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Abstract 
Over the last decades, silica nanoparticles (SiNPs) have been studied for their applications in biomedicine as an alternative used for conventional 
diagnostics and treatments. Since their properties can be modified and adjusted for the desired use, they have many different potential 
applications in medicine: they can be used in diagnosis because of their ability to be loaded with dyes and their increased selectivity and 
sensitivity, which can improve the quality of the diagnostic process. SiNPs can be functionalized by targeting ligands or molecules to detect 
certain cellular processes or biomarkers with better precision. Targeted delivery is another fundamental use of SiNPs. They could be used as 
drug delivery systems (DDS) since their structure allows the loading of therapeutic agents or other compounds, and studies have demonstrated 
their biocompatibility. When SiNPs are used as DDS, the drug’s toxicity and the off-target effects are reduced significantly, and they can be 
used to treat conditions like cancer and neurological diseases and even aid in regenerative processes, such as wound healing or bone repair. 
However, safety concerns must be considered before SiNPs can be used extensively in clinical practice because NPs can cause toxicity in 
certain conditions and accumulate at undesired locations. Therefore, an overview of the potential applications that SiNPs could have in medicine, 
as well as their safety concerns, will be covered in this review paper. 
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 Introduction 
Nanotechnology has been involved in many fields since 

it was first discovered, including medicine, electronics, and 
environmental applications [1]. It involves the fabrication 
of nano-sized materials, with sizes ranging from 1 to 100 nm, 
named nanomaterials. These nanomaterials have unique 
properties that are different from their bulk parts, such as an 
increased surface area, improved conductivity, and better 
magnetic and mechanical properties. They can be made from 
different substances, including metals, carbon, ceramics, 
and polymers, and they offer alternatives to applications 
in medicine for diagnosis and treatment [2–4]. Silica 
nanoparticles (SiNPs) are part of the nanomaterials that 
are currently being explored for their potential medical 
applications. These have unique properties and multi-
functionality, characteristics which have made them attract 
more interest recently [5]. 

Silica is made of silicon dioxide (SiO2), which is a 
silicate mineral that can be found in Earth’s crust, in sand, 
soil, and stones, but it can also be found in some plants. 
SiNPs are inorganic materials that have specific properties: 
biocompatibility, high surface area-to-volume ratio, and the 
possibility of surface modification, which make them useful 
in biomedical applications. These properties give SiNPs 

superior stability in acidic environments and temperature 
changes [6, 7]. SiNPs can be mesoporous (MSN) and non-
porous (Figure 1). 

 
Figure 1 – Nonporous (I) and mesoporous (II) SiNPs. 
Adapted from an open-access source [8]. MSN: Meso-
porous silica nanoparticle; SiNPs: Silica nanoparticles. 

Nonporous SiNPs are currently used in a few areas 
like cosmetics, packaging, printer toners, and imaging. In 
medicine, this type of NPs needs surface modification  
to transport drugs or other substances [9, 10]. The cargo 
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can be released from the NPs through processes like the 
degradation of the silica matrix or the use of chemical 
linkers. MSNs were first reported in scientific literature 
in the late 1990s by Yanagisawa et al. [11]. Since then, 
numerous research has studied the potential of SiNPs in 
medicine. MSN can be used for water purification, indoor 
air purification, and in biomedicine. MSNs have mesopores 
(2–50 nm), in which the drug or therapeutic substance can 
be encapsulated, and this protects it from degradation and 
allows the controlled release [9, 12]. The comparison between 
nonporous SiNPs and MSN is presented in Table 1. 

Table 1 – Comparison between nonporous SiNPs and 
MSN. Created based on information from [9, 10, 13] 

Property MSN Nonporous SiNPs 

Pore structure 
Ordered mesopores 

with diameters 
typically 2–50 nm 

Lack of pores 

Surface area 
High surface area 

due to porosity 
Lower surface area 
(compared to MSN) 

Drug delivery 
Controlled release 

due to pore structure 

Release kinetics 
depend on surface 

chemistry 

Imaging 
applications 

Diverse applications 
for imaging 

Suitable for 
fluorescence imaging, 

MRI contrast 

Biocompatibility 
Generally 

biocompatible 
Generally 

biocompatible 

MRI: Magnetic resonance imaging; MSN: Mesoporous silica nanoparticle; 
SiNPs: Silica nanoparticles. 

Besides drug delivery applications, SiNPs can improve 
imaging techniques for diagnostic purposes. Fluorescence 
dye or imaging contrast agents can be added to the SiNPs, 
so they could be used as contrast probes for computed 
tomography (CT), magnetic resonance imaging (MRI) and 
fluorescence imaging [14, 15]. These imaging methods 
allow for the detection of illness earlier and the creation of 
individualized therapies by visualizing biological structures 
and processes in high detail. In addition, the development of 
multifunctional SiNPs that combine imaging and therapeutic 
properties is promising for theranostics applications [16]. 
Besides, SiNPs have potential applications in photothermal 
therapy, gene delivery, regenerative medicine, drug delivery, 
and diagnosis. Their natural biocompatibility and tunable 
characteristics make them attractive for creating or improving 
therapeutics [17–19]. 

