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Abstract 

 

Colloidal carriers based on silica matrices are an innovative approach within the 

context of therapeutic drug delivery systems. These carriers are emerging as a great 

promise for diagnosis and treatment of a wide range of injuries, particularly in cancer and 

infection diseases. In addition, bioencapsulation for biosensing and cell therapy in silica 

sol-gel allows the survival of enzymes and cells for a long period of time. Due to their 

porosity, large surface area and high capability of functionalization, silica nanoparticles have 

been considered an attractive option for several bioanalysis applications, such as selective 

bioseparation, imaging and drug and gene delivery. However, although great advances are 

achieved in the biomedical fields, some toxicity effects can be associated to the use of silica 

nanoparticles. The present article aims to give a comprehensive review of recent 

technological advances for silica matrices in biomedical applications, as well the potential 

impact of silica-based materials to human health and environment. 
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1. Introduction 

 

Extensive efforts have been conducted in the development and design of better, intelligent 

therapeutic agents and devices for clinical diagnosis and drug delivery and targeting. Among 

the different “smart biomaterials” developed by biological and biomedical purposes, silica-

based matrices offer new possibilities for bioimaging, bioseparation, biosensing, cell and 

enzyme encapsulation, as well as for gene and drug delivery [1, 2]. 

Amorphous silica-based scaffolds can be synthesized by sol-gel technology and show 

important characteristics that make them successful matrices for cells and enzymes 

immobilization, such as (i) the preservation of chemical and function of entrapped 

biomolecules or cells; (ii) control of shape, size and porous, providing a suitable local for 

host cell viability with diffusion of nutrient and oxygen; (iii) the silica degradation can be 

carried out by chemical process and (iv) silica matrices are resistant to microbial attack [3-5]. 

Silica matrices can be loaded with biomolecules, as well as with biosensing molecules, 

which given their optical properties, improve the signal transducers and thus may be 

exploited for diagnostics. The sol-gel technology has also been used for developing silica 

and silica derivatives as scaffold for drug delivery, allowing better control over drug loading 

and release. 

After the successful discovery of the mesoporous materials as drug delivery systems, 

mesoporous silica nanoparticles (MSNs) have attracted special attention in biotechnology and 

pharmaceutical sciences [4, 6], presenting many interesting features for drug encapsulation, 

such as: (i) high porosity that can accommodate large amounts of pharmaceutical agents, (ii) 

high surface area that allows better contact with the drug and (iii) biocompatibility that 

implies their use without toxicity or inflammatory effects [7]. 

In the nanotechnology field, the pH-responsive drug delivery systems have attracted great 

interest in regulate the drug release at targeting desired sites. In particular, silica nanoparticles 

have demonstrated to release large amounts of chemotherapeutical agents (e.g., doxorubicin 

and paclitaxel) in tumor cells, resulting in high selectively for cancer cells, thus avoiding 

accumulation in health tissues [8].  

The high capability of silica nanoparticles functionalization allows the attachment of 

molecules with various reactive functional groups (e.g., carboxyl, amine or thiol) that can 

even improve the stability of colloidal system in aqueous medium [9], reducing nonspecific 

binding by inhibiting the biomolecules adsorption [10] and act as scaffolds for the grafting of 
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biomolecules entities, such as antibodies, DNA, proteins or peptides [11]. Also, for cell 

detection, fluorescent silica nanoparticles have been widely explored due to high 

photostability compared to single dye molecules [12].  In addition, silica coated-magnetic 

nanoparticles are able to separate traces amount of target DNA/RNA molecules from a 

complex mixture with high specificity, being an important technique to identify even 

oncogenes [13].  

Advances in molecular biology in the treatment of a wide range of diseases have enabled the 

engineering of an innovative strategy based on multifunctional silica nanoparticles with 

precise delivery of therapeutic and diagnostic agents mainly for cancer and infection diseases 

[14]. With one structure, it is possible to combine diagnosis and therapeutic treatment 

(theragnostic) to obtain faster and precise diagnostic assays, allowing improved biomedical 

and bioengineering applications.  

Considering their wide range of applications, the impact of silica nanoparticles on human 

health and on the environment is of great interest. In the toxicology field, nanoparticles can 

be taken up by different types of cells via either active or passive mechanisms (i.e. diffusion), 

depending on their physicochemical properties, such as size, shape, surface charge and 

coating [15]. Microscopic analysis demonstrated the presence of normal cell morphology 

after the MSNs uptake [16]. However, many studies suggest that the physicochemical 

properties of silica nanoparticles might provide potential risk to human health, causing toxic 

events especially in the liver [17-20]. This review reports the recent technological 

advances for silica matrices in biomedical applications, discussing the potential impact 

of silica-based systems in human health and environment. 

 

2. Amorphous silica-based scaffolds  

 

2.1. Properties of gels and drug release  

 

Sol-gel technology has been widely employed for preparing silica matrices. This technology 

provides several possibilities to synthesize various types of gels, which structure depends on 

many parameters, such as type and concentration of precursors, water to precursor ratio, 

nature and concentration of catalyst agent, solvent, temperature, as well as aging and dry 

processes [21-24]. Sol-gel technology involves the synthesis of colloidal particles by the 

hydrolysis and condensation of alkoxysilanes precursors under acidic or basic environments.  
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Silica gels obtained by sol-gel process are usually classified according to the dispersion 

medium used in the gel preparation. Hydrogel consists in hydrophilic polymer networks with 

three dimension configuration enabling high amounts of water biological fluids [25, 26]. In 

contrast, an alcogel is a colloidal gel which alcohol is the dispersion medium. After gel 

preparation, gel aging and drying can lead to the production of a xerogel or an aerogel. A 

xerogel is based on a solid from gel by drying at ambient pressure. This kind of drying 

usually results in shrinkage of the network, expulsing the liquid from the pores. The 

shrinkage mechanism is generally attributed to the new bond formation through condensation 

reaction.  

Alternatively, when solvent removal occurs under supercritical conditions, the surface tension 

between liquid and vapor can be avoided and an aerogel is produced without porous collapse 

[27]. Aerogels consist of pearl-necklace –like network of particles which 99% of their bulk 

volume is empty [28].  

Although, sol-gel based silica xerogels and aerogels have been exhaustively investigated as 

drug delivery carriers [29, 30] the release mechanisms of drug from the gels have not been 

elucidated.  Data demonstrate that the control release can be based on simple diffusion or a 

combination of the diffusion and erosion process [31, 32]. These processes are affected by 

several aspects, such as, molecular size and chemical characteristics of the drug, the matrix 

size, pH, interactions between the drug and the matrix and the texture of the gel produced 

[33]. The hydrolysis and condensation reactions can be influenced by  

water/alkoxide increasing the surface area that can control and sustain the release of 

encapsulated compounds [34].  

Recently, an interesting pH responsive sol-gel hybrid hydro-xerogel for drug release of 

doxorubicin was reported by Angelopoulou and co-workers [35]. For this purpose, the 

authors used a Si/Ca or Mg based-xerogel with a dextran hydrogel. The hybrid showed good 

apatite deposition properties. For doxorubicin, the release is more pronounced under low pH, 

reaching ~70% of drug released after 180 h. In contrast, at neutral pH, only 20% of 

doxorubicin is released. The authors envisage that such observations can be used in bone 

cancer therapy. 
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2.2. Sol-gel for biological species immobilization 

 

Enzyme-based electrode has been widely studied for developing sensitive and selective 

biosensors. The traditional method of enzyme immobilization consists in non-covalent or 

covalent attachment [36]. However, biosensor development for enzyme immobilization may 

be limited due to the lack of simple and generic protocols. Thus, a simple and low cost 

method to immobilize and stabilize enzymes is required.  

Sol-gel technology has been extensively used for encapsulating a large number of proteins 

and cells. The produced sol-gel glasses can protect the biomolecules from denaturation, 

maintaining their activities, as well as can permit the growth and proliferation of entrapped 

cells. However, several factors could affect the bio species encapsulation in sol-gel matrices 

[37, 38]. The hydrolysis and condensation of silicon alkoxides lead to the release of alcohol 

molecules as byproduct, being a potential obstacle for enzyme and cell encapsulation. Many 

approaches have been adopted to avoid the presence of alcohol. One way, is the alcohol 

removal via evaporation under vacuum. The alcohol-free route has been used for 

encapsulating horseradish perosidase (HRP), hydroxynitrile lyase (HbHNL) or 

allophycocyanin (APC) [39]. However, the removal of alcohol is not complete, since its 

release can proceed for prolonged periods. Thus, aqueous sol-gel route using sodium silicate 

as precursors has been developed to avoid the generation of alcohol. The encapsulation is 

carried out at room-temperature and neutral pH, minimizing the degradation of biomolecules. 

Horseradish peroxidase (HRP) and glucose-6-phosphate dehydrogenase (G6PDH) were 

successfully encapsulated in this aqueous route processing [40]. The use of biocompatible 

alcohols such as polyol-based silanes can also avoid denaturation by alcohol. The stability of 

entrapped enzymes is improved, since glycerol is produced under hydrolysis reaction. 

