluated in vivo on healthy Kunming 
mice for chronic (30 days) and acute (24 h) modes resulting in biosafety 
in both periods.[115] A different work reported biodegradable silica- 
iron oxide hybrid nanovectors of 100 nm with large mesopores (60 
nm diameter) for large protein delivery in cancer cells. Half of the 
content was based on iron oxide nanophases which had an enhanced 
biodegradability in the presence of proteins from FBS, where the parti
cles were shown mostly degraded as 10 nm pieces after 3 days. In 
contrast, the same nanoparticles remained intact in water after 3 days 
[116] (Fig. 8B). Similar degradability results were reported by Liu et al., 
when doped the silica framework with two transition metals (Fe and Cu; 
Cu–Fe–MSNs) (ca. 100 nm diameter).[119] The coordination in
teractions of metals with the silica species facilitated the degradability of 
the siliceous framework in physiological fluids. 

Similar strategies were later described using PEGylated Cu2+-doped 

hollow MSNs (PEG/Cu-HMSNs) (160 nm diameter), demonstrating that 
Cu–O bonds accelerate the structural collapse and degradation of the 
HMSNs carriers after 24 h in SBF (pH 6.5), with only PEG/Cu-HMSNs 
debris remaining after 72 h.[117] In contrast, the same nanoparticles 
(160 nm diameter) remained intact in neutral pH. Intracellular 
biodegradation was gradual in 4 T1 tumor cells, with only a few frag
ments of the degraded products visible on day 3. As a result, the strategy 
of doping Cu2+ into the MSN framework allowed PEG/Cu-HMSNs to 
remain intact while circulating in the neutral pH bloodstream but 
collapse rapidly after entering the weakly acidic tumor tissues, resulting 
in situ release of both encapsulated drugs and Cu2+, reducing off-target 
release.[117]. 

In conclusion, the type, content, and structure of the metal doping 
affect the degradation kinetics of hybrid silica nanoparticles, as well as 
pH (particularly for Ca and Mn), the presence of certain proteins (for Fe), 
and glutathione (GSH) (for Mn). 

3.3.3.2. Hybrid mesoporous organosilica-based nanomaterials. The 
incorporation of organic groups within the siloxane framework also 
leads to degradation under specific controlled conditions. Organosilica 

Fig. 6. TEM images of cancer cells after coincubation with Mn-HMSNs to observe the intracellular biodegradation behavior at different time point (a) 1, (b) 2, (c) 3, 
and (d) 7 d, respectively. At initial stage (a) Mn-HMSNs are endocytosed by cancer cells and accumulate into the cytoplasm. At 48 h (b) after intracellular uptake, is 
observed the fast biodegradation of Mn-HMSNs, as revealed by the cloudy morphology without a defined spherical structure. At day 3 (c) the biodegradation resulted 
in a significant fusion of degraded products. No significant material formulations could be found intracellularly after 7 days (d), demonstrating that the biodegraded 
species could be easily excreted out of the cells. Reprinted with permission from J. Am. Chem. Soc. 2016, 138, 31, 9881–9894. Copyright © 2016, American 
Chemical Society. 
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materials are prepared by mixing a silicon alkoxide precursor (i.e., tet
raethyl orthosilicate, TEOS) with an organosilane to obtain functional 
organosilica moieties into the mesoporous silica framework. Depending 
on the type and ratio of functional organic groups incorporated within 
the silica framework we can differentiate between mesoporous orga
nosilica nanoparticles (MONs) or periodic mesoporous organosilica 
(PMOs) when organized mesopores are obtained in MONs.[29] MONs 
can be prepared by including disulfide [120–123], tetrasulfide 
[124,125], diselenide[126] or oxamide groups[127,128] into the 
framework of MSNs, among others. In these organosilicas, the organic 
functional groups are cleaved under specific physiological conditions, 
such as enzymatic degradations or acidic conditions, that lead to the 
disintegration of the MSNs. In contrast to this, mesoporous nanoparticles 
with ethenylene-bridged silsesquioxane frameworks showed higher 
hydrolysis resistance under aqueous conditions compared to colloidal 
MSNs (diameter of ~20 nm). [83] Even if organic incorporation im
proves the biodegradation behavior of MSNs, organosilica precursors 
are of high cost and the process and uniformity of the final nanoparticles 
can be difficult to control.[93] Despite their potential advantages, it is 
also important to note that organosilicas face certain synthetic limita
tions compared to MSNs. One significant challenge is the preparation of 
uniform nanoparticles, while achieving precise control over the size, 
shape, and uniformity is more complex due to the incorporation of the 
organic moieties. Additionally, the synthesis of porous organosilica is 
challenging as the organic components can disrupt the ordered meso
porous structure typically observed in MSNs. 

Mesoporous organosilica nanoparticles (MONs, 3.4–3.6 nm and 40 
nm diameter) with disulfide bonds on their structure is the most widely 
studied strategy to enhance biodegradation. It has been demonstrated to 

improve the biocompatibility and biodegradation behavior of typical 
MSNs, and also achieve the controlled delivery of a cargo in redox-rich 
cancer cell environments.[120,121]. According to the valence-bond 
theoretical model, the bond length of the -Si-C- bond is longer than 
that of the -Si-O- bond, implying that the bond energy of the -Si-C- bond 
is lower. Consequently, the -Si-C- bond may be easier to biodegrade than 
the -Si-O- bond. Additionally, the -S-S- bond is physiologically active and 
easily biodegradable. As a result, the combined effects lead to the facile 
biodegradation of organosilica frameworks.[121] For the delivery of 
serum proteins, degradable dendritic mesoporous organosilica nano
vectors (DDMONs) (ca. 200 nm diameter) containing disulfides and 
covered with a PEI polymer were prepared by Yang et al. with two 
distinct pore sizes (4.6 and 14 nm).[129] Large pore MONs showed 
similarly slow degradation compared to small pore MONs in normal 
cells. In contrast, in the presence of higher levels of GSH in cancer cells, 
the enhanced diffusion rate of GSH inside the mesoporous structure led 
to much faster degradation of large-pore MONs than small-pore MONs 
[129] (Fig. 9A). In a different approach, the biodegradation of ultrasmall 
disulfide-bridged MONs (<50 nm diameter) was compared to traditional 
MSNs (ca. 100 nm diameter) into SBF containing different glutathione 
(GSH) concentrations at different times (Fig. 9B). MONs started to 
degrade only 6 h after immersion in the reductive solution and were 
totally disintegrated in 7 d. In contrast, MSNs did not show significant 
morphological chances in the same periods.[130] Shi and coworkers 
also confirmed that a hybrid organic–inorganic framework, enhances 
MSNs biodegradability in tumors and thus high biocompatibility.[121]. 

A different example includes biodegradable disulfide-doped MSNs 
(ca. 100 nm diameter), based on hollow MSNs modified with PEG 
(HMON–PEG) and grafted with Mn–protoporphyrin (MnPorph) applied 

Fig. 7. (A) Schematic illustration of the synthesis, drug loading and controlled release, and degradation process of MSNs/HAP composites. (B) TEM images of the 
MSNs/HAP sample after degradation in acid buffer solution (pH 5.0) for (a) 0 h, (b, c) 4 h, (d, e) 12 h; (f) the release of Ca2+ at pH = 7.4 and 5.0. (C) (a, b) Tumor 
growth inhibition effect and (c) body weight change upon treatment with DOX, DOX@MSNs, and DOX@MSNs/HAP. Adapted with permission from ACS Nano 2015, 
9, 10, 9614–9625. Copyright © 2015, American Chemical Society. 
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for magnetic resonance imaging-guided sonodynamic cancer therapy. 
[120] The in vitro assay in either SBF or intracellular conditions 
exhibited easy biodegradation behavior. Besides, in vivo studies 
demonstrated the rapid drop in silicon and manganese contents 48 h 
after injection, as well as the presence of nanoparticles in urine and 
feces, indicating that the nanoparticles were well excreted, which was 
likely due to their redox-mediated biodegradability. Additionally, the 
surface-cloaking with cancer-cell-membrane-derived fragments 

resulted, apart from an improved homologous tumor-targeting, in lower 
systemic toxicity.[120]. 

Shao et al. synthesized biodegradable diselenide-bridge large-pore 
MSNs (50 nm diameter) for intracellular protein delivery.[126] The 
organo-bridge MSNs can undergo self-destructive pathways in response 
to different stimuli, such as reactive oxygen species (ROS) and pH. After 
3 days of exposure to redox or oxidative conditions, the MSNs structure 
was disintegrated into small fragments thus suggesting a facile renal 

Fig. 8. (A) TEM images showing the biodegradation behavior of rFeOx-HMSN nanocatalyst in SBF with or without deferiprone under neutral (pH = 7.4) and acidic 
(pH = 6.0) conditions at varied time intervals (1 d, 3 d, 5 d and 7 d). Adapted with permission from Biomaterials 2018, 163, 1–13. Copyright © 2018 Elsevier Ltd. All 
rights reserved. (B) Representation of the degradability of large-pore silica-iron oxide NPs in water and FBS (a). TEM images of the nanovectors before (b) and after 
three days of dispersion in water (c) or FBS (d), and the corresponding DLS analyses (e-g). Reprinted with permission from J. Control. Release 2017, 259, 187–194. 
Copyright © 2016 Published by Elsevier B.V. 
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clearance in further in vivo applications.[126] The introduction of oxa
mide groups into the silica framework was firstly achieved by Kashab́s 
group, via a sol–gel method,[127,128] to obtain a homogenous distri
bution of oxamide groups into the silica framework. The particles 
degraded into nano fragments after the protein-mediated degradation 
when treated MSNs with trypsin in PBS for 48 h. 

An interesting approach incorporated carbon nanodots (CDs) into 
mesoporous silica framework (CD@MSNs) following a hydrogen bond/ 
electrostatic-assisted co-assembly strategy.[131] CD@MSNs, nano
spheres with sizes of 50–––60 nm, resulted biodegradable via CD- 
induced swelling and hydrolyzable Si-C bonds. The biodegradation 
was accelerated after the photothermal heating effect by NIR-laser 
irradiation and the resulting debris enhanced photothermal therapy 
(PTT) and synergistic immunotherapy in vitro and in vivo. Furthermore, 
CD@MSNs could still reach the cell lethal point under NIR-laser irra
diation for 5 min even after 12-day degradation. A comparative in vivo 
study with bare MSN showed higher accumulation in the lung, 
compared to biodegraded CD@MSN which avoided the lung-trapping of 
nanoparticles, improving biosafety in vivo.[131]. 

3.4. In vivo degradation of MSNs 

Despite the biodegradation of MSNs being one of the most critical 
limitations in achieving clinical applications, it is rarely explored in 
animal models. In this regard, degradation is usually studied using 
simulated body fluids but there is a need to state if the in vivo degra
dation occurs similarly. In this section, we present representative studies 
where degradable MSNs have been assessed in vivo. 

Hao et al.,[113] demonstrated that the incorporation of hydroxy
apatite into silica framework (MSNs/HAP, ~80–90 nm diameter) 
resulted in an increase of accumulated Si element in the kidney in 
comparison to pure MSNs. This was explained by the presence of Ca in 
the structure, which facilitated the degradation of the nanoparticle to 
smaller fragments (<5.5 nm) that are easily excreted through renal 
clearance. In terms of biocompatibility, MSNs/HAP loaded with doxo
rubicin (DOX@MSNs/HAP) protected mice from clinical renal lesions as 
compared to DOX@MSNs, which caused minor edema in the kidneys. 
[113] Wang et al. found that doped MSNs with Ca, Mg and Zn yielding 
Ca-MSN (103 nm), Mg-MSN (107 nm), and Zn-MSNs (99 nm) respec
tively, showed higher degradation rates than pure MSN, with rates of 
50.8%, 52.8%, 56.3%, and 24.0%, respectively, one day after 

subcutaneous injection of 0.1 mL of 50 mg/mL nanospheres into the 
backs of C57BL/6J mice.[132] Moreover, the presence of Ca, Mg, and Zn 
in the MSNs framework provide an excellent ability to induce Th1 
anticancer immunity, making them potential cancer immunoadjuvants. 
[132] Choi et al. investigated in vivo degradation of microsized meso
porous silica after local subcutaneous injection of 10 mg of SBA-15 (ca. 
100 nm diameter) in 200 µL of PBS into the right flank of BALB/c mice 
inducing a small nodule in the injection site. [133] To assess structural 
deformation, the material was collected at different time intervals (3, 7, 
10, 14, and 28 days). On day 3 post-injection, TEM images revealed that 
the pore structure was gradually destroyed over time, and distinctive 
XDR patterns were drastically reduced, indicating a loss of structural 
integrity. SBA-15 was not retrievable after 28 days, which was attributed 
to total silica breakdown.[133] Bhavsar et al. correlated the degradation 
rate of bare MSNs (80–120 nm diameter) from in vitro and in vivo ana
lyses and showed that MSNs degraded faster in vivo.[134] The presence 
of silicic acid in urine and feces at day 4 indicated the complete 
degradation of MSNs after intravenous injection (20 mg/kg) in Wistar 
rats. In contrast, MSNs in PBS (pH 7.4) required 6 days to dissolve 
completely. They suggest that the explanation might be due to the 
continuous elimination of soluble silicic acid from the body. This sup
ports the good degradability of MSNs in living organisms. 

