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Chapter 1

Toxicity of Quantum Dots
Gerardo González De la Cruz, Lourdes Rodríguez-Fragoso, 
Patricia Rodríguez-Fragoso and Anahi Rodríguez-López

Abstract

Quantum dots (QD) have been deeply studied due to their physicochemical and 
optical properties with important advantages of a wide range biomedical applications. 
Nevertheless, concern prevails about its toxic effects, mainly in those QD whose 
core contains cadmium. Therefore, there are reports about the toxicity caused by the 
release of ions of cadmium and the effects related to its tiny nanometric size. The 
aim of this chapter is to show the evaluations about the toxicity of QD, which include 
studies on viability, proliferation, uptake, and distribution in vitro and in vivo models. 
What are the worrying toxic effects of QD? There are reports about some mechanisms 
of toxicity caused by QD, such as immunological toxicity, cell death (apoptosis and 
necrosis), genotoxicity, among others. In addition, we discuss how coating QD with 
passivating agents that improve their biocompatibility. Likewise, this coating modi-
fies their size and surface charge, which are fundamental aspects of the interaction 
with other biomolecules. We consider highlighting information about more precise 
techniques and methodologies that help us to understand how QD induce damage in 
several biological systems.

Keywords: quantum dots, cytotoxicity, cadmium, nanotoxicity, biocompatibility

1. Introduction

In recent decades, there have been countless publications on the use of nanomaterials, 
particularly in the biomedical area. The main use of semiconductor nanoparticles (NPs) 
lies in the development of formulations for the delivery of anticancer therapies, specifi-
cally targeting diseased tissues and organs. Moreover, quantum dots (QDs) provide 
remarkable specificity while avoiding damage to surrounding healthy cells and thus 
avoiding the dreaded side and adverse effects of current treatments. However, among 
the great applications and their attractive physicochemical and optical properties are a 
myriad of toxicological effects in biological systems [1]. QDs are inorganic semiconduc-
tors with a size range of 1–10 nm. Unlike other types of nanomaterials (NMs), QDs 
possess a unique and exceptional luminescent property. QDs have become the focus of 
a study by many researchers [2]. So far, QDs are the most promising option that have 
exhibited potential for applications in bioimaging (luminescence detection) [3, 4].

Quantum dots have properties, such as luminescent intensity, broad emis-
sion spectrum, tight size control, and selectivity, based on their composition. In 
addition, quantum dots have high resistance to photobleaching, physicochemical 
robustness, and better half-life than other conventional fluorochromes [5–9]. These 
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nanomaterials are constituted by central semiconductor core consisting of elements 
from groups II, VI, III-V, or IV-VI of the periodic table and mostly can be composed of 
heavy metals and toxic materials (e.g., Cd, Te and Hg, CdS, CdTe, CdSe, among oth-
ers) [10, 11]. Because their main component is cadmium and because of their tiny size 
they imply a potential hazard, especially for medical applications. There are different 
types of cadmium-free quantum dots, such as InP/ZnS, CuInS2/ZnS, AgInS2/ZnS, 
silicon, and graphene. Although they are cadmium-free in their composition, they are 
still subject to rigorous toxicological studies [12].

In order to reduce the cytotoxicity of quantum dots, there are some strategies such 
as the use of some shells composed of ZnS, CdS, ZnSe, or even CdS/ZnS multishells. 
By covering the core not only improved luminescent effect but also reducing the 
toxicity by avoiding the release of heavy metal ions [13, 14]. Achieving functionaliza-
tion of the QD core shell with a polymeric shell can give the desired biocompatibility 
and decrease its cytotoxic effects [15, 16]. Among some functionalized QDs, there 
are those coated with polymers such as dextrin or maltodextrin, which make the 
semiconductor able to target organs and can even be taken up by cellular organelles 
[17–19]. This advantage allows QD to be more specific and selective for applications 
for disease diagnosis and treatment purposes. However, the negative effects that 
QDs may have on cells are difficult to assess. QDs have higher fluorescence intensity, 
prolonged lifetime, specificity, and possess optical stability compared to conventional 
fluorochromes. In addition, the wavelength at which they emit is given by tight 
control of the core size. Figure 1 shows the characteristic image of QDs emitting 
photoluminescence.

The characteristics of QDs include size, which is what determines the wavelength 
at which they emit, although in some cases it does not depend on their composition. 
Thus, QDs of smaller size (2 nm) emit in blue, QDs of 3–5 nm in green, 6–8 nm in 
orange, and sizes of approximately 8–10 nm in red [10]. The controversial mecha-
nisms by which QDs are introduced into cells are of great interest among the scientific 
community and thus the molecular and physiological basis of cytotoxicity. These 
cytotoxic effects have been classified into in vivo and in vitro. Thus, cell culture-based 
tests have become the first choice for bioassessment of QD toxicity [20]. However, in 
vitro studies include assessments of cell membrane integrity, morphological changes, 
organelle dysfunction, and in some cases quantification of viable cells. Nevertheless, 

Figure 1. 
Fluorescence image of cadmium QD. La emisión de fluorescencia es dependiente del tamaño de los QD. Por lo que, 
la fotoluminiscencia va del Azul Para aquellos QD más pequeños y hasta el rojo Para los de un núcleo mayor.
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information on the behavior of quantum dots in a biological system is still scarce and 
does not emphasize the cell type-dependent toxicity induced by quantum dots. In this 
review, we have summarized the efforts in achieving a less toxic design, its advantages 
and disadvantages in the synthesis of single and bioconjugated quantum dots for 
application as nanovehicles.

2. Cytotoxic effects of quantum dots on diverse cell lines

The cell membrane is the first barrier that divides intracellular from extracellular 
mechanisms. The process by which QDs enter the cell is not well defined, although it 
includes anchoring of QDs to the cell membrane, transmembrane transport, distribu-
tion and localization within subcellular compartments, and intracellular accumula-
tion. All these processes are linked to their future application, their potential toxic 
effects, and the adverse effects induced in a dose-time-dependent manner [21]. Tests 
such as in vitro cytotoxicity are important because of the significant morphological 
changes caused by QDs at the cellular and subcellular levels. In recent years, a huge 
variety of in vitro studies suggest that QDs have toxic effects on cells at different levels 
[22, 23]. In addition, the passage of QDs across the cell membrane has been demon-
strated, the effects are oxidative stress, direct damage to membrane, morphological 
alterations, and various types of cell death.

In vitro models are necessary for safety assessment in preclinical testing of nano-
materials for diagnostic purposes. Although some models for cytotoxicity are not 
sufficient due to lack of human cells available for culture or even lack of reproduc-
ibility in assays. Therefore, the predictability about the safety of a nanodrug is a 
difficult task for nanotoxicology researchers [24]. However, there are in vitro models 
considered as standard patterns for toxicological studies of nanomedicines such as the 
use of human renal Hek293 cells [25]. Over a decade, our research group has focused 
its interest on the study of dextrin-coated 3.5 nm sized cadmium sulfide QDs (CdS-
dex) [26] and their potential biomedical application as is the case of doxorubicin-
conjugated CdS-dex QDs (CdS-dex/dox) [27]. Therefore, we have established several 
in vitro tests using Hek293, HeLa (cervix adenocarcinoma), and HepG2 (hepatic cells) 
cells for preclinical studies on CdS-dextrin quantum dots and with maltodextrin. 
Therefore, our results demonstrate that CdS-dex QDs and CdS-dex/dox QDs induce 
exposure to dose-dependent cytotoxic effects. In addition to this, we consider that one 
of the main evaluations to be performed on QDs is the monitoring of their cellular 
uptake and distribution. We observed that Hek293, HeLa and HepG2 cells when being 
treated with concentrations of 0.01 and 1 μg/mL, CdS-dex QDs cross the cell mem-
brane, induce morphological changes, and distribute uniformly at different cellular 
level. Due to their nanometer size, QDs caused cytotoxicity in the three different 
cell types by crossing the cell membrane. However, morphological changes varied 
significantly between Hek293, HepG2, and HeLa cells and the concentration of CdS-
dex QDs (Figure 2). When QDs have contact with the extracellular membrane, they 
interact with components of the plasma membrane which allows them to somehow 
enter the cell by some mechanism such as endocytosis. Endocytosis engulfs the QDs 
by invagination of the membrane to form endocytic vesicles, which transport the QDs 
to subcellular compartments. Depending on the cell type, as well as some biomol-
ecules involved in the process, endocytosis can occur in different types [28, 29]. 
Some authors refer to the uncertainty about the toxic effect that quantum dots may 
cause as they are transported through the bloodstream and leach into the kidneys. 
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However, there is no information on the nephrotoxic effects of quantum dots both in 
vitro and in vivo. Nevertheless, some studies aim to understand the cytotoxic effect on 
renal cells caused by quantum dots. Therefore, quantum dots, such as titanium oxide 
(TiO2), zinc oxide (ZnO), and cadmium sulfide (CdS), have been evaluated in tubular 
cells (HK-2) in which the cellular and molecular mechanism through oxidative stress 
induced by quantum dots was demonstrated. In which it was observed that the cyto-
toxicity of quantum dots was size and solubility dependent. Furthermore, quantum 
dots that were soluble such as CdS and ZnO were found to cause dose-dependent cell 
death and degradation/discharge of their ions, respectively [30].

In another investigation, carboxylated CdTe QDs were used and the induced 
cytotoxicity was evaluated in HeLa cells treated at concentrations from 0.1 to 
1000 ng/mL during different exposure times. The effect of CdTe QDs on cell death 
type, genotoxic effect, and cellular uptake was also evaluated. In this study, they 
demonstrated that carboxylated QDs did not prove to be less cytotoxic compared 
to CdTe alone in a concentration-dependent manner. Furthermore, they concluded 
that CdTe-COOH QDs have genotoxic properties and antiproliferative effects in 
HeLa cells [31].

Figure 2. 
Fluorescent microscopic visualization of CdS-dex QD in human cell lines. Cells were treated for 24 h with CdS-
dex QD (0,01–1 μg/mL). Cells were seeded on slides by smearing and allowed to dry, then analyzed using confocal 
epifluorescence microscope. Green fluorescence shows the presence of QD surrounding the cytoplasm of Hek293, 
HeLa, and HepG2 cells. Scale bar 20 μm.
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Although CdS-dex quantum dots produced different cytotoxic effects on human 
tumor cells, these effects are not necessarily benign. In fact, our study showed that 
these nanoparticles had the ability to enter even subcellular compartments. Thus, 
their biological behavior could trigger pathophysiological effects in a concentration-
dependent intrinsic manner. Our CdS quantum dots are coated with a polymeric layer 
of dextrin. However, many nanomaterials are known to have an inorganic or polymer 
layer protecting the core to prevent degradation. Even so, heavy metal ions such as 
cadmium can be released through low stability [32–34]. Studies are needed to know if 
the cadmium core degrades and releases metal ions and what effects are related to this 
degradation.

Despite the remarkable effects caused by CdS-dex quantum dots, we clearly need 
to reinforce the studies and strategies that allow us to learn more about their toxicity. 
We are getting closer and closer to obtaining biocompatible semiconductor nanopar-
ticles with useful capabilities in diagnosis, treatment, and monitoring of pathologies 
such as cancer.

Evidently, QDs have physicochemical properties and capabilities and character-
istics similar to biological molecules that allow them to be used in biodiagnostics, 
bioimaging, and targeted drug delivery. For a drug to be effectively delivered using 
nanocarriers such as QDs, the core component of the QD, the drug or molecule with 
which it will bioconjugate, and the core shell must be considered. That is, this set of 
components must be carefully selected to have therapeutic efficiency and optimal 
safety for use in a biological system [35, 36]. Currently, QDs are considered a tool with 
promising uses and applications in nanomedicine. However, their cytotoxic effects 
remain among the main challenges regarding their biocompatibility. The QDs with 
the highest capacity to emit luminescence and with the highest efficiency in carrying 
molecules with active principle are those containing cadmium (Cd). However, one 
of the limitations for the use of Cd QDs in nanomedicine and clinical research is that 
it is suggested that the core disintegrates and is potentially toxic. That is, it has been 
considered that it is the core of the QD that largely determines the cytotoxic response 
and pathophysiological effects [37–39].

Some authors refer that the safety assessment of QDs alone or conjugated is of 
vital importance since it will allow predicting the effects when interacting with a 
biological system. They suggest that a nanomaterial is small enough to enter a cell 
and its cellular compartments, regardless of the route of administration [40–42]. For 
systemic drug delivery, the intravenous (IV) route is used, which is a major challenge 
in the development of nanotherapies [43]. The US Food and Drugs Administration 
(FDA) has approved NMs that have been studied in rigorous preclinical studies 
combining therapeutic and biological targets as drug delivery agents [44–46].

Our working group has been given the task of synthesizing colloidal CdS-dex/dox 
QD and evaluating on HeLa cell. We treated HeLa cells with CdS-dex and CdS-dex/
dox to compare the selectividad of uptake alone as well as bioconjugated (1 μg/mL) in 
both cases and with doxorubicin at the same concentration. After 24 h of incubation 
and in order to investigate the cellular absortion of QD, cells were fixed on slides for 
visualization by confocal fluorescence microscopy. Through visualization of fluo-
rescence and cellular uptake, we can observe that in cells treated with CdS-dex QDs 
without bioconjugation, there was a higher distribution in cytoplasm, nucleus, and 
nucleoli of the cell. However, this cellular uptake and distribution were not the same 
in the case of HeLa cells treated with doxorubicin and CdS-dex/dox. Nevertheless, in 
cells treated with doxorubicin and CdS-dex/dox, a significant increase in cell size was 
observed compared to cells treated with QDs alone. Although, QDs did not appear 
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homogeneous throughout the cytoplasm and with lower fluorescence intensity in the 
nucleus (Figure 3). They can also induce not only cytotoxic but also genotoxic effects 
in both normal and cancer cells [47–50].

Although, it has been shown that the effect after cellular uptake of various QDs 
depends on their size, shape, concentration, and cell type. The cytotoxic effect and 
mechanisms of nanotoxicity by the interaction of QDs with cells remain complex to 
assess and far from fully understood. However, this nanotoxicity has been shown to 
occur intracellularly or extracellularly [51]. QDs can even interact directly with bio-
molecules once inside the cell, due to their minute size. As a result of this interaction, 
an alteration in cellular equilibrium coexists, as well as irreversible morphological 

Figure 3. 
Fluorescent microscopic visualization of doxorubicin, CdS-dex, and CdS-dex/dox QD in HeLa cell. Cells were 
treated for 24 h at 0,01–1 μg/mL concentration of doxorubicin, CdS-dex, and CdS-dex/dox QD. Cells were 
seeded on slides by smearing and allowed to dry, then analyzed using a confocal epifluorescence microscope. Green 
fluorescence shows the presence of CdS-dex QD. Red emission shows fluorescence in the presence of doxorubicin 
and CdS-dex/dox QD. The yellow arrow represents the increase in size and the white arrow indicates the absence 
of QD.
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and functional damage [51]. Even if indirectly the outside of the interacts with QDs 
through membrane receptors that cause activation and inhibition of different signal-
ing pathways, causing toxic reactions or cell death [52].

Therefore, the cytotoxicity of QDs is more complex than we can imagine, it can 
cause not only the interaction with heavy metals contained in QDs but the disinte-
gration of the core and the release of Cd ions, which increases their toxic potential. 
Under this condition, researchers have expressed concern about the use of NM and 
the parameters to be evaluated for future medical applications. This question arises 
from the association of adverse effects derived from the ability of QDs to enter cells 
and lodge in various subcellular compartments. This implies that they could evade the 
defense mechanisms of the human body, cross biological barriers and even interact 
with components of blood circulation [53]. Moreover, the blood circulation is the 
primary passage of NMs to the distribution of target organs. Thus, vascular endothe-
lial cells serve as the first barrier and are tasked with maintaining vascular integrity 
[54]. In a study with ZnO nanoparticles, it has been shown that they are capable 
of causing cytotoxicity in HUVEC cells due to the increase of intracellular reactive 
oxygen species (ROS) in a dose-dependent manner [55]. Our studies have shown 
that at concentrations of 0.01 μg/mL, CdS-dex QDs already cause cytotoxic effects in 
HUVEC cells. The QDs are distributed around the cytoplasm, producing an increase 
in cell size and completely changing the characteristic morphology of the endothelial 
cell (Figure 4). Although it does not penetrate into the nucleus and nucleoli, cel-
lular uptake occurs in a dose-dependent manner. In addition, endosome formation is 
observed, suggesting that cell deformation and toxicity are caused by cellular stress 
following the passage of the QD into the cell. The cytotoxicity produced by QDs is the 

Figure 4. 
Fluorescent microscopic visualization of HUVEC cells treated with CdS-dex QD at 0,01–1 μg/mL concentration 
and 24 h time exposure. Cells were seeded on slides by smearing and allowed to dry, then analyzed using a confocal 
epifluorescence microscope. Green fluorescence shows the presence of CdS-dex QD.
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main parameter limiting their use in bioimaging research. The idea of applying QDs 
that produce morphological changes and ultimately cell death is a determining factor. 
Currently, joint efforts are being made for the development of innovative QDs capable 
of meeting the needs in healthcare areas. This progress in QD design and synthesis 
has resulted in improved safety in vitro studies. However, a myriad of factors that lead 
to cytotoxicity of QDs in normal, cancer, and endothelial cells remain in question. 
It has also been demonstrated that when QDs come into contact with organisms, 
they produce toxicity that is size-dependent, concentration threshold-dependent, 
and varies according to cytosensitivity [56]. However, factors such as concentration 
range are responsible for the intracellular distribution, which necessitates storage and 
bioaccumulation and thus increases cytotoxicity [57]. There is still a long way to go to 
achieve an accurate understanding and standardized parameters on safety for the use 
of quantum dots in the field of biomedicine.

In a whole decade, we have been dedicated to the design, synthesis, and nanotoxi-
cological evaluation of quantum dots so we are very clear that, quantum dots can be 
improved in their design and composition. In addition, the nanoparticle size must be 
strictly controlled as it is one of the main factors influencing the toxicological effects 
of quantum dots [53]. The idea of having a complete profile of a type of nanomaterial 
is not unrealistic. However, it is necessary to demonstrate with studies on its preclini-
cal evaluation. These evaluations include physicochemical characterization, in vitro 
evaluations with different types of human tumor and healthy cells, biodistribution, 
bioaccumulation, and pharmacokinetic studies. In addition, to perform exhaustive 
evaluations on its hemocompatibility as a starting point to rule out the toxic effect of a 
nanomaterial.

3. Conclusion

The development of newer drug delivery systems based on the use of quantum 
dots is one of the advantages for various disease treatments, such as cancer and gene 
therapy, as noted above. This modality allows for site-specific drug therapies and 
a higher safety profile. However, the pharmaceutical industry is far from knowing 
everything about the toxicological profile of all nanomaterials. However, nanotech-
nological challenges are evolving and it is necessary to focus our attention on the 
standardization of parameters for the evaluation of the cytotoxicity of nanomaterials 
such as quantum dots in order to broaden their safety range and thus ensure lower 
toxic effects. In the meantime, let us not forget that the key to the toxicity caused by 
quantum dots is given by the interaction of the elements that compose them and the 
biomolecules of the biological system. In the very near future, we can include scien-
tific bases that tell us about physicochemical perspectives of quantum dots, better 
experimental conditions already standardized and reliable comparative analyses (in 
vitro and in vivo).

Appendices and nomenclature

NP  nanoparticles
QD  quantum dots
NM  nanomaterials
Cd  cadmium
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Chapter 2

Nanotoxicological Assessments of 
Upconversion Nanoparticles
Dalia Chávez-García and Karla Juarez-Moreno

Abstract

Upconversion nanoparticles (UCNPs) are highly efficient luminescent nanomaterials  
with emission in the visible spectra while being excited by near-infrared region 
light (NIR). With their unique properties such as high luminescence intensity, sharp 
emission peaks with narrow bandwidth, large anti-Stokes’ shift, and sizes smaller 
than 100 nm, UCNPs have emerged as promising candidates for diverse biomedical 
applications such as cancer detection and therapy, fluorescence imaging, magnetic 
resonance imaging (MRI), and drug delivery. The UCNPs are composed of a crystal-
line matrix doped with lanthanide ions that can absorb NIR light (~980 nm) and 
upconvert it to visible light. However, to achieve successful biomedical applications, 
proper functionalization, target-specific cell interaction, and biocompatibility are 
critical factors that must be considered. Additionally, a comprehensive nanotoxico-
logical assessment is necessary to ensure that UCNPs are not cytotoxic or genotoxic. 
This assessment is particularly important for long-term studies of nanoparticles’ 
tracking in vivo. Therefore, this chapter aims to provide an in-depth evaluation of 
the nanotoxicological issues related to nanoparticles (NPs) and UCNPs in biomedical 
applications, and ensure their safety and efficacy as bioimaging and chemotherapeutic 
delivery tools.

Keywords: cytotoxicity, nanoparticles, upconversion, nanotoxicological, luminescent

1. Introduction

The toxicity assessment of nanoparticles (NPs) is a relevant issue since many 
researchers are using, specially, luminescent nanoparticles for various applications, 
such as bioimaging or drug delivery for in vivo and in vitro applications [1–3]. In this 
chapter, we will analyze how the approach in this analysis has been carried out for 
upconversion luminescent nanoparticles (UCNPs), which are a special type of NPs 
since they can receive energy in the near-infrared region (NIR) and emit in the visible 
or NIR spectrum. These NPs are composed of a matrix cell that can be made of oxides, 
oxysulfides, oxyhalides, phosphates, molybdates, tungstates, gallates, vanadates, and 
fluorides. The UCNPs are doped with lanthanide elements such as: Yb3+, Er3+, Tm3+, 
and Ho3+, among others. It is common in the upconversion process to have lantha-
nide elements co-doped to bring about a photon transfer between energy levels. For 
example, for the doping of Yb/Er, the Yb3+ absorbs NIR radiation at 970–980 nm of 
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wavelength in its base state (2F7/2–2F5/2), then this energy is transferred to Er3+ and the 
electron is populated to level 4I11/2, then, a second photon is absorbed and by Yb3+ and 
it is transferred to Er3+, so the electron is raised to level 4F7/2. From this state, it decays 
rapidly to 4S3/2, and the green emission happens (4S3/2–4I15/2), and this process is called 
the APTE (Addition de photons par transfert d′énergie, i.e., photon energies by add-
ing transfers), as can be seen in Figure 1. There are more upconversion processes with 
different doping combinations and concentrations of the ions, where the percentage 
of doping directly affects the color of emission [4].

The UCNPs have emerged as a promising nanomaterial for identifying specific 
cells and for drug delivery. Unlike other dyes, UCNPs exhibit stable emission if the 
source of excitation is maintained, making them more reliable. There are other types 
of upconversion processes such as: two-step absorption, cooperative sensitiza-
tion, cooperative luminescence, the second harmonic generation, and two-photon 
 absorption [4].

One crucial aspect of using UCNPs in biomedical applications lies in ensuring 
their biocompatibility on cells and or organisms. To achieve this, UCNPs must be 
functionalized with different ligands that specifically target the desired cells and 
organs. Several chemical groups, including polyethylene glycol (PEG) [5], polyethyl-
eneimine (PEI) [6], polyvinylpyrrolidone (PVP) [7], polyacrylic acid (PAA) [8], and 
silica [6], have been used for this purpose. However, it is important to highlight that 
the toxicology of UCNPs depends on their physicochemical and physiological prop-
erties. Physicochemical properties include size, shape, surface area, and chemical 
composition, while physiological properties refer to the disease conditions, genetics, 
and other factors [9]. The recommended size for optimal penetration of NPs is below 
100 nm. However, this size may also pose a risk of toxicity due to their potential to 
penetrate cellular structures and organs via the circulatory system. Moreover, UCNPs 
may generate reactive oxygen species (ROS) that can induce DNA damage, which 
not only affects the cell growth by means of protein oxidation, but also impacts 
 mitochondrial respiration [10].

Figure 1. 
Upconversion process between Yb3+and Er3+ ions.
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Several toxicological studies have been conducted on both in vivo and in vitro 
human cell lines and organs to assess the potential harmful effects of UCNPs. These 
studies have evaluated the effects of gene expression, growth, and reproduction of 
the organisms. It is crucial to continue monitoring and evaluating the toxicity of 
UCNPs as their use becomes more prevalent in biomedical applications.

2. Biocompatibility of nanoparticles

This section will provide an overview of different methods that researchers use 
to achieve biocompatibility of UCNPs. Figure 2 depicts the common way to coat and 
functionalize UCNPs for several researches, as generally, the UCNPs or NPs need to 
be coated to ensure biocompatibility and they need functional groups to attach to 
several types of ligands that can bind to the surface of the targeted cells, as depicted.

2.1 Polyethylene glycol

The most used method to achieve biocompatibility is through PEGylation, which 
is both effective and straightforward. Although the specific approach may vary 
among different authors, PEGylation generally refers to the covalent conjugation of 
PEG to other molecules. This process enhances the physicochemical properties of the 
molecules, leading to reduce the immunogenicity and improve solubility, electrostatic 
binding, and hydrophobicity of a given biomolecule [11]. Overall, PEGylation repre-
sents a valuable tool for improving the biocompatibility of drugs and biomolecules, 
allowing for safer and more effective biomedical applications.

The first polymer conjugation was developed by Abuchowski et al. in 1977 [12], 
and various authors have developed different PEGylation methods for diverse applica-
tions, ranging from biocompatibility to trimodal fluorescence. For instance, Zeng 
et al. [13] developed PEG-modified BaGdF5:Yb/Er UCNPs for multimodal fluores-
cence/CT (computed X-ray tomography)/magnetic bioimaging applications, which 
exhibited low cytotoxicity and long circulation time. Similarly, Maldiney et al. [14] 

Figure 2. 
Biocompatibility and functionalization of several types of UCNPs.
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utilized luminescent NPs emitting in the near-infrared spectra, with two types of 
mice: healthy and tumor carrier mice. They reported that PEG coating enabled the 
formation of stealthy particles that were more uniformly distributed throughout 
the animal. It is important to note that PEGylation tends to increase the diameter 
of the NPs by about 10 nm, similar to other conjugation methods. However, an 
essential aspect of PEGylation is the characterization of NPs, and the dynamic light 
scattering (DLS) is a crucial technique that can provide three critical parameters: 
size; zeta potential that measures the surface charge of the NPs and determines their 
colloidal stability (values between −10 and +10 mV are neutral, while values greater 
than +30 mV or less than −30 mV are considered strongly cationic and strongly 
anionic, respectively), and size distribution [15]. The selection of ligands to bind 
the PEGylated-NPs may vary depending on the application. The purpose of having 
PEGylated-NPs with ligands is to target specific receptors on the surface of cancer cells 
and to allow for retention in the area due to the enhanced permeability and retention 
effect (EPR). A variety of ligands can be used, including molecules, peptides, pro-
teins, antibodies, aptamers, among others [12, 16–19].

However, PEG may undergo degradation due to light, stress, or heat. Some authors 
have addressed this issue by combining PEG with copolymers such as PVP and 
poly(lactic-co-glycolic acid) or PLGA [20]. With these challenges, research with PEG 
continues to be relevant, as it has proven to be an important tool for achieving the 
biocompatibility of NPs.

2.2 Polyethyleneimine

Polyethyleneimine is a very versatile aliphatic polymer that contains primary, 
secondary, and tertiary amino groups, with a ratio of 1:2:1 [21]. It has found numerous 
applications in non-viral gene delivery and therapy for in vitro and in vivo models. 
In addition, PEI has been used for non-pharmaceutical applications, such as water 
purification and shampoo manufacturing. For instance, Ge and collaborators [22] 
developed near-infrared emitting nanoparticles coated with PEI and gold nanorods 
coated with dithiothreitol to detect arsenic (III), while Pan et al. [23] synthesized  
PEI-coated upconversion nanoparticles for use as an optical probe to determine the 
water content in organic solvents.

Polyethyleneimine-modified nanoparticles have also been explored for various 
biomedical applications. Mi et al. [24] developed luminescent NPs coated with PEI 
that can bind to antibodies through their amino groups, resulting in tunable colors. 
Xu et al. [25] functionalized NPs with folic acid and polycaprolactone/PEI for in vivo 
drug delivery in SKOV-3 cancer cells. Their results showed that their method was more 
effective in killing cancer cells than free doxorubicin. PEI-NPs have also been used for 
pulmonary gene delivery. Bivas-Benita et al. [26] developed a PLGA-PEI-NP that can 
deliver genes to the lung epithelium using Calu-3 cells. Huh et al. [27] used PEI-NPs 
composed with glycol chitosan and encapsulated with siRNA, which significantly 
inhibited red fluorescent protein (RFP) gene expression in B16-F10-bearing mice cells.

PEI nanoparticles represent an important tool especially for drug delivery of 
anticancer drugs and also gene therapy applications, among others.

2.3 Polyvinylpyrrolidone

PVP is commonly used as a coating for silver NPs and as a drug carrier [25, 28, 29]. 
However, several authors have also used PVP as a coating for UCNPs [25, 30–34]. 
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PVP is a versatile coating because it can work as a NP dispersant or as a surface 
stabilizer, and it also has reducing properties. Its functional groups, which include 
C=O, C–N, and CH2, enable it to control the growth of certain aspects by binding 
onto others, providing biocompatibility to the NPs [29, 35].

Johnson et al. [34] synthesized β-NaYF4:Yb3+/Er 3+ UCNPs and used PVP to replace 
the oleate surface ligands. This modification makes the UCNPs water-dispersible, 
which is crucial for in vivo applications. Additionally, PVP is biocompatible, has a 
prolonged blood circulation time, and shows low accumulation in vital organs. Zou 
et al. [33] prepared UCNP NaYF4:Yb3+/Er 3+ embedded into PVP nanotubes using the 
electrospinning method, resulting in an intense emission of the UCNPs compared to 
bare UCNPs. Due to their biocompatibility, these modified NPs may have important 
applications in biomedicine.

2.4 Polyacrylic acid

PAA is a hydrophilic and pH-responsive polymer that can replace hydrophobic 
ligands on the surface of NPs, making it an excellent candidate for in vivo and in vitro 
applications [36]. Its biocompatibility and other desirable qualities make it an attrac-
tive coating option for various types of NPs [37–41].

Hilderbrand et al. [42] synthesized UCNPs coated with PAA and linked amino-
PEG to the carboxyl groups of the PAA. The resulting modified UCNPs were 
non-cytotoxic and displayed good NIR emission. Wang et al. [41] also prepared 
UCNPs YF3:Yb3+/Er3+ with NIR emission and coated with PAA, resulting in strong 
luminescence. In a study by Xiong et al. [40], PAA-coated UCNPs were shown to have 
excellent biodistribution and cellular uptake in mice, with no observed toxicity, sug-
gesting that these NPs could be used for long-term therapy and bioimaging studies in 
vivo. Additionally, Jia et al. [36] investigated the effects of doxorubicin hydrochloride 
(DOX) and PAA-coated UCNPs (DOX@PAA-UCNPs) on HeLa cells and found that 
the UCNPs were biocompatible and effective as a drug carrier.

In summary, PAA is a very versatile polymer that can be used to coat on various 
types of NPs for a wide range of biomedical applications.

2.5 Silica

Silica (SiO2) is a commonly used coating material for various types of NPs due to its 
favorable properties, including biocompatibility, thermodynamic stability, low toxic-
ity, colloidal stability, ease synthesis, and scalability. Two main methods are generally 
used for producing the coating: sol-gel in a reverse micelle nanoreactor and the Stöber 
method [43, 44]. However, achieving a complete and homogeneous coating is a signifi-
cant challenge, and Ureña-Horno et al. [45] developed a method for coating UCNPs 
with silica. By determining the optimal concentration of nanoparticles, they were able 
to achieve high yields of homogeneous functionalization and prevent agglomeration.

Hlaváček et al. [46] employed agarose gel electrophoresis for the purification of sil-
ica-coated UCNPs and for the separation of the protein-UCNPs from surplus reagents. 
This work represents a significant advancement in nanoparticle separation and mea-
surement of their size and surface charge. In another study, also, Gnanasammandhan 
et al. [47] used silica-coated UCNPs for photoactivation in two specific applications: 
photodynamic therapy (PpDt) and photoactivated control of gene expression. The 
UCNPs were coated with PEG and functionalized with FA to target specific tumors, 
and their protocols for photoactivation therapy are valuable for future studies.
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Overall, the efficient coating and functionalization of nanoparticles with silica are 
vital for their successful use in various applications, and these studies provide impor-
tant insights and protocols for achieving these goals.

3. Toxicology of nanoparticles

The study of the toxicological effects elicited by NPs on cells and organisms is 
crucial in biomedical-nanotechnology applications. Thus, it is important to ensure 
that NPs are not cytotoxic or genotoxic. Table 1 summarizes various approaches used 
by different authors for the toxicological assessment of nanoparticles.

3.1 Cytotoxicity assays

Assessing the cytotoxicity of new agents or nanomaterials is a crucial step in 
evaluating their potential biomedical applications. In vitro cell culture tests are 
preferred over in vivo animals test for ethical, speed, and cost reasons. However, cell 
cultures tend to be susceptible to various environmental factors, such as pH, nutri-
ents, and temperature, which may interfere with the interpretation of the results. 
Therefore, it is important to ensure that the observed cell viability is observed solely 
due to the toxicity of the nanomaterials being tested, rather than environmental fac-
tors. Performing a range of tests with different concentrations of NPs and consistent 
experimental conditions enhances the validity of results [56, 57].

The MTT assay, based on the reduction of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphe-
nyl-2H-tetrazolium bromide by dehydrogenase enzymes, is one of the most common 
methods to assess cell viability, as it measures mitochondrial activity in living cells 
[58–60]. This assay detects living cells, and the results are easily read using a multi-
well scanning spectrophotometer (ELISA plate reader). Several authors have success-
fully used this assay, including those listed in Table 1 [48, 50, 55].

Another variation of the MTT assay is the Cell Titer 96 Aqueous One Solution 
Cell Proliferation Assay, which uses MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium], and phenazine 
ethosulfate, instead of MTT. Bahadar et al. [61] used both methods to evaluate the 
cytotoxicity of different metallic and non-metallic NPs on cells.

Other methods for measuring cell viability include the trypan blue and neutral 
red assays, which detect dead cells based on dye penetration into cell membrane. 
Ramírez-García et al. [62] used the trypan blue assay to measure the cell viability of 
zinc-gallium luminescent NPs; also, Zairov et al. [63] used gadolinium-based lumi-
nescent NPs with PC12 cells for obtaining low cytotoxicity, and the viability of the 
living cells was measured with a hemocytometer.

Live/dead viability assay, which measures the number of damaged cells, uses 
calcein acetoxymethyl (calcein AM) and ethidium homodimer. This method 
was mostly used to test the cytotoxicity exerted by gold nanoshells, silver, silica 
NPs, or fullerenes on cells [64]. The water-soluble tetrazolium (WST-1) assay is 
another method that measures mitochondrial activity by transforming the light-
red tetrazolium salt into dark-red formazan salt due to the mitochondrial activity 
in living cells. Braun et al. [65] evaluated silica NPs with C2C12 cells using MTT 
and WST assays, and described that the MTT assay overestimated the low and 
medium cytotoxicity of the NPs, while the WST assay underestimates the particle 
concentrations studied.
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There are alternative approaches to assess the cytotoxicity of NPs: For instance, 
Das et al. [66] carried out a study on the toxic effects of three types of functionalized 
UCNPs: oleate ligands-NPs, PEG-NPs, and bilayer PEG-oleate-NPs. They employed 
the calcein and propidium iodide viability assay and concluded that the bilayer NPs 
exhibited significant toxicity due to functionalization. In another study, Malvindi 
et al. [67] evaluated the cytotoxicity of silica-coated iron oxide NPs using the 
WST-8 ([2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium, monosodium salt] assay and lactate dehydrogenase release (LDH 
assay) to analyze cell viability and cell membrane integrity. The NPs demonstrated 
good internalization in HeLa cells with no observed toxicity. Meindl et al. [68], on 
the other hand, assessed the cytotoxicity of NPs by measuring intracellular calcium 
levels, providing an example of an alternative approach for toxicity evaluation. It is 
important to select an appropriate method for assessing cytotoxicity, with suitable 
experimental parameters and consistent concentrations of NPs and exposition times 
across different studies. Otherwise, non-toxic NPs may yield misleading results due to 
factors such as cellular senescence.

3.2 Reactive oxygen species/reactive nitrogen species

The production of reactive nitrogen species (RNS), such as nitric oxide (NO), is 
closely associated with inflammatory responses and can react with oxygen to produce 
ROS. When NPs interact with cells, they may induce cell death by triggering the 
production of NO. The production of RNS is regulated by the enzyme nitric oxide 
synthase (NOS), while ROS production is regulated by NAD(P)H oxidase isoforms. 
Excessive ROS production can cause oxidative stress, leading to damage in the cell 
membrane, proteins, lipids, or DNA. However, low or moderate concentrations of 
ROS/RNS are beneficial, as they can help to defend against infections [69–71].

Several studies have demonstrated that metal and silica nanoparticles can induce 
oxidative stress and inflammation. The reactivity at the target sites and the surface 
area are two crucial factors affecting these outcomes. In a study conducted by Tran 
et al. [72], the effects of nanoparticles’ surface area on lung health were investigated. 
They demonstrated that NPs with a higher surface area tend to be retained and 
accumulate in the lungs, reaching a saturation point where they become less suscep-
tible to phagocytosis and exhibit reduced mobility. This overload effect stimulates 
macrophages, leading to the production of inflammatory responses, including tumor 
necrosis factor.

In a recent study, Wang [73] investigated the use of ROS probes to detect and visu-
alize ROS production in living cells. The most commonly used ROS include H2O2, 1O2, 
O2

•−, ClO−, ONOO−, and •OH. Luminescent NPs were found to be effective probes 
for detecting H2O2 and other ROS forms in living cell systems. The authors suggest 
that these nanoprobes may have promising therapeutic applications for sensing ROS.

3.3 Genotoxicity

When conducting deeper cytotoxicity studies, determining the genotoxic poten-
tial of NPs is often necessary. Various authors have employed different methods to 
ensure single- and double-stranded DNA breakage caused by NPs exposure. One 
of the most used methods is the flow cytometry that differentiates among various 
cell populations, between cell size, and complexity (granularity) through a laser 
beam [74]. Intercalating dyes such as propidium iodide can be used to measure DNA 
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damage by counting apoptotic cells as the dye fluoresces in proportion to the increase 
in cell membrane permeability of damaged cells, and the presence of cell death-
associated molecules in the cell membrane [56].

The comet assay, or alkaline single cell gel electrophoresis assay, is another widely 
used method, in which agarose gels are suspended and then lysed, electrophoresed, 
and stained with a fluorescent DNA-binding dye [75]. DNA damages can manifest in 
various forms, such as mutations, carcinogenesis, oxidative stress, or damage to the 
mitotic spindle and its components [76]. However, the assay has limitations in terms 
of processing multiple samples, as the electrophoresis can hold only 20 slides per 
run and generally each slide has one or two gels. Some researchers have attempted 
to increase throughput by increasing the size of the gels. For instance, Azqueta et al. 
[77] compared standard, medium- and high-throughput comet assays, by increasing 
throughput by an increase in the size of the gels to analyze more samples, however, 
scoring the results can be time-consuming.

There are still some issues with the analysis of the DNA damage that need to be 
addressed, such as the potential for NPs to induce additional DNA breaks during the 
assay, leading to false high damage results, or interfering with the scoring of the DNA-
heads, resulting in less intensity.

3.4 Apoptosis/necrosis

Cell death, whether induced by apoptosis or necrosis, can be measured using flow 
cytometry. Upon injection of NPs into the bloodstream, the kidneys play a key role 
in clearing the NPs. However, depending on the timeg duration of therapy, NPs can 
potentially cause nephrotoxicity. The surface charge of NPs is an important factor in 
their physical stability. Positively charged NPs tend to interact more strongly with blood 
components and are easily cleared from the circulatory system. Conversely, NPs with a 
more negative surface charge exhibit lower interaction with plasma proteins [78].

In vivo studies have investigated the toxicity and DNA damage induced by vari-
ous types of NPs, including metal, silver, and gold NPs. Some findings suggest that 
oxidative stress may be a mechanism of cytotoxicity and apoptosis induced by the NPs 
[78, 79]. Zhao et al. [80] conducted a study on nickel NPs in mouse epithelial (JB6) 
cells, revealing high cytotoxicity and apoptosis resulting from NPs interactions.

Moreover, Wang and Cho [81] discovered that the nuclear factor kappa B (NF-
κB) plays a crucial role in regulating inflammatory responses that may induce DNA 
damage. In the process of evading apoptosis, reduced tissue capability to eliminate 
damaged cancer cells can occur. Therefore, NPs that cause DNA damage can lead to 
unwanted inflammatory responses.

One approach utilized in certain studies is the utilization of apoptosis as a tar-
geted cancer treatment through customized NPs designed for this purpose. In some 
instances, these NPs have been observed to induce morphological changes and trigger 
autophagy through toxicity, such as cerium oxide NPs or iron oxide NPs [82, 83].

Necrosis, on the other hand, refers to the premature cell death caused by injury. 
Mohammadinejad et al. [84] conducted a study on the apoptotic, necrotic, and 
autophagic effects of several types of NPs. They concluded that during necroptosis, 
which is a regulated necrosis, the cell receptor apoptotic signaling pathway detects 
different stimuli, leading to a complex process. For instance, Schaeublin et al. [85] 
demonstrated that charged gold NPs induced apoptotic death in human keratinocyte 
cells (HaCaT), while non-charged NPs induced necrosis. Therefore, it is crucial to 
address the study of the effects of different types of NPs on cell death.
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When evaluating cell death, it is important to assess the specific mode of death 
rather than solely relying on cell viability. This is because apoptosis, in some cases, 
may be followed by secondary necrosis, which can lead to inconclusive or erroneous 
results.

3.5 Hemocompatibility

The hemolysis test is employed to assess the acute hemolytic activity of nanoma-
terials intended for prolonged contact with soft tissue and cells [86]. Additionally, the 
hemocompatibility assay evaluates the effect on the blood components resulting from 
contact with certain materials, including NPs. In vivo assays are specifically designed 
to simulate clinical conditions, including flow dynamic and the geometry factors. The 
ISO 10993-4 is the standard that serves as the governing norm that establishes the 
parameters that must be fulfilled when conducting tests involving blood contact.

Liang et al. [87] developed NaYF4:Yb, Er-FA UCNPs and tested their biocompat-
ibility in L929 fibroblast cells using the hemolysis and coagulation tests. They found 
good compatibility and conducted additional tests using blood from rats stabilized 
with heparin sodium. Fresh plasma was obtained from the sample via centrifugation. 
T prothrombin time (PT) and activated partial thromboplastin time (APTT) were 
measured to evaluate the effects of the UCNPs on blood coagulation. The researchers 
detected almost no hemolysis effect due to the UCNPs interaction.

The response of organism in the bloodstream may vary depending on the exposure 
to NPs, but the liver and spleen are the most common sites of NPs accumulation. 
Some studies have suggested that quantum dots (QDs) tend to accumulate in the 
lymph nodes. The Bakalova [88] used polymersomes as carriers for lymph node map-
ping, employing QDs as a contrast agent. Other authors have investigated the effects 
of metal-NPs on blood, and their findings indicate primary accumulation in the liver 
[89, 90]. In a study conducted by Balasubramanian et al. [91], they examined the bio-
distribution of gold NPs in rats and observed a significant biodistribution after two 
months following a single intravenous injection, along with gene expression changes 
in organs such as the kidney, liver, and spleen.

Mehrizi studied the effects of polymeric, metallic, and nonmetallic NPs on red 
blood cells (RBCs), and multiple studies converge on the conclusion that PEGylated 
forms of NPs and negatively charged dendrimers exhibit the best hemocompatibility 
on RBCs [92]. Smaller NPs, higher concentrations, and longer exposure times tend to 
induce hemolysis. NPs can compromise RBCs integrity through hemolysis or hemag-
glutination, which refers to the agglutination of the RBCs. Colorimetric assays detecting 
the release of hemoglobin can be used to evaluate these issues, with the standard assay 
being conducted according to ASTM-F756 guidelines. According to Nemmar et al. [93], 
silica NPs exhibit a dose-dependent hemolytic behavior. Hemagglutination of RBCs 
can be measured using DLS. The Lima group employed this assay to evaluate chitosan-
NPs in human erythrocytes [94]. Other authors have evaluated the hemagglutination 
in other types of NPs, such as gold, iron oxide, silver, or carbon, with results strongly 
dependent on the size, type, or the functionalization of a given nanoparticle [95–97].

Thrombogenicity is another assessment that can be conducted on certain types of 
NPs can trigger clotting in the blood. T platelet activation assays (flow cytometry), 
thrombin generation (computed tomography assay), platelet aggregation (light 
aggregometry), or clinical coagulation assays, such as thromboelastographic aPTT, 
can be employed to evaluate this property in accordance with ASTM standard ASTM 
F2382-18 [98].
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Additionally, Saha et al. discussed NPs approved by the US Food and Drug 
Administration for cancer treatment, specifically protein-bound NPs, raising concerns 
about their hemocompatibility. These concerns include anemia, neutropenia, throm-
bocytopenia, bradycardia, hyper/hypotension, and the possibility to undergo severe 
cardiovascular events [98]. Nonetheless, further studies are necessary to understand 
the behavior of NPs in the bloodstream and their potential long-term consequences.