Recently, the use of diglyceroxysilane (DGS) as precursor   and poly(ethylene glycol) (PEG) 

as stabilizer agent has been employed for HRP immobilization in monodispersed spherical 

silica nanoparticles, which large PEG molecular weights lead to better steric stabilization and 

more monodisperse particles [41].  

Glucose biosensor analysis was developed by combining immobilized glucose oxidase in 

silica gel with an oxygen sensing film using sol-gel technology [42]. Even in the presence of 

high concentrations of ascorbic acid or chloride ion, no interference was detected and the 

activity of enzyme was preserved after 2 months of storage. In addition, the evaluation of 

glucose concentrations was conducted using a 96-well plate and a fluorescence plate reader t 



 

 

 

This article is protected by copyright. All rights reserved.   7 

 

 

hat permit an optimization of the tests in a laboratory scale. 

Table 1 summarizes the various enzymes entrapped in silica sol-gel matrices for biosensor 

applications.  

 

[Please insert Table 1 about here] 

 

As described above, another exciting research area is the development of sol-gel based 

matrices for tissue derived cell growth aiming at cell therapy and at living organism 

immobilization. However, active cell immobilization still remains a challenge. Cells are more 

sensitive than biomolecules, requiring material with high biocompatibility, as well 

appropriate immobilization methods. In addition, nutrients, oxygen and degradation products 

should be easily diffused by the material porous [49]. Thus, sol-gel matrices can also act as 

template allowing the growth and proliferation of the host cells and can be remodeled in a 

living tissue, as well as promote successful immobilization of numerous microorganisms as 

shown in Table 2. Although the harmful of alcohol release during the silica-gel preparation 

using alcoxides precursor has been exhaustively described, encapsulated cells by alcoholic 

route demonstrated high survival and long-term viability. These advantages can be attributed 

to the better mechanical, toughness and transparency properties of the gel prepared by 

alcoholic route [50, 51].  

 

[Please insert Table 2 about here] 

 

3. Silica at the nanoscale level 

 

3.1. Stöber method 

 

Although some works have performed the production of nanoparticles under acidic 

conditions [57], Stöber method has been widely applied for the preparation of colloidal 

monodispersed silica spheres between 50 and 2000 nm size, and it is represented as follows:  
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The method is based on hydrolysis and condensation of TEOS under alkaline conditions in a 

water-alcohol solution [58]. The formation of nanometer silica particles highly depends on 

the reaction parameters. By optimizing the concentration of TEOS, ammonia, water and 

alcohol, Park et al. [59] synthesized ultra-fine silica particles with a mean size of 13.7 ± 4.5 

nm. The effect of these factors on the resulting particle size and distribution of silica particles 

has been extensively studied. The particle size can increase with the increase of TEOS and 

ammonia concentrations. This phenomenon is attributed to the increase of primary particles 

at the induction period leading to secondary particles and consequently aggregation. The 

presence of ammonia increases of hydrolysis and condensation rate of TEOS, resulting in the 

increase of silica nanoparticles [60]. However, some works have demonstrated with 

increasing the ammonia concentration smaller particles were produced [61]. In the presence 

of higher water concentration a high nucleation rate and formation of sub-particles during a 

shot period occurs. Moreover, hydrogen bond of produced sub-particles is stronger at higher 

water concentration due to excess of water, causing agglomeration and formation of larger 

particles [61]. In contrast, some studies relate that at extreme water concentration, the particle 

growth can be inhibited due to the incomplete hydrolysis and condensation reactions [62]. 

Although, conventional Stöber method has been widely used to synthesize silica 

nanoparticles, this method presents some disadvantages, such as the lack of size control of 

particles and the incompatible with biomolecules stability, due the presence of high alcohol 

concentrations, as well as the extreme alkaline pH.  

 

3.2. Microemulsion technique (polymerization) 

 

Several techniques have been developed for producing silica nanoparticles with controlled 

size using the compartmentalization of sol-gel solution into nano droplets that work as nano-

reactors. To synthesize particles with dimensions comparable to these nano-reactors, two 

approaches have been employed, such as spray-drying and emulsion polymerization. 

Spray-drying process consists in a production of silica microspheres by atomization of pre-

hydrolyzed sol-gel solution into a heated reactor, evaporating the fluid within the droplets. 

The droplets size is usually controlled by many parameters, including sol-gel viscosity and 

surface tension as well as by flow rate and atomizer characteristics [3]. Although this process 

can produce controlled release microspheres, several limitations can result from this method. 
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Since the spray-dried produced particles are non-pores, the release rate is controlled by 

dissolution of the silica matrix. This phenomenon can lead to a bust release in the sol-gel 

isoelectric point and when using less water-soluble drugs and coagulation of the droplets 

inside the reactor due to increasing the water to alkoxide ratio [63, 64]. In addition, the 

particles synthesized by spray-drying are limited to the micrometer range, and thus, they 

cannot be applied in intravenous administration. Finally, the right temperature used during 

the processing prevents its application for encapsulating biomolecules such as, enzymes and 

other proteins. 

The combination of water-in-oil emulsion (W/O) with alkoxide hydrolysis contributes to 

better assembling of these materials and retains the release control of sol-gel technology. The 

technique is based on the immiscibility between apolar organic solvent and polar sol-gel 

solution leading to a compartmentalization of sol-gel within water droplets stabilized by a 

surfactant. The water droplet size is directly controlled by the emulsion parameters, including 

the used solvent, nature of surfactant and water/surfactant ratio [65]. 

In recent years, some sol-gel/emulsion methods have been adopted to synthesize silica 

particles [66-69]. By combining sol-gel technology with emulsion polymerization, Barbé et 

al. [70], demonstrated that silica micro-and nanoparticles can preserve the control of the 

release rate of encapsulated active agents when in comparison to xerogel monolits. However, 

this process is limited to small hydrophilic molecules, and the presence of solvents and 

surfactants may be harmful for biomolecules encapsulation. Therefore, this technique is 

always associated to extensively centrifugation and washing cycles to remove the surfactant 

and solvent molecules before the contact of biological species. 

 

4. Silica matrices as versatile nanomedicine scaffolds  

 

4.1. Cell Imaging   

 

Cellular imaging using fluorescent optical microscopy is an important technique in 

biomedical application to monitor several tissues, and thus, to recognize defect cells. 

Quantum Dots (QD), gold nanoparticles, organic dyes and phosphors have been extensively 

used for tumor detection [71]. However, the high production cost of gold nanoparticles and 

phosphors, as well as the decomposition, short lifetime and accumulation of heavy metal ions 

in the body, in the case of QD [72, 73]. Therefore, their application in life science is limited. 
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Very recently, Wang and co-workers [74] developed a new strategy for synthesis of near 

infrared (NIR) PbS-QD functionalized with a silica-polymers dual layer, leading to an 

improvement of PbS-QD stability, as well as prevention of PbS-QD ionization in Pb
2+

, 

eliminating, thus the cytotoxicity events. 

Silica nanoparticles can also act as carriers for dye molecules, being a great potential for 

bioimaging. Compared to a single dye molecule, dye-doped silica nanoparticles demonstrated 

a highly signal quality with greater sensitivity and photostability without cytotoxic effects 

[75-78].  

Several organic dye molecules can be doped into silica nanoparticles. Recently, Accomasso 

and co-workers [79] reported the development of fluorescent silica nanoparticles using 

cyanine dyes prepared via microemulsion method. Cyanine-doped silica nanoparticles easily 

penetrate into stem cells and did not affect the cell viability and growth which are essential 

properties for cell tracking agent. 

 

4.2. Biomolecular and cell separation 

 

Magnetic nanoparticles of iron oxide have been widely developed for many applications in, 

for example, drug and gene delivery [80], magnetic resonance imaging (MRI) [81], magnetic 

hyperthermia for tumor cells [82], biolabelling and biomolecular separation [13, 83]. 

Magnetic separation has the ability to separate biological molecules and cells due to the 

external magnetic field exerted in magnetic nanoparticles. However, these nanoparticles tend 

to aggregate and can lead to the potential toxicity to the biological systems. To circumvent 

such issues, silica-coated magnetic nanoparticles have been successfully used in 

bioseparation of nuclei acids, cells and peptides.  

In 2003, Zhao and co-workers developed the first bioseparation in a functionalized silica 

surface [84]. The authors created genomagnetic nanocapturers (GMNC) for collection and 

detection of DNA/mRNA molecules by hybridization events followed by magnetic 

separation. GMNC is constructed by bioconjugation of DNA probe molecules at magnetic 

nanoparticles surface via avidin-biotin linkage. 

Silica-coated magnetic nanoparticles have been also developed to detect the presence of DNA 

sequences related to human immunodeficiency virus (HIV) [85]. This strategy is based on the 

hybridization reaction between Ag/SiO2 core-shell nanoparticles-based RAMAN tags 

functionalized with oligonucleotides (detection probe) and the amino groups functionalized 
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silica-coated magnetic nanoparticles (capture probe). The silica coating demonstrated signal 

amplification of hybridization assay, allowing better DNA detection sequences by RAMAN 

spectroscopy.  

