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Abstract 

Silica nanoparticles are widely used for biomedical purposes, but also in cosmetic products, 

food, the car industry, paints, etc. Considering their mega production, one should not ignore their 

potential hazardous effects on humans, flora and fauna. Human exposure to nanosilica can occur 

unintentionally in daily life and in industrial settings. Here, we review the common methods of 

silica nanoparticle production and its applications in biomedical investigations and 

nanotoxicology. The use of silica nanoparticles in biomedicine is discussed in terms of drug 

delivery, their responsiveness to different stimuli, theranostic applications and their uses in the 

food and cosmetic industries. Advantages and limitations of silica nanoparticles are presented 

and the effects of these nanoparticles are discussed in relation to their route of entry and impact 

on biochemical and epigenetic processes in human and animal cells.  
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1. Introduction 

A considerable number of consumer products and biomedical tools contain nanoparticles 

(NPs)(Lucia Foglia et al., 2011). “The Nanodatabase” is an inventory of commercially available 

products that contain engineered nanoparticles on the European consumer market.  Most 

products fall into the category of health and fitness (close to 2000), and about one sixth of all 

products fall into the category of home and garden. More than 700 are personal care products 

and about 400 are used in clothing. The most abundant nanomaterial employed for these 

purposes is silver, mainly due to its well-known antibacterial activity, followed by titanium and 

silicon (http://nanodb.dk/en/). Silicon is one of the most abundant elements on Earth and 

crystalline silica in the form of quartz is the most abundant mineral in the Earth’s crust. Silicon is 

recognized as an essential nutrient, but detrimental health effects manly associated with dust 

inhalation have also been reported (Heinemann et al., 2013). 

The properties and cytotoxic effects of silica nanoparticles (SiNPs) have not been fully 

defined (Mebert et al., 2013), but those with high specific surface areas are generally more 

cytotoxic (Oberdörster et al., 2005; Yu et al., 2009). The cytotoxic effects of SiNPs also depend 

on their size, charge and concentration (Gonzalez et al., 2014; Santo-Orihuela et al., 2016). The 

rapid growth of nanotechnological applications and the associated concern about human and 

environmental exposure are the main driving forces for nanotoxicological investigations 

(Oberdörster et al., 2007). 

SiNPs with favourable properties, such as biocompatibility and biodegradability, have 

been exploited in the pharmaceutical industry (Echazu et al., 2016), mainly to disperse poorly 

water-soluble therapeutic agents in aqueous media (Castillo et al., 2017). Size, shape and surface 

functionalization (Mamaeva et al., 2013), as well as modifications needed for active targeting or  
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stimulus-responsive drug release, were described in more detail elsewhere  (Martínez-Carmona 

et al., 2015; Baeza et al., 2015).  

SiNPs have been also employed as fillers because they can promote cell adhesion and 

proliferation. Their biodegradability, high mechanical strength and ability to stimulate tissue 

repair have been exploited (Lima and Mano, 2015; Pina et al., 2015; Song et al., 2015). In 

addition, colloidal silica has long been considered a safe additive to food and pharmaceutical 

formulations. 

This review provides an overview of SiNP synthesis methods, and their applications in 

cosmetics, the food industry and biomedical research. Potential exposure risks associated to 

SiNPs via different routes (e.g. dermal, oral, intranasal) are also discussed. Finally, the 

epigenetic changes caused by SiNPs are highlighted.  

2. Silica Nanoparticles 

2.1 Synthesis of Silica Nanoparticles   

A well-known method to produces non-porous SiNPs is the so-called “Aerosil” method. Particles 

are produced at high temperatures (around 1000 and 2500˚C) by flame hydrolysis from SiCl4 

(siliciumtetrachloride)(Sepeur, 2008). Other industrial methods to produce amorphous silica are 

precipitation and gelification. Details of industrial synthetic methods are provided in “Reference 

Document on Best Available Techniques for the Manufacture of Large Volume Inorganic 

Chemicals–Solids and Others industry” (EUROPEAN COMMISSION, 2007). 

Colloidal SiNPs can be synthesized by sol-gel processes based on the Stöber method. In 

1968, Stöber et al., reported a system of chemical reactions whereby hydrolysis of alkyl silicates 

and subsequent condensation of silicic acid in alcohol solutions, using ammonia as a catalyst, 

resulted in the controlled growth of spherical SiNPs of uniform size (50 to 2000 nm 
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diameter)(Stöber et al., 1968). During the process, Si-OR and Si-OH containing species 

condensate into siloxane compounds by forming siloxane bonds (Si-O-Si). Condensation takes 

place by either alcohol or, more often, water elimination (Figure 1)(Levy and Zayat, 2015). 

Some of the advantages of sol-gel methods are that the synthesis is straightforward, scalable and 

controllable. Particle size, distribution and morphology can be controlled by changing the 

reaction parameters (L. P. Singh et al., 2014). 

 

Figure 1. Schematic representation of possible hydrolysis and condensation steps of the Stöber 

method reactions. 

The microemulsion method is widely used for nanoparticle preparation (Tan et al., 2011). 

Porous SiNPs (Figure 2) can be prepared in water-in-oil (W/O) microemulsions. The alkyl 

silicate molecules solubilized in the oil phase of microemulsions diffuse to the surfactant layer 

and penetrate into the water pool, where the hydrolysis reaction takes place (Yamauchi et al., 

1989). The advantage of this method – compared to the one-phase reaction – is that the reaction 

is more easily controlled (Sepeur, 2008). The use of organic solvents and surfactants in the 

microemulsion methods is a disadvantage because of high costs, need for purification and 

nanoparticle recovery for large-scale synthesis (Wang et al., 2011). Mesoporous SiNPs (MSNs) 

with variable pore sizes are generally synthesized in the presence of a supramolecular assembled 

surfactant that acts as a structure-directing template. Spherical SiNPs with regular pores, 
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consisting of unidimensional, hexagonally shaped cavities, can be obtained by adding a cationic 

surfactant to the reaction mixture. These nanoparticles have large surface areas and adjustable 

pore sizes (Y. Wang et al., 2015), which makes them promising drug nanocarriers. The effect of 

pH in the reaction mixture, the characteristics of surfactants or copolymers as well as the 

concentration and source of silica have been reviewed by Wu et al. (Wu et al., 2013). In their 

study, the synthesis of hollow SiNPs (HSNs) with a large cavity using hard (i.e. polymer beads, 

inorganic nanoparticles) and soft (i.e. micelles, vesicles) templates was also proposed. Zhao et al. 

synthesized NPs using amphiphilic triblock copolymers to direct the organization of 

polymerizing silica species (Zhao et al., 1998). SiNPs with different morphologies prepared by 

the procedures described in this section are summarized in Figure 2 (A-E). Among the complex 

particles are core-shell nanoparticles with a silica core or silica shell (Fig 2F)(Ghosh Chaudhuri 

and Paria, 2012), york/shell (Fig 2G) hybrid structures consisting of a movable core inside a 

hollow shell of the same or different material (Purbia and Paria, 2015) and Janus (Fig 2H) 

nanoparticles with heterogeneous surfaces (Schick et al., 2014).  

 

 

Figure 2. Schematic representation of (A) non-porous, (B) hollow, (C) mesoporous, (D) 

amorphous, (C) rod, (E) core-shell, (F) yolk/shell and (G) Janus SiNPs. 
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3. Applications of nanosilica in the food industry                                                  

SiNPs have been used in processed food production and food storage. Amorphous silica has been 

employed as anticaking agent, antifoaming agent or flow aid in powdered food. Silicon dioxide 

is listed as food additive in the European Union under code E551. The United States Food and 

Drug Administration classifies silicon dioxide and amorphous silica as anticaking agents. Silica 

is  used as clarifying/fining agent in the juice, oil and brewery sectors, or as flavor/aroma carrier 

(Barahona et al., 2016). The daily intake of silica from food is estimated to be 9.4 mg/kg, of 

which 1.8 mg/kg is within the nano-size range. In food products containing synthetic amorphous 

silica, up to 43 % of the total content was shown to be nano-sized (van der Zande et al., 

2014). Powdered products like milk powder, instant soups and spices may contain SiNPs. The 

concentration of these particles was found to be in the range of <0.1–1.0 mg/g of product, with 

particle sizes ranging from 50–200 nm. Many of these products are powdered sauces and 

seasoning mixtures, instant noodles, pancakes and cake mixtures, coffee creamers and vitamins 

(Dekkers et al., 2011).    

