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ABSTRACT 

 

Over the past few decades, nanoparticles have been attracting significant attention of 

researches in chemical, biomedical, pharmaceutical sciences, due to their unique 

physicochemical properties. This includes ultra small size, large surface area, good 

biocompatibility and high reactivity. In particular, nanoparticles are promising for 

pharmaceutical and biomedical fields, as they can be applied as drug carriers and 

diagnostic tools. Among nanomaterials for biomedical application, silica nanoparticles 

exhibit great potential due to their straightforward synthesis and separation, low cost, 

safety, biocompatibility and possibility to further functionalization. Silica nanoparticles 

have been attractive for pharmaceutical science due to their unique properties, such as 

tunable size, high surface area and large pore volume, and potential in biomedical 

application as drug and gene delivery vectors and bioimaging agents. However, some of 

their properties remain poorly investigated. This short communication discusses the main 

routes for synthesis of silica nanoparticles, their properties and opportunities for their 

application in pharmaceutical and biomedical industries, as well as a few challenges in the 

development of silica-based systems that need to be overcome. 
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INTRODUCTION 

 

Nanoparticles (NPs) have significant potential for biomedical application due to their 

unique physicochemical properties, including their ultra small size, high reactivity and large 

surface area to mass ratio which can offer significant benefits compared to traditional therapeutic 

and diagnostic agents [1]. Due to these reasons, nanoparticles have been attracting considerable 

interest in biomedical and pharmaceutical sciences over the last two decades [2]. They have been 

successfully applied as drug carriers [3], diagnostic tools [4], labelling and tracking agents [5]. A 

large group of inorganic nanomaterials for biomedical application have been described, 

including gold, titanium, iron oxide and silica. Whilst gold has been widely explored and has a 

long history of use, silica nanoparticles are less well defined but appear promising and are the 

subject of recent investigations for drug delivery [6]. 

Silicon is the second (27.2 %) most common element presented in the crust after oxygen 

(45.5%) [7]. Due to its physical and chemical properties, silicon and its oxide forms are 

employed in various industries, including biomedical. The interest of silicon dioxide (silica) – 

based nanoparticles for biomedical application is rapidly growing during recent decades, owing 

to fundamental characteristics of silica, such as size (5 – 1000 nm), unique optical properties, 

high surface area, low density, biocompatibility, low toxicity, adsorption and encapsulation 

capacity [8].  

mailto:ellina.moon@gmail.com


A large group of silica nanoparticles is represented by mesoporous materials, which 

contain pores with diameters between 2 and 50 nm. Mostly, mesoporous silica nanoparticles 

(MSN) are synthesised from tetraethyl orthosilicate (TEOS) using template surfactant (often, 

cetyltrimethylammonium bromide (CTAB)) as a structure directing agent, which is then 

removed by solvent extraction, thermal decomposition or calcination [9-11]. Functionalisation of 

mesoporous silica nanoparticles is of a high interest for controlled release delivery due to their 

unique properties, which have been summarised by Slowing et al. [12]: 

1. Tunable size (50-300 nm), allowing facile endocytosis by living cells with no 

significant cytotoxicity; 

2. Stable and rigid framework, resistant to degradation induced by heat, pH, mechanical 

stress or hydrolysis; 

3. Uniform and tunable pore size (2-6 nm), allowing the adjustment and loading of 

different drug molecules; 

4. High surface area and large pore volume, allowing high loading of drug molecules; 

5. Two functional surfaces: internal (cylindrical pores) and external (particle surface), 

allowing selective functionalisation of both; 

6. Unique porous structure – honeycomb-like, 2D, hexagonal porous structure with 

cylindrical pores and no interconnectivity between individual porous channels, providing no-

leaking capability.  

   This makes silica nanoparticles promising for their biomedical applications: drug, gene 

delivery and bioimaging. However, as prospectives of silica nanoparticles in biomedicine has 

been recognized just recently, along with the great opportunities for their application, there are a 

lot of challenges to be overcome. This short communication addresses major opportunities, 

challenges and omissions in the development of silica-based systems for biomedical application.  

 

Synthesis of mesoporous silica nanoparticles.  The non-porous silica nanoparticles are 

synthesized using traditional Stober method with a controlled size in laboratory conditions [13]. 