4. Conclusions

The impact of NPs on different cellular components, plasma, organelles, or 
membranes may elicit a variety of responses in both in vitro and in vivo studies. 
Therefore, nanotoxicological assessments must be conducted for each type of NP, cell, 
or organism, and at different doses, concentrations, and exposition times, to guar-
antee their safety. Some research groups have reported negligible or low toxicity at 
low doses of NPs, while others have found toxicity at high doses and long incubation 
times. Although these factors have varied depending on the type of NP used, as some 
nanomaterials tend to be more toxic, such as QDs or silver nanoparticles. Another 
crucial factor is that some NPs can induce the overproduction of ROS, also cellular 
uptake of NPs has been implicated in cellular toxicity, and significant changes in cel-
lular responses including cell morphology and differentiation processes.

The function of the NPs relies on their matrix cell and the doping elements, 
which make them functional, biocompatibility is crucial to guarantee their safe use 
in cells and organisms, and most NPs require some coating to fulfill biocompat-
ibility. Generally, the in vitro toxicity studies reported that NP exposure is toxic and 
causes cell death. Still, on some occasions, there may not be cell death, representing 
toxicity that is not correctly interpreted. Only a few groups have reported studies on 
cell signaling using genomic and proteomic array tests. The Coto-García et al. [99] 
investigated the bioanalysis for proteomics and genomics of several types of NPs and 
concluded that there is still a need for further discussion to approach the nanotoxico-
logical effects of the different NPs used.

Nanoparticles can elicit various effects on cells, including cell proliferation, differ-
entiation, cell cycle regulation, DNA damage, and cell death via apoptosis or necrosis. 
These effects are contingent upon factors such as nanoparticle type, size, surface 
charge, shape, and functionalization. Consequently, the assessment of NP toxicity 
encompasses a complex process that necessitates addressing the multitude of casual 
factors and interpreting the results. However, there are existing gaps in our under-
standing due to some inconsistencies among different studies, hindering conclusive 
determinations regarding the impact of NPs on living organisms. Furthermore, a 
standardized and systematic approach to testing has yet to be established.
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Chapter 3

Toxicity of 2D Materials and Their 
Future Prospect
Subash Adhikari

Abstract

Miniaturization of the devices in terms of size and the necessity of high speed 
device performance have created opportunities as well as challenges in the material 
research community. Nanomaterials like 0D and 2D materials are one of such material 
choices that can help realize the nanosize and ultrafast devices. However, the growth 
process of these materials, especially emerging 2D materials, needs to be reviewed 
in terms of human, animal and environmental toxicity along with the economic 
cost for synthesizing material. Moreover, the green and sustainable alternatives for 
minimizing or eliminating the toxicity should also be considered for the commercial 
scale nanomaterials synthesis and device fabrication. This topic will thus highlight 
the currently developed 2D materials, their growth process, application prospective, 
toxicity effect and their possible sustainable alternatives.

Keywords: nanostructures, 2D materials, growth toxicity, nanomaterial toxicity,  
green synthesis

1. Introduction

The need of efficient and convenient human lifestyle has induced new and 
 innovative research in fields of food, agriculture, technology, construction, trans-
portation, environment and health [1]. These modern global needs are possible with 
the use of new and more efficient materials and technology. In such, wide range of 
nanomaterials from zero dimensional (0D) quantum dots to one dimensional (1D) 
nanorods/nanowire and two dimensional (2D) sheet having large surface to volume 
ratio; ability to bind with various other materials; ballistic transport of charges; tun-
able optical, electrical and magnetic properties; low volume of material consumption; 
and superior overall performance than its bulk counterpart have shown various new 
possibilities in the field of health, technology developments, energy devices, trans-
port, communication, computation and agricultural productivity [2]. Moreover, the 
rise of these nano-dimensional materials and nano-based technology have replaced 
many of the traditional industries ranging from electronic, optics, energy storage/
production, pharmaceuticals, transport, cosmetics, agriculture, food production 
to material processing [3, 4]. At present the global nanotechnology market is worth 
75.8 billion USD which mainly comprises industries related to electronic, sporting 
goods, automotive, energy storage, aerospace, defense, food and pharmaceutical [5, 
6]. However, having superior physical and chemical properties than pre-existing bulk 
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materials, the nanotechnology based products should have been a global need with 
high economic prospective. The major factors restraining the development of global 
nanotechnology market from its rise in early 2000 are toxicity of nanomaterial on 
human health and environment and stringent requirements of the government bodies 
on adopting the nanomaterials and nanotechnology in commercial products [3, 7, 8]. 
Nanomaterials have adverse toxicological effect on both animal and plant cells [9]. 
Nanomaterials upon interaction with body cell of an organism can have inflammatory 
response, dysfunction of organs, tissue damage, tumors and upon interaction with 
nervous system can accumulate in the brain leading to neurological diseases. Similarly 
nanomaterials upon interaction with plants can prevent plants protein, chlorophyll, 
carotenoids and biomass content as well as extend the plant harvest period [10]. 
However these effects are mostly observed in plants if high concentration of nanoma-
terials are used and more importantly, the use of synthetic nanomaterials which are 
non-biodegradable are primarily harmful for plants and humans.

Various global acts and forums like Pollution Prevention Act of 1990, regulations 
of European Union Observatory for Nanomaterials, Food and Drug Administration in 
United States (US), US Environmental Protection Agency, Intergovernmental Forum 
on Chemical Safety including many others have initiated governmental and global 
alliance to minimize the rising issue of chemical toxicity and hazard from nanostruc-
ture materials and its synthesis techniques on human, animal and environmental 
health [11]. The additional initiative of these acts and agencies are to prevent chemical 
waste, synthesize safer and less hazardeous chemicals and chemical products, use of 
natural resources against high toxicity materials and procedures, design of energy 
efficient procedures for material production, reduce derivative products and promote 
biodegradable and sustainable materials [12]. Currently, based on these policies and 
acts, the industrial application of various nanomaterials, nanocompounds and nano-
composites either as a final product or as an additive supplement have been approved 
after extensive research on toxicity, stability and the wide scale applicability [13].

These nanomaterial are synthesized mainly from physical, chemical and biologi-
cal synthesis procedures. Among these, physical vapor deposition, chemical vapor 
deposition, sol-gel and colloidal methods are currently commercialized for large scale 
synthesis [14]. Moreover, the high cost required in the material synthesis, toxicity 
of the synthetic material and the synthesis procedure along with the environmental 
issues arising due to toxicity have led to the development of biological synthesis 
method which utilizes green chemistry approach for synthesizing nanomaterials 
[15]. Hence as an alternative, bio-nanomaterials produced from biological sources 
using green synthesis techniques are being extensively explored. Also green synthesis 
employs clean, cost effective, safe and environment friendly process of constructing 
nanomaterials using natural substrates like bacteria, yeast, fungi, algae and plants or 
agricultural resources [16]. Especially, carbon materials derived from plant and agri-
cultural byproducts along with the organic chemicals derived from natural products 
can be used for synthesizing nanomaterial and nanocompounds. Similarly, thermal 
and hydrothermal synthesis techniques like biosorption, pyrolysis and hydrolysis can 
also be used for biologically synthesizing 2D nanostructures. Hence both these syn-
thesis techniques produces bio-degradable nanomaterials without the use of synthetic 
chemicals. Moreover, biomass derived nanomaterials are non-toxic bio-nanomaterials 
that can be used safely in medicines, fertilizers, devices and cosmetic products.

In this review, we will mainly focus on the toxicity arising from the material syn-
thesis procedure as well as the toxicity of the materials itself on human, animal and 
environment health mainly focusing on the 2D material family. We will also highlight 
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the current research trend in utilizing green and sustainable procedure for synthesiz-
ing 2D materials.

2. Growth mechanism of 2D materials and their toxic effects

Among the class of nanomaterials, 2D materials are recently developed materials 
that exists in various materials forms. Present in layered form and bonded by the 
van der Waals (vdW) interaction, these materials in various form from metallic like 
graphene to semiconducting like Transition metal Di-chalcogenides (TMDs), insulat-
ing like hBN, superconducting like NbSe2, thermoelectric like PbTe and topological 
insulator like HgTe quantum wells [17, 18]. Also depending on the layer number and 
doping the optical, electrical and magnetic properties of these materials can be tuned. 
Because of these wide range of physical, chemical and structural properties that does 
not exist in bulk form and the additional advantage of flexibility, high strength and 
tunable bandgap, these materials are being considered for electronics, optics, opto-
electronics, computing, transport, energy storage/production, health, drug design 
and agriculture industries [19–21].

The development of 2D materials started with the exfoliation process wherein 
bulk form of crystals arranged in layered structure through van der Waals (vdWs) 
interaction are exfoliated using a simple scotch tape. These exfoliated crystals were 
used for successful demonstration of various interesting low dimensional electrica, 
optical, optoelectronic phenomenon in room temperature like integer quantum hall 
effect, extremely high intrinsic mobility, ballistic transport, tunable bandgap, exci-
tonic features, high optical transmittance and high quantum yield [22–27]. However, 
the limitation of material size within few micrometers in the exfoliated crystal and 
the manual operation process to obtain the 2D flakes are one of the major bottleneck 
for large scale device integration. Hence various other alternative synthesis techniques 
were developed using top-down or bottom-up synthesis approach. Moreover with the 
competitive research on developing large area and high quality 2D materials, various 
new and emerging synthesis techniques are developed. These techniques however, 
comes with various bottlenecks including quality of the 2D materials, size of 2D 
materials produced and more importantly the cost of the system and the human, 
animal and environmental toxicity that is associated with the synthesis techniques. 
The chapters below summarize the two main 2D material synthesis techniques based 
on their toxicity and cost.

2.1 Toxicity from top-down synthesis

Top-down synthesis based on solution is one of the cost effective, fast and scalable 
methods to obtain commercial scale 2D crystals [28, 29]. Here 2D crystals like gra-
phene, various TMD materials like MoS2, WS2, Black Phosphorous and MXenes are 
obtained either using chemical based intercalation or liquid based exfoliation (LPE) 
[30–34]. Intercalation method mainly usages ion or molecule that can penetrate 
into the layers of bulk 2D crystal by weakening the van der Waals interaction either 
through driving force of reaction, attractive force of van der Waals and repulsive 
force of polarization between ions of same charge to disintegrate the 2D layers into 
individual 2D layers [35, 36]. The intercalation method can be carried out through 
electrochemical process, solution based and vapor based. In the electrochemical 
process ions like Li+, Na+, Co2+, cetyl-trimethylammonium (CTA+), tetra-heptyl 
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(THA+), K+, tetrabutylammonium (TBA+) obtained from source electrolytes like 
LiC/LiO2/LiPF6/LiOxNy/LiOx, NaxOy, CoSO4, cetyl-trimethylammonium bromide 
(CTAB), tetra-heptyl-ammonium bromide/N-methyl-2-pyrrolidone (THAB)/(NMP), 
KPF6, tetra-butyl-ammonium bromide/dimethylglyoxime (TBAB)/(DMG) are used 
[37–40]. Among these Li ions the major ionic source that is commonly used for 
chemical exfoliation of 2D crystals. Similarly, in the solution based process metallic 
ions or molecules like Cu, Ag, Au, Sn, Pt, Mo, Fe, N2H4, Co(Cp)2, etc. are used from 
the metal salts precursors. Moreover, in the chemical based intercalation process 
disintegration of ions occurs in presence of solvents like water, hexane, DMF, DEC, 
acetonitrile, toluene, acetone, isopropanol, etc. and the 2D layers obtained after 
exfoliation have to undergo treatment process like multiple washing in DI water, 
ultrasonication, AND centrifugation in organic solvents to obtain clean and isolated 
2D crystals. Hence even though chemical based intercalation is much convenient 
process than mechanical exfoliation for large scale 2D materials synthesis, the use 
of toxic chemicals limits its wide scale application prospective. It is mainly because, 
commonly used intercalating metals like Li and Co has an increasing demand in bat-
tery manufacturing, aerospace industry, missile systems, radar and sensor industries 
[41]. Along with this, metallic Lithium is also considered health, physiochemical and/
or ecotoxicological hazard according to the National Occupational Health and Safety 
Commission (NOHSC) [42]. Beside the metals that are used for intercalations, the 
organic solvents that are used for disintegration of metal ions as well as for cleaning 
the exfoliated 2D materials are also considered hazardous for human health and envi-
ronment. Commonly used organic solvents like hexane, benzene, acetonitrile, DMF, 
toluene, acetone, isopropanol (IPA), chloroform and ethyl alcohol have shown acute 
oral toxicity in rats [43] as well as some of these commonly used organic solvents like 
benzene and chloroform are considered carcinogen by United States and European 
Union with sever toxicity to humans and environment [44]. Similarly alcohols like 
ethanol, methanol, IPA are considered toxic alcohols as it can damage human organs 
like retina, liver, kidney and brain with excess consumption and it can also increase 
risk of certain types of cancers [44–46].

Liquid phase exfoliation can be a substitute to chemical intercalation method 
for 2D material exfoliation as it is simple physical method that usages external 
forces like high intensity ultrasound mediums like high power sonic probes, sonic 
baths and tip ultrasonicators [47–49]. This has been used in exfoliation of graphene 
and other 2D materials like black phosphorous, boron nitride including various 
TMDs and topological insulators [50–53]. However, due to the high external vibra-
tions, the exfoliated 2D layers are usually non-uniform in size and thickness and 
there is a high possibility for the phase transition of 2D materials during exfoliation 
process [54]. Hence the process requires stabilization and sorting after exfolia-
tion [55]. These process are carried out using various organic solvents including 
polymers, co-polymers and alcohols like DMF, odichlorobenzene, N-methyl-2-
pyrrolidone, octylbenzene, poly(styrene co-butadiene), polystyrene, poly(vinyl 
acetate), polycarbonate, ethanol and IPA for exfoliation of various 2D materials 
including graphene, TMDs and topological insulators [44, 56–61]. Moreover, all 
these organic polymers, co-polymers and alcohols have high toxicity [43, 44, 62] 
and many of these organic solvents even have high boiling points thus producing 
aggregated and unstable 2D layers [55]. Beside these, other top-down method that 
can be used for exfoliating 2D materials are laser based exfoliation and ball mill-
ing assisted exfoliation. However, ball milling produces non-uniform flake size of 
2D crystals [63, 64] and laser based exfoliation is known to create various defects 
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during the exfoliation process mainly from the heat generated in the exfoliation 
process [65, 66]. Hence even though there is no toxicological effect in these 2D 
materials synthesis process, the quality and size of flake is the major issue that has 
inhibited in using these techniques.

2.2 Toxicity from bottom-up synthesis

Various limiting factors like grain size, defects, uniformity and mainly the 
 toxicological effect of top-down synthesis techniques has inhibited its commercial-
ization prospective. However, with the development of chemical vapor based 2D 
materials synthesis technique, wafer scale and layer controlled grown of various kind 
of 2D materials like graphene, MoS2, MoTe2, WS2, WSe2 and hBN have been possible 
[67, 68]. Additionally, high purity and commercial scale 2D materials with controlled 
morphology, crystallinity and defect engineering is possible with the CVD. Here 
2D materials are synthesized at high temperature through the chemical reaction of 
gaseous substances which react in the gas phase to produce 2D materials on various 
metallic and insulating substrates. For example CVD graphene having 3–4 layers was 
first grown in nickel surface [69] and later high quality, centimeter scale monolayer 
graphene using methane gas as a carbon precursor were grown on copper foil [70]. 
Moreover, with the use of high quality copper film with large grain boundaries and 
using polished copper surface to enhance the graphene grain size are currently 
practiced to produce few tens of centimeter scale polycrystalline graphene flakes [71]. 
However, these large scale graphene are grown in high temperature and high pressure 
systems which are expensive, requires complex preparation process and more impor-
tantly usages gaseous materials like methane which are toxic in nature [72, 73]. Listed 
as a greenhouse gas, methane is highly flammable and can ignite even a relatively low 
pressure and low concentration levels and possesses various health hazards including 
coma and death due to deprived oxygen level when inhaled [74–76]. Hence either 
high level of safety has to be ensured in CVD based graphene growth system which 
required additional expenses in producing graphene or alternate synthesis routes has 
to be considered.

Besides graphene, CVD is also one of the primary tools for the synthesis of 
TMD materials. Millimeter scale poly-crystalline monolayer MoS2 on SiO2/Si were 
first reported by Lee et al. [77] using MoO3 and S powders as a precursor material 
synthesized at 650°C in a nitrogen environment. After the successful demonstration 
of large area monolayer MoS2, the same method were replicated for the synthesis of 
other TMD materials like MoSe2, WS2, WSe2 and MoTe2 simply by tuning the metal 
precursor and chalcogenides precursors. However, melting temperature of pure 
chalcogenides are lower than 500°C while transition metals have melting tempera-
ture >2000°C [78]. Hence high quality and uniform crystals in large area are difficult 
to achieve using a single zone furnace in TMDs synthesis. For this, instead of using a 
single heating zone for both transition metal and chalcogenide, two or three tempera-
ture zone CVD furnace for heating the transition metal, chalcogenide precursor and/
or the substrate separately are used for growing wafer scale high quality TMDs [79]. 
Thus controlling various parameters like temperature, pressure, gas flow rate and 
precursor concentrations are key to obtaining high quality and large scale monolayer 
TMDs. Moreover, the complexity of the CVD system and the gas precursors required 
for growth like Ar, N and Hydrogen as activating agent, surface cleaning, impurities/
defects reduction, transport agent and surface states/precursor molecule reduction 
makes TMD synthesis an expensive process [80, 81].
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In addition to this, the toxicity of some transition metals and chalcogens are 
another important issue that needs to be considered. Especially molybdenum, 
selenium and tellurium are the major elements that are known to be toxic. A toxicol-
ogy study conducted by Franke and Moxon [82] on Albino rats fed with salts of 
molybdenum, tellurium and selenium at levels of 25 and 50 parts per million of the 
elements in their diets showed that selenium salts had the highest toxicity causing 
distinct disturbance of the hematopoietic systems while tellurium and then molybde-
num showed lower toxicity effects. Additionally, another study conducted by Larner 
[83] in rats showed that tellurium can damage mitochondria and produce defects in 
mitochondrial energy metabolism that can eventually produce cognitive impairment 
and cerebral lipofuscinosis. The high concentration of Selenium is known to cause 
blindness and premature deaths [84] while acute Tellurium can cause glad malfunc-
tioning and paralysis of nervous systems [85].

Also elemental tellurium has been known to cause significant neurotoxicological 
effects in animals even though they are poorly absorbed by gastrointestinal tract 
[86]. It was also observed from the study that fumes of tellurium dioxide and volatile 
tellurium esters can be easily absorbed through the lungs and skin. Beside elemental 
toxicity, hydrogen selenide is also known to be toxic for human health which when 
absorbed through lungs can cause pallor, nervousness, depression, languor, dermatitis 
and gastrointestinal disturbances [87]. Moreover, CVD based growth of TMDs relies 
mostly on compound like tellurium and selenium which undergoes vapor based 
reaction under nitrogen, argon and hydrogen environment. Hence the possibility of 
fume production as well as production of toxic ternary compounds of calcogenide 
including hydrogen selenide and hydrogen telluride are possible [88]. Moreover, there 
are other bottom-up synthesis techniques which can produce high quality 2D materi-
als like Molecular Beam Epitaxy, Magnetron Sputtering and Pulsed Laser deposition. 
But these techniques can produce 2D materials within few tens of micrometer and the 
operation of these systems requires high vacuum well as the system are complex and 
expensive to operate [89–91].

3. Toxicity of 2D materials on human, animal and environment

The interesting optical, electrical and magnetic phenomenon in 2D materials at 
an atomic dimension have developed new research avenues in industrial sectors of 
electronic, opto-electronic, energy harvesting/production and health. More impor-
tantly, in the field of biology for drug discovery/design, drug delivery, nano biomedi-
cal equipment development and cellular level research, nanomaterials is considered 
an important tool. It is mainly because, nanomaterials due to their atomic dimension; 
high surface area; tunable electrical, optical and magnetic properties; ballistic trans-
port of carriers and high optical gain can enhance the optical/electrical response in 
disease detection, increase the drug loading efficiency, ensure targeted drug delivery 
within specific region of cell and organs for disease cure, promote the development 
of nano-chips and nano-kits for disease diagnostic and more importantly minimize 
the cost of disease detection and prevent organ damages in animals [21, 92–94]. 
However, 2D materials are in its early stage of development. Even though various new 
materials are being developed in material research communities around the globe, 
many of these materials have not been tested for its toxic effect in human and animals 
[95]. Besides the toxicity effect of 2D materials on animal, environmental toxicity is 
another important aspect that needs to be considered with the rapid development of 
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new and emerging 2D materials. Since 2D materials have high strength, high melting 
temperature and are confined in atomic dimensions, they can neither be filtered, 
incinerated or collected for disposal with normal equipment and techniques. Hence, 
once these 2D materials are released or dumped in environment as a waste, they 
will pollute the soil, air and aquatic environment. Moreover, the toxicity induced by 
2D materials can further enhance the soil, air and aquatic health in addition to the 
material based toxicity. In such, specific and in-depth toxicological studies are being 
carried out in order to find the material toxicity on both human and environment. 
These finding are summarized below.

Primary research on the toxicity effect of graphene started in 2010, soon after 
the discovery of graphene in 2004. A study by Zhang et al., in 2010 studied the in 
vitro toxicity of graphene using neuronal PC12 cells [96]. Reactive oxygen species 
(ROS) which are usually generated in human cell during mitochondrial oxidative 
metabolism as well as during cellular response to xenobiotics, cytokines and bacterial 
invasion [97], were generated even at a low concentration of 0.1 μg/ml concentration. 
ROS were also generated with graphene studied on human primary umbilical vein 
endothelial cells [98]. The study also concluded that besides ROS, few layer graphene 
can exert cellular toxicity employing oxidative stress, in HUVEC cells altering criti-
cal cell parameters like cytoskeletal dysfunction, reduction in metabolic activity, 
compromised plasma, membrane integrity, lipid peroxidation, ionized calcium 
and deposition of mitochondrial membrane potential. Moreover, ROS generation is 
known one of the major cyctotoxicity from graphene based 2D materials. Especially 
functionalized graphene or reduced graphene oxide (rGO) are one of the primary 2D 
materials that are known to generate ROS activities in human and animal. Graphene 
oxide based study on human using HEK 293T cells showed activated ROS genera-
tion with increase DNA damage [99], in vitro and in vivo studies on human corneal 
epithelium cells and human conjunctiva epithelium cells showed increased intracel-
lular ROS [100], graphene oxide incubated with human plasma having different 
diseases exhibited ROS production together with lipid production and increased 
nitrogen oxide levels [101], and in vitro study in GLC-82 pulmonary adenocarcinoma 
cells showed ROS production and apoptosis with dysregulation of cell cycles [102]. 
Similarly, studies of graphene oxide on animal using chorion of zebrafish embryos 
also showed high generation of ROS including DNA damage and apoptosis [103, 104]. 
W1118 flies studied with low concentration of graphene oxide showed excessive 
accumulation of ROS with rapid weight loss, developmental delay thus reducing lifes-
pan [105] and industrial organism like Pichia Pastoris under graphene oxide showed 
accumulation of ROS with cell membrane damage [106]. Other forms of carbon like 
graphene nanosheets also showed increased ROS activities in studies carried out on 
embryonic stem cells derived cells [107].

Apart from graphene based 2D materials, cytotoxicity studies using TMDs also 
have shown cellular toxicities in animal and environment. However, few of the 2D 
TMDs like MoS2, hBN, WS2 and WSe2 have been studied for toxicity effects. MoS2 
dispersed in Pluronic F87 in liver cells have shown to induces dose-dependent cyto-
toxicity [108], human macrophages with MoS2 can trigger cell stress and inflamma-
tory response [109], and analysis of pulmonary hazard with aggregated MoS2 induces 
strong proinflammatory and profibreogenic responses [110]. Similarly, studies with 
MoS2 on Zebrafish embryos showed high toxicity affecting amino acid and protein 
biosynthesis and energy metabolism [111], eggs of Gallus gallus domesticus with 
MoS2 showed growth defects and deaths [112], and mice exposed to MoS2 via food 
showed Mo accumulation in mouse organs changing the intenstinal microbiota [113]. 
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In study with chemically exfoliated WS2 nanosheets in Algae showed oxidative stress, 
lipid peroxidation, membrane damage and photosynthesis inihibition [114], WSe2 
nanosheets on A549 cells showed reduced cell viability [115], hBN induced oxidative 
stress in rats by modulating thiol/disulfide homeostasis [116].

Similarly, the toxicological effects of 2D materials on plant and species have also 
shown various toxic effects on plant cells. For example, graphene can affect root 
and shot growth, biomass shape, cell death and influence ROS of cabbage, tomato, 
red spinach, and lettuce inhibiting plant growth [117], germination and growth of 
rice seeds can be affected by graphene by inhibiting stem length [118], grassland 
soil exposed to graphene can alter the bacterial communities [119], graphene oxide 
exposure to leaves of cabbage, spinach and tomato decreased size and number due to 
oxidative stress-mediated cell death [117], absorption of graphene oxide by roots of 
Vicia faba showed increased oxidative stress [120], wheat germination was inhibited 
with graphene oxide exposure by accumulating in the root and inducing oxidative 
stress [121], effect of MoS2 on Chlorella vulgaris showed cell distortion and deforma-
tion [122], and unstable 2D materials like 1T MoS2 in the environment can easily 
oxidize releasing the Mo ions which have high bioactivity in plants [123].

Besides these 2D materials there are several other 2D materials like topological 
insulators, perovskites, Metal-Organic Frameworks and 2D Oxides that are identi-
fied in research community. However, those materials are still in their early phase 
of research and still far from the commercialization prospective. Moreover, toxicity 
is one of the major issue that needs to be addressed before the materials are com-
mercialized for practical applications. Hence simultaneous research on the applica-
tion prospective as well as their toxicity study on human, animal and environment 
for specific materials that have high potential to be used by industries needs to be 
initiated.

4. Sustainable alternatives for synthesis of 2D materials

As mentioned in the previous section, toxicity is one of the key aspects of these 
emerging and highly potent 2D materials family which might inhibit its future practi-
cal applications. In such, either minimizing the hazard in synthesizing the materials, 
using less toxic chemical during material synthesis, completely replacing the material 
sources and synthesis process into sustainable alternatives or using other alternative 
materials having similar properties but with less hazard and toxicity are the only 
prospective for commercializing the materials and their functional devices. Various 
acts on environment protection have already directed the industrial communities to 
adhere to the principle of minimizing health and environmental hazard to human, 
animal and environment. Low material toxicity will also eventually help realize the 
biological application of 2D materials in drug synthesis and target drug delivery 
which is expected to provide better health treatment to living organisms [124, 125]. To 
achieve 2D materials with low toxicity, there are primarily two different resources: (i) 
using natural product resources like forest and agricultural waste as the source mate-
rials to derive 2D materials and (ii) using green synthesis techniques like plants based 
phytochemicals or microbes to synthesize 2D materials. Especially for synthesizing 
carbon materials, abundantly available biomass resources like forest and agricultural 
waste which contains around 55 wt% of carbon can be utilized [126]. Similarly, vari-
ous phytochemicals derived from forest and agricultural resources and microbes like 
bacteria, fungi and yeast can be used in reducing various metal salts and compounds 
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into nanostructure forms [127, 128]. Both these synthesis mediums utilizes green and 
sustainable resources hence producing toxic free and green nanomaterials.

Among the 2D materials family, carbon based 2D materials like graphene, gra-
phene oxide and reduced graphene oxide have been successfully synthesized using the 
green synthesis technique. Using biomass as a source of carbon precursor, carbon gas 
can be generated which acts a natural carbon source to graphene synthesis. Mostly, 
low temperature carbonization of biomass to obtain pure carbon followed by high 
temperature graphitization yields layered graphene using the green synthesis tech-
nique [129, 130]. The successful demonstration of large area monolayers graphene 
synthesis on copper foil using forest resources like Camphor leaves was carried out by 
Kalita et al. using pyrolysis of camphor leaves in CVD at 1020°C [131]. Using similar 
approach, various biomass resources like rice husk, sugarcane bagasse, wheat straw, 
palm oil waste, fruit waste, soyabeans, newspaper, populous woods and various other 
lignin based biomass have been used to synthesize monolayer and few layer graphene. 
This has been reviewed in depth by Safian et al. and [132] and Saha and Dutta [133].

Apart from carbon based materials which are abundant natural resources, there 
are not much report on the green synthesis of TMDs and other 2D materials. This can 
be primarily because there are no natural resources for TMDs that are abundant and 
easily available in nature, as like carbon. Beside this, the reaction kinetics of transi-
tion metal with chalcogenide occurs with specific molecular structure which might 
be difficult to achieve with nature based resources. However, nanomaterial form of 
TMDs like CdS, CdSe, CdTe and its other ternary phases have been reported using 
green synthesis technique [134–136]. Here, greener synthesis are achieved primarily 
by using either non-toxic synthetic chemicals like hexylphosphonic acid (HPA) or 
tetradecylphosphonic acid (TDPA) or by aqueous or hydrothermal synthesis tech-
niques using non-toxic chemical solvents like thiogycerol and mercaptopropionic acid 
(MPA) with metal salt precursors. This successful demonstration of nanomaterial 
form of TMDs further suggests that using less toxic synthetic chemicals and environ-
mental conditions, synthesis of 2D materials are possible.

High temperature synthesis is another important factor that can induce reaction 
of precursor gases with oxidizing agents and environment to produce toxic gases and 
toxic chemicals. However, in the case of green synthesis the low temperature required 
for synthesis as well non-toxic precursor gases and solvents assures that there is no 
induced toxicity during material synthesis. This is thus an important prospective of 
selecting green synthesis techniques that is safe, non-toxic and economic to human 
and environment.

5. Conclusion

Tunable and quantum level electronic, optical and magnetic phenomenon in 
monolayer and few layer 2D materials makes it an unique and important material 
choice of twenty-first century. It is believed that the next generation of technology 
will be driven by low cost, low material volume, high speed, compact, flexible and 
tunable material properties and 2D materials are the only material choice that can 
incorporate all these interesting features. Moreover, growing concern of human and 
animal health is becoming a global issue. New and effective drug that can penetrate 
the specific region of human bodies; smart, effective and non-invasive biomedical 
and medical equipment; low cost and effective health care and management can only 
be achieved by using nanoscopic, high speed and highly efficient technologies using 
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nanomaterials and nanodevices. Another important aspect of human development 
is quality of food and life. Global scale infertility of soil and chemically modified 
food using pesticides and insecticides have polluted soil, water and environment. 
Considering all these issues and choosing a right solution can be effective use of 
nanomaterials and nanotechnology. Moreover, this can only be possible if the material 
does not add any additional toxicity to the human, animal and environment health. 
Hence along with the development of nanomaterials and nanodevices using 0D, 1D 
or 2D materials, consideration should be taken in understanding the toxicity aspect 
of the material itself. The fast and growing research trend in 2D and 0D materials 
should be consistent with the toxicity study and long term toxicological effect of these 
materials on various global aspect. In doing so, high prospective materials that have 
instrumental effect on health of human, animal and environment can be industrially 
developed together with the pace of human needs and requirements.
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Chapter 4

Potential Toxicity of Nanoparticles 
for the Oral Delivery of Therapeutics
Iman M. Alfagih

Abstract

Nanoparticles (NPs) offer a promising solution for orally delivering therapeutic 
substances due to their capability to surpass traditional drug delivery system (DDS) 
limitations like low solubility, bioavailability, and stability. However, the possible 
toxic effects of using NPs for oral therapeutic delivery raise significant concerns, 
as they might interact with biological systems unexpectedly. This chapter aims to 
comprehensively understand the potential toxicity of NPs employed in oral therapeu-
tic delivery. Factors such as size, surface area, surface charge, and surface chemistry 
of NPs can impact their toxicity levels. Both in vitro and in vivo models have been 
utilised to evaluate NPs toxicity, with in vivo models being more suitable for antici-
pating human toxicity. The possible toxic consequences of different NPs varieties, 
including polymer, lipid, and metal NPs, have been documented. Ultimately, grasping 
the potential toxicity of NPs in oral therapeutic delivery is essential for creating safe 
and effective DDS.

Keywords: nanoparticles, oral drug delivery, cytotoxicity, inflammation,  
intestinal microbiota

1. Introduction

The use of nanoparticles (NPs) for oral drug delivery is a ground-breaking and 
rapidly growing area of research [1]. NPs are solid colloidal drug delivery systems (DDS) 
with sizes ranging from 1 nm to 1000 nm. They comprise polymers, lipids, carbon, 
silica, or metal encapsulating the drug moiety [2–5]. Encapsulating drugs within NPs 
can increase stability, solubility, and bioavailability, ultimately boosting their therapeutic 
effectiveness [6]. Recent advances in biomedical research have led to the successful 
enhancement of therapeutic agents for treating various diseases. However, a significant 
challenge remains in efficiently delivering these agents to the target site [7]. NPs can be 
engineered with specific characteristics to optimise the DDS [4]. For example, bio-
compatible polymer NPs are coated to enhance their presence in the bloodstream or be 
equipped with unique ligands or antibodies that focus on specific target cells or tissues 
[2]. By directing drug delivery to specific locations within the body, NPs can reduce 
negative side effects and increase the effectiveness of treatments [8].

Oral drug administration is the most prevalent method and the favoured option 
for patients, as it is non-invasive, user-friendly, and well-accepted [9]. However, 
traditional forms like tablets and capsules may have a rapid and inadequately 
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regulated drug release, potentially leading to drug degradation and alteration due to 
the gastrointestinal tract (GIT) environment (like, changes in pH, digestive enzymes, 
and microbiota) [10]. NPs can address these issues by safeguarding drugs from 
degradation and promoting their absorption through the intestinal barrier. Moreover, 
oral drugs can be directed to specific areas within the GIT to provide localised treat-
ment for stomach and colorectal cancers, infections, inflammation, bowel disorders, 
gastro-duodenal ulcers, and gastroesophageal reflux issues [11]. GIT fluid consists 
of enzymes, acids, and other compounds that quickly decompose drugs, resulting in 
inadequate absorption and decreased effectiveness. Furthermore, a mucus layer in the 
GI tract can hinder drug absorption by acting as a barrier, restricting their access to 
the intestinal epithelium [12, 13]. Thus, using NPs as an oral DDS holds great promise 
due to their unique properties (which include good therapeutic properties, self-
assembly, enhanced biocompatibility, serving as vehicles for antimicrobial agents, 
controlled drug release, reducing off-target effects, etc.) [2, 4, 14].

Although NPs-based DDS offer promising benefits, their safety must be thor-
oughly evaluated. The small size of NPs can result in interactions with biological 
systems that are not yet fully understood, possibly causing toxic consequences. 
Furthermore, NPs can accumulate in specific tissues or organs, leading to long-lasting 
damage. A recent study by Cabellos et al. [15] showed that mice exposed to silica 
NPs suffered inflammation and epithelial damage in the intestines and showed the 
expression of autophagy proteins [4, 16]. Various mechanisms can contribute to the 
potential toxicity of NPs. For example, they can cause oxidative stress by generating 
reactive oxygen species (ROS) that harm cell components [17]. NPs can also trigger 
inflammatory reactions by activating immune cells, causing tissue injury and mal-
function [18]. Moreover, certain NPs might exhibit genotoxic effects by damaging 
DNA, potentially resulting in mutations and cancer [19]. However, it is crucial to 
meticulously assess the possible toxicity of NPs to ensure their safety and effective-
ness [20, 21]. By refining the development and analysis of NPs, one can reduce 
toxicity and increase therapeutic advantages by modifying functional groups, coating 
with cell membranes, or using nanorobots [22]. For example, DDS can be developed 
using stable intestinal cell-derived exosomes that target colonic cells. It is even known 
that these exosomes can be found in faces. Lipid NPs derived from plants can also be 
used as an alternative strategy, thus providing a safe NPs delivery [23, 24]. Thereby, 
conducting comprehensive pre-clinical and clinical research is vital to evaluate the 
safety of NPs in the context of orally administered treatments. Such investigations 
should examine the biodistribution, pharmacokinetics, and toxicity of NPs in both 
animal models and human subjects [21, 25]. Specifically, close observation of NPs 
accumulation in different organs and tissues is necessary, along with monitoring any 
negative impacts on cellular and molecular functions [26]. Therefore, the present 
chapter delves into the diverse toxicological issues of orally administered NPs (from 
polymer, lipid, protein, carbon, silica, and metal-based NPs) and summarises the in 
vitro and in vivo assessments of the toxicity of oral NPs.

2. Structure of GIT and the interaction of nanoparticles

The GIT is a complex system responsible for nutrient absorption, immune func-
tion, and waste elimination, divided into several regions, including the mouth, 
oesophagus, stomach, small intestine, and large intestine. Each region of GIT presents 
unique anatomical characteristics and physiological conditions that can influence the 
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interaction of NPs. The GIT represents a selective mucosal barrier, with an estimated 
surface area of 200 m2 in adult humans, that can potentially interact with ingested 
NPs [27]. The anatomical and physiological characteristics of each part of the GIT can 
affect NPs absorption and elimination [28]. For example, the stomach presents a tough 
barrier to drug absorption, with a strong acid environment (pH range of 1.0–2.5) that 
can degrade food, acid-labile drugs, and pathogenic microorganisms. Furthermore, 
the stomach has extrinsic epithelial cells and a mucin-bicarbonate barrier, which, 
combined with tight junctions beneath the intrinsic barrier, limits drug absorption. 
Furthermore, stomach pepsins can inactivate protein drugs [13]. The small intestine has 
a huge surface area due to the villi and microvilli in the intestinal lumen [29]. The small 
intestine is considered a major site for oral drug delivery due to its enormous surface 
and various transport routes [13]. The intestinal mucosa can recognise and transfer 
ectogenic antigens to the immune system. However, some challenges to drug delivery 
in the small intestine still arise from its unique physiology [30]. DDS that can increase 
their retention time in villi and microvilli, improve lipid solubility, and interact with a 
specific receptor or carrier can increase their overall bioavailability [13, 31]. Therefore, 
the unique anatomical and physiological features of each part of the GIT play a crucial 
role in the interaction and potential toxicity of NPs in the GIT.

The interaction of NPs with GIT depends on their physicochemical properties, 
including size, shape, surface charge, and surface chemistry (Table 1) [58]. Following 
oral administration, NPs encounter the mucous layer covering the GIT, which 

Nanoparticles 
composition

Toxic effects In vitro models In vivo models Reference

Polymers such 
as PLGA, PEG, 
chitosan, and others

Cytotoxicity, 
genotoxicity, 
oxidative stress, 
inflammation

Cell lines such as 
HEK293, A549, 
and others

Mice, rats, and 
Zebrafish

[32–35]

Phospholipids, 
cholesterol, and 
other lipids

Cytotoxicity, 
genotoxicity, 
oxidative stress, 
inflammation

Cell lines such as 
HEK293, A549, 
and others

Mice and rats [36–39]

Silicon dioxide 
or silicon-based 
compounds

Cytotoxicity, 
genotoxicity, 
oxidative stress, 
inflammation

Cell lines such 
as HepG2, 
BEAS-2B, and 
others

Mice and rats; 
Caenorhabditis 
elegans

[40–45]

Gold Cytotoxicity, 
genotoxicity, 
oxidative stress, 
inflammation

Cell lines such as 
MCF-7, HEK293, 
and others

Mice and rats [46–51]

Silver Cytotoxicity, 
genotoxicity, 
oxidative stress, 
inflammation

Cell lines such as 
A549, RAW264.7, 
and others

Mice and rats [52–55]

Iron oxide Cytotoxicity, 
genotoxicity, 
oxidative stress, 
inflammation

Cell lines such as 
RAW264.7, MCF-
7, and others

Mice and rats [56, 57]

Table 1. 
Some studies on the toxic effects of various nanoparticles on different models.
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protects against harmful agents, such as pathogens and toxins [59]. However, NPs 
can interact with the mucous layer and penetrate the underlying tissue, resulting in 
potential toxicity [60].

2.1 Influence of NPs size on GIT toxicity

Smaller NPs possess a higher surface area-to-volume ratio, promoting better 
engagement with the mucous layer and increased absorption into the tissue [61]. 
Conversely, larger NPs may interact less with the mucous layer and could be elimi-
nated from the GIT before reaching the tissue. Zhao et al. [62] noted that a 100 nm 
nano-vaccine showed superior pharmacokinetic effectiveness compared to a 500 nm 
nano-vaccine when an alum adjuvant was administered. The toxicities of NPs are 
inversely proportional to their size, and they are generally more toxic than large 
particles of the same chemical substance [63].

2.2 Influence of NPs shape and aspect ratio on GIT toxicity

It was reported that the shape of NPs can impact their association with the GIT as 
well. NPs with round shapes have been discovered to exhibit a higher level of interac-
tion with the mucous layer compared to alternative forms, such as cylindrical or cubic 
shapes [61]. This occurs because round NPs possess a larger surface area-to-volume 
ratio, which can increase their connection with the mucous layer [4]. In addition to 
size, the configuration and proportion of NPs are essential factors in determining 
their cytotoxic effects in vivo [64]. Vedhanayagam et al. [65] investigated the impact 
of various zinc oxide NPs, such as spheres, needle, rod, hexagonal, star, flower, 
doughnut, circular discs, and cube, on the healing process of wounds. The researchers 
found that the spherical structure of zinc dioxide (ZnO) within a cross-linked colla-
gen framework leads to improved re-epithelization and more rapid collagen accumu-
lation. A higher aspect ratio of NPs is believed to be linked to increased cytotoxicity 
due to decreased clearance and enhanced bioavailability of these particles [66]. NPs 
with higher aspect ratios often exhibit cytotoxicity patterns that resemble those of 
asbestos. These particles can cause macrophage cell death during phagocytosis and, 
similar to asbestos fibres, can contribute to cancer formation [67].

2.3 Influence of NPs charge on GIT toxicity

NPs with positive charges have been shown to have a stronger connection with 
the negatively charged mucous layer compared to those with a negative charge or no 
charge at all. Researchers have explored using charged polymers to temporarily open 
tight junctions and enhance drug delivery across the intestinal epithelial barrier. For 
example, chitosan (a cationic polymer) has been shown to promote the paracellular 
transport of NPs [68]. NPs’ bioavailability and absorption have been studied only a 
few times after oral administration with regard to surface charge, hydrophobicity, 
and shape. NPs with a positive charge demonstrated increased absorption and move-
ment by enterocytes compared to those with a negative or neutral charge, as well as 
a notable increase in oral bioavailability in vivo [69]. Furthermore, rod-shaped gold 
NPs (AuNPs) and DNA struggle to permeate or enter cells because of their charge. 
To enhance uptake, both AuNPs and DNA have undergone surface modification by 
adding lipid layers, while DNA has also been electrostatically attached to cationic 
liposomes, facilitating transport into cells [21].
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2.4 Influence of NPs surface chemistry on GIT toxicity

Numerous NPs undergo modifications to alter their surface chemistry for specific 
objectives [70]. For instance, applying a polyethylene glycol (PEG) coating on NPs 
surfaces to establish water-attracting surface chemistry lessened the intense interac-
tion with mucus components and increased particle movement across the mucus 
and mucosa [69]. Furthermore, Hasse and colleagues reported that peptide-coated 
silver NPs (20 nm) were more cytotoxic than citrate-coated silver NPs of the same 
size. They evaluated cytotoxicity in a human leukaemia cell line using the WST-1 
assay [71]. It was perceived that the toxic effects of AgHECp (Silver hexagonal close 
placed), Ag pristine, and AgPVP (silver polyvinylpyrrolidone) were examined in 
A431 cell lines (human epidermoid carcinoma) and HaCaT (human keratinocytes) 
cell lines [71]. It has been revealed that smaller particles with negative surface charge 
and increased ionic content, such as AgPVP, were highly toxic. Similarly, toxic effects 
were observed for the larger particles, which were pure AgNP with a negative surface 
charge and ion content comparable to AgPVP [71]. Additionally, NPs featuring a 
hydrophobic surface exhibit a more robust interaction with the mucous layer than 
their hydrophilic counterparts. A cationic polysaccharide with mucoadhesive proper-
ties, chitosan has been extensively investigated. Chitosan’s mucoadhesive potency is 
limited due to its low water solubility and low mucoadhesive strength, so it must be 
chemically modified to optimise its mucoadhesive properties [72].

3. Toxicological concern with oral nanoparticles

3.1 Polymer-based nanoparticles

Polymer-based NPs (PNPs) can interact with GIT cells and tissues, resulting 
in inflammation, oxidative stress, and damage to the intestinal barrier. Various 
poly(lactide-co-glycolic acid) NPs (PLGA) were examined for toxicity in THP-1 
macrophages similar to human cells. When used as an NPs stabiliser, chitosan poly-
mer conferred significant cytotoxicity to PLGA NPs, despite being slightly cytotoxic 
[73]. Research has shown that NPs exhibit varying levels of impact on intestinal 
cells, intestinal flora, and the intestinal barrier, confirming that NPs cause damage 
to the digestive system [45, 74]. Polystyrene NPs administration has been found to 
trigger the TOS-MAPK/NF-kB signalling pathway in macrophage RAW 264.7, lead-
ing to inflammation with pro-inflammatory and cytotoxic potential activity [35]. 
Furthermore, exposure to polystyrene NPs have been shown to disrupt the balance 
of cell populations within the intestinal cells of zebrafish [75]. Existing data on the 
toxic effects of ingested zinc oxide (ZnO) NPs on intestinal models need to be more 
consistent. Several studies have found negative biological effects, such as increased 
intestinal inflammation, reduced cell viability, and mitochondrial membrane depo-
larization, resulting from the treatment with ZnO NPs. However, modified ZnO NPs 
do not cause significant cell damage [76, 77].