 

4.3. Drug Delivery 

 

After the discovery of mesoporous materials for drug delivery, ordered MSNs have attracted 

considerable attention on biomedical application. Mobil Crystalline Materials (MCM-41, 

MCM-48) and Santa Barbara Amorphous  (SBA-15) are examples of mesoporous silica that 

consist in a honeycomb-like porous structure with mesopores (2-10 nm) suitable for 

encapsulate large amounts of drug [86]. 

MCM-41 is the most type of MSNs used for controlled drug release. Generally, a cationic 

surfactant is employed as template in the synthesis of MCM-41, such as cetyltrimethyl-

ammonium bromide (CTAB). When CTAB concentration is above the critical micelle 

concentration (CMC), the surfactant can self-aggregate into micelles. Thus, the silica 

precursor is hydrolyzed at the polar region of micelles, leading to the silica matrix around the 

micelle surface. The removal of CTAB results in MCM-41. 

Unlike MCM-41, MCM-48 possesses bicontinuous channels, which can confer more suitable 

drug loading and release [87]. However, the MCM-48 synthesis under cationic or anionic 

surfactant as templates and high temperatures may produce particles in micrometer 

dimension. Methods for circumventing this problem have been suggested, such as utilizing 

modified Stöber method at room temperature employing pluronic F127 as surfactant to 

synthesize monodispersed spherical MCM-48 nanoparticles [88]. 

As alternative to the use of surfactants, amphiphilic triblock and diblock copolymers under 

acidic media have been extensively used as template for synthesizing silica mesoporous, such 

as SBA-15, which possesses a 2D hexagonal symmetry (p6mm) [89, 90]. In comparison to 

MCM-41, SBA-15 possesses larger sizes (~200 nm), thicker pore walls and wider pore sizes 

ranging of 5 to 30 nm.  

Due to the easy of introducing of several organic groups onto MSNs surface by covalent 

bounding or electrostatic interaction, various interesting hybrid structures have also been 

investigated. The preparation of single colloidal mesoporous silica nanoparticles coated with 

an intact supported lipid bilayer using three different kinds of lipid has been reported. The 

colloidal mesoporous silica nanoparticles were synthesized by sol-gel method using TEOS as 
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silica source and the surfactant CTAB as pore template. The resulting nanoparticles were then 

suspended in the lipid solution. The hybrid system loaded with the anticancer drug 

colchicines are readily taken up by cells and lead to the depolymerization of microtubules 

with remarkably enhanced efficiency as compared to the same dose of drug in solution. The 

potential use of the hybrid was demonstrated by delivery of colchicine into HuH7 liver cancer 

cells. The diffuse release of the drug inside the living cells inhibits, after 120 min, the 

microtubule polymerization and hence induces cell death, increasing drug efficiency. In 

addition, this novel drug delivery system presents the advantage of providing a stable 

colloidal suspension in aqueous media, carrying large amounts of drug inside the mesoporous 

[91].  

Recently, several studies have used PEG coating on the surface of various nanoparticulate 

systems make them water-soluble and/or biocompatible [92, 93]. PEG is an important 

polymer used for drug delivery due to its water solubility and its ability to prevent 

opsonization, consequently increasing circulation lifetime of the drugs or vehicles [94]. In 

order to study the potential application as intravenous drug delivery vehicle, PEGylated silica 

spheres have been successfully synthesized. Immobilization of bovine serum albumin was 

carried out to evaluate the protein adsorption after PEGylation. The addition of PEG onto 

silica surface can avoid the RES compared to bare silica. The influence of PEG’s chain length 

was also analyzed, demonstrating that PEG concentrations above 300 g/mol maintain 

constant the reduction of protein adsorption [95]. 

The oral absorption of peptides is hindered by several difficulties, such as their high 

molecular weight and hydrophilicity [96], low pH of gastric medium and presence of 

enzymes, leading to low oral bioavailability [97]. Thus, parenteral administration is the 

principal route for these therapeutic drugs. To overcome such barriers, the development of 

protein delivery systems that maintain its stability, as well as release the drug near the site of 

absorption and prolong its residence time through the small intestine is needed. However, 

there are few studies based on silica nanoparticles for protein oral delivery. 

Liposomes coated with silica have been explored as protein delivery, improving its stability 

as well as its encapsulation efficiency. Silica coating was synthesized by polymerization 

reaction of silica source under acid catalysis at room temperature. The anionic silanol groups 

interact with cationic phosphatidylcholine (PC) leading to silica coat over insulin-

encapsulated PC vesicles. The acidic catalyzed polymerization reaction can improve the 

formulation stability, as well as it prevents the insulin denaturation. In addition, in vivo 
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studies demonstrated that insulin remains biologically active, reducing, thus, the glucose 

levels in comparison to standard insulin by parental route [98].  

Mesoporous silica structures with different pore sizes have also been investigated for insulin 

delivery. Tozuka and co-workers demonstrated that adsorption of insulin on silica 

mesoporous could be achieved by freeze-thaw method [99]. Concerning the pore size, the 

desired insulin release profile can be designed since e.g. smaller pore sizes usually lead to 

faster release of insulin. However, although this investigation published the application of 

mesoporous as a carrier for insulin, do not provide any information about the protein stability. 

Other drugs have also been incorporated in SiNP (Table 3). 

 

[Please insert Table 3 about here] 

 

4.3. Gene Therapy 

 

Gene therapy has gained more attention as a promising strategy for the treatment of several 

disorders, such as cancer and infections’ diseases. The most challenge in gene delivery 

processes is the optimization of gene carriers that confers not only gene transfection 

efficiency but also low toxicity. 

The successful plasmid DNA (pDNA) gene delivery was achieved in vivo rat Achilles tendon 

using MSNs [106]. The release of pDNA entrapped in MSNs was sustained for at least 2 

weeks with gradual decrease of the luciferase activity. Plasmid encoded Platelet Derived 

Growth Factor (PDGF) gene in MSNs demonstrated high gene transfection in injured tendon, 

resulting in a strong organization of collagen fibers with no inflammation or necrosis signs. 

He and co-workers [107] reported the development of a hybrid for non-viral gene delivery. 

The authors synthesized PEI-SiNP via Michael addition followed by crosslinking of 

silaxanes. The hybrid nanoparticles complexed-DNA showed higher internalization in COS-7 

cells in comparison to PEI-DNA complexes. Also, PEI-SiNP demonstrated serum-resistant 

properties with low cytotoxicity.  

Another example involves in vitro and in vivo SiRNA delivery by an expansion of amine 

functionalized-MSNs porous with an average of 23 nm [108]. The expansion of silica pores 

allowed high loading capacity of SiRNA, as well as maintained the chemical stability of the 

nucleic acid upon exposures to nucleases. Fluorescence microscope images indicated the 
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suppression of blood vessel by down-regulation of vascular endothelial growth factor 

(VEGF). 

 

5. Multifunctional silica nanoparticles: A new approach in theragnostic nanomedicine 

 

Theragnostic systems are a recent approach that associates diagnostic and therapeutic agents 

in one single structure. This approach has the ability to integrate imaging and therapy aiming 

to improve the response to the treatment by means of optimizing imaging information, drug 

selection and safety. In this context, multifunctional silica nanoparticles have been developed 

for simultaneous diagnostic and therapeutic purposes. 

Wang and co-workers [109] developed a multifunctional system based on mesoporous silica 

nanocages for imaging, drug delivery and photodynamic therapy. Doxorubicin was loaded 

into silica porous and released in a sustained behavior at low pH. Fluorescein isothiocyanate 

(FITC) was used as dye molecules for fluorescent imaging and hematoporphyrin molecules 

were also covalently attached in the nanocages for photodynamic therapy. 

A versatile multifunctional hybrid designed for drug delivery and MR imaging was reported 

by Hyeon and co-workers [110, 111]. The authors synthesized two kinds of systems using 

MSNs coated with Fe2O3 nanocrystals nanoparticles or core-shell MSNs using Fe2O3 

nanocrystals as core. The multifunctional properties of both systems were demonstrated by 

fluorescence imaging with FITC or rodhamine B isothiocyanate (RITC) dye molecules, MR 

imaging allowed by Fe2O3 nanocrystals, and drug delivery with the incorporation of 

doxorubicin.  

Another example developed for multifunctional applications is described by Zhang and co-

workers [112]. Fe2O3 coated with mesoporous silica nanocapsules were functionalized with 

PEI for fluorescent imaging and magnetically guided siRNA delivery. Fluorescent dye (e.g., 

RITC) was incorporated into Fe3O4 nanoparticles to obtain fluorescence imaging. PEI was 

used as cationic polymer for siRNA attachment by electrostatic interactions between PEI 

amino groups and phosphate groups of siRNA. In comparison with Lipofectamine 2000, a 

commercial transfection agent, PEI- Fe2O3-SiO2 demonstrated better siRNA delivery.  

These recent evolutions in the nanotechnology field can open the door for new biomedical 

applications in cancer diagnosis and therapy.   
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6. Biocompatibility and toxicological concerns  

 

The concept of nanotoxicology has emerged recently, after the rapid development and 

introduction of a significant number of nanomaterials in the industrial processes and 

consequently in the market [113].  