Up to today, this route remains the most widely used synthetic approach to synthesize 

monodispersed silica nanoparticles. TEOS is the most widely-employed silica source for 

synthesising organosilica nanoparticles [14]. However, the absence of reactive functional groups 

on their surfaces requires additional modification prior to any further functionalisation. This is 

often done by the attachment of organosilanes onto silica, providing amino- [15], mercapto- [16], 

vinyl- [17] and some other functional groups, which enables further conjugation of silica 

nanoparticles. To avoid an additional step of functionalization in a synthetic procedure of silica 

nanoparticles, a few successful attempts in the development of a one-pot synthetic approach 

using various silica sources with functional groups on the surface have been undertaken [18-20]. 

The vast majority of studies on silica nanoparticles use the Stober synthetic method or its 

modified versions. For the first time, Irmukhametova et al. [21] reported the formation of sub-

100 nm organosilica nanoparticles from (3-mercaptopropyl)trimethoxysilane (MPTS) in aprotic 

solvent using a one-pot synthesis (Figure 1). These nanoparticles exhibited a number of thiol-

groups available for further conjugation with polymer molecules and fluorescent dyes, their 

properties have been investigated and reported [22-26].  

 



 
Fig. 1. Three main stages of MPTS nanoparticle formation and the proposed structure 

 of MPTS nanoparticle 
 

If non-porous silica could be synthesized from TEOS and other silica sources, mesoporous 

organosilica nanoparticles can only be produced using TEOS. Usually, mesoporous silica 

materials are synthesized employing a surfactant-templated method. During the synthesis, the 

hydrolysis and following polycondensation of silica source proceeds around the micelles of 

structure-directing agent (surfactant, often cetyltrimethylammonium bromide) [27].  Many 

research groups reported the successful synthesis of sub-micron mesoporous silica nanoparticles 

[28, 29]. However, there are two aspects that still need to be addressed: 

1. As the synthesis is conducted using TEOS, additional step of functionalization is 

required to enable further modification (attachment of fluorescent dyes, active molecules). To 

the best of our knowledge, there has been no synthetic protocols on preparation of mesoporous 

silica nanoparticles from (3-mercaptopropyl)trimethoxysilane, (3-aminopropyl)triethoxysilane or 

any other silica compounds carrying a functional group published so far. Therefore, further 

investigation on synthesis of mesoporous silica nanoparticles from different compounds is of a 

high importance. 

2. The size distribution of mesoporous silica nanoparticles synthesized from TEOS using 

CTAB is not precisely monomodal. According to the protocols published, the size of produced 

mesoporous TEOS nanoparticles may range from 100 nm to 1 µm in one batch. This makes it 

challenging not only to perform proper characterization of a synthesized material, but also 

provides certain difficulties in their direct application. For example, when applied as the drug 

delivery systems, uniform size is one of the crucial parameters, as it identifies the drug release 

kinetics. Therefore, it is necessary to optimize the synthetic protocols of mesoporous silica 

nanoparticles from TEOS or other silica sources. Transmission electron microscopy pictures of 
mesoporous silica nanoparticles, synthesised from TEOS, are presented below (Figure 2). 

 



 
 

Fig.2. Transmission electron microscopy images of mesoporous silica nanoparticles 

synthesised from TEOS. 
 

Drug and gene delivery. Upon administering to the body, to avoid an undesirable 

interaction of a drug with the healthy tissues or cells, it is required to deliver and maintain the 

effective concentrations of a drug at its targeted site. Another point to address is that 

hydrophobic drugs cannot be administered directly due to their poor solubility in water. These 

relate to Class II (low solubility and high permeability) and Class IV (low solubility, low 

permeability) drugs [30]. Anticancer drugs are one of the representatives of the group. Therefore, 

to achieve effective drug administration, it is vital to develop the drug delivery systems, 

preserving the drug from premature release and enabling the selective drug delivery.  