3.2 Lipid-based nanoparticles

Lipid-based nanoparticles (LNPs) have gained attention as potential DDS due 
to their ability to encapsulate hydrophobic medications and shield them from deg-
radation [78]. Cationic lipids, for instance, show significant potential as carriers for 
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delivering delicate substances such as nucleic acids, but certain cationic lipids can lead 
to cytotoxicity [36]. The impact of hydrophobic chains on lipid toxicity has yet to be 
thoroughly investigated, impeding the development of less harmful lipids [79]. Solid 
lipid nanoparticles (SLNs) are among the most prevalent types of LNPs employed 
in drug delivery. SLNs have been discovered to cause toxicity in the GIT, resulting in 
inflammation, oxidative stress, and damage to the intestinal barrier [80]. Numerous 
studies have indicated that the interaction between LNPs and GIT can trigger an 
immune response, modify the gut microbiota, and induce toxicity [79, 81]. A recent 
study discovered that oral administration of altered RNA-LNPs led to the expression 
of pro-inflammatory cytokines (such as interleukin (IL) -6 and macrophage inflam-
mation protein 2 (MIP-2)) and chemokines in the intestines of unexposed mice [39]. 
Ball et al. [82] documented that LNPs can compromise the stability of the intestinal 
epithelial barrier and result in intestinal inflammation.

3.3 Silica-based nanoparticles

Silicon-based nanoparticles (SiNPs) can interact with GIT cells and tissues, 
causing inflammation, oxidative stress, and damage to the intestinal barrier [83]. 
Various factors influence the toxicity of SiNPs in GIT, including their dimensions, 
surface area, surface charge, and chemical makeup [84]. Cellular absorption of silica 
dioxide NPs (SiO2NPs) depends on the size of the particles, particularly in the range 
of 30-50 nm. SiO2 NPs within the 30-50 nm size range can be carriers in multiple 
applications [40, 41]. An in vivo study revealed that ingesting SiO2NPs led to GIT 
inflammation and increased permeability, causing intestinal contents to leak into the 
bloodstream and disrupting the microbiota-gut-brain axis [85]. Guo et al. [83] dis-
covered that exposure to SiO2NPs affected nutrient transportation, ROS production, 
barrier function, gene expression, and microvilli structure. To assess the potential 
toxicity of SiNPs, examining their interactions with gut cells, uptake, and impact on 
GIT function and microbiota is important. The nanoscale SiO2 found in the E551 food 
additive could uniquely impact the absorption and distribution of SiO2 within the 
human body [86]. Numerous in vitro studies have shown that SiO2NPs can produce 
cytotoxic effects in cultured human cell lines, such as glioblastoma cells, depending 
on their size, shape, and dose [87]. Furthermore, SiO2NPs, inhaled or ingested, can 
infiltrate cells and engage with cellular membranes or organelles, leading to mam-
malian cell death through oxidative stress, endoplasmic reticulum stress, and apop-
tosis [42, 43]. A different instance of SiNPs that exhibit toxicity in the GIT involves 
mesoporous silica NPs (M-SiNPs) [44]. M-SiNPs have been identified to induce 
toxicity in the GIT, with inflammation, oxidative stress, and harm to the intestinal 
barrier. SiNPs administration has been found to cause intestinal inflammation by 
interfering with the hydrolysis and metabolism of nutrient peptides in Caenorhabditis 
elegans (an invertebrate nematode) [45]. Furthermore, Ogawa et al. [88] revealed 
that administering 10-nm SiNPs provoked intestinal inflammation by activating an 
apoptosis-associated speck-like protein with a CARD (caspase activation and recruit-
ment domain) inflammasome.

3.4 Metallic-based nanoparticles

Numerous scientific investigations have been conducted on the therapeutic applica-
tions of gold nanoparticles (AuNPs), silver nanoparticles (AgNPs) and superparamag-
netic iron oxide nanoparticles (SPIONPs) [55, 89]. They possess several characteristics 
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that make them attractive as DDS. Specifically, they can be easily synthesised in 
various sizes and shapes, their surfaces can be functionalized with different elements 
such as polymers, peptides, targeting ligands, imaging probes, and more, and they are 
generally considered safe for certain in vivo biological applications [55].

AgNPs exhibit distinct properties related to toxicity, surface plasmon resonance, 
and electrical resistance [90]. In a study by Vandebriel et al. [91], repeated exposure 
to AgNPs resulted in cytotoxic effects on various rat cells. Intending to create new 
anticancer treatments, Azizi et al. [92] developed albumin-coated AgNPs, which 
were found to be specifically taken up by cancerous cells and trigger apoptosis. 
Furthermore, through numerous pathways, AgNPs are highly effective against 
gram-positive and gram-negative bacteria. They help address the problem of drug 
resistance often seen with traditional antibiotics due to their unique mode of action 
[54]. Clear evidence of systemic toxicity from AgNPs ingested orally or through intra-
venous routes has been demonstrated, and the toxic effects are related to the amount 
of Ag+ released during exposure [93]. Moreover, the significant surface area of AgNPs 
that release Ag+ ions is a critical aspect that contributes to the cytotoxic behaviour. As 
widely recognised, smaller AgNPs exhibit a faster pace of silver ion (Ag+) dissolution 
in the nearby microenvironment, owing to their greater surface area-to-volume ratio. 
This results in increased bioavailability, improved distribution, and increased toxic-
ity compared to larger AgNPs [40, 94]. Research examining the anti-inflammatory 
properties of AgNPs has shown a considerable decrease in wound inflammation, 
adjustment of fibrogenic cytokines, a reduction of pro-inflammatory cytokines, 
and cell death in inflammatory cells [52, 53]. NPs with diameters below 100 nm have 
been documented to be mainly taken up by endocytosis in epithelial cells. Within 
these cells, AgNPs can induce oxidative stress, DNA damage, and inflammation [95]. 
Jeong et al. [96] observed an increase in goblet cells in the intestines and a significant 
release of mucus granules in mice treated with oral AgNPs (60 nm) at a 30 mg/kg 
body weight per day for 28 days. Furthermore, AgNPs administered orally (5-20 nm) 
for 21 days in mice (20 mg/kg body weight) disrupted the microvilli of epithelial cells 
and affected the intestinal glands [93].

Various in vivo studies have been conducted to assess the possible toxic effects of 
AuNPs, but the findings still need to be definitive [51]. Factors such as size, shape, 
surface properties, stabilising coatings, and administration aspects (dosage, duration, 
and method of administration) can lead to the varying toxic effects of AuNP in vivo 
[46]. Research has shown that smaller AuNPs (5–15 nm) exhibit a more extensive 
organ distribution in rodents compared to larger AuNPs (50–100 nm), suggest-
ing a higher risk of toxicity in vivo for smaller AuNPs [47]. Research conducted 
by Goodman and colleagues [97] indicated that cationic AuNPs interact with the 
negatively charged cellular membrane, causing damage to the intestinal membrane. 
Furthermore, citrate-capped AuNP (13 nm in diameter) were harmful to human lung 
carcinoma cells while not affecting human liver carcinoma cells at the same dose [98]. 
As additional information is collected, it has been recommended that proper consid-
eration be given to surface chemistry and dosages of Au and AgNPs to utilise them in 
biomedical applications efficiently [49, 50].

SPIONPs have become increasingly popular in numerous biomedical applications, 
such as magnetic resonance imaging, targeted drug or gene delivery, and hyperthermia 
[57]. However, SPIONPs can potentially cause cytotoxicity, negatively impacting vital 
cellular components such as mitochondria, the nucleus, and DNA [99]. Research exam-
ining the influence of various surface coatings on cell behaviour and structure revealed 
that dextran-magnetite (Fe3O4) NPs lead to cell death and decreased proliferation, 
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similar to the effects of uncoated iron oxide particles [56]. Contact with SPIONPs has 
been linked to considerable harmful consequences, including inflammation, develop-
ing apoptotic structures, compromised mitochondrial functioning (MTT), membrane 
leakage, ROS production, extensive chromosomal aberration, and condensation [57].

4. In vitro tests to evaluate the toxicity of nanoparticles

The in vitro evaluation of the toxicity of NPs serves as a standard approach for 
identifying acute hazards associated with potentially harmful NPs during this screen-
ing process. However, these methods can only partially replace in vivo evaluations. 
At the same time, in vitro analyses report the immediate harmful effects of NPs in 
specific cellular settings, in vivo animal models monitor biodistribution and bioaccu-
mulation pathways, which are not accessible through in vitro observations. A compre-
hensive understanding of NPs toxicity and potential risk requires using both methods 
[100]. In vitro, NPs toxicity assessment is a critical technique that offers benefits such 
as reduced cost, quicker results, and minimal ethical issues [101].

4.1 Size and surface charge evaluation

Various analytical approaches exist to examine the toxicological properties of NPs, 
with two key techniques frequently employed to provide crucial quantitative data: 
dynamic light scattering (DLS) and zeta potential (ZP) analysis. The ZP and, subse-
quently, the surface charge of a particle play an important role in inferring potential 
toxicity, promoting combined DLS-ZP systems as vital tools for preliminary biocom-
patibility assessments. Other in vitro tests utilised to determine the size and surface 
charge of NPs encompass scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), atomic force spectroscopy (AFM), Fourier transform infrared 
spectroscopy (FTIR), X-ray diffraction (XRD), surface-enhanced Raman spectros-
copy (SERS) and solid-state nuclear magnetic resonance spectroscopy (SSNMR) for 
compositional analysis, as well as fluorometry for photonic characteristics [102].

4.2 Proliferation assay

Proliferation analysis is conducted by evaluating cell metabolic function to 
determine cell metabolism using 3-(4-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT), the most commonly utilised tetrazolium bromide for evaluating NPs 
toxicity [103]. This test uses tetrazolium salt to gauge cellular metabolism. The intri-
cate chemical preparation of the MTT assay has led to its substitution for the Alamar 
blue assay, which is simpler to prepare and measures the cellular redox potential 
[104]. However, its success has been hindered due to an unclear operating mecha-
nism. Other evaluations include the [3H] thymidine incorporation method to assess 
cell proliferation, which is typically avoided due to its toxicity [105]. The cologenic 
assay is another method that counts proliferating cells by visually inspecting them 
after exposure to NPs [106].

4.3 Apoptosis assay

One primary indicator of nanoparticles (NPs)-induced cell toxicity is apoptosis. 
This process, triggered by NPs, can lead to cellular renewal and accelerated ageing 
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in mammalian hosts [100]. Commonly used markers for apoptosis include phos-
phatidylserine (PS), which moves to the cell membrane’s outer layer, and caspase 
activation. Research has shown that silver NP can induce apoptosis in cells such as 
mouse embryonic stem cells [107] and stimulate the activation of Caspase 3 and 9 
when applied to Drosophila melanogaster larvae [108]. Once host signalling pathways 
are initiated, active caspases provide various assays, such as cleavable substrates with 
fluorogenic and chromogenic labels, immunoblotting, immunofluorescence, and 
affinity assays with connected reporter units [109].

Numerous in vitro tests evaluate NPs toxicity, such as the Annexin V assay, which 
binds to PS and is a barrier against coagulation cascades. There are also various other 
techniques for examining apoptosis in cells or tissues exposed to NPs, including the 
comet assay, the TUNEL (terminal deoxynucleotidyl transferase (TdT) Nick-End 
labelling) staining technique, and analysing morphological alterations [110–112]. A 
decrease in cell size and DNA fragmentation are signs of apoptosis in NPs-treated 
cells. DNA gel electrophoresis is the most straightforward test for identifying cellular 
abnormalities. DNA fragmentation with uneven DNA sizes in agarose gel signifies 
necrosis-mediated cell death, while ladder-like electrophoretic DNA patterns indi-
cate apoptosis-induced cell death in NPs-treated cells [113, 114]. Such changes were 
observed in human HepG2 hepatoma cells exposed to silica NPs [115]. Furthermore, 
the single-cell gel electrophoresis assay (SCGE), also known as the comet assay, is 
used to detect the mutagenic potential of NPs-treated cells by identifying DNA breaks 
in Drosophila tertiolecta exposed to SiO and TiO NPs [70, 116].

4.4 In vitro assessment of oxidative stress

As a result of the high surface area-to-volume ratio imposed by NPs, enhanced 
reactivity promotes intracellular damage due to oxidative stress. Detection of oxidative 
events through ROS measurement, protein carbonyl content, genotoxicity, and inflam-
matory markers reveal the potential of NPs to produce harmful toxicants in the host 
[100]. Beyond the natural levels, ROS levels that are produced in the cytoplasm can be 
detected using ROS-sensitive dyes such as nonionic, non-polar, membrane permeable 
fluorophore 2′,7′-dichlorofluorescein diacetate (DCFH-DA) [117]. After cellular entry 
of DCFH-DA, the fluorophore is hydrolysed enzymatically by cytosolic esterase into 
non-fluorescent polar analogue dichlorofluorescein (DCFH). It is oxidised by cellular 
ROS into highly fluorescent dichlorofluorescein (DCF) that can be monitored [118]. 
The use of other agents, such as 2,2,6,6-tetramethylpiperidine (TEMP), detect ROS by 
reacting with the stable O2 radical, which can be detected using X-band electron para-
magnetic resonance (EPR) [119]. However, the use of DCFH-DA is advantageous over 
that of TEMP because of its high cost. Other available assays to detect ROS induced due 
to NPs can be detected using lipid hydroperoxide, Amplex Red assay, measurement of 
antioxidant depletion by 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) and superoxide 
dismutase (SOD) activity by Nitro blue tetrazolium assay [120].

4.5 Necrosis assay

Necrosis disrupts the integrity of the membrane and is commonly used to 
determine the viability of cells. Necrosis is measured using two dyes Neutral Red 
and trypan Blue. Neutral red (2-amino-3 methyl-7-dimethyl-amino-phenazonium-
chloride) is a weakly cationic supravital dye that, at slightly acid pH, yields a deep 
red colour [121]. The mechanism of action of neutral red includes diffusion through 
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the plasma membrane and concentrates on the binding of lysosomes through electro-
static, hydrophobic bonds [101]. Any disruption in the cell membrane brought about 
by NPs results in reduced uptake of neutral red, differentiating live and necrotic cells. 
Studies have used neutral red to detect necrotic cells induced when exposed to silver 
NPs [122]. The other dye used for detecting necrotic cells induced through NPs is 
trypan blue which enters dead cells while being excluded by live cells and thus is used 
to detect the stability of the cell membrane. Trypan blue has been used to detect the 
cytotoxicity of cells exerted by Zn NPs [123].

4.6 Viability assays

Lactate dehydrogenase (LDH) is an enzyme produced by living cells that regu-
lates pyruvate and lactate levels through the oxidation of nicotinamide adenine 
dinucleotide (NAD). When cells are lysed due to the toxic effects of NPs and other 
agents, LDH is released into the surroundings and maintains the enzyme activity. 
The usual conversion of pyruvate to lactate in the presence of LDH follows the 
NADH + pyruvate NAD + + lactate. Spectroscopic methods can monitor the NADH 
complementary reaction with tetrazolium salts. This time-dependent change in 
spectroscopic absorbance through enzyme-linked immunosorbent assay (ELISA) 
tests infers the extent of cellular trauma [100]. Common tetrazolium salts include 
iodonitrotetrazolium (INT), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT), and 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) which rival the throughput of the 51Cr 
assay and exhibit a threefold increase in sensitivity over ultraviolet NADH assays 
[124]. In addition to these, luminogenic glycylphenylalanyl-aminofluorocoumarin 
(GF-AFC) and firefly luciferase ATP assays provide non-toxic and highly sensitive 
options for assessing cell viability [125].

5. In vivo tests to evaluate the toxicity of nanoparticles

In vivo toxicity assessment methods provide more reliable data than in vitro 
models, and often yield conflicting results [126]. Some examples of in vivo toxicity 
assessment methods for NPs include biodistribution, clearance, haematology, serum 
chemistry, and histopathology [101]. For example, researchers have studied the 
toxicity of aluminium oxide NPs. These NPs have been analysed for their cell toxic-
ity, immunotoxicity, and genotoxicity using in vivo models [126]. Tetrazolium-based 
assays such as MTT, MTS, and WST-1 have been used to evaluate the cytotoxicity of 
these NPs [126]. Manganese oxide nanomaterials have also been examined for their 
potentially harmful effects [127]. One study evaluated the toxicity of a newly syn-
thesised nanomaterial called GNA35 and its precursor Mn3O4 using in vitro models 
representing the respiratory, GIT, and skin systems of the human body [127]. The 
study provided information on the potential health risks associated with these nano-
materials, highlighting the need for further evaluation using in vivo models [127].

In vivo toxicity assessment of various NPs is crucial for assessing their safety in 
biomedical and industrial applications. Here are some examples of in vivo toxicity 
assessment of various NPs:

Polymer NPs, often used for drug delivery systems, have been evaluated for 
toxicity using in vivo models. A study utilised zebrafish embryos as a model to 
investigate the toxicity of polystyrene NPs. The study found that NPs demonstrated 



65

Potential Toxicity of Nanoparticles for the Oral Delivery of Therapeutics
DOI: http://dx.doi.org/10.5772/intechopen.111946

dose-dependent toxicity, leading to developmental and behavioural abnormalities in 
zebrafish embryos [46].

Lipid-based NPs are commonly used in drug delivery systems because of their 
biocompatibility and low toxicity. In a study by Lama et al., researchers evaluated the 
in vivo toxicity of lipid NPs in rats by measuring their biodistribution, clearance, and 
histopathology [128]. They found lipid NPs were well tolerated, with no significant 
adverse effects observed [101].

Protein NPs, such as albumin-based NPs, have been developed for targeted drug 
delivery. In vivo studies in mice have shown that these NPs can accumulate in tumour 
tissues and effectively deliver drugs without causing significant systemic toxicity. 
However, further evaluation of protein NPs using in vivo models is necessary to 
ensure the safety of these drug delivery systems [129].

Silica NPs have many applications, from drug delivery to cosmetics. In a study by 
Yu et al., researchers assessed the in vivo toxicity of silica NPs in mice by assessing their 
biodistribution, clearance, and inflammatory response. They found that silica NPs 
were distributed primarily in the liver, spleen, and kidneys and induced a transient 
inflammatory response, suggesting potential risks associated with their use [130].

AuNPs have been studied for their potential applications in various fields, includ-
ing drug delivery and diagnostics. In vivo toxicity evaluation of gold NPs has been 
carried out using different animal models. For example, a study investigated the bio-
distribution and toxicity of AuNPs in mice using various doses and sizes. The results 
showed that, depending on size and dose, AuNPs could accumulate in organs such as 
the liver, spleen, lungs, and kidneys, leading to potential toxicity problems [46, 129].

AgNPs have also been investigated for potential applications in medicine and 
industry. An example of in vivo toxicity assessment of AgNPs is a study that evaluated 
silver NPs stabilised with gum Arabic protein (AgNPs-GP) in Daphnia, a small freshwa-
ter crustacean model. The results indicated that AgNPs-GP exhibited dose-dependent 
toxicity, causing adverse effects on Daphnia’s survival and reproduction [131].

Iron oxide NPs (SPIONPs) are widely used in biomedical applications, such as 
drug delivery and magnetic resonance imaging. In a study by Mahmoudi et al., the 
researchers evaluated the in vivo toxic effects of SPIONPs in mice by observing their 
biodistribution, retention, and clearance [132]. They found that SPIONPs did not 
exhibit significant toxicity, but NPs tended to accumulate in the liver and spleen, 
which can cause long-term adverse effects [57].

6. Conclusion

Throughout the years, the remarkable properties of NPs have led to their recogni-
tion as marvels of contemporary science because of their extensive applications. The 
employment of NPs in the biomedical field has contributed significantly to overcom-
ing numerous diseases and improving the quality of human life. Unlike other delivery 
methods, orally administering NPs exposes them to various biological and chemical 
conditions, such as enzyme and microbiota-related digestion and fluctuations in 
ionic strength and pH levels. Nanotoxicity generally stems from the instability of 
the NPs and distinct physicochemical properties. Numerous factors, such as the type 
of NPs, particle and pore size, the extent of modification, frequency and amount 
of dosage, and administration timing, influence them. Other crucial factors include 
cell type, cell condition, organ distribution, animal condition, and delivery dura-
tion, presenting individual differences in cellular and in vivo contexts. NPs toxicity 
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mechanisms include oxidative stress, inflammation, and apoptosis; however, studies 
of the implicated signal pathways are still relatively scarce. Due to the numerous 
variables involved, there currently needs to be a standardised approach to toxicity 
research. Investigations of NPs toxicity should consider their actual applications and 
refine safety evaluation indicators for both in vitro and in vivo testing. As observed, a 
limited amount of data is available for specific NPs types used in DDS. Consequently, 
before introducing NPs into the therapeutic market, it is essential to evaluate the 
risk-benefit ratio.

© 2023 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 
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Chapter 5

Phyto-Metallic Nanoparticles:
Biosynthesis, Mechanism,
Therapeutics, and Cytotoxicity
Akeem Omolaja Akinfenwa and Ahmed Abdelfattah Hussein

Abstract

Nanoparticles synthesized from noble metals have wide applications in therapeu-
tics and medicine due to their excellent properties. Properties such as surface plasmon
resonance, low toxicity, biocompatibility, and ease of surface modification account for
the recent surge in nanoscience and technology. Noble metals such as gold, silver,
copper, iron, and platinum with nano size are well-known metallic nanoparticles with
increasing applications in nanomedicine. Biomedical applications of these particles
especially for diagnosis and targeted drug delivery in living systems require consider-
ing the toxicity level. Because of their surface electrons, metal ions in solution affect
cellular activities via cell division, apoptosis, DNA replication, homeostasis etc. They
influence cell viability through metabolic outputs in both desired and undesired paths
which may result in chemical and or biological toxicity to cells. Phyto-metallic
nanoparticles biosynthesised from plant extracts are reported with improved func-
tionalities for biomedical applications over those from chemical and physical methods.
The synergies from the natural organic properties of the plant and the metallic
properties elicit minimal cytotoxicity paving way for their different biomedical
applications. This chapter is intended to provide an overview of recent advances and
new perspectives in phyto-metallic nanoparticles, their biosynthesis and mechanism,
therapeutics, and cytotoxicity to biomedical industries, research centres, and
academia.

Keywords: biosynthesis, cytotoxicity, phytochemicals, nanoparticles, metal
precursors, therapeutics

1. Introduction

Medicinal application of plants and the development of green nanotechnology
stimulated the use of plant phytochemicals in the green synthesis of metallic
nanoparticles (MNPs). Metals such as gold, silver, zinc, tin, platinum, lead, copper,
palladium and so forth are easily bio-reduced to phyto-metallic nanoparticles (PM-
NPs) in the range 1 nm and 100 nm by phytochemicals from plants through biosyn-
thesis and green nanotechnology methods [1]. These methods are reported to elimi-
nate the use of toxic solvents and chemicals, minimize cost, and the loss of atom
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economy associated with chemical and physical methods [1, 2]. In the biosynthesis of
nanoparticles, bio-nanomaterials are synthesized using natural products of plant and
plant-derived compounds (phytochemicals), microbes (bacterial, yeast, fungi,
viruses, and algae), and animals. Plant phytochemicals are prevalently used due to
their bioavailability and relatively low experimental costs. The phytochemicals pos-
sess functional groups such as hydroxyl (–OH), amide (–NH2C=O), carbonyl (C=O),
carboxylic (–COOH) etc. with reducing/stabilizing abilities through π-π dative bond-
ing, hydrogen bonding, and electrostatic interactions [3]. This stabilization is reported
to enhance the activities of a metal-based drug through size reduction, increase sur-
face area, drug durability and biodistribution through tissue/cell binding [4]. During
biosynthesis with phytochemicals, crude extract, or compounds isolated act as reduc-
ing/capping agents for single or bimetallic precursors to form their respective single
PM-NPs or phyto-bimetallic nanoparticles (PBM-NPs) [1, 5]. These nanoparticles can
interface with biological systems as drugs, diagnostic tools or as implants due to their
physical, chemical, and biological properties.

For therapeutics and nanomedicine, metallic nanoparticles (MNPs) capped with
plant extracts rich in phenolics, alkaloids, and terpenoids contents through biological
methods have shown increased acceptance over chemical and physical methods [6]. The
plant-based synthesis method of metallic nanoparticles as biomaterials is less expensive
and eco-friendly. The method involves bio-reduction, nucleation and growth, capping
and stabilization of metals and transition metals, notably gold (Au), silver (Ag), plati-
num (Pt), palladium (Pd), copper (Cu), iron (Fe), zinc (Zn) precursors using phyto-
chemical constituents of plants. A unique property of noble metals is the surface
plasmon resonance (SPR) phenomenon, due to the availability of free electrons oscillat-
ing at the metal surface near the visible frequency range (260–800 nm). Absorption of
UV light in this region is responsible for the color changes observed from their aqueous
solutions [7–9]. Interactions of surface electrons with reducing agents from phyto-
chemicals cause the free electrons to collectively oscillate at a unique frequency specific
to eachmetal.With the interaction between phytochemicals (capping agents) andmetal
precursors, the surface chemistry of the metals after synthesis is enhanced making
PBM-NPs as good drug carrier for targeted drug delivery and improving biodistribution
and clearance in the body [10, 11]. Biomedical applications of these materials in living
systems require consideration of the toxicity level of the nanoparticles. The synergies
provided by phytochemicals in the synthesized metallic nanoparticles are believed to
reduce the inherent toxicity of metal nanoparticles with living cells and elicit selective
cytotoxicity on bacterial and cancer cells [12]. Based on recent findings, schematic
studies of PM-NPs in biomedical applications covers their activities as bactericidal,
anticancer, antioxidants, antifungal, cytotoxicity, formation, and mechanism of
action [13].

2. Biosynthesis of metallic nanoparticles

Synthesis of nanoparticles generally involves two approaches: the top-down and
bottom-up approaches. The top-down approach requires physical methods to disinte-
grate bulk materials into smaller units in the nano range. Typical methods such as
electron beam lithography, laser ablation, spray pyrolysis, arc discharge, milling and
so forth are physical methods used in a top-down approach. On the other hand, the
bottom-up is simply a build-up of nanomaterials from smaller atoms/molecules
through chemical or biological methods. In the chemical method, chemical substances
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with reducing properties are used to convert the metallic salt solution to a nanoscale
[14]. Commonly used chemical reducing agents are sodium citrate, Cetyltrimethy-
lammonium bromide (CTAB), sodium borohydride (NaBH4), sodium
tetrachloroaurate dihydrate salt (NaAuCl4.2H2O) etc. The physical and chemical
methods are highly expensive and non-green methods resulting in increased environ-
mental pollution and the release of toxic chemicals. Over the past few decades, there
has been a surge in green chemistry through plant-based metallic nanoparticles
research-based. The concept of green chemistry seeks to ensure the sustainable safety
of humans, and the environment and process efficiency with the use of biodegradable
and eco-friendly materials [15]. Thus, the biosynthetic route to PM-NPs helps to
achieve this purpose with wide application in nanomedicine.

The biosynthesis of metal nanoparticles is a paradigm shift from the conventional
physical and chemical methods due to their drawbacks. It is a biological method that
applies green technology in the production of chemical substances using natural
products of plants, microorganisms, and biomolecules from animals. The method has
attracted huge attention as it displays efficient and effective utilization of the principle
of green chemistry. Synthesis using plant extract and microorganisms is well
documented with the advantage of being eco-friendly and does not involve the use of
hazardous chemicals [2, 16]. However, the higher experimental cost and slow synthe-
sis time due to microbial culture and growth, and the risk of infection with microor-
ganisms are major concerns with the use of microorganisms. Biosynthesis through
plant phytochemicals is relatively fast, safe, and suitable for large-scale synthesis [17].
Another biological method reported involves the use of natural products of animal
origin. Although rarely used, this method involves biomolecules such as peptides or
blood serum extracted from animals in nanoparticle synthesis [18, 19]. Animal blood
serum consists of fibrinogen, globulin, albumin blood proteins and polypeptides that
are biocompatible for use in the synthesis of NPs. These biomolecules are potentially
reducing agents for metal ion reduction due to their involvement in oxidation/reduc-
tion reactions in animals. The redox properties, availability from slaughterhouses and
their biocompatibility are reasons researchers used the blood serum as an alternative
to the conventional synthesis of metallic nanoparticles [17].

In PM-NPs, extracts, and isolated bioactive compounds from plants serve as both
reducing and stabilizing agents in place of chemical-reducing agents during biosyn-
thesis. The effectiveness of biosynthesis with phytochemicals over non-biogenic syn-
thesis was evidenced by Buono et al. [20] in the biogenic zinc oxide nanoparticles
(ZnO-NPs) synthesis from the extract of Lemna minor (duckweed). The bioactive
compounds of plants are mainly secondary metabolites (alkaloids, terpenoids, flavo-
noids, phenolics, steroids) that are not involved in the vegetative growth of plants but
have an important function in the survival of plants as defense agents against herbi-
vores, metal transporting agents, antibiotic agents, enzymes inhibitors etc. [3]. Activ-
ities of these secondary metabolites in green nanotechnology are reported to elicit bio-
reduction of metal ions to stable oxidation states through electron donations to metal
ions to form stable atoms [14]. Because of this role of phytochemicals in green
nanotechnology, much attention has been given to their extraction and isolation of the
pure compounds.

2.1 Extraction and isolation of phytochemicals

Plant phytochemicals used for the synthesis of PM-NPs are mostly obtained from
the leaves, stem, or tuber of the plant through decoction, infusion in water or aqueous
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ethanol [21]. The plant materials collected are cleaned of dirt and dried under shade
for a few days until completely dried before use. The shade-dried material is ground to
particulate matter to achieve complete extraction and a high percentage yield. The
extract obtained is then sieved and filtered using Whatman No.1 filter paper. Further
purification by centrifugation (600–800 rpm for 20 minutes), washing and filtration
with an appropriate syringe filter give a pure extract of the plant. The freshly prepared
aqueous extract can be made to powder by heating at 70°C or through lyophilization
[5]. The above method is considered simple and conventional but with the limitation
of involving the use of excess solvent and longer extraction time. The non-
conventional methods for extraction of plant phytochemicals involve the application
of improved technology like microwave, ultrasound, pressurized liquid, and enzymes
assisted extraction [21, 22]. Both methods yield crude extract which serves as a bio-
reducing/capping agent for the synthesis of PM-NPs. To identify specific
phytocompounds present in the crude extract and their roles in biosynthesis, the
crude extract is subjected to further extractions/isolation and characterization pro-
cedures such as HPLC, LC-MS, Automated Flash chromatography, NMR etc. [3, 23].
The identification of the roles of pure compounds from a crude extract in nano
synthesis is interesting to phytochemistry and plant enthusiasts. However, for cost
consideration. a literature search of the chemical profile of the plant species and
purchase of chemically synthesized compounds for use in synthesis is mostly
employed.

2.2 Phytochemicals in metallic nanoparticles synthesis

The exploration of alternatives route to the synthesis of metallic nanoparticles used
for nanomedicines lead to the discovery of plant species and phytochemicals having
reducing potentials for metal ions. The phytochemicals for metallic nano synthesis
could be derived from the whole plant material or specific parts such as the leaves,
stem, flowers, seed, or root. Generally, plant species and their phytochemicals could
be nano-active or inactive by showing potential for the bio-reduction of metal ions. As
discussed in the introduction section, the ability of phytochemicals to reduce metal
ions is usually first determined by the SPR of the bio-reduced metal measured by
recording the UV-Vis scan ranging from 300 to 800 nm [15]. The frequency of SPR
absorption depends on the metal ion involved, nanoparticle size, shapes, aggregation,
and crystallinity of the nanoparticles. Generally, AuNPs exhibit SPR at 500–600 nm,
AgNPs show absorption at 400–500 nm, PdNPs and PtNPs at 300–400 nm, and
CuNPs (280–330 nm) [23, 24]. Table 1 shows the SPR range, color changes and other
properties of some reported PM-NPs. Measurement of SPR of the metal ion is
followed by confirmatory analysis through physicochemical characterization by one
or more of; energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD),
Fourier transformed infra-red spectroscopy (FTIR), high-resolution transmission
electron microscope (HRTEM), dynamic light scattering (DLS), thermogravimetry
analysis etc. Several scientific reports have shown that nano-active plants consist of
secondary metabolites rich in flavonoids and polyphenols [32, 33]. PM-NPs synthesis
begins with the selection of potential plant species. This is usually through phyto-
chemical screening of the plant species to identify the presence of secondary metabo-
lites known with capping/reducing potentials of metal ions. The screening may be
done through spectrophotometric assay for polyphenol and flavonoid content of the
total extract or by reacting the total extract with specific reagents that give a charac-
teristic color change to secondary metabolites [20, 34]. Del Buono et al. [20] showed
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how the screening of L. minor (duckweed) plant for phenolic compound could be
done through ultra-high-pressure liquid chromatography quadrupole-time-of-flight
mass spectrometry (UHPLC-ESI/QTOF-MS). Once a plant is found to be nano-active,
its optimum concentration for bio-reduction of the metal ion is determined using
different concentrations on a pilot scale. The optimum concentration is then upscaled
in the final synthesis. Two major synthesis procedures for PM-NPs have been
reported. These procedures are the addition of phytochemicals to a stirring solution of
a metal salt and the addition of a metal salt solution to a solution of phytochemicals on
stirring. Akinfenwa et al. reported a procedure in which optimum concentration
(10 mL of aqueous 5% each) of green rooibos extract, and aspalathin compound were
added to a 90 mL of 1 mM heated solution of respective gold and silver precursors
while stirring at 70°C. A similar procedure for zinc oxide nanoparticles where 25 mL
of aqueous 1% mango seed extract was added to 75 mL of 10 mM zinc nitrate
solution maintained at 30°C in an orbital shaker was described by Rajeshkumar et al.
[35, 36]. Contrarily, different concentrations of the metal precursor are added to a
predetermined concentration of phytochemicals. Thipe et al. explained this method in
which 100 μL of 0.1 M NaAuCl4 (in deionized water) was added to an aqueous
solution of 2 mg resveratrol, a phytochemical from grapefruit in 6 mL of deionized
water and the reaction mixture was stirred at room temperature and allowed to stir
overnight to achieve optimal capping. Also, Elbagory et al. previously reported a
method, for large-scale screening of plants with microtitre-plate. Through this
method, the authors determined the optimum concentration for the biosynthesis of
gold nanoparticles for further scale-up [36–38]. PM-NPs can also be synthesized by
mixing plant extract clear solution with a predetermined concentration of the metal
solution and boiling the above mixture at desired time and temperature while mixing.
The choice of synthesis procedure depends on the hands-on experience of researchers
and literature reports. In all cases, visual color change from the initial solution to the
final is regarded as the first evidence for synthesis.

2.3 Mechanism and factors affecting the biogenic synthesis of metallic
nanoparticles

Detailed literature report on the mechanism of biogenic synthesis using plant
phytochemicals is still lacking although there exists extensive discussion on the roles
of chemical functional groups present in plant phytochemicals. From a typical expe-
rience, proposed mechanism may proceed through a four-step reaction [16, 39, 40].
The first step which begins with the ionization of the metal in an aqueous solution and
trapping of the metal ion on the surface of the phytochemical (dispersion medium)
involves electrostatic interaction between the metal ions and the surface charge of
phytochemicals. In the second step, attracted ions at the surface of the dispersion
medium are reduced to form metal nuclei (nucleation) through electron transfer. In
the case of an extract rich in polyphenol or other biomolecules, a metal-polyphenol
framework is formed in the process. The continuous reduction and nucleation of ions
result in the growth and accumulation of stabilized NPs. In the final stage, accumu-
lated NPs are capped by plant phytochemicals which leads to the growth termination
of NPs [24, 36, 41, 42]. Beyond the mechanism, researchers are also concerned about
the size, shape, distribution of NPs, and time required in the synthesis. Hence, several
factors that affect these properties have been identified and discussed. Factors such as
the concentration and nature of plant extract, metal precursor concentration,
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temperature, time, and pH play significant roles in the properties (shape, size, and
crystallinity) of the synthesized PM-NPs [42–44].

The potential of any plant species for bio-reduction of metal ion for synthesis
depends on the contents of its active biomolecules and their concentrations in the
plant extract. Plant extracts with high concentrations of biomolecules like proteins,
phenolics, and flavonoids are known to greatly enhanced PM-NPs formation. Litera-
ture report shows that polyphenols and flavonoids are one of the most frequently
reported phytochemicals responsible for plant-mediated metallic nanoparticle
synthesis [33]. Hibiscus sabdariffa is a tea plant rich in polyphenols, anthocyanine
compounds, and flavonoids including hibiscic acid, ascorbic acid luteolin, gallic
acid, chlorogenic acid, caffeic acid, protocatechuic acid, eugenol, quercetin,
delphinidin-3-sambubioside, delphinidin-3-glucoside, cyanidin-3-sambubioside and
cyanidin-3-glucoside [45]. Soto-Roblesa et al. studied the effect of the different con-
centrations (1%, 4%, and 8%) of H. sabdariffa extract on the biogenic synthesis of
ZnO NPs and their application in the photocatalytic degradation of methylene blue
dye. The result showed that the formation of smaller (5–12 nm) ZnO-NPs of uniform
shapes and photocatalytic degradation of methylene blue was achieved with the
highest (8%) concentration of H. sabdariffa extract compared to the 1%, and 4%
concentration [41, 46].

The ratio of the concentration of the metal substrate to plant extract plays a key
role in biogenic synthesis. Generally, a concentration range of 1–10 mM of the metal
substrate is employed in the synthesis [47]. Within this range, a lower concentration
of metal precursor takes longer reaction time but is beneficial for the formation of
monodispersed spherical shape and non-aggregated nanoparticles during the nucle-
ation and growth process. The use of a high concentration of the metal precursor has
the advantage to speed up the reaction rate but often leads to polydisperse and
amorphous NPs due to the aggregation of a large number of nuclei [10]. This is
supported by a study conducted by Vitta et al. on the synthesis of iron nanoparticles
from an aqueous extract of Eucalyptus robusta Sm using different concentrations of
iron salt concentrations; 1 mM, 5 mM, and 0.1 M (NH4)2 FeSO4.6H2O (Mohr’s Salt).
The authors showed that the size distribution of FeNPs formed was dependent on the
concentration of the metal substrate used, as the 1 mM concentration of Fe precursor
gave average size distribution of 0.8 nm smaller than the size obtained with 5 mM and
0.1 M concentrations. Interestingly, this agrees with the report of the particle size
distribution for Cu-NPs biosynthesized from A. indica leaf extract by Nagar and
Devra [48]. Nagar and Devra, attributed an increase in particle size from 48.01 nm to
78.51 nm due to increased concentration of CuCl2 substrate from 6 � 10�3 mol/L to
7.5 � 10�3 mol/L, respectively [27, 48].

The effect of temperature is noticeable mainly on the nucleation and NPs growth
time, and the size distribution of PM-NPs. Most PM-NPs are formed between 30 and
90°C (working temperature) depending on the metal substrate used and their elec-
trochemical potentials [49]. The working temperature is important for the excitation
of electrons and interaction with phytochemicals for the bio-reduction of metals. In an
experiment to study the effect of different temperatures (70, 75, 80, 85, and 90°C) on
the size of the biosynthesized silver nanoparticle, Liu et al. [50] explained that high
working temperatures have a positive effect on the nucleation kinetics constant k1 and
growth kinetics constant k2. Nucleation rate constant k1 was found to increases
slightly when temperature was raised from 70 to 80°C, while it rises sharply when the
temperature exceeds 80–90°C . To further the effect of temperature on the nucleation
and growth of NPs, Jayachandran et al. [51] showed temperature dependence in the
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biosynthesis of zinc oxide nanoparticles using Cayratia pedata leaf extract for the
immobilization of glucose oxidase enzymes. From the selected working temperature
of 55, 65, and 75°C. It was noted that ZnO NPs were formed with a working temper-
ature of 65°C while no synthesis occurred at 55 and 75°C respectively.

The role of pH maintained for reaction synthesis is also a key factor to be consid-
ered for controlled synthesis. Different literature studies attributed the effect of pH on
the stability, morphology, optical and bioactivity of the synthesized PM-NPs [39, 52,
53]. A comparative stability and biological activity (cytotoxicity and antimicrobial)
study of AgNPs synthesized with citrate, and green tea by Bélteky et al. [52] reveals
that both NPs are more stable in alkaline and neutral media than in acidic medium
with higher stability for green tea AgNPs. Additionally, synthesis in alkaline and
neutral pH tend to produce smaller size particles than in acidic pH [9]. Also, the
effects of pH in synthesis reflects on the optical properties of the synthesized NPs and
their therapeutic applications. The optical properties of ZnO NPs were shown to
depend on the pH. This was demonstrated by the report of Thipe et al. [34] showing
different colors of ZnO-NPs synthesized from orange fruit peel extract for
antibacterial activities. In the study, pH values of 4.0, 6.0, and 9.0 had ivory color,
pH values of 7.0 and 8.0 had burnt black color and white color was noticed at pH
values of 10 and 11. With Pt NPs synthesis via orange peel extract, Karim et al. [54]
illustrated different size distribution and crystallinity properties for pH 3, 5, 9, 11,
and 13. The report shows a reduction in sizes (2 nm – 1.8 nm), agglomeration, and
uniform spherical shapes of NPs as pH increase from pH 3 through pH 11. pH 11
was noted with the smallest particle size (1.8 nm) and uniformity (which could
be standard for the biosynthesis of Pt-NPs) while at pH 13 particles became
agglomerated.

3. Therapeutic applications of phyto-metallic nanoparticles

New innovative technologies to improve the development of novel therapeutics
and treatment of disease conditions using combined synergies between synthetic and
natural products have been of interest to many nanomedicine experts. Extracts from
plant has a long history of usage as traditional herbal medicine, as prototype in the
formulation of synthetic drugs and in the detoxification of heavy metal accumulation
in the body [55, 56]. The pharmacological potentials of many plants are closely asso-
ciated to the major phytochemicals they contain. For instance, plants rich in poly-
phenols are often indicated as therapeutic agents for complications resulting from
oxidative stress. A systematic formulation of these therapeutic agents as nano drugs
for use in biomedicine is gaining acceptance due to the rising preference for natural
product-based therapies and their versatilities [32]. The bioinorganic network pro-
vided by PM-NPs and their biocompatibility make them suitable as a drug over
conventional speciality drugs with many side effects. Hence, their roles in therapeutic
applications such as in bactericidal, anticancer, antioxidants, antidiabetic, and
photothermal treatment (PTT) are briefly discussed below.

3.1 Bactericidal effects

The antibacterial potentials of various PM-NPs have been extensively discussed by
different researchers given the resistance of bacterial to the first generation and
conventional antibiotic drugs. Most reports show that the activities of the PM-NPs are
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attributed to the binding and interaction of PM-NPs on surfaces of bacterial cell
membranes. The interaction inhibits synthesis of new cell membrane thus preventing
cell growth. Also, the binding of PM-NPs could disrupt the energy transduction
process, and cause damage to the cell membrane through the generation of reactive
oxygen species leading to the eventual death of bacterial cells [57–59]. The efficacies
of the bactericidal effect of PM-NPs have been tested both as a singular drug and in
combination treatment with conventional antibiotic drugs [9]. Among metals and
metal compounds, Ag ions and Ag-based compounds are the most pernicious on
microorganisms showing strong antibacterial properties [60]. Hence, PM- AgNPs are
the most studied for the inhibition of a broad spectrum of both gram-negative (G-ve)
and gram-positive (G + ve) bacteria species including Pseudomonas aeruginosa,
Staphylococcus aureus, Bacillus cereus, Salmonella enterica, Escherichia coli and Serratia
marcescens [60]. This was recently demonstrated by Balachandar et al., [61] for
antibacterial activities of AgNPs mediated by Glochidion candolleanum (GC) leaf
against Bacillus subtilis, Listeria monocytogens and S. aureus (G+ve); E. coli,
P. aeruginosa, and S. enterica (G�ve). The study shows a general inhibition for all
bacteria based on the concentration of GC-AgNPs used. The highest maximum
inhibition zone (12.2 mm diameter) due to GC-AgNPs was observed against
S. enterica and for P. aeruginosa (11.8 mm diameter), L. monocytogens (11.0 mm),
S. aureus (10.9 mm) and 10.8 mm for both B. subtilis and E. coli in the descending
order [61]. A similar result was presented by Nishanthi et al., [9], which showed a
synergistic antibacterial activity of rind extract of Garcinia mangostana
biosynthesized Au, Ag, and Pt NPs in combination with commercial antibiotics (pen-
icillin G (2.0 μg), methicillin (5.0 μg), vancomycin (30 μg), gentamycin (50 μg),
streptomycin (10 μg), ciprofloxacin (5.0 μg), azithromycin (30 μg) and
clotrimoxazole (25 μg) and tested against Staphylococcus sp., and Bacillus sp. (G+ve)
and Pseudomonas sp. and Klebsiella sp. (G+ve). The authors found that AgNPs,
displayed relatively higher antibacterial activity when compared to AuNP and PtNPs
against all the tested pathogens [9]. In addition to Ag, Au, and Pt NPs, biosynthesized
ZnO-NPs, and FeNPs using extracts of orange fruit peel, and E. robusta Sm, respec-
tively have been reported [27, 62]. ZnO/Zn (OH)2 NPs are known to exhibit
photocatalysis when illuminated with UV light producing reactive oxygen species
(ROS), such as superoxide anion (O2

•–) or hydroxyl radical (OH•) which may cause
disruption of the electron transport chain and or oxidative stress in the microbial cell
membrane [59]. ZnO-NPs were shown to exhibit strong antibacterial activities
towards E. coli and S. aureus at a concentration of 0.025 mg/mL without UV
radiation after 8 h of incubation [62]. Vitta et al. [27] recorded no significant differ-
ences (p > 0.05) for E. Coli with Fe-NPs (positive control), while for S. aureus,
P. aeruginosa and B. subtilis, statistically significant differences (p < 0.05) were found
as there was an increase in the values of inhibition zone as the size of the nanoparticles
diminished [62]. Also reported is, the biogenic synthesis and antimicrobial evaluation
of Cu-NPs and Mg-NPs from leaf extracts of strawberry and Viola betonicifolia (L.)
respectively. Bayat et al. [63] noted that the Cu-NPs like their Ag-NPs counterpart
displayed a bactericidal effect on P. aeruginosa at an effective concentration (EC50)
of 2.2 mg/mL. Interestingly, the authors indicated a higher antibacterial activity of
Ag-NPs over Cu-NPs due to a greater minimum bactericidal concentration (MBC) of
Cu-NPs (5 mg/mL) than for MBC of Ag-NPs (0.01 mg/mL). According to Lu et al.
[31], synthesized Viola betonicifolia-MnO2 NPs displayed higher antimicrobial and
reductions in colony forming unit for K. pneumoniae (4.14 � 0.03 log10 reduction),
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and S. aureus (4.65 � 0.07 log10 reduction) respectively, than the value obtained from
commercially available Mn-NPs [31].

