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Chapter

Nanoparticle Synthesis, 
Applications, and Toxicity
Hamid-Reza Rahimi and Mohsen Doostmohammadi

Abstract

Nowadays production of different nanoparticles (NPs) with plausible biomedical 
benefits is tremendously increasing. NPs are of great interest in drug delivery systems, 
drug formulation, medical diagnostic, and biosensor production. Aside from the 
importance of NPs in medicine, their negative side effects including potential 
cytotoxicity, inflammatory response induction, and drug interruption should be 
carefully considered. Several molecular and physicochemical mechanisms are 
involved in toxicity induction of NPs. Finding the negative effects of NPs on human 
tissues and investigation of their mechanism of action are a way for preventing the 
happening of unpleasant event. Here in this work, we would describe the main way 
of NP production with special attention to green NP production, and then their 
application in medical diagnosis and disease treatment would be explored. Also the 
main toxicity effects of NPs on different tissues would be explored, and the param-
eters affecting the quality of NPs and their corresponding biological properties 
would be highlighted.

Keywords: nanoparticle, biomedical, drug delivery, cytotoxicity, medical diagnostic

1. Introduction

Nanotechnology is referring to the technology of production, characterization, 
and application of materials in nanoscale [1]. After the definition of this term by 
Norio [2], nanoparticle (NP) production and application in several different fields 
gain much attention. The small size and high surface area of NPs are the causes of 
their tunable physicochemical properties such as improved thermal conductivity, 
light absorbance, significant chemical stability, and high catalytic activity [3]. 
Furthermore the surface layer of NPs can be functionalized using chemical and bio-
logical agents like small molecules, surfactants, and polymers for enhancing their 
activity and specificity [4]. It is revealed that each NP, regarding its size, surface 
charge, shape, surface groups, and type of ions, shows unique biological and physi-
cochemical properties [5, 6]. Owing to such diversity, these materials got immense 
biomedical applications such as drug delivery, radionuclide therapy, biosensors, 
cancer therapy, diagnostics, magnetic resonance imaging (MRI), and biological 
molecules purification [7, 8]. Although a wide variety of NPs with diverse ions and 
surface modifications are produced and preclinically tested, only a limited number 
of them gain approval for clinical uses. The long-term stability, general cytotoxicity 
and inflammatory response induction, and lack of guideline for relevant biological 
testing are the main reasons for low-approved NPs [6]. Due to the fast development 
of NPs, it is necessary to identify correlation between the physical and chemical 
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attributes of NPs and their corresponding biological effects. For instance, it is 
shown that although the positive charge of NPs enhances the efficacy of gene 
delivery, and imaging, it also enhances the cytotoxicity of corresponding constructs 
[9]. In this chapter we briefly introduce the main way of NP production and their 
applications in biological and medical studies. Also the mechanism of cytotoxicity 
induction and the main ways of detecting this toxicity are explained.

2. NP production methods

2.1 Physicochemical methods

NPs can be produced through two main approaches including top-down 
approach which is the production of NPs by making smaller and smaller structures 
by etching the bulk agents and bottom-up approaches which is the building up 
of NPs from atoms [6]. Physical, chemical, biological, and in some cases hybrid 
technique are the main ways of NP production. The physical methods of NP 
production include methods like laser ablation, high-energy irradiation, spray 
pyrolysis, and ion implantation, and the chemical one includes chemical reduction 
technique, sonochemical method, solgel process, microemulsion method, and 
electrochemistry. The biological method which is also called green NP biosynthesis 
involves application of plants extracts, microorganisms, enzymes, and even some 
agricultural wastes for NP production. Although the physical and chemical meth-
ods resulted in bulk amount of NPs a few times, application of chemical agents 
during the NP production in coordination with production of environmentally 
dangerous compounds simultaneously with NP production limited their applica-
tions [10]. For instance, thermolysis which is a chemical method for dissociation of 
organometallic precursors is performed at high temperatures by using organic sol-
vents. Also in some cases, surfactant is added to the reaction medium for reducing 
coalescence of particles [11]. Chemical reduction technique is an adopted chemical 
method which used a wide range of reducing agents such as sodium borohydride, 
hydroxylamine, and N,N-dimethylformamide for production of zerovalent ions. 
Wave-assisted chemical method used ultrasonic waves in coordination with sur-
factant or reducing agent for production of NPs. The formation of micro cavities 
with high temperatures upon ultrasonic induction can start chemical reduction of 
substrates. The physical NP production methods are mainly energy intensive and 
need special devices. For instance, milling process is a way by which metallic mic-
roparticles are crush using high-energy ball mills. The gas-phase process or aerosol 
process which is divided into four main types (including flame reactor, plasma 
reactor, laser reactor and hot wall reactor, and chemical gas-phase deposition) is a 
particular way for the production of NPs like fullerenes and carbon nanotubes. All 
types of these methods need special devices and are mainly high energy consum-
ing. NP production by wet chemical synthesis takes place at low temperature and 
is one of the most employed methods for NP production. Limitations in increasing 
batch reactor because of limited mixing and low heat transfer are mentioned as the 
main disadvantage of wet chemical synthesis method. The main advantages and 
disadvantages of NP production by physicochemical methods are summarized in 
Table 1.

2.2 Green NP production methods

Green technology using biological systems like plants, microorganisms, and 
enzymes is rising fast as an alternative method for conventional chemical and 



3

Nanoparticle Synthesis, Applications, and Toxicity
DOI: http://dx.doi.org/10.5772/intechopen.87973

physical. In contrast to physiochemical methods which mainly lead to environ-
mental toxicity, the biological NP production methods are known as eco-friendly 
and nontoxic protocols [16]. The biologically produced NPs’ special features 
including high catalytic activity, low toxicity contaminations, high stability, and 
plausible biocompatibility and biodegradability make them distinctive from 
NPs produced from other methods. The microorganism’s related NP produc-
tions are classified into intracellular and extracellular synthesis methods [17]. 
In an intracellular way, ions of interest are transported into the microbial cell 
and then reduced in the presence of enzymatic processes, while the metal ions 
are entrapped and reduced at microorganism’s surface in an extracellular way 
[18]. Microbial NP production regarding the ability of the majority of bacteria 
and fungi in tolerating ambient conditions of varying temperatures, pH, salt 
concentrations, and pressures makes this approach a safe, cost-effective, and 
environmental method. Several microbial species have been isolated from differ-
ent environments and used for production of various NPs. Compared to microbial 
production method, plant NP production is more desirable because it does not 
need any special and multistep processes, it has faster production rate, and it has 
easy scaling up procedure and because of its cost-effectiveness [19]. Investigations 
have revealed that metals bioaccumulated in plants which sometimes are called 
phytomining are mainly in the form of NPs. For instance, high level of silver NP 
accumulation in Brassica juncea and Medicago sativa [20], gold NP production in M. 
sativa [21], and copper NP accumulation in Iris pseudacorus [22] has been reported. 
This type of NP production has several disadvantages including heterologous size 
and morphology of NPs, difficult extraction and isolation procedure, and low 
production yield [21]. The alternative approach is in vitro production method 
which is based on reduction of ions using plant extracts. This method is more 
controllable through making change in plant extract and ion concentration, time 
of reaction, temperature, and pH of reaction medium. The production rate of this 
method is much faster and easier than in vivo method [23, 24]. For example, the 

Method Advantages Disadvantages Ref.