It has been established that SiNPs are a versatile 
nanomaterials class with promising applications in medicine. 
But there is also a concern about their possible toxicity. 
Although SiO2 is considered biocompatible in general, 
excessive exposure or accumulation of SiNPs in the body 
can cause unwanted adverse effects, leading to inflammation 
and oxidative stress. Thus, it is required to evaluate the 
toxicity profile of these NPs for their safe application in 
biomedicine [20, 21]. 

Owing to their attractive properties, the present review 
highlights the possible applications of SiNPs in medicine 
which can revolutionize healthcare practices and, ultimately, 
patient outcomes, while also considering the toxicity aspect. 
Specifically, the advances in SiNP-based drug delivery 
systems (DDS), SiNPs as diagnostic imaging tools, their 
involvement in regenerative medicine, and their applications 
as biosensors are further described. 

 Biomedical applications 
SiNPs could be used in many areas of medicine, which 

are illustrated in Figure 2. 

 
Figure 2 – SiNPs’ applications in medicine. Created 
based on information from [10, 22, 24, 25]. SiNPs: 
Silica nanoparticles. 

SiNPs are generally biocompatible, and they have 
low toxicity, which makes them suitable for biomedical 
applications. For example, they could be used in regenerative 
medicine, tissue engineering, cancer treatment, and as 
biosensors. They are an optimal nanomaterial for targeted 
drug delivery because of their high surface area-to-
volume ratio, which allows for effective drug loading and 
distribution. The targeted delivery can be obtained through 
the functionalization of the NPs with specific compounds, 
in order to have a minimal negative effect on healthy tissues. 
SiNPs can also be used as contrast agents in imaging 
techniques, such as MRI and CT scans, because they can 
provide higher resolution and better specificity. Due to 
ongoing research and development, SiNPs continuously aim 
to improve medical diagnostic techniques and treatments 
[8, 10, 22, 23]. 

Drug delivery systems: innovations  
in controlled and targeted delivery 

Drug delivery assumes the administration of therapeutic 
agents to target tissues or cells in a controlled and targeted 
manner. It is essential to modern medicine because it 
increases the safety and effectiveness of treatments while 
reducing systemic side effects. To achieve targeted therapeutic 
effects, DDS aim to enhance drug pharmacokinetics and 
overcome biological barriers. For drug delivery, a few delivery 
methods have been discovered so far, for example, implantable 
devices and NP-based delivery systems [26, 27]. NP DDS 
can deliver the therapeutic drug to the target site and release 
it in a controlled manner. The SiNPs properties, especially 
the large surface area and their small size, make them ideal 
candidates for DDS. These DDS can encapsulate and deliver 
different therapeutic substances, such as proteins, nucleic 
acids, and molecules, to particular locations within the body 
[28–30]. Many administration routes are available for the 
DDS, such as oral administration, transdermal, intra-nasal, 
and parenteral, which are illustrated in Figure 3. 
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Figure 3 – Routes of NPs administration. Created based 
on information from [31, 32]. NPs: Nanoparticles. 

SiNPs are excellent vehicles for therapeutic drugs 
because of their large surface area, nanoscale size, and 
biocompatibility. Because of their organized pore 
architectures, MSNs allow for precise control over the 
kinetics of drug release. Drugs enclosed in MSNs are 
administered and then released gradually through either 
stimulus-responsive processes or diffusion, providing long-
lasting therapeutic effects. Site-specific delivery is possible 
by surface modifications, such as the attachment of 
biomolecules or targeting ligands, which guide the compounds 
to ill cells or tissues while reducing off-target effects [33–35]. 

There are many diseases that DDS can target, but much 
research has focused on cancer since it is one of the leading 
causes of death worldwide [36]. Igaz et al. [37] developed a 
fluorescently labeled MSN-based DDS using Rhodamine B 
(RhoB) for multidrug-resistant cancer cells. The results 
showed that the system had no toxicity on healthy cells, 
proving MSN’s biocompatibility. The NPs were internalized 
by the cancer cells, and the drug was released. The anticancer 
activity was increased when the drug was administered with 
MSN, compared to the free drug. This research highlights the 
potential of SiNPs in drug delivery for anticancer treatments. 
Tiburcius et al. [38] also evaluated the anticancer potential 
of SiNPs against two prostate cancer cell lines. An egg-yolk 
core-shell MSN loaded with Doxorubicin (Dox) was created 
and investigated. The findings highlight the importance 
of surface functionalization: while all the MSN-based 
DDS showed cytotoxicity against the cancer cell lines, 
the nitrogen-functionalized MSN showed even higher 
cytotoxicity. Furthermore, the SiNPs-based systems showed 
a controlled release of Dox. Ghaferi et al. [39] aimed to 
enhance an anticancer drug’s effect, Albendazole, by using 
SiNPs. This in vitro study was conducted on liver cell 
lines, and the SiNPs-loaded systems showed significantly 
enhanced cytotoxic effects of Albendazole against the liver 
cancer cells, increasing potency by 2.6 times. 