4. Biodistribution and pharmacokinetics of mesoporous silica 
nanoparticles 

Biodistribution and pharmacokinetics are key parameters as they 
define the absorption and distribution of the nanoparticles within the 
organism being highly dependent on the physicochemical features of the 
nanoparticles (size, shape, and functionalization) as well as the 
employed route of administration. The principal routes or administra
tion are intravenous (I.V.), intraperitoneal (I.P.), oral gavage (O.G.), and 
intratracheal administration. Regardless of the route of administration, 
the organs with the highest accumulation of nanoparticles are the liver, 
lung, and spleen.[135,136]. 

A systemic nanoparticle distribution is observed in the bloodstream 
when nanoparticles are inoculated into the body (as seen in Fig. 10). A 
protein corona is created as proteins from the plasma and/or intracel
lular fluid are adsorbed on the nanoparticles’ surface.[137] The retic
uloendothelial system (RES) immune cells such monocytes, platelets, 
leukocytes, and dendritic cells quickly opsonize the nanoparticles as a 

Fig. 9. (A) Schematic illustration for (I) the organic–inorganic hybrid composition of degradable dendritic mesoporous organosilica nanoparticles (DDMONs) (II) 
small pore MONs, (III) large pore DDMONs, (IV) normal cells, (V) MONs, and (VI) DDMON degradation in normal cells, (VII) cancer cells, (VIII) MONs, and (IX) 
DDMONs degradation in cancer cells. Reprinted with permission from Chem. Mater. 2016, 28, 24, 9008–9016. Copyright © 2016 American Chemical Society. (B) 
TEM images of MONs and MSNs after degradation for (a–d) 6 h, (e–h) 24 h and (i–l) 7 d in SBF solutions of GSH concentrations of 10 mM and 0 mM. Reprinted with 
permission from Biomaterials 2018, 161, 292–305. Copyright © 2018 Elsevier Ltd. All rights reserved. 
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result of the protein corona’s presence. Due to the presence of resident 
phagocytes, such as Kupffer cells in the liver, alveolar macrophages in 
the lung, macrophages and B cells in the spleen, or dendritic cells in 
lymph nodes, nanoparticles tend to collect in these organs.[138]. 

4.1. Targeting and cellular uptake of mesoporous silica nanoparticles 

In addition to the systemic distribution of nanoparticles in the body 
nanoparticles can specifically target diseased cells or tissues through 
passive or active targeting.[139–141] Several factors, including the 
unique properties of the designed nanoparticles and the target tissue 
contribute to the nanoparticle accumulation and uptake process. 

4.1.1. Passive targeting 
There are two described mechanisms by which nanoparticles can 

passively accumulate in target tissues: the enhanced permeability and 
retention (EPR) effect in tumors and the ELVIS (Extravasation through 
Leaky Vasculature and the subsequent Inflammatory cell-mediated 
Sequestration) mechanism in inflammatory areas. Both mechanisms 
are based on the alteration of the vasculature that allows the nano
particles to penetrate easily into the tissue (Fig. 4). 

Regarding EPR effect, MSNs exhibits a preferential and large accu
mulation in the tumours compared to major organs. Matsumura and 
Maeda initially described the EPR effect in 1986,[142] as result from a 
dysfunctional lymphatic system and tumor vasculature that increases 
vascular permeability and limit the elimination of molecules from tumor 
tissues allowing nanoparticles to accumulate in the tumor (Fig. 4). A 
clear example of the EPR effect in MSNs was demonstrated by Wei et al. 
[143], observing that ultrasmall CuSNDs-sealed, doxorubicin-loaded 
MSNs (abbreviated as [64Cu]MDNs, 110 nm of diameter) initially 
accumulated in the tumors tissue after 1 h of the intravenous injection 

(dose of 0.074 MBq per mouse). The accumulation continued increasing 
at 5 h, reaching the maximum level at 24 h post-administration. At 4 h 
after the injection, MSNs were also found in the liver, spleen, and 
bladder. Accumulation in the bladder suggests an excretion method 
through the renal-urinary system. Another example to highlight is the 
PEGylated Cu2+-doped hollow MSNs described by Wu et al.[117], these 
nanoparticles (~160 nm diameter) accumulated in tumor tissue with an 
efficiency of 4.3% at 48 h after intravenous injection (doses of 10 and 20 
mg/Kg). 

In a similar way, the leaky vasculature of inflamed tissues facilitates 
the penetration of nanoparticles due to the “ELVIS mechanism”.[144] 
ELVIS mechanism was firstly described by by Wang D. and Goldring S.R. 
[144] and has been validated by several inflammatory disease models. 
[145–147] An example of this effect in MSNs can be found in the pref
erentially accumulated of MSNs loaded with caspase-1 inhibitor VX-765 
capped with poly-l-lysine polymer, after their intravenous administra
tion (~114–122 nm diameter, dose of 75 mg/kg of drug loaded MSNs 
that corresponds to 4.2 mg/kg of VX-765), in the inflamed tissue of an 
air pouch mouse model C57BL/6.[148] More recently, the same authors 
take advantage of this effect for developing targeted-lung nanoparticles 
for the treatment of pulmonary diseases.[149] MSNs were loaded with 
dexamethasone and capped with a peptide able to bind TNFR receptor in 
pro-inflammatory macrophages. After the intravenous administration of 
the nanoparticles (~194–230 nm diameter, dose of 25 mg/kg of drug 
loaded MSNs that corresponds to 10 mg/kg of free dexamethasone) in an 
acute lung injury model in CD-1 mice, IVIS imaging revealed a prefer
ential accumulation of the nanoparticles in the inflamed lungs compared 
to healthy animals treated with the nanoparticles. Remarkably, the 
ability of the nanoparticles to reach the inflamed lungs and delivery 
dexamethasone in a controlled manner enhanced the therapeutic ac
tivity of the drug to reduce the inflammatory response and lung injury 

Fig. 10. The four most popular methods of administering nanoparticles in rodent models are intratracheal, intraperitoneal, intravenous, and oral gavage. The scheme 
also shows reticuloendothelial system (RES) organs like the lungs, spleen, liver, and lymph nodes. When delivered to the body, nanoparticles travel through the 
bloodstream (1), a protein corona is created when opsonins and other blood plasma proteins adsorb to the surface of the nanoparticles. (2). The circulating RES 
phagocyte cells, like macrophages, have cellular receptors that have a strong affinity for opsonins (3). This results in the macrophage internalizing and digesting the 
nanoparticles in the phagocytic lysozymes (4). 
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while minimizing undesired side effects.. 
While the passive targeting (EPR effect) has been extensively utilized 

as a targeting strategy in nanoparticle-based drug delivery systems, it is 
important to comment that the concept itself is quite generic. The het
erogeneity of tumors and the complexity of tumor microenvironments 
necessitate a deeper understanding of the mechanisms underlying 
nanoparticle targeting and accumulation in tumors. Merely relying on 
the EPR effect as a justification for tumor targeting may not be sufficient 
and future works in the field should provide a more critical discussion 
and evidence of the specific nature of targeting and accumulation pro
cesses in tumors. 

4.1.2. Active targeting 
By adding specific targeting molecules to the surface of nanodevices, 

active targeting aims to selectively target particular cell types without 
harming healthy tissues. The most often employed targeted molecules to 
modify the nanoparticles’ surfaces are aptamers, peptides, proteins and 
antibodies [139] (Fig. 11). 

Surface functionalization of MSNs with targeting molecules for spe
cific targeted drug delivery has been extensively studied. Targeted MSNs 
exhibit a major escape from the uptake by the RES and an increased 
accumulation in the target organs and cells. [28,150–154] Zhou and 
coworkers,[155] used hyaluronic acid and collagen I coated MSNs 
(FMSNs) loaded with doxorubicin to target HeLa tumor-bearing BALB/c 
nude mice. Hyaluronic acid is one of the most studied agents for tumor 
targeting, since its receptor, CD44, is overexpressed in many cancers. As 
expected, FMSNs accumulate mostly in the tumor after 6 and 24 h post- 
IV injection due to the hyaluronic acid-targeting and EPR effect in the 
tumor. Another example is described by Goel et al.[156] that designed 
biodegradable dendritic MSNs (bMSNs, ~150 nm diameter) intrinsically 

radiolabeled with oxophilic zirconium-89 ([89Zr]bMSNs) pegylated and 
functionalized with anti-CD105 to target tumor vasculature in a 4 T1 
breast cancer model. [89Zr]bMSN-PEG5k-TRC105 nanoconjugates 
demonstrated a long circulation time remaining in the blood even after 
24 h post intravenous administration (dose of 50 mg/Kg) in the targeted 
group. PEGylation resulted critical for longer circulation in vivo. Besides, 
the induction of senescence for cancer treatment has been proposed as a 
new therapeutic approach. In this way, the development of gal
actooligosaccharide (galactan) capped nanoparticles has been described 
to target and selectively eliminate senescent cells in tumors, based on 
the specific galactan cap hydrolysis by the β-galactosidase overexpressed 
in senescent cells.[157,158] The in vivo imaging studies revealed the 
preferential accumulation of galactan-capped nanoparticles (80–100 nm 
diameter, dose 4 mg/mL, 200 µL of dye-loaded MSNs), loaded with 
different NIR fluorescent dyes (ICG and Nile Blue), in senescent 4 T1 
breast tumors in balb/c mice after 24 h. 

4.2. Effect of size and shape modification 

Size and shape change the in vivo biodistribution of nanoparticles. 
Smaller nanoparticles typically have longer blood circulation lifetimes, 
which may be due to RES cells’ delayed uptake of these particles in 
organs like the liver and spleen. He and coworkers[159] intravenously 
administered (dose 5 µL/g at concentration of 4 mg/mL) MSNs of 
different particle sizes (80, 120, 200, and 360 nm) and proved that when 
the size of the nanoparticles increased, their accumulation in the liver or 
spleen increased too. Thus, smaller size nanoparticles (80 or 120 nm) 
escape from being captured by the RES having a slower degradation 
rate. Dogra et. al[160] also proved that MSNs functionalized with PEG- 
trimethyl silane (PEG-TMS MSNs) of 25 nm of diameter presented higher 

Fig. 11. Schematic illustrating the passive and active cellular targeting. Passive targeting is a consequence of altered vasculature and includes enhanced permeability 
and retention (EPR) effect in tumors and ELVIS mechanism in inflammatory microenvironment. Active targeting can be achieved by functionalizing nanoparticles 
with different molecules such as antibodies, proteins, peptides, carbohydrates, aptamers or nucleic acids. ELVIS: Extravasation of nanomedicines through Leaky 
Vasculature and Subsequent Inflammatory cell-mediated Sequestration. 
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bioavailability in rats compared to 150 nm PEG-TMS MSNs which were 
rapidly cleared by the liver and spleen (both MSNs administered at dose 
of 1 mg of nanoparticles suspended in 200 µL intravenous or intraperi
toneal) (Fig. 5). 

Particle shape also has a clear effect in in vivo behavior including 
biodistribution and clearance. Intravenously injected short-rod MSNs 
(185 nm short-rod nanoparticles and 760 nm long-rods nanoparticles, 
dose 20 mg/Kg) were easily trapped by the liver, while long-rod MSNs 
had longer blood circulation time and were more accumulated in the 
spleen.[161]. 