Recently, several studies have shown the cytotoxicity effects of silica nanoparticles, 

including reduction of cell viability and oxidative damage in cellular membrane [114, 115]. 

For example, it is confirmed that silica nanoparticles could induce oxidative stress, 

proinflammatory responses and clusters of topoisomerase I in the cellular nucleoplams, as 

well as, they could promote fibrogenesis in Wistar rats [116, 117]. In addition, long term 

exposure to silica nanoparticles could also accumulate in embryonic cells [118]. Ye and co-

workers [119] investigated the effect of silica nanoparticles on myocardial H9c2 (2-1) cells at 

different doses for various periods of time. Results showed that silica nanoparticles produced 

cytotoxicities in size, dose and time exposure dependent manners. The particles caused 

oxidative stress, induced G1 phase arrest and up-regulated levels of p53 and p21.  

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay is a widely used 

test for determining the potential cytotoxicity of various agents and pharmaceutical molecules 

in cell cultures. MTT is reduced in living cells by mitochondrial system or by membrane 

enzymes of endosome/lysosome complex [120]. Mesoporous silica nanoparticles can affect 

the exocytosis of MTT, decreasing the MMT reduction. This observation can be attributed to 

uptake of silica nanoparticles by cells. The mechanism by which the particles enhance 

amount of MTT crystals on external cell surface membrane is not still elucidated. The 

stimulation of MTT formazan exocytosis has been attributed to perturbation of 

intracellular vesicle trafficking by uptake of mesoporous silica nanoparticles. However, 

these systems are endocytosed efficiently by cells and can alter endo-lysosomal vesicles 

trafficking [121], and thus, can affect the in vitro toxicity results.  

Although numerous in vitro studies are being investigated, the prediction in vivo toxicity of 

silica matrices still remains to be demonstrated. In vivo testing of the silica nanoparticles has 

been performed in mice and rats. Studies with ORMOSIL have demonstrated high 

distribution of nanoparticles in liver, spleen, and stomach, being their excretion via the 

hepatobiliary route without any adverse effect or injuries in the tissues [122]. The charge type 

and density can control the residence time of nanoparticles inside the body. Studies with 

positively and negatively charged MSNs at physiological pH 7.4 have shown that particles 
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with positive charge are rapid uptake and eliminated via liver while particles with negative 

charge possess high uptake and retention in liver [123].  

Recently, a systematically study described by Fu and co-workers [124] related the use of 

MSNs with the average size of 110 nm for the investigation of absorption, distribution, 

excretion and toxicity of SiNP in mice after different administration routes. Absorption in 

short time is achieved after oral and intravenous administration. Histological studies 

demonstrated that Si content is excreted manly through renal system without any 

morphological abnormalities of the kidney. The toxicology assessment of SiNP administrated 

by different routes showed that some inflammation events were observed at the injection 

local after the hypodermic and intramuscular administration of SiNP. These findings 

highlight the importance of the interaction between nanoparticles and biological structures in 

order to select better administration routes for nanoparticle-mediated drug delivery systems.  

Although many studies have been related the interaction between nanoparticles and 

biological systems, the molecular mechanism of cytotoxicity induced by nanoparticles is not 

fully understood and the investigation of their influence on cells is still ongoing [125-128]. 

 

7. Conclusions and Perspectives 

 

Over the past decades, silica nanoparticles have been studied for a variety of biomedical 

applications such as cell tracking, contrast imaging, biosensing, targeted drug delivery, 

and as scaffolds for tissue engineering. The versatility of these systems in the design and 

functioning has made them alternative choices in additional biological and biomedical 

purposes. Recent developments of silica matrices as tool for biomedical applications were 

reviewed in this article. The advantages of silica-based materials able to carry drugs or 

diagnostic dyes have been highlighted. Such systems allow bioimaging of cells, detection of 

damage tissues, biomolecule separation, cell and enzyme encapsulation and efficient delivery 

of drugs and genes at a desired site. However, significant limitations still need to be 

overcome. The progression of silica matrices towards clinical practice is hindered by several 

difficulties. Firstly, the lack of stability of colloidal systems can lead to the nanoparticles 

agglomeration. Second, the entrapment of sufficient drugs with controlled release or dyes 

with high stability needs strongly investigation. Finally, toxicological studies involving both 

short and long-term nanostructures are still in their early stage of development. Several works 

have reported the interaction of silica nanoparticles with reagents for evaluating cell viability. 
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Therefore, the validation of bioassay in nanotoxicology field is needed to demonstrate the 

impact of these innovative nanomaterials in the environment and in human health. 

 

Acknowledgement  

 

The financial support from Fundação para a Ciência e Tecnologia for Andreani, T. 

(SFRH/BD/60640/2009) is gratefully acknowledged. FCT is also acknowledged under the 

reference PTDC/SAU-FAR/113100/2009 and PEst-C/AGR/UI4033/2011. The authors also 

acknowledge the support by European Union Funds (FEDER/COMPETE) under the 

reference FCOMP-01-0124-FEDER-022696. 

 

 

References 

 

[1] Ahola, M., Kortesuo, P., Kangasniemi, I., Kiesvaara, J., Yli-Urpo, A. (2000) Silica 

xerogel carrier material for controlled release of toremifene citrate. Int J Pharm 195, 219-

227. 

[2] Radin, S., Ducheyne, P., Kamplain, T., Tan, B. H. (2000) Silica sol–gel for the 

controlled release of antibiotics. I. Synthesis, characterization, and in vitro release. J Biomed 

Mater Res 57 (2) (2001) 313–320. 57, 313-320. 

[3] Barbe, C., Bartlett, J., Kong, L. G., Finnie, K., Lin, H. Q., Larkin, M., Calleja, S., 

Bush, A., Calleja, G. (2004) Silica particles: A novel drug-delivery system. Advanced 

Materials 16, 1959-1966. 

[4] Anglin, E. J., Cheng, L., Freeman, W. R., Sailor, M. J. (2008) Porous silicon in drug 

delivery devices and materials. Adv Drug Deliv Rev 60, 1266-1277. 

[5] Livage, J. (1997) Sol-gel process. Curr Opin solid State Mater Sci 2, 132-138. 

[6] He, Q., Shi, J. (2014) MSN anti-cancer nanomedicines: chemotherapy enhancement, 

overcoming of drug resistance, and metastasis inhibition. Adv Mater 26, 391-411. 

[7] Regi-Vallet, M., Balas, F., Arcos, D. (2007) Mesoporous materials for drug delivery. 

Agew Chem Int Ed 46, 7548-7558. 

[8] He, Q., Gao, Y., Zhang, L., Zhang, Z., Gao, F., Ji, X., Li, Y., Shi, J. (2011) A pH-

responsive mesoporous silica nanoparticles-based multi-drug delivery system for overcoming 

multi-drug resistance. Biomaterials 32, 7711-7720. 

[9] Graf, C., Gao, Q., Schütz, I., Noufele, C. N., Ruan, W., Posselt, U., Korotianskiy, E., 

Nordmeyer, D., Rancan, F., Hadam, S., Vogt, A., Lademann, J., Haucke, V., Rühl, E. (2012) 

Surface Functionalization of Silica Nanoparticles Supports Colloidal Stability in 

Physiological Media and Facilitates Internalization in Cells. Langmuir 28, 7598-7613. 



 

 

 

This article is protected by copyright. All rights reserved.   18 

 

 

[10] He, Q., Zhang, J., Shi, J., Zhu, Z., Zhang, L., Bu, W., Guo, L., Chen, Y. (2010) The 

effect of PEGylation of mesoporous silica nanoparticles on nonspecific binding of serum 

proteins and cellular responses. Biomaterials 31, 1085-1092. 

[11] Knopp, D., Tang, D., Niessner, R. (2009) Review: Bioanalytical applications of 

biomolecule-functionalized nanometer-sized doped silica particles. Analytica Chimica Acta 

647, 14-30. 

[12] Santra, S., Zhang, P., Wang, K. M., Tapec, R., Tan, W. H. (2001) Conjugation of 

biomolecules with luminophore-doped silica nanoparticles for photostable biomarkers. Anal 

Chem 73, 4988-4993. 

[13] Herr, J. K., Smith, J. E., Medley, C. D., Shangguan, D. H., Tan, W. H. (2006) 

Aptamer-conjugated nanoparticles for selective collection and detection of cancer cells. Anal 

Chem 78, 2918-2924. 

[14] Ambrogio, M. W., Thomas, C. R., Zhao, Y.-L., Zink, J. I., Stoddart, J. F. (2011) 

Mechanized silica nanoparticles: A new frontier in theranostic nanomedicine. Acc Chem Res 

44, 903-913. 

[15] Nel, A., Xia, T., Madler, L., Li, N. (2006) Toxic potential of materials at the 

nanolevel. Science 311, 622-627. 

[16] Slowing, I. I., Vivero-Escoto, J. L., Wu, C. W., Lin, V. S. (2008) Mesoporous silica 

nanoparticles as controlled release drug delivery and gene transfection carriers. Adv Drug 

Deliv Rev 60, 1278-1288. 