There are many potential applications for nano-additives: they may be used to modify food 

properties such as taste, sensation, color, texture, consistency or shelf life, to fortify basic foods 

with nutrients and vitamins, to enhance bioavailability, to indicate food quality and freshness or 

to ensure traceability (Winkler et al., 2016). Silica particles may also reach food products 

indirectly, for example from packaging. The effect of 4 nm and 5 nm NPs as nano-fillers in a 

main pullulan coating on bioriented polypropylene was evaluated for its oxygen and carbon 

dioxide barrier properties, as well as its frictional, optical and wettability properties, in relation to 

the pullulan ratio (colloidal silica ratios of 1:0.15 and 1:0.45). An improvement in the barrier 
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properties against O2 and CO2 was observed, with the best performance by particles with the 

highest surface area (O2TR and CO2TR around 30 mL m-2 24 h-1 and 80 mL m-2 24 h-1 at 23 ˚C 

under dry conditions), compared to the pristine pullulan-coated BOPP (O2TR and CO2TR around 

480 mL m-2 24 h-1 and CO2TR 1245 mL m-2 24 h-1)(Cozzolino et al., 2016). Hybrid antifouling 

and antimicrobial coatings were obtained using a fluoropolymer and cationic SiNPs on stainless 

steel. Such hybrid structures reduce problems related to microbial cross-contamination in food 

processing (e.g. Listeria monocytogenes)(K. Huang et al., 2016). 

4. Application of nanosilica in cosmetics 

In 1986, liposomes were first incorporated in cosmetics by the Christian Dior company. After 

that, many cosmetic manufacturers followed by incorporating nanotechnology into their 

formulations (Wu, 2012). Nanoscale versions of ingredients are used in cosmetics to provide 

better UV protection, deeper skin penetration, long-lasting effects, increased color and finish 

quality (Sepeur, 2008). Nano forms of silica are used in leave-on and rinse-off cosmetic products 

for hair, skin, lips, face and nails. According to the Scientific Committee on Consumer Safety 

(SCCS) analysis, data available for amorphous silica are inadequate and insufficient to draw any 

firm conclusion either for or against the safety of these synthetic materials. SCCS identified and 

listed the highest concentration in each product category, 38.0 % in temporary hair styling, 7.5 % 

in lipstick, 7.0 % in toothpaste, 3.8 % in eyeliner, 2.5 % in eye shadow and 0.1 % in products 

with antiperspirant activity, among others.(SCCS and Hoet, 2016). An increase in silica particles 

in cosmetic products is anticipated.  For example, UV filters in sunscreen formulations are 

enhanced by the presence of bismuth titanates BixTiyOz in MSNs, which combines UV 

shielding properties with the suppression of photocatalytic activity (Zaccariello et al., 2017). The 

encapsulation of organic sunscreen into particles can reduce its phototoxicity and degradation. In 
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a recent study, physical encapsulation of ethylhexyl salicylate in HSNs and covalent 

incorporation of salicylate and curcuminoid was carried out. It was found that the best way to 

reduce leaking and photodegradation of these organic compounds was covalent attachment, in 

particular with bridged sunscreen monomers (Tolbert et al., 2016).  

5. Applications of nanosilica for biomedical purposes 

Silica is a promising material for drug delivery and imaging systems. Figure 3 summarizes some 

examples of SiNPs as drug carriers, with or without imaging functions, targeting abilities or 

responsiveness to different stimuli. Nanosilica materials are also promising in other medical 

applications, such as vaccination adjuvants (Mody et al., 2013), gene delivery and sensors, which 

will not be covered in the present work. 

 

Figure 3. Schematic representation of silica nanoparticles (SiNPs). 3.1 Types of SiNPs for 

delivering biologically active agents and drugs. 3.2 Targeting moieties on the surface of SiNPs or 

magnetic composites. 3.3 SiNPs responding to stimuli e.g. pH, glutathione, magnetic field, light 

and temperature. 3.4 SiNPs for optical, magnetic resonance and other bioimaging applications. 

5.1. Drug Carriers 
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SiNPs have been studied as drug delivery systems for improved solubility (biological, chemical 

and physical), clearance, controlled and targeted drug release. MSNs were found to enhance the 

solubility of resveratrol by ∼95 % and increase its in vitro release (Summerlin et al., 2016). 

Silica-coated flexible liposomes were shown to significantly enhance oral absorption of the 

poorly water-soluble curcumin, with 2.35-fold higher bioavailability compared to curcumin 

suspension (Li et al., 2012). Surface functionalization is a common strategy to enhance the 

loading of SiNPs. Bare and organosilane (amino, thiol and sulfonate) grafted non-porous SiNPs 

showed different loading capacities of gentamicin sulfate and sodium rifamycin, suggesting that 

the main sorption driving forces are attractive electrostatic and hydrophobic interactions, 

respectively (Mebert et al., 2016). Similarly, the loading capacity of mitoxantrone varied with 

differently functionalized MSNs. The highest loading was achieved with thiol-modified particles 

(18 % w/w), followed by mixed thiol/amino- and amino-functionalized MSNs (Wani et al., 

2012). Greater antibacterial activity and gentamicin loading capacity was achieved with particles 

of size bigger than 100 nm (Alvarez et al., 2014). Surface morphologies, such as roughness and 

pore size, are other aspects by which SiNPs can be improved as drug delivery systems. 

Differences in adsorption and release of hydrophobic molecules was achieved by controlling the 

surface roughness of mesoporous hollow silica nanospheres, which lead to an unusual 

hydrophobicity (Ahmad Nor et al., 2015). A higher loading of quercetin was reported in particles 

with pore sizes 3.5 and 5.0 nm (Ugazio et al., 2016).   

5.2. Targeted delivery with SiNPs 

Targeted silica and silica-based nanoparticles have attracted much attention, particularly in 

cancer treatment and diagnosis. Different targeting strategies have been applied and reviewed 

(Yang and Yu, 2016). SiNPs have been functionalized with small molecules, such as folic acid 
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(FA). Folate receptors are overexpressed in several human cancers and FA-conjugated NPs are 

promising drug delivery systems for receptor-mediated endocytosis. FA-MSNs were highly 

internalized in A549 and IGROV-1 cancer cells, but much less in differentiated SH-SY5Y 

human neuroblastoma cells and rat embryonic dorsal root ganglia sensory neurons (Ceresa et al., 

2013). Doxorubicin and siRNA against B-cell lymphoma 2 (Bcl-2) co-delivery was achieved 

with polyethyleneimine (PEI)-FA-coated HMSNs (Ma et al., 2013). A significantly higher 

uptake rate at the tumor site of was observed with FA-MSNs compared non-targeted MSNs in ex 

vivo bioimaging of intravenously-injected BALB/c mice bearing 4T1-tumors (Sarkar et al., 

2016). Hyaluronic acid (HA) receptors are also overexpressed in a variety of carcinomas 

(Lokeshwar et al., 2014). SiNPs conjugated or capped with this polymer have also been 

developed for targeted delivery. MSNs coated with poly-(L-lysine) and HA showed an enhanced 

effect when used in photodynamic therapy against HCT 116 colorectal cancer cells 

overexpressing the CD44 receptor. This effect was reduced by pre-incubating the cells with 

excess HA, indicating the involvement of active endocytosis (Gary-Bobo et al., 2012). 

Moreover, once internalized, HA-SiNPs can be transported out of the cells. This allows the HA-

capped particles to penetrate deeper inside the tumors, presumably through receptor (CD44) 

mediated transcytosis. Doxorubicin-loaded particles showed a 10-fold increase in cytotoxicity 

(IC50=1.3 mM) in ovarian cancer spheroids in comparison to the free drug (El-Dakdouki et al., 

2013). The selective targeting of individual leukemia cells was achieved with anti-EGFR 

antibodies (Durfee et al., 2016). An average 3-fold enhancement in tumor accumulation was 

achieved with anti-CD105 antibody-conjugated particles compared to non-targeted MSNs. 

Tumor vasculature-targeting MSNs loaded with doxorubicin were investigated for theranostic 

applications. MSNs conjugated with near-infrared dye (ZW800) and 64Cu-chelator (1,4,7-
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triazacyclononane-triacetic acid) were used for tumor dual-modality imaging with positron 

emission tomography (PET)/near-infrared fluorescence (NIRF)(F. Chen et al., 2014).  