4.3. Effect of surface modification 

The MSNs surface chemical properties of the nanoparticles have a 
direct impact on the adsorption of proteins, pharmacokinetics, bio
distribution, accumulation, and even nanoparticle toxicity.[162] When 
nanoparticles are exposed to biological systems, a protein corona is 
created when proteins from the surface of the nanoparticle are adsorbed 
from the plasma and/or intracellular fluid.[163] The composition of the 
protein corona is particularly dependent on the nanoparticle composi
tion, surface charge, and hydrophobicity.[164] For example, when 
nanoparticles are coated with polyethylene glycol (PEG) the stability of 
nanoparticles increases. PEG-coated nanoparticles have a prolonged 
blood circulation lifetime due to their ability to evade phagocytosis and 
avoid being heavily collected by RES cells in the spleen, liver, and lung. 
[111,159,165] Because of this, there is less breakdown products 
secreted in the urine. 

Another strategy to produce a stealth effect on the RES is to coat the 
surface of nanoparticles with a lipid bilayer. When core–shell meso
porous silica nanoparticles (Fe3O4@MSN) are coated with a 1,2- 
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid bilayer (ca. 150 
nm diameter), nanoparticles exhibit a strong accumulation in the liver 
and a very low accumulation in the lung in comparison with nude (100 
nm diameter) or PEG-coated ones (ca. 120–150 nm diameter). At 24 h of 
the intravenous injection (dose 40 mg/Kg), PEG-coated Fe3O4@MSNs 
are still well present in the blood, suggesting a better circulation time 
due to the coating.[165] In another work, Shao and coworkers[126] 
designed diselenide-bridge MSNs (50 nm diameter) with cancer cell 
membrane coating (HeLa) and RNase A cargo (MSNs@RNaseA@CM) for 
cancer treatment. The intravenous administration of MSNs@RNa
seA@CM (dose 10 mg/Kg) consistently exhibited remarkably improved 
blood retention compared with MSNs@RNaseA without the cell- 
membrane coating probably due to the immune-evasive ability of the 
cancer cell membrane. The elimination half-times were ca. 2.0 times 
higher (15–20 h) than their comparative without cell-membrane coating 
(9.7 h). 

The copolymer coating of MSNs also alters circulation time in the 
blood. Dogra et al.[160] proved that strongly positive 50 nm MSNs 
coated with the copolymer poly(ethylene imine) (PEI) and polyethylene 
glycol (PEG) (both MSNs administered intravenous or intraperitoneal at 
a dose of 1 mg, suspended in 200 µL), presented the lowest systemic 
residence time, being rapidly uptaken by the liver and the spleen. 
However, PEG-trimethylsilane (neutral) and PEG-quaternary amine 
(positive) nanoparticles had similar circulating values although PEG- 
trimethylsilane moved to the liver and spleen and PEG- quaternary 
amine to the intestinal tract and bladder. 

4.4. Effect of the route of administration 

Nanoparticles can be administered to the body through different 
routes including intravenous (I.V.) and intraperitoneal injection (I.P.), 
oral administration (O.G.), and intratracheal administration. The route 
of administration can affect the biodistribution of the nanoparticles 
within the organism and the pharmacokinetics of their cargo. Under
standing these factors is crucial for optimizing the therapeutic efficacy 
and safety profile of nanoparticle-based drug delivery systems. For 

example, intravenous injection allows the direct systemic circulation 
and wide distribution throughout the body, while intraperitoneal in
jection enables localized delivery to the peritoneal cavity. Oral admin
istration offers non-invasive delivery, but it is also subjected to various 
biological barriers. Intratracheal administration provides targeted de
livery to the lungs and respiratory system. 

4.4.1. Intravenous administration 
Intravenous administration (I.V.) of nanoparticles via the blood

stream allows systemic biodistribution and complete bioavailability 
facilitating widespread distribution to target tissues and cells and 
providing several advantages in drug delivery. As described above, 
when nanoparticles are exposed to plasma and/or intracellular fluid 
they are subjected to opsonization, protein corona formation, and RES 
capture.[137,138] This route offers controlled dosing, precise delivery 
of therapeutic agents, and the potential for targeted delivery. Moreover, 
intravenous administration is a well-established and widely accepted 
method in clinical practice. 

Laprise-Pelletier and coworkers,[166] demonstrated that MSNs, 
based on MCM-48 nanospheres (150 nm diameter) functionalized with 
diethylenetriaminepentaacetic acid (DTPA) and labeled with para
magnetic ions Gd3+ (for MRI) as well as radioactive ions 64Cu2+ (for 
PET), intravenous administration (dose of 0.31 μmol Gd, kept at a low 
level at 12.4 μmol/kg) reached the liver and spleen shortly after injec
tion, followed by progressive elimination over time with half-lives of 
12.9 h and 14.8 h for the spleen and liver, respectively. Huang et al. 
[161] found that, 2 h after intravenous administration (dose 20 mg/Kg), 
80% of the injected fluorescein-5-isothiocyanate (FITC)-MSNs (ca. 70 
nm) were accumulated in the vascular system of the lung and the RES 
organs such as the liver and spleen. MSNs showed diffused distribution 
in the lung and liver and aggregated distribution in the borderline of the 
spleen which correlates to the distribution of mononuclear phagocytes. 
6 h after I.V. administration, nanoparticles were mainly located in the 
liver (35.3%), kidney (9.0%), lung (8.3%), spleen (8.0%) and heart 
(4.5%).[167,168] Guo and coworkers[169], prepared MSNs nano
hybrids (60 nm) functionalized with peptide dendrons and marked with 
Cy5.5 that were administrated I.V. in healthy nude mice and in vivo 
NIRF imaging was performed at different time points showing the dis
tribution of the MSNs with the time (Fig. 6A). A strong NIRF signal is 
observed in ex vivo imaging in the liver, spleen, and lungs from treated 
mice at 6 h and 24 h post-administration (I.V.) (Fig. 6B and 6C). Similar 
results have been obtained by He and coworkers (different particle sizes 
of 80, 120, 200, and 360 nm; intravenous dose 5 μL/g at concentration 4 
mg/mL)[159] and Rojas et al. (~60–90 nm diameter, intravenous dose 
of 0.8 MBq of 18F-MSiNPs)[170] The latter group used the 18F isotope 
anchored to MSNs (18F-MSiNPs) to determine the biodistribution and 
found that the radioactivity in the urinary bladder and intestine 
increased during the 2 h of the scan. At the end of acquisition, only 5 ±
1.2% of the injected dose remained in the circulatory system, suggesting 
that the removal of the MSNs would occur through feces and urine (see 
below for more detailed studies on clearance in section 5). 

Regarding tumor targeting after I.V. administration, EPR effect with 
MSNs has been widely validated.[126,129,131,156,171,172] As 
described above, Wu and coworkers showed that PEGylated Cu2+-doped 
hollow mesoporous silica nanoparticles (160 nm) accumulated in tumor 
tissue with an efficiency of 4.3% at 48 h after injection in a 4 T1 breast 
cancer mice model (intravenous doses of 10 and 20 mg/Kg).[117] In a 
similar tumor-bearing mice, Wei et al.[143] performed photoacoustic 
imaging of MSNs (100 nm diameter) capped with 64Cu nanodots (6 nm 
diameter) and demonstrated that nanoparticles accumulated in the 
tumor tissue at 1 h after I.V. administration (dose of [64Cu]MDNs 0.074 
MBq per mouse). With time, the photoacoustic signal increased at 5 h 
and reached the highest level at 24 h post-injection. PET imaging was 
also performed to confirm the results, obtaining a gradual increase of 
radioactivity at the tumor site with the time until 24 h. Besides the 
tumor, high PET signals were found in the liver, spleen, and bladder 
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after 4 h of I.V. administration, suggesting that nanoparticles can 
accumulate in the bladder, and be excreted through the renal-urinary 
system. 

4.4.2. Intraperitoneal administration 
Intraperitoneal administration (I.P.) consists of the injection into the 

peritoneum (abdomen). It is a commonly used method of administration 
in animal experimentation because it is easy to perform and causes less 
stress on laboratory rodents being the most suitable technique for long- 
term administration or chronic therapies. In humans, its application is 
limited for instance to the treatment of some peritoneal cancer such as 
gynecological and gastrointestinal cancers.[173–175]. 

Although I.P. administration requires the absorption of MSNs from 
the peritoneal cavity into the blood, no significant differences have been 
found in pharmacokinetics or biodistribution between intravenously 
and intraperitoneal administration of MSNs. Dogra and coworkers,[160] 
compared both types of administration (both MSNs administered at a 
dose of 1 mg of nanoparticles suspended in 200 µL, intravenous or 
intraperitoneal) (Fig. 12) and observed a generalized nanoparticle dis
tribution after intravenous or intraperitoneal injection of radioactive 
(111In) MSNs functionalized with the polymer PEG-trimethyl silane. 
After 30 min of both intravenous and intraperitoneal injections MSNs 
accumulate in the heart and lungs. Then, the nanoparticles moved from 
the thoracic region to the spleen and liver (abdominal region) in a 
particle-type-dependent manner. MSNs accumulation was cleared 24 h 
after both types of administration. 

4.4.3. Oral gavage 
Oral delivery is the most common route of drug administration in 

patients. When MSNs are administered by oral gavage (O.G.), they can 
remain in the gastrointestinal tract but also can be intestinally absorbed 
and enter the systemic circulation. Zhao and coworkers,[176] used ex 

vivo optical imaging to qualitatively monitor the distribution of Cy5.5- 
labeled MSNs (150 nm) in the gastrointestinal tract. At 40 min, the 
fluorescence signal was mainly in the stomach, duodenum and jejunum 
while at 2 h, they found that fluorescent nanoparticles moved down 
gradually from the stomach to the intestine. Also, the fluorescence in
tensity gradually decreased with time. Regarding general distribution 
after O.G., L. Li et al.,[177] found that at 2 h post-administration 
(intragastrically dose of 40 mg/Kg), bare MSNs of size 85 nm accumu
lated in the liver, lung, spleen, and kidney. At 24 h post-administration, 
the MSNs had approximately a 2 times increased content in the spleen 
and 2.5 times in the kidney compared to that of 2 h, but it decreased to a 
low level at 72 h. 

Again, the size and shape of MSNs play a role in the distribution of 
the particles. Zhao and collaborators[176] found that rod nanoparticles 
(150 nm, orally administration at 80 mg/Kg) had a longer residence 
time in the gastrointestinal tract compared with spherical nanoparticles 
(fluorescent Cy5.5-MSNs of 150 nm). It was also found that short rod 
nanoparticles and spherical nanoparticles both reached a higher content 
in all the organs than long rod nanoparticles at 2 h and 24 h, while the 
long rod nanoparticles attained a higher content in all the organs at 7 
days. Regarding pharmacokinetics, they found that nifedipine(NI)- 
loaded long rod nanoparticles have higher bioavailability than NI- 
loaded short rod nanoparticles and spherical nanoparticles. Also, L. Li 
et al.,[177] proved that after degradation in the intestinal juice, the 
presence of bare-rod nanoparticles content (85 nm diameter and 146 nm 
length, intragastrically dose of 40 mg/Kg) was mainly found in the liver 
and lung, whereas spherical bare nanoparticles (85 nm) was mainly 
found in the spleen. These results indicated that it was more difficult to 
remove the long rod MSNs from the RES organs[178] and they were 
protected from macrophages, resulting in longer blood circulation. 