[17] Yu, K., Grabinski, C., Schrand, A., Murdock, R., Wang, W., Gu, B., Schlager, J., 

Hussain, S. (2009) Toxicity of amorphous silica nanoparticles in mouse keratinocytes. 

Nanopart Res 11, 15-24. 

[18] Kumar, R., Roy, I., Ohulchanskky, T. Y., Vathy, L. A., Bergey, E. J., Sajjad, M., 

Prasad, P. N. (2010) In vivo biodistribution and clearance studies using multimodal 

organically modified silica nanoparticles. ACS Nano 4, 699-708. 

[19] Ye, Y., Liu, J., Xu, J., Sun, L., Chen, M., Lan, M. (2010) Nano-SiO2 induces 

apoptosis via activation of p53 and Bax mediated by oxidative stress in human hepatic cell 

line. Toxicol In Vitro 24, 751-758. 

[20] Sun, L., Li, Y., Liu, X., Jin, M., Zhang, L., Du, Z., Guo, C., Huang, P., Sun, Z. (2011) 

Cytotoxicity and mitochondrial damage caused by silica nanoparticles [in press]. Toxicol In 

Vitro. 

[21] Sato, S., Murakata, T., Suzuki, T., Ohgawara, T. (1990) Control  of  pore  size  

distribution  of  silica  gel  through sol-gel process using water soluble polymers as additives. 

J. Mater. Sci. . 254, 4880-4885. 

[22] Iller, R. K. (1979) The chemistry of silica. Wiley, New York, Wiley, New York. 

[23] Rahman, I. A., Vejayakumaran, P., Sipaut, C. S., Ismail, J., Abu Bakar, M., Adnan, 

R., Chee, C. K. (2004) An optimized sol–gel synthesis of stable primary equivalent silica 

particles. Colloids and Surfaces A: Physicochem. Eng. Aspects    294, 102–110. 

[24] Jafarzadeh, M., Rahman, I. A., Sipaut, C. S. (2009) Synthesis of silica nanoparticles 

by modified sol–gel process: the effect of mixing modes of the reactants and drying 

techniques. J Sol-Gel Sci Technol 50, 328-336. 



 

 

 

This article is protected by copyright. All rights reserved.   19 

 

 

[25] Gehrke, S. H., Lee, P. I., in Tyle, P. Ed. (1990) Hydrogels for drug delivery systems, 

Marcel Dekker, pp. 333-392. 

[26] Peppas, N. A., Mikos, A. G., in Peppas, N. A. Ed. (1986) Preparation methods and 

structure of hydrogels, CRC Press, Boca Raton, FL, pp. 1-27. 

[27] Mohanan, J. L., Arachchige, I. U., Brock, S. L. (2005) Porous Semiconductor 

Chalcogenide Aerogels. Science 21, 397-400. 

[28] Pierre, A. C., Pajonk, G. M. (2002) Chemistry of aerogels and their applications. 

Chem Rev 102, 4243-4265. 

[29] Caputo, G., Scognamiglio, M., De Marco, I. (2012) Nimesulide adsorbed on silica 

aerogel using supercritical carbon dioxide. Chem Eng Res Des 90, 1082-1089. 

[30] Costache, M. C., Vaughan, A. D., Qu, H., Ducheyne, P., Devore, D. I. (2013) 

Tyrosine-derived polycarbonate-silica xerogel nanocomposites for controlled drug delivery. 

Acta Biomater 9, 6544-6552. 

[31] Wu, Z., Joo, H., Lee, T. G., Lee, K. (2005) Controlled  release  of  lidocaine 

hydrochloride from the surfactant-doped hybrid xerogels. J Control Release 104, 497-505. 

[32] Ritger, P. L., Peppas, N. (1987) Fickian and non-Fickian release from non-swellable 

devices in the form of slabs, spheres cylinders 

or discs. .  

 J. Controlled Release 5, 23-36. 

[33] Prokopowicz, M. (2009) Correlation between physicochemical properties of 

doxorubicin-loaded silica/polydimethylsiloxane xerogel and in vitro release of drug. Acta 

Biomaterialia 5, 193-207. 

[34] Tan, B. H., Santos, E. M., Ducheyne, P., pp. 191. 

[35] Angelopoulou, A., Efthimiadou, E. K., Kordas, G. (2012) Dextran modified pH 

sensitive silica hydro-xerogels as promising drug delivery scaffolds. Mat Lett 74, 50-53. 

[36] Guibault, G. (1984) Analytical  Uses  of  Immobilized  Enzymes, Marcel  Dekker, 

New  York. 

[37] Carturan, G., Dal Toso, R., Boninsegna, S., Dal Monte, R. (2004) Encapsulation of 

functional cells by sol–gel silica: actual progress and perspectives for cell therapy. J Mater 

Chem 14, 2087-2098. 

[38] Kuncová, G., Prodazky, O., Ripp, S., Trogl, J., Sayler, G. S., Demnerova, K. e. a. 

(2004) Monitoring of the viability of cells immobilized by sol-gel process. J Sol-gel Sci 

Technol 31, 335-342. 

[39] Macmillan, A. M., Panek, D., McGuinness, C. D., Pickup, J. C., Graham, D., Smith, 

W. E., Birch, D. J. S., Karolin, J. (2009) Improved biocompatibility of protein encapsulation 

in sol–gel materials. J Sol-Gel Sci Technol 49, 380-384. 

[40] Bhatia, R. B., Brinker, C. J., Gupta, A. K., Singh, A. K. (2000) Aqueous Sol-Gel 

Process for Protein Encapsulation. Chem Mater 12, 2434-2441. 

[41] Voss, R., Brook, M. A., Thompson, J., Chen, Y., Pelton, R. H., Brennan, J. D. (2007) 

Non-destructive horseradish peroxidase immobilization in porous silica nanoparticles. J 

Mater Chem 17, 4854-4863. 



 

 

 

This article is protected by copyright. All rights reserved.   20 

 

 

[42] Chang, G., Tatsu, Y., Goto, T., Imaishi, H., Morigaki, K. (2010) Glucose 

concentration determination based on silica solâ€“gel encapsulated glucose oxidase optical 

biosensor arrays. Talanta 83, 61-65. 

[43] Zou, Y., Xiang, C., Sun, L.-X., Xu, F. (2008) Glucose biosensor based on 

electrodeposition of platinum nanoparticles onto carbon nanotubes and immobilizing enzyme 

with chitosan-SiO2 solâ€“gel. Biosensors and Bioelectronics 23, 1010-1016. 

[44] Huang, J., Li, J., Yang, Y., Wang, X., Wu, B., Anzai, J.-i., Osa, T., Chen, Q. (2008) 

Development of an amperometric l-lactate biosensor based on l-lactate oxidase immobilized 

through silica solâ€“gel film on multi-walled carbon nanotubes/platinum nanoparticle 

modified glassy carbon electrode. Materials Science and Engineering: C 28, 1070-1075. 

[45] Solanki, P. R., Kaushik, A., Ansari, A. A., Tiwari, A., Malhotra, B. D. (2009) Multi-

walled carbon nanotubes/solâ€“gel-derived silica/chitosan nanobiocomposite for total 

cholesterol sensor. Sensors and Actuators B: Chemical 137, 727-735. 

[46] Li, T., Yao, Z., Ding, L. (2004) Development of an amperometric biosensor based on 

glucose oxidase immobilized through silica solâ€“gel film onto Prussian Blue modified 

electrode. Sensors and Actuators B: Chemical 101, 155-160. 

[47] Wang, G., Xu, J.-J., Chen, H.-Y., Lu, Z.-H. (2003) Amperometric hydrogen peroxide 

biosensor with solâ€“gel/chitosan network-like film as immobilization matrix. Biosensors 

and Bioelectronics 18, 335-343. 

[48] Hou, S., Ou, Z., Chen, Q., Wu, B. (2012) Amperometric acetylcholine biosensor 

based on self-assembly of gold nanoparticles and acetylcholinesterase on the solâ€“gel/multi-

walled carbon nanotubes/choline oxidase composite-modified platinum electrode. Biosensors 

and Bioelectronics 33, 44-49. 

[49] Meunier, C. F., Dandoy, P., Su, B.-L. (2010) Encapsulation of cells within silica 

matrixes: Towards a new advance in the conception of living hybrid materials. Journal of 

Colloid and Interface Science 342, 211-224. 

[50] Gavlasová, P., Kuncová, G., Kochánková, L., Macková, M. (2008) Whole cell optical 

biosensor for  polychlorinated biphenyl analysis based on optical detection Internat Biodeter 

Biodegr 62, 304-312. 

[51] Mitchel, R. J., Gu, M. B. (2006) Characterization and optimization of two methods in 

the immobilization of 12 bioluminescent strains. Biosens Bioelectron 22, 192-199. 

[52] Nieto, A., Areva, S., Wilson, T., Viitala, R., Vallet-Regi, M. (2009) Cell viability in a 

wet silica gel. Acta Biomaterialia 5, 3478-3487. 