Among other metals that have received considerable attention for the biosynthesis
of PM-NPs as antimicrobial agents are titanium (TiO2-NPs), palladium (Pd-NPs)
nickel (NiO-NPs), selenium (Se-NPs), and tin (SnO2-NPs) [30, 64–67]. Amanulla and
Sundaram [64] reported that at dose concentrations from 6.75 to 50 mg/mL, TiO2-NPs
synthesized from orange peel extract showed bactericidal effects on S. aureus, E. coli,
and P. aeruginosa. In a similar report, Pd–NPs (�3 nm) obtained via Garcinia
pedunculata roxb leaf extract was observed to elicit antimicrobial activity against
Cronobacter sakazakii AMD 04 at dose concentration from 0.39 mM and 0.52 mM
[66]. From the report of Srihasam et al. [65], biogenic synthesis and antimicrobial
activities of NiO-NPs from the leaf extract of stevia plant were implicated in signifi-
cant bactericidal effects on E. coli, Streptococcus pneumoniae, and B. subtilis at a con-
centration of 200 μg/mL. Furthermore, Alvi et al. [30] demonstrated that Se-NP
synthesized from Citrus paradisi and Citrus limon for antimicrobial activities against E.
coli, M. luteus, B. subtilis, and K. pneumoniae show significant activities against all the
bacterial pathogens when compared with the standard antibiotic Ciprofloxacin. SnO2-
NPs are also promising PM-NPs that have been found effective against microbes.
SnO2-NPs from fruit extract of Averrhoa bilimbi showed satisfying inhibitory activi-
ties against S. aureus and, K. aerogenes while from Saraca indica flowers were effective
in inhibiting the growth of E. coli [67, 68].

3.2 Anticancer effects

The applications of metallic nanoparticles in the treatment of cancer cells from
different organs such as breast, cervical, colon, ovarian, and lung cancers have
attracted more interest in biomedicine. In this regard, MNPs act as nanocarriers due to
the available large surface area for the attachment of a large number of vectors for
targeted delivery at designated sites [69]. This method has been reported to improve
the efficacy of anti-cancer drugs over traditional drugs which are sometimes identi-
fied and removed from the systemic circulation by the liver and the spleen [16, 36].
Usually, studies on anticancer potentials of nanoparticles require both in vitro and
in vivo (animal and clinical) studies. In vitro, studies are mostly reported using
conventional MTT and apoptosis assay to determine cell viability via cytoprotection,
and extrinsic cell death respectively. In the experiment, a decrease in cell metabolic
activities is implicated in the induced secretion of reactive oxygen species by cells due
to biogenic NPs which gradually leads to the death of cellular components [70]. The
values of half maximal inhibitory concentration IC50 are used to determine the cell
behaviors when treated with PM-NPs. The in vivo experiment is a follow-up and
confirmation of in vitro, although limited studies of in vivo antitumor studies are
reported [71]. Because MNPs are functionalised and stabilized for selective delivery at
specific sites, biodistribution and degradation of the MNPs may take much circulation
time in systemic circulation resulting in metal accumulation and particle-induced
toxicity of mammalian cells and tissues. Different biodegradable materials that help
with bio-clearance such as plant phytochemicals, polysaccharides such as dextran and
chitosan, polyvinyl alcohol (PVA), phosphorylcholine-based copolymers and so forth
have been suggested for coating of MNPs [15, 72, 73].

Addressing the drawback of drug residence time and biodistribution MNPs as a
potential anticancer agent in mammalian cells, Akinfenwa et al. [36] showed that
phytochemicals from Aspalathus linearis plant from PM-NPs could serve to reduce,

89

Phyto-Metallic Nanoparticles: Biosynthesis, Mechanism,Therapeutics, and Cytotoxicity
DOI: http://dx.doi.org/10.5772/intechopen.112382



capped, and increase bio-clearance of biosynthesized AgNPs and AuNPs. From the
results of the study, the authors highlighted that AgNPs are more efficacious showing
antiproliferation effects on human hepatocellular carcinoma (HepG2), and neuro-
blastoma (SH-SY5Y) cells in vitro than AuNPs. In a complementary report by Alharbi
and Alsubhi [74], in vitro anticancer activity of AgNPs prepared using fruit extract of
Azadirachta indica on pneumocyte lung tumor (A549) cells show that all treatments
involving biosynthesized AgNPs only, and AgNPs in combination with cisplatin were
more toxic to A549 cells than with the extracts and cisplatin only. A remarkable
combination of both in vitro and in vivo anticancer experiments of biogenic AgNPs
was demonstrated by Kabir et al. [70]. The authors concluded that Ag/AgCl-NPs
synthesized from Geodorum densiflorum rhizome extracts inhibit human cancer cell
proliferation in vitro and also for Ehrlich ascites carcinoma (EAC) cell growth in vivo.
From the in vitro experiment, the authors found that samples treated with G.
densiflorum-Ag/AgCl-NPs induced apoptosis in glioblastoma stem cells (GSCs), pan-
creatic cancer (BxPC-3) and breast cancer (MCF-7) cells. While in vivo, there was
inhibition of up to 60 and 95% of EAC-mice cell growth at the doses of 2 and 4 mg/kg/
day after intraperitoneal treatment respectively. Noteworthy is the overall increase in
mice life span by 75% compared to EAC-bearing control mice which gives credence to
the efficacy of PM-NPs. A prototype drug for chemotherapeutic treatment of cancer is
Cisplatin, a platinum coordination complex found with most antitumor properties
although with some side effects such as neurotoxicity, ototoxicity and renal impair-
ment. Formulation of the complex analogue for cancer therapy through biosynthesis is
a welcome idea to overcome its side effects. In the study of the anticancer effects of
PtNPs synthesized from black cumin seed extract, Aygun et al. [75] found that PtNPs
were efficient against the proliferation of MDA-MB-231 breast and HeLa cervical
cancer lines (IC50: 36.86 μg/mL and 19.83 μg/mL, respectively). The result agrees
with a previous result by Chuang et al. [76] of biogenic PtNPs from peppermint leave
extract which showed a decrease in the viability of HTC 116 colon cancer cells at an
IC50 value of 20 μg/mL. Similarly, dose-dependent anticancer activities of biogenic
Au NPs (inhibition of MCF-7 cells by 70.2%), CuO NPs (decrease breast cancer MDA-
MB-231 viability and increase ROS at IC50: 20 μg/mL), MnONPs (cytotoxic against
MCF-7 cells at 120 μg/mL concentration), ZnO NPs (toxicity on both A549 and
MOLT4 cells and a size reduction in A549 tumor), NiO NPs (toxicity against HepG2
cancer cells, IC50: 37.84 μg/mL) and Se NPs (decrease in cell viability at a concentra-
tion of 2–6 μg Se/mL) have been described as promising anticancer agents through
different studies [31, 77–82].

It is believed that combining two metals in biosynthesized as bimetallic NPs
(BMNPs) often synergize their effects with more biological potentials than their
monometallic counterpart. As anticancer agents, biogenic BMNPs have been reported
with improved activities over their respective single metals [5]. Several reports
supported this hypothesis. Tamimi et al. [83] report showed that chemically
synthesized bimetallic Ag-Cu NPs showed significant toxicity on MCF-7 cells at 10 μg/
mL concentration than the separate AgNPs (20 μg/mL), and Cu-NP (showed no toxic
effects). Hence, the hypothesis should be true for biogenic BM-NPs. Fahmy et al. [28]
in their report on green synthesis of Pt-Pd NPs using Peganum harmala L. seed
alkaloids revealed that bimetallic Pt–Pd NPs exhibited significant cytotoxic activities
against A549 (IC50; 8.8 μg/mL) and, MCF-7 (IC50; 3.6 μg/mL) cells when compared to
the individual metals, and carboplatin standard (IC50; 23 and 9.5 μg/mL,). In the
study, relatively lower anticancer activities of each mono MNPs of Pt NPs and PdNPs
for A549 and MCF-7 were noted at IC50; 10.9 μg/mL and 6.7 μg/mL, and IC50; 31 μg/
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mL and 10.8 μg/mL, respectively [28]. A similar study by Athinarayanan et al. [84]
revealed that bimetallic Pt-Cu NPs synthesized with catechin extract of green tea
induced cell death in human cervical cancer dells (SiHa) cells with increasing the dose
and time with IC50 value of the Pt-Cu NPs ranged from 32 to 35 g/mL for 24 and 48 h.
All these reports of BMNPs from plants portend higher efficacy in therapeutics within
the limit of acceptable toxicity.

3.3 Antioxidants potentials

Over-expression of free radicals is regarded as a lead factor to a variety of diseases
including cancer, hyperglycemia, hyperlipidemia, inflammation, and so forth via
apoptosis signaling pathways and oxidative stress on cellular components. Free radi-
cals such as reactive nitrogen species (RNS; nitrogen dioxide, NO2), reactive sulfur
species (RSS; hydrogen sulphide, H2S), reactive chlorine species (RCS; hypochlorous
acid, HOCl), and most especially reactive oxygen species (ROS; superoxide, (O2

•–),
are pro-oxidants which induce cellular oxidative stress [85]. Natural antioxidants
produced by cells help to check on the excess production of ROS by scavenging
activity. However, when the ROS level becomes higher than the natural antioxidant
activities of cells, the use of natural antioxidants from plants or food rich in antioxi-
dants to mitigate oxidative stress becomes necessary. Interestingly, compounds of the
phenolic and flavonoid classes especially vitamins A, C, and E, quercetin, and rutin
have been shown to attenuate ROS-induced oxidative stress with different radical-
based and metal-related assays [86, 87]. Methods used to evaluate free radical scav-
enging includes 1,1-diphenyl-2-picryl-hydrzyl (DPPH) radical, 2,2-azino-bis-3-
ethylbenzothiazoline-6-sulfonic acid (ABTS) radical, ferric reducing antioxidant
power (FRAP), nitric oxide (NO), superoxide (O2

•–), hydroxyl (OH•) cupric reducing
antioxidant capacity (CUPRAC), Trolox equivalent antioxidant capacity (TEAC)
assays etc. [88]. It is proposed that during the interaction, the metal ions in PM-NPs
scavenge free radicals by electron transfer and proton loss thus inhibiting oxidative
DNA damage. Hence, the therapeutic potentials of PM-NPs are largely associated with
the phenolics, and antioxidant properties of the phyto-reducing agent and the metal
ions used during synthesis. According to Vera et al. [89], the antioxidant activities of
plant phytochemicals are a strong indication of the synthesis efficiency of MNPs and
their biomedical applications. Antioxidant-functionalized NPs are reported to show
comparative advantages over antioxidants due to their high permeability and stability
during membrane trafficking. Different PM-NPs have demonstrated nano-
antioxidant activities which serve as an alternative route to the use of conventional
synthetic antioxidant therapy. For example, Rhazya stricta plant (Apocynaceae), used
in folk medicine in the Middle East and Indian subcontinent is reported with antiox-
idant activities. When functionalized as AgNPs, exhibited superior two-folds antioxi-
dant activity measured at 75.16% � 0.04 over the plant extract (43.12% � 2.1) [90]. It
is also documented that the antioxidant activity of biosynthesized MnO2 NPs using
leaves extract of Viola betonicifolia on linoleic acid peroxidation was higher
(84.94 � 0.77%) than for the leaves extract and a little less than that of ascorbic acid
(90.57 � 1.21%) standard [31]. When the inhibition of DPPH radicals of FeNPs from
an aqueous extract of E. robusta leaves was compared to the extract alone, Vitta et al.
[27] showed that FeNPs were significantly more potent (p < 0.01) than the extract
alone, showing IC50 values of 81.63 � 11.75 μg/mL and 423.14 � 73.27 μg/mL respec-
tively [27]. Overall, the improved antioxidant activities of PM-NPs have opened
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research interest in phyto-nano therapy for the repair of damaged cellular macromol-
ecules (like proteins, lipids, DNA) and regulation of cellular functions from degener-
ative and pathological ailments such as aging, cancer, diabetes, and neurodegenerative
diseases.

3.4 Antidiabetic application

Type 2 diabetes is a result of hepatic dysfunction and insufficient insulin secretion
from pancreatic β-cells for glucose uptake accounts for over 90% the worldwide
diabetic patients [91]. Being a global disease, a lot of efforts on developing therapeutic
agents and advocacies to reduce the increasing number of undiagnosed and diabetes
are being explored. Synthetic drugs such as sulfonylureas, metformin, acarbose are
among current antidiabetic drugs. In addition to these synthetic drugs, natural prod-
ucts from plants general and plant-derived phytochemicals such as chalconaringenin
20-O-β-D-glucopyranoside and aureusidin 6-O-β-D-glucopyranoside, obtained from
flower extract of H. arenarium have been reported [55]. Despite the several in vivo,
in vitro, and clinical studies, till date, a complete cure for treatment of diabetes is yet
to be achieved. Recently, several nanomedicine research are focusing on nanoscale
drugs by combining the synergies between potential antidiabetic phytochemicals and
metallic nanoparticles. In this regard, Ul Haq et al. [92] showed that plant mediated
silver nanoparticles from Taverniera couneifolia (TC-AgNPs) significantly improved
Alloxan-induced diabetic Wistar rats. The effects of TC-AgNPs on the lipid, liver, and
kidney profiles of treated rats (10 mg/kg body weight) were observed with lowered
blood glucose levels, and improvements in the lipid, liver, and renal profiles after
treatment with TC-AgNPs. A similar therapeutic application of ZnO NPs synthesized
from Amygdalus scoparia stem bark extract showed significant antidiabetic potentials
on treated rat (30 mg/kg). As reported, a higher level of insulin and lower AST, ALT,
lower blood glucose, higher levels of IR, GluT2, and GCK expression and lower TNFα
expression were recorded when compared with the STZ induced diabetic rats [93].
These reports together give insight into the biomedical and therapeutic application of
phyto-metallic nanoparticles.

3.5 Photothermal and photocatalytic effects

The most important property of zerovalent metallic NPs is their electronic excita-
tion and light scattering characters under incident laser beam. The absorption and
scattering of light give rise to intense colors and interesting optical properties. These
properties are used in theranostic nano probe and therapy in biomedicals such as in
biosensing, tissue imaging, molecular imaging, cancer therapy etc. Photothermal
therapy is less invasive using therapeutic agents like noble metals and near infrared
radiation (NIR). Specifically, AuNPs are known to exhibit excellent photothermal
transduction in the interconversion of heat-to-light by absorbing light in the near
infrared region (NIR; 700–1400 nm). For example, NIR laser radiations delivery by
AuNPs could induce stimulations in cells for necrosis, healing of open wound, in pain
relief therapy etc. This property of gold and the paramagnetic property of iron metals
and irradiation by NIR have been used for active targeting cancer cells, drug carrier
and delivery, and removal of cancer cells [94]. The synergy between the NIR and PM-
NPs (as therapeutic agents) has been explored by different researchers. Ali et al. [95]
and Wang et al. [96] studies showed an enhanced cytotoxicity on lung (A549), and
breast cancer (MCF-7) cell lines when treated with NIR irradiated synthesized Cordia
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myxa L. leaf extract-PtNPs and Memecylon edule leaf extract-graphene oxide
nanoparticles (GO-NPs) respectively. The effects were induced apoptosis in MCF-7/
A549 cells due to photothermal transduction (conversion of low energy into heat) by
the respective PtNPs and GO-NPs.

In photocatalysis experiment, the decolorization of dyes; methyl orange, methy-
lene blue, Eosin Y, etc. by UV light in the presence of metal catalyst which result in
degradation products are usually reported. During UV irradiation of samples, the
photocatalysts cause electron excitation from the Valence to the Conduction band
where the material becomes chemically responsive indicated by absorption peak at λ
wavelength. The difference between the valence and the conduction band is calcu-
lated as Bandgap (Eq. 1). Phytochemical-inspired metallic nanoparticles could
improve the photocatalytic degradation of dyes for treatment of wastewater through
reduction of conduction electrons for UV absorption spectral determination. This
effect was implied by Gupta and Chundawat [97] for the photocatalytic deterioration
of methyl orange by fungus mediated PtNPs for potential application in wastewater
remediation.

Eg ¼ h ceV=λ or Eg ¼ 1240eV=λ (1)

H = 6.626 � 10�34 JS, c = 3 � 108 ms�1, λ = absorption wavelength.

4. Cellular uptake and toxicity of PM-NPs

Cellular uptake of PM-NPs accounts for the dose of internalized NPs and their
interactions in physiological media. The uptake of NPs has been investigated by
different methods; quantitatively using inductively coupled plasma-mass spectrome-
try (ICP-MS), inductively coupled plasma-optical emission spectroscopy (ICP-OES),
and inductively coupled plasma-atomic emission spectroscopy (ICP-AES). The quali-
tative method uses transmission electron microscopic (TEM), energy dispersive X-ray
(EDX) analysis, colourimetry, and fluorescence imaging. Cellular uptake experiment
is important to understand the stability of NPs and their toxicities on both normal and
cancer cells. Most uptake studies discussed uptake efficiency and toxicity. Still, the
exact mechanisms of cellular uptake for PM-NPs in different cells have not been well
characterized [98]. It is however clear that in the process of uptake NPs used as drug
carriers permeate biological barriers of the bilayer cell membrane (consisting of
hydrophobic and hydrophilic layers) through a passive diffusion pathway to distrib-
ute the NPs within cells. Most studies show that permeation and assimilation of NPs
depend on several factors such as surface modification/interactions between the NPs
and the cells, size, shape and concentrations of NPs [99]. NPs have surface charges
(positive, negative, or neutral) that attract ions of opposite charges in the cytosol for
cellular uptake. Different reports have shown that positively charged NPs show better
cellular uptake than neutral and negatively charged NPs [2]. This is supported by a
report of high cellular uptake of AuNP synthesized from A. linearis by SH-SY5Y and
HepG2 cells. The authors attributed the uptake of AuNPs at a concentration of
5.368 μg/mL and 3.625 μg/mL by SH-SY5Y and HepG2 cells respectively to high
acidity and positive surface charges from A. linearis [36, 100]. Also, the nano (small)
size factor of PM-NPs plays an important role in the cellular internalization of NPs.
Because microorganisms and cell organelles such as DNA have nano-size ranges, they
can cross the plasma membrane faster and with uniform distribution for intracellular
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particle trafficking. Different reports revealed that smaller-size PM-NPs (≤ 40 nm)
easily permeate cells than sizes greater than 50 nm. Amaliyah et al. demonstrated that
the antibacterial activity of biogenic AgNP from Piper retrofractum Vahl fruit extract
was facilitated by the entry of the small sizes (1–5 nm) AgNPs through E. Coli and S.
Aureus [98, 101].

Nanotoxicological assessment of NPs has become essential before application in
therapy to determine their toxicity safe level. Toxicological studies are mostly
conducted in vitro using standard toxicological assays, such as the MTT assay, colony
forming efficiency (CFE), lactose dehydrogenase (LDH) assays and so forth in
immortalized cell lines. MTT assay measures cell viability via mitochondrial enzy-
matic activities, CFE checks the ability of a single cell to form a colony by survival
from toxic media, and LDH assay measures the damage to the cell membrane. Every
organism is made up of natural defense mechanisms which protect it from toxic
exogeneous particles. Despite this, exposure to MNPs beyond a threshold could over-
come the body’s defense to cause hazards [102]. Toxicity by MNPs may occur during
preparation or on therapeutic administration leading to cytotoxicity and oxidative
DNA damage. Like cellular uptake, the toxicological behavior of NPs is dependent on
their surface activities and morphological properties (size, shape, and agglomeration).
It is well-known that spherical, smaller sizes and non-agglomerated NPs are more
compatible and less toxic to cell membranes. Again, the toxicity of NPs is dependent
on exposure concentration and the amount of the NPs that reached the targeted cells
[15]. PM-NPs are considered non toxic due to the synergy that exist between metals
and bioorganic networks of the reducing phytochemicals. However, PM-NPs have
safe level if delivered to specific cancer cells to elicit DNA damage and cell multipli-
cation [103]. Cellular toxicity of PM-NPs is beneficial when it displays specificity on
targeted cells. The therapeutic potential of PM-NPs is lost where it is toxic against
normal cells. Toxicity on cells is generally established through in vivo and in vitro
experiments. Few published reports have also shown the toxic effects of PM-NPs on
normal cells and these reports are briefly discussed. For example, Majoumouo et al.
[25] reported in vitro cytotoxic effects of biosynthesized Terminalia mantaly extracts
gold NPs (TM-AuNPs) investigated on cancer (Caco-2, MCF-7 and HepG2) and non-
cancer (KMST-6) cell lines. According to the study,T. mantaly extracts showed some
cytotoxicity towards the cancer cells while the TM-AuNPs exhibited more cytotoxic-
ity on all the cells. The effects of PM-NPs concentrations on toxicity were studied
in vivo on EAC cells using G. densiflorum -AgNP. At a higher concentration of
4 mg/kg/day, the biosynthesized inhibited growth of mice tumor cells up to 95%
greater than 60% recorded on a dose of 2 mg/kg/day [70].

5. Conclusions

In summary, the synthesis of phyto-metallic nanoparticles is a paradigm shift and
preferred approach to conventional environmentally unfriendly and unsustainable
nanodrugs. Tremendous efforts are being made to combine the principle of green
chemistry and nanotechnology for application in nanomedicine. Phytochemistry and
drug development from phytochemicals functionalized on metal nanoparticles have
been revisited. Factors like morphology of nanoparticles, time, temperature and pH
are identified as critical in the synthesis and therapeutic applications of phyto-metallic
nanoparticles. Reviews of several scientific results that compared the effectiveness of
phytomediated nanoparticles with their separate phytochemicals, and separate
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metallic nanoparticles as potential therapeutic agents favored phytomediated
nanoparticles. A more definitive conclusion on the subject will unfold with further
investigations. This chapter gives current insights into the green biogenic synthesis of
nanoparticles, mechanisms, therapeutic applications, uptake, and cellular toxicity.
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Chapter 6

Efficacy of Cobalt-Incorporated
Mesoporous Silica towards
Photodegradation of Azodyes and
Its Kinetic Study for Advanced
Application
Krishna Vaddadi, Nookaraju Muralasetti and Naginami Naidu

Abstract

Along with MCM-41, cobalt-incorporated mesoporous silica (Co-MCM-41) has
been created. Powder X-ray diffraction, scanning electron microscopy, and nitrogen
adsorption-desorption studies were used to describe the materials. It has been discov-
ered that the Co-MCM-41 has less surface area (SBET, m2 g�1), pore volume (cc�g�1),
and pore size (Å) than the MCM-41. The SEM-EDAX analysis has also unmistakably
demonstrated the existence of the appropriate elements in the materials. The
photoactivity was significantly impacted by the extremely distributed Co3+ species
present on the MCM-41 structure. A theoretical loading of 3.5 wt% permitted an AO7

degradation percentage of about 70% for the samples that were simply treated with
Co. Increased Co3+ inactive species, such as clusters or �Co2O3 nanoparticles, are
present at higher loadings, but the photoactivity is not noticeably increased. By using
the Kubelka-Munk function to the UV-Vis DRS results, it was discovered that the band
gap (eV) in the Co-MCM-41 was also substantially smaller than in its parent template.
The Alizarin Red S dye was successfully photodegraded employing the materials as
photocatalysts, and pseudo-first order kinetics was carried out using the Langmuir-
Hinshelwood kinetic model. The necessary experimental setups were all optimised.

Keywords: mesoporou silica, MCM-41, heterogeneous catalyst, photocatalyst,
Alizarin Red S

1. Introduction

A growing focus on heterogeneous catalysts has emerged in recent years due to
economic and environmental factors. These catalysts typically have low cost, high
reactivity, environmental friendliness, high selectivity, easy setup, and recoverability
of catalysts [1]. Mesoporous MCM-41 materials have come to light as highly stable
compounds with a significant surface area. They have been widely used as catalysts
or catalyst supports in a variety of processes. This was explained by the reaction
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mixture’s higher reusability and straightforward recoverability [2]. Due to
their increased oxidative or acidic character, the introduction of metal ions
including Ti4+, Al3+, Co3+, and Fe3+ into the framework has demonstrated improved
catalytic activity [3].

Due to contaminated ground water and dangerous industrial effluents, the entire
world is currently experiencing environmental issues [4, 5]. These highly coloured
effluents harm the environment when they are dumped into water systems because
they impede light penetration and hinder aquatic life’s ability to photosynthesize
[6, 7]. Intense colour is imparted by the presence of dyes in the effluent at very low
concentrations (1 mg L�1) but it is discovered that they are harmful to the environ-
ment [8, 9]. In order to effectively remove colour from waste fluids, physical or
chemical procedures must be used [10]. The majority of dyes used on an industrial
basis are derivatives of azo, anthraquinone, indigo, triphenylmethane, xanthene, and
others [11, 12]. Due to their advantageous qualities—bright colour, easy application,
and low energy consumption—these dyes are widely utilised in the textile industry.
They are, however, typically the most poisonous and mutagenic substances found in
nature [13, 14].

One of the anthraquinone class of dyes, Alizarin Red S (ARS), is widely used in the
textile, woven fabric, wool, and cotton industries [15–17]. The paint, plastics, leather,
and cosmetics sectors all utilise anionic dye extensively [18]. However, when indus-
trial effluents are released into aquatic environments at amounts exceeding what is
permitted, the aquatic life is negatively impacted [19, 20]. It was shown that tradi-
tional aerobic digestion techniques were ineffective at degrading these resistant com-
pounds [21]. Photo catalysis has become a green technique for gathering solar energy
and degrading organic pollutants due to the global energy crisis and environmental
challenges [22–25]. ARS was selected as the test molecule to undergo
photodegradation in the presence of visible light as a result.

MCM-41 and its metal-included derivatives have a wide range of photocatalytic
uses, so cobalt metal ion (Co+3) was successfully inserted into the structure of MCM-
41. In order to research the photodegradation of ARS under ideal experimental set-
tings, such as effect of photocatalyst, effect of photocatalyst dose, effect of dye
concentration, and effect of pH, the materials were characterised and used as
photocatalysts. To identify the active species participating in the photodegradation
phenomenon, a scavenger experiment was done in addition to these research. To
assess how well the outcomes matched each other, the kinetic research was
carried out.

2. Results and discussion

2.1 Powder XRD studies

Figure 1 displays the XRD patterns (2°≤2θ ≤ 10°) of the MCM-41 and Co-MCM-41
samples. The patterns only display one low-angle peak for the d100 plane, which
corresponds to the mesophase at a value of 2 approximately 2.2o (d-spacing: 32.54623
A, wall thickness: 2.712 A). This is typical of MCM-41’s long-range hexagonal structure
[26]. Planes that mirror the characteristics of mesoporous nature as in MCM-41. Co-
diffraction MCM-41’s pattern has a lesser intensity of the low angle peak than MCM-
41, which suggests that the metal ions are obstructing the structure that directs the
template’s action in the materials’ regular ordering.
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The diffraction planes d110 (d-spacing = 19.48761 A, wall thickness = 4.531 A), and
d200 (16.95948 A, wall thickness = 5.207 A), which reflect the hexagonal array of MCM-
41, are responsible for the less intense and broader peaks in the 2 of 4.0°–5.5°. Three
diffraction peaks suggest that the mesopores are ordered crystallographically. The rea-
son for the low value of 2 is primarily the template’s long carbon chain, which was
employed to synthesise MCM-41 [27]. Co-MCM-41 materials, in contrast, exhibit one
large peak at 2 = 2.5o, which corresponds to the mesoporous phase, and two succeeding,
less intense peaks at (110) and (200) crystal planes, which mirror the mesoporous
characteristic of MCM-41. Co-diffraction MCM-41’s pattern has a lesser intensity of the
low angle peak than MCM-41, which suggests that the metal ions are obstructing the
structure that directs the template’s action in the materials’ regular ordering.

2.2 Nitrogen adsorption-desorption studies

It was discovered that the synthetic materials followed a standard type-IV adsorp-
tion isotherm without hysteresis. This demonstrates how mesoporous these materials
are [28, 29]. By using the BET (Brunauer, Emmet, and Teller) method to determine
the specific surface area of the materials from adsorption isotherms, it can be demon-
strated that the insertion of metal ions reduces the materials’ surface area. This might
be explained by metal ions filling part of the pores. By using the BJH (Barrett-Joyner-
Halenda) method, the pore size and pore volume of the materials are assessed. Table 1
lists the textural characteristics of MCM-41 and Co-MCM-41 materials.

2.3 SEM-EDAX studies

Figures 2 and 3 show the SEM-EDAX micrographs of MCM-41 and Co-MCM-41,
respectively. All of the materials have spherical morphologies similar to those of MCM-
41, according to SEM micrographs of the materials. The functionalization of materials
with metal ions (Co+3) was also validated by EDAX analysis. It was discovered that
adding metal ions to the framework has no effect on the morphology of the materials.

Figure 1.
Powder XRD patterns of MCM-41 and CoMCM-41.
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2.4 UV-Vis diffuse reflectance spectra & Kubelka-Munk function curve

The UV-Vis diffuse reflectance spectra were taken in order to comprehend the
coordination between the Cobalt and MCM-41. Pure MCM-41 was found to lack a

Material SBET (m2g�1) Pore size (Å) Pore volume (cc g�1)

MCM-41 1023.50 17.20 0.28

CoMCM-41 698.22 16.90 0.22

Table 1.
Textural characteristics of the materials.

Figure 2.
SEM-EDAX micrographs of MCM-41.
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distinctive absorption peak in the 200–800 nm range, which suggests that it was not
sensitive in the UV-Visible range [30]. However, a strong absorption peak was seen in
Co-MCM-41 in the 400–450 nm (430 nm) range, which is consistent with the octa-
hedral geometry of the Co+3 crystal field transition.

5T2g(D)!5Eg(D) [(t2g
4eg

2)!(t2g
3eg

3)]. By using the Kubelka-Munk (KM) function,
the produced mesoporous materials have also been described for their band gap values
(in electron volts, eV). Figure 4 showed the findings and a plot of the band gap energy
values (eV) vs. the modified Kubelka-Munk function [F(R)hv]2 [31]. In MCM-41 and
Co-MCM-41 materials, the band gap was discovered to be 2.9 eV and 2.7 eV, respec-
tively. It was clear from the analysis of these results that immobilising Cobalt caused a
sizable reduction in the band gap as well as proper coordination of the Cobalt (+3) ion in
the zeolite framework. A necessary component of the phenomena of photocatalysis, the
photocatalytic activity in the visible light can be improved by the smaller band gap [31].

Adsorption studies: Adsorption isotherm experiment was carried out in the dark to
investigate the maximum ARS adsorption capacity on the surface of the MCM-41 and
Co-MCM-41 materials. The following statement [32] inevitable factor for the

Figure 3.
SEM-EDAX micrographs of Co-MCM-41.
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phenomena of photocatalysis [31] was used to determine the amount of ARS absorbed
per unit mass of the adsorbent at time, t (min).

qt ¼
Co� Ctð ÞV

m:
(1)

Co and Ct are the dye solution concentrations (mol/L) before and after adsorption,
respectively. V is the dye solution’s volume (L) in the photoreactor, and m is the
photocatalyst’s mass (g).

Figure 5 shows the amount of ARS adsorption as a function of time. In the
photoreactor, it was seen that a fast adsorption developed after 15 min of contact.
However, the adsorption propensity started out very mildly and only became satu-
rated after 15 min. It demonstrates that the addition of Cobalt to the MCM-41 frame-
work increased the dye’s tendency to be removed. Based on these findings, the
equilibration time was optimised to be 15 min with both mesoporous materials in
darkness, and the same was fixed as the equilibration duration for additional research.

Effect of photocatalyst: The synthesised materials were used to investigate the
impact of deterioration on the 2.92 � 10–5 M aqueous solutions of ARS. The results are
depicted in Figures 6 and 7. Co-MCM-41 (10 mg) achieved about 98% degradation
efficiency in 90 min, whereas MCM-41 only destroyed 68% of ARS during the same
period (Figure 6). This might be because Co-MCM-41 material has a higher capacity
for absorbing light due to its smaller pore size and volume, which could boost its
activity for efficient photocatalytic degradation.

Studying the effect of Co-MCM-41 on ARS absorbance, it was found that the
intensity of absorbance significantly decreased within 90 min, as shown in Figure 7.
The dye’s efficient degradation may be to blame for the decrease in ARS absorption.

Effect of photocatalyst dose: Figure 8 shows the results of research on the effect of
photocatalyst (Co-MCM-41) on ARS degradation. From 2 mg to 12 mg of catalyst were
added to 100mL of 2.92� 10–5 MARS solution. The findings indicated that increasing the
catalyst dose increased the degradation efficiency, and that increasing the catalyst dose
over 10 mg had no effect on the degradation. Because there are more active sites on the

Figure 4.
KM function curve of MCM-41 and Co-MCM-41 materials.
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surface of the catalyst as catalyst concentration increases, the rate of dye adsorption also
increases. High catalyst doses, however, cause opacity in aqueous solutions and limit
visible light penetration while slowing the rate of breakdown. Therefore, a catalyst dose of
10 mg/100 mL of ARS solution was determined to be optimal for the tests.

Effect of dye concentration: By adjusting the dye’s concentration from 1.16 � 10–5 M
to 4 � 10–5 M, the impact of initial dye concentration on the photocatalytic degrada-
tion of ARS was calculated. According to Figure 9, the percentage degradation
efficiency was high at 2.92 � 10–5 M concentration and subsequently declined as

Figure 6.
Effect of photocatalyst on degradation of ARS with the photocatalysts (each 10 mg). (triangles) MCM-41; (stars)
Co-MCM-41.

Figure 5.
Adsorption studies of ARS with MCM-41 and Co-MCM-41 materials. Catalyst load = 10 mg,
[ARS] = 2.92 � 10�5 M, ARS volume = 100 mL.
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concentrations increased. The dye’s rate of adsorption on the active sites of the
photocatalyst increases with increasing dye concentration while concurrently
decreasing the dye’s adsorption inclination. Additionally, excessive dye concentrations
reduce the number of photons and their adsorption on the catalyst’s surface, which
ultimately reduces the degradation efficiency [33].

Effect of pH: At different pH levels, the effluents discharged by the textile industry
include hazardous colours. As a result, the effect of the dye medium’s pH on its
degradation was assessed by altering pH values between 2.0 and 12.0 for a constant
dye concentration (2.92 � 10–5 M) and catalyst load (10 mg). The breakdown effi-
ciency of ARS increased at pH 4.0 and peaked at pH 6.0, as shown in Figure 10. The

Figure 8.
Effect of catalyst load on degradation of ARS with Co-MCM-41 (10 mg). (squares) 15 min; (pentagon) 30 min;
(left in triangles) 45 min; (right in triangles) 60 min; (stars) 75 min; (diamonds) 90 min.

Figure 7.
Effect of Co-MCM-41 (10 mg) on absorbance of ARS at λ max = 597 nm with respect to time (min).
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effectiveness of the degradation has diminished when pH levels have increased to
12.0. Since it controls the charge on the particle surface, a solution’s pH is a crucial
variable in photocatalytic reactions. Therefore, at pH levels below 6.8, the negatively
charged dye molecules and surface of Co-MCM-41 may interact chemically strongly
and adsorb. At a pH of between 4.0 and 6.0, this situation may have caused ARS dye
to breakdown. Repulsion between the negatively charged dye and the catalyst surface
may account for the extremely low degradation rate at higher pH levels.

Figure 10.
Effect of pH on degradation of ARS with Co-MCM-41. [Dye] = 2.92 � 10�5 M, catalyst load = 10 mg/100 mL of
ARS.

Figure 9.
Effect of dye concentration on degradation of ARS with Co-MCM-41. Catalyst load = 10 mg/100 mL of ARS.
(a = 2.92 � 10�5 M, b = 2.33 � 10�5 M, c = 1.75 � 10�5 M, d = 3.5 � 10�5 M, e = 1.16 � 10�5 M,
f = 4 � 10�5 M).
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Role of scavengers in the photocatalysis of ARS: Studies on the photocatalytic degra-
dation of ARS were conducted in both the absence and presence of scavengers.
Figure 11 illustrates how the dye’s C/Co varied as a function of time (in minutes).

Because it prevents the release of a significant amount of superoxide radicals
(O2•), benzoquinone limits the degradation of dye (78.5%). The elimination of ARS
(91.2%) from its aqueous solution, which primarily regulates the activity of the
hydroxyl radicals (OH•), is also slightly constrained by the presence of iso-propyl
alcohol [34]. In contrast, when these scavengers were absent, the degradation effi-
ciency was over 98.8%. Superoxide radical and hydroxyl radical were therefore the
two main active species in the redox process of the current investigation.

Plausible mechanism for photocatalytic degradation of ARS: The electrons in the
photocatalyst’s valence band would excite into the conduction band and generate
electron-hole pairs when the dye solution and photocatalyst were exposed to visible
light. The degradation efficiency would be decreased as a result of these charged pairs
recombining either directly or through the catalyst surface. A good photocatalyst with
increased visible light absorption (reduced band gap, Eg) might transport the electron
to oxygen, generating the active superoxide radical ion, and therefore limit the ten-
dency to recombine. According to the UV-Vis DRS investigation, Cobalt added MCM-
41 has a lowered bang gap of 2.7 eV, which would support the visible light driven
photocatalytic activity. The electron can be excited from the valence to conduction
band by the photocatalyst when it interacts with visible light and proceeds in the
manner described above. In subsequent steps, the superoxide radical ions might
produce hydroxyl radicals, which ultimately efficiently degraded the ARS dye
(Figure 12).

Kinetic analysis: The kinetic study was performed for the degradation of ARS dye
using Langmuir-Hinshelwood kinetic model [35].

r ¼ dC=dt ¼ kKC= 1þ KCð Þ (2)

Figure 11.
Variation of C/Co against time (min) in the scavenger experiment. (squares): Benzoquinone; (circles): Isopropyl
alcohol; (upward triangles): No scavengers.
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On neglecting the value of KC in the denominator (KC < <1) and integrating with
respect to time t, the above equation accords to the pseudo-first order equation.

ln
Co
C

¼ kKt ¼ k apptð Þ (3)

where Co denotes the starting concentration and C denotes the current concentra-
tion of the ARS solution. K is the adsorption coefficient of the ARS dye onto the
photocatalyst, and t. k is the rate constant.

For the rate of degradation using MCM-41 and Co-MCM-41, respectively, the
rate constants (k) were estimated as 1.526 � 10–2 min�1 (2.543 � 10–4 s�1) and
9.20 � 10–2 min�1 (15.33 � 10–4 s�1). Compared to the MCM-41, the rate constant
has grown six times with the Co-MCM-41. It demonstrates how adding Cobalt to
MCM-41 increases the rate of reaction.

3. Experimental

Materials: Cetyltrimethylammonium bromide [CH3-(CH2)15-N(CH3)3Br,
CTMAB], tetraethylorthosilicate [(C2H5O)4Si, TEOS], Cobalt acetate [Co
(CH3COO)2.2H2O], Ethyl alcohol, were procured with AR grade quality (99% pure)
from Sigma Aldrich and Merck. Alizarin Red S (Merck) with molecular formula,
C14H7NaO7S (M.Wt = 342.26 g.mol�1, λ max = 597 nm). Scavenger experiments were
carried out using benzoquinone and iso-propyl alcohol. None of the compounds were
further purified before usage. Utilising double distilled water, all solutions needed for
the experimental work were created.

Synthesis of MCM-41: MCM-41 A straightforward room-temperature co-
precipitation technique was used to create the material [26]. In a typical synthesis, a
clear, homogenous solution was created by dissolving 2.40 g of the surfactant CTMAB
in 50.00 mL of distilled water and stirring continuously. This homogenous solution
received 76.00 mL of ethyl alcohol and 13.00 mL of 25 weight percent aqueous
ammonia while being stirred. The aforementioned mixture received a dropwise addi-
tion of 10.00 mL of TEOS. The solution turned milky and a gel was formed due to the
hydrolysis of TEOS. The resultant mixture was stirred for about 2 h to completely
hydrolyze TEOS. White precipitate thus formed was centrifuged, washed

Figure 12.
Photocatalytic degradation mechanism of ARS using Co-MCM-41.
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consecutively with distilled water and methanol. The product was dried overnight at
110°C. Solid product thus obtained was calcined at 550°C in air atmosphere for 5 h to
remove the trapped surfactant.

Synthesis of Cobalt incorporated MCM-41 (Co-MCM-41): The in-situ approach was
used to create MCM-41 with metal incorporation. These were made using the same
procedure as MCM-41, with the exception that the addition of the appropriate
amounts (Si/M ion ratio of 100:1, M = metal) of the corresponding metal precursors
was made 20 min after the addition of TEOS. Using cobalt acetate as a precursor
material, cobalt (Co) integrated MCM-41 materials were created.

Characterisation: Step scanning on the Rigaku D/MAX-2500 diffractometer
(Rigaku Co., Japan) with Cu-K -radiation (k = 0.15406 nm), operated at 40 kV and
100 mA, was used to analyse the produced MCM-41 and its Cobalt doped derivative.
A scanning electron microscope model Philips XL 30 ESEM was used to capture SEM
images of the materials (FEI-Philips Company, Hillsboro). The surface areas of the
catalysts were measured using a Quantachrome Nova 2000e surface area and pore size
analyser by nitrogen adsorption-desorption in a liquid nitrogen atmosphere (77 K).
With the help of the Single Monochromator UV-2600 (optional ISR-2600Plus, up to
1400 nm), UV-Vis diffuse reflectance spectra were captured.

Photocatalytic measurements: The efficiency of the photocatalysts in the
photodegradation of ARS was examined using a UV-Vis Spectrophotometer
(UV-2550, Shimadzu, wavelength range: 180–1100 nm). With a known weight
(10 mg) of the photocatalyst per 100 mL of a variety of diluted ARS solutions,
adsorption-desorption equilibrium tests were carried out. The chosen equilibration
period was 15 min. The solutions were exposed to a 300 watt tungsten halogen lamp in
a photocatalytic chamber with an electrical supply to conduct the photocatalytic
study. A UV-Vis spectrophotometer was used to evaluate the translucent solution
after centrifuging 5 mL aliquots at regular intervals of 5 min. Eq. (4) was used to get
the percentage of dye degradation.

Photocatalytic degradation% ¼ Co� Ctð Þ=Co� 100 (4)

where C0 and Ct are the initial concentration and concentration of the dilute ARS
solution at a time interval, t respectively.

Scavenger experiment: The purpose of the in-situ scavenger experiment was to look
for active species produced by the efficient photocatalyst during the photocatalytic
breakdown of ARS. Scavengers were added to the photocatalytic process to capture
holes, or superoxide radicals (O2•) and hydroxyl radicals (OH•), such as benzoqui-
none (1 mmol/L) and iso-propyl alcohol (0.1 mmol/L).

