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A B S T R A C T   

In the past decade, interest in nanoparticles for clinical indications has been steadily gaining traction. Most recently, Lipid Nanoparticles (LNP) have been used 
successfully to construct the SARS-CoV-2 mRNA vaccines for rapid pandemic response. Similarly, silica is another nanomaterial which holds much potential to create 
nanomedicines against pathogens of interest. One major advantage of silica-based nanoparticles is its crystalline and highly ordered structure, which can be spe
cifically tuned to achieve the desired properties needed for clinical applications. Increasingly, clinical research has shown the potential of silica nanoparticles not only 
as an antiviral, but also its ability as a delivery system for antiviral small molecules and vaccines against viruses. Silica has an excellent biosafety profile and has been 
tested in several early phase clinical trials since 2012, demonstrating good tolerability and minimal reported side effects. In this review, we discuss the clinical 
development of silica nanoparticles to date and identify the gaps and potential pitfalls in its path to clinical translation.   

1. Introduction 

In the last decade, nanotechnology has greatly revolutionized med
icine. The most recent breakthrough was the use of lipid-nanoparticles 
(LNP) to deliver the SARS-CoV-2 mRNA vaccines, which have since 
shown to be highly effective against severe COVID-19 and played a huge 
role in the pandemic since its rollout globally (Dagan et al., 2021). In 
general, nanoparticles do not have direct antiviral effects but instead 
mainly function as drug delivery vehicles – improving drug therapeutic 
effects (Kozhikhova et al., 2018). Firstly, protection offered by the 
nanoparticles reduces degradation by host enzymes, greatly increasing 
drug bioavailability. Secondly, these nanoparticles can offer controlled 
drug release, extending the therapeutic window. Lastly, by functional
izing the nanoparticle surfaces with ligand targeting small molecules; 
drug delivery may be targeted to sites of infection – further increasing 
drug concentration for greater localized therapeutic effects (Allen and 
Cullis, 2013; Sung and Kim, 2020). The majority of these drugs are based 
on nanoparticle chemistries which are either polymeric or liposomal 
(Zhang et al., 2008). Several of such drugs have already been developed 
and used clinically in the management of infections. One example is 
Ambisome, which consists of amphotericin B encapsulated in 100 nm or 
smaller liposomes for the treatment of invasive fungal infections 
(Takemoto and Kanazawa, 2017). 

Besides LNP, silica nanoparticles are another class of nanoparticles 
which can perform similar functions such as drug delivery. However, 
compared to LNP, silica has the added advantage of being structurally 
tunable; its physical characteristics such as its size (Li et al., 2017) and 
internal nanonetwork structure (Jadhav et al., 2015) can be precisely 
tuned in order to fulfil specific applications such as controlled release of 
its payload (Prabhakar et al., 2016). These physical characteristics have 
been demonstrated to allow silica nanoparticles to deliver combinations 
of antiviral drugs, such as for the treatment of HIV in animal models 
(Zang et al., 2022). Silica nanoparticles have also been used to create 
vaccines. Having the capability to perform sustained release of its 
payload, silica nanoparticles may be fashioned into virus-like particles 
with gradual releases of viral antigens in the host cells to induce a 
prolonged immunogenic response (Hou et al., 2022). There have been 
pre-clinical studies which have also shown the ability of silica to deliver 
nucleic acids (Wang et al., 2018). Not surprisingly, of late there has been 
interest to develop silica based mRNA vaccines for the prevention of 
COVID-19 (Theobald, 2020). It is expected that lessons learnt from the 
development of such silica-based mRNA vaccines could also be applied 
for the development of vaccines for other infectious diseases. The 
physical structure of silica can also be tweaked to create antiviral silica 
nanoparticles, which have the ability to interact with surface viral 
proteins and consequently causing interference in the viral infection 
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and/or replication cycle (Szunerits et al., 2015). 
Furthermore, silica has an excellent safety profile and its ultrasmall 

solid form (≤10 nm in size) has gained U.S. FDA approval as an Inves
tigational New Drug (IND) for oncologic imaging applications since 
2011 (Selvarajan et al., 2020; Benezra et al., 2011). Silicon is a naturally 
occurring dietary supplement, having important functions in bone and 
skin metabolism (Jugdaohsingh, 2007). The content of silicon in the 
human body ranges from 6 to 7 g, almost twice as much as iron, and is 
involved in many other important biological processes (Putko and 
Kwaśny, 2019). Even in its nanoparticulate form, it has good biocom
patibility, degrading to nontoxic silicic acid and is subsequently excreted 
from the body through the urinary system (Chen et al., 2018). 