Chemical vapor deposition and 

chemical vapor condensation 

(CVD and CVC)

• High pure NPs production • High temperature of 

procedure (above 300°C)

• Uses of chemical agents

[12]

Gas condensation • Production of ultrafine 

nanocrystalline metals and 

alloys

• Need for special devices

• Extremely slow

[13]

Laser ablation • High-purity NP 

production

• Need special devices

• Difficult to control size, 

agglomeration, and 

crystal structures

[14]

Solgel • Simple method

• Production of large range 

of materials

• Uses low temperature

• Using chemical agents

• Undesirable agents 

production

• The cost of materials may 

be high

[15]

Chemical reduction • Cost-effective

• Good production rate

• Application of toxic 

agents

• Hazardous by product 

formation

[11]

Table 1. 
The main physicochemical methods of NP production and their corresponding advantages and disadvantages.
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extract of Tectona grandis seeds was used for reduction of AgNO3 to 10–30 nm Ag 
NPs with significant antibacterial properties [25], whereas Au NPs with an average 
size of about 3 nm have been synthesized using leaf extract of Ziziphus zizyphus 
[26]. Various plant extracts have been used for production of NPs from different 
ions with diverse sizes and shapes [27]. Table 2 summarizes some examples of NP 
production through a biological way.

Biological entity Type 

of 

NPs

Size (nm) and 

shape

Special characteristics Ref.

Bacteria and fungi

Delftia sp. SFG Bi Sphere/40–120 Antibiofilm activity against P. aeruginosa [28]

Escherichia coli CdS Spherical/2–5 [29]

Botryococcus braunii Cu, 

Ag

Sphere/10–100 Antibacterial and antifungal effects 

against Pseudomonas aeruginosa (MTCC 

441), Escherichia coli (MTCC 442), 

Klebsiella pneumoniae (MTCC 109) 

and Staphylococcus aureus (MTCC 96), 

Fusarium oxysporum

[30]

Yeast strain MKY3 Ag Hexagonal/2–5 [31]

Fusarium oxysporum Ag 25–50 [32]

Bacillus mojavensis Ag 105 High antibacterial activity against 

multidrug resistant pathogens

[33]

Aspergillus fumigatus 

BTCB10

Ag 41 Antibacterial and cytotoxic effects [34]

Plants

Apple extract Ag 22–30 Great antibacterial effects against 

Geobacillus stearothermophilus, 

Staphylococcus aureus, Pseudomonas 

aeruginosa, and Klebsiella pneumoniae

[35]

Lavandula vera Zn 60–80 Valuable antibacterial and anti-biofilm 

activity

[36, 

37]

Psidium guajava Se Spherical/8–20 Antibacterial effects [38]

Cassia alata ZnO 60–80 Antibacterial effect against Escherichia 

coli

[39]

Gnidia glauca 

and Plumbago 

zeylanica

Cu Spherical/1–5 Good antibacterial effects [40]

Andrographis 

paniculata

Ag 54 Good antifungal activity [41]

Cassia fistula Au 55–98 Hypoglycemia treatment [42]

Enzyme and other biological agents

Melanin Cu Spherical/66 Good antibacterial activity against E. 

coli and L. monocytogenes

[43]

Horseradish 

peroxidase

Au 10 Detection of low concentrations of 

phenylhydrazine

[44]

Macerating enzymes Ag Hexagonal/38 High antibacterial effects [45]

Table 2. 
Some examples of biologically produced NPs and their corresponding special characteristics.



5

Nanoparticle Synthesis, Applications, and Toxicity
DOI: http://dx.doi.org/10.5772/intechopen.87973

3. NP biomedical applications

With respect to special properties of NPs discussed before, they have various 
applications. Here we investigate some of these applications with special look at 
their uses in biomedical fields.

3.1 Drug delivery

NPs are of great interest for being used as a device for site-specific drug delivery 
with optimum dosage drug release. Current NP-based drug delivery approaches 
focused mainly on enhancing drug shelf life though improving drug uptake effi-
ciency [46]. NP-based drug carriers are able to cross the blood-brain barrier and 
tight junctions of the skin epithelial tissue [47]. Also they improve hydrophobic 
molecule solubility and increase stability of biological therapeutic agents.

NPs enabled us to deliver drugs by various routes including nasal mucosa and 
oral administration, aerosol method, and topical vaccination. The aerosol technol-
ogy is used for respiratory disorder drug delivery. Target drug delivery approaches 
using magnetic NPs are widely being used for cancer therapy, gene therapy, MRI, 
and cell sorting [48, 49]. For instance, Fe3O4, γ-Fe2O3, and super magnetic iron 
oxide NPs (SPIONs) are the main NPs used for site-specific drug delivery. The sur-
face properties and particular shape of fullerenes and carbon nanotubes make them 
attractive for drug delivery. These particles are such small that can pass through cell 
membrane and deliver agents like DNA and protein into the cells [50, 51].

3.2 Antibacterial agent

The prevalence of antibiotic-resistant bacteria species becomes a threat for 
human health. NPs with significant antibacterial properties and no bacterial 
resistance are the best alternative for common antibiotics [52]. Ag NPs are the 
leading NP-based antibacterial agents with significant bactericidal effects on both 
Gram-negative and Gram-positive bacteria [53]. Every day various NPs with dif-
ferent physicochemical properties and bactericidal activities have been developed, 
and their mechanism of action and potential side effects are under investigations. 
Also application of common antibiotics such as ampicillin, chloramphenicol, and 
kanamycin in the presence of NPs demonstrated the positive effects of this com-
bination. Previous studies showed that NPs can be used as a vehicle for antibiotic 
delivery. The attachment of NPs to the bacterial surface and induction of damages 
are reported as the main mechanism bacterial death with NPs [54, 55]. Interaction 
of NPs with bacterial cell membrane and disruption of its normal function are the 
most common way of NP bacterial killing. NPs are also able to hindrance bacterial 
biofilm formation. Furthermore, NPs are able to produce different types of ROS 
species. For example, Mg NPs are able to produce O2−, and ZnO NPs produce H2O2 
and OH. These ROS species interact with bacterial cells and cause acute stress reac-
tions and finally lead to acute microbial death [56, 57].