4. Applications

There are many benefits to using this Co-MCM-41 heterogeneous catalyst in
sophisticated oxidation processes [36]. Co-MCM-41 mesoporous materials have been
synthesised, and their high specific surface area, well-ordered mesoporous structure,
large surface area, and flexible framework make it easy to incorporate metal active
sites in silica materials [37, 38]. These materials also make good dispersions for reac-
tion and product molecule molecules. The host material’s adsorption characteristics
are crucial for the purification of biomolecules. According to a publication, MCM-41
with Co inserted is a strong contender for use as a high surface area adsorbent for
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biological compounds like amino acids [39]. This has undergone testing as a method of
regulated drug release for medications like ibuprofen [40]. These heterogeneous
catalyst Co-MCM-41 based mesoporous materials have successfully immobilised or
absorbed a number of proteins, including cytochrome C [41], lysozym [42], and
trypsin [43], and their activities have been investigated [44]. Well-ordered
mesoporous silica nanoparticles have recently been demonstrated to be useful as cell
markers by Lin et al. [45].

5. Conclusions

The derivative of MCM-41 with cobalt was created and described. Under ideal
circumstances, the materials have produced effective results in the photodegradation
of the anthroquinone dye Alizarin Red S. The fact that Co-MCM-41 degrades more
effectively than MCM-41 is proof of the metal’s influence on the microporous mate-
rial’s framework when serving as a photocatalyst.
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Abstract

Iron oxide nanoparticles have been used in medicine for around 90 years, and this 
time has demonstrated their versatility, therapeutic efficacy, and safety. The primary 
constituents of iron oxide nanoparticles (IONs) are either magnetite (FeO Fe2O3) or 
maghemite (-Fe2O3). The most major clinical application of IONs is based on MRI. 
To detect cancers and age-related diseases, IONs are being used in medical diagnostic 
imaging. The two IONs with the best clinical repute are Resovist and Feridex IV. In 
addition to being used to detect cancers, IONs are also adapted as gastrointestinal 
negative contrast agents and as slow-release iron supplements to treat iron deficiency 
anemia. With IONs exposed to alternating magnetic fields, targeted imaging and 
thermal energy production are both feasible. Radiation therapy, immunotherapy, or 
chemotherapy be facilitated by the effects of heat. A growing number of IONs are 
being studied in therapeutic settings as nanotechnology develops swiftly. How IONs 
are used in biomedicine is determined by their interaction with the human immune 
system.

Keywords: iron oxide, nanoparticles, MRI, diagnostic tool, role in cancer, 
neurodegenerative safety

1. Introduction

Due to their capacity to give anatomical (mainly dimensions) and functional 
characteristics of solid tumors and their environs, imaging biomarkers are becom-
ing more crucial in cancer research. The characteristics of metabolism, tissue water 
diffusion, perfusion, chemical composition, and hypoxia are among those that 
PET, CT, and MRI may measure. Anatomical and functional information (physi-
ological and pathophysiological) are only available with MRI, making it special. 
Noninvasive imaging probes like nanoparticles (NPs) have a lot of potential in this 
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field of study because they can be made to carry and release anticancer medica-
tions into the target tissue while also functioning as diagnostic tools by utilizing 
the physical and chemical properties of their constituents (or moieties) [1–4]. 
While further acting as tools for diagnosis. Clinical trial imaging biomarker-based 
response criteria ought to aid in directing early choices and reducing the likelihood 
that patients would get needless treatment. Size-based response assessment is 
typically ineffective in detecting responses in patients who are experiencing either 
cytostasis or pseudoprogression because it is frequently insensitive to early biologi-
cal alterations. These situations are typically seen with innovative target therapy, 
where the cancer response is more variable than with cytotoxic drugs. Biological 
changes such apoptosis, necrosis, cystic degeneration, intralesional hemorrhage, 
edoema, and immune cell infiltration happen quickly after the start of treat-
ment (up to 12 weeks later). It is possible that anatomical imaging would not be 
able to identify them, which could affect clinical outcomes. Judgment. Many of 
these modifications can be seen on MRI and may serve as preliminary therapeutic 
response indications. As a result, there is an urgent demand for particular MRI 
biomarkers for cutting-edge treatments.

This study will concentrate on one of the most fascinating uses of NPs in cancer 
imaging, specifically their role in the early evaluation of immunotherapy efficacy and 
their capacity to change macrophage polarization.

A cutting-edge therapeutic strategy called immunotherapy works by inducing 
an immunological response in cancer cells. The recruitment of immune cells to the 
tumor site, which may be accompanied by a decline in tumor growth, is a sign of an 
early response to immunotherapy. NPs’ propensity to be internalized by inflamma-
tory cells in vivo is correlated with their ability to act as diagnostic agents [5]. Their 
capacity to be internalized by various cells, both in vitro and in vivo, has been utilized 
for a variety of purposes throughout the previous 20 years.

As will be briefly stated in the first half of this study, the ability of iron oxide NPs 
to penetrate cells, including stem cells, can enable MRI detection of inflammatory 
cell recruitment and provide information on the fate of the cells when transplanted 
into living beings. Applications in cancer immunotherapies will be highlighted in 
the sections that follow. The final section of the study will focus on magnetic particle 
imaging (MPI), a cutting-edge tomographic imaging technique that uses iron oxide 
nanoparticles (NPs) as tracers and describes how iron oxide NPs can be directed 
toward lesions. MPI is anticipated to have a significant diagnostic role in cancer 
immunotherapy due to its high sensitivity.

2. Contrast-enhancing iron oxide nanoparticles for cellular imaging

Several iron-based MR contrast agents were created for MRI in the middle of 
the 1990s. They were referred to as ferrites, magnetites, ferumoxides, or superpara-
magnetic iron oxides (SPIOs) because they were often made up of tiny (30–200 nm) 
clusters of iron-containing crystals that formed single magnetic domains. Iron-based 
MR contrast agents are referred to as T2-relaxing contrast agents because they have 
higher transverse relaxivity and r2/r1 ratios than Gd chelates. They can also have a 
considerable effect on the T2 relaxation time since they considerably increase the 
inhomogeneity of the static magnetic field outside of their immediate neighborhood. 
On T2 weighted pictures taken close to the iron, iron oxide NPs therefore cause a 
signal attenuation (commonly referred to as the “blooming effect”) [6].
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Iron oxide nanoparticles (NPs) have been suggested as liver-specific contrast 
agents due to their size and affinity for collection by the reticuloendothelial system of 
the liver following intravenous injection [7]. Due to the variety of cells’ ease of inter-
nalization, iron oxide nanoparticles (NPs) have been employed extensively during the 
past 20 years to identify and track cells administered as therapy for various disorders. 
A detailed summary of the experiment’s approach, states that NPs are given to the 
medium for cell growth, maybe coupled with transfection agents. In terms of cellular 
iron content and cell survival, the ideal experimental parameters, such as incubation 
period, iron oxide NP concentration, and transfection agent addition, are identified.

Using MRI, the cells are tracked in vivo after being injected into the recipient’s 
body [8]. The fate of many cell types, including stem cells [9–11], pancreatic islets 
[12, 13], dendritic cells [14], and even exosomes generated from stem cells [15, 16], 
has been investigated using this approach in a number of preclinical studies. Benefits 
and limitations of the approach have been demonstrated in preclinical research. The 
benefits of MRI include its high sensitivity, which can even detect single cells [17, 18], 
as well as its outstanding anatomical detail, which clarifies cell homing and allows 
transferability to the clinical setting [19].

The main drawbacks include the inability to differentiate between live and dead 
cells, the fact that MRI’s signal void does not quantitatively report on the number of 
cells, label dilution due to in vivo cell replication, and the removal of iron oxide NPs that 
were previously approved for use as MRI contrast agents in clinical settings. Kostevšek 
et al. [20] provides information on the most recent list of iron oxide (IO)-based contrast 
agents that have undergone clinical studies or received approval for use as MRI contrast 
agents as well as specifics on their intended purpose and current market position.

Another possibility is that SPIOs are absorbed by cells in vivo, where circulating 
monocytes that can enter tumors and transform into macrophages phagocytose iron 
oxide NPs that have been injected into the circulation. Consequently, immune cell 
recruitment in malignancies as well as in other organs and tissues can be detected 
using MRI. In a recent study, Kirschbaum et al. [21] have used high-field MRI to map 
inflammatory infiltrates in an experimental multiple sclerosis model using iron oxide 
NPs for cell tracking. They discovered an association between NP absorption and the 
innate immune cells-only disease’s clinical severity. Their research opens the door for 
more accurate clinical and diagnostic treatment of a range of inflammatory diseases. 
in addition to therapeutic oversight [22]. Similar techniques have been applied in organ 
transplant experimental models, where the recruitment of macrophages is one indica-
tor of transplant rejection. Additionally, studies have been done in clinical settings. In 
a recent clinical investigation, myocardial edoema and macrophage inflammation have 
been successfully visualized in patients who suffered myocardial infarction, utilizing 
T2 mapping and Ultrasmall SPIO-enhanced T2 MRI. The study concludes by showing 
that the technology can offer a noninvasive way to detect and track tissue inflamma-
tory macrophage activity in the heart [23]. It is common practice to use iron oxide NPs 
to detect macrophages in solid tumors. This is because iron oxide NPs are not antibody-
conjugated and can be administered directly into the vein and detected using a con-
ventional 1 H radiofrequency coil and a T2 weighted sequence since they are primarily 
taken up by phagocytic cells like macrophages and Kupffer cells. To detect the spatial 
distribution of tumor-associated macrophages (TAMs) and quantify the amount of 
iron deposition, it is possible to collect a T2 map using a multi-gradient echo sequence. 
As an alternative, quantitative susceptibility mapping can be used to gauge the change 
in susceptibility brought about by the treatment by the contrast substance. Both of 
these methods have a linear correlation with the concentration of iron oxide NPs.
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3. NPs’ function in oncolytic virotherapy

Oncolytic virotherapy infects tumors with viruses, which kills cancer cells. Only 
attacking cancer cells is a capability of many distinct virus types. Along with this 
underlying effect, there is also significant inflammation in the cancer microenviron-
ment. The tumor primarily targets the virus with the recruitment of inflammatory 
cells. The production of cancer-associated antigens as a result of virus-mediated 
cell lysis, however, may trigger an immune response that targets the tumor, such as 
by activating macrophages and T cells. The latter produce cytokines that actively 
stimulate the production of new immune cells as well as cancer cells. Both innate 
and adaptive immune responses produce an immunological memory that works in 
conjunction with the oncolytic action of the viruses to prevent cancer from coming 
back. Oncolytic virotherapy’s effectiveness has been evaluated in a large number of 
preclinical and clinical investigations, mostly in patients with melanoma and brain 
tumors. Oncolytic virotherapy-induced intratumoral inflammation can be found 
using MRI. The effectiveness of oncolytic virotherapy may be monitored, virus sites 
can be indirectly identified and quantified, and new therapeutic virus strains can be 
improved utilizing 19F MRI [24] and iron oxide NPs [25].

Perfluorocarbon nanoemulsions (PFC) and 19F MRI were used by Weibel and 
colleagues [26] to establish a longitudinal, noninvasive monitoring of intratumoral 
inflammation during oncolytic virotherapy. By comparing in vivo and ex vivo 19F/1H 
MRI with histology, the authors demonstrated the potential of this imaging modal-
ity for the localization of the host immune response and for sentinel lymph node 
detection. Tumor viral colonization significantly altered the 19F signal distribution 
and intensity in solid tumors as well as in the nearby lymph nodes. Compared to 
virally infected tumors, which only displayed 19F-positive hot patches along the 
tumor margin, the mock-infected tumors had a uniform distribution of both the 19F 
signal and CD68 + -macrophages. The population of CD68+ macrophages displayed 
a similar pattern of distribution. According to our research, PFC NPs are more likely 
than intratumoral TAMs to detect circulating immune cells that enter the tumor after 
viral infection.

4.  Magnetic particle imaging is a recent development in imaging 
technology

A new imaging method called magnetic particle imaging (MPI) has just been 
developed to find iron oxide nanoparticles (NPs). Some MRI flaws, such as poor 
specificity (caused by other low signal regions in MRI, such as hemorrhagic regions or 
those containing air) and challenging quantification, can be resolved with MPI. High 
tracer specificity is made feasible by leveraging MPI’s direct detection of iron oxide 
NPs, which offer positive contrast without any underlying background signal from 
biological tissues. Iron (Fe) concentrations of 550 pg./L in vitro and 7.8 ng Fe in vivo, 
as well as detection limits as low as 1.1 ng Fe, have all been demonstrated. A static gra-
dient field with a single, field-free parameter identifies signals in MPI. (FFR), which 
could be a line or a point. Then, using the particles already present in the FFR, a signal 
is produced by an oscillating magnetic field. Raster scanning the FFR throughout 
the entire field of vision produces images. Outside of the FFR, superparamagnetic 
particles are still fully magnetized and do not increase the signal [27].
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Because MPI directly detects SPIO magnetization, the signal is very dependent on 
the SPIO tracer’s physical characteristics. For NPs to be suitable for MPI, they must 
possess the following three characteristics: superparamagneticity, susceptibility to 
magnetic saturation, and a nonlinear magnetic curve.

Since many SPION agents for MRI have the aforementioned characteristics, their 
prospective application in MPI has been looked at. Resovist®, a previously developed 
MRI contrast agent for the liver, was used to produce the most efficient MPI [20]. 
Magnetic Insight, Inc. has unveiled VivoTrax®, a carboxydextran-coated iron oxide 
NP formulation, with the same reference standard. It is intriguing to note that MPI 
can locate the clinically approved ferumoxytol rapidly [28]. Other research teams are 
working to develop new MPI tracers as it was established that neither Resovist® nor 
VivoTrax® was the optimal MPI solution.

There are numerous MPI biological applications that are now being studied. Early 
cancers can be identified using MPI by utilizing the tumor’s enhanced permeability 
and retention (EPR) impact [29, 30]. Due to the leaky capillaries with big holes that 
result in the EPR phenomena, tumor tissue is an excellent target for therapy with 
nanomedicines and nanosized contrast agents. As a result, MPI plays a crucial clinical 
role in the early detection of cancer.

Cell tracking is one of MPI’s oldest and most promising applications due to its 
superior tissue penetration, absence of background noise, and high degree of sensi-
tivity, which enables it to identify as little as 200 tagged cells. Recently, mesenchymal 
stem cells (MSCs) tagged with clinically relevant feromuxytol NPs have been found 
by Nejadnik et al. [31] using MPI. A noteworthy achievement for the therapeutic 
application of MPI technology was the precise in vivo identification and quantifica-
tion of ferumoxytol-labeled stem cells.

5. Alzheimer’s disease (AD)

The Alzheimer Association attributes 60–80% of dementia cases to Alzheimer’s 
disease (AD), a degenerative brain illness. Depending on the stage of the illness, apa-
thy, depression, decreased communication, disorientation, poor judgment, difficul-
ties swallowing and walking, and behavioral changes are some of the characteristics 
that evolve to make doing daily tasks difficult [32, 33]. Age, genetics, and sex are some 
of the factors that influence how long it takes for a continuum of these symptoms 
to emerge, according to current estimates, and the COVID-19 pandemic has seen a 
16% increase in the number of deaths (Alzheimer’s Association, 2021). Amyloid-beta 
(Aβ) and tau protein buildup is linked to the progression of cognitive deterioration 
in AD. Beta-secretase and gamma-secretase sequentially cleave the amyloid precur-
sor protein (APP), resulting in the formation of Aβ. Thus, the aggregation of Aβ 
produces hazardous oligomers for the neurons. Tau, on the other hand, is produced by 
alternative splicing from the soluble protein isoforms of the microtubule-associated 
protein tau (MAPT) gene. The damage to brain circuits and cognitive impairment in 
AD has been linked to a number of functional interactions between Aβ and tau. In the 
neuropathology of Alzheimer’s disease, there is a loss of neurons and atrophy in the 
temporofrontal cortex, which results in inflammation and the deposition of amyloid 
plaques, an abnormal cluster of protein fragments, and tangled bundles of fibers. As 
a result, there is an increase in the presence of monocytes and macrophages in the 
cerebral cortex, and it also activates the microglial cells in the parenchyma [34–36].
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6. Pathophysiology

The primary neuropathologic symptoms of AD include extracellular amyloid 
plaques, intracellular NFTs, synaptic deterioration, and neuronal death. Without 
detecting granulovacuolar degeneration in the hippocampus or amyloid buildup in 
blood vessels (congophilicangiopathy), the diagnosis can be made. According to the 
“amyloid cascade” idea, amyloid plaques interfere with synaptic transmission and 
trigger a series of following processes that eventually cause cell death.

7. Amyloid plaques

Even though amyloid plaques can be categorized into different groups depending 
on their structure, all types of -amyloid protein (A) are present in them. When APP 
is degraded proteolytically by - and -secretase, an amino acid peptide known as A 
is produced. The primary results of this cleavage are A1–40 and A1–42. The devel-
opment of amyloid oligomers and fibrils, which come together to form amyloid 
plaques, is predisposed by a relative excess of A1–42. Since the generation, process-
ing, and/or trafficking of amyloid is connected to the proteins encoded by APP, 
PS1, PS2, SorL1, and ApoE, this suggests that amyloid plays a significant role in the 
etiology of AD [37].

8. Neurofibrillary tangles (NFT)

Tau, a protein associated with microtubules, is required for normal neuronal 
development and axonal expansion. However, frontal association cortices, the lateral 
parietotemporal area, and the mesial temporal lobe (especially the hippocampus) 
neurons are where hyperphosphorylated tau protein aggregates are most frequently 
found as helical filamentous NFT. The relationship between the density and distri-
bution of tau NFT and the symptoms and severity of AD dementia emphasizes the 
critical role of NFT in AD pathology.

9. Loss of neurons and synapses

Synapse loss and neuronal cell death have a similar distribution to NFT. Due 
to the death of neurons in the nucleus basalis of Meynert, acetylcholine (Ach), a 
neurotransmitter linked to memory, is decreased in typical AD. Most current thera-
pies seek to remedy this cholinergic deficit. Serotonin and norepinephrine deficits 
result from the loss of neurons in the brainstem’s locus ceruleus and median raphe. 
Dysfunctional serotonergic and adrenergic activity in the brain is probably the root 
cause of dysphoria and insomnia in AD [38, 39].

10. The metal ion theory

Metal dyshomeostasis has a role in the development and pathophysiology of 
illnesses, including as cancer and neurodegenerative disorders. A number of these 
compounds are employed in clinical studies. Ionosphere and metal chelators are 
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well-known modulators of transition metal homeostasis. Other medications besides 
the metal-binding ones can also target the homeostasis of transition metals. The 
balance of redox transition metals, primarily copper (Cu), iron (Fe), and other 
trace metals, is changing, according to current findings. In AD, their brain levels are 
observed to be elevated. Other neurological diseases also involve copper, manga-
nese, aluminum, and zinc. The cholinergic theory Acetyl-cholinesterase inhibitors 
(AChEIs) and the impact of apo-lipo-protein E (APOE) genotype in Alzheimer’s 
disease patients. The AchEI drugs are the cornerstone of AD treatment, and the most 
significant risk factor for AD is the APOE genotype [36].

11. Role of iron in AD

Iron is the most abundant transition element on Earth and one of the most 
important minerals in the body. It plays an indispensable role in many physiologi-
cal and pathological processes of the body. Iron homeostasis is even more crucial 
in the brain to maintain its normal function. Iron dyshomeostasis within the brain 
can cause oxidative stress and inflammatory responses, leading to cell damage and 
finally neurological diseases. Ferroptosis, a programmed cell death process associated 
with iron dysregulation, has been supposed to be linked to neurological diseases, 
especially neurodegenerative diseases. Till date, it is impossible to explain AD with a 
single pathological path. Currently, metal dyshomeostasis in AD has been extensively 
studied. Studies have found intracellular iron deposition even before the formation of 
senileplaques and neurofibrillary tangles (NFT), and ferroptosis is proposed to be one 
of key causes of neuronal loss in AD patients [38].

12. Iron metabolism in healthy and Alzheimer’s disease brain

About 48% of the iron in the body is bound to hemoglobin and is involved in 
oxygen transport in the body. About 17% of the iron is found as the cofactor in 
proteins to carry out functions in several crucial biological processes such as the 
tricarboxylic acid cycle, oxidative phosphorylation, DNA synthesis and repair, 
and iron homeostasis. In the brain, iron is involved in myelination, neurotransmit-
ter synthesis, and antioxidant enzyme function, and its entry and exit are tightly 
regulated by a variety of molecules. Aging, inflammation, and oxidative stress, 
which disturb the functions of molecules involved in iron metabolism, present as the 
main contributors to iron dyshomeostasis. Iron transport across blood-brain barrier 
in the brain, transferrin receptor 1 (TfR1), responsible for the strict control of the 
level of iron transported into the brain, is expressed on the luminal side of the brain 
microvascular endothelial cells (BMECs) and the blood-cerebrospinal fluid barrier. 
After circulation, a complex was formed (holo-Tf) by iron with transferrin (Tf), it 
binds to TfR1 on the surface of the BMECs, followed by entry into the BMECs via 
clathrin-mediated endocytosis. Fe3+ detaches from Tf in the acidic environment 
of the endosome and is reduced to Fe2+ by six-transmembrane epithelial antigen 
of prostrate 3(STEAP3) or duodenal cytochrome b (DCYTB), both of which are 
metalloreductases. It then enters the cytoplasm via divalent metal transporter 1 
(DMT1). Fe2+ in BMECs can then enter the brain by the secretion of ferroportin 1 
(FPN1), followed by the oxidation by extracellular ceruloplasmin (Cp) or hephaes-
tin. Non-transferrin-bound iron (NTBI) can cross the blood-brain barrier (BBB) via 
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receptor-mediated transcytosis after binding to heavy-chain ferritin (H-ferritin;Lf). 
It was also reported that Lf increased in the brains of aged individuals and those 
with AD, allowing large amounts of non-Tf-bound iron to enter the brain. Iron 
transport and storage within the brain neuronal iron metabolism TfR1 is highly 
expressed on the surface of neurons, and similar to BMECs, iron enters neurons 
via clathrin-mediated endocytosis of holo-Tf/TfR1 and exits the endosomes in the 
form of reduced Fe2+ via DMT1. NTBI can also enter neurons in a DMT1-dependent 
manner independent of Tf. Cellular prion protein (PrPC) is abundantly expressed 
on the surface of neuronal membranes. It functions as a ferrireductase partner for 
DMT1, mediating Fe2+ uptake in the plasma membrane in the form of complex 
PrPc/DMT1. PrPC knockout in mice can lead to iron deficiency in brain and uptake 
increase of holo-Tf. By comparing the brain tissues of juvenile, adult, and aged 
rats that had the pathological features of AD, it was found that DMT1 abnormally 
increased with age. They supposed that DMT1 may be one of the main reasons why 
the iron concentration in the brain gradually increases with age. Some Fe2+ undergo 
normal metabolism in the cytoplasm of neurons, while some are stored in ferritin in 
the form of nontoxic Fe3+; when neurons are low in iron, ferritin can be degraded by 
lysosomes to release the stored iron to meet the physiological needs of the neurons. 
Ferritin is positively correlated with iron overload and is found deposited in senile 
plaques in the AD brain. It had been shown that there was an age-dependent increase 
in ferritin in the brain, probably a contributor to the iron overload in aged and AD 
brains. Autopsy studies of AD patients have revealed that mitochondrial ferritin is 
upregulated. Ferritin in the cerebrospinal fluid (CSF) of AD patients has been shown 
significantly increased, which is negatively correlated with cognitive decline and 
hippocampal atrophy in AD. Additionally, iron can enter mitochondria to form iron 
ferroptosis and Alzheimer’s disease sulfur cluster and participate in the process of 
aerobic respiration. Regarding the transport of excess iron out of neurons, FPN1 is 
the only known iron exporter to date. Both Cp and hephaestin (Heph) can oxidize 
Fe2+ and facilitate FPN1to export iron, so the FPN1/Cp and FPN1/Heph are the main 
iron efflux pathways. Decrease of any of these three export proteins can induce iron 
retention and consequently the memory impairment. It was reported that FPN1 was 
downregulated in the brains of AD patients and triple-transgenic AD mouse models; 
thus, excessive iron could not be excreted normally, initiating intracellular iron 
deposition. Since Cp is a crucial partner of FPN1 to oxidize Fe2+ before it is excreted 
by FPN1, the dysfunction of Cp serves as an upstream event of iron retention, which 
has been found in AD. Noteworthily, both of amyloid precursor protein (APP) and 
tau, which are the substrates of the AD hallmarks in pathological condition, are 
crucial for neuronal iron efflux. APP is defined as a metalloprotein involved in iron 
homeostasis. With the assistance of soluble tau protein, APP is transported to the 
cell membrane where it stabilizes FPN1 and facilitates the efflux of iron. APP or 
tau knockdown can lead to abnormal FPN1 function and the inability of neuronal 
iron to flow out normally, resulting in neuronal iron overload. APP with the patho-
genic Italian mutation A673V is more prone to be cleaved by β-secretase to produce 
Aβ1–42, impeding its support of FPN1 and thus increasing iron retention. Because 
of the continuous cleavage of APP and hyperphosphorylation of tau in AD brain, 
the iron efflux was hindered in neurons. Glial support for neuronal iron metabolism 
glial cells help to maintain the iron availability at a safe level in neurons. Astrocytes 
and microglia respond during iron overload or deficiency in order to maintain 
neuronal iron homeostasis. As a buffer pool, astrocytes express abundant TfR1 and 
DMT1, which facilitates taking up of both holo-Tf and NTBI from the abluminal side 
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of BMECs and the brain interstitium, precisely regulating the iron concentration 
in neurons. Microglia also express TfR1 and reduce iron toxicity by promoting the 
influx of excess iron (for storage in ferritin) via the TfR1/DMT1 pathway. Microglia 
and astrocytes are capable of releasing ferritin carrying Fe3+ to supplement the iron 
deficiency or to support oligodendrocytes for myelination or remyelination. Iron 
is essential for myelination in oligodendrocytes, which are the most iron-rich cell 
type in the brain. TfR1 is absent in oligodendrocytes, while H-ferritin is the main 
source of iron for oligodendrocyte by interaction with T-cell immunoglobulin mucin 
domain 2 (TIM2). Noteworthily, when iron is overloaded, oligodendrocytes provide 
an antioxidant defense for neurons by secreting H-ferritin, scavenging extracellular 
extra iron [40–46].

13. Impact of iron overload on Alzheimer’s disease pathology

Currently, the involvement of iron in the early pathology of AD has been well 
accepted since the discovery of the link between dysregulation of brain iron homeo-
stasis and AD pathogenesis in 1953. In the preclinical stage of AD, there is significant 
abnormal iron elevation in cortical, hippocampal, and cerebellar neurons while much 
severe in the cortex and hippocampus, the main brain areas affected by AD [47]. 
The iron overload in the brain is corresponding to the severity of AD lesions and the 
rate of cognitive decline. It is also proposed that hippocampal iron deposition could 
be the predictor of the rate of cognitive decline caused by Aβ. Iron overload drives a 
series of events, including glial activation, formation of Aβ plaque and tau tangles, 
and even neuronal loss, pushing the progress of the disease and accelerating cognitive 
decline. Iron interaction with Aβ plaques and neurofibrillary tangles iron accumula-
tion was demonstrated to accelerate senile plaque deposition and the production of 
neurofibrillary tangles [48, 49]. Autopsy evidence and magnetic resonance imaging 
analysis provide evidence that there are a large amount of iron deposition not only in 
and around senile plaques but also in the sites of cortical tau accumulation, indicat-
ing the potential cross talk of iron with both of senile plaques and neurofibrillary 
tangles. Perturbations in iron homeostasis is one of key players in Aβ deposition. High 
intracellular iron concentration enhances the interaction of IRP/IRE, inducing APP 
upregulation. Furthermore, the enzymes that cleave APP named α- and β-secretase 
are tightly balanced and modulated by furin. More β-secretase is activated when 
α-secretase is suppressed by furin impairment in the condition of excessive iron. 
Upregulated APP is cleaved by more β-secretase to Aβ40/42, accelerating the Aβ 
deposition [50, 51]. Meanwhile, APP can no longer assist FPN1, resulting in impaired 
iron efflux and aggravated iron deposition. Some researchers have even proposed that 
Aβ is nontoxic in the absence of redox metals and that aggregation of Aβ requires the 
involvement of metals. Soluble Aβ binds to Fe3+ when extracellular iron increases so 
as to remove excess iron, but it is difficult to dissociate them after they interact; Aβ 
can promote the reduction of Fe3+ to Fe2+, and the reactive oxygen species (ROS) 
released during this process allow Aβ to be deposited more easily and rapidly, forming 
more senile plaques. The interactions of iron with APP and Aβ greatly increase the 
formation rate and degree of senile plaques. Therefore, some researchers believe that 
iron deposition should be included in the “Aβ cascade hypothesis” of AD. Iron can also 
interact with tau. Reduced soluble tau in the brain of AD patients increased brain iron 
deposition by suppressing FPN1 activity. On the contrary, a diet high in iron can lead 
to cognitive decline in mice, increased abnormal tau phosphorylation in neurons, and 
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abnormal expression of insulin pathway-related proteins. Insulin supplementation 
can reduce iron-induced phosphorylation of tau, indicating that iron deposition may 
lead to tau hyperphosphorylation by interfering insulin signaling. In vivo research has 
found that iron can be involved in tau hyperphosphorylation by activating the cyclin-
dependent kinase 5 (CDK5)/P25 complex and glycogen synthase kinase3β (GSK-3β). 
Excessive intracellular Fe2 + −induced production of oxygen free radicals can also 
promote tau hyperphosphorylation by activating the extracellular. Ferroptosis and 
Alzheimer’s disease signal-regulated kinase 1/2 (Erk1/2) or mitogen-activated protein 
kinase (MAPK) signaling pathways. Glial activation and neuroinflammation has 
been demonstrated to be a prominent characteristic of AD pathology. Microglial 
are highly reactive cells responding to increased iron levels in the brain. When iron 
level increases in brain, microglia become activated, with soma volume increased 
and process length decreased. Iron may activate microglia through proinflammatory 
cytokines mediated by the nuclear factor-κB (NF-κB). After activated, they express 
more ferritin to scavenge the extracellular iron, resulting in intracellular iron reten-
tion, increased TNFα expression, and finally infiltrated with Aβ-plaques. Activated 
microglia also secret Lf, which can interact with APP, promoting the Aβ formation. 
Conversely, formation of Aβ induces more IL-1β expression in microglia in the 
environment of elevated iron, exacerbating the proinflammatory effects. Astrocytes 
are highly resistant to metal-induced toxicity within the brain as the critical cell type 
in maintaining a balanced extracellular environment and supporting the normal 
functioning of neurons. In the environment of high iron, astrocytes respond with a 
significant increase in glutathione, catalase, and manganese superoxide dismutase 
levels to resist the oxidative stress. They show less impairment by iron than neurons 
and oligodendrocytes. But later, the astrocytes were found activated with increased 
glial fibrillary acidic protein (GFAP). Activated astrocytes release inflammatory 
mediators and induce oxidative stress, which facilitate the formation of Aβ and tau 
tangles and hinder Aβ clearance. Iron overload induces oxidative stress and neuronal 
loss; iron toxicity is largely based on Fenton chemistry [52–54].

14. Conclusion

Along with the increasing importance of novel cancer immunotherapies in the 
fight against cancer and their translation from preclinical research to clinical prac-
tice, there is an increase in the demand for noninvasive imaging techniques that can 
measure macrophage responses. Although there are other imaging methods available, 
including PET, Gd-enhanced MRI, and 19F MRI, using MRI with superparamagnetic 
iron oxide contrast agents is probably the most promising. Theranostic properties, 
magnetic gradient actuation forces for transport to the target, and multimodal imag-
ing capacity (MRI-MPI) are a few of the main advantages of these NPs. Additionally, 
despite the fact that clinical development of SPIOs has been stopped, a number of 
contrast agents, such as Resovist® and Feromuxytol, are still available.

As a redox-active transition metal, iron is a key player during the process of oxida-
tive stress. Elevated iron promotes the production of ROS, which further depletes the 
cellular antioxidant GSH and promotes lipid peroxidation, finally triggering ferropto-
sis and neuronal loss.

As previously mentioned, oxidative stress, protein aggregation, and iron buildup 
all have a positive feedback loop where one factor encourages the other. By induc-
ing iron buildup, oxidative stress, or protein aggregation, iron oxide nanoparticles 
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(IONPs) can turn on this loop. Additionally, IONPs could cause the neurons to 
undergo apoptotic cellular death. IONPs may cause neurodegeneration given the roles 
that iron buildup, oxidative stress, protein aggregation, and apoptosis play in neuro-
degenerative disorders. However, IONPs’ properties, such as size, shape, concentra-
tion, surface charge, type of coating, and functional groups, have an impact on how 
toxic they are. Therefore, taking into account the properties of IONPs is crucial when 
applying them to the CNS.

© 2023 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. 
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Chapter 8

In Vitro, In Vivo and Ex Vivo 
Models for Toxicity Evaluation of 
Nanoparticles: Advantages and 
Disadvantages
Neeraja Revi, Oluwatosin D. Oladejo and Divya Bijukumar

Abstract

This chapter focus on existing model systems used to evaluate the toxicity of 
nanoparticles. We will be discussing monolayer and 3D cell based toxicity models, 
In vivo models like rodents and zebrafish systems. A focus will also be given on ex 
vivo models like chick embryos. Each toxicity model system will be discussed with its 
advantages and limitations. The chapter will provide critical information to students 
and researchers studying nanotechnology about the potential systems to check the 
toxicity of the nanoparticles developed in the laboratory. This can be used as a quick 
guide to use a model system to check toxicity based on the different type of particle 
with informed decisions based on its advantages and disadvantages.

Keywords: nanoparticles, toxicity, in vitro assays, precision cut slice model, organ on a 
chip, Drosophila melanogaster, Danio rerio, non-human primates

1. Introduction

Nanoparticles (NPs) range from size 1–100 nm [1]. They are made from various 
materials like polymers, liposomes, dendrimers, and metals like Zinc, Titanium, 
Gold, and Aluminum [2]. NPs have been found to induce toxicity through the pro-
duction of reactive oxidative species (ROS). Their small size, greater surface area to 
volume ratio, and ability to easily penetrate tissue cells, leading to higher chemical 
reactivity, cause increased ROS production when introduced into the body [3–5]. 
Also, due to their very small size, they can be ingested through inhalation and are 
able to pass through biological barriers into sensitive parts of the body like the lungs, 
brain, heart, liver, and spleens [6, 7]. A factor that Increases their toxicity is the 
solubility of the nanomaterial. NPs like zinc oxide and titanium oxide have been 
found to elicit more toxicity than ceria and titania, which are less soluble [8]. Also, 
due to the diversity in the use of these NPs in various industries like food, cosmetics, 
agriculture, biomedical, optics, and technology, it is easy for them to be absorbed and 
ingested into the human system, affecting the human gut microbiota. They have been 
observed to accumulate in the stomach, ileum, colon, and duodenum, which poses 
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serious risks and concerns [9, 10]. Hence, the need to study their toxicity in human 
systems has become necessary [11].

The two major ways of assessing nanoparticle toxicity are in vitro and in vivo 
methods; ex vivo, although not commonly used, is another form. As shown in 
Figure 1, here are the common assays used to measure nanoparticle toxicity. With the 
use of these methods, there has been observed variability in results and even obstruc-
tion from the NPs themselves in the assay. In this chapter, we will be considering the 
various limitations and advantages of the toxicity assays commonly used in nanopar-
ticle toxicity studies to ensure scientists have adequate knowledge and make the best 
decision on the assays to use for their study.

2. In vitro models

2.1 Proliferation assays

Proliferation assays are assays used to check for cellular metabolism in active 
metabolic cells. They help to ascertain the viability of cells when treated with NPs 
to check for the toxic effects of the particles on the cells. One of the commonly used 
assays is the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
assay. It is a colorimetric assay where 3-[4,5-dimethylthiazole-2-yl]-2,5 diphenyl-
tetrazolium bromide (MTT) is enzymatically reduced by mitochondrial succinate 
dehydrogenase to formazan crystals, an insoluble product, in the mitochondria of live 
cells. The breakdown is spectrophotometrically measured to estimate cell viability. In 
this assay, there is a linear relationship between the color formed when the breakdown 
to formazan occurs or the absorbance when measured and the viability of the cells. It 
is a very sensitive and quantitative assay [13, 14]. The MTT assay proves to be advan-
tageous because it produces results quickly under a maximum of 3 to 4 hours. It is also 
reproducible and does not require manipulation of the target cell [15].

Figure 1. 
Conventional methods of evaluating the cytotoxicity of the nanoparticles [12].
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The Alamar Blue Assay is also a colorimetric indicator assay characterized by 
the reduction of a blue, non-fluorescent dye to a pink-colored substance known as 
Resazurin [16]. It is both a qualitative and quantitative assay where colorimetric 
measurement can be taken or physical observation of color change in assessing cell 
viability or treatment toxicity. It is taken at a wavelength of 570 and 600 nm or 540 
and 630 nm using the spectrophotometer. It is excited and emitted at wavelengths of 
530–560 and 590 nm respectively [17]. Alamar Blue assay is highly sensitive, requires 
low cost, it’s easy and safe to use, non-radioactive, and can be used for a large number 
of sample. It can also be used for both quantitative and qualitative analysis. Another 
method used to assess proliferation is the incorporation of [3H] thymidine into the 
DNA of proliferating cells during the S phase of the cell cycle, with the use of auto-
radiography [18]. As the cells proliferate, new DNA strands are formed. The tritiated 
thymidine, a radioactive nucleoside, then enters into the new chromosomal strands 
as the cells divide [19]. [3H] thymidine incorporation method is also widely used in 
immunological studies because of its high throughput and direct measurement of cell 
proliferation. It is also sensitive [19]. Another commonly used assay, clonogenic assay 
is used to assess cell survival and reproductive ability after treatment. The ability of a 
single cell to reproduce a colony is checked [20].

As shown in Figure 2, MTT assay has its limitations that affect the interpretation 
of data. Due to the formation of formazan, an insoluble dye, in MTT assay, other 
assays like XTT (2,3-bis [2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-car-
boxanilide) are used. With XTT, in the presence of mitochondrial dehydrogenase 
enzymes, a soluble water product is produced. However, both assays also faced the 
limitation of reaction under other conditions like acidic media, additives found in 
culture media, polyphenols, the presence of NPs and O−

2. These gives a false posi-
tive result of cell viability [22–24]. In a study carried out on Chinese hamster ovary 
cells (CHO-K1) after exposure to nano-TiO2, which increases the formation of O−

2, 
MTT and XTT assay were found to produce an inaccurate analysis of cell viability, 
because of the ability of the superoxide produced by the NPs to reduce the two salts 
[25]. Other factors such as cell number, the concentration of the MTT reagent, the 
treatment applied to the cells, and the toxic effect of the MTT itself has to be criti-
cally considered when analyzing the results from the assay. When prostate cancer 
cell lines (PC-3) were treated with polyethylene glycol-coated gold NPs (Au-PEG-
NPs) at a concentration of 5 nm, there was an observed significant optical interfer-
ence with the MTT assay. However, this effect could be minimized by washing the 
cells and removing the supernatant before MTT incubation and using appropriate 
blanks [21].

A study on the in vitro assessment of the toxicity of carbon based NPs HiPco 
single-walled carbon nanotubes (SWCNT), arc discharge SWCNT and Printex 90 
carbon black NPs was done to initiate a more reliable method with the use of clono-
genic assay [26]. This study was performed to avoid the interaction of carbon based 
NPs with the indicator dyes used in colorimetric assays, leading to inaccurate inter-
pretations on toxicity studies [27, 28]. Graphene oxide and TiO2 NPs have also been 
observed to interact with the dyes [29, 30]. This assay rules out the possibility of the 
nanoparticle reacting with the assay itself. It is recommended as a very useful tool for 
testing cytotoxicity since colony number and size are taken into account. This makes 
it an effective differentiating tool between cell viability and cell proliferation [26]. It 
is also a sensitive method since colony size depicts the division rate and proliferation 
after the cells are treated [31].
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For Alamar Blue assay, because of its photosensitivity, it is affected by light 
exposure and has to be done in the dark. Cell density is also a factor that can affect the 
assay reading, hence cells must be cultured in high population to prevent slow growth 
and allow adequate dye reduction. The assay is also limited to a pH range of 7.0 and 
7.4, and optimum temperature of 37°C. Longer incubation times could also lead to 
the reduced dye being bleached to a pink color. This quenches the fluorescence and 
could cause misinterpretation of the fluorescent signals. There is also the need for a 
positive and negative control to rule out non-specific interaction with the chemistry 
[17]. Specifically, with the use of nanomaterials, it is necessary to check toxicity using 
a combination of other assays because of the diversity and physiochemical properties 
of the nanomaterials, which could affect the cell and also interfere with the chemistry 
of the assay [32, 33].

The [3H] thymidine proliferation method is toxic and also requires radioactive 
facilities, which can be very expensive. Also, there is the need for proper waste 
management of the radioactive materials used with this method [34, 35]. It has also 
been found to interfere with the target cells by inducing cell cycle arrest, apoptosis 
and fragmenting the DNA [34, 36, 37].

One of the major cons of Clonogenic assay is that it is time-consuming as it 
takes about 10–14 days to perform. This is quite long compared to the other assays 
described above which take only a few hours to a day [38].

Figure 2. 
Factors affecting the final optical density (OD) measurements in the MTT assay. These include the concentration 
of MTT reagent and the proportion that actually enters the cell, cellular metabolic activity (which is highly 
dependent on a multitude of variables including treatments to the cells, biological effect of culture media, cell 
density, and impedance of cell metabolism due to toxic effects of MTT), cell number, timing of formazan crystals 
extrusion (which could impede further MTT uptake), chemical interference such as abiotic reduction of MTT 
by culture media, the tested treatment, or released cellular content, optical interference by all the background 
components, time of incubating cells with MTT reagent and/or tested treatment, and ultimately the optical 
measurement. Chemical structure of MTT and formazan are illustrated inside the cell: MTT consists of a 
tetrazole ring core containing four nitrogen atoms (1) surrounded by three aromatic rings including two phenyl 
moieties (2) and one thiazolyl ring (3). Reduction of MTT results in disruption of the core tetrazole ring and 
the formation of formazan. Red arrows and the “-” sign indicate disruption of MTT reduction on the normal 
metabolic activity of the cells and the impeding effect of the formazan crystals (when presenting on the cell 
surface) on further uptake of MTT reagent by cells [21].



143

In Vitro, In Vivo and Ex Vivo Models for Toxicity Evaluation of Nanoparticles: Advantages…
DOI: http://dx.doi.org/10.5772/intechopen.111806

2.2 Apoptosis assays

Apoptosis Assay is another assay carried out to evaluate the cytotoxicity of 
nanomaterials. It measures the extent of DNA damage and cell death when cells are 
treated. The release of free radicals due to oxidative stress is a pointer to DNA dam-
age and nanomaterials have been found to elicit such reactions [39, 40]. One of the 
methods used to study apoptosis is the Annexin-V assay. This assay works on the 
principle of annexin-V binding to phosphatidylserine (PS) which is externalized on 
the plasma membrane due to activation of caspase-dependent pathway. In combina-
tion with Propidium Iodide (PI) which stains the nucleus indicating the last stage of 
cell death, both dead and apoptotic cells can be identified [41, 42]. Annexin-V and PI 
assays have been used to detect apoptosis in HeLa and human HepG2 hepatoma cells 
treated with gold and silica NPs respectively [43, 44]. Annexin-V does not penetrate 
the cell but only binds to phosphatidylserine on the extracellular membrane of the 
cell; hence it does not cause cell damage or affect the intracellular components of 
the cell. It is highly sensitive as it binds to only PS amidst other molecules on the cell 
surface. It produces bright fluorescent signals and it’s easy to perform [41]. There are 
different options available for its labeling and also it can be performed both in vitro 
and in vivo [45].

Comet assay is used to determine DNA damage, single- and double-stranded DNA 
breaks and the mutagenicity of treatment both in vivo and in vitro [46–50]. It is one of 
the commonly used assay to assess the genotoxic effects of engineered nanomaterials 
like TiO2, SiO2, Zinc oxide NPs [51–55]. Damaged bases are detected when nucleoids 
are incubated with endonuclease III and formamidopyrimidine DNA glycosylase 
(FPG), specific to oxidized pyrimidine and purines, respectively [56]. Comet assay 
is a sensitive technique that is quick, cheap and easy to do [57]. It has been used both 
in vitro and in vivo and hence can be used to check the toxic effects of treatment in a 
particular organ or tissue and on any animal model [49, 58]. It can also be done on the 
first or specific site of contact.

TUNEL (terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling) 
assay is a commonly, wisely used tool for the detection of DNA damage caused by 
both apoptosis, DNA fragmentation and necrosis, caused by exposure to toxic materi-
als [59–61]. When DNA fragmentation occurs, the 3′ hydroxyl termina becomes 
free. Then the enzyme terminal deoxynucleotidyl transferase incorporates labeled 
dUTP into the free end, which causes the staining observed in the assay [62]. It can 
be detected by light microscopy, fluorescence microscopy or flow cytometry [63]. 
TUNEL assay is fast as it can be completed within 3 hours. It has high sensitivity 
and versatile with the use of various techniques, as single cells can be detected using 
fluorescence microscopy or few cells using flow cytometry [63, 64].

Flow Cytometry is a very common and versatile technique used in the toxicity 
analysis of nanomaterials when applied to cells. It works on the principle of detecting 
fluorescently labeled cells when light beams are passed through the cell suspension. 
The technique analyses both the size and granularity of the cell populations, which 
gives a characteristic of the type of cells being studied [65]. With the use of flow 
cytometry, large populations can be analyzed with valid statistical results and this is 
done within a short period of time. This method can be used to evaluate the uptake of 
NPs by the cells, cell death, and expression of certain proteins [66].