2. Structure of silica 

Silica nanoparticles are highly ordered, crystalline particles made of 
silicon dioxide (SiO2). The surface consists of siloxane structures and 
silanol groups which are easily conjugatable to many biological mole
cules to suit the intended application (Guzman and Gates, 2003; Bagheri 
et al., 2018). There are 2 main types of silica: solid silica nanoparticles 
(SSN) (Fig. 1A) and mesoporous silica nanoparticles (MSN) (Fig. 1B). 
The latter contains pores of sizes ranging from 2 to 50 nm and possess an 
internal nanonetwork of highly ordered channels linking these pores to 
one another (Kresge et al., 1992; Beck et al., 1992). MSNs have high 
surface areas to volume ratio, allowing the loading of various com
pounds for therapeutic and/or imaging applications (Tarn et al., 2013) 
(Fig. 1C). The size of silica affects its indications. Smaller sizes consisting 
of diameters of ≤10 nm are rapidly excreted renally and via the hep
atobiliary system within 72 h of intravenous administration (Phillips 
et al., 2014), hence making smaller silica particles suitable for applica
tions such as imaging, where rapid clearance of dye encapsulated par
ticles are needed. Larger silica particle sizes, particularly within 
diameters of 50–300 nm may be used for drug delivery applications as 
these sizes have demonstrated facile cellular endocytosis without sig
nificant cytotoxicity (SlowingVivero-Escoto et al., 2008). Finally, silica 
particles of diameters ≥300 nm have a large internal capacity and have 
been have been demonstrated to perform oral drug delivery in clincal 
trials (Jammaer et al., 2009; Tan et al., 2014). These particles may also 
be used to perform the function of sequestration as shown by Baek et al., 
where 300 × 1300 nm sized MSN was used for gastrointestinal enzyme 
sequestration for blood sugar control (Baek et al., 2022). An important 
characteristic of silica particles of such sizes are that it has shown no 
increased gut absorption compared to smaller sizes with the same sur
face chemistry in animal models (Yoshida et al., 2014). In the pro
ceeding sections of this review, we discuss silica nanoparticles’ clinical 
safety, antiviral effects, its role as a carrier for antiviral drugs and its 
potential as vaccine adjuvant or carrier. 

3. Safety of silica nanoparticles in human 

The safety of silica depends on the physical configuration (diameter, 

shape, pore size, charge, etc.), route and dosage (Shi et al., 2016). In its 
macro form, U.S. FDA considers silica ‘generally recognized as safe 
(GRAS)’ as a food additive for oral consumption up to 1500 mg/day 
(Watermann and Brieger, 2017). As a nanoparticle, its ultrasmall solid 
form (≤10 nm in diameter) has IND status since 2011. Though its other 
physical forms – SSN ≥10 nm in diameter and MSN of any size, have yet 
to receive regulatory approval, there have been several completed 
clinical trials in the past decade which have used silica in its various 
forms and administered via various routes (oral, intravenous, intrader
mal, topical). These trials (Table 1) did not report any severe adverse 
reactions to the various forms of silica, highlighting the safety and 
tolerability of silica. 

There have also been several clinical trials using intravenously 
administered SSN for both imaging and therapeutic applications. The 
physical form in terms of particle size varied widely from 10 nm (Phillips 
et al., 2014) to 150 nm in diameter (Kharlamov et al., 2015; Rastinehad 
et al., 2019). Despite these variations, there were no severe adverse 
events attributable to the use of the silica nanoparticles in these studies 
(Phillips et al., 2014; Kharlamov et al., 2015; Rastinehad et al., 2019). 
The first in-human study using intravenous SSN was conducted in 2012, 
where 10 nm core-shell silica nanoparticles containing iodine tracers 
were administered for PET imaging. Using whole body imaging, it was 
found that nanoparticle clearance occurred within 72 h via both the 
renal and hepatobiliary systems (Phillips et al., 2014). Rastinehad et al. 
have also utilized 150 nm gold shell – silica core nanoparticles for the 
photothermal ablation of prostate cancer. These nanoparticles were 
intravenously infused into patients and allowed to preferentially accu
mulate within the tumor tissues. A laser was then used to perform tumor 
directed nanoparticle enhanced ablation. There were no severe adverse 
events reported during or post procedure (Rastinehad et al., 2019). In 
another study, Kharlamov et al. performed a study using similiar gold 
shell – silica core nanoparticles in the range of 90–150 nm for thermal 
ablation of coronary atherosclerotic plaques. The nanoparticles were 
introduced directly at the plaque site and no severe adverse events were 
attributed to the nanoparticle therapy were reported during the 
follow-up period of 90 days, suggesting these nanoparticles are well 
tolerated in cardiac and vascular tissues (Kharlamov et al., 2015). 

The tolerability and toxicity of orally administered silica has been 
demonstrated in several clinical trials. Silica as small as 19 nm (Meola 
et al., 2021) and as large as 15.20 μm (Tan et al., 2014) were evaluated 
with no serious safety concerns identified. Unlike the trials in the pre
vious section where SSN was administered intravenously, these trials 
studied silica in its MSN configuration. The most common side effects 
were mild gastrointestinal adverse events. Bukara et al. conducted a 
study to evaluate the oral toxicity of 500 nm sized MSN. For safety 
monitoring,12-lead Electrocardiogram, hematology, serum biochem
istry and urinalysis tests were performed for all subjects on day 0 (pre-
dose), day 1 (post-dose) and day 5–7 post dose. These tests did not show 
any abnormalities attributable to the consumption of silica (Bukara 
et al., 2016). The longest duration trial was a 12-weeks long study by 
Baek et al. (2022), which confirmed the longer term safety of silica. 