3.3 Biosensor

The optical and electronic properties of NPs make them suitable for biosensor 
application. The size, type of ion, and shape of NPs are critical parameters affect-
ing SPR peaks and line widths of sensor. The noble metals like Au, Ag, and Pt 
NPs showed special physicochemical features which make them the most popular 
components of NP-based biosensors [58]. NPs have different roles in any types 



Applications of Nanobiotechnology

6

of biosensors. For instance, electrochemical biosensor is performed by fixing the 
potential at a suitable value and determining the current changes versus time. The 
role of NPs in this type of biosensor is to improve sensitivity and signal detection 
[59]. In optical biosensors, the free electron oscillation in conduction bands of some 
metals (Ag, Au, Cu) interacts with light photons and produces a polariton. Size 
tuning of plasmonic metals is a way for enhancing surface plasmon resonance and 
making the device suitable for biomedical applications. Using NPs leads to reach-
ing to highest detection sensitivity. Au NPs because of their easy functionalization 
and showing different colors based on their size and shape are good choices for 
colorimetric biosensor, plasmonic sensing, immune sensors, and electrochemistry 
[60]. The Au NPs showed unique stability compared to other metals when used 
for bio-conjugation production and have valuable sensitive plasmon change which 
lead to their wide use in classic immunoassays. The stronger Raman and fluores-
cence enhancement of Ag NPs than Au NPs resulted to their broad uses in optical 
applications [61]. Also they can easily be oxidized and be used in electrochemical 
sensors. Ag NPs with ability to detect proteins have been used for cancer detection. 
Furthermore they were also used for detecting glucose, DNA, dopamine, ascorbic 
acid, and several other biological molecules. Magnetic NPs are used in sensors 
through three main approaches including pre-concentration of analyte, magnetic 
tags, and integration into transducer materials [62, 63].

3.4 Diagnostic agent

The special features of NPs such as fluorescence properties, optical scattering 
and electromagnetic field enhancement, and even transferring light energy to 
heat resulted in a wide application of these compounds in medical diagnostic field. 
Furthermore, NPs are excellent carriers for delivery of active biomedical agents. 
Biomedical imaging is one of the useful tools for human disease diagnosis. The NPs 
with special optical, magnetic, and radioactive properties can enhance the quality 
of imaging. It is possible to functionalize NPs with multiple modals and by this 
way minimize the interface between each modality and provide multimodal agent 
for better imaging [64]. The optical nano-probes can be designed for being used 
in linear optical imaging with high-emission quantum energy yield and expanded 
optical capacity. In the case of fluorescent imaging, the degradation of organic dyes 
(photo bleaching) and metal complexes under light exposure is alleviated with 
fluorophore-doped silica NPS. These NPs have been used for untargeted imaging of 
human epithelial cells of the cervix and targeted imaging of cells A549, HeLa, and 
HepG2 [65, 66]. Phosphorescence imaging using NPs produced images with lower 
background autofluorescence and scattered excitation light in the spectral range. 
Magnetic resonance imaging (MRI) used contrast agents for detection of small 
tumor and lesions in a normal tissue. The NPs with magnetic functionality are used 
in MRI, and the ones with larger magnetic moment are preferred [67].

3.5 Catalytic agent

NPs have been developed for various catalytic applications. The NP catalytic 
reactions have several advantages including low reaction temperature, light trans-
parency, and easily immobilization on solid supports, for instance, the catalytic 
activity of Au NPs in degrading methylene blue demonstrated by Khan et al. [68]. 
Also the effect of geometrical parameters of supported Au NPs on its carbon 
monoxide oxidation has been evaluated. The NPs with an average diameter of 
2 nm and height of six atomic monolayers showed optimum catalytic activity [69]. 
The Au NPs on amorphous silica support produced by Mukherjee et al. were able 
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to catalyze hydrogenation of cyclohexene [70]. The Ag NPs produced by lychee 
(L. chinensis) extract showed significant photocatalytic activity even after three 
times of reusing [71].

3.6 Wound healing activity

NPs are a suitable wound dressing agent because of their valuable antibacterial, 
anti-inflammatory effects and ability to accelerate skin reepithelialization. Reports 
of healing effects of Ag NPs indicated that these nanoscale materials decrease local 
matrix metalloproteinase and neutrophil apoptosis. Also they showed inhibitory 
effects on pro-inflammatory cytokines interferon gamma and tumor necrosis factor 
alpha [72]. The combination of Ag NPs and collagen results in the formation of 
component with suitable antibacterial activity. Au NPs do not have any antibacte-
rial effects alone, but their combination with biological agents like collagen and 
gelatin improve their biocompatibility and biodegradability and make them suitable 
for wound dressing. Au NP antibacterial properties resulted from their interac-
tion with cell membrane and inhibiting ATP synthase which consequently lead to 
ROS-independent cell death. The reports indicated that the combination of Au NPs, 
gallate, and epigallocatechin has positive effects in healing of mouse skin wounds 
through regulation of angiogenesis and anti-inflammatory effects [73]. Pd, Pt, Se, 
and ZnO are other promising NPs for regenerative medicine and wound healing. 
The PAPLAL® solution (Toyokose Pharmaceuticals, Japan) (Shibuya et al. 2014) 
which is a mixture of Pd NPs and Pt NPs showed protective effects against aging-
related skin pathologies and normalized the gene expression levels of Mmp2, Has2, 
TNF-α, and IL-6 in the skin [74].

Zn NPs have valuable antibacterial effects, and its topical application leads to 
reduction of inflammation and improvement of skin reepithelialization. TiO2 NP 
wound treatment enhances body fluid coagulation by making interaction with 
blood proteins. The formation of adherent crust of a nanocomposite improved heal-
ing of wound and inhibited infection and inflammation [75].