However, these assays have their own set of limitations. For example, Annexin-V 
assay cannot be effectively used to obtain high throughput due to strong background 
signals when there are unbound labeled annexin-V. It can be difficult to optically 
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image tissues when stained with annexin-v because of its short lifetime and slow 
diffusion in the body [67]. It can produce false positive results when it binds to 
negatively charged aldehyde adducts [68]. Also, Engineered NPs have been found to 
interfere and hinder the detection of DNA damaged from oxidation with the comet 
assay when ions are released when the particles are dissolved [69]. Cell toxicity, even 
in the absence of DNA damage, can lead to false-positive results in Comet Assay. 
There are also variability of protocols from the assay which can make it difficult 
to compare results with other laboratories, as there is no standardization [57]. For 
TUNEL assay, there is the limitation of non-specific staining because it labels all the 
free 3′ hydroxyl termini end irrespective of the cause of it. Hence, it can label non-
apoptotic cells, which gives a false positive result. This means it can stain cells under-
going DNA repair, cells secretes factors causing proliferation in neighboring cells, or 
cells damaged through other means [70]. It is also costly. For flow cytometry, freshly 
prepared samples are required. If samples are kept for a long period of time before 
analysis, it could affect the cell properties and the analysis. Also, the use of the flow 
machine requires competent and skillful hands to accurately analyze and interpret 
the data [71]. NPs smaller than 100 nm experience low light scattering which could 
reduce the sensitivity of the detection [72].

2.3 Necrosis assays

Necrosis assays are generally used to check for membrane integrity of the cells 
after treatment. As shown in Figure 3, NPs can adhere to membranes causing changes 
in their structure and function, hence it’s important to carry out these assays. Neutral 
Red (2-amino-3 methyl-7-dimethylaminophenazoniumchloride) uptake assay is 
a widely used assay used to measure cytotoxicity. The Neutral Red dye is a weak, 
cationic, cell permeable dye taken up by viable cells and localized in the lysosome. It 
permeates into the cell by nonionic passive dilution and binds to the phosphate groups 
found on the lysosome matrix. The dye is extracted from the viable cells and spec-
trophotometrically measured [74, 75]. It is a sensitive dye that measures the integrity 

Figure 3. 
The toxicity mechanisms induced by nanoparticles [73].
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of the cell membrane and measures the viability of the cells [76]. The Neutral Red 
uptake assay is very sensitive and requires less equipment. It does not face much inter-
ference and does not have unstable reagents like other assays like MTT, XTS, etc. [77]. 
It is simple and can be used to detect only viable cells. It can also be done together 
with estimation of total protein content [78]. However, the use of Neutral Red, a 
fluorescent-based assay, is prone to interference from the NPs, which could lead to 
quenching of the dye. In a study to check the toxicity effect of silver NPs, Neutral Red, 
amongst other dyes, were observed to face interference from the particles [79]. Also, 
when applied on certain compounds that are volatile and insoluble in water, it faces 
problems in analysis as it mainly works when soluble in water [76]. Some chemicals 
could also cause the transformation of the dye into insoluble crystals, which could 
increase the toxicity estimation of the assay, giving a false negative result. When total 
protein estimation is done after the neutral red uptake assay, it could lead to reduction 
of the amount of protein estimated [78].

Trypan Blue Exclusion Assay is used to measure cytotoxicity of nanoparticle 
treatment on cells. The Trypan Blue is a dye that is absorbed by dead cells, leaving out 
viable cells and giving the actual number of viable cells after treatment.

Trypan Blue Exclusion Assay is very simple and quick to do, and it does not require 
any technical know-how. However, Trypan Blue assay is less sensitive and less reliable 
compared to other assays. It can be tedious and time-consuming when done on large 
number of samples [80]. Because of the use of hemocytometer, the possibility of 
making counting errors is present. Also, if the cells are not properly diluted or poorly 
dispersed in the counting chamber, it can contribute to the error [81]. The assay is 
insensitive as it cannot distinguish between live cells and cells that are gradually losing 
cell function. Another disadvantage of this assay is it can cause toxicity to mammalian 
cells [82].

2.4 Oxidative stress assays

Due to the high surface area to volume ratio of NPs, they elicit the production of 
reactive oxidative species (ROS) from the cells as shown in Figure 4, which could lead 
to further cellular damage. The ROS produced is measured using some of the oxida-
tive stress assays.

2′,7′-dichlorofluorescein diacetate (DCFH-DA) is a nonionic, nonpolar fluoro-
phore that penetrates the membrane and is sensitive to ROS. When DCFH-DA is 
internalized by the cell, it is enzymatically hydrolyzed by cytosolic esterases into 
dichlorofluorescein (DCFH), which remains in the cytosol. The nonfluorescent 
DCFH is then oxidized by hydroxyl radicals and cellular ROS into highly fluorescent 
dichlorofluorescein (DCF), which is then analyzed by flow cytometry or fluorescence 
microscopy [84].

Tritiated borohydride and 2,4-dinitrophenylhydrazine (DNPH) are used to 
measure protein carbonyl levels, which are indicative of oxidative damage. Protein 
carbonyls are reduced to alcohols by borohydride. This reduction is measured spectro-
photometrically at wavelength absorbance of 340 nm. Also, when protein carbonyls 
react with DNPH a stable 2,4-dinitrophenyl (DNP) hydrazone product is generated 
and its absorbance is read between 360 and 390 nm [85]. DNPH is highly sensitive 
and specific and result from the assay can further be improved with the use of high-
performance liquid chromatography (HPLC) or Western blotting [86].

Another means of assessing the production of ROS is through analysis of lipid 
peroxidation products like malondialdehyde (MDA) and 4-hydroxyl-2-nonenal 
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(4-HNE). MDA is formed when large polyunsaturated fatty acids (PUFAs) are 
broken down and during the metabolism of arachidonic acid (AA) [87]. The by-
product reacts with thiobarbituric acid (TBA) at pH 3.5 to produce MDA-TBA which 
is measured by a spectrophotometer at wavelengths of 532 nm and fluorescently at 
553 nm [88]. 4-HNE is a by-product of AA and peroxidation of PUFAs. It reacts with 
primary amines to form Schiff ’s bases and thiol. It also reacts with amino com-
pounds to form Michael’s adduct which is detected by HNE-protein adduct ELISA 
assays [89, 90].

DCFH-DA, However, is prone to inaccurate interpretation due to nonspecific 
enzymatic oxidation and photooxidation [84, 91]. With the use of DNPH, larger 
samples are required for the analysis [92]. The lipid peroxidation is nonspecific since 
TBA reacts with other molecules other than MDA, which could lead to false positive 
results.

3. Ex vivo models

Using in vitro models for studying nanoparticle mediated toxicity comes with the 
set of challenges as discussed in the previous section. Animal models like rodents 
or zebrafish embryos are ideal alternatives for studying toxicity induced by NPs, 
however, there are various limitations including the cost of maintenance, biosafety 
etc. One also needs to follow appropriate ethical guidelines and have a moral compass 
to ensure whether inducing pain or sacrificing the animal can be avoided by alternate 
studies.

Ex vivo studies where tissue slices are cultured outside the host organism, experi-
ments on fertilized eggs, organs on chip studies are more reliant than in vitro studies 
which are often based on monolayer culture of cells. The following section will briefly 
describe the prominent ex vivo models.

Figure 4. 
Induction of oxidative stress by nanomaterials [83].
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3.1 Precision cut tissue slices

In precision cut tissue slices, tissues are collected from a model organism or 
human biopsy samples for testing the effects of nanoparticle treatment. This 
approach provides a more comparable biological scenario rather than using immor-
talized or primary cells cultured in monolayer. As the organ tissues provide a better 
biological replica of the effect of nanoparticle in the biological system as a whole. 
Predominantly, this method has been used to study aerosol effects or nanocarriers 
developed for treating lung disorders [93–96]. Using liver cut slices to study hepato-
toxicity is also common [97–100].

One of the major challenges of this method involves the penetration of nanocar-
riers into the organ slices. In a biological system, like our body, circulatory system 
ensures the uptake/delivery of nanocarriers. Without this in the organ slices which 
also has several physical barriers makes it difficult for the passive entry of NPs. As 
seen in some studies, the NPs are seen around the surface of the tissue slices [101]. 
Besides this, sometimes slicing a tissue induces inflammation around the cut region. 
This is unfavorable while studying toxicity effects. An inflamed tissue could introduce 
bias into the experimental outcomes. Inflammation could activate cells and induce 
necrosis or apoptosis which will interfere with toxicity results for nanoparticle testing.

3.2 Organ-on-a-chip

A 3D culture with multiple kinds of cell population sufficiently supported with 
extra cellular matrix and growth factors is better than monolayer culture in terms 
of nanotoxicology analysis. However, these kinds of system are considered to be 
static and does not mimic vascular perfusion or the sheer stress in biological systems. 
Recently, microfluidics have been integrated to 3D culture of different population to 
generate micro physiological systems called organ-on-a-chip. A very simplistic model 
of organ-on-a-chip will have a single type of cell lined over the microfluidic channel 
with a continuous flow of media. In advanced models like lung-on-a chip, blood brain 
barrier-on-a chip or blood retinal barrier-on-a-chip model, multiple types of cells 
are used with microfluidic channel mimicking biological processes like breathing, 
blinking [102–115] etc.

These devices employ different perfusion rates and with the kind of material used, 
introduce mechanical strains which mimics biological circulation events like breath-
ing, heartbeat, peristalsis, blinking, twitching etc. By using transparent materials 
for channel construction, the device also allows live visualization. As compared to 
conventional in vitro techniques, this provides a better physiological parallel with 
intricate designs to replicate organ architecture. Recently, there have been studies to 
develop multiple organ on a chip interconnected devices which could essentially be 
called body-on-chip to develop a model of whole organism rather than studying the 
effects on individual organs [116]. With intricate designs to carefully recreate biologi-
cal systems, this could to a larger extent eliminate animal based testing.

Fluorescently labeled PEGylated gold nanoparticles were tested on tumor on 
a chip model which provided better insights into the circulation, elimination and 
uptake of nanoparticles in tumor microenvironment [117, 118]. Similarly Organ-on-
a-Chip model are used in understanding the effects of shape of NP on its toxicity 
[119]. Understanding the effect of flow rates, especially while NP mediated targeted 
therapy for crossing BBB [120], the underlying changes in toxicity profile introduced 
by surface modifications of the particle [121] etc. are few of the recent advances in NP 
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mediated research which has recently been revolutionized by Organ-on-a-Chip mod-
els. Specifically focusing on toxicity studies, lung-on-a-chip models have provided 
better insights into pulmonary toxicity of nanoparticles, specifically, TiO2, Silica NPs 
[108, 122] etc. Also, the effect of NPs on crossing placental membrane has been evalu-
ated using Organ-on-a-Chip model. In one such model, placental membrane integrity 
and maternal immune cell response were negatively challenged by TiO2 NPs [123]. 
These models also enable the researchers to evaluate toxicity of NPs in both static and 
mobile conditions as opposed to static conditions in in vitro studies [124].

One major disadvantage of the devices is the use of precursors which adsorbs 
drugs while testing. This reduces the amount of drugs available for interacting 
with the cells of interest. The widely used material polydimethylsiloxane (PDMS) 
[125] is known to adsorb certain drugs which is a disadvantage to the application. 
Polysulphone based materials are considered to be an alternative for PDMS. However, 
they lack transparency and are difficult to tune the mechanical properties. If care-
ful considerations are introduced while designing the architecture and appropriate 
precursor materials are chosen, organ-on-chip can be a lot desired application for 
nanoparticle toxicity analysis (Figure 5).

3.3 Chick chorioallantoic membrane (CAM) assay

Angiogenesis and neovascularization is a characteristic trait of multiple disorders 
including cancer and retinopathies. Preventing the formation of new leaky vascula-
ture is thus critical in treating these disorders. NPs developed as potential therapeutic 
options thus need to be evaluated for their anti-angiogenic properties. Evaluating this 
on developing chick embryos is both cost and time effective other than the simplicity 
of the model [127–130]. Briefly, the assay is performed by making a hole in the egg-
shell and inserting a membrane which delivers the NPs of choice. At the end of study, 
the eggs are opened, and the blood vessels are quantified using bright field imaging. 
One of the major advantages of this method is its reproducibility and simplicity to 
conduct in small scale laboratories.

3.3.1 Ex-vivo tumor models on CAM

Cancer cells of human origin are transplanted to CAM that covers chicken embryo. 
After 3 days of transplantation, a tumor with host species features will be developed. 
The tumor features multiple cell type of human origin, with rich vasculature and 
extracellular matrix. In terms of tumor microenvironment and cell types, this model 
is a closer approximation to in vivo models compared to 3D organoid studies. Also, the 
tumor formation process is rapid and eliminates longer waiting period as compared to 
rodents. Also, immune compromised animals are costlier in contrast to chick embryos 
which poses naturally underdeveloped immune system in early developmental stages. 
Besides these advantages, the rich nutrients present in chick embryo encourages effec-
tive angiogenesis in the tumor model. This facilitates drug and nanoparticle testing 
and monitoring of reduction of micro blood vessels and other tumor characteristics 
(Figure 6).

3.3.2 Anti-angiogenesis studies for retinopathies

These are studies where implants are prepared and investigated on its ability to 
sustainably deliver therapeutic agents in ocular regions. Neovascularization and 
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resultant increased ocular pressure lead to a plethora of ocular disorders including 
diabetic retinopathy, macular degeneration etc. Nanoparticle mediated implants or 
delivery systems attempt to target pro-angiogenic markers in the eye. However, this 
needs to be carefully implemented with increased attention on not to induce any 
inflammation and reduction in angiogenesis.

Figure 5. 
The lung/liver-on-a-chip platform. (a) A photograph of the chip system comprising the pump main unit with 
four pump heads, the PEEK chip, and the reservoir plate. (b) a schematic view of the chip comprising four circuits 
is shown; each circuit includes two compartments to house the lung and liver tissues, respectively. The cross-section 
schemas of the plates show the path of the tubes and channels and the relative depth of each well. (c) a close-up 
view of the two compartments showing the groove pattern on the bottom of the wells. (d) Effect of chip materials 
on absorption of nicotine. A solution of 10 mM nicotine in phosphate-buffered saline (PBS) was kept in the wells 
of the chips made from PEEK or PDMS for 8 hours before it was collected. The concentrations of nicotine were 
then measured using liquid chromatography coupled to high-resolution accurate mass spectrometry. Nicotine 
concentrations remaining in solution are expressed as % relative to the stock solution. Data are presented as 
mean ± SEM. N = 3. PEEK: Polyetheretherketone; PDMS: Polydimethylsiloxane [126].
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Briefly fertilized eggs will be candled to spot the air sac and blood vessels. A 
small hole of 1×1cm will be made into the egg shell at air sac region. Similarly, a 
cut is made near the vascular region without disturbing the CAM. Sucking out 
air from the air sac will distant the CAM from the egg membrane at the vascular 
region. Once this is achieved, a small incision is made at the CAM of vascular region 
where implants are introduced through sterilized filters. These filters containing 
the particle are then incubated over desired time frame. At the end of experiment 
duration, CAM is fixed and imaged to count the no of blood vessels compared to 
untreated controls (Figure 7 represents multiple ways of performing CAM assay for 
angiogenesis studies).

For a simplistic and cost-effective model like CAM assay, most often the only 
disadvantages lies in the frequent contamination of samples. This can be eliminated 
with limited exposure of the opened CAM to outside air and by following stringent 
sterilization practices [132].

4. In vivo models

Nanocarrier formulations are tested in in vivo models as pre-clinical studies 
to evaluate its feasibility to escalate to clinical trials and into commercial market 
at the end of pipeline. The maximum dosage of NPs which could be safely tolerated, 
the pharmacokinetics and elimination window of NPs from the tested organisms, 
the accumulation and effect of long-term exposure is analyzed during these experi-
ments. Vertebrates and invertebrate groups of animals are used for these studies to 
scale up from simplistic biological networks to understanding the effects on complex 

Figure 6. 
Patient tumor sample transplanted on the CAM membrane. (A) Tumor formed by transplanting minced sample 
of ovarian cancer patient tumor. (B) Tumor is eliminated after intravenous injection of PMO-1 containing 
doxorubicin. (C) Chick embryo major organs look normal 3 days after injection [130].
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organisms genetically closer to human beings. Good lab practices are stringently 
adhered to while conducting these studies with appropriate ethical standards.

4.1 Invertebrates

Invertebrate models often have a shorter lifespan which aids researchers in test-
ing nanoparticle toxicities. Due to their shorter life cycle, it’s feasible to understand 
and compare the effects of exposure of NPs in their developmental stages. It also 
benefits to conduct multiple rounds of testing within a shorter duration of time. 
The most established invertebrate model systems for nanoparticle toxicity include 
Caenorhabditis elegans and D. melanogaster.

Figure 7. 
Representative images of chorioallantoic membrane (CAM) variants. (A) in-ovo setup by windowing method on 
day of incubation; (B) ex-ovo setup in a petri plate; (C) ex-ovo setup in a glass-vertical view; (D) ex-ovo setup 
in a glass-horizontal view; (E) ex-ovo setup on plastic cups, image taken by a camera and; (F) ex-ovo setup in 
plastic cups, image taken by a Chemidoc (charge-coupled device (CCD) camera) [131].
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4.1.1 C. elegans

C. elegans are nematodes which can grow up to 1 mm in size in its fully developed 
adult stage. They are often used for understanding nanotoxicity through oral uptake 
which is also the major form of nanotoxicity in human beings [133–138]. They pose 
around 70–80% of gene homology with humans and have around 70% of major 
signal transduction pathways conserved as compared to human beings. They are also 
transparent in nature allowing to visualize and track the accumulation of fluorescent 
labeled NPs. (Figure 8).

Major studies conducted on testing nanoparticle formulation and its effect on 
C. elegans has found that there have been significant changes in oxidative response, 
reproduction and lysosomal signaling after oral uptake of particles. For example, 
treatment with TiO2 NPs have reported to alter the expression levels of glutathione-s-
transferase gene. Exposure to NPs in C. elegans could also be through their vulval slit 
or opening. The nematodes being hermaphrodite, interaction of NPs at vulval site and 
spermathecae, where sperms are stored and oocyte fertilization happens, could pro-
vide preliminary results on how NPs affect reproduction in organisms. Interestingly, 
a recent study has reported that exposure of TiO2 NPs in C. elegans leads to decreased 
expression levels of pod-2 a gene known to have role in reproduction in the nematodes 
[133, 136]. Another study has reported the exposure of silver NPs leading to altered 
expression levels of proteases involved in lysosomal pathway related genes.

Generation of mutant strains of C. elegans has helped in understanding the effects 
of common particles like graphene oxide (GO), Silver, cadmium quantum dots and 
TiO2. Tracing of these NPs is often reliable and easy in C. elegans due to the transpar-
ency of its body. However, C. elegans lacks organs like a well-developed lung, kidney, 
heart etc. which makes it difficult to draw comparisons with higher order species. 
Also, it only has a 70% homology with human genome with some critical signaling 
pathways completely absent.

4.1.2 D. melanogaster

D. melanogaster or fruit fly is another model well used for oral toxicity of NPs. Like 
C. elegans, fruit fly poses different life development stages which makes it suitable 
to study the effect of NPs on different life stages. Effects of NPs in the gut cells, eye 
and wing development are often studied for testing the toxicity of NPs (Figure 9). 
Along with this, behavioral studies are also conducted where crawling speed and 
path is monitored [140, 141]. Immune pathway in fruit flies is well studied and they 
also display a similarity of autophagy related genes with human beings. This makes 
D. melanogaster an ideal model for studying immune response and rate of autophagy 
with respect to NPs like GO [142]. The effect of nanoparticle exposure to the organ-
isms is also analyzed by studying the effects on reproduction. Offspring number, 
morphology, development life stages are analyzed to understand the same [140, 
143–145].

The studies of nanotoxicity using fruit flies are limited to survival, developmental 
stages, eclosion rate, fertility and geotaxis performance analysis. Though it provides 
a significant addition in terms of understanding the toxicity as compared to in vitro 
studies, parallels cannot be drawn between human beings. One of the major chal-
lenges in using D. melanogaster as a model organism is the absence of an adaptive 
immunity in the organism. Other limitations include insufficient evidence of the 
cognitive capabilities of the organism especially affecting behavioral studies. Also, 
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Figure 8. 
Induction of C. elegans major stress or host defense responses by SiNP treatment. Fluorescent images of worms 
treated with H2O (a), SiNPs (b), and tunicamycin (c) with a GFP reporter for ER stress. Fluorescent images of 
worms treated with H2O (d), SiNPs (e), and ethidium bromide (f) with a GFP reporter for mitochondrial stress. 
Fluorescent images of transgenic worms carrying the GFP reporter for oxidative stress subjected to H2O (g), SiNPs 
(h), and H2O2 (i) treatment. Fluorescent images of transgenic worms carrying the GFP reporter for innate defense 
subjected to H2O (j), SiNP treatment (k), and physical injury (l). The same magnification was used in all of the 
images (m). Quantitative analysis of fluorescent intensity fold change of worms treated with H2O and SiNPs and a 
positive control group corresponding to (a–l). N ≥ 20. Error bars represent mean ± SEM; ** p < 0.01 [139].
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vertebrate specific genetic disorder models cannot be developed in D. melanogaster. 
Other than this, unlike other models, amount of ingestion of NPs per flies cannot be 
accurately standardized as they are not gavage fed. Even after the above-mentioned 
limitations they remain one of the simplest models along with C. elegans to develop 
transgenic lines by breeding.

4.2 Vertebrate models

Vertebrate models for studying nanotoxicity include zebrafish, rabbit rodent 
models like mice, rat, hamsters etc. They share higher similarities with human beings 
in terms of the respiratory, circulatory, and nervous system. However, studying long 
term exposure of NPs in these organisms, especially rodents, becomes challenging 
due to their longer lifespan and gestation periods. The following section will briefly 
discuss the recent reports of using these vertebrate models for nanotoxicology studies 
and their limitations.

Figure 9. 
Possible mechanism of nanoparticle-induced mortality in adult Drosophila. (A) Location of spiracles in 
drosophila: sp1, mesothoracic spiracle; sp2, metathoracic spiracle; sp3 to sp9, abdominal spiracles, image 
from Lehnmann et al. (B) SEM image shows mesothoracic and metathoracic spiracle of an adult drosophila 
(blue square) Center row (C − E): SEM images of spiracles in unexposed drosophila; sp1 (C), sp2 (D), both 
20–50 μm, and an abdominal spiracle (E) at 5 μm. Bottom row (F − H): Spiracles are covered/decorated with 
nanomaterials (see arrows) after dry exposure of adults to CB (F); MWNTs (G); CB (H) differential toxicity 
of carbon nanomaterials in drosophila: Larval dietary uptake is benign, but adult exposure causes locomotor 
impairment and mortality [140].
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4.2.1 D. rerio

Zebrafish or D. rerio is one of the few vertebrate models with shorter breeding 
and offspring rearing period. This allows it to be a vertebrate model with ease to 
study developmental stages and the effect of NPs on life cycle. Also, oral and circula-
tory introduction of NPs is possible through zebrafish. The oral toxicity studies are 
conducted by introducing NPs in embryonic medium or fish water. The NPs are 
introduced in the blood stream directly using micro injections or intravitreal, intra-
peritoneal, intraventricular injections. Zebrafish models have been used to develop 
blood brain barrier models, tumor models and studied to see the effect and penetra-
tion properties of these nano formulations [146–150].

Toxicity of nanoparticle formulation is often assessed by survival analysis, cardiac 
rhythm studies, morphological changes in eye, spine and fin development, edema in 
cardiac sac etc. Behavioral changes like swimming pattern, response to tapping and 
light are also investigated. Like fruit flies, conservation of autophagy related genes 
to human beings allows using zebrafish models for studying the autophagy related 
gene expression with respect to nanoparticle treatment. Recently, treatment of ZnO 
nanoparticle in zebrafish model has displayed an increase in inflammation related 
gene over expression [151]. There are also reports of siler NPs affecting the gut micro-
biota of zebrafish [152]. Embryonic zebrafish studies have also reported the effect of 
silica based NPs in reducing the blood pressure in zebrafish and vascular endothelial 
cells (Figure 10) [153].

One of the major limitations of using zebrafish is the inability to use them for 
studying respiratory effects of aerosol based nano formulations. Other than this 
limitation they are also not ideal for breast cancer and prostrate cancer models as they 
lack the appropriate tissue of origin in their body architecture.

4.2.2 Rabbit and rodent models

Rabbits were classified as rodents till the early 20th century. They along with 
models with mice, rat and limitedly hamsters have been used for studying pharma-
cokinetics and pharmacodynamics of nanoparticle formulations. Their organs are 
also harvested and used for tissue distribution studies as they have striking similarity 
in tissue characteristics with human beings. Ocular and dermal toxicity of NPs are 
mostly studied in rabbits. Recently, silver NPs were tested on shaved skin regions 
on albino rabbits and the toxicity was analyzed using prefixed criteria. Dry skin, 
scaling in doses lower than 100 ppm and erythema in higher doses up to 4000 ppm 
was observed as part of this study [154]. Nano-hydroxyapatite was intravenously 
introduced to New Zealand white rabbits and it was noted that they does not affect 
liver function, and renal function in the animals [155]. In another study conducted 
to understand the toxicity of aflatoxin B1, treatment with curcumin and ZnO NPs 
prevented lipid and protein degradation via oxidation and showed better liver health 
as compared to aflatoxin B1 treated groups [156]. In corneal fibrosis (haze) model 
in rabbit using excimer laser performing -9D photorefractive keratectomy (PRK), 
nanoparticle formulation containing BMP7 topical application 5 minutes after PRK 
reduced the corneal haze by 50 percent with no toxicity [157]. Nephroprotective 
effects of NPs have also been studied using rabbit models. Studies using CaO NPs 
however have reported significant toxicity in liver and kidney after exposure [158].

Rodent models of nanotoxicity mainly includes rats and mice. Immune compro-
mised, genetically altered rodents are very commonly used in nanotoxicology studies 
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and have been reviewed better in various book chapters and reviews elaborately 
[159–162]. Briefly they are used for central nervous system disorder models, cancer 
models, hepatotoxicity models, aerosol treatment models. They provide relatively 
more homology with human beings; however, the laboratory maintenance of 
rodents and rabbits are often challenging. Also, historical trait analysis with respect 
to nanoparticle formulation is often limited by the number of offspring produced 
and longer gestational periods. Besides this, there is no accepted duration of days or 
guidelines recommending the number of days nanoparticle exposure in rodents to be 
monitored. This largely leads to inaccuracies and inconstancies in reporting toxicity 
of the same or similar nano formulation by different research groups.

4.2.3 Primate models

Primate models for nanotoxicity analysis rose to prominence after a study 
conducted on Rhesus macaque by intravenously injecting 25 mg/kg of phospholipid-
micelle-encapsulated CdSe-Cds-ZnS QDs [163]. The study term was 90 days and the 
authors observed significant changes in behavioral patterns including loss of sleep, 
appetite, body weight, physical activity etc. By the end of study term, most of these 
effects were reversed to original state, however the particle displayed accumulation on 
liver and kidneys. Further studies on this were not carried out to understand the long 
term implications of hepatic accumulation. Quantum dots are generally considered 
to be safe to administer after conducting studies on in vitro and other in vivo models. 
However, this study indicated the need of behaviorally closer primate models to draw 
significant conclusion on nanoparticle toxicity before human trials.

Following this study, there were multiple reports of nanoparticle toxicity analy-
sis using primates. Polylyisne conjugated DNA NPs for targeting retinal pigment 

Figure 10. 
Inflammatory response and vascular endothelial cell dysfunction induced by SiNPs. (a,B) SiNPs increased 
the recruitment and chemotaxis of neutrophils in caudal vein of Tg(mpo:GFP) zebrafish. (C,D) SiNPs 
inhibited the expression of vascular endothelial cells in Tg(fli-1:EGFP) zebrafish. n = 30, data are expressed as 
mean ± standard deviation from three independent experiments (*p < 0.05). Scale bar: 100 μm [153].
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epithelium was studied using baboons showing no inflammatory response in the eye 
[164]. Also in cynomolgus monkeys, the safety of gadolinium based NPs for imaging 
purpose was evaluated [165]. In another studies, PEG-bl-PPS polymerosomes were 
found to be nontoxic in non-human primates [166]. Also, cargo of siRNA in cyclo-
dextrin with transferrin ligands as targeting moieties were also found to be relatively 
safe in cynomolgus monkeys [167]. However, there were elevated levels of creatinine 
and nitrogen along with certain inflammatory cytokines at higher dosage. In another 
study, mice and Rhesus macaque were compared on its effect of CdSe/CdS/ZnS 
semiconductor NPs in placental crossing and miscarriage rates. Interestingly, in the 
rodent models there was not toxicity recorded even though the particles were shown 
to cross the placenta. There was no miscarriage in rodents and fetus displayed no 
abnormalities. However, in primate models there was a 60 percentage rate of miscar-
riage establishing the fact that primate models are far superior in compared to rodent 
models for toxicity analysis [168].

Even though they are ideally the closest to understanding human body’s response 
to nano formulations, testing these formulations on them require more human 
resources and expertise along with stricter ethical guidelines in handling them. 
Also, these magnificent creatures are often sacrificed at the end of the study to 
harvest organs and understand tissue damage. Most of them being social organisms, 
this would have larger implications on their family group and could even lead closer 
ones to depression. Infant carrying is one such response displayed by mothers losing 
infants in primates. Secondary responses of curiosity and stress to death of infants 
or members is often displayed by these primates [169–172]. A closer evaluation of 
the morality and scientific rationale should be evaluated before conducting such 
studies.

5. Conclusions

The past few decades witnessed the advent of nanoparticles and their potential 
use in multiple fields of biomedical sciences. From drug delivery to semiconductor 
devices, nanoparticles find applications around us. Informed use of nanomateri-
als, especially on its toxicity is highly relevant as more and more studies report the 
hazardous effects of these particles. The current chapter discussed in vitro, in vivo, 
ex vivo models for evaluating nanoparticle toxicity. As we analyze the plethora of 
assays conducted to study, in some cases, same particles in multiple model systems, 
we understand the varying toxicity reports. Such studies challenge the dangerous 
assumption of deeming a NP to be nontoxic by simply analyzing in vitro and in some 
cases rodent models. The need of non-human primate models closer to the genetic 
and physiological profile of human beings vs. the morale of sacrificing animal life for 
our benefit need to be carefully questioned. Alternate strategies like organ-on -chip 
models require further refinement and balance in incorporating parameters to better 
mimic study conditions.
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Appendices and nomenclature

NP Nanoparticles
ROS Reactive Oxygen Species
MTT 3-[4,5-dimethylthiazole-2-yl]-2,5 diphenyltetrazolium bromide
XTT 2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-car-

boxanilide
CHO-K1 Chinese hamster ovary cells
Au-PEG-NPs PEG coated gold nanoparticles
SWCNTs Single Walled Carbon Nanotubes
GO Graphene Oxide
FPG formamidopyrimidine DNA glycosylase
TUNEL terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling
DCFH-DA 2′,7′-dichlorofluorescein diacetate
DNPH 2,4-dinitrophenylhydrazine
PUFA Poly unsaturated fatty acids
TBA Thio barbituric acid
CAM Chick Chorioallantoic Membrane
PEG-bl-PPS Polyethylene glycol-bI-polypropylene sulfide
AuNPs Gold nanoparticles
PEEK polyetheretherketone
PDMS polydimethylsiloxane
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Abstract

The field of nanotechnology is experiencing rapid growth owing to its distinctive 
functionality and diverse range of applications. Nanomedicine is a field of study 
that investigates the potential applications of nanotechnology in the areas of disease 
prevention, treatment, diagnosis, and control. The significance of silver nanopar-
ticles lies in their distinct characteristics, capacity to generate varied nanostructures, 
extensive range of bactericidal and anticancer properties, wound healing and other 
therapeutic capabilities, and cost-effectiveness in manufacturing. These nanoparticles 
are particularly noteworthy due to their size, which can range from 1 to 100 nm. This 
paper provides an overview of diverse physical, chemical, and biological techniques 
employed for the synthesis of silver nanoparticles. The text delineates various meth-
odologies utilizing silver nanoparticles as agents for combating microbial and biofilm 
infections, as well as for their potential as antitumorigenic agents. Additionally, the 
text explores the applications of silver nanoparticles in the field of dentistry and 
dental implants, their role in promoting bone regeneration, their use in cardiovascu-
lar implants, and their potential as promoters of wound healing. The present study 
investigates the mechanism of action, synthesis techniques, and morphological 
characterization of silver nanoparticles in order to evaluate their potential applica-
tions in medical therapies and disease control.

Keywords: silver nanoparticles, biological synthesis, characterization, antimicrobial 
agent, antibiofilm, health management activity

1. Introduction

The distinctive characteristics of size, shape, and morphology of nanoparticles 
facilitate their interaction with bacteria, plants, and animals [1–4]. Silver nanopar-
ticles (Ag NPs) have demonstrated remarkable bactericidal efficacy against a 
diverse array of microorganisms [5–7]. These entities are formulated from diverse 
viewpoints, frequently for the purpose of examining their morphology or physical 
attributes. Certain authors have employed a chemical approach [8] and have errone-
ously conflated it with green synthesis, albeit unintentionally. The utilization of Ag 
NPs in various fields such as electronics, catalysis, pharmaceuticals, and biomedicine 
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for regulating microorganism proliferation in biological systems has rendered them 
environmentally sustainable [6, 9]. The process of synthesizing Ag NPs through 
biogenic means entails the utilization of microorganisms such as bacteria, fungi, 
yeast, actinomycetes, as well as plant extracts [9, 10]. In contemporary times, various 
components of plants, including but not limited to flowers, leaves, and fruits, as well 
as enzymes, have been employed in the production of gold and silver nanoparticles. 
The physical characteristics of nanoparticles, including their dimensions, shape, and 
durability, are contingent upon various factors such as the preparation technique 
employed, the solvent utilized, the concentration of the solution, the potency of the 
reducing agent, and the temperature conditions [9, 10].

Among the various nanoparticles that have been developed and characterized, 
silver nanoparticles hold a prominent position due to their innate ability to function 
as an antimicrobial agent, even in their solid state. Despite being acknowledged for its 
importance at an earlier time, its potential was not fully utilized, with the exception 
of its application in traditional medicine and numismatics. Approximately 320 tons of 
silver nanoparticles (Ag NPs) are produced annually for utilization in various applica-
tions such as nanomedical imaging, biosensing, and food products [11, 12].

The prevalence of multidrug-resistant bacterial and viral strains is persistently 
rising, attributed to genetic mutations, environmental pollution, and alterations in 
ecological circumstances. In order to overcome this dilemma, researchers are endeav-
oring to create pharmaceuticals for the management of said microbial infections. 
Several metal salts and metal nanoparticles have demonstrated efficacy in impeding 
the proliferation of various pathogenic bacteria. Silver and silver nanoparticles (Ag 
NPs) hold a significant position in the category of metals utilized as antimicrobial 
agents since ancient times [13, 14]. Silver salts are employed as a means of impeding 
the proliferation of diverse bacterial strains within the human body. Antimicrobial 
agents are employed in medical applications such as catheterization, wound care, 
and burn treatment to safeguard against potential infection [15, 16]. According to 
Das et al. [17], the growth of certain bacteria can be effectively inhibited by small-
sized silver nanoparticles (Ag NPs). Silver nanoparticles (Ag NPs) that are produced 
using silk sericin (SS), a protein that is soluble in water and extracted from silk-
worms at a pH of 11, are composed of hydrophilic proteins that possess polar groups 
such as hydroxyl, carboxyl, and amino functional groups. Functional groups present 
in the aforementioned molecules exhibit reducing properties towards AgNO3, result-
ing in the formation of metallic silver [18]. It has been proposed that the hydroxyl 
groups present in SS are capable of forming a complex with silver ions, thereby 
impeding their aggregation or precipitation [19, 20]. The elemental state of Ag NPs 
may experience segregation as a result of the presence of large molecules within the 
solvent. However, it is unlikely that they will form complexes since both entities are 
neutral. The screening of the antibacterial efficacy of silver nanoparticles (Ag NPs) 
capped with SS has been conducted against both gram-positive and gram-negative 
bacterial strains. The study revealed that the minimum inhibitory concentration 
(MIC) ranges from 0.001 to 0.008 mM for various microorganisms, including 
Bacillus subtilis, Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and 
Acinetobacter baumannii.

While there have been numerous publications on the biosynthesis and character-
ization of silver nanoparticles, there is a dearth of information regarding their green 
synthesis, biological properties, and mechanism of action [18]. This review aims to 
provide a comprehensive overview of the biosynthesis process of silver nanoparticles 
(Ag NPs) using various sources such as plant extracts, bacteria, fungi, viruses, and 
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actinomycetes. The potential of these agents as biological agents and their mecha-
nisms of action have been the subject of discussion [21].

2. AgNP synthesis methods

Various techniques are utilized in the production of silver nanoparticles, encom-
passing physical, chemical, and biological methods. It is noteworthy that every 
approach possesses its own set of merits and demerits. In the process of biogenic syn-
thesis of silver nanoparticles, the biological entity functions as a capping, reducing, or 
stabilizing agent, thereby facilitating the reduction of Ag+ to Ag0 [22]. In recent years, 
there has been a surge in the popularity of biological methods that rely on natural 
products derived from microorganisms and plants. This can be attributed to their low 
cost, high yields, and minimal toxicity to both the environment and human health 
[23]. The subsequent sections outline various techniques employed in the synthesis of 
silver nanoparticles.

2.1 Biological techniques

The manufacture of silver nanoparticles through physical and chemical means is a 
costly, protracted, and environmentally unfriendly process. Therefore, it is of utmost 
significance to devise a technique that is both ecologically and financially sustainable; 
the production method in question is devoid of hazardous chemicals [24] and circum-
vents the complications that arise from chemical and physical manufacturing tech-
niques. Biological techniques serve to address these lacunae and possess diverse utilities 
in healthcare administration by means of controlling diverse biological processes. 
Biological production techniques encompass the utilization of microorganisms such 
as fungi, bacteria, and yeasts, as well as botanical sources. The popularity of utilizing 
nanoparticles in medical applications is largely attributed to the sources cited.

According to reports, the utilization of microorganisms and plants for nanopar-
ticle production is a safe and cost-effective method that poses relatively lower envi-
ronmental risks compared to chemical synthesis [25, 26]. Furthermore, it has been 
observed that microorganisms and plants possess the capability to assimilate and 
amass inorganic metallic ions from their ambient milieu [27]. The production of silver 
nanoparticles through biological means primarily entails the utilization of microor-
ganisms and plant-based sources (Figure 1) [28].

2.2 Production in bacteria

A recent investigation was conducted to synthesize silver nanoparticles by means 
of reducing aqueous Ag + ions with the aid of culture supernatants derived from 
diverse bacterial strains. The expeditiousness of this methodology was exhibited, as 
the amalgamation of silver ions with the cellular filtrate resulted in the production 
of silver nanoparticles in a mere 5-minute timeframe. Additionally, the present study 
documented that piperine exhibited partial inhibition of the process of reducing Ag+ 
to metallic silver nanoparticles [29]. It is noteworthy that the nitro reduction activity 
exhibited by Enterobacteriaceae is impeded by the naturally occurring compound 
piperine. It is postulated that the process of bioreduction, which involves the conver-
sion of silver ions to silver nanoparticles, may experience partial hindrance due to the 
presence of various strains of Enterobacteriaceae, including Klebsiella pneumonia. 
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The optimization of silver nanoparticle production by Lactobacillus casei subspecies 
casei was investigated by Korbekandi et al. The study confirmed the bio-reductive 
synthesis of silver nanoparticles [30]. The study conducted by Liu and colleagues 
demonstrated the production of nanoparticles through the desiccation of Bacillus 
megaterium cells [31]. According to Das et al. a particular bacterial strain is used in 
the extracellular manufacture of silver nanoparticles. According to the study, the 
application of AgNO3 to Bacillus strain CS 11 led to the extracellular production of 
silver nanoparticles [32]. It was also reported that piperine exhibited partial inhibi-
tion of the reduction process of Ag + to form metallic silver nanoparticles [29]. 
It is interesting that the nitro reduction activity exhibited by Enterobacteriaceae 
is impeded by the naturally occurring compound piperitone. It is postulated that 
the process of bio-reduction, which involves the conversion of silver ions to silver 
nanoparticles, may experience partial inhibition due to the presence of various strains 
of Enterobacteriaceae, including Klebsiella pneumoniae. The optimization of silver 
nanoparticle production by Lactobacillus casei subspecies casei was investigated by 
Korbekandi et al. who confirmed the bio-reductive synthesis of silver nanoparticles 
[30]. The study conducted by Liu and colleagues demonstrated the generation of 
nanoparticles through the desiccation of Bacillus megaterium cells [31]. The extracel-
lular production of silver nanoparticles by a bacterial strain has been described by Das 
et al. The research findings indicate that the application of AgNO3 to Bacillus strain 
CS 11 led to the extracellular synthesis of silver nanoparticles [32].

2.3 Synthesis/production based on fungi

Diverse fungal species have been documented to participate in the synthesis of 
silver nanoparticles [33]. The rapidity of silver nanoparticle synthesis by fungi has 
been observed to be significant. The biosynthesis of silver nanoparticles by fungi has 
been a subject of study for numerous researchers [34]. A study has demonstrated 

Figure 1. 
Various biological approaches for the production of silver nanoparticles.
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the extracellular synthesis of spherical silver nanoparticles through the interaction 
between Fusarium solani and silver nitrate [35]. The biosynthesis of silver nanopar-
ticles by the Humicola sp. has been reported by Syed et al. The study demonstrated 
that the reduction of a precursor solution occurred through the interaction between 
Humicola sp. and Ag + ions, resulting in the production of extracellular nanoparticles 
[36]. The production of silver nanoparticles through bio-reduction of silver nitrate, 
induced by the extract of Pleurotus cornucopia, has been reported by Owaid et al. [37]. 
The biosynthesis of silver nanoparticles with antifungal properties was investigated 
by Xue et al. through the utilization of Arthroderma fulvum in an experimental 
setting [38]. According to Vigneshwaran et al.’s findings, the fungus Aspergillus flavus 
exhibited the accumulation of silver nanoparticles on its cell wall surface as a result of 
its interaction with a silver nitrate solution [39]. Additionally, Bhainsa and D’Souza 
conducted a study on the extracellular synthesis of silver nanoparticles utilizing 
Aspergillus fumigatus. The findings suggest that the amalgamation of silver ions and 
the cell filtrate resulted in the production of silver nanoparticles within a brief dura-
tion [40]. The utilization of Fusarium oxysporum leads to the extracellular synthesis 
of silver nanoparticles, which exhibit a size range of 5–50 nm [41]. Furthermore, 
the introduction of a silver nitrate solution to Phanerochaete chrysosporium mycelium 
resulted in the production of silver nanoparticles [42]. The bio-reductive synthesis of 
silver nanoparticles was demonstrated by Korbekandi et al. through the utilization of 
Fusarium oxysporum [43].

2.4 Synthesis/production in algae

The aforementioned methodology presents a viable alternative to conventional 
physical and chemical techniques for synthesizing nanoparticles, owing to its cost-
effectiveness and environmentally sustainable nature [44]. In addition, it has been 
observed that algae exhibit a significant ability to absorb metals. Observations have 
indicated that biological entities, such as marine algae, possess the ability to facilitate 
particular chemical reactions. The ability to perform this function is crucial for 
contemporary and pragmatic biosynthetic strategies [45]. According to a recent study 
utilizing algae extract, the alteration of hue from yellow to brown may serve as an 
indicator of the reduction of silver ions to silver nanoparticles. Furthermore, Rajesh 
Kumar et al. observed a significant deepening of the brown hue of silver nanoparti-
cles after 32 hours of incubation. This finding suggests a positive correlation between 
the duration of incubation and the intensity of the observed coloration [46]. The 
present study reports the synthesis of silver nanoparticles via reduction of aqueous 
solutions of silver nitrate, utilizing powder and solvent extracts of Padina pavonia. 
Moreover, the nanoparticles obtained exhibited notable stability, rapid formation 
kinetics, and diminutive dimensions [47]. The production of silver nanoparticles 
was reported by Salari et al. via bio-reduction of silver ions, which was induced by 
Spirogyra variants [48].