Fig. 1. Silica Nanoparticles: (A) Solid silica nanoparticles (SSN)* inset showing Transmission Electron Microscopy (TEM) image#, (B) Mesoporous silica nano
particles (MSN)* inset showing TEM image# and (C) Loading of MSN with various components for delivery to fulfil different biomedical applications*. 
(*Figure created with biorender.com. #Häffne et al., ACS Nano, 15, 4, 2021; licensed under a Creative Commons Attribution (CC BY) license.). 
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Additionally, Hagman et al. have shown that oral dosages as high as 9 
g/day orally were well tolerated (Hagman et al., 2020) for up to 12 
weeks. 

Other than oral and intravenous silica nanoparticles, a smaller 
number of studies have also demonstrated the safety of silica adminis
tered via other routes. For example, Zanoni et al. administered SSN 
intradermally using 6 nm sized core-shell silica loaded with Cy5.5 
fluorescent dye for the imaging of sentinel lymph nodes in head and 
neck melanoma patients (Zanoni et al., 2021). No severe adverse events 
were reported up to 2 weeks post study. In another study, the safety of 
silica as a topical agent was evaluated as part of a 52-week long phase III 
study. The study utilized a product containing benzyol peroxide 
encapsulated in silica particles for the treatment of rosacea involving 
733 participants. The product was applied once a day with no safety 
concern reported (Leyden, 2014; van Zuuren et al., 2021). This product 
has recently been given U.S. FDA approval under the brand name of 
Epsolay® (Randles-Friedman, Iwaniuk). These clinical trials highlighted 
that silica is generally safe when administered via different routes. 

Additionally, there are other Phase I clinical trials which are targeted 
to complete in 2024 {NCT03465618, NCT02106598 and 
NCT04167969} (Janjua et al., 2021). Though no results have been re
ported so far, these trials are using nanoparticles based on Cornell dots, 
which have been shown to have excellent human safety records (Phillips 
et al., 2014; Zanoni et al., 2021). 

4. The potential of silica nanoparticles as antivirals 

Nanoparticles have been observed to interfere with viral-host in
teractions though close interactions with viruses causing them to be 
adsorbed on viral surfaces (Fig. 2A). This leads to local transformations 
of the viral surface, causing agglutination of viral surface proteins, 
preventing virus penetration into host cells (Fig. 2B). Using Trans
mission Electron Microscopy (TEM), this phenomena has been 

Table 1 
Current status of in-human silica studies.  

Study Design/Route Application and 
Mechanism 

Reported adverse 
events/major 
findings 

Core-Shell 
silica (Zanoni 
et al., 2021) 
(6 nm) 

Non-randomized 
(Phase I/IIa) 

Imaging of 
Sentinel Lymph 
Nodes using silica 
shells with 
fluorescent dye, 
coated with poly 
(ethylene glycol) 
(PEG) and 
integrin-targeting, 
cyclic arginine- 
glycine–aspartic 
acid–tyrosine 
peptides (cRGDY) 

Route: 
Intradermal 

“Cornell-dots” No adverse 
events observed 

Core-Shell 
silica ( 
Phillips et al., 
2014) (<10 
nm) 

Microdosing Imaging of 
melanoma using 
silica shell with 
fluorescent dye, 
coated with PEG 
and cRGDY with 
124Iodine 

Route: 
Intravenous 

“Cornell-dots” No toxic or 
adverse events 
related to the 
nanoparticles 
observed 

Silica-gold-iron 
nanoparticles 
(Kharlamov 
et al., 2015) 
(90–150 nm) 

Multi-center, 
observational, open- 
label, three arms 

Atherosclerotic 
plaque reduction 
using plasmonic 
photothermal 
therapy 

Route: 
Intraarterial/ 
intraarterial 
implant 
No target lesion 
major cardiac 
adverse events 

Gold-silica 
nanoshells ( 
Rastinehad 
et al., 2019) 
(150 nm) 

NR Ablation of 
prostate tumors 
using 
photothermal 
ablative therapy 

Route: 
Intravenous 

“Auroshell” No serious 
adverse events 
during the 
procedure and at 
90 d 

Mesoporous 
silica-lipid 
nanoparticles 
(Meola et al., 
2021) (19 & 
50 nm) 

Randomized, cross- 
over, double-blinded 
(Phase I/II) 

Enhanced delivery 
of simvastatin 
(SIM) using 
mesoporous silica 

Route: Oral 
No serious 
adverse events 
reported during 
the study 

Mesoporous 
rod shaped 
silica (Baek 
et al., 2022) 
(300 × 1300 
nm) 

Open-label, single- 
arm, multicenter 

Improvement of 
blood sugar 
control using 
silica to sequester 
gastrointestinal 
enzymes 

Route: Oral 

“SiPore15” No severe adverse 
events after 12 
weeks. Most 
adverse events 
were mild and 
were 
gastrointestinal 
in origin 

Mesoporous 
silica (Bukara 
et al., 2016) 
(500 nm ( 
Jammaer 
et al., 2009)) 

Open-label, 
randomized, two- 
way cross-over 

Enhanced delivery 
of fenofibrate 
using mesoporous 
silica compared to 
micronized 
fenofibrate 

Route: Oral 
No serious 
adverse events 
reported and no 
relevant 
differences in 
clinical 
laboratory tests 
between the 
subjects in the 
treatment and the 
reference groups  

Table 1 (continued ) 

Study Design/Route Application and 
Mechanism 

Reported adverse 
events/major 
findings 

Porous silica- 
lipid 
nanoparticles 
(Tan et al., 
2014) (15.20 
μm with 
3–20 nm 
pores) 

Randomized, 
double-blinded, one- 
period single oral 
dose (Phase I) 

Enhanced delivery 
of ibuprofen using 
silica to improve 
solubility 
compared to 
commercial tablet 

Route: Oral 
Negligible acute 
side effects 
related to the 
administration of 
both the 
investigational 
and reference 
formulations. 