Also nanotechnology can be used for delivery of active agents with antimi-
crobial, anti-inflammatory, and healing effects. Curcumin treatment of diabetic 
wounds leads to significant enhancement in reepithelialization and an increase 
in fibroblast proliferation of injured tissue. Curcumin NPs not only have higher 
lifetime than curcumin but also showed valuable antibacterial effects against 
methicillin-resistant Staphylococcus aureus [76]. With respect to molecular chem-
istry and self-assembly approaches, it is possible to develop peptide NPs with a 
variety of medical applications.

Polymeric NPs using both biological and synthetic polymers are of great inter-
est for the development of wound dressing compound. Polymeric NPs are able to 
stimulate cell proliferation through enhancing angiogenesis and reepithelialization. 
They are able to stimulate the infiltration of inflammatory cells in the initial phase 
of healing. Furthermore, they are suitable carriers for therapeutic agents including 
cytokines, growth factors, and antibiotics which make them suitable for being used 
in treatment of both normal and delayed infectious wounds [77, 78].

4. NP toxicological consideration

Regarding the extensive uses of NPs in foods, paper, drug delivery, biosensor, 
cancer therapy, and imaging, looking for possible toxicity and long-term exposure 
side effects and finding the mechanism underlying the adverse effects of NPs seem 
necessary.
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Any toxicity induction of NPs is strongly related to NP base material, shape, 
size, and functional groups coated at their surface. The smaller NPs have a larger 
specific surface area which in turn leads to higher interaction cell components 
including nucleic acid, proteins, and carbohydrates. Also the smaller NPs can 
penetrate better into cells and interact higher with cells. Surface charge of NPs has 
strong correlation with their interaction with cells and absorbance. It is showed that 
the NPs with higher positive charge have higher cytotoxicity effects. Also NPs with 
positive charge are more toxic than negatively charged NPs [79]. The shape of NPs 
is the other critical parameter which largely affects their cytotoxicity and antipro-
liferative effects. For instance, the amorphous TiO2 NPs produced higher levels of 
oxidative stress and cell surface defects than anatase TiO2 NPs. Also the spherical 
Fe2O3 NPs had lower cytotoxic effects than rod-shaped ones. Also cytotoxicity is 
strongly dependent on the type of cells. For instance, although citrate-capped gold 
NPs were nontoxic to human liver carcinoma and hamster kidney cells, they were 
severely toxic to human carcinoma lung cells [80].

NPs can easily penetrate into the cells and interact with cells’ normal functions. 
ROS formation and consequently oxidative stress induction are the common side 
effects of metal NPs. The produced ROS disrupt normal cell function through 
attacking essential biological molecules including DNA, enzymes, and lipids. 
Peroxidation of membrane lipids; enhancing calcium entrance; release of calcium 
from intracellular stores, protein kinase C, and mitogen-activated protein kinase 
activation; and DNA damages are some of the main changes that lead to cell death 
after interaction with NPs [81, 82]. Furthermore the risk of early apoptosis upon 
exposure to some NPs such as ZnO and TiO2 has been demonstrated. Also CuO, 
NiO, TiO2, Fe3O4, ZnO, and Al2O3 NPs can arrest cell cycle and induce apoptosis. It 
is demonstrated that the phase of cell arrest depends on the type of cell and NPs. 
G2/M phase arrest is the most common type of cell arrest induced by metallic NPs. 
The induction of P53 pathway in NCM460 cells and cyclin-dependent kinase 1 
downregulation in HaCaT cells after exposure to ZnO and cyclin B1 downregulation 
in A549 cells by TiO2 have been reported as the main causes of cell proliferation 
disruption [83, 84]. Many researches have been done on different cell lines and 
animal models for finding the mechanism of NP toxicity and physiological changes. 
The high absorption of gold NPs and their aggregation inside cells are probably the 
main cause of gold NP toxicity.

Argyria is a condition of the skin and other organs’ blue-gray discoloration as 
a result of long-time exposure to high levels of Ag NPs. Irritation, stomach pain, 
allergic reactions, and inflammation are reported as the main side effects of body 
exposure to high levels of Ag NPs [85]. TiO2 and ZnO NPs are widely being used in 
cream and lotions as sunscreen or materials for water- or stain-repellent proper-
ties. The cytotoxicity induction of TiO2 NPs through increasing reactive oxygen 
species and lactate dehydrogenase has been demonstrated [86]. It revealed that UV 
and visible light irradiation enhanced ZnO NP cytotoxicity power [87]. Also the 
Zn NPs were produced by microwave-assisted method, and its in vivo cytotoxicity 
and levels of distribution in different tissues have been evaluated. According to the 
obtained results, the produced Zn NPs were classified as nontoxic agents with high-
est distribution in the testis, liver, and brain [37].

Several assays have been developed for the determination of NP toxicity both 
in vitro and in vivo. Proliferation assay which measures the active cell metabolism 
is the most popular method for determining the antiproliferative potency of NPs. 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), XTT, 
thymidine incorporation, alamar blue, and clonogenic assay are the most popular 
methods for determining cell proliferation rate [88, 89]. DNA damage and apop-
tosis induction of NPs which are mainly due to generation of free radicals can be 
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determined by methods like annexin V, comet assay, DNA laddering, and TdT-
mediated dUTP-biotin nick end labeling (TUNEL) [90, 91]. NPs are able to interact 
with cell membrane and lead to cell integrity destruction and cell death. This 
phenomenon which is known as cell necrosis is mainly measured by neutral red and 
trypan blue exclusion assays [92, 93]. The in vivo assays including biochemical tests, 
histopathological analysis, hematology, and NP bio-distribution are also used for 
finding the effect of NPs on normal function of cells and tissues [94].

5. Conclusion

NPs are becoming the spreadable part of medicine, and their uses are increas-
ing every day. They exhibited promising biomedical uses regarding their special 
redox potentials, small sizes, high surface area, optical scattering, and fluorescence. 
Due to special biological effects of these compounds including significantly high 
antibacterial and antiproliferative effects against a wide range cells, their production 
and surface modification are increasing for reaching more effective agents. Besides 
they are able to be used as delivery devices for dispensing drugs and biological 
agents to specific sites. Owing to the advances in generation of multifunctional NPs, 
application of NP-based platforms is significantly increasing. While all NPs showed 
some degree of success in laboratory tests and some of them are now on the market, 
considering their potent environmental and biological side effects is necessary. 
Although several researches demonstrated the toxicity of different NPs, the cause 
of toxicity is mainly unknown. Any NP has its special toxicological characteristics, 
and there is not a comprehensive method for calculation or grading different NP 
toxicity. Production of NPs through methods with lowest dangerous side products, 
optimizing the NP production protocols, and doing both in vitro and in vivo tests of 
toxicity are the main steps toward production of NPs with lowest negative effects on 
the environment and human health. Short- and long-term toxicities of NPs and their 
pharmacokinetic and pharmacodynamic tests should be evaluated for FDA approval.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