Besides being used in cancer treatment, SiNPs have 
been investigated in drug delivery to the brain for treating 
neurological disorders [40]. The blood–brain barrier (BBB) 
is a highly selective semipermeable membrane that divides 
the brain’s extracellular fluid from the blood. It is very 

important for human health to protect the brain from harmful 
substances that do not have to reach the brain (for example, 
pathogens or bacteria) but still let necessary molecules and 
nutrients pass. However, this selective permeability makes 
it difficult for certain drugs to pass through and treat a 
neurological disorder [41, 42]. SiNPs can be synthetized 
and functionalized in a way that overcomes BBB and delivers 
therapeutic agents to the brain. By doing so, their small 
size and surface properties allow them to cross the BBB 
through various mechanisms, for example passive diffusion 
[43]. Studies have demonstrated that SiNPs can pass the 
BBB; for example, Janjua et al. [44] developed ultra-small, 
large pore SiNPs (USLP) to deliver Temozolomide to the 
brain. The authors pointed out the significance of surface 
modification; in this case, the USLPs were PEGylated 
(polyethylene glycol, PEG) and modified with a targeting 
protein to aid the SiNPs in crossing the BBB. In vitro and 
in vivo experiments demonstrated that USLP can successfully 
pass through the BBB in a three-dimensional (3D) spheroidal 
model and on mice models and release the drug to the brain. 
Nevertheless, further studies are required to thoroughly 
understand the long-term impact of SiNPs on the brain. 
Ribeiro et al. [45] studied Curcumin-loaded SiNPs for 
the treatment of Alzheimer’s disease. They found that the 
SiNPs formulations were biocompatible and could reverse 
the cognitive deficit when studied on mice, thus highlighting 
the potential benefit of SiNPs in neurological disorders. 

Infections are very concerning currently, mainly because 
people are facing antibiotic resistance, and therefore, other 
treatment methods are being investigated. Because of this, 
researchers investigated the effect of SiNPs in combating 
infections. In a recent study, Salmonella typhimurium 
infection was aimed to be treated with Ciprofloxacin-loaded 
MSN. The findings showed that the drug was released in a 
controlled manner, so it had a prolonged antibacterial effect 
and prevented biofilm formation. The dose of antibiotics was 
lower, and the possible adverse effects they could have 
on the body were reduced. Moreover, the created DDS 
demonstrated a reduction of oxidative stress and inflammation 
[46]. In another study, the researchers aimed to target fungal 
ocular infections with silica/chitosan NPs loaded with 
Terconazole, which were tested on rabbits. The formulation 
was biocompatible since it did not cause any adverse effects. 
Due to the controlled release, the treatment had a prolonged 
effect, although this can be attributed to the system’s 
mucoadhesive properties as well. The loaded NPs improved 
ocular bioavailability and drug penetration [47]. It was 
proven that SiNPs may also be used in treating encephalitic 
alphavirus infection (Venezuelan equine encephalitis virus, 
VEEV), as observed during a study conducted by LaBauve 
et al. [48]. ML336 is a chemical that can treat VEEV, but it 
has limited solubility and stability. The researchers have 
created lipid-coated MSNs to aid VEEV treatment and 
loaded them with ML336. The findings showed that the 
system improved the drug’s stability and ensured its 
controlled release. The DDS was non-toxic and reduced the 
viral load in the brain, making it promising for treating VEEV 
and possibly other viral infections. 

Other studies investigated the beneficial effects of SiNPs 
as DDS, most of them having promising outcomes, as 
presented in Table 2. 
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Table 2 – Studies for SiNPs as DDS and their findings 

SiNPs DDS Targeted disease Findings Ref. 

Radially MSN loaded with Dexamethasone Rheumatoid arthritis 
Efficient drug loading 

Decreased inflammation in rat models 
[49] 

Hyaluronic acid-functionalized MSN loaded 
with Simvastatin 

Atherosclerosis 
Reduced the secretion of proinflammatory cytokines 

Prolonged circulation in the blood 
[50] 

Leptin and Pioglitazone-loaded MSN 
Amyotrophic lateral 

sclerosis 
Prevented drug degradation 

Improved motor function in mice over time 
[51] 

5-Fluorouracil-loaded MSN 
Ophthalmic drug 

delivery/Glaucoma 

Enhanced ocular bioavailability of the drug 
Increased ocular retention 
Light irritation of the eye 

[52] 