The nano-form of mesoporous silica particles has gained a high interest for the 

pharmaceutical science, where they demonstrate a great potential as nano-drug delivery systems. 
Due to the unique properties (controllable size, large surface area and pore volume, surface 

functionalization capabilities),  mesoporous silica nanoparticles meet the requirements of the 

efficient drug delivery system which were summarized by Tiwari and Tiwari [31]: 

1. Biocompatibility of the nano-carrier 

2. High loading/encapsulation capacity 

3. Controlled drug release 

4. Targeted drug delivery capability 

For the successful drug loading into the carrier (nanoparticle), it is essential that the cargo 

(drug molecules) retains in the carrier and only releases upon reaching the targeted site in the 

body. Mesoporous silica nanoparticles are of a particular interest for the delivery of Class II and 

IV drugs, as they can improve dissolution rates of water poorly soluble drugs [32]. Different 

research groups have been studying and improving the morphology (size and shape) of MSN, 

their pore size and functionalization of their surfaces, as these properties determine the 

capabilities of the material as the drug carrier. The properties of MSN are unique and attractive 

to make a drug delivery system due to the following factors: a large surface area of MSN ensures 

a large surface to be exposed to the drug for adsorption; high pore volume allows the loading of 

a large amount of drug; the presence of silanol groups on the surface allows further 

functionalization for targeted drug delivery; ordered porous structure, tunable size and 

nanoparticle monodispersity ensures reproducibility.   



Different research groups are working on improving the properties of MSN, their 

solubility, bioavailability, pharmacokinetics. Thus, there is a number of studies applying MSN 

for the delivery of doxorubicin [33-35], lidocaine [36], transplatin [37]. The results demonstrated 

that MSN loaded with doxorubicin provided better cytotoxicity, selective drug delivery, which 

makes them promising to improve the efficacy of chemoterapeutic drugs. 

A newly emerging application of silica nanoparticles in gene transfection attracts much 

attention in recent years. Due to the instability of genetic material to be transfected, it should be 

protected from cell defence mechanisms. Many delivery methods have been developed which 

can be divided into two main groups: viral and non-viral vectors. While viral delivery systems 

have significant disadvantages such as nonspecificity immunogenicity and low packaging 

capacity [38] inorganic non-viral delivery systems show great potential as they are simple in 

production, have better biocompatibility and can be modified to reduce toxicity. Among 

inorganic materials, mesoporous silica nanoparticles show promising potential due to their 

unique properties [38]. Due to the robust synthesis and modifications, MSNs can be used in the 

combined delivery of drugs and genetic materials. Cheng et al. developed a co-delivery system 

of curcumin loaded MSN with adsorbed plasmid RhoG-DsRED/TAT peptide complex 

(Cur@MSN-RhoG-TAT) to protect from ROS-induced cell damage and promotion of neurite 

outgrowth. Results showed the therapeutic effect of curcumin in Neuro-2a mouse neural crest-

derived cells, moreover enhancement of RhoG gene expression and neurite outgrowth [39]. 

Another synergic application of MSN fabricated by Chen et al., 2019 is a co-delivery of 

MDR-1 siRNA and doxorubicin. Formulation triggered MCF-7/MDR breast cancer cells to 

sensitise to doxorubicin which leads to cell toxicity. The process of synthesis can be completed 

in 10 minutes, and includes the following steps: formulation of physical complex of siRNA and 

doxorubicin, then the complex used as a surfactant to form si-RNA-doxorubicin based silica 

nanoparticles by (3-Aminopropyl)trimethoxysilane (APTES), which later condensed via 

tetraethyl orthosilicate (TEOS) [40].  

MSN show more significant advantage for gene delivery and co-delivery of genes and 

therapeutic agents due to the large pore volume and controlled pore size, which allows easy 

loading of genetic material as well as a therapeutic agent. Moreover, functionalization of the 

surface can enhance biocompatibility and facilitate targeting, as well as increase expression [41, 

42]. 

 

Bioimaging. The necessity to develop a platform for diagnostics and treatment led to the 

formation of a nanomedicine cluster of multifunctional nanoparticles. The advantage of such 

nanocomposites is the ability to combine gene/drug delivery and providing contrast for various 

imaging techniques. Such nanoparticles should be based on a material with well defined 

mesostructures, reactive surface chemistry and tunable morphology. MSN correspond to these 

characteristics. Therefore the application of MSN in magnetic resonance imaging, computed 

tomography imaging, positron emission computed tomography, ultrasound imaging and 

fluorescence imaging highly explored by various scientific groups worldwide.  