 

5.3. Stimuli responsive SiNPs 

Modified silica and silica-based nanoparticles responding to pH, redox and external stimuli have 

been extensively studied in efforts to alter pharmacokinetics and biodistribution profiles of 

drugs. The use of MSNs and MSN-based materials in cancer therapy was recently reviewed by 

Mekaru et al. (Mekaru et al., 2015). pH-responsive materials are attractive for cancer therapy 

because the tumor core is usually more acid than circulating blood due to lactic acid 

accumulation. pH-responsive materials, e.g. chitosan, a cationic biopolymer, were widely used 

for biomedical applications. These constructs were reported as non-immunogenic and 

biodegradable (Nilsen-Nygaard et al., 2015). Chitosan-poly (methacrylic acid)-capped MSNs 

loaded with doxorubicin showed pH-dependent drug release after 24 h at 37˚C. Seventy % of the 

loaded drug was released at pH 5.5 (endosomes), 34 % at pH 6.8 (tumor extracellular milieu), 

while only 18 % of the drug was released at pH 7.4 (blood circulation). Doxorubicin as a 

positively-charged molecule is retained  by electrostatic interactions with the negatively-charged 

polymer proportionally to the pH of the medium (Tang et al., 2011). A pH-responsive material 

set to improve tuberculosis treatment was achieved by covalently binding isoniazid to MSNs via 

a hydrazone bond to form a nanoparticle-based prodrug system. The pH-sensitive bond was 

cleaved in the acidified endolysosomal compartment. While no differences were found in vitro 

between these NPs and free drug administration in macrophages, it was found in vivo that the 

particles killed 2-4 times more Mycobacterium tuberculosis in the lungs, liver and spleen than 

the equivalent dose of free drug in BALB/c mice (female, 8 weeks) (Hwang et al., 2015). 
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Glutathione (GSH) is a powerful reducing agent due to its sulfhydryl group, and is elevated in 

many tumors (Gamcsik et al., 2012). Tan et al. studied the influence of chain length (3, 5 or 7 

carbon atoms), terminal group (cyclohexyl, adamantly or n-butyl) and density of disulfide-

appended functional ligands on doxorubicin loading capacity and release kinetics. The group 

found that intermediate chain length, ligand grafting and cyclohexyl terminal group were suitable 

for complexation with β-CD for drug incorporation and retention in mesopores. It was proposed 

that a higher number of ligands on the surface could lower loading capacity by blocking 

mesopores (Tan et al., 2014). In a study by Maggini et al., redox-responsive breakable 

mesoporous SiNPs containing disulfide bridges directly inserted in their frameworks were 

synthesized. The disintegration ability of these NPs was confirmed in glioma C6 cells (Maggini 

et al., 2016). Dual pH- and redox-responsive particles were achieved by grafting hollow 

mesoporous SiNPs (HMSNs) with chitosan via cleavable disulfide bonds. At pH 7.4, the 

chitosan chains are collapsed, forming a shell layer that covers the surface of the particle. The 

cationic polymer can be protonated in acidic conditions, making the polymer layers swell and 

open the mesoporous channels, thus releasing the loaded doxorubicin. In addition, in the 

presence of GSH, the disulfide bonds are reduced to thiol groups, which induced the separation 

of the polymer chains from the particle, allowing the fast release of the drug from the cavities of 

these NPs (Jiao et al., 2016b). External stimuli can also be used to trigger drug release. A 

thermoresponsive delivery system able to release quercetin when in contact with skin was 

constructed by free radical copolymerization of N-isopropylacrylamide and 3-

(methacryloxypropyl)trimethoxysilane inside the mesopores (Ugazio et al., 2016). Near-infrared 

light-responsive DNA-hybrid-gated nanocarriers have been synthesized. Photothermal effects 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
13 

 

caused denaturation of DNA and drug (doxorubicin and curcumin) release from DNA and 

mesopores (Yuanxin Zhang et al., 2015). 

 

 

 

 

Table 1. Application of silica nanoparticles (SiNPs) in cancer treatment. 

Type of SiNPs Characteristics  Drugs Reference 

Hollow mesoporous SiNPs Targeted, grafted with 

epidermal growth factor  

5-

fluorouracil 

(Chen et al., 2015) 

(She et al., 2015) 

Hollow mesoporous SiNPs Targeted, 

adamantanamine was 

grafted onto the orifices 

and lactobionic acid-

grafted-β-cyclodextrin 

was immobilized on the 

surface 

Doxorubicin (Luo et al., 2014) 

Hollow mesoporous SiNPs Targeted and co-

delivery, folic acid-

coated and 

polyethyleneimine-

conjugated 

Doxorubicin 

and siRNA 

(Ma et al., 2013) 
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Hollow mesoporous SiNPs pH and redox dual-

responsive, responsive 

nanovalve stalk/β-

cyclodextrins  

Doxorubicin  

(rhodamine 

6G) 

(Zhu and Wang, 

2016) 

Hollow mesoporous SiNPs Redox and pH dual-

responsive, chitosan 

grafted 

 

doxorubicin (Jiao et al., 2016b) 

Hollow mesoporous SiNPs Dual-stimuli polymer 

shell responsive to 

redox/temperature, 

copolymer of two 

oligo(ethylene glycol) 

macromonomers cross-

linked by the disulfide 

linker N,N′-

bis(acryloyl)cystamine 

Doxorubicin (Jiao et al., 2013) 

Hollow mesoporous SiNPs pH, reduction and light 

triple-responsive, 

modified with poly(2-

(diethylamino)ethyl) 

methacrylate 

Doxorubicin (Yuanyuan Zhang 

et al., 2015) 

Hollow SiNPs Glutathione-responsive Doxorubicin (D. Wang et al., 
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2014) 

Hollow mesoporous SiNPs Pd nanosheet-covered, 

combining 

chemotherapy with 

photothermal therapy 

Doxorubicin (Fang et al., 2012) 

Hollow mesoporous SiNPs Polymeric prodrug 

coated, combined 

photothermal therapy 

and chemotherapy 

Doxorubicin 

near-infrared 

absorbing 

dye 

(Y. Zhang et al., 

2016) 

Hollow mesoporous SiNPs Internal radiation source 

to achieve deep-seated 

tumor therapy without 

using external light 

source  

Photosensitiz

er (chlorin 

e6) and 

oxophilic 

zirconium-89 

radionuclide 

(Kamkaew et al., 

2016) 

Mesoporous SiNPs Enhanced saturated 

solubility 

Resveratrol (Summerlin et al., 

2016) 

Mesoporous SiNPs Redox-responsive, self-

destructive behavior, 

disulfide-doped 

Temozolomi

de 

(Maggini et al., 

2016) 

Mesoporous SiNPs Bone-targeted, 

zoledronic acid 

Doxorubicin (Sun et al., 2016) 
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Mesoporous SiNPs Controlled delivery, 

polyglutamic acid 

capped 

Doxorubicin  

(rhodamine 

B) 

(Tukappa et al., 

2016) 

Mesoporous SiNPs pH-sensitive polymer 

(Poly4-vinylpyridine) 

methotrexate (Abbaszad Rafi et 

al., 2016) 

Mesoporous SiNPs pH-responsive, APTES 

modified  

Doxorubicin (Y. Wang et al., 

2016) 

Mesoporous SiNPs pH-sensitive dual-

targeting, 

polydopamine-coated 

and functionalized with 

Asn-Gly-Arg  

Doxorubicin (Hu et al., 2016) 

Mesoporous SiNPs pH-sensitive, 

polydopamine-coated 

Doxorubicin (Zheng et al., 2014) 

Mesoporous SiNPs Co-delivery Cisplatin 

prodrug and 

chlorin e6  

(W. Zhang et al., 

2016) 

Mesoporous SiNPs Co-delivery, PEGylated 

lipid bilayer 

Xitinib and 

celastrol 

(Choi et al., 2016) 

Mesoporous SiNPs Redox-responsive and 

targeted, immobilized 

cytochrome c and 

tailored S1411 aptamer 

Doxorubicin (Zhang et al., 2014) 
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Mesoporous SiNPs Redox-responsive, 

heparin and 

lactobionic acid  

Doxorubicin (Dai et al., 2014) 

Mesoporous SiNPs Co-delivery, 

polyethylenimine-

polyethylene glycol 

functionalized  

Epirubicin 

and siRNA 

(Mohammad Yahya 

Hanafi-Bojd et al., 

2016) 

Mesoporous SiNPs Co-delivery, covalently-

attached PEG 

Doxorubicin 

and siRNA 

(Meng et al., 2013) 

Mesoporous SiNPs pH-sensitive and 

targeted, doubly 

modified with TAT 

peptide and acid-

cleavable polyethylene 

glycol, shell constituted 

by galactose-modified 

poly(allylamine 

hydrochloride)-

citraconic anhydride 

Doxorubicin (Han et al., 2016) 

Mesoporous SiNPs Nuclear-targeted, 

conjugated TAT peptide 

Doxorubicin (Pan et al., 2013, 

2012) 

Mesoporous SiNPs Combined delivery Temozolomi

de and anti-

(Bertucci et al., 

2015) 
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miR221 PNA 

Mesoporous SiNPs Targeted co-delivery, 

capped with PAA-CS 

covalently conjugated 

cRGD peptide 

 

Topotecan 

and quercetin 

(Murugan et al., 

2016) 

Mesoporous SiNPs pH-responsive, 

guanidine-

functionalized, 

PEGylated 

Curcumin (Ma’mani et al., 

2014) 

Mesoporous SiNPs Co-delivery, coated 

Cu1.8S nanoparticles 

modified with aptamer-

modified GC-rich DNA-

helix, NIR-responsive 

DNA-hybrid-gated 

nanocarrier  

Doxorubicin 

and curcumin 

(Yuanxin Zhang et 

al., 2015) 

Mesoporous SiNPs ---- Mitoxantrone 

doxorubicin 

and 

methotrexate 

(Haoquan Zheng et 

al., 2015) 

Mesoporous SiNPs Co-delivery, amino 

group-modified 

Methotrexate 

and 

(N. Song et al., 

2016) 
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 mitoxantrone 

Mesoporous SiNPs pH-responsive, targeted, 

coordination polymer 

coated (zinc and 1,4-bis 

(imidazol-1-ylmethyl) 

benzene)  