MSN arctigenin/CAQK composite Spinal cord injury 

Efficient blood–spinal cord barrier crossing 
Improved nerve function 
Decreased inflammation 

Astrocyte’s function regulation 

[53] 

Gentamicin-loaded SiNPs Skin bacterial infections 

Good dispersion 
Controlled release 

Increased drug availability on the skin 
Antibacterial effect 

[54] 

L-arginine MSN Cariogenic bacteria 
Bacteria growth inhibition 

Prevented biofilm formation 
Prolonged drug release 

[55] 

Curcumin-loaded SiNPs Periodontal disease 
Controlled release of drug 

Bacteria inhibition 
Prevented biofilm formation 

[56] 

Silver/SiNPs Fungal infections 
Non-toxic 

Physical barrier against mycelial invasion 
Fungal growth inhibition 

[57] 

CAQK: Cysteine–alanine–lysine glutamine; DDS: Drug delivery systems; MSN: Mesoporous silica nanoparticle; SiNPs: Silica nanoparticles. 
 

Many studies have concluded that SiNPs could be used 
as DDS, in order to have a targeted and controlled release 
of therapeutic drug. As nanotechnology advances, SiNPs 
could improve therapeutic efficacy, reduce adverse effects, 
cross biological barriers like the BBB, and aid in difficult-
to-treat diseases, such as cancer or neurological disorders. 
The potential of SiNPs as drug carriers looks promising 
for future medical applications, although more research is 
needed to understand their long-term effects on the body. 

Diagnostic imaging: advances in contrast 
agents and fluorescent markers 

In medicine, imaging techniques are essential to 
diagnosing, planning, and monitoring numerous diseases. 
These methods provide many insights into biological tissues’ 
morphology, physiology, and disease. Radiography and CT 
are two forms of X-ray imaging that are commonly used 
to diagnose cancer, manage lung conditions, and offer 
comprehensive anatomical information. To create high-
resolution images of soft tissues, organs, and the brain, 
MRI uses strong magnetic fields and radio waves. This 
makes MRI useful for cardiovascular, musculoskeletal, 
and neurological examinations [58–61]. Based on sound 
waves, ultrasound imaging is a non-invasive and flexible 
diagnostic tool for heart assessments, abdomen examinations, 
and pregnancy screening. Utilizing radioactive tracers to 
monitor metabolic processes and molecular interactions 
within the body, nuclear medicine techniques like positron 
emission tomography (PET) and single-photon emission 
computed tomography (SPECT) aid in cancer staging, 
cardiac assessments, and neurology research. Endoscopy 
and fluorescence imaging are two examples of optical 
imaging techniques that provide real-time visualization of 
tissues at the cellular level, enabling minimally invasive 
procedures, gastrointestinal evaluations, and cancer diagnosis. 
As imaging technologies progress, they provide medical 
professionals with valuable resources for early disease 

identification, precise diagnosis, and individualized treatment 
plans [58, 62–64]. While imaging techniques in medicine 
offer valuable insights into disease diagnosis and treatment, 
they also have certain drawbacks, such as limited accuracy, 
lack of sensitivity, and patient exposure to ionizing radiation 
[65, 66]. 

The application of nanotechnology, particularly the use 
of SiNPs, has the potential to overcome these challenges 
and improve medical imaging. Targeting and imaging 
capabilities can be enhanced by precisely controlling the 
size, shape, and surface characteristics of SiNPs. Clinicians 
can precisely locate and visualize ill tissues or cells by 
functionalizing NPs with targeting ligands or contrast agents. 
SiNPs can increase the accuracy and precision of diagnostic 
methods and eliminate the need for invasive procedures 
[67]. 

A few studies observed that SiNPs could improve 
diagnostic accuracy. In a recent study, researchers synthesized 
pH-responsive upconversion MSNs doped with lanthanides 
and encapsulated with Chlorin e6 and used it for cancer 
diagnosis. The system had no significant degradation over 
time, and the NPs were successfully internalized into the 
cancer cells. After, they showed excitation by near-infrared 
(NIR) light and NIR laser light-mediated thermal imaging 
and fluorescence imaging effects. These modified SiNPs 
improved the therapeutic effect of phototherapy, meaning 
that they could be successfully used as alternative cancer 
therapies. Even though this study was successful, more 
research is needed to understand the long-term effects of 
NPs [68]. SiNPs can also be used in breast cancer (BC) 
theranostics, as demonstrated by Laranjeira et al. [69], by 
using magnetic MSN. The focus of the study was to create 
iron oxide MSN to be used in MRI for BC and carry 
Exemestane, which is an anticancer drug. The magnetic 
response of the created NPs was investigated in this study. 
The NPs showed superparamagnetic behavior and high 
saturation magnetization, which are crucial for an accurate 
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MRI. Additionally, the NPs showed no cytotoxicity, making 
them a great candidate for future applications in cancer 
detection. Bock et al. [70] used gold NP-assembled SiNPs 
(SiO2@Au@Au NPs) microscopic nanogaps to generate 
highly sensitive nanoprobes for imaging. Researchers noticed 
that detection sensitivity was improved, as these nanoprobes 
enabled single-molecule detection when excited by NIR 
lasers. Using HCT116 cells, the nanoprobes were examined 
for in vitro imaging and also for surface-enhanced Raman 
scattering (SERS). At higher concentrations of Au, more 
absorbance was observed, especially in the NIR spectrum. 
These NPs generated recognizable signals even in deep 
tissues, and they were able to image HCT116 cancer 
cells. Considering this, the SiO2@Au@Au system shows 
potential for highly sensitive imaging. 