Colloidal silica 
(Tieroshyn 
et al., 2020) 
(Size NR) 

Randomized, 
double-blind, 
placebo-controlled, 
4-center (Phase II) 

Silica as an anti- 
diarrheal agent 
compared to 
placebo 

Route: Oral 

“Carbowhite” Carbowhite was 
well tolerated 
and no adverse 
effects were 
reported 

Silica Shells ( 
van Zuuren 
et al., 2021) 
(Size NR) 

Multi-centered 
randomized, double 
blind, vehicle 
controlled parallel 
group (Phase II) – 
Recently FDA 
Approved ( 
Randles-Friedman, 
Iwaniuk) 

Prolonged release 
of benzoyl 
peroxide using 
silica shells 

Route: Topical 
52-week long- 
term safety study, 
side effects 
mostly mild 

Silicic acid 
anhydride ( 
Zschocke 
et al., 2008) 
(Size NR) 

Randomized, open- 
label, comparator- 
controlled 

Comparison of 
silica vs Topical 
acyclovir for the 
treatment of 
recurrent herpes 
labialis 

Route: Topical 
No serious 
adverse events  
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demonstrated in vitro by Osminkina et al. where porous silica nano
particles formed an agglomeration complex after incubation with the 
H1N1 Influenza virus (Fig. 2C and D) (Osminkina et al., 2022). This 
physical interaction between viruses and silica nanoparticles, exerts an 
antiviral action by preventing the direct interaction between viruses and 
cells, preventing infection (de Souza e Silva et al., 2016). Conversely, if 
the size of the virions is significantly smaller than the silica nano
particles, the virions may instead agglomerate around silica. This not 
only interferes with the viral infection process, but also has the added 
benefit of reducing virus load such as HIV and RSV during an infection 
(Osminkina et al., 2014). In another study, AbouAitah et al., have 
demonstrated in vitro that MSNs have a viral inhibitory effect. They 
showed that when MSN was incubated with H5N1 avian influenza virus 
infected MDCK cells for 24 h, the presence of the MSNs resulted in 30% 
viral inhibition as compared to controls without MSN. It was postulated 
that the underlying inhibitory mechanism was due to the negative 
charges from the MSN surfaces which lead to an attraction of the posi
tive amino acids of glycoproteins in the viral envelope. The resulting 
charge transfer resulted in protein alterations which inhibited the viral 
infection of the MDCK cells. In the same study, when MSN was loaded 
with shikimic acid (SH) or quercetin (QR) antiviral prodrugs, a syner
gistic effect was produced which further reduced the lethality of the 
H5N1 virus in vitro (AbouAitah et al., 2020). 

Silica nanoparticles have also shown antiviral properties in vivo. G2- 
S16, which is a silica-based dendrimer, was shown to have anti-HIV-1 
activity in the early stages of viral replication, likely due to G2- 
interaction with the HIV gp120 protein, inhibiting the cell-to-cell 
transmission. Evaluation in h-BLT mouse models was subsequently 
done by incorporating GS2-S16 into a vaginal gel. A challenge study was 
then done by exposing the mice to R5-HIV-1JR-CSF virus, with five of six 
topically G2-S16-treated h-BLT tested negative for the presence of HIV- 
1-RNA in plasma (Sepúlveda-Crespo et al., 2015). Besides spherical 
nanoparticles, nanoscale silicate platelets, which have superior surface 
area to volume ratio, have been shown to have potent effects against 
flaviviruses when surface functionalized with anionic sodium dodecyl 
sulfate (SDS). This construct was observed to interfere with the infec
tivity of Japanese encephalitis (JEV) and dengue viruses (DEN) at 
non-cytotoxic concentrations. Interestingly, when the negative surface 
charge was removed using surface modification, there was no appre
ciable antiviral activity in vivo. Thus, these electrostatic interactions are 
likely highly responsible for the reduction in lethality of JEV and DEN 
infection in mouse challenge models. When administered to C57BL/6 
mice 6 h after JEV infection, treatment with these platelets (80 μg/ml 
per treatment) which were modified with 30% SDS, prevented infection 
in 60–80% of mice inoculated with JEV. This protective effect however, 
was not observed when administration was delayed by 1 day after JEV 
infection, suggesting that the mechanism of inhibition targets the early 
phases of the viral life cycle and that such antivirals may have to be 
administered as early as possible to be effective (Liang et al., 2014). The 
use of such a nanoparticle as an anti-viral may also have a role as pro
phylactic treatment for individuals at high risk of developing severe 
illness or complications. 