Through the use of multifunctional nanoparticles, optical tracking of the cellular pathway 

of inserted therapeutic agent or transfected gene can be visualised. Such application was used in 

optical tracking of gene delivery via ORMOSIL (organically modified silica) nanoparticle and 

further detection of successful transfection and expression. Dye loaded ORMOSIL nanoparticles 

synthesised by triethoxyvinylsilane (VTES) as a precursor and amino-functionalized by 3-

aminopropyltriethoxysilane (APTES). The positive charge of amino-functionalized nanoparticles 

attracts negatively charged DNA molecules, therefore, forming protection from degradation. The 

successful conjugation of DNA and nanoparticles was shown via fluorescence resonance energy 

transfer (FRET) (a process where one fluorescent molecule acts as a donor of energy to nearby 

molecule after excitation) between dye inserted to DNA and dye encapsulated in a nanoparticle. 

DNA release into the cytoplasm was confirmed by excitation of ethidium monoazide (EMA) dye 



on DNA while the success of transfection was confirmed by the expression of EGFP that was 

encoded in the vector adsorbed by nanoparticle [43]. 

However the application of MSN does not limit on optical imaging, gold nanoparticles can 

be easily enclosed in MSN pores or integrated as a core of nanoparticles that can be applied in 

computer tomography (CT) imaging of hepatocellular carcinoma [44] or liver cancer
 
[45]. 

Another promising application of multifunctional MSN in T2-weighted tumour diagnosis is 

coating of superparamagnetic crystals to enhance favourable magnetic resonance imaging (MRI) 

capabilities, improve the stability in aqueous solutions, prolong life-time, increase 

biocompatibility, moreover MSN coated nanoparticles showed increased tumour accumulation 

due to the surface modifications [46]. Figure 3 summarises possible applications of mesoporous 

silica nanoparticles in biomedicine.  

 

 
Fig. 3. Application of Mesoporous silica nanoparticles in biomedicine 

 

Biocompatibility. When designing a drug delivery system, it is of a vital importance to 

study its biocompatibility. According to the International Union of Pure and Applied Chemistry  

(IUPAC), biocompatibility is the “the ability to be in contact with a living organism without 

producing an adverse effect” [47]. Silica materials are generally recognised as “Safe” by the 

USA Food and Drug Administration (FDA), and Cornell dots (C dots) received approval for 

stage I clinical trials for molecular imaging by FDA [38]. 

Advanced chemical and physical properties of silica nanoparticles such as large-scale 

production, large surface to volume ratio, surface reactivity, tunable pore formation and size 

control brought the use of these nanoparticles not only in medicine but in cosmetics and food 

products [48]. However there is a lack of full information regarding the interaction of MSN with 

biological systems. Recent studies publish various toxicity data; therefore, effect of silica 

nanoparticles on human health remains unclear. Despite the differing data, many agree that the 

size, functionalization and shape of nanoparticles have a direct effect on toxicity. Besides, silica 

nanoparticles can be divided into crystalline and amorphous nanoparticles. Crystalline 

nanoparticles are associated with silicosis (fibronodular lung disease) in mining workers [49], 



while amorphous silica’s effect on human is still unclear. Recent publications show cytotoxicity 

of amorphous colloidal silica nanoparticles in vitro via induction of oxidative stress which 

mediated apoptosis in size and concentration-dependent pathway. Also, some nanoparticles were 

able to introduce disturbances of membrane integrity which also led to cytotoxicity. Overall, 

small-sized nanoparticles 10-20 nm showed higher toxicity compared to nanoparticles of bigger 

size (more than 50nm) [50]. Nanoparticles of 50, 100 and 150 nm sizes show less cytotoxicity in 

human corneal epithelial cells and no damage in cell membrane integrity than smaller 

nanoparticles of 20 nm in size [51]. Although it is challenging to draw complete conclusions 

from the data, as the concentrations of nanoparticles were higher that caused overload of 

nanoparticles within cells. In vivo studies on rats and mice showed that nanoparticles 

administered orally and dermally has no toxicity regardless of shape and size, compared to 

nanoparticles administered via intravenous, inhalation or ingestion routes. Most of the 

administered nanoparticles cleared through faeces and urine. However, it is difficult to conclude 

that the concentration of administered nanoparticles was higher compared to human inhalation 

exposures [50].  In other works, no cytotoxicity and apoptosis were shown on nanoparticles 

grafted with chitosan and polyethyleneglycol [52]. Additionally, although silica nanoparticles are 

often referred to as “highly biocompatible”, there is a lack of data on their hemocompatibility 

[30]. To develop a silica-based nanosystem for intravenous drug delivery, it is essential to study 

their compatibility with the blood stream as well.  