In summary, using SiNPs in diagnostic imaging, 
especially as fluorescent markers and contrast agents, 
indicates a significant step in medical diagnostics. SiNPs’ 
unique qualities allow for more precision, improved contrast, 
and better imaging results overall. These findings could 
aid medicine to obtain earlier and more accurate disease 
detection, but still more studies need to be performed in 
order to fully understand their effects. 

Therapeutics: SiNPs in regenerative medicine 

Regenerative medicine aims to develop new treatments 
and strategies to heal damaged tissues and organs and 
restore/improve their functions. It combines medicine with 
engineering to create treatments for specific diseases and 
wounds; for example, it can be applied in diabetes, chronic 
wounds, and other chronic conditions. It also focuses on 
repairing injured or damaged tissues caused by aging, injury, 
or disease [71–73]. 

SiNPs could be used to accelerate the healing of wounds 
because of their properties. They can be used in wound 
dressings to release therapeutic agents, such as growth 
factors, antimicrobial agents, and anti-inflammatory drugs. 
This way the therapeutic agents are released for longer, 
leading to tissue regeneration and lowering the chance of 
infection. Even more, SiNPs can improve the mechanical 
properties of wound dressings [73–76]. In a recent study, 
MSNs were loaded with Salicylic Acid (SA) and 
Ketoconazole (KCZ) to treat fungal infections and aid  
in wound healing. The designed system showed better 
efficacy in eliminating fungal infection and less cytotoxicity 
when compared to pure medications. The healing was 
faster, which further led to a faster recovery. The healing 
effect of MSNs was further demonstrated by their larger zone 
of inhibition and reduced skin irritation. This effect was 
attributed to the controlled drug release and bioadhesive 
properties of MSN. The histopathological examination in 
this study showed that MSN therapy improved wound 
healing [77]. The antifungal and wound healing effect 
was further evaluated by another study, this time by using 
Econazole and Triamcinolone as drugs. This research also 
proved that the encapsulated drugs showed less cytotoxicity 
than the pure drugs. The SiNPs led to faster healing, which 
could happen because of the occlusive and bioadhesive 
properties of MSN [78]. An in vivo study on rats evaluated 
the potential of Curcumin-loaded SiNPs for wound healing. 
The healing effect was much higher when the SiNPs were 

involved compared to the control group. It reduced 
inflammation, improved fibroblast proliferation, and showed 
an increase in collagen production [79]. These findings 
suggest that SiNPs can be an alternative treatment for 
wound healing applications, although more research is 
needed to fully understand their effects. 

In addition to these applications, SiNPs could be 
incorporated into different biomaterials and used in 
regenerative medicine. In a study, MSN loaded with 
Artemisia argyi extract was incorporated into a hydrogel 
to be used in chronic wound healing. The loaded hydrogel 
helped to reduce inflammation and increase collagen 
production. Furthermore, it protected the wound from 
external factors and bacteria, resulting in faster and more 
linear healing [80]. Another novel study examined coated 
cotton fabrics with drug-loaded SiNPs for wound healing. 
The cotton fabrics were successfully created, and by adding 
Ibuprofen and Norfloxacin into the NPs, it is expected that 
they could have great effect in wound healing, although 
they have not been studied yet for this purpose [81]. 