 

Topotecan (Xing et al., 2012) 

Mesoporous SiNPs pH-responsive, 

nanogated highly acid-

labile benzoic-imine 

linker, 

polypseudorotaxane-

capped 

Doxorubicin (Gao et al., 2011) 

Mesoporous SiNPs pH-responsive, 

alginate/chitosan 

multilayers coating 

Doxorubicin (Feng et al., 2014) 

Mesoporous SiNPs pH-responsive, polymer 

shell chitosan/poly 

(methacrylic acid) 

Doxorubicin (Tang et al., 2011) 

Mesoporous SiNPs Reduction-responsive, 

poly(acrylic acid) 

Doxorubicin (H. Li et al., 2013) 

Mesoporous SiNPs Ultrasound-responsive, 

polymer grafted (poly(2-

Doxorubicin (Paris et al., 2015) 
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(2-methoxyethoxy)ethyl 

methacrylate)) 

Mesoporous SiNPs Stimuli-responsive, bis-

aminated poly(glycerol 

methacrylate)s and 

cucurbit[7]uril 

Doxorubicin (Q.-L. Li et al., 

2014) 

Mesoporous SiNPs Co-delivery, controlled 

and targeted, avidin 

molecules  

Cisplatin and 

proteasome 

inhibitor 

bortezomib 

(van Rijt et al., 

2015) 

Mesoporous SiNPs Carboxyl-functionalized Cisplatin (Gu et al., 2013) 

Mesoporous SiNPs Carboxyl-functionalized Doxorubicin (Xie et al., 2014) 

Mesoporous SiNPs Controlled release, 

carboxylate 

Cisplatin (Lin et al., 2012) 

Mesoporous SiNPs Targeted, covalently 

conjugated 6-

mercaptopurine 

Cisplatin (Lv et al., 2016) 

Mesoporous SiNPs Targeted, desthiobiotin 

and vitamin H  

Doxorubicin (L.-L. Li et al., 

2013) 

Mesoporous SiNPs ------ Paclitaxel (Fu et al., 2016; Jia 

et al., 2012) 

Mesoporous SiNPs Co-delivery  Paclitaxel 

and 

(Jia et al., 2015) 
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tetrandrine 

Mesoporous SiNPs Co-delivery, lipid-

coated 

 

Gemcitabine 

and 

paclitaxel 

(Meng et al., 2015) 

Mesoporous SiNPs Targeted and responsive 

to hyaluronidase, 

functionalized with 

biotin-modified 

hyaluronic acid 

Doxorubicin (M. Zhang et al., 

2016) 

Mesoporous SiNPs Targeted, hyaluronic 

acid-modified 

Doxorubicin (M. Yu et al., 2013) 

Mesoporous SiNPs Stimuli responsive, 

hyaluronic acid 

conjugated 

Doxorubicin (Q. Zhao et al., 

2015) 

Mesoporous SiNPs Active targeting, 

endolysosomal escape 

and multilevel drug 

release, multifunctional 

hyaluronic acid 

derivatives modified 

sulfhydryl and amino-

cofunctionalized 

Doxorubicin (Yang et al., 2016) 

Mesoporous SiNPs FITC-labeled, Paclitaxel (Yuan et al., 2013) 
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covalently linked with 

paclitaxel 

Mesoporous SiNPs Co-delivery, gold cluster 

bovine serum albumin 

nanogates 

Gemcitabine 

and 

doxorubicin 

(Croissant et al., 

2016) 

Mesoporous SiNPs pH-sensitive, modified 

dextrin coat 

Doxorubicin (Abbaszad Rafi et 

al., 2016) 

Mesoporous SiNPs pH and glutathione 

stimuli-responsive, CB-

EDA-PGOHMA grafted  

Doxorubicin (Li et al., 2015) 

Mesoporous SiNPs Nuclear-targeted, folic 

acid and dexamethasone 

 

Doxorubicin (Xiong et al., 2015) 

Mesoporous SiNPs Conjugated doxorubicin 

and folic acid 

Doxorubicin (Fan et al., 2011) 

Mesoporous SiNPs Targeted, folic acid 

 

Doxorubicin (Guo et al., 2012) 

Mesoporous SiNPs Targeted, folic acid  Quercetin (Sarkar et al., 2016) 

Mesoporous SiNPs Targeted, folic acid and 

gelatin layer PEG 

Doxorubicin (Zou et al., 2015) 

Mesoporous SiNPs  Targeted and pH-

responsive, folic acid  

Curcumin (J. Wang et al., 

2016) 

Mesoporous SiNPs pH-responsive, gelatin Doxorubicin (Zou et al., 2013) 
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capped 

Mesoporous SiNPs Mitochondria targeted, 

triphenoylphosphonium  

Doxorubicin (Qu et al., 2015) 

Mesoporous SiNPs Bioresponsive, 

zwitterionic, gatekeeper 

composed of carboxylic 

groups and quaternary 

amine groups 

Doxorubicin (Khatoon et al., 

2016) 

Mesoporous silica platform  Temperature- and NIR-

responsive, conjugated 

to CuS nanoparticles 

with complementary 

DNA sequences 

Doxorubicin (Lei Zhang et al., 

2015) 

Mesoporous SiNPs Redox-responsive, 

poly(ethylene glycol)- 

capped 

Doxorubicin 

(safranin O) 

(Giménez et al., 

2015) 

Mesoporous SiNPs Stimuli-responsive, 

hybrid lipid-capped 

(polymer d-α-tocopherol 

polyethylene glycol 

1000 succinate) 

 

Doxorubicin (Han et al., 2015) 

Mesoporous SiNPs Esterase- and pH- Doxorubicin (Fernando et al., 
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responsive, poly(β-

amino ester)-capped 

2015) 

Mesoporous SiNPs Targeted, HB5 aptamer-

functionalized silica, 

carbon nanoparticles 

chemo-photothermal 

therapeutic platform  

Doxorubicin (K. Wang et al., 

2015) 

Mesoporous SiNPs Targeted and 

glutathione-responsive, 

Poly(γ-glutamic acid) 

coated 

mercaptopropyl-

functionalized core, 

doxorubicin covalently 

conjugated 

Doxorubicin (Du et al., 2015) 

Mesoporous SiNPs pH-sensitive, poly(L-

glutamic acid) grafted 

Doxorubicin (Zheng et al., 2013) 

Mesoporous SiNPs Functionalized with 

phosphonate, 

polyethylene glycol and 

polyethylenimine-

polyethylene glycol 

Epirubicin  (Hanafi-Bojd et al., 

2015) 

Mesoporous SiNPs  Targeted, membrane- Doxorubicin (Cheng et al., 2015) 
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penetrating and enzyme-

induced drug delivery, 

α-cyclodextrin  

modified by 

multifunctional peptide 

(azido-GFLGR7RGDS)  

Mesoporous SiNPs Stimuli-responsive, 

cellulose-conjugated  

Doxorubicin (Hakeem et al., 

2016) 

Mesoporous SiNPs pH-responsive, 

hyaluronic acid lipid 

membrane  

Doxorubicin (Z. Wang et al., 

2016) 

Mesoporous SiNPs Ca2+-dependent release, 

gold nanoparticles 

coated with α-synuclein 

Doxorubicin 

(rhodamine 

6G) 

(Lee et al., 2014) 

SiNPs Organically-modified 

(3-aminopropyl-

trimethoxysilane)  

Curcumin (S. P. Singh et al., 

2014) 

SiNPs Targeted, hyaluronic 

acid 

Curcumin (Singh et al., 2015) 

SiNPs Thermoresponsive, 

poly(N-

isopropylacrylamide-co-

acrylamide) 

Doxorubicin (A. Li et al., 2014) 
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SiNPs  Targeted, hyaluronan-

coated containing a 

highly fluorescent core 

Doxorubicin (El-Dakdouki et al., 

2013) 

SiNPs  Targeted, folate-

functionalized 

Curcumin (de Oliveira et al., 

2016) 

SiNPs Co-delivery, corona 

covered 

 

Doxorubicin 

and 

meloxicam 

(Shahabi et al., 

2015) 

SiNPs Combined treatment, 

graphene shell, serum 

protein-modified and 

photothermal therapy 

Doxorubicin (Yuwei Liu et al., 

2015) 

SiNPs Functionalized with [ 3-

(2-aminoethyl 

amino)propyl]trimethox

ysilane 

covalently bonding rose 

bengal or 

anthraquinone-2-

carboxylic acid, 

photodynamic therapy  

Rose bengal 

or 

anthraquinon

e-2-

carboxylic 

acid 

(de Souza Oliveira 

et al., 2016) 

Nonporous SiNPs  External shell 

containing primary 

Cisplatin-

based Pt(IV) 

(Ravera et al., 

2016) 
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amino groups (3-

aminopropyl and N-(6-

aminohexyl)aminometh

ylene) 

complexes 

Nonporous SiNPs 

 