[53] Conconi, M. T., Bellini, S., Teoli, D., de Coppi, P., Ribatti, D., Nico, B., Simonato, 

E., Gamba, P. G., Nussdorfer, G. G., Morpurgo, M., Parnigotto, P. P. (2009) In vitro and in 

vivo evaluation of acellular diaphragmatic matrices seeded with muscle precursors cells and 

coated with VEGF silica gels to repair muscle defect of the diaphragm. ournal of Biomedical 

Materials Research Part A 89A, 304-316. 

[54] Sabri, F., Cole, J. A., Scarbrough, M. C., Leventis, N. (2010) Investigation of 

Polyurea -Crosslinked Silica Aerogels as a Neuronal Scaffold: A Pilot Study. PLoS ONE 7. 

[55] Poologasundarampillai, G., Yu, B., Tsigkou, O., Valliant, E., Yue, S., Lee, P. D., 

Hamilton, R. W., Stevens, M. M., Kasuga, T., Jones, J. R. (2012) Bioactive silica–poly(γ-



 

 

 

This article is protected by copyright. All rights reserved.   21 

 

 

glutamic acid) hybrids for bone regeneration: effect of covalent coupling on dissolution and 

mechanical properties and fabrication of porous scaffolds Soft Matter 12, 4822-4832. 

[56] Pek, Y. S., Wan, A. C. A., Ying, J. Y. (2010) The effect of matrix stiffness on 

mesenchymal stem cell differentiation in a 3D thixotropic gel. Biomaterials 31, 385-391. 

[57] Takahashi, R., Sato, S., Sodesawa, T., Kawakita, M., Ogura, K. (2000) High Surface-

Area Silica with Controlled Pore Size Prepared from Nanocomposite of Silica and Citric 

Acid. J Phys Chem B 104, 12184-12191. 

[58] Stober, W., Fink, A., Bohn, E. (1968) Controlled growth of monodisperse silica 

spheres in micro size range. J. Colloid Interface Sci 26, 62. 

[59] Park, S. K., Kim, K. D., Kim, H. T. (2002) Preparation of silica nanoparticles: 

determination of the optimal synthesis conditions for small and uniform particles. Colloids 

Surf A Psysicochem Eng 197, 7-17. 

[60] Rahman, I. A., Vejayakumaran, P., Sipaut , C. S., Ismail, J., Abu Bakar, M., Adnan, 

R., Chee, C. K. (2007) An optimized sol–gel synthesis of stable primary equivalent silica 

particles. Colloids and Surfaces A: Physicochem. Eng. Aspects  294, 102-110. 

[61] Rao, K. S., El-Hami, K., Kodaki, T., Matsushige, K., Makino, K. (2005) A novel 

method for synthesis of silica nanoparticles. J Colloid Interface Sci 289, 125-131. 

[62] Brinker, C. J., Scherer, G. W. (1990) The Physics and Chemistry of Sol-Gel 

Precessing, Academic Press Inc., San Diego. 

[63] Kortesuo, P., Ahola, M., Kangas, M., Yli-Urpo, A., Kiesvaara, J., Marvola, M. (2001) 

In vitro release of dexmedetomidine from silica xerogel monoliths: effect of sol-gel synthesis 

parameters. International Journal of Pharmaceutics 221, 107-114. 

[64] Kortesuo, P., Ahola, M., Minna, K., Mika, J., Tiina, L., Lauri, V., Sirpa, L., Juha, K., 

Antti, Y., Martti, M. (2002) Effect of synthesis parameters of the sol-gel-processed spray-

dried silica gel microparticles on the release rate of dexmedetomidine. Biomaterials 23, 2795-

2801. 

[65] Rosen, M. (1989) Surfactants and Interfacial Phenomena, 2nd ed., Wiley, New York. 

[66] Hwang, Y. J., Oh, C., Oh, S. G. (2005) Controlled release of retinol from silica 

particles prepared in O/W/O emulsion: The effects of surfactants and polymers. Journal of 

Controlled Release 106, 339-349. 

[67] Zhang, C., Hou, T. A., Chen, J. F., Wen, L. X. (2010) Preparation of mesoporous 

silica microspheres with multi-hollow cores and their application in sustained drug release. 

Particuology 8, 447-452. 

[68] Teng, Z., Han, Y., Li, J., Yan, F., Yang, W. (2010) Preparation of hollow mesoporous 

silica spheres by a sol–gel/emulsion approach. Microporous and Mesoporous Materials  127  

67–72. 

[69] Guo, X., Canet, J. L., Boyer, D., Gautier, A., Mahiou, R. (2012) Sol–gel emulsion 

synthesis of biphotonic core–shell nanoparticles based on lanthanide doped organic–

inorganic hybrid materials. J Mater Chem 22. 

[70] Barbe, J. C., Kong, L., Finnie, K. S., Calleja, S., Hanna, J. V., Drabarek, E., Cassidy, 

D. T., Blackford, M. G. (2008) Sol–gel matrices for controlled release: from macro to nano 

using emulsion polymerisation. J Sol-Gel Sci Technol 46, 393-409. 



 

 

 

This article is protected by copyright. All rights reserved.   22 

 

 

[71] Aravind, A., Veeranarayanan, S., Poulose, A. C., Nair, R., Nagaoka, Y., Yoshida, Y., 

Maekawa, T., Kumar, D. S. (2012) Aptamer-functionalized silica nanoparticles for targetd 

cancer therapy. BioNanoScience 2, 1-8. 

[72] Derfus, A. M., Chan, W. C. W., Bhatia, S. N. (2004) Probing the cytotoxicity of 

semiconductor quantum dots. Nano Lett 4, 11-18. 

[73] Atabaev, T. S., Lee, J. H., Han, D.-W., Hwang, Y.-H., Kim, H. K. (2012) Cytotoxicity 

and cell imaging potentials of submicron color-tunable yttria particles. J Biomed Mater Res 

100A, 227-2294. 

[74] Wang, D., Qian, J., Cai, F., He, S., Han, S., Mu, Y. (2012) Green'-synthesized near-

infrared PbS quantum dots with silica–PEG dual-layer coating: ultrastable and biocompatible 

optical probes for in vivo animal imaging. Nanotechnology 23. 

[75] Yang, C., Xie, H., Li, Y., Zhang, J.-K., Su, B.-L. (2013) Direct and rapid quantum 

dots labelling of Escherichia coli cells. Journal of Colloid and Interface Science 393, 438-

444. 

[76] Derfus, A. M., Chan, W. C. W., Bhatia, S. N. (2004) Intracellular Delivery of 

Quantum Dots for Live Cell Labeling and Organelle Tracking. Advanced Materials 16, 961-

966. 

[77] Li, M., Lam, J. W. Y., Mahtab, F., Chen, S., Zhang, W., Hong, Y., Xiong, J., Zheng, 

J., Zheng, Q., Tang, B. Z. (2013) Biotin-decorated fluorescent silica nanoparticles with 

aggregation-induced emission characteristics: fabrication, cytotoxicity and biological 

applications. J Mater Chem B 1, 676-684. 

[78] Ow, H., Larson, D. R., Srivastana, M., Baird B.A., Webb, W. W., Wiesner, U. (2004) 

Bright and stable core-shell fluorescent silica nanoparticles. Nano Lett 5, 113-117. 

[79] Accomasso, L., Rocchietti, C. E., Raimondo, S., Catalano, F., Alberto, G., Giannitti, 

A., Minieri, V., Turinetto, V., Orlando, L., Saviozzi, S., Caputo, G., Geuna, S., Martra, G., 

Giachino, C. (2012) Fluorescent silica nanoparticles improve optical imaging of stem cells 

allowing direct discrimination between live and early-stage apoptotic cells. Small 8, 3192-

3200. 

[80] Parveen, S., Misra, R., Sahoo, S. K. (2012) Nanoparticles: a boon to drug delivery, 

therapeutics, diagnostics and imaging. Nanomedicine 8, 147-166. 

[81] Amiri, H., Bordonali, L., Lascialfari, A., Wan, S., Monopoli, M. P., Lynch, I., 

Laurent, S., Mahmoudi, M. (2013) Protein corona affects the relaxivity and MRI contrast 

efficiency of magnetic nanoparticles. Nanoscale 5, 8656-8665. 

[82] Sadhukha, T., Wiedmann, T. S., Panyam, J. (2013) Inhalable magnetic nanoparticles 

for targeted hyperthermia in lung cancer therapy. Biomaterials 34, 5163-5171. 

[83] Smith, J. E., Medley, C. D., Tang, Z. W., Shangguan, D. H., Lofton, C., Tan, W. H. 

(2007) Aptamer-conjugated nanoparticles for the collection and detection of multiple cancer 

cells. Anal Chem 79, 3075-3082. 

[84] Zhao, X. J., Tapec-Dytioco, R., Wang, K. M., Tan, W. H. (2003) Collection of trace 

amounts of DNA/mRNA molecules using genomagnetic nanocapturers. Anal Chem 75, 3476-

3483. 



 

 

 

This article is protected by copyright. All rights reserved.   23 

 

 

[85] Liang, Y., Gong, J.-L., Huang, Y., Zheng, Y., Jiang, J.-H., Shen, G.-L., Yu, R.-Q. 