SiNPs were investigated in bone regeneration, too. 
Their large surface area allows for improved adsorption 
of biomolecules involved in bone growth. Additionally, 
SiNPs can be loaded with therapeutic agents, such as growth 
factors, to help in the regeneration of the bone [82, 83]. 
Researchers have created mesoporous silica rods with cone-
shaped pores to aid in bone regeneration in a study by Xu 
et al. [84]. The advantage of cone-shaped pores is that they 
can hold larger molecules, which helps reduce inflammation 
and support bone growth. Also, they were able to carry 
and release a protein called bone morphogenetic protein-2 
(BMP-2), which aided in osteogenetic differentiation and 
promoted bone formation. Shen et al. [85] investigated the 
potential of MSN in transporting basic fibroblast growth 
factor (bFGF) for bone regeneration. The bFGF-loaded 
MSN promoted cell proliferation, adhesion, and regulation. 
Furthermore, by triggering the Wnt/β-catenin signaling 
pathway, bFGF@MSNs promoted osteogenesis. The capacity 
of bFGF-loaded MSN to stimulate bone regeneration in 
distal femur defects has been confirmed in vivo tests, and 
this indicated its beneficial effect for bone regeneration. 
Another study by Zhao et al. [86] confirmed the regenerative 
effect of SiNPs in bone defects. In this case, magnetic NPs 
were coated with cobalt-doped MSN (Co-MMSNs) and 
tested in vitro and in vivo on rats. The angiogenesis and 
osteogenesis processes were improved because the MMSNs’ 
surface was doped with Co2+ ions, which sped up the 
regeneration process. Additionally, the doped MSNs 
promoted the angiogenic activity of osteoblasts and improved 
MSCs’ osteogenic differentiation. Considering these, Co-
MMSNs can have the capacity for bone repair. 

Because of their properties and biological effects, like 
controlled drug release and bioadhesive characteristics, 
SiNPs could be used in regenerative medicine in the future. 
SiNPs may be able to address some of the current medical 
challenges because of their capacity to improve some 
processes for regeneration in the body. The recent increase 
in SiNP studies indicates a huge interest in using SiNPs 
in regenerative medicine; however, more investigation is 
needed to understand their modes of action fully and the 
possible long-term effects. 
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SiNPs as biosensors 

A biosensor is a small, analytical device with high 
sensitivity that can detect a biological substance or analytes. 
A biosensor uses a physicochemical transducer in combination 
with a biological sensing element (which could be an enzyme, 
antibodies, or nucleic acids), to transform a biological signal 
into an electrical one. They are used in medicine applications 
for diagnostics, disease monitoring, and therapy. They 
are able to identify biomarkers linked to conditions such 
as cancer, diabetes, and infectious diseases, which makes 
early diagnosis and treatment easier [87–90]. Recently, 
research has focused on creating new biosensors at the 
nanoscale level, more exactly, based on NPs. This is 
happening thanks to their unique physicochemical properties 
and versatile surface chemistry [91]. Among these NPs, 
SiNPs have become promising biosensors since their surface 
can be altered to amplify the signal to improve sensitivity 
and detection [92]. 

SiNPs can be used to detect pathogens, as demonstrated 
by research. Chitra & Annadurai [93] synthesized fluorescent 
SiNPs, for the detection of Escherichia coli. Their surface 
was modified with specific monoclonal antibodies to 
accurately target the pathogen. The findings showed the 
successful identification of E. coli when many NPs were 
bound with the bacterial cell wall, and moreover, they 
demonstrated an antibacterial effect. The NPs showed great 
contrast and brightness, thanks to the efficient loading with 
dye. It has also been found that the SiNPs had no toxic 
effects. Another study investigated fluorescent SiNPs 
(SNP-RhoB) derived from natural amorphous silica and 
modified with the RhoB dye, serving as a biosensor for 
E. coli. The presence of E. coli is shown by a decrease in 
the fluorescence intensity of the RhoB dye in the samples. 
The fluorescence of the SNP-RhoB samples decreased when 
they were combined with E. coli bacteria and subjected 
to light at a particular wavelength (553 nm). Furthermore, 
the NPs’ maximum fluorescence intensity was detected 
at a wavelength of 580 nm. In essence, the maximum 
fluorescence emission wavelength and the fluorescence 
quenching impact serve as markers of the interaction 
between the bacteria and the NPs. They responded quickly 
in just 15 minutes, detecting a wide range of bacteria. Even 
more, they only reacted to E. coli, not to other substances, 
making SiNPs excellent biosensors for pathogens [94]. SiNPs 
have also been studied for Brucella abortus identification 
in a study where the researchers synthesized blue-colored 
SiNPs and paramagnetic NPs and modified their surface 
with a polyclonal antibody. This was done in order to 
overcome challenges for this pathogen’s identification, 
as testing laboratories require a long time to detect it. The 
analysis showed that the formulation detected B. abortus 
and B. melitensis, but also had a small reaction to other 
bacteria, like E. coli, although it has not been considered 
significant. This immunosensor can be employed as an 
effective and fast biosensor for pathogen detection, especially 
given its quick reaction time (i.e., it could detect the bacteria 
within 90 minutes) [95]. 

SiNPs could also be used for the immobilization of 
biomolecules in order to stabilize them and enable their 
interaction with other molecules for various applications, 
including biosensors and biocatalysis. In a recent study, 

SiNPs were functionalized with amine groups, which could 
“grab” onto other molecules. Itaconic acid was further used 
to cross-link these amine groups together toward creating 
a stable surface to which enzymes were attached firmly. 
The SiNPs worked as a support structure, keeping the 
enzymes in place during the enzyme-linked immunosorbent 
assay (ELISA) process. SiNPs utilization augmented the 
sensitivity of ELISA for detecting antirabies viruses, making 
it more accurate than conventional ELISA. This makes using 
SiNPs for enzyme immobilization a significant advancement, 
especially for the early detection of illnesses with abnormally 
low biomarker concentrations [96]. 