Targeting the gastrointestinal tract can be achieved by oral gavage. 
Focusing on facilitating drug delivery to the colonic region, MSNs 

Fig. 12. SPECT/CT images showing the evolution in the biodistribution spatio-temporal of radioactive (111In) MSNs. PEG-trimethyl silane (TMS)-coated radioactive 
MSNs of nominal sizes 25 nm (a, d), 50 nm (b, e) and 150 nm (c, f) were injected via I.V. (a-c) or I.P. (d–f) route to evaluate the effect of MSN size and route of 
administration in biodistribution of healthy rats. Injections were followed by SPECT/CT imaging at 30 min, 5 h (6 h in case of TMS150 (I.V.)), and 24 h. All SPECT 
images were scaled from 0.5 to 12%ID g− 1. Reprinted with permission from Nature Commun, 2018, 9, 4551 Copyright © 2018, The Author(s). 
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containing safranin O (as a model drug) and capped with hydrolyzed 
starch molecules were administrated in an enteric capsule (~100–200 
nm diameter, oral dose of 40 mg) covered by a pH-dependent coating 
polymer formed by methacrylic acid– methyl methacrylate copolymer 
(commercially available as Eudragit S), soluble at pH greater than 7. The 
distribution of safranin O in the colon, plasma, and other organs at 24, 
48, and 72 h was compared (e.g., pancreas, heart, kidney, brain, liver, 
spleen and lung) (Fig. 6E). According to the findings, when safranin O 
was given freely, it did not build up in the colon or other organs and was 
practically eliminated after 24 h. In contrast, when safranin O was 
administered with the enteric capsule formulation, a high dye content in 
colon tissue was observed after 24 h, while a very low content was found 
in blood and other tissues. Furthermore, after 72 h, the amount of 
safranin O in colon tissue decreased significantly. These nanoparticles 
allow the retention of the MSNs in the colon and the release of the drug 
in this target organ.[179–181]. 

Besides, to efficiently treat intestinal diseases nanoparticles can be 
designed to reach distinct regions of the gastrointestinal tract as 
demonstrated Desai and co-workers.[182] The authors evaluate the ef
fect of the different combinations of PEI-, PEG-, and FA- coated MSNs 
(ca. 400–500 nm) on intestinal targeting. The therapeutic potential of 
MSNs loaded with DAPT (γ-secretase inhibitor) for targeted delivery to 
the intestinal epithelium was evaluated. PEG-, FA-PEI-MSNs and FA- 
PEG-PEI-MSNs was fed to mice by oral gavage for 3 consecutive days. 
Unloaded nanoparticles and free DAPT was used as a control. The 
combination of FA-PEG-PEI DAPT-loaded MSNs resulted in a higher 
drug efficacy compared to free drug in the intestine. In addition, the 
authors evaluate the role of surface modifications to specific regions of 
the gastrointestinal trac. PEI-MSNs have more affinity for the small in
testine and PEG-PEI coating for the colon. PEGylated nanoparticles 
showed a higher ability for mucosal penetration, being a useful modi
fication for targeting the colon and thus offering better therapeutic op
tions for diseases that occur in the colon such as colorectal cancer and 
inflammatory bowel disease. 

Another interesting approach to target specific regions of GI is the 
development of programmable nanoparticles taking advantage of the 
difference in pH values in the stomach (pH 1.2), small intestine (pH 
6.5–7.5) and the inflamed colon (pH 3). Fu et al. developed programmed 
pH-responsive core–shell nanoparticles (CNs) for the precisely drug 
delivery in ulcerative colitis.[183] Eudragit® EPO and L100, two pH- 
sensitive materials (pH 6.5 and pH 1.2, respectively), were used to 
coat nano-sized curcumin to fabricate core–shell nanoparticles (ca. 300 
nm). The developed CNs@EPO@L100 exhibited programmed pH- 
responsive drug release behavior in solutions mimicking pH in the 
transit through gastrointestinal tract. Due to the presence of EPO layer, 
which is degraded at pH 1.2 a negligible cargo release was observed 
from CNs@EPO@L100 at this stage. In the second, the second layer 
(L100) was slowly degraded at pH 6.8 allowing that nanoparticles 
reached the final step and efficiently release their content at pH 3.0. This 
effect was also confirmed in animal experiments. The biodistribution of 
CNs@EPO@L100 in the gastrointestinal tract from ulcerative colitis 
mice model was monitored after a single oral administration. A strong 
fluorescence signal was observed in the colon of those animals treated 
with the CNs@EPO@L100 compared with control nanoparticles (CNs, 
and CNs@EPO) present in the stomach and the small intestine. The 
design of programmed pH-responsive release nanoparticles could be a 
potential tool for efficiently treat gastrointestinal disorders. 

4.4.4. Intratracheal/intranasal administration 
In some studies, the MSNs were directly administered into the lungs, 

by intratracheal instillation or by inhalation. Over years, the use of silica 
nanoparticles has been concerned with safety issues related to lung 
accumulation and thus damage, mainly ascribed to inhaled nano
particles. However, these problems can be overcome through the mod
ulation of the physicochemical properties of the nanoparticles, as well as 
dose and exposure.[35] Biodistribution of MSNs after intratracheal 

administration performed by Van Rijt et al. demonstrated the suitability 
of MSNs as drug delivery carriers in the lung (tested doses of 20 and 100 
µg per mouse).[184] The authors prepared MSNs functionalized with 
amino groups (MSNs-NH2) of ca. 105 nm, or with avidin protein (MSNs- 
AVI) of ca. 165 nm of size. The toxicity, biodistribution and clearance 
rate were evaluated in BALB/c mice. Whereas MSNs-NH2 showed a 
significant inflammatory response and some pulmonary toxicity, no 
evidence of toxic effects or inflammatory response was observed for 
coated MSNs-AVI. When MSNs were coated with the glycoprotein 
avidin, the nanoparticles were able to reach the deeper alveolar regions 
and they were found dispersed over the lungs, remaining in the lung 
epithelium at least for 7 days. 

There are several reports in which MSNs are used for treating pul
monary diseases. In these cases, intratracheal instillation or inhalation 
was used, without any sign of toxicity achieving a direct lung delivery. 
For example, the effectiveness of MSNs was proven for lung cancer 
treatment. Minko and colleagues[185] prepared Cy5.5-labelled MSNs 
(ca. 150 nm) loaded with doxorubicin and functionalized, via disulfide 
linkages, with siRNA for drug-resistance and PEG-LHRH (luteinizing 
hormone-releasing hormone receptor) for lung targeting. The accumu
lation of the prepared nanoparticles was evaluated in mice bearing an 
orthotopic A549 lung cancer treated by inhalation or intravenous in
jection (dose in both cases of 2.5 mg/Kg). After 3 h, IVIS imaging 
revealed an enhanced accumulation of the inhaled MSNs into the lungs 
as well as reduced dissemination in other organs, compared to intrave
nous administration. Besides, Godaly and coworkers[186] developed a 
MSN loaded with the NZX peptide (NZX-MPSs) of 200 nm size for the 
treatment of Tuberculosis. The results exhibited a greater reduction of 
the bacteria burden in BALB/c mice infected with M. tuberculosis after 
the intranasal administration of the MSNs when compared to that ob
tained with the free treatments. This effect was mainly attributed to the 
ability of the MSNs to reach the infected lungs. 

4.5. Miscellaneous: Blood-brain barrier 

The blood–brain barrier is a highly selective semipermeable endo
thelium whose main function is to regulate the entry of molecules into 
the central nervous system. It is not yet clear whether MSNs can cross the 
blood–brain barrier to reach lymph nodes and brain parenchyma. Some 
reports have indicated the presence of nanoparticles in these brain areas. 
[187–190] However, other reports [161,170] did not find any presence 
of nanoparticles in limb lymph nodes or the brain after 2 h or 7 d post-I. 
V.-injection even changing nanoparticles size or shape (185 nm short- 
rod nanoparticles and 760 nm long-rods nanoparticles with intrave
nous dose of 20 mg/kg and ~ 60–90 nm diameter intravenous dose of 
0.8 MBq of 18F-conjugated MSNs). The reason for these differences may 
be related to the intrinsic properties of the nanoparticles.[191] In this 
regard, MSN formulations can enhance drug delivery by overcoming the 
BBB through specific transport processes.[192] As an example, Hernan 
Li and collaborators[193], have synthetized FITC labeled bio
mimetically MSNs (BMS), with a size of 200 nm, using three heterocyclic 
amino acid derivatives (C16-L-histidine, C16-L-poline and C16-L- 
tryptophan) as a template. After 1 h of intragastric administration 
(dose 200 mg/Kg), BMS were found in the brain exhibiting the highest 
peaked at 4 h (Fig. 13D). The fluorescence intensity started to decline at 
8 h post-administration. 

Fortin, Calon, Kleitz, and coworkers performed in vivo studies to 
evaluate the BBB targeting ability of Ri7-MSN50 nanoparticles based on 
MCM-48 conjugated with DPTA–Gd(III) and the monoclonal antibody 
(Ri7) with affinity to brain endothelial and neuronal cells (50 nm and 
160 nm diameter). The nanoparticles were injected intravenously into 
mice (dose 0.25 nmol per mice), resulting in their specific interaction 
with transferrin receptors on brain microvascular endothelial cells 
(BMECs). The nanoparticles were efficiently internalized by BMECs and 
accumulated in intracellular vesicles. While the smaller MSNs (50 nm) 
demonstrated specific targeting, the larger MSNs (160 nm) showed 
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considerable non-specific binding. However, no penetration of the 
nanoparticles into the brain parenchyma was observed within a one- 
hour timeframe. These results, show the potential of these nano
particles for a specific interaction and internalization by BMECs due to 
the small size of such nano-particles and to the conjugation with Ri7 
antibody.[194]. 

In recent approaches, the combination of liposomes with MSNs was 
evaluated to improve the biological/cellular interaction through BBB 
with the aim to improve the delivery of thymoquinone (TQ).[195] The 
distribution of TQ delivery in the brain areas was compared when using 
free TQ and TQ-loaded LB-MSNs in Wistar rats receiving an oral daily 
dose for 14 days (60 mg/Kg). Then the brains of the animals were 

Fig. 13. Biodistribution of MSNs after intravenous and oral administration. (A) An example of intravenous administration of MSNs. MSN-dendron-Cy5.5-based 
nanohybrids were administrated I.V. in healthy nude mice and NIRF imaging was performed in vivo at different time points showing the distribution of the MSNs 
with the time. (B) A strong NIRF signal is observed in ex vivo imaging of the main organs from treated mice at 6 h and 24 h post-administration (I.V.). The first row 
represents the saline control group. (C) Mean fluorescence intensity of each organ at 6 and 24 h post-administration (n = 5). (D) FITC-MSNs (biomimetically 
synthesized using the amino acid derivatives C16-l-histidine (His-BMS), C16-l-proline (Pro-BMS) and C16-l-tryptophan (Trp-BMS) as template via the sol–gel pro
cedures) were intragastrically administrated in mice. At different time intervals of 0.5 h, 1 h, 2 h, 4 h and 8 h, animals were sacrificed, and the brains were rapidly 
collected for ex vivo IVIS imaging. (E) MSNs loaded with safranin O and capped with a starch derivative that hydrolyzes in the presence of the enzyme amylase were 
administered orally in an enteric capsule covered by Eudragit FS 30 D. Percentage of safranin O in plasma and different tissues at 24 (black), 48 (dark gray), and 72 h 
(light gray). Adapted with permission from Mat. Sci. and Eng.: C. 2019, 94, 453–464. Copyright © 2018 Elsevier B.V. All rights reserved. From Mol. Pharmaceu
tics 2017, mendeley14, 12, 4442–4453 Copyright © 2017, American Chemical Society. Form ACS Biomater. Sci. Eng. 2016, 2, 5, 860–870 Copyright © 2016, 
American Chemical Society. 
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analyzed and TQ quantified by HPLC. The results exhibited that LB- 
MSNs successfully delivered TQ into the different brain areas as well 
as in the liver, and kidney. A remarkable increase in TQ delivery in the 
thalamus (81.74%) was observed in comparison with the free TQ group 
and a considerable reduction in the cortex (− 44%). In contrast, LB-MSNs 
had no significant effect on TQ delivery in the cerebellum, striatum, 
liver, and kidney. These results evidence the adding effect of combine 
liposomes and MSNs to cross the BBB, and results in increased drug 
access. 