Stimuli-responsive, 

camptothecin and 

doxorubicin covalently 

encapsulated  

Camptotheci

n or 

doxorubicin  

(Z. Xu et al., 2015) 

Mesoporous silica shell  Targeted and pH-

sensitive, Fe3O4 

nanoparticles core 

wrapped with chitosan 

Doxorubicin (Wu et al., 2017) 

Silica shell Co-delivery, transferrin-

conjugated magnetic 

silica PLGA 

nanoparticles 

Doxorubicin 

and 

paclitaxel 

(Cui et al., 2013) 

Silica shell Sensitive to magnetic 

field and pH, Fe3O4 core 

coated with mPEG-

poly(L-Asparagine) 

Doxorubicin (S. Yu et al., 2013) 

Silica shell Co-delivery and 

targeted, magnetic 

Fe3O4/Fe cores 

ABT-888 

and 

temozolomid

(Muñoz-Gámez et 

al., 2015) 
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e 

Mesoporous silica matrix Fe3O4 nanoparticles 

combining 

chemotherapy and 

hyperthermia 

Doxorubicin (Tao and Zhu, 

2014) 

Mesoporous silica shell  Co-delivery and 

targeted, magnetic 

Fe3O4 core and modified 

with PEI-FA 

 

VEGF 

shRNA and 

doxorubicin 

(Li et al., 2016) 

Silica shell Controlled release and 

targeted, magnetite 

nanoparticle and 

acrylamidopropyl 

modified  

Methotrexate (Farjadian et al., 

2016) 

Silica shell Gold core, photothermal Methotrexate (Huo et al., 2015) 

Silica shell Temperature and pH 

dual-responsive, 

poly(N-

isopropylacrylamide) 

co-acrylic 

acid hydrogel core  

Doxorubicin (Hu et al., 2013) 

Mesoporous silica shell Targeted and Doxorubicin (Y. Wang et al., 
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photothermal, graphitic 

carbon core and 

conjugated SP13 peptide 

2014) 

Silica shell pH-responsive, calcium 

carbonate core 

Doxorubicin (Y. Zhao et al., 

2015) 

Mesoporous silica shell Oleic acid-stabilized 

hydrophobic Bi2S3  

chemotherapeutic and 

X-ray therapy  

Doxorubicin (Ma et al., 2015) 

Mesoporous silica shell Photothermal therapy, 

copper selenide 

nanoparticles (Cu2−xSe) 

core and PEG 

modification 

Doxorubicin (Liu et al., 2014) 

Silica shell Photothermal therapy 

under near-infrared laser 

irradiation, C60 

fullerene-silica 

nanoparticle system 

surface-decorated with 

hyaluronan 

Doxorubicin  

(indocyanine 

green) 

(Hai Wang et al., 

2016) 

 

Table 2. Application of silica nanoparticles (SiNPs) in other treatments. 
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Type of NP Characteristics Drug Application Reference 

Mesoporous SiNPs Thermoresponsive 

copolymer-grafted  

copolymerization 

of 3-

(methacryloxyprop

yl)trimethoxysilane 

and 

Nisopropylacrylami

de  

Quercetin Skin  (Ugazio et 

al., 2016) 

Mesoporous SiNPs 3-

aminopropyltrietho

xysilane modified 

Antioxidant 

molecules 

(caffeic 

acid or 

rutin) 

Diminish 

the impact of 

oxidative stress 

induced after 

transfection into 

cells 

(Ebabe Elle 

et al., 2016) 

Mesoporous SiNPs Aminopropyl 

functionalized 

Quercetin Topical 

nanocarriers 

(Sapino et 

al., 2015) 

Mesoporous SiNPs ---- Zinc oxide 

nanoparticl

es 

Antifungal (Mitra et al., 

2015) 

Mesoporous SiNPs Immobilized with 

silver–indole-3 

Silver–

indole-3 

Antibacterial (Kuthati et 

al., 2015) 
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acetic acid 

hydrazide 

acetic acid 

Mesoporous SiNPs Polystyrene 

sulfonate and poly 

(allylamine 

hydrochloride) 

Gentamicin  (Tamanna et 

al., 2015) 

Mesoporous SiNPs ----- Phytochemi

cals 

(curcumin 

and 

chrysin) 

Nose-to-brain 

delivery 

(Lungare et 

al., 2016) 

Mesoporous SiNPs Coated with 

polyethyleneimine 

Plasmid 

DNA 

(fluorescein 

isothiocyan

ate) 

Gene therapy (X. Zhang et 

al., 2016) 

Mesoporous SiNPs [Poly (methacrylic 

acid-co-vinyl 

triethoxylsilane)] 

coated 

Insulin  Diabetes 

(oral delivery of 

protein and 

peptide drugs) 

(Guha et al., 

2016) 

Mesoporous SiNPs Fluorescent 

doped 3-

aminopropyl 

PTEN-

inhibitor 

bisperoxov

Stimulating 

axonal 

regeneration 

(Kim et al., 

2016) 
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triethoxysilane 

modified  

anadium 

(rhodamine 

B 

isothiocyan

ate) 

Mesoporous SiNPs  PEGylated Puerarin Treatment of 

cardiovascular 

diseases 

(Liu et al., 

2016) 

Mesoporous SiNPs Fluorescent 5-

azacytidine 

(fluorescein 

isothiocyan

ate isomer 

I) 

Heart disease  (J. Cheng et 

al., 2016) 

Mesoporous SiNPs ---- Tetracyclin

e 

Periodontitis and 

dental bone 

infections 

(Koneru et 

al., 2015) 

Mesoporous SiNPs Stimulus-

responsive, coated 

with poly(ethylene 

imine)-

poly(ethylene 

glycol)  

Isoniazid Tuberculosis (Hwang et 

al., 2015) 
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Mesoporous SiNPs ε-poly-L-lysine 

capped 

Histidine 

kinase 

autophosph

orylation 

inhibitors 

(rhodamine

) 

Broadening 

antibacterial 

spectrum 

(Velikova et 

al., 2016) 

SiNPs  Coated with the 

hydroxypropyl 

methylcellulose 

phthalate 

Insulin  (Zhao et al., 

2013) 

SiNPs APTES-grafted  Quercetin Antioxidative and 

anti-inflammatory 

activities 

(Lee et al., 

2016) 

SiNPs CTAB surface-

modified or 

PEGylated 

Quercetin Against Cu(II)-

induced oxidative 

stress in 

neurodegeneratio

n 

(Nday et al., 

2015) 

Silica-coated Silica-coated 

flexible liposomes 

Curcumin Enhanced oral 

bioavailability 

(Li et al., 

2012) 

Mesoporous silica 

shell 

γ-Fe2O3 

nanoparticle core 

Tolbutamid

e or 

Diabetes and 

cancers 

(Sinha et al., 

2014) 
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functionalized with 

phenylboronic acid  

camptothec

in 

Silica shell  

 

Silver-containing 

nanorattles 

Silver Implant infections (Priebe et al., 

2016) 

Silica-coated  Iron 

oxide nanoparticles 

Mycopheno

lic acid 

Immunosuppressa

nt 

(Hwang et 

al., 2016) 

Mesoporous silica 

shell 

Magnetic 

nanoparticles 

(Fe3O4) and PEG-

modified  

Cytosine-

guanine 

containing 

oligodeoxy

nucleotides 

Immunotherapy (Hengrui 

Zheng et al., 

2015) 

 Silica-coated  Magnetic nanoparti

cles  

Streptokina

se and 

tissue 

plasminoge

n activator  

Thrombolytic 

therapy  

(Tadayon et 

al., 2015) 

 

5.4. SiNPs for bioimaging 

High-sensitivity detection can allow for less invasive diagnostic approaches. Such systems could 

speed up treatment decision-making (Giljohann and Mirkin, 2009). Although SiNPs do not 

possess imaging properties themselves, they can trap imaging agents and be functionalized. 

Silica-based nanoparticles have been studied in Optical Imaging (OI), Magnetic Resonance 

Imaging (MRI), Positron Emission Tomography (PET), single-photon emission computed 
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tomography (SPECT) and computed tomography (CT), among others. Lim et al. summarized the 

pros and cons of nanomaterials used for bioimaging and therapeutics, highlighting the 

applications of silica-based hybrid nanocarriers as theranostic systems (Lim et al., 2016).  