Research has demonstrated that SiNPs can be used to 
create sensitive and selective biosensors because of their 
distinctive characteristics since they are compatible with 
various recognition elements. As discussed in this section, 
if SiNPs are functionalized with different compounds, they 
can lead to excellent sensitivity in detecting the desired 
substances. This could improve medical procedures, for 
example, earlier disease diagnosis, faster detection, and 
improved accuracy. 

 Biocompatibility and toxicity of SiNPs 
When creating nanomaterials for medical applications, 

one of the most important things to consider is their 
biocompatibility. This means that the nanomaterial should 
be compatible with the human body without causing harm 
or producing any undesirable effects. SiNPs are ideal for 
various biomedical uses, such as diagnostics, imaging, 
tissue engineering, and drug delivery, because of their 
biocompatibility. Their biocompatibility could be attributed 
to their non-toxicity and chemical inertness. SiNPs, in 
contrast to other NPs, are made of SiO2, which is a naturally 
occurring substance on Earth and frequently seen in everyday 
life, as in stones, soil, and plants. The NPs’ surface can 
be modified to adapt to how they interact with biological 
molecules and tissues. The biocompatibility, stability, and 
solubility of SiNPs can be improved by surface modifications 
through adding functional groups or biocompatible coatings 
[10, 97–99]. 

Xiao et al. [100] studied the effect, biocompatibility 
and safety of SiNPs in their work. The aim of the study was 
to coat SiNPs with red blood cell membrane (RBM) and 
load them with Dox and Indocyanine green (ICG) for lung 
cancer treatment. The RBM coating improved the stability 
and biocompatibility of the NPs since it made them closely 
resemble the body’s own cells. This prolonged the circulation 
time in the body and increased the accumulation of NPs 
at the tumor site, meaning that it had an anticancer effect 
without harming the healthy cells. In addition, the coating 
facilitated superior cell internalization of the drugs. Santino 
et al. [101] have synthesized peptide-coated Si/PEG NPs 
and evaluated their cytotoxicity. Here, the peptides’ role 
was to improve the stability. PEG made the NPs more 
hydrophilic and prevented them from being cleared out too 
fast by the circulatory system. At low concentrations, the 
coated SiNPs showed no toxicity. However, cell damage was 
observed at concentrations of 10 μm. Particle agglomeration 
was observed, too, indicating a possible limitation in using 
SiNPs in medical applications. 
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The safety and toxicology of SiNPs have been investigated 
in a recent study by using bare, PEG-ylated, and galacto-
oligosaccharide MSN (MSN-GAL). At 48 hours exposure 
of cells to all three types of MSN at different concentrations, 
the survival rate was still high (above 80%). Although, the 
highest survival rate was seen at concentrations less than 
10–20 μg/mL. In long-time exposures, MSN-PEG and 
MSN-GAL formed colonies compared to both non-exposed 
controls and those exposed to bare MSNs. This suggests 
that these NPs might potentially cause cells to change in 
a way that could lead to cancer [102]. These findings 
highlight the importance of continuing the research on 
SiNPs to find an optimal concentration and better understand 
the long-term effects. 

It was observed that SiNPs injected in some vital organs 

caused a slight worsening of existing damage in a study. 
The SiNPs were coated with chitosan and PEG and then 
injected into mice. PEG-coated MSN, particularly those with 
low molecular weight, exacerbated pre-existing vascular 
problems, but chitosan-coated MSN did not cause any 
adverse effects. Based on these findings, it appears that PEG 
coatings could exacerbate pre-existing diseases. Although it 
demonstrated efficient drug delivery, PEG-coated MSN 
caused mice’s vascular injuries to aggravate, suggesting 
a possible adverse effect on individuals who already have 
vascular risks. Furthermore, in several mice, low molecular 
weight PEG resulted in kidney dysfunction [102]. 

Several studies have discovered that SiNPs can induce 
inflammation under certain conditions, which are presented 
in Table 3. 

Table 3 – Studies on SiNPs and their inflammatory effect 

Studied NPs Findings Effect Ref. 

SiNPs 
Generated proinflammatory mediators 

ROS generation, lysosomal dysfunction 
Pulmonary inflammation in mice [103] 

SiNPs 

Weight loss 
Presence of ulcers 
Cellular infiltration 

No effect on microbial composition 

Exacerbated intestinal inflammation [104] 

SiNPs 

Myocardial tissue rupture 
Myocyte apoptosis 

Activation of systemic and heart inflammation 
Oxidative damage 

Myocardial injury and inflammation [105] 

SiNPs 
Inflammatory cytokines activation 

ROS generation 
Pulmonary inflammation [106] 

MSN 
Slight inflammation 

Changes in gut microbiota 
Potential colon inflammation [107] 

Nano-SiO2 
Mast cell activation 

Increased mucus production 
Airway inflammation 

Exacerbating allergic inflammation [108] 

MSN: Mesoporous silica nanoparticle; NPs: Nanoparticles; ROS: Reactive oxygen species; SiNPs: Silica nanoparticles; SiO2: Silicon dioxide. 
 