10

Applications of Nanobiotechnology

[1] Sahoo SK, Labhasetwar V. Nanotech 
approaches to drug delivery and 
imaging. Drug Discovery Today. 
2003;5(8):1112-2110

[2] Taniguchi N. On the basic concept of 
nanotechnology. In: Proceedings of the 
International Conference on Production 
Engineering. Part II (Japan Society of 
Precision Engineering). Tokyo: Nano 
Ethics. 1974;1:1-2

[3] Agarwal H, Venkat Kumar S, 
Rajeshkumar S. A review on green 
synthesis of zinc oxide nanoparticles-an 
eco-friendly approach. 
Resource-Efficient Technologies. 
2017;3(4):406-413

[4] Shin WK, Cho J, Kannan AG, Lee YS, 
Kim DW. Cross-linked composite gel 
polymer electrolyte using mesoporous 
methacrylate-functionalized SiO2 
nanoparticles for lithium-ion 
polymer batteries. Scientific Reports. 
2016;6(1):26332

[5] Patil G, Khan MI, Patel DK, 
Sultana S, Prasad R, Ahmad I. 
Evaluation of cytotoxic, oxidative stress, 
proinflammatory and genotoxic 
responses of micro- and nano-
particles of dolomite on human lung 
epithelial cells a 549. Environmental 
and Toxicological Pharmacology. 
2012;34(2):436-445

[6] Fröhlich E. The role of surface 
charge in cellular uptake and 
cytotoxicity of medical nanoparticle. 
International Journal of Nanomedicine. 
2012;7:5577-5591

[7] Moroz P, Jones SK, Gray BN. 
Magnetically mediated hyperthermia: 
Current status and future directions. 
International Journal of Hyperthermia. 
2002;18:267-284

[8] Moroz P, Jones SK, Gray BN. Tumor 
response to arterial embolization 
hyperthermia and direct injection 

hyperthermia in a rabbit liver tumor 
model. Journal of Surgical Oncology. 
2002;80(3):149-156

[9] Treuel L, Eslahian KA, Docter D, 
Lang T, Zellner R, Nienhaus K, et al. 
Physicochemical characterization 
of nanoparticles and their behavior 
in the biological environment. 
Physical Chemistry Chemical Physics. 
2014;16(29):15053-15067

[10] Li X, Xu H, Chen ZS, Chen G. 
Biosynthesis of nanoparticles by 
microorganisms and their applications. 
Journal of Nanomaterials. 
2014;2011:1-16

[11] Reverberi AP, Kuznetsov NT, 
Meshalkin VP, Salerno M, 
Fabiano B. Systematical analysis 
of chemical methods in metal 
nanoparticles synthesis. Theoretical 
Foundations of Chemical Engineering. 
2016;50(1):59-66

[12] Konrad A, Herr U, Tidecks R, 
Kummer F, Samwer K. Luminescence 
of bulk and nanocrystalline cubic 
yttria. Journal of Applied Physics. 
2001;90(7):3516-3523

[13] Tschopp MA, Murdoch HA, 
Kecskes LJ, Darling KA. Bulk 
nanocrystalline metals: Review 
of the current state of the art and 
future opportunities for copper and 
copper alloys. Journal of Metals. 
2014;66(6):1000-1019

[14] Kim M, Osone S, Kim T, Higashi H, 
Seto T. Synthesis of nanoparticles by 
laser ablation: A review. Kona Powder 
and Particle Journal. 2017;34:80-90

[15] Carter CB, Norton MG, Carter CB, 
Norton MG. Sols, gels, and organic 
chemistry. Ceramic Materials. New 
York, NY: Springer. 2007:400-411

[16] Abdul Salam H, Sivaraj R, 
Venckatesh R. Green synthesis and 

References



11

Nanoparticle Synthesis, Applications, and Toxicity
DOI: http://dx.doi.org/10.5772/intechopen.87973

characterization of zinc oxide 
nanoparticles from Ocimum basilicum 
L. var. purpurascens Benth.-Lamiaceae 
leaf extract. Materials Letters. 
2018;9(1):015008

[17] Srikar SK, Giri DD, Pal DB, 
Mishra PK, Upadhyay SN. Green 
synthesis of silver nanoparticles: 
A review. Green and Sustainable 
Chemistry. 2016;6(1):34-56

[18] Zhang X, Yan S, Tyagi RD, 
Surampalli RY. Synthesis of nanoparticles 
by microorganisms and their application 
in enhancing microbiological 
reaction rates. Chemosphere. 
2011;82(4):489-494

[19] Iravani S. Green synthesis of metal 
nanoparticles using plants. Green 
Chemistry. 2011;13(10):2638

[20] Harris AT, Bali R. On the 
formation and extent of uptake of 
silver nanoparticles by live plants. 
Journal of Nanoparticle Research. 
2008;10(4):691-695

[21] Gardea-Torresdey JL, Parsons JG, 
Gomez E, Peralta-Videa J, Troiani HE, 
Santiago P, et al. Formation and growth 
of Au nanoparticles inside live alfalfa 
plants. Nano Letters. 2002;2(4):397-401

[22] Manceau A, Nagy KL, Marcus MA, 
Lanson M, Geoffroy N, Jacquet T, 
et al. Formation of metallic copper 
nanoparticles at the soil-root interface. 
Environmental Scientific and 
Technology. 2008;42(5):1766-1772

[23] Khan M, Khan M, Adil SF, 
Tahir MN, Tremel W, Alkhathlan HZ, 
et al. Green synthesis of silver 
nanoparticles mediated by Pulicaria 
glutinosa extract. International Journal 
of Nanomedicine. 2013;8:1507-1516

[24] Ghosh S, Patil S, Ahire M, Kitture R, 
Gurav DD, Jabgunde AM, et al. Gnidia 
glauca flower extract mediated synthesis 

of gold nanoparticles and evaluation of 
its chemocatalytic potential. Journal of 
Nanobiotechnology. 2012;10(1):17

[25] Rautela A, Rani J, Debnath M. Green 
synthesis of silver nanoparticles 
from Tectona grandis seeds extract: 
Characterization and mechanism 
of antimicrobial action on different 
microorganisms. Journal of Analytical 
Science and Technology. 2019;10:5