Non-covalently bound organic dyes, such as rhodamine and fluorescein, are usually 

obtained by dissolving the fluorophores in the synthesis medium. Auger et al. performed a 

comparative study of different hydrophilic and organic dyes encapsulations, namely Propyl 

Asrtra Blue Iodide (PABI), 4,4’,4’’,4’’’-(porphine-5,10,15,20-tetrayl)tetrakis(benzoic acid) 

(PPC), IR 806, Nile Blue A perchlorate, 1,1',3,3,3',3'-Hexamethylindotricarbocyanine iodide 

(HITC), Cardiogreen, Rhodamine B and Fluorescein, into SiNPs by the microemulsion synthesis 

method. Fluorescein and rhodamine B were successfully encapsulated by dissolving in the 

aqueous phase at a concentration of 0.1 M follow by hydrolysis of TEOS initiated by the 

addition of aqueous ammonia to the reaction mixture (Auger et al., 2011). Covalent binding of 

the dye can significantly reduce fluorophore leaking. Dyes with groups such as succinimidyl 

esters or isothiocyanates are available commercially and can react with amine groups. Thus, 

covalent bonding can be achieved by pre-conjugating the dye molecule, e.g. fluorescein 

isothiocyanate (FITC) with APTES or APTMS. N-1-(3-timethoxy-silylilpropyl)-N-fluoresceyl 

thiourea (FITC-APTMS) can be obtained by stirring FITC and APTMS in an ethanoic solution in 

the dark for 24 h. This compound is then added to the particle synthesis medium to obtain 

fluorescent SiNPs. In the same way, maleimides can react with the thiol groups thiol silanes such 

as (3-mercaptopropyl)triethoxysilane (Schulz and McDonagh, 2012; Yao et al., 2006). Organic 

dyes have advantages, such as low cost and commercial availability, and disadvantages, such as 

short Stokes shift, poor photochemical stability, susceptibility to photobleaching and 

decomposition under repeated excitation, among others (Auger et al., 2011). Silica was used as 
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capsule to synthesis Up-conversion bioimaging systems. PdTPBP was used as a sensitizer and 

perylene, or BPEA, as acceptor. These NPs were conjugated with antibodies or peptides to 

selectively target breast and colon cancer cells, respectively. These particles showed cancer-

specific and differential-color imaging at a single wavelength excitation in vitro and in vivo 

(Kwon et al., 2016). Multicolor (Vis-NIR) mesoporous silica nanospheres were synthesized by 

linking lanthanide complexes using 2-(5-bromothiophen)imidazo[4,5-f][1,10]phenanthroline. 

These nanomaterials show visible (Eu, Tb, Sm) and NIR (Sm, Nd, Yb) luminescence (Ying Liu 

et al., 2015). Silica encapsulation of aqueous cadmium sulfide (CdS) quantum dots (QDs) 

efficiently quenched their toxicity. The viability of human umbilical vein endothelial cells 

(HUVECs) was 10 % and 60 % after 24 h exposure to QDs or silica-coated QDs at the 

concentration of 1 mg/mL, respectively. Similarly, cell viabilities were 3 % (QDs) and 40 % 

(silica coated-QDs) in glioma cells (Gl-1 cells)(Veeranarayanan et al., 2012). Superhydrophobic 

MSNs were designed as ultrasound contrast agent. A bubble precursor was loaded in the 

mesopores, and under acoustic pressure was converted to the interfacial bubbles on the 

hydrophobic surface (Q. Jin et al., 2017). Silica-based multifunctional heterostructures that 

exhibited near-infrared (NIR) absorption and luminescence in the visible region were obtained 

by coating QDs with silica and then with gold speckles. A 16 nm thick silica shell showed the 

most suitable geometry to preserve QD emission in the visible region and to generate NIR 

absorption from metal (Fanizza et al., 2016). Magnetic resonance imaging (MRI) is another field 

where the incorporation of silica showed advantages. Silica-coated iron oxide nanoparticles 

(Fe3O4@SiO2 NPs) showed enhanced stability in human mesenchymal stem cells (hMSCs). 

Also, these NPs labelled hMSCs more efficiently and appeared to be solely distributed in the 
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cytoplasm during cell proliferation, a promising feature for in vivo stem cell tracking (Tian et al., 

2014).  

 

Table 3. Application of silica nanoparticles (SiNPs) in diagnosis 

Type of NP Characteristic Label type Application Reference 

Mesoporous silica nanoc

omposite 

Gold nanoparticles 

co-doped with 

Gd2O3  

Optical and 

magnetic resonance 

Cancer 

diagnosis 

(H. Wang et 

al., 2016) 

Mesoporous SiNPs  Rhodamine 6G and 

fluorescein 

Fluorescence detection of 

liver cancer 

cells 

(Tao et al., 

2016) 

Mesoporous SiNPs  Conjugated with 

DOTA-N-

hydroxysuccinimide

-ester and 111In 

labeled 

Radiolabeling Tracking of 

Glioblastoma 

(S.-H. Cheng 

et al., 2016) 

Mesoporous SiNPs PEG, TRITC and 

Gd2O3 

Fluorescence and 

magnetic resonance 

imaging 

Bladder cancer (Wu et al., 

2014) 

SiNPs  Indocyanine green 

and technetium-

99m, and 

polyamidoamine-

Near-infrared 

fluorescence and 

radioactive 

Imaging of 

HER2-

expressing 

tumors 

(Yamaguchi 

et al., 2016) 
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based functionalized 

SiNPs Streptavidin-

conjugated and 

fluorescein 

isothiocyanate 

(FITC)-doped  

Fluorescence Hepatoma (Hu et al., 

2017) 

Multifunctional silica-

based nanocapsules 

PdTPBP was used 

as sensitizer and 

perylene or BPEA 

as acceptor 

Up-conversion  Target breast or 

colon cancer 

cells 

(Kwon et al., 

2016) 

SiNPs Gadolinium-

conjugated 

fluorescent dye-

conjugated and 

surface-modified 

polyamine and 

polycarboxyl 

functional groups  

Magnetic 

resonance imaging 

and fluorescence  

Cancer cell 

imaging and 

biodistribution 

(An et al., 

2015) 

Silica Hollow ultrathin 

iron (III)–doped 

Ultrasound Nonpalpable 

tumors 

(Ward et al., 

2016) 

Mesoporous silica Near-infrared dye 

ZW800, labeled 

with T(1) contrast 

Near-infrared 

optical, magnetic 

resonance and 

Sentinel lymph 

nodes 

(Huang et al., 

2012) 
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agent Gd(3+) and 

radionuclide (64)Cu 

positron emission 

tomography 

imaging 

Silica coated Gadolinium (Gd)-

based nanoparticles 

functionalized with 

3-

Aminopropyltrietho

xysilane (APTES). 

Magnetic 

resonance imaging 

Tumor imaging (Laranjeira et 

al., 2017) 

Silica coated Gd₂(CO₃)₃:Tb  Optical and 

magnetic resonance 

Contrast agent (Wu et al., 

2012) 

Silica coated Gold nanorods Photoacoustic 

imaging 

Optimizing 

stem cell 

therapy 

(Jokerst et al., 

2012) 

 

 

5.5 SiNPs as theranostics 

Theranostics provide imaging and therapeutic functions in one system (Xie et al., 2010). Some of 

them have targeting and stimulus-responsive moieties, and several examples have been presented 

in the previous sections.   

Mesoporous SiNPs integrating magnetic resonance imaging and a therapeutic pro-

apoptotic peptide, KLA (HGGKLAKLAKKLAKLAK), were showed to induce mitochondrial 

swelling and apoptosis. In the study, a lipid bilayer was attached onto the surface of the MSNs 
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and doped with a paramagnetic lanthanide ion, Gadolinium (Gd) (Y. Jin et al., 2017).  In another 

work, two drugs, i.e. hydrophobic camptothecin (CPT) and doxorubicin (DOX), were loaded into 

the pores of MSNs and CdS quantum dots. In these particles, the fluorescence of both CdS and 

DOX was quenched. In acidic conditions (pH 5), the drugs were released and the fluorescence of 

both agents was recovered. The potency of these NPs carrying both drugs was shown to be 

greater than that of single drug-loaded NPs (Muhammad et al., 2014).  

 

Table 4. Nanoparticles (NPs) as cancer theranostics. 

Type of NP Characteristics  Drug Reference 

Fe3O4@mSiO2-FA-CuS-PEG 

nanocomposite 

Magnetic resonance imaging 

and targeted chemo-

photothermal therapy 

Doxorubicin (Gao et 

al., 2016) 

Organically-modified SiNPs 

loaded with doxorubicin and 

cyanine dye 

Near-infrared fluorescence and 

chemotherapy with adjuvant 

hyperthermia for image guided 

cancer therapy 

Doxorubicin (Nagesetti 

and 

McGoron, 

2016) 

Silica-coated hollow carbon 

nanospheres encapsulating 

IONPs cluster 

Ultrasound imaging and 

photothermal ablation under 

magnetically and MR imaging 

guided therapy 

--- (Y.-K. 