(2007) Biocompatible core-shell nanoparticle-based surface-enhanced Raman acattering 

probes for detection of DNA related to HIV gene using silica-coated magnetic nanoparticles 

as separation tools. Talanta 72, 443-449. 

[86] Slowing, I. I., Vivero-Escoto, J. L., Wu, C.-W., Lin, V. S. Y. (2008) Mesoporous 

silica nanoparticles as controlled release drug delivery and gene transfection carriers. 

Advanced Drug Delivery Reviews 60, 1278-1288. 

[87] Alfredsson, V., Anderson, M. W. (1996) Structure of MCM-48 Revealed by 

Transmission Electron Microscopy. Chem Mater 8, 1141-1146. 

[88] Kim, T.-W., Chung, P. W., Lin, V. S. Y. (2010) Facile Synthesis of Monodisperse 

Spherical MCM-48 Mesoporous Silica Nanoparticles with Controlled Particle Size. Chem 

Mater 22, 5093-5104. 

[89] Zhao, D., Huo, Q., Feng, J., Chmelka, B. F., D. Stucky, G. D. (1998) Nonionic 

Triblock and Star Diblock Copolymer and Oligomeric Surfactant Syntheses of Highly 

Ordered, Hydrothermally Stable, Mesoporous Silica Structures. J Am Chem Soc 120, 6024-

6036. 

[90] Zhao, D. Y., Feng, J. L., Huo, Q. S., Melosh, N., Fredrickson, G. H., Chmelka, B. F., 

Stucky, G. D. (1998) Triblock copolymer synthesis of mesoporous silica with periodic 50 to 

300 angstrom pores. Science 279, 448-552. 

[91] Cauda, V., Engelke, H., Sauer, A., Arcizet, D., Brauchle, C., Radler, J., Bein, T. 

(2010) Colchicine-Loaded Lipid Bilayer-Coated 50 nm Mesoporous Nanoparticles Efficiently 

Induce Microtubule Depolymerization upon Cell Uptake. Nano Lett 10, 2484-–2492. 

[92] Hervé, K., Douziech-Eyrolles, K. L., Munnier, E., Cohen-Jonathan, S., Soucé, M., 

Marchais, H., Limelette, P., Warmont, F., Saboungi, M. L., Dubois, P., Chourpa, I. (2008) 

The development of stable aqueous suspensions of PEGylated SPIONs for biomedical 

applications nanotechnology 19, 1. 

[93] Du, H., Hamilton, P. D., Reilly, M. A., D’Avignon, A., Biswas, P., Ravi, N. (2009) A 

facile synthesis of highly water-soluble, core–shell organo-silica nanoparticles with 

controllable size via sol–gel process. Journal of Colloid and Interface Science 340, 202-208. 

[94] Andrade, J. D., Hlady, V., Jeon, S. I. (1996) Poly(ethylene oxide) and protein  

resistance:  Principles,  problems,  and  possibilities. .  Adv Chem Ser 248, 51-59. 

[95] Yagüe, C., Morosa, M., Grazúa, V., Arruebo, M., Santamaría, J. (2008) Synthesis and 

stealthing study of bare and PEGylated silica micro- and nanoparticles as potential drug-

delivery vectors Chemical Engineering Journal 137, 45-53. 

[96] Khafagy, E.-S., Morishita, M., Onuki, Y., Takayama, K. (2007) Current challenges in 

non-invasive insulin delivery systems: A comparative review. Advanced Drug Delivery 

Reviews 59, 1521-1546. 

[97] Goldberg, M., Orellana, I. G. (2003) Challenges for the oral delivery of 

macromolecules. Nat Rev Drug Discov 2, 289-295. 

[98] Dwivedi, N., Arunagirinathan, M. A., Sharma, S., Bellare, J. (2010) Silica-Coated 

Liposomes for Insulin Delivery. J Nanomaterials. 



 

 

 

This article is protected by copyright. All rights reserved.   24 

 

 

[99] Tozuka, Y., Sugiyama, E., Takeuchi, H. (2010) Release profile of insulin entrapped 

on mesoporous materials by freeze–thaw method. International Journal of Pharmaceutics 

386, 172-177. 

[100] Lu, J., Liong, M., Li, Z., Zink, J. I., Tamanoi, F. (2010) Biocompatibility, 

Biodistribution, and Drug-Delivery Efficiency of Mesoporous Silica Nanoparticles for 

Cancer Therapy in Animals. Small 6, 1794-1805. 

[101] Botella, P., Abasolo, I., FernÃ¡ndez, Y., Muniesa, C., Miranda, S., Quesada, M., 

Ruiz, J., Schwartz Jr, S., Corma, A. (2011) Surface-modified silica nanoparticles for tumor-

targeted delivery of camptothecin and its biological evaluation. J Controll Release 156, 246-

257. 

[102] Clemens, D. L., Lee, B.-Y., Xue, M., Thomas, C. R., Meng, H., Ferris, D., Nel, A. E., 

Zink, J. I., Horwitz, M. A. (2012) Targeted Intracellular Delivery of Antituberculosis Drugs 

to Mycobacterium tuberculosis-Infected Macrophages via Functionalized Mesoporous Silica 

Nanoparticles. Antimicrob Agents Chemother 56, 2535-2545. 

[103] Xia, T., Kovochich, M., Liong, M., Meng, H., Kabehie, S., George, S., Zink, J. I., Nel, 

A. E. (2009) Polyethyleneimine Coating Enhances the Cellular Uptake of Mesoporous Silica 

Nanoparticles and Allows Safe Delivery of siRNA and DNA Constructs. ACS Nano 3, 3273-

3286. 

[104] Chen, A. M., Zhang, M., Wei, D., Stueber, D., Taratula, O., Minko, T., He, H. (2009) 

Co-delivery of Doxorubicin and Bcl-2 siRNA by Mesoporous Silica Nanoparticles Enhances 

the Efficacy of Chemotherapy in Multidrug-Resistant Cancer Cells. Small 5, 2673-2677. 

[105] Popat, A., Liu, J., Lu, G. Q., Qiao, S. Z. (2012) A pH responsive drug delivery system 

based on chitosan coated mesoporous silica nanoparticles. J Mater Chem 22, 11173-11178. 

[106] Suwalski, A., Dabboue, H., Delalande, A., Bensamoun, S. F., Canon, F., Midoux, P., 

Saillant, G. r., Klatzmann, D., Salvetat, J.-P., Pichon, C. (2010) Accelerated Achilles tendon 

healing by PDGF gene delivery with mesoporous silica nanoparticles. Biomaterials 31, 5237-

5245. 

[107] He, W.-T., Xue, Y.-N., Liu, W.-M., Huang, S.-W., Zhuo, R.-X. (2011) One-pot 

preparation of polyethlyenimine/silica hybride nanoparticles as serum-resistant gene delivery 

vectors: Transfection and intracellular trafficking. J Control Release 152, e145-e146. 

[108] Na, H.-K., Kim, M.-H., Park, K., Ryoo, S.-R., Lee, K. E., Jeon, H., Ryoo, R., Hyeon, 

C., Min, D.-H. (2012) Efficient Functional Delivery of siRNA using Mesoporous Silica 

Nanoparticles with Ultralarge Pores. Small 8, 1752-1761. 

[109] Wang, T., Zhang, L., Su, Z., Wang, C., Liao, Y., Fu, Q. (2011) Multifunctional 

Hollow Mesoporous Silica Nanocages for Cancer Cell Detection and the Combined 

Chemotherapy and Photodynamic Therapy. Appl Mater Interfaces 3, 2479-2486. 

[110] Kim, J., Kim, H. S., Lee, N., Kim, T., Kim, H., Yu, T., Song, I. C., Moon, W. K., 

Hyeon, T. (2008) Multifunctional Uniform Nanoparticles Composed of a Magnetite 

Nanocrystal Core and a Mesoporous Silica Shell for Magnetic Resonance and Fluorescence 

Imaging and for Drug Delivery. Angewandte Chemie International Edition 47, 8438-8441. 

[111] Lee, J. E., Lee, N., Kim, H., Kim, J., Choi, S. H., Kim, J. H., Kim, T., Song, I. C., 

Park, S. P., Moon, W. K., Hyeon, T. (2009) Uniform Mesoporous Dye-Doped Silica 



 

 

 

This article is protected by copyright. All rights reserved.   25 

 

 

Nanoparticles Decorated with Multiple Magnetite Nanocrystals for Simultaneous Enhanced 

Magnetic Resonance Imaging, Fluorescence Imaging, and Drug Delivery. Journal of the 

American Chemical Society 132, 552-557. 

[112] Zhang, L., Wang, T., Li, L., Wang, C., Su, Z., Li, J. (2012) Multifunctional 

fluorescent-magnetic polyethyleneimine functionalized Fe3O4–mesoporous silica yolk–shell 

nanocapsules for siRNA delivery. Chem Commum 48, 8706-8708. 

[113] Donaldson, K., Stone, V., Tran, C. L., Kreyling, W., Borm, P. J. (2004) 

Nanotoxicology. Occup Environ Med 61, 727 -728. 