[26] Aljabali A, Akkam Y, Al Zoubi M, 
Al-Batayneh K, Al-Trad B, Abo Alrob O, 
et al. Synthesis of gold nanoparticles 
using leaf extract of Ziziphus zizyphus 
and their antimicrobial activity. 
Nanomaterials. 2018;8(3):174

[27] Haverkamp RG, Marshall AT. The 
mechanism of metal nanoparticle 
formation in plants: Limits on 
accumulation. Journal of Nanoparticle 
Research. 2009;11(6):1453-1463

[28] Shakibaie M, Hajighasemi E, 
Adeli-Sardou M, Doostmohammadi M, 
Forootanfar H. Antimicrobial and 
anti-biofilm activities of Bi subnitrate 
and BiNPs produced by Delftia 
sp. SFG against clinical isolates of 
Staphylococcus aureus, Pseudomonas 
aeruginosa, and Proteus mirabilis. IET 
Nanobiotechnology. 2019;13(4):377-381

[29] Sweeney RY, Mao C, Gao X, 
Burt JL, Belcher AM, Georgiou G, et al. 
Bacterial biosynthesis of cadmium 
sulfide nanocrystals. Chemical Biology. 
2004;11(11):1553-1559

[30] Arya A, Gupta K, Chundawat TS, 
Vaya D. Biogenic synthesis of copper 
and silver nanoparticles using green 
alga Botryococcus braunii and its 
antimicrobial activity. Bioinorganic 
Chemistry and Applications. 
2018;2018:1-9

[31] Kowshik M, Ashtaputre S, 
Kharrazi S, Vogel W, Urban J, 
Kulkarni SK, et al. Extracellular 
synthesis of silver nanoparticles by 



Applications of Nanobiotechnology

12

a silver-tolerant yeast strain MKY3. 
Nanotechnology. 2003;14(1):95-100

[32] Korbekandi H, Ashari Z, Iravani S, 
Abbasi S. Optimization of biological 
synthesis of silver nanoparticles 
using fusarium oxysporum. Iranian 
Journal of Pharmaceutical Research. 
2013;12(3):289-298

[33] Iqtedar M, Aslam M, 
Akhyar M, Shehzaad A, Abdullah R, 
Kaleem A. Extracellular biosynthesis, 
characterization, optimization of 
silver nanoparticles (AgNPs) using 
Bacillus mojavensis BTCB15 and 
its antimicrobial activity against 
multidrug resistant pathogens. 
Preparative Biochemistry & 
Biotechnology. 2019;49(2):136-142

[34] Shahzad A, Saeed H, Iqtedar M, 
Hussain SZ, Kaleem A, Abdullah R, 
et al. Size-controlled production of 
silver nanoparticles by aspergillus 
fumigatus BTCB10: Likely antibacterial 
and cytotoxic effects. Journal of 
Nanomaterials. 2019;2019:1-14

[35] Nthunya LN, Derese S, 
Gutierrez L, Verliefde AR, Mamba BB, 
Barnard TG, et al. Green synthesis 
of silver nanoparticles using one-pot 
and microwave-assisted methods 
and their subsequent embedment 
on PVDF nanofibre membranes for 
growth inhibition of mesophilic and 
thermophilic bacteria. New Journal of 
Chemistry. 2019;43(10):4168-4180

[36] Shakibaie M, Alipour-
Esmaeili-Anari F, Adeli-Sardou M, 
Ameri A, Doostmohammadi M, 
Forootanfar H, et al. Antibacterial and 
anti-biofilm effects of microwave-
assisted biologically synthesized zinc 
nanoparticles. Nanomedicine Journal. 
2019;6:13085

[37] Salimi A, Rahimi HR, 
Forootanfar H, Jafari E, Ameri A, 
Shakibaie M. Toxicity of microwave-
assisted biosynthesized zinc 

nanoparticles in mice: A 
preliminary study. Artificial Cells, 
Nanomedicine, and Biotechnology. 
2019;47(1):1846-1858

[38] Alam H, Khatoon N, Raza M, 
Ghosh PC, Sardar M. Synthesis and 
characterization of nano selenium 
using plant biomolecules and their 
potential applications bionanoscience. 
Bionanoscince. 2019;9(1):96-104

[39] Happy A, Soumya M, Venkat 
Kumar S, Rajeshkumar S, Sheba 
Rani ND, Lakshmi T, et al. Phyto-
assisted synthesis of zinc oxide 
nanoparticles using Cassia alata 
and its antibacterial activity against 
Escherichia coli. Biochemistry and 
Biophysics Reports. 2019;17:208-211

[40] Jamdade DA, Rajpali D, Joshi KA, 
Kitture R, Kulkarni AS, Shinde VS, et al. 
Gnidia glauca - and Plumbago zeylanica 
-mediated synthesis of novel copper 
nanoparticles as promising antidiabetic 
agents. Advanced in Pharmaceutical 
Science. 2011;2011:1-5

[41] Kotakadi VS, Gaddam SA, Subba 
Rao Y, Prasad TNVKV, Varada Reddy A, 
Sai Gopal DVR. Biofabrication of silver 
nanoparticles using Andrographis 
paniculata. Europian Journal of Medical 
Chemistery. 2014;12(73):135-140

[42] Daisy P, Saipriya K. Biochemical 
analysis of Cassia fistula aqueous extract 
and phytochemically synthesized 
gold nanoparticles as hypoglycemic 
treatment for diabetes mellitus. 
International Journal of Nanomedicine. 
2012;7:1189-1202

[43] Roy S, Rhim J-W. Melanin-mediated 
synthesis of copper oxide nanoparticles 
and preparation of functional agar/
CuO NP nanocomposite films. Journal 
of Nanomaterials. 2019;2019:1-10

[44] Parashar A, Sachin Kedare P, Alex 
SA, Chandrasekaran N, Mukherjee A. 
A novel enzyme-mediated gold 



13

Nanoparticle Synthesis, Applications, and Toxicity
DOI: http://dx.doi.org/10.5772/intechopen.87973

nanoparticle synthesis and its 
application for: In situ detection of 
horseradish peroxidase inhibitor 
phenylhydrazine. New Journal of 
Chemistry. 2017;41(24):15079-15086

[45] Thapa R, Bhagat C, Shrestha P, 
Awal S, Dudhagara P. Enzyme-mediated 
formulation of stable elliptical silver 
nanoparticles tested against clinical 
pathogens and MDR bacteria and 
development of antimicrobial surgical 
thread. Annals of Clinical Microbiology 
and Antimicrobials. 2017;16:39