Lastly, silica also demonstrated potential anti-viral effects in 
humans. Zschocke et al. have conducted a randomized open-label 
comparator-controlled clinical trial, where silica gel was evaluated 

against the standard of care, acyclovir cream, in the treatment of 
recurrent herpes labials. The trial examined symptoms (tautness, 
tingling, itching, burning sensation and pain), lesion stage, efficacy, 
tolerability, and duration until the onset of improvement. Silica gel was 
reported to work more quickly with improvement in all symptoms noted 
within 1.1–2 h, while subjects using acyclovir cream reported 
improvement in 5.7–8.3 h (Zschocke et al., 2008). 

5. Silica nanoparticles as antiviral drug carrier 

Preclinical development of small molecules fails at times to translate 
in part because of factors such as poor solubility, bioavailability and 
incompatible pharmacokinetic profiles. Mesoporous silica (MSN) can fill 
the translational gap as it has several desirable properties as a drug 
delivery system namely its stability, high loading capacity and ability to 
perform controlled release (Manzano and Vallet-Regí, 2020). MSN can 
be modified to other configurations according to the desired therapeutic 
profile (Fig. 3). Its classical spherical configuration (Fig. 3A) has 
extremely high loading capacity and has been shown in some cases to 
even exceed 35% of its own weight (Mamaeva et al., 2013). A high 
surface area platelet configuration has also been demonstrated by Liang 
et al. with antiviral effects (Liang et al., 2014) (Fig. 3B). Polymer coated 
MSNs can achieve different rates of drug delivery to suit the required 
pharmacokinetic profiles for antiviral drug activity (Fig. 3C). One such 
compound with poor aqueous solubility is ML336, which is a 
Quinazolinone-based inhibitor against Venezuelan Equine Encephalitis 
Virus (VEEV) (Chung et al., 2013). LaBauve et al. described a lipid 
coated MSN (LC-MSN) (Fig. 3D) which is able to contain ML336. The 
large surface area of the MSN core promotes hydrophobic drug loading 
while the liposome coating retains the drug and enables enhanced cir
culation time and biocompatibility, providing an ideal ML336 delivery 
platform. ML336-loaded LC-MSNs significantly inhibited VEEV in vitro 
in a dose-dependent manner compared to unloaded LC-MSNs controls. 
Moreover, cell-based studies suggested that additional release of ML336 
occurs after endocytosis, thus further extending its therapeutic duration. 
Further in vivo mouse safety studies showed LC-MSNs dosed at 0.11 g 
LC-MSNs/kg/day for four days was non-toxic. ML336-loaded LC-MSNs 
showed significant reduction of brain viral titer in VEEV infected mice 
compared to PBS controls (LaBauve et al., 2018). Overall, these results 
highlight the potential of silica-based nanoparticles such as, LC-MSNs as 
drug delivery vehicles for poorly soluble antiviral compounds. 

Besides small molecules, antiviral nucleic acid therapies also hold 
tremendous potential in the treatment of viral infections. MSN can be 
tuned to load negatively charged nucleic acids (C Silva et al., 2015). 
Furthermore, MSNs hydrophobic outer shell prevents interaction of the 
host degradation enzymes with the nucleic acid payload, increasing its 
bioavailability (Cha et al., 2017). Positively charged polyethylenimine 
coating is a common configuration for MSN delivery of nucleic acid 
(Fig. 3E). Mukherjee et al. have demonstrated the feasibility of this 
approach to effectively deliver small-hairpin DNA (shDNA) to cells for 
Hepatitis C virus (HCV) therapy. The shDNA targets the conserved 
5′-untranslated region (UTR) in the RNA of HCV to inhibit its replica
tion. In vitro infection studies in HCV-JFH1 cell culture demonstrated a 
significant (94%) reduction of viral RNA levels upon delivery of the 
shDNA using MSN. To improve shDNA delivery in vivo, the MSNs were 

Fig. 2. Antiviral mechanism effects of MSNs: (A) 
Schematic diagram of silica nanoparticle virion 
deactivation via surface charge interactions*, (B) 
Inactivated virion unable to interact with cellular 
target to initiate infection*, (C) Transmission electron 
microscopy (TEM) of Influenza virons before incu
bation with silica nanoparticles# and (D) TEM image 
of Influenza virions after inactivation by silica nano
particles, arrows indicate the virions#. (*Created with 

biorender.com. #Osminkina et al., Bioact Mater, 7, 39–46, 2022; licensed under a Creative Commons Attribution (CC BY-NC-ND license.).   
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surface functionalized with galactose (Gal-MSN) (Fig. 3F) to trigger 
targeted hepatic delivery. Biodistribution studies in in vivo models 
indeed confirmed that the localization of Gal-MSN accumulating pref
erentially in the liver as compared to other organs in comparison with 
MSN without galactose (Fig. 3G and H) (Mukherjee et al., 2020). 