Another example to improve the cross through BBB was reported by 
A. Popat et al using ultrasmall large-pore (USLP) silica nanoparticles. 
[196,197] The authors develop USLP nanoparticles of ~30 nm with a 
pore size greater than 7 nm with the ability to load high amounts of 
drugs and be coated with targeting moieties, such as Lactoferrin (Lf). 
The lactoferrin-coated USLP showed improved penetration into U87 
tumor spheroids and enhanced the efficacy of doxorubicin-mediated 
apoptosis in both 2D and 3D models. Using this strategy, Kavallaris, 
Thurecht, Popat, and co-workers in a second study used USLP (30 nm 
diameter) functionalized with lactoferrin and loaded with 

temozolomide (TMZ) as drug carriers to enhance the permeability of the 
BBB and increase TMZ delivery in glioblastoma tissues. In vivo experi
ments of nanoparticle distribution were performed in healthy Balb/C 
mice with in real-time on live mice and on excised organs at 1, 4 and 24 
h post treatment. Pegylated USLP nanoparticles and Lactoferrin- 
Peglyated nanoparticles labelled with a Cy5 dye were administered by 
intravenous injection. The results confirmed the ability of USLP to reach 
the brain. In addition, lactoferrin promotes the faster accumulation of 
the nanoparticles (1 h) compared with the pegylated nanoparticles (4 h). 
This effect can be attributed to the to the overexpression of lactoferrin 
receptors on the BBB which favors the trafficking to the tissue. The 
authors also demonstrated reduced efflux of TMZ, enhanced cytotoxicity 
against glioblastoma cells, and effective accumulation of USLP in the 
brain parenchyma in preclinical mouse models (doses of 10 μg/mL and 
100 μg/mL). 

Fig. 14. Compared doxorubicin pharmacokinetic profile of free doxorubicin (DOX) vs encapsulated in MSNs. (A) MSNs loaded with DOX coated with pH-responsive 
poly (N-isopropylacrylamide-co-methacrylic acid (P-MSN-DOX) were I.V. administrated to SD rats and tissue distribution was analyzed (AUC0→12h) (n = 4; *p <
0.05, #p < 0.01, compared with free DOX). MSNs loaded with DOX without coating (MSN-DOX) were employed as control. (B) Plasma concentration–time curves 
after I.V. administration of free DOX, MSN-DOX, and P-MSN-DOX to SD rats (DOX = 5 mg/kg; n = 5). Adapted with permission from Eur J Pharm Biopharm. 2013, 85 
(3A), 406–412. Copyright © 2013 Elsevier B.V. All rights reserved. 
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4.6. Doxorubicin pharmacokinetics profile: An example of free drug 
versus drug-loaded MSNs 

MSNs have the unique capability to be loaded with drugs of several 
nature within their porous structure, being the comparison of the effi
cacy of the drug loaded on MSNs to that of the free drug a key factor. 
Drug loading capacity of MSNs (from typical mesoporous to higher pore- 
volume ratios) usually vary between 25% and 69% weight which 
highlights their efficiency as drug carriers.[198] To illustrate the 
concept of drug distribution and to provide a clear understanding of the 
drug distribution phenomenon and the general principles and implica
tions of drug encapsulation in MSNs, we have chosen doxorubicin (DOX) 
as an example to show the change in distribution between free and 
encapsulated drug when utilizing MSNs and highlight the advantages of 
MSNs encapsulation improving the therapeutic profile of common 
drugs. 

Doxorubicin (DOX) has been widely used as cargo in MSNs due to its 
activity as a potent antitumoral agent and its intrinsic fluorescence 
which serves as a valuable tool in imaging. These are the reasons why 
the pharmacokinetics profile of MSNs loaded with doxorubicin have 
been extensively studied in comparison with the pharmacokinetic pro
file of free doxorubicin. Chen et al.,[135] demonstrated that DOX- 
loaded MSNs coated with pH-responsive poly (N-isopropylacrylamide- 
co-methacrylic) acid (P-MSN-DOX) (190 nm diameter) circulated longer 
and had a slower plasma elimination rate than DOX treatment alone 
(intravenous dose of MSNs equivalent to 4 mg/Kg DOX) (Fig. 14). P- 
MSN-DOX extended half-time (t1/2) of DOX from 0.08 ± 0.08 h (DOX) to 
0.71 ± 0.21 h (P-MSN-DOX). Such increased circulation time may be 
attributed to DOX molecules being stabilized within the MSNs nano
channels, preventing them from leaching and being metabolized. The 

DOX area under the curve (AUC0→12h) of P-MSN-DOX was higher in the 
liver and spleen and lower in the heart and kidney, compared to DOX. 
Feng and collaborators[199] demonstrated similar results; free DOX 
exhibited a biphasic and more rapid blood clearance compared with 
MSNs loaded with doxorubicin and functionalized with polyelectrolyte 
multilayers of alginate/chitosan (PEM) (DOX@PEM-MSNs) (200 nm). 
Free DOX has a t1/2 of 64.8 h and an AUC0→∞ of 4.9 μg⋅h/mL, whereas 
DOX@PEM-MSNs formulation displayed a relatively slow and steady 
DOX release than free DOX, giving a t1/2 of 262.5 h and AUC0→∞ of 
27.98 μg⋅h/mL, which were 4.1 times longer and 5.7 times higher than 
free DOX, respectively. 

MSN coating plays an essential role in DOX bioavailability, Feng and 
collaborators[200] proved that MSNs coated with polyelectrolyte mul
tilayers (PEMs) composed of poly(allylamine hydrochloride) (PAH) and 
poly(styrene sulfonate) (PSS) and loaded with DOX (ca. 300 nm hy
drodynamic size) showed a very slow and steady DOX release in rat 
plasma up to 24 h post-injection (intravenous dose of MSNs equivalent 
to 2 mg/Kg) in comparison with non-coated MSNs. Also, Zhou et al., 
[201] demonstrated that fluorescence MSNs shelled with collagen I and 
hyaluronic acid and loaded with doxorubicin (FMSN-Dox-C2H) pre
sented a clearance half-time about 6.2 h which was much longer than 
the free drug (2.2 h). 

5. Clearance 

Recent preclinical research using MSNs has demonstrated their po
tential for diagnostic and therapeutic applications, however, the clear
ance of these nanoparticles from the body has still clinical concerns. 
[202,203]. All information described above corroborates that MSNs can 
be degraded and thus excreted, which indicates that MSNs do not 

Fig. 15. Scheme of the main pathways from MSNs 
clearance. After intravenous, or intraperitoneal 
administration, MSNs circulate in the blood reaching 
the target tissue (such as tumors) as well as untar
geted MSNs are captured by the RES. The MSNs are 
degraded into small fragments or products and then 
re-enter blood circulation before being eliminated. 
Products eliminated by the renal excretion reach the 
kidneys and are filtered and eliminated through the 
urine. In the case of hepatobiliary clearance, MSNs 
reach the liver with the subsequent processing in the 
biliary conduct and elimination through feces. In the 
case of oral gavage administration, MSNs reach the 
gastrointestinal tract, are degraded, and finally 
adsorbed to the blood and are mainly removed by 
hepatobiliary clearance.   
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accumulate in the body (Fig. 15). It has been commonly reported that 
renal clearance directly removes nanoparticles smaller than 6 nm from 
the body through the kidneys.[31] In contrast, nanoparticles larger than 
6 nm circulate in the blood, reaching the target tissue, and are caught by 
the RES before being excreted by renal and hepatobiliary excretion. 
[204,205] Nanoparticles that can be degraded into small fragments or 
constituents, such as MSNs, are handled by the RES or in the diseased 
target (such as tumors) before returning to blood circulation and being 
cleared by the renal excretion or the hepatobiliary system. For MSNs, 
renal clearance is accepted as the primary excretion route, with hep
atobiliary clearance coming in second.[101,205] The physicochemical 
characteristics of the nanoparticles, such as their charge, porosity, sur
face functionalization, and particle size, are crucial to this process. In 
this section, we describe the different studies in which MSNs clearance 
was evaluated. 

5.1. Renal clearance of MSNs 

Renal clearance is referred to the mechanism of elimination of any 
substance from the plasma by the kidneys being finally excreted through 
urinary excretion. The general process takes place at molecular level, 
involving the molecules crossing through the globular filtration barrier 
of the kidneys. In the case of MSNs, different works have described that 
MSN scaffold is degraded in water-soluble orthosilicic acid, which is 
well-tolerated by the organism, and finally excreted through the urine in 
the same manner that silicon sources from ingested food are excreted in 
the urine as silicic acid.[206,207] Sailor and co-workers demonstrated 
in 2009 the clear excretion of porous silicon nanostructures, close 
related to the silica scaffolds (126 nm diameter, intravenous dose of 20 
mg/Kg).[208] The authors developed luminescent porous Si nano
particles (LPSiNPs) (126 nm) for in vivo imaging monitoring. Besides, 
these nanomaterials were coated with a dextran polymer (D-LPSiNPs) or 
loaded with doxorubicin for therapeutic purposes (Dox-LPSiNPs). The 
degradability of the silicon scaffold in the different materials was 
demonstrated in vitro in PBS by the appearance of silicic acid. In terms of 
clearance, the silicon analysis by ICP-OES in different organs (spleen, 
kidney, brain, lung, etc) over four weeks revealed the complete elimi
nation of the nanoparticles from the animals. These findings contrast 
with the clearance concerns related to nanoparticles larger than 6–8 nm 
[209,210] evidencing the degradation of silicon into silicic acid which is 
rapidly cleared by kidneys. Besides, the authors supported their findings 
with the histological evaluation of different organs. No significant 
toxicity was observed in the different organs (liver, spleen, kidneys, etc.) 
after nanoparticle treatment over time, however, macrophages from the 
liver appeared swollen after 1 day of the nanoparticle administration 
and then turned to the normal state. The authors suggested the proper 
nanoparticle uptake by macrophages with the subsequent degradation 
into soluble products which finally are released from the cells and 
eliminated by the body through urinary excretion. Therefore, this study 
gives evidence of the biodegradability and renal clearance of silicon 
nanoparticles in live animals. 

Along the same lines, different works over the years have also 
confirmed the renal clearance of MSNs. Vivero-Escoto et al. developed 
pegylated MSNs with cleavable Gd(III) chelates (PEG-Gd-MSNs) (145 
nm diameter, dose of 0.080 mmol/Kg of Gd via tail vein injection) for 
MRI in vivo imaging.[211] In vivo studies carried out in female athymic 
nude mice revealed the presence of Gd(III) in the urinary bladder, liver, 
and kidneys. The results demonstrated a faster accumulation of the 
MSN-based MR imaging agent in the bladder after 15 min of nano
particle intravenous administration, which increased over time, with the 
subsequent renal excretion. Besides, in the work of Herance and col
leagues [170] after the intravenous administration of 18F positron 
emission isotope conjugated MSNs (18F-MSiNPs) (range size 60–90 nm, 
intravenous dose of 0.8 MBg) a high concentration of radioactivity was 
observed in the urinary bladder (27 ± 7.3 %ID/g) and intestine (58.3 ±
13.2 %ID/g) after 2 h. Blood analysis also revealed that at that time, the 

presence of 18F-MSiNPs was lower thus corroborating the trapping of 
nanoparticles by the reticuloendothelial system and their active excre
tion into the bile and urine. Lu et al. described a similar effect for their 
siRNA-loaded photoluminescent MSNs functionalized with PEI (PMSNs- 
siRNA-PEI) (ca. 245 nm diameter, intravenous dose of 25 mg/Kg).[212] 
In this case, an acute myocardial infarction (AMI) mouse model was 
established and nanoparticles were administered intravenously. Dy
namic near-infrared fluorescence imaging over 24 h revealed the rapid 
accumulation of the nanoparticles in the spleen. Finally, the loss of 
photoluminescence evidenced the removal of the particles by hep
atobiliary and renal clearance because of MSNs degradation. 

Tamanoi and co-workers described folate-conjugated MSNs (FMSN) 
(100–130 nm diameter, intraperitoneal doses ranging from 0.125 mg to 
0.5 mg per mouse) loaded with camptothecin (CPT).[213] In this case, 
the biocompatibility and excretion of MSNs were determined by quan
tifying the Si content in the urine in BALB/c mice. MSNs and FMSN were 
intraperitoneally (i.p.) injected and urine and feces were collected and 
mixed at different time points. A cumulative amount of Si was detected 
in the samples over time for a week, suggesting the proper MSNs 
excretion. Surprisingly, the analysis of TEM images from urine samples 
showed intact MSNs, which correlated with the Si detected in the urine. 
These results can be explained through MSNs causing some dysfunction 
of biliary excretion and glomerular filtration process; however, these 
findings are still controversial.[30,214]. 