[46] Farokhzad OC, Langer R. Impact of 
nanotechnology on drug delivery. ACS 
Nano. 2009;3(1):16-20

[47] Zhou Y, Peng Z, Seven ES, 
Leblanc RM. Crossing the blood-
brain barrier with nanoparticles. 
Journal of Controlled Release. 
2018;28(270):290-303

[48] Estelrich J, Sánchez-Martín MJ, 
Busquets MA. Nanoparticles in 
magnetic resonance imaging: From 
simple to dual contrast agents. 
International Journal of Nanomedicine. 
2015;10:1727-1741

[49] Fan TX, Chow SK, Zhang D. 
Biomorphic mineralization: From 
biology to materials. Progress in 
Materials Science. 2009;54(5):542-659

[50] Guan X, Avci-Adali M, 
Alarçin E, Cheng H, Kashaf SS, Li Y, 
et al. Development of hydrogels for 
regenerative engineering. Biotechnology 
Journal. 2017;12(5):1600394

[51] Aboofazeli R. Carbon nanotubes: A 
promising approach for drug delivery. 
International Journal of Pharmaceutical 
Research. 2019;9:1-3

[52] Kumar M, Curtis A, Hoskins C. 
Application of nanoparticle technologies 
in the combat against anti-microbial 
resistance. Pharmaceutics. 2018;14(10):11

[53] Abbaszadegan A, Ghahramani Y, 
Gholami A, Hemmateenejad B, Dorostkar S, 
Nabavizadeh M, et al. The effect 
of charge at the surface of silver 
nanoparticles on antimicrobial activity 
against gram-positive and gram-
negative bacteria: A preliminary study. 
Journal of Nanomaterials. 2015;2015:1-8

[54] Nirmala Grace A, Pandian K.  
Antibacterial efficacy of 
aminoglycosidic antibiotics 
protected gold nanoparticles-a brief 
study. Colloids and Surfaces A: 
Physicochemical and Engineering 
Aspects. 2007;297:63-67

[55] Li WR, Xie XB, Shi QS, Zeng HY, 
Ou-Yang YS, Ben CY. Antibacterial 
activity and mechanism of silver 
nanoparticles on Escherichia 
coli. Applied Microbiology and 
Biotechnology. 2010;85(4):1115-1122

[56] Malka E, Perelshtein I, 
Lipovsky A, Shalom Y, Naparstek L, 
Perkas N, et al. Eradication of multi-
drug resistant bacteria by a novel 
Zn-doped CuO nanocomposite. Small. 
2013;9(23):4069-4076

[57] Li Y, Zhang W, Niu J, Chen Y. 
Mechanism of photogenerated reactive 
oxygen species and correlation with the 
antibacterial properties of engineered 
metal-oxide nanoparticles. ACS Nano. 
2012;6(6):5164-5173

[58] Wu B, Kuang Y, Zhang X, 
Chen J. Noble metal nanoparticles/
carbon nanotubes nanohybrids: 
Synthesis and applications. Nano Today. 
2011;6(1):75-90

[59] Ding L, Bond AM, Zhai J, 
Zhang J. Utilization of nanoparticle 
labels for signal amplification in 
ultrasensitive electrochemical affinity 
biosensors: A review. Analitica Chimica 
Acta. 2013;797:1-12

[60] Aldewachi H, Chalati T, 
Woodroofe MN, Bricklebank N, 



Applications of Nanobiotechnology

14

Sharrack B, Gardiner P. Gold nanoparticle-
based colorimetric biosensors. 
Nanoscale. 2018;10(1):18-33

[61] Farka Z, Juřík T, Kovář D, 
Trnková L, Skládal P. Nanoparticle-
based immunochemical biosensors 
and assays: Recent advances and 
challenges. Chemical Reviews. 
2017;117(15):9973-10042

[62] Shin JW, Yoon J, Shin M, 
Choi JW. Electrochemical dopamine 
biosensor composed of silver 
encapsulated MoS2 hybrid nanoparticle. 
Biotechnology and Bioprocess 
Engineering. 2019;24(1):135-144

[63] Salahandish R, Ghaffarinejad A, 
Naghib SM, Niyazi A, Majidzadeh 
A-K, Janmaleki M, et al. Sandwich-
structured nanoparticles-grafted 
functionalized graphene based 3D 
nanocomposites for high-performance 
biosensors to detect ascorbic acid 
biomolecule. Scientific Reports. 
2019;9(1):1226

[64] Chen G, Roy I, Yang C, Prasad PN. 
Nanochemistry and nanomedicine 
for nanoparticle-based diagnostics 
and therapy. Chemical Reviews. 
2016;116(5):2826-2885

[65] Yan H, Wang J, Yi P, Lei H, Zhan C, 
Xie C, et al. Imaging brain tumor by 
dendrimer-based optical/paramagnetic 
nanoprobe across the blood-brain 
barrier. Chemical Communities. 
2011;47(28):8130

[66] Kumar R, Roy I, Ohulchanskyy TY, 
Goswami LN, Bonoiu AC, Bergey EJ, 
et al. Covalently dye-linked, surface-
controlled, and bioconjugated 
organically modified silica nanoparticles 
as targeted probes for optical imaging. 
ACS Nano. 2008;2(3):449-456

[67] Kumar R, Ohulchanskyy TY, Roy I, 
Gupta SK, Borek C, Thompson ME, 
et al. Near-infrared phosphorescent 
polymeric nanomicelles: Efficient 

optical probes for tumor imaging and 
detection. ACS Applied Materials & 
Interfaces. 2009;1(7):1474-1481

[68] Khan S, Alam F, Azam A, Khan AU. 
Gold nanoparticles enhance methylene 
blue-induced photodynamic therapy: 
A novel therapeutic approach to 
inhibit Candida albicans biofilm. 
International Journal of Nanomedicine. 
2012;7:3245-3257

[69] Saint-Lager MC, Laoufi I, Bailly A, 
Robach O, Garaudée S, Dolle P. Catalytic 
properties of supported gold 
nanoparticles: New insights into the 
size-activity relationship gained from 
in operando measurements. Faraday 
Discussions. 2011;152:253-265

[70] Mukherjee P, Patra CR, Ghosh A, 
Kumar R, Sastry M. Characterization 
and catalytic activity of gold 
nanoparticles synthesized by 
autoreduction of aqueous chloroaurate 
ions with fumed silica. Chemistry of 
Materials. 2002;14(4):1678-1684