MSN has also been tested in early-stage clinical trials to evaluate its 
capability to perform drug delivery in humans. Tan et al. conducted a 
Phase I clinical trial in which Ibuprofen (IBU) was loaded into silica 
based lipoceramic nanoparticles (Lipoceramic-IBU) for more effective 
delivery (Tan et al., 2014). Lipoceramic-IBU was compared 
head-to-head with a reference commercial tablet (i.e., Nurofen®). It 
showed a significantly higher solubility which resulted in 1.95-fold 
greater drug bioavailaiblity than Nurofen® after the 6 h of dosing. 
Subjects who received the test Lipoceramic-IBU formulation showed a 
relatively rapid, early absorption phase (t max = 1.2 ± 0.9 h) with 
prolonged plasma concentrations of IBU in comparison to the reference 
treatment (t max = 2.0 ± 1.0 h). Throughout the 6 h study period, 
Lipoceramic-IBU treatment group displayed higher plasma levels of IBU 
as compared to the reference treatment. This proof of concept clinical 
trial thus illustrated the feasibility of the silica based nanoparticles to 
enhance the oral pharmacokinetics (PK) of IBU, a weak acid BCS Class II 
drug with poor solubility (Tan et al., 2014). The results from this study is 
particularly relevant for viral therapy formulations as Ibuprofen is a 
Nonsteroidal Anti-inflammatory (NSAID) Drug and NSAIDs have been 
shown to exhibit antiviral properties (Terrier et al., 2021). Findings from 
these proof-of-concept studies can serve as the basis for silica to be used 
for the delivery of other poorly soluble antivirals to improve PK of drug 
delivery and eventual efficacy. 

6. Silica nanoparticles as future vaccines platform 

Antiviral small molecules exert their therapeutic effects when 
administered early in the infective process. For instance, Paxlovid, an 
antiviral directed against SARS-CoV-2, has a short treatment window 
opportunity of only 5 days (Pepperrell et al., 2022), but early diagnosis 
of many acute viral illnesses is highly challenging as the symptoms are 
often non-specific (McClain et al., 2021). Therefore, for many acute viral 
infections, vaccines will continue to play an important part in disease 
prevention and control. As seen in the ongoing COVID-19 pandemic, 
nanotechnology has played a crucial role in the rapid development and 
deployment of the SARS-CoV-2 vaccines for pandemic control. Thus, 

silica nanoparticles with its many advantageous properties, have great 
potential to further advance the field of mRNA vaccine platform. 

Traditionally, non-live attenuated vaccines rely on adjuvants to 
improve immunogenicity. Aluminum hydroxide (alum) is the classical 
adjuvant of choice, functioning as an antigen depot as well as a mild 
inflammatory agent, causing the recruitment of leukocytes necessary for 
the generation of an immune response (Shaw et al., 2008). Skrastina 
et al. have done a head-to-head in vivo comparison using silica nano
particles and alum in the development of a Hepatitis B core protein 
(HBc) vaccine. Despite loading with approximately 55% less HBc than 
alum, silica nanoparticles were able to achieve the same typical 
IgG2a/IgG1 ratios as Alum in BALB/c mice when administered intra
peritoneally. When silica was used with monophosphoryl lipid A (MPL) 
a T-cell adjuvant, a similar enhancement of the HBc-specific T-cell in
duction was seen compared with the Alum using the same amount of 
MPL (Skrastina et al., 2014). These findings suggest the potential of 
silica as a vaccine adjuvant and its different physical configurations are 
currently being actively investigated for the development of other vac
cines (Ferreira Soares et al., 2020). 

Second generation mRNA vaccine development can also benefit from 
the more efficient mRNA release characteristics of MSNs. For instance, 
Dendritic Mesoporous Silica Nanoparticles (DMSNs) have been shown to 
perform complete release of its mRNA cargo over 48 h (Wang et al., 
2018). This is in comparison to the lower LNP mRNA release efficiency, 
which may account for the lack of longevity of immunogenicity asso
ciated with the current LNP based mRNA vaccines. In one study, mRNA 
release from LNPs was noted to be as low as 1–2% over a 1-hr duration 
(Gilleron et al., 2013). From the dose escalation studies of the 
mRNA-1273 SARS-CoV-2 vaccines, it was observed that higher dose 
groups experienced more adverse effects after both the first and second 
dose, where reactogenicity was reported to be most pronounced in 
subjects who received the highest dose of 250 μg (Jackson et al., 2020). 
It has been postulated that the reactogenicity could be attributable to the 
lipid components within the LNP carriers which are highly inflamma
tory (Ndeupen et al., 2021; Ghasemiyeh and Mohammadi-Samani, 
2018). A nanoparticle with more efficient mRNA delivery may thus 
trigger the required immune responses using a smaller dose of mRNA, 
resulting in less adverse effects. Indeed, some groups have started 
investigating silica as a delivery platform for mRNA vaccines against 
COVID-19 (Mehta et al., 2020). 

Fig. 3. Variations of MSN/Silica for drug delivery: 
(A) Mesoporous silica (MSN)*, (B) Silica platelets*, 
(C) Hydrogel coated silica*, (D) Liposomal silica*, (E) 
Polymer coated silica*, (F) Antibody/Antigen modi
fied silica*, (G) Non-specific distribution of Amine 
MSN (AMSN)# and (H) Targeted delivery to mice 
liver using galactose modified AMSN (Gal-MSN)#. 
(*Created with biorender.com. #Reprinted (adapted) 
with permission from Mukherjee et al., ACS Appl. Bio 
Mater, 3, 11, 2020; copyright (2020) American Chem
ical Society.).   
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7. Current limitations and future directions 

In the past decade, there have been several clinical trials which have 
used silica-based nanoparticles for various indications. These trials have 
thus far demonstrated the excellent safety of silica nanoparticles despite 
different physical configurations of silica nanoparticles used. Though 
there has been an early in-human study which showed silica gel was 
equivalent to acyclovir in the topical treatment for herpes labialis 
(Zschocke et al., 2008), similar subsequent in-human studies have not 
been attempted and development in this area had remained slow before 
the COVID-19 pandemic. However, with the widespread use of the latest 
LNP based mRNA vaccines against SARS-CoV-2, interest in silica-based 
nanoparticle vaccines has been invigorated (Rajput et al., 2022). 