Huang et 

al., 2016) 

Zn-ferrite nanoparticles coated 

with SiO2 layer 

Magnetic resonance imaging 

and hyperthermia treatment 

--- (Starsich 

et al., 

2016) 
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Wormlike mesoporous silica 

nanocarriers decorated with 

iron oxide nanoparticles and 

functionalized gold 

nanoparticles 

Magnetic resonance imaging, 

computed tomography, 

targeted, folic acid 

 

Doxorubicin (Tseng et 

al., 2016) 

Mesoporous-silica-coated 

Gd2O3:Eu/SiNPs 

Diagnosis and therapy Doxorubicin (W. Song 

et al., 

2016) 

Fluorescent carbon dot 

modified mesoporous silica 

Responsive drug release and 

real-time imaging, cancer 

treatment 

Doxorubicin (Jiao et 

al., 2016a) 

Multifunctional platform 

composed of graphene quantum 

dots and magnetic mesoporous 

SiNPs  

Controlled drug delivery, 

magnetic hyperthermia, and 

photothermal therapy 

Doxorubicin (Yao et 

al., 2016) 

Fe3O4@m-

SiO2@YPO4:Tb3+ particles 

surface modified with β-

cyclodextrin and folic acid 

Fluorescent, magnetically 

guided delivery  

5-

fluorouracil 

(Sahu and 

Mohapatr

a, 2013) 

Benzonitrile-functionalized 

mesoporous SiNPs grafted with 

ruthenium(II) 

dipyridophenazine 

Luminescent Ruthenium(

II) complex 

and 

paclitaxel 

(Frasconi 

et al., 

2013) 
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Gold nanorods coated with 

mesoporous silica shell capped 

with thermoresponsive polymer 

X-ray CT, near-infrared 

responsive 

Doxorubicin (Baek et 

al., 2016) 

GdOF:Ln cores mesoporous 

silica shells 

Up-conversion luminescent, 

magnetic resonance imaging, 

computed tomography, 

photodynamic therapy and 

photothermal therapy 

Doxorubicin (Lv et al., 

2015) 

Mesoporous silica-encased gold 

nanorod 

Photosensitizer-doped for two-

photon-activated photodynamic 

therapy and two-photon 

luminescence 

--- (N.-T. 

Chen et 

al., 2014) 

Mesoporous SiNPs Magnetic resonance imaging -

Gadolinium (Gd)  

 

Pro-

apoptotic 

peptide, 

KLA 

(HGGKLA

KLAKKLA

KLAK) 

(Y. Jin et 

al., 2017) 

Mesoporous SiNPs capped by 

gadolinium-based 

bovine serum albumin complex 

(BSA-Gd) and hyaluronic acid 

Magnetic resonance 

imaging, redox-sensitive and 

targeted 

 

Doxorubicin (Chen et 

al., 2016) 
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Hydrophobic ZnSe:Mn/ZnS 

core, folate-conjugated hybrid 

silica nanocapsules  

Fluorescent quantum dots Paclitaxel (Zhao et 

al., 2017) 

UCNPs@mSiO2@Fe3O4-PEG Dual modal up-conversion 

luminescence and magnetic 

resonance imaging 

Doxorubicin (Bei Liu 

et al., 

2015) 

Fe3O4 core mesoporous silica 

shell 

Magnetic resonance imaging, 

transferrin (Tf)- and a near-

infrared fluorescent dye (Cy 7)-

modified, near-infrared 

fluorescence 

Paclitaxel (Jiao et 

al., 2015) 

Mesoporous SiNPs Quantum dots and fluorescent 

doxorubicin 

Camptothec

in and 

doxorubicin 

(Muhamm

ad et al., 

2014) 

Magnetic mesoporous SiNPs pH-responsive, 

alginate/chitosan 

polyelectrolyte multilayers, 

bifunctional Fe3O4-Au core 

nanoparticles, magnetic 

resonance and computed 

tomography imaging 

Photosensiti

zer chlorin 

e6 and 

doxorubicin 

(Yang et 

al., 2017a) 

Mesoporous SiNPs with a lipid 

bilayer attached onto the 

Magnetic resonance imaging, 

Gadolinium 

KLA 

(HGGKLA

(Y. Jin et 

al., 2017) 
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surface KLAKKLA

KLAK) 

Core–shell-satellite 

NaGdF4:Yb,Er,Mn,Co@mSiO2

-CuS 

Up-conversion luminescence, 

computer tomography, 

magnetic resonance imaging 

and photodynamic therapy 

Photosensiti

zer (ZnPc) 

and 

doxorubicin 

(Wang et 

al., 2017) 

Au core mesoporous SiNPs, 

indocyanine green loaded 

Near-infrared response 

photothermal therapy platform 

and NIR/computer tomography  

--- (Zeng et 

al., 2016) 

Core-shell silica-PEG Fluorescence emission, 

photoacoustic, near-infrared 

optical imaging and 

photothermal properties, doped 

with triethoxysilane-derivatized 

cyanine 5.5 (Cy5.5) and 

cyanine 7 (Cy7) dyes 

--- (Prodi et 

al., 2016) 

Mesoporous SiNPs Luminescence  Doxorubicin (Chen et 

al., 2013) 

 

6. Toxicity 

6.1 Dermal exposure 

The human skin is a barrier composed of highly organized and heterogeneous layers: the dermis, 

epidermis and hypodermis. It has been shown that small nanoparticles can penetrate human skin. 
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Transcutaneously applied 40 nm nanoparticles were able to penetrate human skin and enter 

epidermal CD1a+ cells in vitro, while 750 and 1500 nm particles did not (Vogt et al., 2006). An 

important interindividual variability of particle penetration and uptake was found, and immune 

status as well as donor age seem to play a role (Vogt et al., 2006).  Dermal administration of 

SiNPs did not cause skin damage or toxicity in internal organs of Sprague Dawley rats (6 weeks 

old) treated with 20 nm particles at 500, 1000, and 2000 mg/kg for 90 days (Ryu et al., 2014). 3D 

in vitro models are gaining much interest for bridging the gap between in vitro and in vivo 

studies in nanotoxicology. “Spheroid” models with different cell types are commonly used in 

nanotoxicological investigations. For example, a 3D reconstructed skin micronucleus (RSMN) 

was used to test BASF Levasil® SiNPs (16 and 85 nm). The dose-response effects were then 

compared to that of a 2D micronucleus assay using monocultured human B cells (TK6). Dose 

was normalized in terms of NPs mass to the number of cells. Acetone was found to be a suitable 

vehicle for the study (Wills et al., 2016). Finally, Nafisi et al., summarized 10 parameters to be 

evaluated to assess NPs percutaneous penetration, emphasizing the lack of information in long-

term in vivo studies (Nafisi et al., 2015).  

6.2 Oral exposure 

Orally-administered SiNPs can be absorbed from the gastrointestinal tract and dissolved silica 

can be carried away in the blood. Dissolved nano-silica did not show significant toxicity 

(Dekkers et al., 2011). Silicon dioxide (E551) does not release dissolved silica in acidic 

conditions, but could do so in alkaline environments (Fruijtier-Pölloth, 2016). An in vitro study 

carried out with 5 mg/ml 27 nm SiNPs showed 0.11 ± 0.04 % solubility in simulated gastric fluid 

(0.2 % NaCl, 0.32 % pepsin, pH 1.5) and no dissolution in phosphate buffered saline (PBS, pH 

7.4). Particles were transported by M cells in an in vitro model of human intestinal follicle-
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associated epithelium (FAE) 3D culture system (Lee et al., 2017). In vitro studies using the 

averted gut sac method combined with an inductively coupled plasma optical emission 

spectrometer, 65, 322, and 1140 nm silica particles, and carboxyl- or amine-modified 70 and 72 

nm SiNPs suggested that SiNPs are absorbed through the intestine. The absorption of carboxyl 

and amine NPs from the mucosal side to the serosal side was greater after incubation for 45 min 

(Yoshida et al., 2014). Size and surface modification affected mucopermeability in a study with 

porcine jejunal mucus. SiNPs of different size (10, 50, 100 and 200 nm) and surface coating 

(aminated, carboxylated, methyl-PEG1000ylated, and methyl-PEG2000ylated) were tested. 

Smaller particles (10 and 50 nm) showed higher transport compared to larger ones (100 and 200 

nm). Higher transport through mucus was found with the anionic NPs. The cationic particles 

seemed to interact with the mucus, making it more viscous and less capable of swelling 

(Bhattacharjee et al., n.d.). To evaluate interactions between particles and food components, a 

500 mg/kg single dose of food-grade SiNPs was orally-administrated to Sprague Dawley rats 

(male, 5 weeks). Particles were dispersed either in water or in 1 % (w/v) solutions of albumin or 

glucose. Most particles seemed to be directly eliminated in feces. A time-dependent increase in 

the plasma concentration of SiNPs was observed in the presence of albumin or glucose. The total 

Si levels were elevated in the kidneys, liver, lungs, and spleen of the animals (Lee et al., 2017). 