[71] Khan AU, Yuan Q , Wei Y, 
Khan ZUH, Tahir K, Khan SU, et al. 
Ultra-efficient photocatalytic 
deprivation of methylene blue and 
biological activities of biogenic 
silver nanoparticles. Journal of 
Photochemistry and Photobiology, B: 
Biology. 2016;159:49-58

[72] Shin SH, Ye MK, Kim HS, 
Kang HS. The effects of nano-silver 
on the proliferation and cytokine 
expression by peripheral blood 
mononuclear cells. International 
Immunopharmacology. 
2007;15(7):1813-1818

[73] Chen SA, Chen HM, YDer Y, 
Hung CF, Tu CS, Liang YJ. Topical 
treatment with anti-oxidants and 
Au nanoparticles promote healing 
of diabetic wound through receptor 
for advance glycation end-products. 
Europian Journal of Pharmaceutical 
Sciences. 2012;18(47):875-883



15

Nanoparticle Synthesis, Applications, and Toxicity
DOI: http://dx.doi.org/10.5772/intechopen.87973

[74] Shibuya S, Ozawa Y, Watanabe K, 
Izuo N, Toda T, Yokote K, et al. 
Palladium and platinum nanoparticles 
attenuate aging-like skin atrophy via 
antioxidant activity in mice. PLoS One. 
2014;9(10):e109288

[75] Seisenbaeva GA, Fromell K, 
Vinogradov VV, Terekhov AN, 
Pakhomov AV, Nilsson B, et al. 
Dispersion of TiO2 nanoparticles 
improves burn wound healing and 
tissue regeneration through specific 
interaction with blood serum proteins. 
Scientific Reports. 2017;7(1):15448

[76] Kleinman HK, Philp D, Hoffman MP. 
Role of the extracellular matrix in 
morphogenesis. Current Opinion in 
Biotechnology. 2003;14(5):526-532

[77] Heit YI, Dastouri P, Helm DL, 
Pietramaggiori G, Younan G, 
Erba P, et al. Foam pore size is a critical 
interface parameter of suction-
based wound healing devices. 
Plastic and Reconstructive Surger. 
2012;129(3):589-597

[78] Jiang B, Larson JC, Drapala PW, 
Pérez-Luna VH, Kang-Mieler JJ, Brey EM. 
Investigation of lysine acrylate containing 
poly(N-isopropylacrylamide) hydrogels 
as wound dressings in normal and 
infected wounds. Journal of Biomedical 
Materials Research. Part B, Applied 
Biomaterials. 2012;100(3):668-676

[79] Baek M, Kim MK, Cho HJ, 
Lee JA, Yu J, Chung HE, et al. Factors 
influencing the cytotoxicity of zinc 
oxide nanoparticles: Particle size and 
surface charge. Journal of Physics 
Conference Series. 2011;304(1):012044

[80] Patra HK, Banerjee S, Chaudhuri U, 
Lahiri P, Dasgupta AK. Cell selective 
response to gold nanoparticles. 
Nanomedicine. 2007;3(2):111-119

[81] Huang YW, Cambre M, Lee HJ. The 
toxicity of nanoparticles depends on 

multiple molecular and physicochemical 
mechanisms. International Journal of 
Molecular Sciences. 2017;18(12):2702

[82] Shakibaie M, Abharian A, 
Forootanfar H, Ameri A, Jafari M, Reza 
Rahimi H. Cytotoxicity investigations 
of biogenic tellurium nanorods towards 
PC12 cell line. IET Nanobiotechnology. 
2018;12(8):1144-1149

[83] Hanagata N, Zhuang F, 
Connolly S, Li J, Ogawa N, Xu M. 
Molecular responses of human lung 
epithelial cells to the toxicity of 
copper oxide nanoparticles inferred 
from whole genome expression 
analysis. ACS Nanotechnology. 
2011;5(12):9326-9338

[84] Kansara K, Patel P, Shah D, 
Shukla RK, Singh S, Kumar A, et al. 
TiO2 nanoparticles induce DNA double 
strand breaks and cell cycle arrest in 
human alveolar cells. Environmental 
and Molecular Mutagenesis. 
2015;56(2):204-217

[85] White JML, Powell AM, Brady K, 
Russell-Jones R. Severe generalized 
argyria secondary to ingestion of 
colloidal silver protein. Clinical 
and Experimental Dermatology. 
2003;28(3):254-256

[86] Jin CY, Zhu BS, Wang XF, 
Lu QH. Cytotoxicity of titanium dioxide 
nanoparticles in mouse fibroblast 
cells. Chemical Research in Toxicology. 
2008;21(9):1871-1877

[87] Yang Q , Ma Y. Irradiation-enhanced 
cytotoxicity of zinc oxide nanoparticles. 
International Journal of Toxicology. 
2014;33(3):187-203

[88] Sayes CM, Reed KL, 
Warheit DB. Assessing toxicology 
of fine and nanoparticles: 
Comparing in vitro measurements 
to in vivo pulmonary toxicity 
profiles. Toxicological Sciences. 
2007;97(1):163-180



Applications of Nanobiotechnology

16

[89] Punshon G, Vara DS, 
Sales KM, Kidane AG, Salacinski HJ, 
Seifalian AM. Interactions between 
endothelial cells and a poly(carbonate 
silsesquioxane- bridge-urea)urethane. 
Biomaterials. 2005;26(32):6271-6279

[90] Plackal Adimuriyil 
George B, Kumar N, Abrahamse H, 
Ray SS. Apoptotic efficacy of 
multifaceted biosynthesized 
silver nanoparticles on human 
adenocarcinoma cells. Scientific 
Reports. 2018;8(1):14368

[91] Perde-Schrepler M, Florea A, Brie I, 
Virag P, Fischer-Fodor E, Vâlcan A, 
et al. Size-dependent cytotoxicity and 
genotoxicity of silver nanoparticles 
in Cochlear cells in vitro. Journal of 
Nanomaterials. 2019;2019:1-12

[92] Hu W, Culloty S, Darmody G, 
Lynch S, Davenport J, Ramirez-Garcia S, 
et al. Neutral red retention time 
assay in determination of toxicity of 
nanoparticles. Marine Environmental 
Research. 2015;111:158-161

[93] Schneider T, Westermann M, 
Glei M. In vitro uptake and toxicity 
studies of metal nanoparticles and 
metal oxide nanoparticles in human 
HT29 cells. Archive for Toxicology. 
2017;91(11):3517-3527

[94] Kumar V, Sharma N, Maitra SS. In 
vitro and in vivo toxicity assessment 
of nanoparticles. International 
Nanotechnology Letter. 
2007;7(4):243-256