Overall, there is no direct evidence of toxicity of MSN, nor there is enough data informing 

about the effects of silica nanoparticles on human health.  

 

CONCLUSION 

 

Today, many research groups are working on improving the properties of mesoporous 

silica nanoparticles, closing the gaps in the knowledge present so far about them, studying their 

morphologies, biocompatibility, pharmacokinetics, degradation, drug loading and release, 

cytotoxicity, blood circulation lifetime, to advance the development and application of MSN 

from a bench top to a large scale production. Additionally, standartization of silica-based drug 

delivery system is required to ensure reproducibility. Despite some data lacking on the 

performance or standartization of mesoporous silica nanoparticles, they possess a high potential 

for pharmaceutical science as drug delivery systems. Further investigations and cross-

disciplinary collaborations are necessary to continuous study of MSN to develop their potential 

as nano-drug delivery systems, to contribute to human health and personalized medicine.  
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TҮЙІН 

 

Соңғы бірнеше онжылдықта нанобөлшектері бірегей физика-химиялық 

қасиеттеріне байланысты химиялық, биомедициналық, фармацевтикалық 

ғылымдардағы зерттеулерге үлкен назар аударды. Оған ультра кішкентай өлшем, 

бетінің үлкен ауданы, жақсы биоқосымдылық және жоғары реактивтілік кіреді. 

Атап айтқанда, нанобөлшектері фармацевтикалық және биомедициналық салалар 

үшін перспективалы, өйткені оларды дәрі-дәрмек тасымалдаушы және 

диагностикалық құрал ретінде қолдануға болады. Биомедициналық қолдануға 

арналған наноматериалдардың ішінде кремнийлі нанобөлшектер олардың тікелей 

синтезделуі және бөлінуі, төмен құны, қауіпсіздігі, биомассаттылығы және әрі қарай 

жұмыс істеу мүмкіндігі арқасында үлкен әлеуетке ие. Кремнийлі нанобөлшектері 

фармацевтика ғылымы үшін біртектес қасиеттерімен, мысалы, реттелетін мөлшері, 

беткейінің үлкен ауданы және кеуектердің үлкен көлемі, сондай-ақ дәрілік заттар 

мен генді жеткізу векторлары мен биоимгациялық агенттер ретінде 

биомедициналық қолдану мүмкіндігінің арқасында тартымды болды. Алайда, 

олардың кейбір қасиеттері нашар зерттелген. Бұл қысқа байланыс кремнийлі 

нанобөлшектерді синтездеудің негізгі бағыттарын, олардың қасиеттері мен оларды 

фармацевтикалық және биомедициналық салада қолдану мүмкіндіктерін, сонымен 

қатар кремний негізіндегі жүйелерді дамытудағы бірнеше қиындықтарды 

талқылайды. 

Түйін сөздер: кремний, нанобөлшектер, дәрі-дәрмек жеткізу, генді жеткізу, 

биомедициналық қолдану 
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         АБСТРАКТ 

 

         В последние несколько десятилетий наночастицы привлекают значительное 

внимание исследователей в области химических, биомедицинских, 

фармацевтических наук из-за их уникальных физико-химических свойств, таких 

как: сверхмалые размеры, большая площадь поверхности, хорошая 

биосовместимость и высокая реакционная способность. В частности, наночастицы 

являются перспективными для фармацевтической и биомедицинской областей, 

поскольку они могут применяться в качестве носителей лекарственных средств и 

диагностических инструментов. Среди наноматериалов для биомедицинского 

применения большой потенциал демонстрируют наночастицы диоксида кремния.  

Они привлекательны для фармацевтической науки благодаря их уникальным 

свойствам, таким как: контролируемый размер, большая площадь поверхности и 

большой объем пор, а также потенциал в биомедицинском применении в качестве 

векторов доставки лекарств и генов, а также агентов для биовизуализации. Однако, 

некоторые их свойства остаются малоизученными. В данном обзоре 

рассматриваются основные пути синтеза наночастиц кремнезема, их свойства и 

возможности их применения в фармацевтической и биомедицинской 

промышленности, а также некоторые проблемы в разработке систем на основе 

кремнезема, которые необходимо преодолеть. 

Ключевые слова: органокремнезем, наночастицы, доставка лекарств, доставка 

генов, биомедицинское применение. 
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