Nonetheless, before more silica-based nanomedicines therapeutics 
against viruses can be translated for clinical use, the long-term effects of 
silica nanoparticle exposure need to be defined. Mohammadpour et al. 
have recently explored long term effects of repeated intravenous 
administration of silica nanoparticles in mouse models in a year-long 
study. They found no significant changes in post necropsy examina
tion of internal organs and organ-to-body weight ratio. However, liver 
inflammation and histocyte with neutrophil aggregations in the spleen 
were noted – which may suggest ongoing or resolving injury processes. 
Most of these observations were seen when large, non-porous solid silica 
nanoparticles were administered, but no significant chronic toxicity was 
observed for smaller sized non-porous particles or mesoporous particles 
(Mohammadpour et al., 2020). As seen in pre-clinical studies, the mes
oporous form of silica has higher drug loading capacity and nucleic acid 
delivery capabilities, yet current clinical studies have only evaluated 
MSN administered orally. Though many studies have suggested that 
MSN are more well tolerated intravenously than solid silica nano
particles, the maximum limits have yet to be established. (Yu et al., 
2012), (Lu et al., 2010) (Fu et al., 2013). Future studies will need to 
examine how physical parameters such as porosity and size can be 
optimized to improve drug delivery and efficacy – whilst balancing for 
biodistribution, elimination dynamics and potential long-term side ef
fects when administered intravenously. 

The scalable synthesis of silica nanoparticles, such as the large scale 
synthesis of LNP using microfluidics technology (Shepherd et al., 2021), 
is another area needing urgent further developmental research. As seen 
with the deployment of mRNA vaccines for the COVID-19 pandemic, the 
ability for rapid scale-up manufacturing was key for the mass deploy
ment and administration of LNP based mRNA vaccines during the 
COVID-19 pandemic (Khurana et al., 2021). Presently, the silica nano
particle platform still faces several challenges in producing nano
particles at large scale. Some of these challenges include achieving 
narrow size distributions, consistent pore structures and stability in 
colloidal suspensions (Jafari et al., 2019). As discussed in the earlier 
sections, the characteristics of silica are highly dependent on its struc
ture. Thus, scaled-up synthesis optimization to maintain tight control 
over these characteristics would need to be a major priority should 
silica-based technology continue to show promise in clinical translation. 
Recent work such as that demonstrated by Kim et al. have shown how 
controlled synthesis of MSN up to 50 nm in diameter can be achieved at 
room temperature on a large scale basis (Kim et al., 2019). With the 
increasing emphasis of nanotechnologies in medicine, it is expected that 
the development of more of such approaches will follow in the coming 
years. 

Another concern with silica synthesis is that many available syn
thesis methodologies involve the use of reagents such as surfactants 
which may also have potential toxic concerns. These reagents can 
remain in-situ after processing and precautionary steps must be taken 
during purification (He et al., 2009). Though it has been demonstrated 
that silica synthesis is possible without surfactants (Baù et al., 2009; Xu 
et al., 2022), large-scale production of silica using a surfactant-free 
approach has not yet been demonstrated. Continued improvements in 
the synthesis pathway will be imperative for the eventual safe 

development of silica for clinical uses. Close collaboration between cli
nicians, scientists and engineers will be key to success of silica-based 
nanomedicines. 

8. Conclusion 

Silica and its various physical configurations are well-tolerated and 
safe as a nano construct when administered orally, intradermally, 
intravenously and topically. Silica has several desirable characteristics 
such as its antiviral properties, efficient carrier and release efficiency for 
antiviral therapeutics and vaccines applications. Data from preclinical 
studies thus far hold promising results for its clinical applications with 
several clinical trials currently undergoing evaluation for translation. It 
is evident that silica nanoparticles will continue to generate intense 
interest in biomedical advances not just against viruses but also against 
other pathogens of interest. 
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Baù, L., Bártová, B., Arduini, M., Mancin, F., 2009. Surfactant-free synthesis of 
mesoporous and hollow silica nanoparticles with an inorganic template. Chem. 
Commun. (48), 7584–7586. https://doi.org/10.1039/B917561J. 

Beck, J.S., Vartuli, J.C., Roth, W.J., Leonowicz, M.E., Kresge, C.T., Schmitt, K.D., Chu, C. 
T.W., et al., 1992. A new family of mesoporous molecular sieves prepared with liquid 
crystal templates. J. Am. Chem. Soc. 114 (27), 10834–10843. 

Benezra, M., Penate-Medina, O., Zanzonico, P.B., Schaer, D., Ow, H., Burns, A., 
DeStanchina, E., et al., 2011. Multimodal silica nanoparticles are effective cancer- 
targeted probes in a model of human melanoma. J. Clin. Invest. 121 (7), 2768–2780. 
https://doi.org/10.1172/jci45600. 