5.1.1. Evaluation of clearance in tumoral models 
Overall, the results demonstrated the suitability of MSNs as imaging 

and drug delivery systems in terms of biocompatibility and clearance. 
However, most of the systems described above were evaluated in 
healthy mice, and considering that MSNs are mainly used for therapy, 
mainly cancer therapy, some studies have also focused on studying 
MSNs clearance in tumoral models.[34] Moreover, it has been widely 
described the passive accumulation of nanoparticles in tumors as well as 
the presence of high ROS levels in tumors,[215,216] is an important 
issue to consider for nanoparticle degradation and thus clearance. 

Recent studies using MSNs systems for therapeutic purposes have 
already started to evaluate the clearance of MSNs in tumor-bearing mice 
models. Yang et al. developed a 50 nm sized hyperbranched polyglycerol 
(PG) doped MSNs (PGSNs) for cancer therapy.[110] After intravenous 
administration of Cy7-labeled PGSN (dose 200 µL of 2.5 mg/mL) in a 
breast cancer tumor-bearing mice model, the nanoparticles were clearly 
observed on the tumor after 32 h. Then, the associated fluorescence 
signal from the PGSNs disappeared from the body gradually after 56 h 
post-injection, due to nanoparticles’ clearance, attributed to MSNs 
degradation into smaller sizes which were small enough for renal 
elimination (<5.5 nm) (Fig. 16). 

In the same line, Yu and co-workers described a “metal ion-doping” 
hollow mesoporous silica nanoparticles functionalized with PEG (PEG/ 
Mn-HMSNs, 60–70 nm diameter.) with tumor-sensitive biodegradation 
which is finally excreted by the urine.[111] In vivo biodistribution and 
excretion were evaluated after intravenous administration of PEG/Mn- 
HMSNs (intravenous doses of 5, 10 and 20 mg/Kg), compared to con
ventional MSNs, in hepatoma tumor-bearing mice. The results of Mn and 
Si content in the different organs, urine, and feces revealed a rapid 
excretion of PEG/Mn-HMSNs compared to conventional MSNs. A higher 
Si content attributed to PEG/Mn-HMSNs was observed in the urine after 
48 h, thus confirming the proper renal clearance. The rapid clearance of 
PEG/Mn-HMSNs was attributed to their easy disintegration in the mild 
acidic and reducing microenvironment of the tumor which improves 
drug release as well as renal excretion. 

A similar result was observed by Wei and co-workers, which pre
pared a renal clearable nanoparticle for multi-modal imaging and 
combined chemo-photothermal cancer therapy.[143] MSNs (100 nm 
diameter) were loaded with doxorubicin and Cu nanodots (CuSNDs) 
([64Cu]MDNs, 6 nm diameter) and were used for photoacoustic and PET 
imaging to evaluate the dynamic process of nanoparticles after 
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intravenous administration in MDA-MB-231 tumor-bearing mice (dose 
0.074 MBg per mouse). A significant accumulation of MDNs in the tumor 
after 1 h of I.V. administration was observed, reaching the highest level 
after 24 h post-injection. Besides, strong signals were found in the liver 
and spleen, and after 4 h of injection, a significant signal was registered 
in the bladder, suggesting that nanoparticles were excreted by the renal- 
urinary system. Besides, the nanoparticles’ fate was deeply studied in 
Swiss mice. For this purpose, Si and Cu were measured in different or
gans by inductively coupled plasma mass spectrometry (ICP-MS). High 
levels of Cu and Si were found in the liver and spleen after 4 h post- 
injection. Besides, high amounts of Cu were found in the kidney after 
4 h compared with lower Si residues in the kidneys. Urine samples 
analyzed by TEM and UV–vis-NIR spectroscopy confirmed the presence 
of ultrasmall CuSNDs after 4 h post-injection. These results suggested a 
rapid clearance by the renal-urinary system of CuSNDs whereas MSNs 
degraded slower. Si and Cu signals decreased in the RES organs after 14 
d and finally disappeared after 30 d thus suggesting the complete 
metabolization of the nanoparticles. 

5.1.2. Effect of the physicochemical properties in renal clearance 
Regarding the effect of the physicochemical properties of the nano

particles in the process of clearance, just a few studies explored the effect 
of size, shape, and surface properties of MSNs. Shi and co-workers 
studied the effect of particle size and PEGylation in the biodistribution 
and urinary excretion in ICR mice or Sprague–Dawley rats over different 
periods of up to 1 month.[159] For this purpose, FITC-MSNs of different 
sizes (80, 120, 200, and 360 nm) were prepared and PEGylated or not in 
each case. The authors observed a preferential accumulation of nano
particles in the liver and spleen, which increased in a size-dependent 
manner. After only 30 min of nanoparticle administration (intrave
nous dose 5 μL/g at concentration 4 mg/mL), a noticeable number of 
silica degradation products were observed in urine, reaching the highest 
value of urinary excretion for larger MSNs or PEG-MSNs (360 nm). This 
different size-dependent kinetics of elimination can be explained by the 
rapid capture of larger MSNs by RES organs, which led to faster 
biodegradation and thus excretion. On the other hand, PEGylated MSNs 
showed a slower degradation and excretion rate, which can be attrib
uted to the enhanced blood-circulation lifetime of these materials. 

Besides, Huang et al. prepared long-rod FITC-MSNs (NLR) and short- 

Fig. 16. Clearance of MSNs applied for tumor therapy. A) Representation of biodistribution and clearance of MSNs applied for tumor therapy after intravenous 
injection. After reaching the tumor MSNs are degraded and removed from the body through renal clearance. The glomerular filtration to the urine takes place in the 
kidneys at the nanoscale for products < 6 nm. B) In vivo real-time images of Cy7-labeled PGSN biodistribution from 3 to 56 h after intravenous injection. Near- 
infrared fluorescence and X-ray spectra merge images. The PGSNs reach breast cancer tumors as well as the urinary tract after a few hours (3–8 h) of adminis
tration. After longer times (ca. 1–3 days), the associated fluorescence-PGSNs signal disappeared from the body, ascribed to renal excretion of the nanomaterial. 
Reprinted with permission from ChemistryOpen. 2016, 6, 158–164.© 2016 Wiley-VCH Verlag GmbH & Co. KGaA. 
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rod FITC-MSNs (NSR), functionalized or not with PEG (185 nm short-rod 
nanoparticles and 760 nm long-rods nanoparticles), and evaluated their 
effect in ICR mice after intravenous administration (dose 20 mg/Kg). 
[161] While fluorescence imaging revealed a higher accumulation of 
nanoparticles in the main organs (liver, spleen, and lung) after 2 h after 
injection, fluorescence decreased after 7 days of administration sug
gesting the biodegradation and excretion of silica particles from the 
body. To study the excretion mechanism of nanoparticles Si content was 
measured in blood, organs, urine, and feces. The Si content decreased 
over time, indicating the proper clearance of nanoparticles from the 
main organs. In fact, after 2 h post-injection, Si was observed in the urine 
for different materials, reaching a higher rate for NSR compared to NLR. 
Finally, after 7 days the Si content in urine was decreased to negligible 
levels for all the nanoparticles. In contrast, at 7 d post-injection, a clear 
feces excretion mechanism was observed, being again the highest Si 

content attributed to NSR nanoparticles. These results evidence the 
implication of both renal and hepatobiliary routes for nanoparticle 
elimination. In this case, a rapid renal clearance occurred followed by 
hepatic and biliary excretion, which is relatively slower compared to 
renal clearance. Despite the presence of intact nanoparticles in urine and 
fecal samples are still not understood, the authors observed by TEM 
analysis intact NSR and NLR in urine and feces. Regarding PEGylation, a 
remarkable decrease in the nanoparticle clearance rate was observed 
regardless of nanoparticle shape. Overall, these findings exhibited that 
nanoparticle shape and surface modification influence organ accumu
lation and retention which finally determine the clearance process. 

The structure–activity relationships (SAR) of mesoporous silica 
nanoparticles in vivo for further preclinical development and clinical 
translation were also studied by Dogra and co-workers.[160] For this 
purpose, 111In-labeled MSNs of 50 nm were prepared and functionalized 

Fig. 17. MSNs can be excreted through the hepatobiliary system. A) Representation of MSNs trafficking undergoing hepatobiliary clearance. MSNs reach the liver 
and after some hours migrated into the biliary duct. B) Real-time hepatic visualization of negatively and positively charged FITC-labeled MSNs at different periods of 
postinjection time. Red: rhodamine/dextran R6G (MW 70 000) staining of sinusoids. Green: fluorescence of FITC-MSNs. Blue: hepatocyte nuclei labeled with Hoechst 
33342. Reprinted with permission from ACS Nano 2012, 6, 4122–4131 © 2016 American Chemical Society. C) PET images of mice injected with at time points 
identifying the accumulation of nanoparticles in the liver and spleen, while no evidence of signal was found in the kidneys. Reprinted with permission from J. Mater. 
Chem. B, 2015,3, 748–758 © 2015 Royal Society of Chemistry Society. 
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with PEG-polyethyleneimine (PEG-PEI), PEG-quaternary amine (PEG- 
QA) and PEG-trimethyl silane (PEG-TMS), respectively. Besides, PEG- 
TMS were also synthesized at different sizes of 25, 90, and 150 nm. 
PEG-TMS MSNs presented neutrally charge (-4 to − 7 mV) and PEG-PEI 
and PEG-QA modified MSNs showed strong positive charges (+37 and 
+ 38 mV, respectively). The effect of MSN size and route of adminis
tration was evaluated using PEG-TMS MSNs of different sizes (25, 50, 
90, and 150 nm) by intravenous or intraperitoneal injection in healthy 
rats (MSNs administered at a dose of 1 mg of nanoparticles suspended in 
200 µL to each rat intravenous or intraperitoneal). Finally, the influence 
of surface chemistry was evaluated using PEG-QA MSNs and PEG-PEI 
MSNs of 50 nm. In all cases, MSNs conjugated with the radioactive 
111In were monitored by SPECT/CT imaging in rats over 24 h. In all 
cases, a primary mechanism of renal excretion was observed. The results 
showed that the size or route of administration did not affect the 
excretion; a signal profile for all the MSNs after i.v. or i.p injection was 
observed in the kidneys only after 30 min followed by a significant 
radioactivity pattern in the urinary bladder. In contrast, the surface 
chemistry of MSNs played an important role in the kinetics excretion, 
being faster the renal clearance of PEG-QA nanoparticles that are 
strongly positive with the presence of quaternary ammonium salts, 
which is mainly attributed to the lower sequestration by the liver 
compared to PEG-TMS and PEG-PEI MSNs. The authors conclude that 
small TMS-alkylated MSNs (32 nm diameter) and QA-aminated MSNs 
(56 nm diameter) were suitable for therapeutic applications in which 
higher bioavailability is needed, being neutral MSNs a better choice for 
developing antitumoral drug delivery systems compared to positively 
charged nanoparticles which are more rapidly removed from the 
circulation. 

5.2. Hepatobiliary clearance of MSNs 

The hepatobiliary system is established as the second route for 
nanoparticle excretion.[31,204] Foreign substances and particles are 
processed in the liver by specialized phagocytic cells and finally pro
cessed in the intestines, being this route more complex and slower than 
renal clearance (Fig. 17A). Hepatocytes catabolize the substances 
eliminated by the bile and Kupffer cells, included in the RES, and 
degrade particles and substances intracellularly by enzymatic processes. 
[217]. 