Histopathological examination revealed no abnormalities in any tissues (liver, kidney, large 

intestine, brain, lungs, spleen, heart, stomach and small intestine) after orally exposing BALB/c 

mice (female, 6 weeks) for 28 days at a daily dose of 2.5 mg. Furthermore, no significant 

changes were found in the plasma levels of ALT (marker of liver function), BUN (sensitive 

indicator of kidney damage) and counts of total monocytes, granulocytes, or platelets. Based on 

these results, in which the selected dose was around 10 times the safety limit of silica for 
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consumption by adults set by the United Kingdom Food Standards Agency’s Expert Group on 

Vitamins and Minerals (700 mg silica/day), it seems that these NPs are safe to use in food 

production (Yoshida et al., 2014). However, it was reported that SiNPs may interfere with oral 

tolerance, which may be a possible cause for food allergy. Oral tolerance implicates the 

recognition of orally-ingested non-self-antigens to avoid excessive immune responses. Oral 

tolerance to ovalbumin (OVA) was induced in immunized BALB/c mice (males, 8 weeks). Five 

days prior immunization, animals were orally administrated 0.1, 1, or 10 mg of 39 nm particle 

suspension on a daily basis. Mice were euthanized three weeks after immunization. Results 

showed a dose-dependent increase in the level of OVA-specific IgG in OVA-tolerized mice and 

induced proliferation of OVA-immunized splenocytes in response to OVA. There was also an 

increased expression of OVA-specific IgG1, IgE, and IgG2a, indicative of TH1 and TH2 

responses (Toda and Yoshino, 2016).  

 

 

6.3 Intranasal exposure  

The effects of occupational exposure to crystalline silica dust was investigated in the context of  

silicosis, chronic bronchitis, chronic obstructive pulmonary disease and lung cancer (Merget et 

al., 2002).  A study carried out with 29.7 nm SiNPs in male F344 rats (8–10 weeks old) showed 

that these particles have the potential to translocate from the lung to different organs via the 

circulatory and lymphatic systems following inhalation. Rats were exposed for 4-6 h to 

aerosolized NPs at concentrations ranging between 3.5 mg/m3 to 34.0 mg/m3. The animals were 

sacrificed at 24 h or 7 days post-exposure. Lungs, lung lymph nodes, liver, kidneys and spleen 

were harvested (Guttenberg et al., 2016). The method of NPs administration seems to influence 
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body distribution. A single dose of core-shell particles containing a paramagnetic core of Fe3O4 

was administrated via intravenous injection (100 µg in 250 µL) or intratracheal instillation 

(100 µg in 50 µL) in BALB/c OlaHsd mice (6 weeks old). The study showed that intravenously-

administrated NPs mainly accumulated in the liver and were retained there for over 84 days, 

while for the same period of time, intratracheal instillation resulted in almost complete particle 

clearance from the lungs, along with NP distribution to the spleen and kidneys (Smulders et al., 

2016).  

SiNPs can also affect the immune system. For example, 5 mg/kg SiNPs administrated via 

the intranasal route in male C57BL/6J mice (7 weeks old) affected the anti-microbial defense 

mechanisms of the host. Increased susceptibility to lethal  Pseudomonas aeruginosa was 

observed in mice pre-treated with NPs (Delaval et al., 2015). Follow-up of these studies are 

warranted considering the importance of the immune system and its role in peripheral and central 

organs. 

7. Epigenetics 

Epigenetic processes involve changes in gene expression without alterations in the DNA 

sequence (Reamonbuettner et al., 2008). These changes  include DNA methylation, histone tail 

modification as well as non-coding RNA (ncRNA)-mediated events (Stoccoro et al., 2013). 

Epigenetic changes can be stable and/or changed in response to environmental stimuli and thus 

have important pathological roles in response to engineered nanomaterials, including SiNPs. 

SiO2 are present in the air, and as such can be inhaled and potentially cause cardiopulmonary 

damage (Chen et al., 2008). Remarkably, few studies have examined epigenetic changes in 

response to SiNPs. For instance, it was demonstrated that there is an altered microRNA 

(miRNA) profile in the lungs upon intratracheal installation of both nano-sized SiO2 as well as 
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micro-sized SiO2 that causes silicosis. miRNAs are a large group of non-coding RNAs (ncRNAs) 

that down-regulate protein expression by triggering translational repression and/or mRNA 

degradation (Keene, 2007). Because aberrant expression of miRNA is implicated in many 

diseases, considerable efforts are being made to establish miRNA signatures as biomarkers of 

environmental exposures. Even at relatively low nano-sized SiO2 concentrations (6.25 mg/ml), 

numerous miRNA being up-or down-regulated are reported (Yang et al., 2010). For example, 

pulmonary miR212, miR-18a and miR-208 were higher in response to SiO2 than in unexposed 

rats. These miRNAs are involved in lung development and in pathways related to immune 

responses, signaling cascades and growth factor responses (e.g. TGF-β and connective tissue 

growth factor [CTFG]). In this same study, there were corresponding differences in target 

genes/proteins including programmed cell death protein 4 (PDCD4) and LIN28B, targets of 

miR-208 and miR212, respectively (Yang et al., 2017b). As these two proteins have been 

implicated in inflammatory responses (Iliopoulos et al., 2009; Lee et al., 2013), it may be that 

dysregulation of miRNA facilitates pulmonary inflammation, thereby contributing to lung 

damage from inhaled nano-sized SiO2. 

The ability of SiNPs to cause changes in miRNA may also be useful as a biomarker of 

exposure. nSP70 are SiNPs with a diameter of 70nm that are capable of inducing liver damage. 

The expression of liver-specific/enriched miRNA miR-122, miR-192 and miR-194 were 

evaluated after exposure to nSP70. along with SiNPs with diameters of 300 nm (nSP300) and 

1000 nm (mSP1000). Serum levels of miR-122 and miR-192 as well as the liver proteins alanine 

aminotransferase (ALT) and aspartate aminotransferase (AST) were significantly higher in mice 

exposed to sNP70 compared to controls, nSP300 or mSP1000 (Nagano et al., 2013). In fact, the 

sensitivity of miR-122 was at least as good as those of the traditional markers ALT and AST 
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(Nagano et al., 2013). Given that an increase in circulating miR-122 represents an important new 

biomarker of liver damage from multiple types of injury (Laterza et al., 2013; Leelahavanichkul 

et al., 2015; Roderburg et al., 2015), it may be that miR-122 in combination with increased miR-

192 represents an early and selective marker of acute exposure to SiNPs.    

In addition to changes in miRNA, there is emerging evidence that SiO2 can also affect 

methylation patterns in numerous cell types. One consequence of these (methylation and 

miRNA) epigenetic alterations is increased cell death. A recent in vitro study used the human 

bronchial epithelial cells BEAS-2B to evaluate DNA methylation in response to SiNPs. Not only 

did SiNPs cause apoptotic cell death, these particles also resulted in hypermethylation of 

apoptosis-related genes cAMP responsive element binding protein 3 like-1 (CREB3L1) and Bcl-2 

as a consequence of alterations in the PI3K/AKT signaling pathway (Zou et al., 2016). It was 

speculated that decreased expression (due to hypermethylation) of these apoptotic regulators 

contributed to apoptosis in response to SiNPs. SiNPs also induced apoptosis in male germ 

(spermatogonia) cells (GC-2 cells). While the implications for male fertility are unclear, these 

studies highlight the emerging importance of epigenetic alterations caused by SiNPs and the 

consequences for cell survival. Overall, these results showed a decrease in the expression of 

miR-98 (B. Xu et al., 2015). It was confirmed that this decrease was responsible for the increase 

in caspase-3 expression, a key executioner caspase in the apoptotic cascade (B. Xu et al., 2015).  

Aside from inhalation, occupational exposure to SiNPs can also result in unwanted 

effects in skin cells. Nano-sized SiO2 particles may cause both direct DNA damage or epigenetic 

changes that are associated with increased cytotoxicity (Gong et al., 2010; Yang et al., 2010). In 

the human epidermal keratinocyte cell line HaCaT, exposure to 15 nm SiO2 particles caused 

global DNA hypomethylation that was accompanied by a decrease in the expression of the DNA 
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methyltransferases (DNMT) 1 and DNMT3a (Gong et al., 2010). There was also a decrease in 

the expression of methyl-CpG binding protein 2 (MBD2), a protein that binds to methylated 

DNA to suppress transcription from a methylated gene (Gong et al., 2010). The expression of 

PARP-1 (poly(ADP-ribose) polymerases-1), a gene involved in DNA repair, was decreased in 

response to SiO2 and was associated with alterations in methylation (Gong et al., 2012). It 

remains to be seen whether this global hypomethylation results in corresponding changes in 

gene/protein expression.  

These studies highlight the emerging importance of epigenetics towards the toxicological profile 

of SiNPs. Overall, there is support for the view that epigenetic changes occur in response to 

nano-sized silica. However, there are still many unanswered questions. For example, why is 

there a different methylation profile in lung versus skin cells? Is this due to cell-specific 

differences? Are long non-coding RNA (LncRNA) affected by SiNPs? Future research is needed 

to fully understand how epigenetic alterations from SiNPs exposure affect biological and 

pathological processes and ultimately, human health. 

8. Conclusions and perspectives 

 SiNPs of different shapes and sizes are present in products used in day-to-day life. Even though 

there are studies supporting their safety, these are insufficient and in some cases, controversial. 

Factors such as size and surface modifications have been shown to be important when assessing 

toxicity. Better understanding the interaction between human biology and nanoparticles of 

different surface composition and size will allow us to use these nanoparticles as better drug 

delivery nanocarriers. 
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