Bukara, K., Schueller, L., Rosier, J., Martens, M.A., Daems, T., Verheyden, L., Eelen, S., 
et al., 2016. Ordered mesoporous silica to enhance the bioavailability of poorly 
water-soluble drugs: proof of concept in man. Eur. J. Pharm. Biopharm. 108, 
220–225. https://doi.org/10.1016/j.ejpb.2016.08.020. 

C Silva, A., Lopes C, M., M Sousa Lobo, J., Helena Amaral, M., 2015. Nucleic acids 
delivery systems: a challenge for pharmaceutical technologists. Curr. Drug Metabol. 
16 (1), 3–16. 

Cha, W., Fan, R., Miao, Y., Zhou, Y., Qin, C., Shan, X., Wan, X., et al., 2017. Mesoporous 
silica nanoparticles as carriers for intracellular delivery of nucleic acids and 
subsequent therapeutic applications. Molecules 22 (5), 782. 

Chen, F., Hableel, G., Zhao, E.R., Jokerst, J.V., 2018. Multifunctional nanomedicine with 
silica: role of silica in nanoparticles for theranostic, imaging, and drug monitoring. 
J. Colloid Interface Sci. 521, 261–279. https://doi.org/10.1016/j.jcis.2018.02.053. 

Chung, D., Schroeder, C.E., Sotsky, J., Yao, T., Roy, S., Smith, R.A., Tower, N.A., et al., 
2013. ML336: development of quinazolinone-based inhibitors against Venezuelan 
equine encephalitis virus (VEEV). Probe Rep. NIH Mol. Lib. Prog. [Internet].  

Dagan, N., Barda, N., Kepten, E., Miron, O., Perchik, S., Katz, M.A., Hernán, M.A., et al., 
2021. BNT162b2 mRNA Covid-19 vaccine in a nationwide mass vaccination setting. 
N. Engl. J. Med. 

de Souza e Silva, J.M., Hanchuk, T.D.M., Santos, M.I., Kobarg, J., Bajgelman, M.C., 
Cardoso, M.B., 2016. Viral inhibition mechanism mediated by surface-modified 
silica nanoparticles. ACS Appl. Mater. Interfaces 8 (26), 16564–16572. https://doi. 
org/10.1021/acsami.6b03342. 

D.J.H. Tng and J.G.H. Low                                                                                                                                                                                                                   

https://doi.org/10.2147/ijn.S247692
https://doi.org/10.1016/j.addr.2012.09.037
https://doi.org/10.1016/j.addr.2012.09.037
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref3
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref3
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref3
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref3
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref4
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref4
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref4
https://doi.org/10.1039/B917561J
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref6
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref6
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref6
https://doi.org/10.1172/jci45600
https://doi.org/10.1016/j.ejpb.2016.08.020
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref9
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref9
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref9
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref10
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref10
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref10
https://doi.org/10.1016/j.jcis.2018.02.053
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref12
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref12
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref12
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref13
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref13
http://refhub.elsevier.com/S0166-3542(22)00257-1/sref13
https://doi.org/10.1021/acsami.6b03342
https://doi.org/10.1021/acsami.6b03342


Antiviral Research 210 (2023) 105488

7

Ferreira Soares, D.C., Soares, L.M., Miranda de Goes, A., Melo, E.M., Branco de Barros, A. 
L., Alves Santos Bicalho, T.C., Leao, N.M., et al., 2020. Mesoporous SBA-16 silica 
nanoparticles as a potential vaccine adjuvant against Paracoccidioides brasiliensis. 
Microporous Mesoporous Mater. 291, 109676 https://doi.org/10.1016/j. 
micromeso.2019.109676. 

Fu, C., Liu, T., Li, L., Liu, H., Chen, D., Tang, F., 2013. The absorption, distribution, 
excretion and toxicity of mesoporous silica nanoparticles in mice following different 
exposure routes. Biomaterials 34 (10), 2565–2575. 

Ghasemiyeh, P., Mohammadi-Samani, S., 2018. Solid lipid nanoparticles and 
nanostructured lipid carriers as novel drug delivery systems: applications, 
advantages and disadvantages. Res. pharmaceut. sci. 13 (4), 288. 

Gilleron, J., Querbes, W., Zeigerer, A., Borodovsky, A., Marsico, G., Schubert, U., 
Manygoats, K., et al., 2013. Image-based analysis of lipid nanoparticle–mediated 
siRNA delivery, intracellular trafficking and endosomal escape. Nat. Biotechnol. 31 
(7), 638–646. https://doi.org/10.1038/nbt.2612. 

Guzman, J., Gates, B.C., 2003. Supported molecular catalysts: metal complexes and 
clusters on oxides and zeolites. Dalton Trans. (17), 3303–3318. 

Hagman, E., Elimam, A., Kupferschmidt, N., Ekbom, K., Rössner, S., Iqbal, M.N., 
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Westermarck, J., et al., 2016. Stimuli-responsive hybrid nanocarriers developed by 
controllable integration of hyperbranched PEI with mesoporous silica nanoparticles 
for sustained intracellular siRNA delivery. Int. J. Nanomed. 11, 6591–6608. https:// 
doi.org/10.2147/ijn.S120611. 
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