Taking into account these premises, Chen et al. used intravital 
multiphoton imaging to monitor in real-time the hepatic metabolism, at 
subcellular resolution, of MSNs.[218] For this purpose, MSNs were 
prepared and labeled with FITC. Then, MSNs’ (ca. 100 nm diameter) 
surface was modified with different amounts of 3-aminopropyltrime
thoxysilane (APTMS) (referred as 1X and 3X) giving unmodified FITC- 
MSNs, FITC-MSN-1X and FITC-MSNs-3X. The surface charge of 
different FITC-MSNs was characterized by zeta potential corresponding 
to negative, moderately positive, and highly positive for FITC-MSNs, 
FITC-MSN-1X, and FITC-MSN-3X, respectively. In the first step, the 
cellular uptake efficiency was assessed for each material in HepG2 cells 
by flow cytometry assays. The results showed low uptake when nega
tively charged FITC-MSNs were used while higher uptake was achieved 
using FITC-MSN-1X and FITC-MSN-3X. Then, a hepatic imaging window 
was installed on the upper abdomen of C57BL/6 mice for liver surface 
area image acquisition through multiphoton microscopy. The different 
FITC-MSNs were administered through the right jugular vein (dose 16 
mg/Kg) and rhodamine B isothiocyanate/dextran 70,000 and Hoechst 
33,342 were also administered to label blood vessels and cell nuclei. The 
results showed a significant uptake of positively charged MSNs by he
patocytes, confirming the possible clearance via hepatobiliary excretion. 
In contrast, negatively charged MSNs were mainly accumulated in 
Kupffer cells in liver sinusoids which could result in significant hep
atoxicity (Fig. 17B). TEM analysis of excised tissues confirmed the 
presence of FITC-MSN-1X and FITC-MSN-3X in hepatocytes as well as 
the presence of negatively charged FITC-MSNs in Kupffer cells. The 

authors demonstrated that the intravital multiphoton imagen technique 
can be useful to elucidate hepatotoxicity and clearance of MSNs in 
further in vivo applications. 

Hepatobiliary clearance was also observed in other works. Guo et al. 
prepared MSNs of 60 nm diameter, labeled with Cy5.5 fluorophore and 
functionalized with peptide dendrons for achieving enhanced biocom
patibility.[169] After in vivo biodistribution analysis of nanoparticles in 
BALB/c mice (dose 20 mg/Kg via tail vein injection) and ex vivo analysis 
of different organs, the authors observed a clear fluorescence signal of 
the nanoparticles in the liver, which remained strongly up to 4 days 
post-injection, thus indicating a hepatobiliary excretion process for 
nanoparticle elimination. Goel and co-workers also developed biode
gradable dendritic MSNs (bMSNs) (160 nm diameter), radiolabeled with 
oxophilic zirconium-89, for targeting CD105 tumor vasculature in breast 
cancer models.[156] Despite the preferential accumulation of the 
nanoparticles into the target site after intravenous administration (dose 
50 mg/Kg) in 4 T1 breast cancer tumor-bearing mice, some nano
particles accumulated in non-target organs such as the liver and spleen. 
The presence of radioactivity up to day 3 post-injection in the liver 
suggested the elimination of bMSNs by the hepatobiliary route. Li et al. 
also suggested a hepatobiliary excretion mechanism for the elimination 
of folic acid (FA) conjugated biodegradable MSNs (100–130 nm diam
eter, tail vein injection of 200 μL, no concentration of MSNs was re
ported), based on the presence of fluorescence signals in the liver in a 
pancreatic tumor mice model.[219]. 

Laprise-Pelletier and co-workers observed a significant quantity of 
MSNs in the gastrointestinal system after intravenous administration in 
BALB/c mice (dose of 0.31 μmol Gd, kept at a low level at 12.4 μmol/kg), 
suggesting elimination by the hepatobiliary system.[166] The authors 
prepared metal chelate MSNs, based on MCM-48 nanospheres (150 nm) 
functionalized with diethylenetriaminepentaacetic acid (DTPA) and 
labeled with paramagnetic ions Gd3+ (for MRI) as well as radioactive 
ions 64Cu2+ (for PET) (Gd3+/64Cu2+-DTPA-M48SNs) for biomedical 
imaging. PET and MRI scans as well as ex vivo biodistribution studies 
showed a clear accumulation of nanoparticles in the liver and spleen. In 
addition, some MSNs, were found in the gastrointestinal tract. After 48 h 
higher levels of Gd3+/64Cu2+-DTPA-M48SNs were found in the liver 
(30,1% ID) and intestine (18.1%) whereas a lower presence of nano
particles was observed in the blood, spleen, lungs, heart, etc (Fig. 17C). 
Similar results were observed by Souries et al. who examined the hep
atobiliary clearance of positive and negative MSNs (50–100 nm diam
eter, dose by tail-vein bolus injections of 12, 24, or 30 mg/kg).[220] The 
authors prepared two indocyanine green (ICG)-loaded MSNs, one 
amino-modified (MSN-NH2-ICG) with a positive zeta potential and the 
other trimethylammonium-modified (MSN-TA-ICG) with a negatively 
zeta potential. Fluorescence imaging in vivo and ex vivo revealed a quick 
elimination of positively charged nanoparticles through feces, while 
negatively charged nanoparticles showed an increased residence time in 
the body. Then, the biodistribution and clearance of MSN-NH2-ICG were 
studied in more detail. After ten minutes of I.V. injection, positively 
charged nanoparticles reach the liver and migrated to the duodenum in 
60 min through the biliary duct. After 4 h, a negligible fluorescence 
signal was observed in the liver whereas the majority of MSNs accu
mulate in the gastrointestinal tract. Besides, Si content and TEM images 
confirmed the liver and gastrointestinal biodistribution of MSN-NH2- 
ICG nanoparticles, which are finally removed through feces after 3 days. 

In a very complete work, Wang and co-workers described the hep
atobiliary elimination for different shaped fluorescent mesoporous silica 
nanomaterials administered by oral gavage in Kunming mice and 
Sprague-Dawley (SD) rats.[176] The authors prepared Cy5.5 labeled 
long rod nanoparticles (NLR) (aspect ratio 4), short rod nanoparticles 
(NSR) (aspect ratio 2), and spherical nanoparticles (NS) (aspect ratio 1) 
with the same size distribution (150 nm diameter) All the nanoparticles 
were administered orally at a dose of 80 mg/kg. The results showed a 
longer residence time in the gastrointestinal tract for rod nanoparticles 
compared to spherical MSNs in mice, being spherical MSNs rapidly 
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excreted through feces (Fig. 18). Si content analysis of the different 
organs revealed a preferential accumulation of Si residues, from 
degraded nanoparticles in the gastrointestinal tract, in the liver and 
kidney after oral administration. Again, long rod nanoparticles showed 
the slowest clearance rate, with remaining higher content of Si in all the 
organs over 7 days. After 7 days, the Si content was reduced in all the 
organs thus confirming the proper elimination of the nanomaterials 
from the body. The excretion was studied in more detail by analyzing Si 
content in feces and urine. In general, the larger Si content was found in 
the feces, although some Si content from spherical MSNs was also found 
in the urine. The results evidenced a preferential hepatobiliary mecha
nism of elimination with a slow rate of clearance taking into account 
that after 7 days of oral administration a significant Si content was still 
found in the feces for all the MSNs. This slower elimination could be 
explained by the reabsorption processes of nanoparticles. After being 
processed in the gastrointestinal tract, Si nanoparticle residues can be 
captured by the liver and finally processed thus resulting in higher 
retention times and thus elimination. 

6. Silica nanoparticles in clinical trials 

This section includes the description of clinical trials of MSNs but 
also of silica nanoparticles (which are not porous). There are more 
clinical trials using silica nanoparticles (not porous) than MSNs. Solid 
silica nanoparticles are included in this section with the aim to inspire 
future clinical trial applications in which the particular properties of 
MSNs could additionally be taken into account. Due to their compati
bility and low toxicity, silicon dioxides have been classified as “Gener
ally Recognized as Safe” (GRAS, ID Code: 14808–60-7) for use in 
cosmetics and food additives by the US Food and Drug Administration 
(FDA). As a result, silica nanoparticles have been studied in clinical trials 
for biomedical applications (drug delivery, diagnosis, and therapy). 
[221] In fact, in the last several years, the number of approved inorganic 
nanoparticles for therapeutic application has increased.[222] MSNs, in 
particular, are likely to be important drug transporters in theragnostic 

applications due to their versatility. Nevertheless, to date, only one 
study has been conducted using MSN as a proof of concept in humans. 
[223] In this investigation, 12 healthy men volunteers were given 
fenofibrate acid orally to compare the bioavailability of the drug loaded 
onto MSNs to that of the commercially available formulation Lipanthyl. 
Results demonstrated well tolerance and enhanced bioavailability of 
fenofibrate when compared to the marketed product. Moreover, in two 
different human studies, the oral administration of ibuprofen or sim
vastatin (ACTRN12618001929291), in a silica-lipid hybrid (Lip
oceramic) formulation, improved the pharmacokinetic when compared 
to the commercial formulation.[224,225] These findings show that sil
ica nanoparticles improve the pharmacokinetic profile of hydrophobic 
drugs while also being well-tolerated and having no side effects after 
oral administration in healthy men. The clinical trials cited in this sec
tion are summarized in Table 1. 

The initial application of silica-based nanoparticles in the context of 
clinical therapy was for the treatment of cardiovascular disorders. 
[226,227] The first clinical research began in 2007 to treat atheroscle
rotic lesions using plasmonic photothermal therapy. (NANO-FIM; 
NCT01270139). In this study, patients were assigned to receive either 
nano-intervention with silica–gold nanoparticles in a bioengineered on- 
artery patch, or nano-intervention with the delivery of silica–gold iron- 
bearing nanoparticles with targeted micro-bubbles and stem cells using 
a magnetic navigation system versus stent implantation. Nano
intervention resulted in a considerable regression in coronary athero
sclerosis by eliminating atherosclerosis plaque and modifying the 
arteries.[226] The NANO-FIM trial’s long-term results were reported in 
2017, and the patients who underwent treatment with silica-gold 
nanoparticles showed no signs of cytotoxicity or clinical problems. 
Furthermore, the NANO-FIM trial showed superior safety, with lower 
rates of mortality, and target lesion revascularization over time, when 
compared to the stent.[227] Also, in 2010 these researchers generated 
CD68-targeted microbubbles using silica-gold iron nanoparticles, to 
target macrophages in atherosclerotic plaques (NANOM PCI; 
NCT01436123). In this instance, a micro-bubble responsive patch was 

Fig. 18. MSNs removal from the body after oral 
administration. Gastrointestinal tract of Kunming 
mice at different points after oral administration of 
three different mesoporous silica-based nano
materials: A) Long nanorods (NLR); Short nanorods 
(NSR) and C) Nanospheres (NS). The ex vivo images 
confirmed the processing of the nanoparticles in the 
intestines being the nanospheres more rapidly elimi
nated, compared to long rods, through feces. Reprin
ted with permission from Adv. Funct. Mater. 2017, 28, 
1,704,634.© 2017 Wiley-VCH Verlag GmbH & Co. 
KGaA Weinheim.   
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destroyed by ultrasounds in order to release the nanoparticles, which 
were then guided to the target by a magnetic field. The trial was aban
doned, though, after toxicity was found in the patients who received the 
nanoparticle treatment. 

A different approach including “Cornell dots” (C-dots) was approved 
by the FDA in 2012 for their use in the first phase of clinical trials. C-dots 
are ultrasmall inorganic silica nanoparticles (6–10 nm of diameter) 
conceived as a fluorescence imaging method for sentinel lymph node 
detection prior to cancer surgery. [228] To date, the C-dots have been 
applied in patients with metastatic melanoma, malignant brain tumors, 
and head and neck melanoma (NCT01266096, NCT02106598, and 
NCT03465618). The internal silica core of these nanoparticles (cRGDY- 
PEG-Cy5.5-C dots) is labeled with the Cy5.5 fluorescence dye and coated 
with a PEG polymer and a tumor cell targeting peptide (cyclic argini
ne–glycine–aspartic acid peptide; cRGDY).[229] The nanoparticles 
labeled with 124I were applied for positron emission tomography im
aging and fluorescent-based detection for the diagnosis of melanoma 
and malignant brain tumors (NCT01266096). A different phase II study, 
(NCT02106598), is being carried out in a total of 86 patients with head 
and neck melanoma[229] and another one (NCT03465618) includes 
89Zr radiolabeled C-dots for PET imaging of malignant brain tumors. The 
results for these three clinical trials are expected to be published by 
2023. However, no hazardous or adverse effects attributed to the par
ticles have been documented yet, suggesting that these nanoparticles are 
safe for use in human cancer diagnostics. Worth noting that, due to their 
small size, Cornell dots can be rapidly cleared by the kidneys, which 
alleviates concerns about silica nanoparticle bioaccumulation.[230] The 
most recent clinical trials based on this strategy consist in using 64Cu- 
NOTA-PSMA-PEG-Cy5.5-C dots to identify tumor cells before and during 
prostate cancer surgery (NCT04167969). The nanoparticles are based on 
ultrasmall silica scaffold, used to encapsulate the Cy5.5-C dots as a 
tracer, covered with a protective PEG, the PSMA peptide as active tar
geting to prostate cancer and a radionuclide chelator, NOTA, for 64Cu- 

radiolabeling. The overall goal is to investigate if PET/MRI scans per
formed after injecting the nanoparticles are more accurate than standard 
imaging scans for locating prostate tumor cell deposits. 