More studies are needed to reduce the negative effects 
of SiNPs, as their application in industry and medicine, 
among other disciplines, keeps growing. A domain that 
requires substantial research is the thorough evaluation 
of SiNP toxicity at various exposure routes and times. 
Through multiple studies that have been done, it has been 
demonstrated that the toxicity of SiNPs can be influenced 
by many parameters: particle size, shape, surface 
functionalization, and method of administration. So, in 
order to fully understand how these factors increase or 
reduce SiNP’s toxicity, there is still a need for research. 
In this way, clinicians could establish standard procedures 
and methods of synthesis to obtain safe and effective 
SiNPs. 

Furthermore, it is important to gain a deeper 
understanding of how the SiNPs’ mechanisms cause 
cytotoxicity in order to obtain safe SiNPs. This means 
investigating how they interact with cellular processes 
and organelles, as well as intracellular communication. 
Understanding these mechanisms is very important so it 
can be possible to anticipate and lower the toxicity of 
SiNPs and create safer NPs compositions. More studies 
are needed to understand the long-term effects of SiNP 
exposure on the human body. Besides that, more research 
should be done for SiNPs’ surface functionalizations 
which can improve biocompatibility without impacting 
the desired functions. These coatings could improve the 
SiNPs’ safety and reduce the possibility of undesired 
biological interactions. 

 Conclusions 
As medical research advances, SiNPs could be 

incorporated into medical practice because they provide 
many promising opportunities in drug delivery, diagnostics, 
and therapeutics and thus represent an important step in 
clinical research. The functions of SiNPs and how they 
could revolutionize modern-day medicine were discussed 
throughout this review paper. Firstly, SiNPs can be used in 
diagnostics because they facilitate early disease detection 
and monitoring of therapy. These NPs have a high surface 
area-to-volume ratio and are compatible with many imaging 
techniques, like fluorescence. Because of these, they have 
more sensitivity when detecting certain biomarkers or other 
molecules. Researchers can create very accurate diagnostic 
systems for diseases by functionalizing SiNPs with targeting 
compounds or biomolecule sensors. Another important 
aspect of SiNPs is their use in drug delivery since they 
act as DDS, meaning that they can deliver therapeutic 
agents to a desired site. Their properties, such as size, 
shape, pores’ structure, and surface properties, can be 
modified to achieve efficient drug loading, controlled 
release, and biodistribution. Loading drugs into the SiNPs 
or functionalizing their surface with certain ligands is 
beneficial because in this way the drug is protected from 
degradation and premature elimination from the body, 
the off-target effects are reduced, and the therapeutic 
effect is improved. Targeted delivery has great promise 
for situations where traditional medications or treatments 
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may not be very effective and cause negative effects, such 
as cancer treatment, infectious diseases, or neurological 
diseases. SiNPs can be used as alternative treatments for 
some diseases and facilitate regenerative medicine. Their 
biocompatibility and controlled release abilities make them 
attractive candidates for targeted delivery, which could 
aid in tissue engineering and wound repair. SiNPs can be 
loaded with growth factors, anti-inflammatory drugs, and 
other medicines to treat wounds or promote bone repair. 
Beyond their current applications, the future of SiNPs in 
the medical field seems to be very promising. One such 
new possibility is the development of intelligent SiNP-
based devices that can selectively release drugs in response 
to specific biological targets or environmental stimuli. To 
overcome off-target toxicity and enhance the therapeutic 
effect, researchers aspire to develop SiNPs that may release 
their therapeutic agents at disease sites or respond to specific 
physiological changes by incorporating stimuli-responsive 
materials or molecular triggers into their structures [109, 
110]. Additionally, SiNPs could be combined with advanced 
technologies such as gene editing, nanomedicine, and 
regenerative medicine to create better and more advanced 
treatments for diseases with limitations. SiNPs could be used 
as carriers for delivering clustered regularly interspaced 
short palindromic repeats (CRISPR)/CRISPR-associated 
protein 9 (Cas9) and other gene-editing tools to genes that 
are related to disease [111, 112]. Even though SiNPs hold 
great potential, some concerns must be addressed before 
these NPs can be used safely in real-life medical applications. 
Their toxicity and release profiles are the most important 
limitations that need to be overcome. To do so, more research 
is needed to accomplish the in vivo safety and efficacy of 
SiNPs and establish standard treatment procedures. 
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