2.5 Synthesis/production in virus

The utilization of viruses for the production of artificial nanocrystals, including 
but not limited to cadmium sulfide, silicon dioxide, ferrous oxide, and zinc sulfide, 
represents a distinctive methodology. The investigation of methods for generat-
ing semiconductor nanoparticles, including zinc sulfide and cadmium sulfide, is 
currently a topic of great interest in the electronics industry and the field of green 
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chemistry. The employment of intact viruses in the synthesis of nanomaterials has 
been a topic of investigation for numerous years [49]. The extrinsic capsid protein 
of the virus serves a beneficial function in the creation of nanoparticles through 
the production of a metal ion-binding interface with notable reactivity [50]. At the 
exterior of the tobacco-mosaic virus [TMV], the total number of capsid proteins 
is 2130. Peptides possess the potential to serve as interlocking components for the 
construction or production of three-dimensional conduits intended for diverse 
medical applications [51]. The reduction in size of the synthesized nanoparticles 
was observed upon the addition of Au and Ag salts in moderate quantities to TMV, 
prior to the introduction of plant extracts from Nicotiana benthamiana or Hordeum 
vulgare. The augmented quantities of free nanoparticles observed at higher concen-
trations of tobacco mosaic virus (TMV) in comparison to the control group indicate 
a relatively modest production of the nanoparticles. The utilization of TMV as a 
biological template for the metallization of nanowires was also observed [52]. In 
contrast to a scenario without the virus, the existence of a pathogen not only resulted 
in a decrease in the length of biosynthesized nanoparticles but also significantly 
augmented their synthesis.

2.6 Synthesis/production in Actinomycetes

Actinomycetes exhibit the ability to produce both intracellular and extracellular 
nanoparticles through their metabolic processes. The process of intracellular syn-
thesis takes place at the mycelia surface as a result of electrostatic attraction between 
Ag + ions and the negatively charged carboxylate groups found in the enzyme located 
on the mycelia cell wall. Subsequently, the enzymes present in the cellular wall 
facilitate the reduction of Ag + ions, leading to the formation of silver nuclei. The 
aggregation of silver nuclei results in the generation of silver nanoparticles at the 
nanoscale level [53]. The process of synthesizing gold nanoparticles was carried out 
using Rhodococcus sp., which is a type of alkalotolerant Actinomycetes. The presence 
of nanoparticles on the Actinomycetes’ cell walls was confirmed by transmission elec-
tron microscopy (TEM) images, indicating that the nanoparticles were synthesized 
intracellularly [54]. It has been revealed that Rhodococcus NCIM 2891 can be used for 
the intracellular manufacture of silver nanoparticles [55]. After 72 hours of contact 
with HAuCl4, the previously yellow biomass of Streptomyces hygroscopicus changed 
pink, indicating the production of extracellular gold nanoparticles [56]. The produc-
tion of silver, manganese, and zinc nanoparticles by Streptomyces sp. HBUM171191 
was observed upon exposure of the wet biomass to the respective metal solutions. The 
alteration in hue of the biomass, transitioning from a light-yellow shade to brown, 
dark yellow, and dark yellow, respectively, is indicative of the synthesis of silver, 
manganese, and zinc nanoparticles [57]. The enzymatic processes associated with the 
nitrogen cycle have been identified as a potential mechanism for the extracellular bio-
synthesis of nanoparticles. It is possible that they could assume responsibility for the 
enzymatic reduction of metals through electron shuttle [58]. Thea-NADH-dependent 
nitrate reductase is a significant contributor to the process of reducing Ag + ions to 
silver nuclei. Actinomycetes were responsible for mediating the extracellular creation 
of nanoparticles by the use of Streptomyces glaucus71MD [59]. Within 12 hours, a 
pure culture of Streptomyces sp. ERI-3 was able to convert a colorless solution of 
silver nitrate to a color that was more reddish-brown [60], indicating the creation of 
silver nanoparticles.
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3. Biological applications of AgNPs

Because of their one-of-a-kind qualities, silver nanoparticles (AgNPs) have found 
widespread use in a variety of fields, including the healthcare sector, the food stor-
age business, as well as environmental and medicinal applications. There have been 
a number of reviews and book chapters written on the subject of the application of 
AgNPs in a variety of different fields. Antibacterial, antifungal, antiviral, antiinflam-
matory, anticancer, and antiangiogenic treatments are only a few of the biological and 
medicinal applications that we would like to highlight here using silver nanoparticles 
(AgNPs). In this article, we focused specifically on previously published seminal 
works, and we concluded with more current revisions. Figure 2 provides a diagram-
matic representation of a number of different applications utilizing AgNPs.

3.1 Anti-bacterial activity of AgNPs

Silver nanoparticles (AgNPs) have emerged as a potential substitute for anti-
biotics in combating bacterial infections, owing to their capacity to surmount the 
bacterial resistance that has developed against conventional antibiotics (Figure 3). 
Consequently, the development of silver nanoparticles (AgNPs) as antibacterial agents 
is deemed imperative. AgNPs exhibit potential as antibacterial agents owing to their 
crystallographic surface structure and large surface-to-volume ratios, among other 
promising nanomaterials. Sondi and Salopek-Sondi’s seminal study, as documented 
in [61], showcased the efficacy of AgNPs in combating Escherichia coli. The study 
revealed that the treatment of E. coli cells with AgNPs resulted in the accumulation of 
AgNPs in the cell wall and the formation of “pits” in the bacterial cell walls, ultimately 
leading to cell death. Additionally, the study demonstrated the antimicrobial proper-
ties of AgNPs. The antibacterial activity of smaller particles with a greater surface-to-
volume ratio was found to be more efficient than that of larger particles in the identical 
E. coli strain [62]. Moreover, it should be noted that the antibacterial efficacy of silver 
nanoparticles (AgNPs) is contingent not only on their size but also on their shape [63]. 
Silver nanoparticles (AgNPs) were produced using four distinct saccharides, resulting 
in an average size of 25 nm. The AgNPs exhibited notable antimicrobial and bacteri-
cidal properties against both Gram-positive and Gram-negative bacteria, including 
methicillin-resistant Staphylococcus aureus and other highly resistant strains. As 

Figure 2. 
AgNPs have a wide range of potential applications.
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previously noted, the efficiency of AgNPs is determined not only by their size but also 
by their shape, as they exhibit a shape-dependent interaction with the Gram-negative 
organism E. coli [64]. Additionally, a comprehensive investigation was conducted to 
assess the efficacy of silver nanoparticles (AgNPs) in combating yeast, E. coli, and 
Staphylococcus aureus antimicrobial activity. The findings indicate that yeast and E. 
coli exhibited complete growth inhibition at low concentrations of AgNPs, whereas a 
minor impact was observed in S. aureus [65]. The present study assessed AgNPs that 
were biologically synthesized from the culture supernatants of Klebsiella pneumoniae. 
The impact of Ag-NPs on the efficacy of different antibiotics, including penicillin 
G, amoxicillin, erythromycin, clindamycin, and vancomycin, was evaluated against 
Staphylococcus aureus and E. coli. The results indicated that the presence of Ag-NPs led 
to an increase in the effectiveness of the aforementioned antibiotics [66]. In com-
parison to silver nanoparticles, hydrogel-silver nanocomposites exhibited remarkable 
antibacterial efficacy against Escherichia coli. The composite of chitosan-Ag-nanoparti-
cle, synthesized in a single reaction vessel, exhibited superior antimicrobial properties 
compared to its constituent parts at equivalent concentrations. This can be attributed 
to the preferential formation of small AgNPs bound to the polymer during the one-
pot synthesis process, which allows for dispersion in media with a pH of 6.3 or lower 
[67]. The utilization of culture supernatants of Staphylococcus aureus for the biological 
synthesis of AgNPs resulted in noteworthy antimicrobial activity against methicillin-
resistant S. aureus, methicillin-resistant Staphylococcus epidermidis, and Streptococcus 
pyogenes. However, the antimicrobial activity against Salmonella typhi and Klebsiella 
pneumoniae was only moderate [68]. The present study investigated the cellular 
mechanisms underlying the induction of cell death by AgNPs in E. coli. Specifically, the 
study examined the leakage of reducing sugars and proteins as indicators of cell death. 
Moreover, it has been observed that AgNPs possess the ability to disrupt the perme-
ability of bacterial membranes by creating numerous pits and gaps. This suggests that 
AgNPs have the potential to impair the structural integrity of bacterial cell membranes 
[69]. The AgCHX complex consisting of silver nanocrystalline and chlorhexidine, 

Figure 3. 
A schematic representation of the mechanisms underlying the antibacterial activity of silver nanoparticles.
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exhibited potent antibacterial efficacy against a range of Gram-positive/negative 
bacterial strains and methicillin-resistant Staphylococcus aureus (MRSA) strains. The 
results indicate that the nanocrystalline Ag (III)CHX exhibited significantly lower 
minimal inhibitory concentrations (MICs) compared to the ligand (CHX), AgNO3, 
and the established benchmark. Silver sulfadiazine is a topical antimicrobial agent 
commonly used in the treatment of burns and other skin injuries [70].

3.2 Antiviral activity of AgNPs

Nanoparticles present a viable substitute to pharmaceuticals in the management 
and regulation of viral pathogen proliferation. The process of biosynthesizing silver 
nanoparticles has the potential to yield highly effective antiviral agents that can 
effectively impede the functions of viruses. The bio-silver nanoparticles were investi-
gated by Suriyakalaa et al. for their anti-HIV properties during the initial phase of the 
reverse transcription process, yielding compelling results [71]. Metallic nanoparticles 
synthesized through biosynthesis possess numerous binding sites for gp120 present in 
the viral membrane, thereby regulating the virus’s functionality. According to another 
study, bio-based nanoparticles have been found to be efficient virucidal agents against 
both free HIV and cell-associated virus [72]. Studies have shown that silver nanopar-
ticles exhibit antiviral properties against HIV-1 at concentrations that do not cause 
harm to cells. The present study aimed to assess the mechanism of antiviral activity of 
silver nanoparticles against HIV-1 through a range of in vitro assays [73]. According 
to a different study, the monkeypox virus was resistant to the antiviral effects of silver 
nanoparticles with or without a polysaccharide covering. The present investigation 
has revealed that silver nanoparticles exhibit significant inhibitory effects against 
monkeypox virus infection in vitro [74].

Pre-exposure of Tacaribe virus to silver nanoparticles was found to enhance the 
virus’s cellular uptake in host cells. The observation was made that the introduc-
tion of silver treatment resulted in a noteworthy decrease in the production of viral 
RNA. This discovery serves as evidence that silver nanoparticles possess the ability 
to impede the infection of arenavirus in vitro [75]. According to a recent study, it was 
found that out of the three types of silver nanoparticle-MHCs that were tested, Ag30-
MHCs exhibited the most effective viral inactivation [76].

3.3 Antifungal activity of AgNPs

The antifungal properties of silver nanoparticles have been demonstrated 
against various fungal species [77, 78]; however, the underlying mechanism 
remains incompletely comprehended. The presence of silver nanoparticles has 
been observed to disrupt the integrity of the cellular membrane structure. The 
suggested mechanism for the antifungal activity of silver nanoparticles against 
Candida albicans species involves the inhibition of the budding process and dam-
age to the membrane integrity [79]. The present investigation employed nano-Ag 
sepiolite fibers that contained monodispersed silver nanoparticles as the silver 
source to examine their antibacterial and antifungal properties. Soda with a low 
melting point. The incorporation of nanoparticles into lime glass powder resulted 
in favorable antibacterial and antifungal properties [80]. According to a study, 
the combination of fluconazole and silver nanoparticles exhibited the most sig-
nificant inhibition against Candida albicans. The present investigation employed 
Alternaria alternata fungus for the purpose of extracellular biosynthesis of silver 
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nanoparticles [81]. The study determined that the growth of fungi was signifi-
cantly reduced by the presence of silver nanoparticles at concentrations ranging 
from 30 to 200 mg/L [82]. Additionally, the supernatant of the GP-23 strain 
was utilized in the production of silver nanoparticles, which exhibited potent 
antifungal properties [83]. The utilization of Trichoderma harzianum cell filtrate 
was employed in the synthesis of silver nanoparticles, yielding their production 
in a mere 3 hours. Subsequent analysis via TEM revealed the presence of both 
ellipsoid and spherical nanoparticles, with a size range spanning from 19 to 63 nm 
and an average size of 34.77 nm [84]. According to Jalal et al.’s findings through 
transmission electron microscopy analysis, the application of silver nanoparticles 
on Candida cells led to a significant distortion of the cellular structure. Moreover, 
the augmentation of cell contraction was observed as a result of the interaction 
between nanoparticles and the fungal cell wall and membrane. The observed 
outcome was the disruption of the cellular membrane structure, which impeded 
the typical budding process as a result of compromised membrane integrity and 
damage [85]. In their study, Jalal et al. demonstrated the antimicrobial properties 
of silver nanoparticles derived from Syzygium cumini against Candida species. The 
authors concluded that these nanoparticles possess the ability to inhibit the pro-
liferation, germ tube, and biofilm formation, as well as the secretion of hydrolytic 
enzymes by Candida species [86].

3.4 Antiparasitic action of AgNPs

The larvicidal properties of silver nanoparticles against Aedes aegypti [87] and 
Culex quinquefasciatus, which are dengue vectors, have been identified. A study 
was conducted by Allahverdiyev et al. to assess the impact of silver nanoparticles on 
the biological parameters of Leishmania tropica. The findings of this investigation 
have substantiated the antileishmanial properties of silver nanoparticles, which can 
be attributed to their ability to impede the proliferation activity of promastigotes. 
Additionally, it was observed that silver nanoparticles exhibited the ability to impede 
the viability of amastigotes within host cells, and this phenomenon was augmented 
by the existence of ultraviolet radiation [88]. The antiparasitic activity of silver and 
copper nanoparticles synthesized by Saad et al. was investigated. The results indi-
cated that the viability of Cryptosporidium parvum oocysts was significantly reduced 
by silver nanoparticles. The results indicate that silver nanoparticles exhibited notable 
efficacy and safety in combatting parasitic infections caused by Entamoeba histolytica 
and Cryptosporidium parvum [89].

3.5 Antifouling action of AgNPs

Biofouling represents a significant obstacle encountered by the water industry 
and public health. The efficacy of silver nanoparticles derived from the Rhizopus 
oryzae fungal species has been evaluated for the remediation of water contaminated 
with pollutants. The utilization of Lactobacillus fermentum cells in the production 
of silver nanoparticles has been observed to effectively regulate biofilm formation. 
Additionally, the antifouling characteristics of these nanoparticles have been verified. 
In addition, silver nanoparticles have been utilized in various environmental applica-
tions, including but not limited to air, water, and surface disinfection [90]. A recent 
investigation has indicated that the direct application of silver nanoparticle coatings 
onto ecologically sound surfaces can lead to a proficient control of biofouling [91].
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3.6 Antibiofilm activity

In contemporary times, silver nanoparticles have emerged as a potential agent for 
impeding biofilm formation. However, the precise mechanism underlying the inhibi-
tory effect of silver nanoparticles remains elusive. The classification of antibiofilm 
strategies was conducted by Chen et al. who identified two distinct categories: (i) 
interventions that specifically impede the formation of biofilms and (ii) the utiliza-
tion of modified biomaterials in biomedical devices to prevent and resist biofilm 
formation [92]. Prior studies have corroborated novel methodologies for surface 
modification of biomedical apparatuses with the aim of impeding microbial attach-
ment, adhesion, and proliferation [93]. The present investigation examined the 
antibiofilm efficacy of silver nanoparticles against multidrug-resistant Gram-negative 
bacterial isolates, and it was found that they successfully inhibited biofilm forma-
tion [94]. Martinez-Gutierrez et al. drew the conclusion that silver nanoparticles 
effectively hindered the formation of biofilms and exhibited bactericidal properties 
against established biofilms based on their research findings [95].

A study was conducted by Palanisamy et al. to investigate the impact of silver 
nanoparticles on biofilm formation. The study exhibited that the silver nanoparticles 
effectively hindered the development of biofilms in antibiotic-resistant strains [96]. A 
recent study was conducted to assess the interaction between silver nanoparticles and 
Pseudomonas putida biofilms. The study demonstrated that the utilization of silver 
nanoparticles effectively inhibited the formation of biofilms [97]. The antibiofilm 
activity of silver nanoparticles against biofilms created by Pseudomonas aeruginosa 
and Staphylococcus epidermidis was examined by Kalishwaralal et al. The applica-
tion of silver nanoparticles on these organisms resulted in the suppression of biofilm 
formation [98]. Mohanty et al. conducted a study to assess the antibacterial efficacy 
of silver nanoparticles against a range of human pathogens.

4. Conclusion

The broad spectrum of applications of silver nanoparticles, including their use as 
antimicrobial and antitumor agents, as well as in food packaging, agriculture, and health-
care, positions them as a crucial component in health management. Moreover, it is widely 
recognized that the majority of practical applications of antibiotics demonstrate resis-
tance, resulting in a lack of efficacy. Therefore, the presence of bacteria that form biofilms 
poses a significant issue. The issue of antibiotic resistance has garnered heightened global 
attention, leading to a focus on alternative treatment approaches. The potential employ-
ment of silver nanoparticles and the surface coating or impregnation of nanomaterials are 
among the alternative strategies that can be utilized as antibiofilm agents. Furthermore, 
silver nanoparticles have been extensively researched and employed in the treatment 
of diverse ailments, encompassing cancer, wound healing, dental implants, and other 
therapeutic interventions that involve the modulation of biological activities. Through 
increased comprehension and advanced technological capabilities, the utilization of these 
innovative particles within the medical field will establish a standardized framework for 
preventing and treating multidrug resistance and biofilm pathogens.
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Chapter 10

Bioengineered Nanoparticle and
Environmental Particulate Matter
Toxicity: Mechanisms, Regulations
and Applications
Hemant Sarin

Abstract

Bioengineered nanoparticles, and the inorganic fume agglomerates and detritus
mineral ores include soft and hard particulates that differ in size distribution, surface
properties and metabolites, and in dissolution kinetics. The subtypes of detritus-class
microparticulates include the polyhedrally-bonded and ionic mineral- containing,
inaddition to the other transition metal -oxide or -silicon oxide forms. Exposure to
particle cumuli and any effect modifiers will result in the particulate matter-related
disease. The initial observations on exposure-related effects of incompletely
combusted products, while the remainder of earlier evidence on the association stems
from epidemiologic studies. Both native and combustion composition particulates are
associated with pathology, chemically synthesized nanoparticles have been designed
for capillary type interstitium-pore selective passive theranostic applicability and
high-affinity targeted binding to cell surface proteins with the aim of exterior bio-
compatibility. In this chapter, the existing knowledge on methodologies for in vitro
characterization of particulate matter, systemic biodistribution modeling of pharma-
codynamic toxicokinetics and assessment of small molecule chemoxenobiotics effi-
cacy, determination of environmental particulate matter exposure-related causation,
standards for air sampling and exposure limits, surveillance monitoring and imple-
mentation of bioengineering controls, is covered.

Keywords: transition metals, mixtures, dissolution, genomics, energetics, bond
structure, hard nanoparticle, soft nanoparticle, mutagen, epidemiology, surveillance,
hierarchy of controls, imaging, targeting, pharmacokinetic modeling, In silico,
permeability

1. Introduction

Particulates span bioengineered nanoparticles (NP) to geologic detri and fume
agglomerates, and either soft nanoparticles or hard particulates with distinct dissolu-
tion barrier energetics [1, 2] and forms of toxicity [3]. These types of nanoparticles
include colloidal such as carbon black and soot [4]. Beryllium and transition metal
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oxide agglomerates or aggregates [5], or unionized gold or silver colloidal
nanoparticles with the oxidized electrophilic surface [6], shell-coated, aminosilane
ionic coat on shell surface modification [7], and PEGylated with covalently-bound
etheroylated isophilic repeating unit chain to coat [8]. Size distribution is between
nanometers [9] to microns; composition, size, aspect and surface properties [10] are
associated with particulate matter exposure-related toxicity [8, 11], which includes
the nuisance dusts [12]. The initial observations on exposure-related effects of incom-
pletely combusted products begin in 1775 with those of Percivall Pott on the soot
composition being carcinogenic in chimney sweeps [13] as the initial cross-sectional
study. The remainder of the evidence on association and causality subsequent to is by
the application of non-parametric statistical methods, and is from the epidemiologic
studies, both case-control with comparative groups and retrospective or prospective
cohort [14].

Particulate toxicity can be studied at the single cell level, in experimental small
animal subjects and by time-weighted average (TWA) air sampling-coupled to func-
tional assessments of exposed persons, which is by air sampling with filter-threshold
devices or flow density separation elutriation [15, 16], and study of nanoparticulate
matter particle size distributions adsorbed on grids or of the sub-cellular morphology
with electron diffraction imaging (TEM) [17], or by detection of size differences in
solution with dynamic-light scattering (DLS) [18], and enhanced dark field micros-
copy (EDFM) with hyperspectral imaging (HSI) for accurate detection of sampled less
dense NPs on filters (i.e. MCE) [19]. Isolation can be also be by specimen digestion
and particle fractionation with detection at 10�12 M concentration resolution [20],
and nanoparticle properties characterization is coupled to toxicity assessments at
single cell molecular scale resolution; and in this day combined to high-sensitivity
study of gene expression by quantitative PCR (qPCR), RNA sequencing, and epige-
netic changes by bisulfite genomics imaging [21].

The d-orbital block detritus minerals between Group 3 – Group 12 are the transi-
tion metals with polyhedral bonding configuration to Group 16 nonmetals, and the
subtypes of dichotomous earth particulates include the inosilicates such as Silicon
dioxide (SiO2) or partial oxidation state ideal ores such as Copper ore (Cu12As4S13)
with polyhedral bond configuration crystal lattice structures determinable by X-ray
diffraction [22], inaddition to the asbestos classes of ionic minerals-containing rock
with silica-based ionic composition; and there are also the other non-crystalline struc-
ture oxides such as the synthetic amorphous and biogenic silicates. There are several
compositions of ore lithificates, and regional contamination secondary to industrial
processes.

Inaddition to the naturally-occurring detritus particulates, there are the
combustion-generated particulate oxides that agglomerate over time [23] with
increased particle size with lower degradability and increased toxicity risk, and the
chemically-synthesized monodisperse Zinc (II)- or Cadmium (II)- based transition
metal-nonmetal (Se2�, S2�) semi-conductor materials that are valence-conduction
band gap size-tunable for variable wavelength emission properties with applicability
to electronic systems [24]. The hard NPs, ferrous or ferric iron oxides (FeO, Fe2O3)
have been utilized for supraparamagnetic MRI (T2W) [25] and cell tracking by trans-
fection loading [26]; whereas the others, soft nanoparticles, with the classic four-
electron C-atom bonding arrangement and exterior biocompatibility are within lipo-
somal phospholipid encapsulation and in dendritic forms with diaminobutane cores
that are utilized for biomedical application small molecule chemoxenobiotic enhanced
permeation and retention (EPR). Toxicities include immediate systemic inflammatory
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response and hypersensitivity with earlier formulations, immunogenic sensitization
with repeated administrations that also applies to nervous tissue treatments [27],
while biodistribution to reticuloendothelial cell-containing tissues also limits
efficacy [28].

Both hard and soft matter are in the inhalable size range (1–100 μm) [29], and
result in risk of direct toxicity through air, water or food, and waste bioaccumulates to
environment including plastics. In this chapter, the current day principles on
bioengineered NP and environmental particulate matter exposure-related pathology
causation, particulates molecular structure and cell biomolecular pathways activation,
regulatory standards for exposure limits, industrial hygiene and cell responses to the
potential for either immediate or delayed cellular toxicity are presented.

2. Particulates, aerosols and droplets and respiratory tree deposition

Nano-sized particulates (NPs), agglomerated nano- or micro-nanoparticles, can be
defined as nanometer (nm) to micron size agglomerates with nanoparticle size in one
dimension (1-D) being ≤100 nm, while particulate or agglomerate structural irregu-
larity necessitates characterization by aerodynamic size with adjustment for air flow
effects inhomogeneity in real conditions. The inhalable size range of particles,
agglomerates and large aerosols includes Zika virus (45 nm, single), smoke (400–
700 nm), bacterium (1–5 μm), dust particle (2.5 μm), cells (RBC, 8 μm), pollen
(15 μm) and extends into droplets (> 100 μm), Table 1. Detritus minerals and
particulates. Fine particles are the 2 nm to 2 μm size range of nanoparticulates includ-
ing atmospheric aerosols with several different molecules that are found in association
include sulfate (SO4

2�), carbon (soot), lead, ammonium (NH4
+), As, Se and protons

(H+); and coarse particles constitute the 2 μm to 100 μm interval of nanoparticulates
with iron, calcium, titanium, magnesium, potassium, phosphate (PO4

2�), silicon,
aluminum and organic (i.e. pollen and plant matter). The formation of droplets in tri-
modal distributions results from volatile gas to hot vapor and condensation upon
cooling to primary particles and chain aggregates (�5 nm – 100 nm) [51], or gas
chemical conversion to low volatility vapor, nucleation and condensation growth of
aggregated nuclei into the larger droplet forms with coagulation (50 nm – 8 μm),
while the mechanically-generated aerosol range (1–90 μm) is for combination aerosol
particulates with emissions, dust, volcano ash and plant matter; with formation, the
weighted increase in size results in rainout or sedimentation depending on size range,
and the 90 nm to 2 micron range is known as the accumulation range.

The human respiratory tree accommodates a certain size range of particulate
agglomerates in the breathing zone [29], and the particle aerodynamic equivalent
diameter (Dae) is the diameter of a sphere with same falling velocity (Da) corrected
for particle density (ρ). Based on the initial studies on human exposure to Amosite
(A), Crocidolite (CR) or Chrysotile (CH) asbestos or glass (G) fibers, sampled and
measured by the aerosol spectrometer [52], i) the fiber length/fiber diameter (aspect
ratio) becomes independent of the aerodynamic equivalent diameter (Dae, De)/fiber
diameter ratio at aspect ratios greater than around 10: 1 and suggests that the width
becomes the primary determinant of deposition, where De/Df follows a fractional
base-variable power function as particle diameters do not increase much for lengthier
fibers; and ii) the equivalent diameter to fiber diameter relationship for three of the
four fiber types is non-linear and weighted towards the equivalent diameter (A, CR,
G) over the actual diameter (3.5 μm, 3 μm, 2.5 μm) but less weighted to the same in
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case of the Chrysotile fiber type. Thus, i) the falling velocity of aspected fiber particle
agglomerates is predictable mostly by the particulate equivalent fiber diameter (De)
that is inclusive of internal voids present in fiber aggregates; ii) particulates that
possess minimal diameters are not subject to sedimentation or inertial impaction in
the upper airway, and due to width dimension-weighting result in deep deposition
within the respiratory tree [52]; and iii) particulate interception occurs within the
respiratory tree for compact particles of different equivalent diameters than aspected
particles of different lengths with earlier stage penetration within the respiratory tree
for compact large size particulates, i.e. > 10 microns.

Based on review of studies 1969–1974, an inhalable particulate (IP) is defined as
being ≤15 microns, and at between 2 and 3.5 microns is considered the limit by the
ACGIH based on aerodynamic equivalent diameter [51] with the diameter being at
2.5 to 3.5 microns in maximal alveolar tissue accretion, and at 50% human airway
penetration efficiency (PTB, PET), agglomerate particle size is at 15 microns at
normal flow during light exercise [29]. In the same study, the deposition of larger
particles by impaction at either the laryngeal or tracheobronchial region is best-fitted
by a non-linear model with co-variables, aerodynamic diameter (da), inspiratory
flow rate (Qtotal), tidal volume (VT), and a gender- and age- category-specific scaling
factor (SFt), which models the deposition efficiency for a range of particle sizes and
shows a higher deposition efficiency in the tracheobronchial (TB) region for a particle
of the same size consistent with the findings of, 70%, PTB (tracheobronchial) versus 50%,
PET (laryngeal).

3. Particulates characterization by shape, irregularity and charge in flow
conditions

The Knudsen (Kn) variable is the mean free path length (λ, distance) to particle
physical diameter (d) ratio, Kn > 0.01 < 10; and the slip correction for frictional drag
velocity is a reciprocal function of the Knudsen variable [53]. The aerodynamic diam-
eter, Dae, to Kn flow regime transition relationship applies to non-homogenous air
viscosity in flow conditions [16]; and the direct particle density (ρp) to dynamic shape
factor (Χ) relationship (ρp/Χ) is applied to normalize the volume equivalent diameter
(dve). Inaddition to particle morphology and density, the other independent
variables for elutriator filtering are particle flow and charge, and include the Millikan
apparatus [16].

Certain relationships are known: i) the volume equivalent diameter (dve) is the
flow voids-adjusted mass equivalent diameter (dme �δ) to shape factor adjusted for
standard density; ii) aerodynamic diameter (dae, da) is the shape increases with
increasing particle density and the diameter with electrical charge (dm) is larger than
the da; iii) particle density (ρp) increases semi-exponentially with the dynamic shape
factor, X, which is for irregular particles with no flow voids [16]; and iv) the ratio of
the da to dve (da/dve) increases between continuum and free molecule air flow types
(transition regime) for particulates with shape factor-normalized particulate den-
sity > 1 (ρp/X � ρ0; ρ0, 1.0 g/cm3) ratios, and it decreases in transition flow for
particulates with <1 density. The electrical mobility diameter (dm) is greater than the
volume equivalent diameter (dve) for internal void-containing particles, irregular
non-sphere and aggregate particulates with voids in-between.

As per the above discussion, i) for less irregular particulates (X < 1) there is a
smaller aerodynamic diameter as per a decrease in the da/dve ratio over the flow
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regime Knudsen-Weber (Kn) path length (λ), and there is an increase in the
aerodynamic diameter with more shape irregularity (X > 1). In Ref. to the effective
particle density (ρeff

II) defined as the measured particle mass (mp) divided by (i.e.
normalized to) 0.125 π-adjusted spherical volume (dm

3), the relationship between the
internal flow voids-adjusted particle density (ρp) and the dynamic shape factor is ρp/
X, in which case an inverse relationship holds between the particle dynamic shape
factor and effective particle density [15], where particle density is considered constant
(k). There is also a relationship between the electrical mobility diameter (dm) and the
particle shape with the dm increased with more particulate matter irregularity (X,
dynamic shape factor > 1–2.5) [15], which is consistent with aggregation or agglom-
eration via ionic or non-ionic colloidal interactions, and in which case, there is an
infra-log linear (saturable) increase in particles diameter (dp) with increasing particle
number (Npp) consistent with overlapping of particles in aggregates (in solution) and
agglomerates (upon condensation).

As there are lesser than expected boundary effects in the gaseous medium, there is
an altered frictional drag (Fd) relation, the Navier-Stokes function with variables,
coefficient of viscosity (η) and velocity of spherical particle (Rv) is modified [53],
where a correction factor is applied for air velocity slip due to a lower Fd in real air
flow. For imperfectly spherical nanoparticulates, the determination of particle aero-
dynamic equivalent diameter (Dae) is based on the baseline normalized measure, the
particle density to standard density ratio (Pp/Po; g/cm

3 fract) [16]; the effective
dynamic shape factor (Χ’; Fp/Fme) for particle is the ratio of the resistance (drag) force
of the actual particle to that of its mass equivalent diameter (dme), which is the
diameter for a non-spherical irregular particle un-adjusted for internal flow voids as
compared to the volume equivalent diameter (dVE); and the fraction of internal voids
correction factor (δ) is for particulates that possess internal voids and/or exterior
irregularity with voids. Furthermore, the determined effective agglomerate diameter
of irregularly shaped nanoparticles follows a non-linear relationship for its impaction
along the respiratory tree during normal inspiratory flow of 30 liters per minute.

Inaddition to the direct relationships between particle size and settling velocity
(Vs) or sedimentation time (ts), relative humidity and hydration-based exponential
growth, several other aspects have been further characterized by study of virus aero-
sols and droplets with particle number and volume size concentration and emission
small and large particle distribution (B1, B2; Q1, Q2 > 5 μm) comparison modeling of
pore size threshold limits of facial PPE (fitted masks) to larger diameter particles [54],
which build on earlier works on determining of flow void- adjusted aerodynamic
equivalent diameters (Dae) from mass equivalent (Dme) of a 0.125x volume spherical
particle as reference.

4. Particulate matter dissolution properties and solution percolation
through detritus

The atom arrangement of the dichotomous earth metal oxide morphs is polyhe-
dral, defined by the number faces of the metal (Titanium, 22Ti) or metalloid (Silicon,
14Si) and oxygen (8O) bonding, and the configuration forms for TiO2 are anatase
metastable octahedral (6 Ti, 9 O, 1, Ti, 6, 9) or rutile stable tetrahedral (8 Ti, 6 O) with
differences in atom bonding ratios. The crystalline forms of oxides possess some shape
asymmetry-related two-dimensional aspect (2-D, x, width, y, length), an example of
which includes rutile titania and α-quartz silica (crystalline SiO2). The solubility of the
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transition metal oxides varies over a range, and is measured as absolute dissolution in
moles of solute per liter (M) or fractional solubility (Log S). For amorphous Silica
(aSiO2), Magnesium Oxide (MgO) and Ceria (III; Ce2O3), the solubility amount is
1.6e-03 - 1.6e-06 M (high solubility); the solubility of that of TiO2, CuO and Fe2O3 is
1.0e-09 - 4.0e-12 M (low solubility); and solubility of Al2O3 and Nb2O3 is intermediate
at around 1.6e-08 – 2.5e-08 molar [37] as compared to sodium chloride (NaCl) as an
example of alkali metal halogen molecule with equivalents with a solubility of around
6.1 molar.

There are certain relationships in the solubility differences between polymorphs,
crystalline and amorphous [2] based on dissolution properties of the crystalline
(Rutile) and amorphous forms (synthetic) as in Titania particulates; it is a two phase
dissolution, early with a steep decrease in rate of dissolution, and less of a decrease in
second phase of the dissolving process. The dissolution kinetics of hard particulates
are dependent on free energetics (�Gcritical, α) with a decrease the critical G threshold
(less negative) that favors the process with a decrease in interfacial energy (α2),
specific volume (ω), and/or increase in temperature (T), in addition to solution
electrolyte saturation (1 – σ). As the degree of electrolyte undersaturation (σ)
increases, there is lower solution saturation, and the rate of dissolution increases, but
the dissolution of all forms of hard nanoparticles, as compared to ionic particulates, is
slow, with the rate constant on the order of 6 nmol per m2 per sec due to the presence
of the solute-solvent interaction energy barrier, a.k.a. surface tension, as the primary
variable (Appendix IV. End of chapter educational objectives exercise – Particulate
matter toxicity). Particle solubility can also be related by its partition coefficient
(+Log P, �Log P), and its entropy of defusion as the temperature (T) � product
parameter in the Gibb’s law relationship in which fractional solubility (Log S) is
favored for solutes with a lower melting point (MP) [55] as per Gibbs free energetics.
Therefore, there is experimentally-determined indifference in solvation rates between
amorphous and para-crystalline forms related to solution desaturation, in which case
electrolyte saturation favors regrowth and supports the bio-persistence of both syn-
thetic and harder polyhedrally-bonded particulate matter.

There is the Dreiding potential for the van der Waals (vdW) forces between
molecules (Evdw), intramolecular electrostatic attractions and repulsions between
atoms of a molecule (EQ) and also intramolecular hydrogen bond energies (EHB) in
between molecule atoms, which is represented in summation form, although the three
functions themselves are non-linear. In the example of aSiO2 and cTiO2, as to the latter
two energies (EQ, EHB), the inter-molecular ionic bond breakage energy is 0.9 J � m�2

[1] for the crystalline particulate and is 1 J � m�2 for the amorphous particulate, and is
similar for both as it is the aggregate-to-aggregate interaction energy. The intramo-
lecular (internal) oxide bond cleavage energy difference for the crystalline and amor-
phous particulates is 10 J � m�2 for the crystalline particulate but is 4 J � m�2 for the
amorphous particulate, and is 2.5x for the polyhedral bond configuration of the crys-
talline rutile [1], which has closer transition element d-orbital lattice spacing than the
anatase form. The surface adsorbate-dipalmitoylphosphatidylcholine (DPPC) interac-
tion vWV energy is 0.2 J � m�2 for amorphous silica and 0.05 J � m�2; and is 1/20th of
that of the bulk cleavage energy for amorphous SiO2 and 1/200th of the cleavage
energy for crystalline TiO2, also as per the decreased bond length polyhedral bond
structure.

Variables apply to water diffusion and also to the diffusion of water-dissolved
solutes through a matrix, also known as percolation (Appendix IV). The diffusivity of
the test substance though the matrix that can be normalized to its free diffusivity
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(D0), and the experimentally-determined relationship for diffusion is modelable as an
exponential decay function with a respective decrease and increase in solution
diffusability with effective molecule size (a) and matrix pore size (rm) [56]. In the
modeling of the relationship percolate diffusability through porous media or matrix,
there are differences in relationship between percolate (p) permeability or
diffusability (D(p)/D0) and matrix porosity (φ)-normalized diffusability of water
content through the matrix (Ds (θ) / Ds (φ, phi)). There are both lesser and greater
slope, linear and non-linear approximation, fits between solution diffusability and
matrix volumetric water content (θ range, 0.0–0.5 a.u.) with cross-overs (θX), 0.0–
0.08 (linear fit model), 0.08–0.145 (non-linear fit), 0.145–0.155 (linear fit) and 0.155–
0.195 (non-linear fit) [57]. Thus, the intervals of the quasi-linear and -exponential
relationship are modelable by the power law with different base (x-axis) and expo-
nent (slope) variables in which percolation (p) is related by the fraction of occupied
bonds during filtering flow and the irregular or regular lattice pore filter threshold at
critical bond occupation probability (p - pc, Δ p) to the power law rule variable (t or q)
[58] in which a decrease or increase in diffusion is modelable with q < 1 (infra-linear)
or with a q > 1 (supra-linear), while an indirect (inverse) linear relationship between
pore ionic interaction coordination number (Z) and critical percolation threshold limit
(pc) exists in three-dimensional systems.

5. Bioengineered particulates

The particulates include the nano-sized small molecule amphiphile-coated iron
oxides (8.9–16 nm), the size tunable wavelength-emission quantum dots (5–18 nm),
i.e. CdSe interior, ZnS shell � RGD-Lys, and proteolytically-degradable protein-
aggregate suspension xenobiotic forms such as Abraxane (130 nm), or liposomal
formulations of the same [59], size range 100–300 nm to 580 nm [60], with sustained
drug release kinetics for biomedical applications and in in vivo circulation or as lower
distribution size fractions (Table 2. Bioengineered nanoparticles). Engineered parti-
cles have increased surface area with capacity of exterior surface polyvalency by
covalent bound formation to free exterior terminal groups such as amine- or carboxyl-
with 2x exterior terminal groups per nth dendrimer generation and potential for
conjugation by covalent linkages; and in addition to the Neocarzinostatin poly(-
styrene-co-maleic acid) conjugate (SMANCS) [78], the soft nanoparticles include
dendrimers and poly-(lactic-co-glycolic acid) (PLGA) in monodisperse size distribu-
tions within the NP size range [71], and also include the emulsion- and liposome-
based that are approved for human use [70]. By covalent linkage of high-MW poly-
ethylene glycol (PEG) for stealth properties, biocompatibility and blood plasma half-
life are improved with a shift to either hepatic and/or splenic RES sequestration [8, 9,
70, 91]; and while soft nanoparticle size and exterior percent conjugation can be tuned
by divergent synthesis in comparison the non-covalent type by affinity matching for
functionalizing of emulsion- or inclusion-type nanoparticle phospholipid head groups,
and emulsion polymerization in case of reactive end group types (i.e. cyano-acrylate
monomer).

Generation of uniform distributions of hard nanoparticles is by either bottom-up
methods such as by chemical reduction and molecular condensation of multi-atom
nuclei [6], or by top-down bulk mechanical milling for example [92]. In addition to
the growth of polymorph-bonded atoms, further coating of the surface layer (shell) is
required for exterior biocompatibility such as for quantum dots [8, 9], iron oxide [7],
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silicon dioxide [87, 88], emulsion and colloid type [88]. The size and shape of hard
nanoparticles can be further modified by differing reaction times, concentration, and
via thermal decomposition [83] followed by encapsulation of dispersed monomeric
particles by surfactant addition and sonication with resultant droplet formation
containing magnetite particles (Fe3O4) as an example of methods applicable for high
MW PEG-stealthing of simple phospholipid bilayer liposomes with interior hydro-
philic contents [70]. Functionalization of nanoparticles is by surface layer and con-
densation reaction such in synthesis of silane coat-bonded PEG on SiO2 encapsulated
Magnetite cores (Fe3O4) [83], or by the ethero-isophilicity of the exterior surface PEG
portion of the dialkene (i.e. 15-C) diphosphorylo- group covalently bound to PEG for
shift from renal clearance [74, 75] and stealth property to limit opsonization [76]; the
interaction with the SWCNT itself is non-covalent with the alkane part molecule with
similar apolarity affinity for the SWCNT wall with dimensional aspect and a + Log P
lipophilicity. The degradation of the covalent linkage is hydrolytic time constant
dependent for the dendritic conjugates, it could be that earlier disassociation of the
two portions of the similar partition coefficient (P) results in SWCNT nanoparticle
opsonization and splenic accumulation, and the free alkyl chain phosphorylo-PEG
portion could result in delayed sensitivity by B-lymphocyte IgM, IgG or IgA immu-
noglobulin response. The less biocompatible polymers include the more hydrophobic,
and large diameter hexagonal polymers such as 6�(PEG4-erythritol) phenyl group type
([82], Table 2) that instead have applications in matrix fabrication, and the polyvinyl
chloride (PVC) PEG proportioned crystalline-amorphous composites that have lower
transition, melting temperatures (Tm, DSC) [93] and are more deformable than PVC
with uses in plastics.

5.1 Dendrimers

The sub-classes of dendrimers include amido-amino dendrimers with core ethyl-
ene diamine, (EDA) and diaminobutane (DAB) with amine, carboxyl, hydroxyl or
polyethylene glycol (PEG) terminal groups, Table 2). Naked heavy metal dye-stained
PAMAM dendrimers range in between 1.9 (G1) – 9.8 (G8) nanometers, and with
DPTA-/DOTA-chelate functionalization range in between 12.7 � 0.7 and 13 � 1.4 nm
(Gd-G8; Rh-, Gd-G8) with the number of Gd at 350 atoms per dendrimer (Gd-G8).
Inaddition to the monodispersity and narrow size distribution as evident with (Nan)
phospho-Tungstate staining by catanionic affinity [17], terminal PAMAM group syn-
thesis is an applicable property as it results in polar molecular anisotropy for DNA van
der Waals (vdW) ionic affinity; as result, it is neutral surface nucleic acid transfection
by electropolation [61]. The naphtha-sulfonate functionalized Lysine amino acid-
based G4 dendrimer [62], BHA.Lys15Lys16(NHCOCH2O)1-(3,6-naphth(SO3Na)32
(BHA = benzhydrylamin), MW 16.6 kDa, is an applied gel sol barrier cream with
overall neutral surface and low risk for nanotoxicity; and most recent, there is a
polyfunctional group inseries dendrimer hydrogel with internal PEG linker
(oxyethanen) and hydrolysis-sensitive ester linkage for improved degradability and
less toxicity [63].

The surface anionic PAMAM dendrimers are the half-generations (-COO�: G1.5,
n = 16; G3.5, 12.9 kDa, 5.2 nm; G5.5, 52 kDa, 7.9 nm), and by small angle scattering
(i.e. SANS) are spherical shape in deionized solution with low polydispersity (PDI);
and there are certain surface physical interaction properties that are associated with
anionic macromolecule tissue deposition: i) Caveolin-1-associated protein (AP)-
mediated endocytic uptake component exists at higher concentration (0.13 μM) since
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there is lung tissue deposition at lower concentration (0.020 μM) for example in the
case of AT1-like alveolar cell/macrophage; and ii) inter-epithelial cellular permeability
decreases with increasing half-dendrimer generation between 7.9 nm and 9 nm (-
FITC-anionic dextran-70 kDa) due to the junctional complex pore size threshold. A
cationic or anionic exterior results in interactions with cell surface receptors or chan-
nels with varying affinity, and also results in uptake via internalization mechanisms
by non-linear rate kinetics at binding, which is evident by the less than expected blood
serum half-live (t1/2) to plasma/cell surface interaction as in the case of certain
dendrimer types. Since an earlier blood t1/2 than expected for the mass density size
product of a nanoparticle is consistent with rapid non-selective internalization, this
pharmacokinetic parameter can be considered an indicator of toxicity potential [64].
In contrast, the benzene disulphonic acid (BDS) dendrimer ionically-neutralized
anionic exterior dendrimer (near neutral) has extended blood half-life [65] with
enhanced passive permeation accumulation in tumor tissue. Mixed-surface charge -
type dendrimers with less effective cationic charge per area for higher affinity binding
of cell- and pathogen-released nucleic acid and molecule byproducts, which decreases
inflammation pathway activation and toxicity by D- and P-associated molecular
pathways (AMPs) with maximum potency and efficacy of deactivation effect for G4
50:50 dendrimers with equivalent terminal amine and hydroxyl groups [66].