Besides, different studies using PEGylated gold–silica nanoshells are 
in clinical trials conducted by the company AuroLase (Nanospectra 
Biosciences) for the treatment of prostate cancer, and head and neck 
cancer (NCT00848042, NCT02680535, NCT04240639, and 
NCT04656678).[231] After intravenous injection, the AuroShell parti
cles preferentially accumulate in the tumor via the EPR effect, and the 
thermal ablation of the malignant tumor is carried out using near- 
infrared stimulation. The estimated completion date for this clinical 
trial was recently updated to November 2023 but preliminary findings in 
16 patients demonstrate that laser excitation of gold–silica nanoshells is 
a technically feasible and safe procedure for the targeted removal of 
prostate tumors without significant complications or abnormalities in 
genitourinary function.[231]. 

Although the number of probes translated into human clinical trials 
is still very few, the clinical trials carried out so far in solid silica 
nanoparticles have indicated that silica is safe for humans and improves 
therapeutic efficacy. Regarding the scope of this review, these findings 
could imply that MSNs have a large potential in the clinic due to their 
additional unique characteristics (good biocompatibility, tunable par
ticle and pore size, high loading capacity, tunable surface using standard 
chemical reactions, etc.) when compared with non-porous silica nano
particles. With these promising results, clinical translation of silica 
nanoparticles is expected to increase in the next years and MSN may 
open new avenues for nanomedicine. Nevertheless, future studies should 
focus on critical aspects such as chronic exposure safety and long-term 
toxicological profiles from different routes of administration. In addi
tion, a greater understanding of the manufacturing process is required, 
including scaling issues, reproducibility, and cost-effectiveness. 

Table 1 
Silica nanoparticles on clinical trials (Database).  

Source: ClinicalTrial.gov 
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7. Outlook and future perspectives 

Today the applications of silica nanoparticles have revolutionized 
the diagnosis and disease therapy field. Remarkably, mesoporous silica 
nanoparticles (MSNs) have effectively improved drug stability and 
solved low drug solubility problems. Furthermore, MSNs enable the 
controlled release of the cargo which reduces undesirable side effects of 
free drugs. Compared to other inorganic drug delivery systems, MSNs 
may have a greater potential for future clinical translation due to their 
well-established and simple surface modification chemistry, demon
strated tumor-targeted, drug delivery capabilities, and potential to 
reduce long-term RES accumulation issues. However, immunogenicity 
and toxicity concern due to bioaccumulation of inorganic materials 
remain one of the most challenging aspects of clinical translation. 
Therefore, a great deal of preclinical work is still necessary. A drawback 
limiting the translation of nanoparticles into clinics is the lack of sys
tematic research in bioaccumulation, biodegradation, clearance, and 
safety conditions which impairs the comparison between studies. This 
review recapitulates the most relevant research to encourage MSNs 
clinical translation. 

Future research must include designing MSNs to be non-toxic, 
excretable, and overall safe for human patients to achieve clinical 
application. To date, several data show that MSNs are biocompatible in 
animal models, however, the main focus of the studies has been placed 
on their application than the evaluation of their toxicity. Therefore, one 
of the major obstacles to employing MSNs as a delivery strategy for 
biomedical applications is the insufficient understanding about the long- 
term safety of nanomaterials and this concern needs to be addressed. 
Among these challenges, the lack of consistency in literature attending 
to characterizing protocols or toxicity screening assays hinders the 
development of these systems for commercialization and clinical 
applications. 

Since biological interaction could significantly alter the behavior and 
effect of nanoparticles, extensive research is required to understand the 
physicochemical changes that nanomaterials undergo in biological 
systems and how they may affect their biological fate. Therefore, engi
neering MSNs with tunable and controllable bioaccumulation and 
biodegradation rates would be beneficial for achieving a safer thera
peutic translation. Sophisticated control of physicochemical variables 
such as particle size or surface coating is critical since these character
istics determine the pharmacokinetics and biodegradation properties of 
the nanoparticles. In recent years, significant progress has been made in 
developing novel biodegradable and more clearable MSNs with reduced 
toxicity while retaining useful imaging or therapeutic functions. 

However, more extensive pharmacodynamics and pharmacokinetics 
research is still needed to ensure MSNs fate in the body. Regarding drug 
delivery, MSNs nanoformulation has been demonstrated to increase 
drug bioavailability, improving the pharmacokinetics and thus the 
therapeutic activity of the encapsulated drug by a 10–25% compared 
with the free drug.[135,200] However, we are still far from achieving all 
the administered nanoparticles reach the target organ. To ensure this, 
we must ensure that they have the longest possible circulation time, and 
that the RES system does not quickly capture them. From the articles 
included in this review, it can be concluded that long-rod or spherical 
nanoparticles of 80–150 nm functionalized with a PEG derivative or 
with a lipid coating such as cell membranes would be ideal for achieving 
longer retention times. 

Related to the routes of administration, the best route depends on the 
desired application. For cancer therapy, as occurs with chemotherapy, 
MSNs for antitumor drug delivery should ideally be administered I.V. 
However, intratumoral administration is also gaining attention recently 
as a new local way of administrating nanoparticles to target tumors 
specifically.[232] In oral administration, MSNs could be exploited as 
carriers to increase bioavailability and the subsequent adsorption of the 
drug from the intestine, as demonstrated in the only clinical trial con
ducted on humans with MSNs,[223] which demonstrated its use is 

beneficial for the treatment for the gastrointestinal tract diseases, as 
inflammatory bowel disease. For the treatment of lung diseases, a po
tential effective application is a local administration by inhalation. 
Much research has been done about inhaled polymer administration; 
[233,234] however, more research is needed about the administration 
of MSNs by this route. Moreover, inhaled administration could be 
functional to achieve that MSNs pass across the blood–brain barrier to 
target the brain.[235–237]. 

Concerning the degradation and clearance of MSNs in the organism, 
more research must be done to get MSNs to the clinic. Little has been 
evaluated in vivo about the degradation of MSNs. Instead, the degrada
tion behavior of MSNs is usually studied in physiologically mimetic 
solutions which do not perfectly correlate to the biological environment. 
The experiments are normally carried out in a close environment char
acterized by a limited amount of aqueous solution which may delay the 
hydrolysis process resulting in a different fate for organisms. In recent 
years, the improvement in biodegradable and self-destructing MSNs 
which degrade into non-toxic byproducts over time has become a 
promising platform for nanoparticle-based in vivo imaging and drug 
delivery. As summarized, changing the structure of MSNs by modifying 
surface area, surface functionalization or the inclusion of metal ions or 
organic moieties in the MSN framework has been demonstrated to 
accelerate the biodegradation and excretion in a few days after injection. 
The doping of silica framework and the introduction of degradable 
organic functional groups on their structure, such as disulfide bonds, 
enhance the degradability rate and therefore potential applicability. 
Although there is limited evidence in the literature, it is strongly 
believed that the controllable biodegradability and easy excretion of 
MSNs will benefit the low toxicity of MSNs in vivo. 

Besides, there are different contributions describing the clearance 
mechanism of MSNs. Several authors confirmed that MSNs are effi
ciently removed from the body regardless of the route of administration, 
dose, shape, size, and surface properties generally after a few weeks. 
MSNs possess unique physicochemical properties (sizes, porosity and 
composition, surface modification and charge, shape, etc.), and these 
characteristics determine the nanoparticle pharmacokinetics and bio
distribution through the different organs that finally rule the clearance 
process.[238,239] The way the nanoparticles are degraded and thus 
eliminated depends on their location in the body if they can reach easily 
or not the target site in which they are processed, if they remain for 
longer time in blood circulation or if the liver, spleen, etc. 

Four significant factors determined the clearance route and rate: 
particle size, shape, surface charge, and functionalization. Smaller 
nanoparticles (<6nm) are directly excreted by the kidney, while larger 
nanoparticles like MSNs (50–200 nm) are processed in the diseased 
tissue or by the RES system, degraded, and mainly excreted through 
urine.[159] Regarding shape, spherical nanoparticles are more easily 
processed than rod or filament-shaped nanoparticles taking into account 
the longer circulation and retention time observed for rod or filament 
MSNs.[161,176] The surface charge and functionalization overall in
fluence the nanoparticle fate. Positive and negatively charged nano
particles interact with serum proteins in the bloodstream, increasing 
their hydrodynamic size and thus facilitating their sequestration by the 
RES system. In fact, most positively charged nanoparticles are mainly 
cleared by the hepatobiliary route due to the increased size and the 
preferential uptake of positively charged nanoparticles by hepatocytes. 
[217,218] In contrast, neutral or PEGylated nanoparticles have longer 
blood circulation time and are processed more gradually cleared 
through urinary excretion. It is important to point out that enough 
circulating time is needed to reach the target site of action before 
nanoparticle degradation and clearance. Besides, the incorporation of 
targeting moieties into MSNs surface can help to handle nanoparticle 
biodistribution to diseased tissue thus favoring enhanced therapeutic 
effect as well as proper nanoparticle degradation and elimination. 
[240,241] Even so, establishing general conclusions is still difficult 
given the diversity of nanoparticles and applications that has been 
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described. Moreover, specific clearance studies will be required as well 
as more accurate methods to monitor in vivo degradation and excretion 
mechanisms and routes. 

The biosafety profile of MSNs has been confirmed in this review, 
through the evaluation of key parameters: i.e. biodistribution, biode
gradability and clearance. Despite more efforts are required to solidly 
establish the fate of MSNs in the organism, in a few years there has been 
an increase in studies giving evidence of the MSNs behavior. Although 
only one clinical trial includes MSNs, silica nanoparticles are already 
being evaluated for human treatment in several applications. Never
theless, this transition must be handled very carefully as many nano
medicines fail in clinical translation. The failure in efficacy may lie in the 
large physiological differences between humans and small animals. 
Hopefully, preliminary results indicate the safety, efficacy, and viability 
of silica nanoparticles under these clinical scenarios. 

On the other hand, while the impact of nanomedicines will most 
certainly benefit a number of diseases, there is a need to overcome in
dustrial production. In this regard, there is a limiting difficulty in scal
ability and reproducibility in the synthetic manufacture of MSNs, as the 
batch-to-batch variations hinder the scale-up at industrial production. 
Consequently, the cost of production rises, and the prospect of its 
commercialization remains distant. These complications have also hin
dered the widespread adoption of MSNs in the clinical setting. Besides, 
the lack of a consensus on the standards and regulatory laws specifically 
for nanomedicines needed for reaching the market has delayed their 
potential clinical translation. The major challenges addressed by the 
regulatory agencies include their concern to classify many systems as 
medicines or medical devices, the needing for robust quality assurance 
for nanoparticle preparation and characterization, considering the 
complex physicochemical characteristics form each nanoparticle which 
determines their biological activity, as well as the lack of homogeneous, 
pure, and reproducible nanomedicine batches.[242,243]. 

Enclosed by a growing nanomedical field, MSNs have attracted 
attention as potential diagnostic and drug-delivery systems. The publi
cations in nanomedicine are increasing every year, attracting the 
attention of the market.[244,245] According to a report by Grand View 
Research Inc., it is expected that by the year 2025, the pharmaceutical 
market will reach USD 350.8 billion.[246]. 

Even given that some challenges have still been overcome, all the 
findings pointed out here suggested the suitability of MSNs for clinical 
translation. A consensus by the researchers of establishing a standard 
MSNs scaffold, following the “keep it simple” premise and including 
tunable biodegradable properties, could be a key factor to reach realistic 
clinical goals and boost the market with reduced cost and easy industrial 
production. Considering the increasing knowledge about MSNs in the 
body and clinical studies, joint to the incipient improvements in silica 
mesoporous nanoformulations, it is expected that MSNs will finally 
reach the clinic in the near future. 
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