[114] Lin, W., Huang, Y.-w., Zhou, X.-D., Ma, Y. (2006) In vitro toxicity of silica 

nanoparticles in human lung cancer cells. Toxicol Appl Pharmacol 217, 252-259. 

[115] Napierska, D., Thomassen, L. C., Rabolli, V., Lison, D., Gonzalez, L., Kirsch-

Volders, M., Martens, J. A., Hoet, P. H. R. S. (2009) Size-dependent cytotoxicity of 

monodisperse silica nanoparticles in human endothelial cells. Small 5, 846-853. 

[116] Park, E. J., Park, K. (2009) Oxidative stress, pro-inflammatory responses induced by 

silica nanoparticles in vivo and in vitro. Toxicology Letters 184, 18-25. 

[117] Wang, F., Gao, F., Lan, M., Yuan, H. R. S., Huang, Y., Liu, J. (2009) Oxidative stress 

contributes to silica nanoparticle-induced cytotoxicity in human embryonic kidney cells. 

Toxicol In Vitro 23, 808-815. 

[118] Park, M. V. D. Z., Annema, W., Salvati, A., Lesniak, A., Elsaesser, A., Barnes, C., 

McKerr, G., Howard, C. V., Lynch, I., Dawson, K. A., Piersma, A. H., de Jong, W. H. (2009) 

In vitro developmental toxicity test detects inhibition of stem cell differentiation by silica 

nanoparticles. Toxicology and Applied Pharmacology 240, 108-116. 

[119] Ye, Y., Liu, J., Chen, M., Sun, L., Lan, M. (2010) In vitro toxicity of silica 

nanoparticles in myocardial cells. Environmental Toxicology and Pharmacology 29, 131-137. 

[120] Berridge, M. V., Herst, P. M., Tan, A. S. (2005) Tetrazolium dyes as tools in cell 

biology: new insights into their cellular reduction. Biotechnology Annual Review 11, 127-

152. 

[121] Huang, D.-M., Hung, Y., Ko, B.-S., Hsu, S.-C., Chen, W.-H., Chien, C.-L., Tsai, C.-

P., Kuo, C.-T., Kang, J.-C., Yang, C.-S., Mou, C.-Y., Chen, Y.-C. (2005) Highly efficient 

cellular labeling of mesoporous nanoparticles in human mesenchymal stem cells: implication 

for stem cell tracking. FASEB J 19, 2014-2016. 

[122] Kumar, R., Roy, I., Ohulchanskky, T. Y., Vathy, L. A., Bergey, E. J., Sajjad, M., 

Prasad, P. N. (2010) In Vivo Biodistribution and Clearance Studies Using Multimodal 

Organically Modified Silica Nanoparticles. ACS Nano 4, 699-708. 

[123] Souris, J. S., Lee, C. H., Cheng, S. H., Chen. C.T., Yang, C. S., Ho, J.-a. A., Mou, C. 

Y., Lo, L. W. (2010) Surface charge dependent hepatobiliary excretion of fluorescent 

mesoporous silica nanoparticles for use as traceable drug delivery platforms. Biomaterials 31, 

5564-5574. 

[124] 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, 2565-2575. 



 

 

 

This article is protected by copyright. All rights reserved.   26 

 

 

[125] Fangueiro, J. F., Andreani, T., Egea, M. A., Garcia, M. L., Souto, S. B., Silva, A. M., 

Souto, E. B. (2014) Design of cationic lipid nanoparticles for ocular delivery: development, 

characterization and cytotoxicity. Int J Pharm 461, 64-73. 

[126] Fangueiro, J. F., Andreani, T., Egea, M. A., Garcia, M. L., Souto, S. B., Souto, E. B. 

(2012) Experimental factorial design applied to mucoadhesive lipid nanoparticles via 

multiple emulsion process. Colloids Surf B Biointerfaces 100, 84-89. 

[127] Severino, P., Andreani, T., Macedo, A. S., Fangueiro, J. F., Santana, M. H., Silva, A. 

M., Souto, E. B. (2012) Current State-of-Art and New Trends on Lipid Nanoparticles (SLN 

and NLC) for Oral Drug Delivery. J Drug Deliv 2012, 750891. 

[128] Souza, A. L., Andreani, T., de Oliveira, R. N., Kiill, C. P., Santos, F. K., Allegretti, S. 

M., Chaud, M. V., Souto, E. B., Silva, A. M., Gremiao, M. P. (2014) In vitro evaluation of 

permeation, toxicity and effect of praziquantel-loaded solid lipid nanoparticles against 

Schistosoma mansoni as a strategy to improve efficacy of the schistosomiasis treatment. Int J 

Pharm 463, 31-37. 

 

 

 

 



 

 

This article is protected by copyright. All rights reserved.   27 

 

Table 1: Relevant achievements in biosensing from silica sol-gel matrices 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MWCNT: Multi-walled carbon nanotubes; HRP: Horseradish peroxidase; APDMOS: (3-aoryloxypropyl) dimethoxymethylsilane 

Sensor preparation Transducer Detection range Sensitivity 

(μA/mM) 

Response 

time (s) 

Km 

(mM) 

Reference 

Glucose oxidase in 

chitosan-SiO2 gel  

dropped on 

Pt/MWCNT 

nanoparticles 

Amperometric  1 μM to 23 mM 5.89 5 14.4 [43] 

 

L-lactate oxidase in 

silica-sol gel film on 

Pt/MWCNT 

nanoparticles 

Amperometric  0.2–2.0 mM 6.36 5 - [44] 

Cholesterol oxidase + 

cholesterol esterase in 

chitosan-

SiO2/MWCNT 

bionanocomposite film 

Differential pulse 

voltammetry 

0.15-7.68 mM 3.8 10 0.052 [45] 

Glucose oxidase in 

silica sol–gel film onto 

Prussian Blue modified 

electrode 

Amperometric 0 to 4.75 mM - 12 6.7 [46] 

 HRP in sol-gel chitosan 

–APDMOS film 

Amperometric 5.0×10
−9

–

1.0×10
−7

M 

- 2 1.3×10
−3

 [47] 

Acetylcholinesterase/ch

oline oxidase in gold 

nanoparticles and 

MWCNTs by silica sol 

gel process 

Amperometric 0.005–0.4 mM 3.395 15 - [48] 
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Table 2: Encapsulation of cells into silica matrices. 

 
Cell and/or factors Silica source Application Comments Reference 

3T3 mouse 

fibroblasts and 

CRL-2595 epithelial 

cells 

TEOS Wound 

healing 

Survive of cells after 

encapsulation; cell death 

due to the lack of cell 

attachment  

 

[52] 

Myoblasts and 

VEGF 

TMOS Diaphragm 

repair 

Control release of VEGF; 

nontoxicity; response 

inflammatory by high 

VEGF concentration. 

[53] 

Rat (DRG) neurons TMOS/Polyurea Neural repair Attachment, confinement 

and growth of DRG 

Neurons on the surface. 

[54] 

SaOs-2 

osteosarcoma  

GPTMS/γ-PGA Bone defect Hybrid with good 

mechanical properties and 

nanoscale level; Support 

and growth of cell line 

with not toxicity. 

[55] 

hMSCs TEOS-PEG-RGD Neural, 

muscular and 

bone repair 

Nanocomposite thixotropic 

gel for 3D cell culture. 

High expression and 

differentiation of cells. 

Differences in cell 

morphology with  

stiffnesses changes.   

[56] 

VEGF: vascular endothelium growth factor; DRG: dorsal root ganglia; L1: laminin; GPTMS: 

glycidoxypropyl trimethoxysilane; γ-PGA: Poly(γ-glutamic acid); MSCs: mesenchymal stem 

cells 
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Table 3: Drugs incorporated in SiNP. 

 

Incorporated drugs Properties Reference 

Camptothecin Suppression of tumor growth in mice with low toxicity effects [100] 

Camptothecin Surface functionalization of SiNP with THSC demonstrated high 

colloidal stability in aqueous medium. The particles were internalized 

by cancer cells leading to the suppression of tumor growth in mice 

[101] 

Rifampin/ 

Isoniazid 

MSNs coated with PEI or cyclodextrin for rifampin and isoniazid 

delivery respectively showed high internalization efficacy in M. 

tuberculosis-infected macrophages 

[102] 

Paclitaxel MSNs functionalized-PEI for siRNA attachment with enhancing 

paclitaxel release to pancreatic cancer cells with reduced cytotoxicity 

[103] 

Doxorubicin Delivering of siRNA simultaneously with doxorubicin into multidrug-

resistance human ovarian cancer cells suppress the nonpump 

resistance and improve the anticancer action of doxorubicin 

[104] 

Ibuprofen MSNs-coated chitosan polymer for pH-responsive delivery of 

ibuprofen. Under low pH, the amino groups on chitosan are protonated 

and, thus, ipuprofen can be released. In contrast, at physiological 

conditions, a chitosan insoluble gel is formed, avoiding the release of 

ibuprofen  

 

[105] 

Insulin Insulin release was dependent on porous size. The large porous led to 

faster release of peptide 

[99] 

SiRNA: small interfering RNA; PEI: polyethlyenimine  
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Figure 1: Chemical reaction of Stober method. 

 

 

 

 