High-resolution characterization of Gadolinium (Gd3+)-chelated mass-dense
dendrimers is by transmission electron (TEM) with a combination of low- and high-
dose diffraction techniques, annular dark field (ADF) STEM and energy-filtering
(EFTEM) [67], for contrasted detection at high resolution of macromolecule mass and
the number of heavy atoms as in the example of Gadolinium (Gd3+)-chelated
(DTPA5�) monodisperse nanoparticles without the need for heavy metal, i.e. Osmium
(190 Da) tetraoxide (OsO4) staining for visualization for a distribution with a median
frequency of between 25 and 30 individual nanoparticles within a size range of
12.7 � 0.7 nanometers (nm) for the Gd-generation 8 dendrimer (600 kDa). With
neutral surface nanoparticles there is limited toxic potential, and the mechanism for
improved efficacy is by the Maeda effect of passively-enhanced accumulation and
retention (‘EPR’) for tumor treatment is based on blood capillary pore size selectiv-
ity [78], and further improvements by conjugated exterior ligand targeting of cell
surface receptor overexpression or receptor-specific monoclonal recombinant IgG
(12.6 nm)-based therapeutics with non-renal, hepatic and/or splenic clearance-
dependent circulatory half-lives. As far as macromolecular imaging agents of this class
for macromolecular imaging by dendritic conjugates are concerned [68], cyclic che-
late Gd-DOTA poly-Lysine dendritic architecture conjugate, Gadomer-17 kDa, is a
clinical use due to the concern that acyclic chelates such as diethylenetriamene
pentaacetate (DTPA) have the potential for toxicity in vivo due to free Gd3+ ion release
from chelate. As paramagnetic atom (i.e. Gd3+) chelation affinity increases, water
relaxation rate decreases per M*msec, which results in lower contrast enhancement
intensity.

5.2 Micro-emulsion and inclusion emulsion

Microparticles with insoluble components dispersed in or out of a mixture that
scatter light are either: i) colloidal are defined as homogenous non-crystalline matter
dispersed into the other but non-sedimentable, and also consist of elements in their
unionized element core form in self-association for example in a medium or in
deionized water; ii) an emulsion as a colloid with single layer exterior phospholipid

206

Toxicity of Nanoparticles – Recent Advances and New Perspectives



coat (amphiphile); or iii) a suspension with sedimentation possible of one of the
substances.

Lipiodol (ethiodized oil) is an ethyl ester of iodized fatty acids with the other
lipophilic component a single layered amphiphile stabilizer with 1% of poppy seed oil
linoleic and oleic acids, a simple form of emulsion. The toxicity profile of Lipiodol use
as radiopaque contrast agent for angiography or lymphography is related to: its rate of
infusion and risk for fat emulsion embolism [79], and to it lipophilic constituent
composition that results in delayed type hypersensitivity response (Type IV) with
repeated administrations. Emulsion or emulsion inclusion type particle size distribu-
tions depend on water: oil ratio and are within the millimeter (mm) droplet size range
(Table 2). The ethiodized oil-in-water (immiscible), or water-in-oil (miscible),
emulsion is the two liquid emulsion form that is made a more complex drug-inclusion
type emulsion containing less hydrophilic drugs such as Doxorubicin (Daunorubicin,
Log D/vdWD: �0.74 nm�1) to improve the drug half-life and effectiveness; it is the
water-in-oil emulsion that is stable and the improved systemic toxicity profile is by
slow continuous infusion of the 62.5% water-in-oil emulsion showing statistical sig-
nificance by categorical comparison [79]. Doxorubicin (Dox) has greater solubility in
Iohexol (75 mg/mL) than in saline (50 mg/mL) than in ethiodized oil; the miscible 1:4
aqueous-to-lipid phase ratio has low stability and disperse distribution of particle
sizes; and the release constant (Krel; per hr) is most favorable for the 1:4 saline-in-
lipiodol phase ratio form [80]. The formulation can be made more stable by inclusion
of nano-sized hydrophilic NPs such as the PLGA monomers [81] that is tested for its
in vivo properties such as in the rabbit HCC model in which it is shown that the
homogenous intermixed emulsion inclusion Dox form (SSIF) with initial polymer
droplet size 100–150 nm (non-covalent, n.c.; Table 2) has improved stability by
which the Dox (C27H29NO11, MW 544 Da) in PLGA monomer association is more
effective than the traditional iodinated formulation (TIF) through blood-tumor bar-
rier (BTB) capillary endothelium fenestrae-interstitium with pore size upper limit
12 nm (un-hydrated particle size/TEM-based; [64]) .

Other emulsion inclusion-based nanostructured lipid carriers also include the
PACA sub-class PEBCA (Table 2) with more and less lipophilic phases and
Cabazitaxel inclusion [77] with low-loading dose renal clearance and high-loading
dose (higher MW size) splenic clearance over hepatic due to improved plasma half-
life (t1/2); and PEG-IR780-C13 uni-micelle (LipImage) has temporal biodistribution
kinetics in comparison, first into liver and then to spleen, both tissues being RES cell
tissues. The remainder of such soft nanoparticles include the targeted with drug
delivery capability based on the poly-lactic glycolic acid (PLGA) repeating unit
hydrophile structure and hydrophilicity-based non-covalent polymerization affinity
(150–210 nm) [72] with the potential for site bioactivity in vivo in monomeric form
(1.5–10 nm).

5.3 Silver and gold colloids

Colloidal particle synthesis is by mixture of an ion solution and hydrogel with
applied heat, adsorption upon reduction of oxidation potential, and can be of defined
sizes [6]; if uncoated, then surface oxidation results. The colloidal Silver
nanoparticles, AgNP20 nm and AgNP70 nm, has been studied in the human eosinophil
cell culture model [39], and of the two groups, the smaller NPs with greater surface
area-to-volume ratio (AgNP20 nm) result in a wide range of sizes in media solution, i.e.
158.9 nm (μ1) – 1482 nm (μ2) secondary to aggregation by DLS, while the AgNP70 nm
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have a lower left-side distribution size (114 nm) and do not aggregate to the same
extent due to less oxidizable surface area available for assoc. to the anionic composi-
tion of the media. Of these two size distributions of colloidal NPs, only the AgNP-
20 nm show an increase in cell apoptosis by Annexin-V staining confirmed by pro-
Caspase-3 and -7 decrease, inaddition to Laminin B1 filament protein cleavage; thus,
the difference in the potential for cell apoptosis of colloidal elements is related to
colloid element oxidation state, and available aggregated colloid anionic surface area
for cell surface interaction.

Concerning the size difference between TEM measurement and DLS in the case of
the AgNPs, for example the AgNP (NM300K) it can be noted that these are
7.75 � 2.48 nm (μ � σ) in diameter, while size range in solution even after dispersion
for this set of colloidal NPs with a much narrower dry distribution (AgNP8 nm) than
the AgNP20 nm that aggregate is 28.71 nm or 38.46 nm (μ1, μ2), and 81.37 nm or
97.23 nm (μ3, μ4) in media [39], which varies with concentration (μ1, μ2) and time (μ3,
μ4) in solution. For this particle distribution, the aggregation is less skewed the effect
remains cell viability decreases with concentration dependence with more of a
decrease in viability for the Beas-2B immortalized cell line over the A549 bronchial
adenocarcinoma cell line; and due to the poor solubility of AgNP with a less
electronegative electrical potential to ionize as per the Pourbaix-pH relationship.
Cell viability percent (%) assay, and Comet DNA tail sign assay for chromatin
DNA genotoxicity, and cellular oxidative stress-determining assays such as the
FPG enzyme assay for oxidized base carbon detection (i.e. oxo-Guanine) or SOD
activity and GSH level reduction assays are utilized for determination of such effects
[94, 95].

The toxicity of PEGylated colloidal Gold NPs, in the form of spheres or rods, has
also been characterized with size and shape determined by TEM, which is similar in
length dimension (50 nm, 45 x 10 nm) [10]. The nanospheres are monodisperse with a
PDI of 0.02 and with a negative zeta (ζ)-potential (�27.1 mV) and agglomerate in
solution as per a size of 89 nm by DLS and this in vivo would be by association of
Citrate impurity, or could be due to association with the R-groups of native albumin
(pI = 4.5, anionic), whereas rod-like NPs with aspect will remain near neutral ζ
(+1.13 mV). It appears that the presence of surface charge is the primary determinant
to particle clearance in vivo, which limits tissue interstitial toxicity since the effective
exterior anionic spherical particles are hepatic > splenic RES substrates, while the rod-
like particles with slight exterior positive charge and 1-D aspect smaller than the
tumor tissue pore size accumulate passively in tumor tissue. Based on a recent study of
the biodistribution of AgNP or AgNP and AuNP of similar sizes (log-normal, μ = 10.82,
10.86, GSM) after co-inhalation exposure to rodents over 28 days [96], at day 1, the
AgNP aggregates distribute to the liver and olfactory bulb over the spleen; whereas,
with AuNP co-inhalation, the biodistribution of the Silver (Ag, ng/g) is to the spleen
over the liver, and is due to the opsonization of the particles, larger effective sizes and
retained permeability to the splenic arterial side capillary beds of the red pulp; this is
consistent with the more lipophilic and less soluble character of the Gold elemental/
colloid particle that results in its opsonization and splenic accumulation after co-
inhalation exposure.

5.4 Iron oxide nanoparticles

The iron oxide NPs (IONPs) have supraparamagnetic water proton-relaxation
properties and include the ore-derived Hematite (Fe2O3; Fe

III, 2), and also the
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chemically-synthesized crystal Magnetite (Fe3O4; Fe
II, 1: FeIII, 2) form by basic pH

ultrasound-assisted co-precipitation of ferric and ferrous chlorides [83], with both
iron forms containing unpaired electrons reduced by mono-Oxygen. The various
IONPs are (size range): SPIONs (50–180 nm), ultrasmall PIONs (USPIONs, 10–
50 nm) and the very small SPIONs (VS-SPIONs <10 nm) (Table 2) The IONPs are r2-
molar relaxivity contrast agents with above paramagnetic effect relaxational rate
properties (R2) that result in T2-weighted contrast enhancement with percussion
frequency around transverse magnetic plane as compared to the Gd3+ and Mn2+

transitional metals with T1 shortening, and longitudinal relaxation rate (R1)
increasing magnetic properties per concentration of agent per time (M � msec)�1 with
a reciprocal size-dependent enhancement effect high-molar relaxivity (r2) paramag-
netic effect contrast enhancement for long TR, long TE sequence MRI (T2W-seq) in
the inverse correlation IONP size-to-relaxation rate effect [84], and a direct relation-
ship between loading amount and magnetic strength [26]. Silica-coated Magnetite
particles also developed with nanoporous silica exterior shell with an aminosilane
organic coat for PEGylation and multimodality applicability [7] of either a low or high
contrast enhancement molar relaxivity ratio (r2/r1) [88, 89] (Table 2); there also
exists a class of cross-linked iron oxides (CLIO) in core for improved stability of
exterior surface for amination (CLIO-NH2)n for additional covalency and functiona-
lization [90].

Iron oxide NPs of spherical shape by SEM, and mean size 60 nm by TEM, result in
lymphocyte cell viability decrease in an inverse relation to ROS and toxicity upon
accumulation, which is responsive to applied Thymoquinone (TQ, ox) [95], a Phase II
detoxification enzyme (NQO1) substrate that metabolizes to cyclohexa-2,5-diene
(methyl, isopropyl)-yl-1,4-diol, with maximum reduction in ROS at mid- concentra-
tion in a low, high concentration parabolic relationship of ROS production, and alike
to the toxicity type that results in A549 adenocarcinoma cells upon exposure to ZnO
NP (NM110) in which oxidative toxicity is more than genotoxicity [94]. Although the
potential for interaction with the nuclear DNA exists as determined by UV (200–
350 nm)-visible spectra- scopy, particle toxicity for such less soluble crystalline par-
ticulate matter is primary non-genomic extranuclear toxicity. For bioengineered iron
oxide NP infusions, the in vivo pharmacokinetics and biodistribution is measured by
QAR following 59Fe radiolabeled-AMI SPION NP infusion, which results in an
increase in transverse tissue relaxivity (R2) with T2W-negative contrast enhancement
in liver over the spleen or lung organs [97] and is by hepatic macrophage-
reticuloendothelial system cell internalization.

Endogenous iron in its free oxidized form (Fe3+) readily reduces, and in its
hydroxylate ferric form bonds into Apoferritin (18 nm), a variable diameter multi-α-
helix 24mer subunit cage (MW 474 kDa) that can hold 3.5–4 Fe (II)/O2 with between
220 and 1900 (� 2220) molecules of >50% oxidized ferrous iron (Fe3+) [98] as
Ferrihydrite, Fe3+O2H � nH2O [99]. Accrual of iron oxide densities is seen on TEM of
pollution-exposed population sample specimens with inelastic scattering EELS spectra
showing the iron oxide-containing Hematite, Magnetite and Goethite nanoparticle
forms (30–50 nm) [100], some of which, could be Ferritin protein-assoc. forms such
as 2 L-Ferrihydrite/ABACA, and Maghemite-like that are neurotoxic and also visible
by nano-diffraction TEM of small volume samples [101]. Inaddition to epithelium-
and olfactory nerve ending- internalized exogenous particles, the toxicity of the oxide
particulates is also from extracellular bioaccumulation potential due to microglia-
macrophage overload and deposition as it is in the case of Ferritin adsorption on
inosilicates and formed asbestos bodies in tissue interstitium.
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5.5 Cesium-, zinc- and cobalt- oxides

Inaddition to the effects of AgNP-20 nm and AgNP-70 nm particles (Sub-section
B), the effects of other major oxide forms of the other transitional metals have also
been studied in the human eosinophil cell culture model, and include the rutile and
crystalline forms, TiO2 (anatase crystal oxide), CeO2 (crystalline) and ZnO (crystal-
line) NPs particles have been also studied in the human eosinophil cell culture model
[39]. The respective particle aggregate populations follow a multimodal distribution,
but could also fit a log normalized distribution as a single population per DLS after
particles dispersion in cell culture medium such as RPM1 1640 with particle size
measured in-solution by dynamic light scattering, and in the examples of CeO2, ZnO
and TiO2 in which the log-normalized CeO2 particle distribution is left-shifted as
compared to for the other two with a smaller particle size distribution; and as to the
cell viability and gene expression effects, the elemental oxides with favorable electro-
potentials to maintain in dry/TEM particle size (TiO2-NM101), or decrease in size
upon de-aggregation (CeO2) have less potential for negative effects on cell viability
and toxicity [94], and of these three oxides, the effect of the largest dehydrated
particulate of the NM series, ZnO-NM110 (132 nm, TEM) is towards ROS generation
[94] and apoptosis [39]. The molecular gene expression changes that occur as a result
of cell internalization include the activation of IL-8 and MIP-1α/�1β (ZnO, AgNP 20

nm), RANTES (ZnO) genes with non-change in CXCL9 (aliasMIG) gene and cytokine
levels gene expression [39].

The genomic effects following the local intratacheal instillation of Cobalt NP (-
Nano-Co, 50 μg/mouse; μ = 20 nm, TEM) and Nano-TiO2 (μ = 28 nm) have been
studied in the mutant guanine phosphoribosyltransferase (gpt) assay for selection of
positive Cre-activated cell clones with integrated transfections by application of 6-
thioguanine to cells in culture, and crossed transgenic mice study endpoints [40].
Based on such study data, it can be specified that: i) there is an increase in local protein
concentration due to increased permeability of capillaries, and decreased neutrophil
number is due to cell diapedesis inaddition to an increase in local inflammatory
cytokine (CXCL1) concentration; ii) there is an increase in genomic DNA base
transversions (G- > T) with Nano-Co colloidal Cobalt suspension exposure, but not
with control or Nano-TiO2 exposure as determined by 8-OHdG levels and non-WT gpt
gene single-pair base sequence mutation frequency analysis; and iii) there is cell cycle
progression upon exposure to Nano-Co that surface oxidizes (Co2+) with the potential
for assoc. anionic serum/plasma constituents, and can be seen in lung parenchymal
cells by IHC staining for PCNA and Ki67 (MKI67) positivity as compared to Titania
(TiO2) that is reduced and in oxide form. There is a probability that there is correla-
tion to bond dissolution rates as the water solubility (molmetal/L) of titanium- (Ti2O3,
TiO, n/a; TiO2, 10

�9 M) and iron- oxides (FeO, Fe2O3, 10
�10 – 10�12 M) is low [37],

the oxide-types being Ferritin cage substrates; and the potential for inflammatory/
ROS stress, DNA alterations and cell proliferation/transformation exists with high
concentration exposure to transition metals of oxides that have higher solubility.

5.6 Titanium oxides

Cell membrane (CM)-associated cellular esterase-mediated dichlorofluorescein
diacetate (H2DCFDA) acetate cleavage and reduction (H2DCF) assay is coupled to the
with DCF oxidation fluorescence assay for ROS detection; by the cell culture-based
ROS generation assay, amorphous and rutile TiO2 particle matter reactivity is
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determined by size and crystal phase [41]. TiO2 samples are prepared by aerosol
reactors, particle size distributions differences are generated by spectrometry
(SMPS), and morphologic characterization of the size distribution is by filter paper
electron microscopy (SEM, TEM) and by x-ray diffraction (XRD) for particle size
characterization of particle distribution phases. There are monodisperse distributions
of amorphous phase TiO2 particles within the >30 ≤ 53 nm size interval are most
reactive in peroxide generation (H2O2) per particle surface area (S.A., μmol/m2).
Particle number and concentration are the variables for 3 nm-sized particle-mediated
ROS, while 41–53 nm particle size is favorable to cell ROS generation in the order of
amorphous > para-crystalline (anatase) > rutile for a 34–102 nm range particle size
distribution. In this study design, particle number and concentration are the addi-
tional variables to particle size with increased ROS stress determined for the amor-
phous particles in a single time point experimental data acquired at 15 min. in which
case solubility differences would be negligible between the particle types.

The dose-dependent effects of the anatase and crystalline forms of TiO2 particu-
lates are assessed in the 3 T3 fibroblast cell culture model exposure model by nuclear
division index (NDI) and the Cytochalasin B F-actin inhibitor binucleate
micronucleation chromosomal damage (BNMN) assay with non-aggregated mean
particle hydrodynamic size ranges (DLS) determined in cell culture medium for nano-
sized anatase (An-10; 26 nm), bulk anatase (B-An; 260 nm), nano-sized rutile (Ru-10;
82 nm) and bulk rutile (B-Ru; 755 nm) [42]. There is maintained cell internalization to
a minimum of 28 nm (An-10; > 28 ≤ 53 nm) for anatase forms (TiO2) with no change
either assay (BNMN, NDI), however this is not the case for the rutile forms, which
have a right-shifted bimodal size distribution, aggregate, and are present in the media
supernatant rather than within cells at 24 hrs; the B-Ru particles either endocytose
less, or endocytose initially. The 82 nm-mean size Ru-10 crystalline particles are more
oblong in shape (TEM) with a one-order more negative zeta (ζ)-potential (DLS) than
the egg-shaped/spherical An-10 particles.

5.7 Quantum dot nanoparticles

The intermediate group metal-metalloid QDs with semiconductor properties have
been applied for biochemical luminescence detection [85, 86]. The quantum dots are
comprised of a transition metal (Group 12; i.e. Cd, Zn) and metalloid (Group 16; Se,
S) bonded atoms as core (CdSe) and shell (i.e. ZnS) particles with conduction to
valence band orbital fluorescence emission (Em λ), Table 2. Being of monodisperse
nanometer scale size distributions, the particles have applications in electronics
including for LED photoluminescence (PL). QDs with Tungsten Sulfide (WS2) core
have a disperse distribution with one modal interval in-between 4 and 6 nm, and
absorbance (λabs) wavelengths at 246, 278, 333, 365 nm and Em λ in-between 370 and
500 nm wavelengths with this range being conducive to wide-range of emissions color
application. As to the shell and organic coating, there is a concentration-dependent
cation interaction-mediated decrease in PL intensity applicable to the detection of a
number of milieu transition metals (Pb, Cd, Hg, Fe3+ (Fe2+), Cu) [86], and also in
other functionalized organic molecule-coated QDs such as Molybdenum Selenium
(MoSe2/COO

�, NH3+, SH) consistent with ionic chelate neutralization that results in
an increase in emission intensity (i.e. Cu2+/COO�) [85], which also affords efficiency
in detection by threshold-based binomially. PEGylation- and peptide-incorporated
quantum dot-based NPs with larger size (> 12 nm) with increased blood circulatory t1/
2 time and Stokes shift emission for PL at λ800 nm (NIR) [8] with applicability for
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effect on only irradiated tumor tissue angiogenic capillary-interstitium barrier pore
size that can also be studied by other small NPs with monodisperse distributions in the
lower nano-size range NPs [102]; and the initial feasibility of targeting to vascular
malformations can be studied by endothelium-targeted QDs nanoparticles (i.e. αV β3
integrin, [69]).

The size distributions of Cys-QDs have been shown to be narrow per QD color (Em

λ, 515–584 nm) and within the 2.85–4.31 nm range by TEM for dry particle size, and
within the 4.36 (GFC), 4.64 nm - 7.22 (GFC), 8.65 nm (DLS) range by size exclusion
chromatography and dynamic light scattering in solution {Choi, 2007 #9} [9]. There is
a difference in aggregation potential for particles with non-neutral exterior properties,
but indifference in size for zwitterion ion organic molecule-coated shell wet QDs
inaddition to those in solution with DHLA-PEG coating and near neutral exteriors.
Cys-QDs show renal elimination clearance after direct infusion with threshold limits
determinable by bladder intravital fluorescence microscopy (IFM) intensity; there is
an increase in blood half-life (t1/2) beginning at a hydrodynamic diameter (HD) of
4.99 nm [9], which is consistent with the pore size limit to peritubular renal capillary
secretion. The pharmacodynamics of tissue distribution for neutral charge QDs with
larger diameters (8.65 nm) and zwitterionic surface is hepatic > lung (> spleen), and
that of smaller particles (4.36 nm) is a slight shift towards hepatic elimination due to
the renal peritubular capillary reabsorption pore size threshold; splenic RES cell
clearance is for non- cationic, �anionic or -cationoneutral micro-sized particles.

5.8 Pharmacokinetic models and hyper-permeability analyses

The circulatory transcapillary transfer potentials (Pc, Pi, πc, πi), reflection coeffi-
cient (σ) and permeability coefficient (Lp) are the three variables in the relationship
for hydraulic flux calculation; first the forward transfer water flux per unit area (Jv/A)
is determined, and then the ratio of the rate of solute flux-to-rate applied of water flux
ratio (Js/Jv; a.u.) is determined [103]. Since hydraulic or water conductivity coefficient
(Lp)-adjusted flux is affected by the presence of circulatory macromolecular particu-
late matter, there is the Peclet variable adjustment in the modified Starling relation-
ship [104]; Appendix I. Microvascular fluid exchange and pharmacokinetic
modeling); and the relationship is also applicable for determining of hydraulic flux of
water (or solute in Ref. to water) in the presence of pharmacologically-applied mac-
romolecule interactions in modeling secondary to exterior vdW hydrophilicity inter-
actions of capillary wall permeable macromolecules with water; there are two
relationships, one that is of hydrostatic pressure favoring filtration when there is a
lower Peclet coefficient, and the other of the effect of the permeable fraction of the
macromolecules and increased oncotic effect on water filtration. The overall model for
transcapillary permeation is a three layer plus one layer barrier [105] in which there
are three capillary layers (EGL, endothelium, basement membrane) with the fourth
layer being the interstitial matrix, and at which vdW interactions occur.

Endothelial barrier hyper-permeability and the altered pharmacodynamics of
affected tissues can be also be studied in vivo by real-time quantitative MRI (qDCE-
MRI) at high resolution and analyzed by contrast enhancement-based multivariable
compartmental modeling with several parameters, Ct (t), Cp (t), Vp, Kep and Ve and
the time (t), time constant (τ)-dependent fractional solutions for the forward transfer
constant, Ktrans, are determined (Appendix I. Microvascular fluid exchange and phar-
macokinetic modeling). The pharmacokinetic toxicity assessment-applicable models
have the common assumption that the transfer between compartments is linear
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although plasma concentration-coupled tissue clearance (Kep, per min) is exponential
decay (1/eKep�t) for (small) molecules that are renally-cleared and less toxic. The
common relationship for the DCE-MRI pharmacokinetic models are based on the
earlier Crone indicator dilution method [106] in which tissue extraction (E, 1 –
e�P*SA/F; Appendix I) is related to experimentally-determined tissue capillary
permeability-surface area product (P*S.A., a.k.a. Ktrans) normalized to tissue blood
flow (F); tissue extraction is also related to clearance (efflux), e�Kep/F.

There is also a model relationship for the non-linear (integrated) increase in tissue
volume of distribution (VD’) over the baseline (VD, fractional y-intercept) over
experimental efflux time (minutes) as the forward transfer rate per min (Ktrans,
min�1) in model selection (Model 1, 2 or 3; [107]). The generalized kinetic model
(GKM) is based on Model 3 as the three-parameter model with outward efflux (Ktrans)
inoto extracellular tissue space (EES, VD) blood plasma inward rate constant (Kep, Kb)
on the Patlak x-axis plot; the y- intercept VD parameter is sometimes required for the
model [107]; and there is a strong correlation between the 14C-AIB QAR Ki forward
transfer constant (Ktrans, Ki) and the Gd-DTPA DCE-MRI GKM model Ktrans parame-
ter [108]. DCE-MRI-based bi-compartmental modeling is in T1-weighted concentra-
tion space (mM) with a linearized signal intensity (SI) to DTPA/DOTA (MW
404 Da)-chelated Gadolinium (Gd, MW 157 Da) concentration determination by the
product of the molar relaxivity (r1

�1), the longitudinal relaxivity (R1), and dynamic
imaging SI/SI0 ratio of the low TR/TE dual -flip angle (12O, 3O) FFE sequence-based
imaging [64]; and the effective blood-brain/tumor barrier tumor interstitium
permeability limit to macromolecular therapeutics is 12 nm as determined by
serial DCE-MRI of Gd-DTPA-G1 through -G8 PAMAM dendrimer generations
(2–14 nm).

Several studies have compared the GKM kinetic modeling parameters for the
detection of the degree of hyperpermeability across tumor types to tumor tissue
histopathology, and show high correlation between Ktrans or Ve and lesion grade (r,
0.72–0.78) along high probability for dissimilarity with high discriminatory AUC
between Grade II and Grade IV lesions (Sens: 100%, Spec: 93.3%) [109]. Other MRI-
based parameters include the blood oxygenation level dependent (BOLD) susceptibil-
ity weighted imaging (GE SWI) gradient-echo (GE) Δ R2*plateau tumor signal
parameter in the presence of tortuous vascular density (VD) [110], which shows
better correlation with microvascular vascular density (MVD, 5–10 μm vessels) and
vascular density than the GKM model-derived parameter, and also sensitivity and
specificity for distinguishing molecular gene expression marker differences in high-
grade glioma (HGG) [111] and could be applicable for other tumor types (i.e.
exposure-related). Thus, there is applicability of pharmacokinetic model-based
parameter determination for differentiation of earlier grade and higher grade
lesions within the range for lower permeability brain neoplasms with DCE imaging
(Appendix I), and also could have positive predictive value (PPV) for early detection
of non-nervous system peripheral solid tumors in worker populations with comorbid
risk factors and higher probability for malignancy.

These further developed models are also applicable for the study of circulatory
effects of experimental high-molecular weight, density and size or aspected-size ther-
apeutic agents with an increased probability for risk due to non-selectively and
extended half-life-related systemic toxicity. Thus, since bioengineered particulate
matter toxicity occurs to tissue capillary walls, and the lining endothelium with sec-
ondary alterations to the endothelium epicalyx/glycocalyx layer (EGL) and the sub-
endothelium basement membrane collagen subunits, which are endothelial cell-
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secreted deposition, these methods can be utilized for initial and serial determinations
of toxicity-related alterations at in vitro, in situ and in vivo temporal resolution.

6. Geologic detritus particulates

6.1 Inosilicates

Asbestos is the double-chain silica tetrahedral-based inosilicate with sharing of two
or three atoms each and is comprised of aspected particulate fibers called amphibole
fibers with: i) Non-serpentine subtypes Actinolite, Grunerite, Anthophyllite, Crocid-
olite and Tremolite (ρ = 2.58–2.83 g�mL�1) (Table 1), these being the primary and law
regulated asbestos fiber subtypes; and ii) the serpentine asbestos form is Chrysotile
(ρ = 2.53 g�mL�1) within the density interval of the silicates 2.196 g�mL�1 (amor-
phous) - 2.648 g�mL�1 (α-quartz). The amphibole asbestos subtypes are defined short
fiber (SAF) of less than 5 μm in length, and the long fiber (LAF) asbestos ≥5 μm based
on study of Crocidolite, Tremolite, Dawsonite and Wollastonite [31].

Asbestosis disease/mesothelioma, and related lung carcinoma result is an increase
in mortality (%) based on an early epidemiologic cohort study of disease-prevalence
associated mortality (1950s–70s) in which 17,800 U.S. and Canada trade workers (i.e.
welders, shipfitters) were the 10- year prospective cohort for recording of Asbestosis
onset radiographic findings in asbestos insulators [32]; i) mesothelioma is associated
with a significant increase in mortality over expected in persons with plaques as
compared to controls (Ref. [32] Table 8 (df = 6), post-hoc X2 p-value (Prsig), 0.001;
Appendix II. Post-analyses: Chi Square; Table 6, under respective table), and there is
also a low probability for lung carcinoma-associated increase in mortality that could
be significant (Ref. [32] Table 8, X2 p-value, 0.15, α = 0.05); ii) there is an increase in
lowest grade abnormalities on X-ray over expected with asbestosis exposure in the
0–9 year and 10–19 year duration of contact Ref. [32] Table 2 (df = 4), post-hoc X2 p-
values, 0.002, 1.65E-08; Table 4), and the 40+ duration of exposure groups post-
analysis confirms an decrease in observed Grade I asbestosis X-ray abnormalities with
an increase in Grade 2 asbestosis-like abnormalities over expected; Table 4, post-hoc
X2 p-value, 7.455E-12); and iii) there is shift from fewer observed abnormal X-ray
findings to normal in-between 1956 and 1960 and 1961 Ref. [32] Table 10 (df = 3),
post-hoc X2 p-value, 0.0055; Table 7). An increase in mortality percent (%; Ref. [32]
Table 5; data not post-hoc analysed) from lung (bronchogenic) carcinoma is maximal
between the 25–29 and 35–39 years of employment exposure strata, and the increase
from mesothelioma between the 30–34 and 40–44 years of the same with the skew of
the distribution, and the majority in Shipwrights and Boilermakers. The higher mor-
tality from pleural mesothelioma is in the 35–39 year exposure interval, and the higher
proportion of peritoneal mesothelioma is over a 45+ period due to metastatic pleural
disease. Thus, asbestos exposure results in disease with latency, increased broncho-
genic carcinoma earlier and mesothelioma later, in addition to there being the non-
linear increase in risk of lung carcinoma with cigarette smoke co-exposure in workers
with asbestosis as reported by the group.

There is an increase in lung tumor and mesothelioma with exposure to >8 μm
length particles that have narrower diameters with the highest correlation to tumor
for particles with a > 32- to 16- fold aspect ratio, i.e. in length: width strata, >
8 μm ≤ 0.25 μm (r = 0.80), and > 4–8 μm ≤ 0.25 μm (r = 0.63) [31]; and there is the
particle aspect-tumor initiation relationship after deposition by inhalation and trans-
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mesothelial peritoneal metastases, or after direct intraperitoneal inoculation in animal
models. The other determinant of toxicity appears to be atomic constituency, for
example, of some more recently identified asbestos forms (IARC, 2012; [30]),
Winchite [(Ca2+, Na1+) Mg2+4 (Al

3+, Fe3+, Mn2+) (Si8O22) (OH ̄)2] and Richterite
[Na1+2, Ca

2+) Mg2+5 (Si8O22)(OH ̄)2], in addition to Crocidolite [Na1+2, Fe
2+

3, Fe
3+

2,

Si8O22 (OH ̄)2] containing Riebeckite [Na1+2Si8O22(OH ̄)2] as the classic common
asbestos type as an example of ionic ferrous and/or ferric iron in a polyhedral lattice of
silicon oxide. In addition to the presence of covalently bond SiO2 lattice in asbestos
fibers, these are comprised of intermolecular ionic bond element interactions (Fe2+,
Fe3+), and ferruginous bodies marked by Perl’s oxidized iron stain (Fe3+) within tissue
interstitium has also been studied in a cumulative exposure cross-sectional study of
synchrotron-based x-ray radio-opacity imaging of asbestos bodies with associated
Ferritin (variable size), and X-ray fluorescence microscopy (μ-XRF) for elemental
composition analysis, which are intracellularly localizing in macrophage-type cells
and also present extracellularly (interstitial); and the asbestos body fluorescence
analysis reveals high amounts of K > Mg > Na > Fe, and energy absorption analysis
(micro-XANES) reveals presence of ferruginous asbestos fiber body constituents,
ferrihydrite-containing protein Ferritin (61.7%), and Hematite (22.1%) and Crocido-
lite (16.2%) [33].

Also, the U.S. Geological Survey asbestos fiber mixtures have now been character-
ized by aerodynamic equivalent diameter (Dae), equivalent diameter (Deq) by TEM,
and settling velocity (Vt) measurements at elutriator flow funnel settings to capture
asbestos fibers ≤2.5 microns, and K-factor atomic number (Z)-corrected element
composition analysis [36]. Thirteen percent (%) of the mixture is respirable fraction
fibers by elutriator recovery at expected respiratory flow (see Appendix I, RPM
sampling efficiency); and by STEM mode energy-dispersive x-ray (EDX) spectrum
analysis, elemental composition correlations are determined [36]: Fe to Ca or Mg, and
Ca to Na ratios are negatively correlated for co-presence, while Mg and Ca, Fe and Na
(r = 0.573), and K and Na, show positive correlations. The asbestos particle aspect and
composition toxicity results in different histopathological subtypes of mesotheliomas
includes a breadth of transformed cell types including fusiform (fibrogenic, osteo-
genic, giant cells) and pleiomorph (medullar, tubulopapillar).

6.2 Silica and inosilicates

The least soluble particulates include SiO2 and TiO2, and aluminum (III) oxide
(Al2O3) is less, and CuO and non-amorphous carbon black (Printex 90) are least, gene
expression effects of which have been correlated with solubility; the least soluble
result in greater magnitude gene expression effects upon internalization with
maintained positive correlation for presence of tissue neutrophils, Saa-1 (liver) and
Saa-3 (lung) mRNA [112]. In addition to gene and protein expression responses to
bioengineered particle exposure, differences in gene expression between inosilicates,
rutile Cristobalite crystalline silica (non-quartz) and amorphous silica concentrations
of crystalline silica and Crocidolite asbestos, are studied in comparative cell lines,
primary (normal) human bronchial epithelial cell (NHBE) and BEAS 2B on the SV40
virus-integrated epithelial cell line by cDNA hybridization microarray of larger sets of
genes and/or qRT-PCR of certain gene sets [34, 38].

The effects of mined Vermiculite deposits (Libby amphibole, LA) composed of a
mixture of Winchite (83%), Richterite (11%) and Tremolite (6%) asbestos with TEM-
based length: width on primary human airway epithelial cells (HAECs) are studied
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with qRT-PCR measurement of inflammatory marker gene expression in normalized
dose-response effect (lL-8, IL-6, COX-2, TNF) [35]; and the geometric mean (μ)
lengths of the fiber sets are: RTI Amosite, 10.4 μm (n = 359), LA2000, 3.34 μm
(n = 433, width > 1), LA2007 2.47 μm (n = 268) and UICC Amosite, 2.07 μm (n = 222)
[35]. There is a higher potency effect and increase in chemokine IL-8 mRNA (CXCL8)
levels in response to RTI Amosite particle number dose/cm2 cell for equivalent con-
centrations of ionizable iron (inorganic) and chelatable iron (Fe3+) present in both
RTI Amosite and UICC Amosite samples as can be determined by ICP-optical emis-
sion spectroscopy. The difference in the inflammation-mediated toxicity potential of
the fiber sets is due to the prolonged residence time of aspected iron-containing
asbestos fiber types inaddition to the probability of the adsorption of oxidized iron
forms.

There is methodological validity in same group studies. The findings of two com-
parative studies with normal human bronchial epithelial cell (NHBE)- and BEAS-2B
immortalized normal epithelial cell- types exposed to low- or high-dose crystalline
silica, and at 15 and 75 � 106 μm2/cm2, or low dose inosilicate (iron-containing
asbestos). There are no cell viability differences for low- or high-dose silica-exposed
BEAS 2B cells, however there are differences in gene expression by cDNA microarray
with shift towards FOS (cFOS) and IL-6 related gene expression with Cristobalite
silica exposure (p < 0.05/cut off ≥2.0-fold) with reduced false positive risk (FDR 5%)
[38], see Table 1. The rank order of gene changes between control and respective
exposure comparisons is high dose Cristobalite > low dose > Amorphous with little
difference in cell adhesion pathway gene activation between the two silica types by
gene ontology (GO) molecular pathways correlation analysis; and there are differ-
ences in gene expression between exposure between normal and virally-transformed
cell types. Low dose Cristobalite silica results in minimal differential gene expression
in NHBE cells (3 genes; Table 1) [34]; the Asbestos exposure pathway is more
towards JUN, IL-8 and MMP-1 metalloprotease gene expression by qPCR for specific
gene expression, and common silica and asbestos pathway activation includes gluco-
corticoid (GR), whereas divergent pathways are extracellular matrix synthesis pro-
teoglycan with Crocidolite asbestos exposure, and the Aryl hydrocarbon receptor
(AHR) pathway with crystalline silica exposure.

6.3 Lead

Lead is found in steel at 0.15–0.35% concentration in addition to carbon, and is
released during the abrasive blasting process, and poses a risk, as there is little positive
or negative correlation and independence to air flow velocity and there is an increase
in exposure-related Lead concentration in blood in both blaster and vacuumer [113].
There is the effect of exposure during the ore lead extraction smelting process and to
combusted lead particulates over prolonged duration during which dissolution favors
ionic Lead (Pb2+) release. There is an increase in the stratified years interval SMR (1–
5 yr., 5–20 yr., 20+ yr) for renal carcinoma and non-malignant respiratory disease
(emphysema, pneumoconiosis) [46]: this is in employees with BLL at 56.3 μg/dL
(2.73 μM) and 0.366 ppm average airborne Lead concentration exposure (3.1 mg/m3;
Table 3, Appendix III. Particulates toxicity industrial hygiene), but is with low prob-
ability for anemia (10%), in a low co-exposure to Arsenic (0.0133 ppm) and Cad-
mium (0.0016 ppm) population of workers with unknown smoking history.
Inaddition to accumulation levels in long bone parts (i.e. tibia, 99.4 μM), there is a
negative x- (patella Pb, μg/g), y- (LINE-1 methylation) variable regression
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relationship for increasing Lead levels to 40 μg/g bone concentration (0.194 mM) that
is consistent with decreased inactive LINE-1 DNA and RT DNA methylation with
increased Pb concentration; this evidence comes from a cross-sectional study (2010)
of global DNA CpG island methylation of retrotransposon viral origin human DNA
integrated long repetitive base sequence elements (LINE-1) and reverse transcriptase
(RT)-encoding elements [114].

There are also increases in inflammatory marker expression (IL-6) inaddition to of
both vascular permeability factor gene (VEGFA) and decoy receptor (sVegfr1) gene
expression as per another more recent single timepoint study (2017) enrolled Lead-Zinc
workers with elevated BLL (37 μg/dL) and ZPP levels as compared to controls with
unknown alcohol use history [47]. Additional support for the Lead transition metal-
type toxicity effect comes from cell culture exposure with applied Lead Acetate
(100 nM – 1 μM; Table 1) on transiently-transfected chondrocytes with measured
reporter luciferase (LUC) activity of AP-1 and Nf-KB plasmids in response to Pb
(C2H3O2)2 alone or with applied PTHrP [50], in which its application alone results in a
decrease in cell survival factor gene Nf-KB without change in AP-1 factor subunit genes
(FOS, JUN) activity, but an increase in AP-1 activity with PTHrP as effect modifier.
The effect of released ionic Pb is condition-dependent and can in certain instances shift
the cell response towards pro-angiogenic progression. The effect of released ionic Lead
(Pb2+) is co-exposure condition-dependent, and can in certain cell types and instances
shift the cell response towards pro-angiogenic phenotype, inaddition to its known
negative effects on neuronal cell growth in association with Casp8 gene promoter
hypomethylation (CpG) [48] and over activation resultant neurotoxicity.

6.4 Manganese

Manganese has paramagnetic properties, and is present in various oxidation states,
Mn2+ (Mn(OH)2, basic), Mn3+ (Mn2O3, Mn(OH)3) or Mn4+ (MnO2) in the presence of
H2O2 reactive Oxygen species (ROS) with co-product hydroxides formed (OH�, OH�)
as per the Pourbaix electrical potential to pH relationship [115]. It is reactive with
Transferrin as Mn3+ in the presence of base (HCO3

�) similar to that of ferric iron, but
with less affinity than ionic Chromium (Cr3+) due to a greater ratio of bicarbonate to
metal as determined by optical absorbance [116], and as shown by the Cr (OH)x-
Transferrin peak on EPR spectroscopy [116]. An example of exposure to particulate
matter metal mixture is in welding with fume generation, and dissimilar solid or
flux-cored pre-weld composition-containing wire-dependent secondary aerosolizing
particulates of differing solubilities and toxicity.

These hazardous by-products of welding have been characterized [117]: i) the size
distribution of particles generated is between 3 to 180 nm (SEM, TEM); ii) the
mixture in a) solid wire gas metal arc welding (GMAW; S1, S2) is a combination of
oxides, FexOy, MnxOy, CrO4

2� (CrVI), Cr2O3 (Cr
III/IV), SiO2 and BiO2, and in b) flux-

cored wire arc welding (FCAW; F1, F2), this includes the additional composition of
ionically-bonded Alkalis (Na+, K+; Group 1, Period 3, 4) and Halogen (F�; Group 17,
Period 2) elements (XPS); and iii) the PBS soluble metal is a small proportion in solid
wire welding, while in flux wire welding, it is most of the (by-) product comprised of
Mn, CrIII and CrVI, predominantly CrO4

2� (CrVI). The weld by the FCAW process has
flux by-product with increased solubility and the weld proportion of metal product
content improved in purity with less metal oxide, but there is a large proportion
percentage (%) with higher Pr for sig. For concentration-dependent cytotoxicity at
1 day and genotoxicity as early as 3 hrs at 10�4 M concentration in the flux FCAW F1
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and F2 process type welding [117]. Thus, any combustion by-product composition
has Manganese in its ionic (Mn2+) form, which is the energetically-favorable form
at pH < 8, in both sub-type processes (S2, F2), which is supported by the
experimental data showing solubility decreases with addition of increasing
concentration of Fluorine (F�).

As to the Manganese effects on genomics, DNA re-sequencing results shows Man-
ganese efflux transporter gene SLC30A10 and SlC39A14 polymorphism ([118];
Table 1), and changes result in other related gene expression such as RBFOX1 [119],
TXN8 [48] and MPP+ responsive influx transporter gene DMT1 [120], for example
bisulfite Cytosine (� > Uridine) substitution DNA epigenomics shows methylation of
the splicing regulator gene RBFOX1 (A2BP1) at position cg02042823, which has been
studied by qT-PCR and RNA-seq transcriptomics. The double-allele mutant loxed
gene (RBFOX1�/�) murines show a decrease in exon inclusion for certain channel
genes such GABRG2 and GRIN1 [119] with the net effect being lower stimulus inten-
sity thresholds required to evoke EPSPs and less inhibitory ion flux as per potential
recordings showing this effect.

In addition to study of alterations in gene methylation of the RBFOX1 gene, study
of cell morphology shows altered gender-dimorphic dendritic spine count with spatial
frequency lower in females (10 μm�1), and higher in males, after subcutaneous expo-
sure to repeated dosing of ionic Manganese as MnCl2 [121] such that this would result
in Dopaminergic with a sex-specific dimorphic effect on neurite bleb budding in
association with dendrite density. Similar local concentrations achieved in the stria-
tum in both and the inverse inhalation effect of Maghemite (Fe2O3) in the Welder
workers [122] with the clinical sign of cocked-gait as sign of basal ganglia and mid-
brain nuclear group toxicity with internal capsule upper motor neuron disinhibition
effects due to exposure intensity toxicity early in Manganism, and then exposure
duration-related toxicity in Manganese-induced Parkinsonism).

The experimental data on the transfected overexpression of the divalent influx
transporter gene, DMT1, that transports Mn2+ present at increased local concentration
in SH-SY5Y pre-differentiated neuroblastoma neuronal cell line show the effects of
Manganese (Mn2+) in comparison to ferrous Iron (Fe2+) with more of an initial shift in
cell compliance (Peff C, a.u.) to the phosphorylation of the c-JUN AP1 transcription
factor terminal kinases [123], and towards the resultant p53-mediated R-shift for
activation of the Bax-, Bad- and Bim- apoptosis cascade, and/or DNA repair and cell
cycle changes. For Manganese, i) the negative electrical potential and neutral pH
favors its ionic and soluble form; and ii) it is the presence of efflux channel and certain
cell surface internalization receptors that results in its initial effect followed by its later
apoptosis-related toxicity to basal ganglia cell types.

6.5 Copper ore arsenate

Either Arsenic or Stibium, Group 15 (semimetals), are bound to Sulfur (Group 16,
nonmetal), and there is 91% dissolution of Tennantite at high temperature (212° F)
over a 2 hour period in basic electrolyte solution (NaOH) containing Na2S [124]. The
mined copper ore contains transition metals, Copper, Arsenic and Iron in polyhedral/
hextetrahedral configuration with some forms containing ionic free forms of Iron
(Fe3+/2+) and Zinc (Zn2+) (Table 1). Copper in oxidation states 1+ or 2+ results in
interactions with metallothioneins with overload effect on DNA, resulting in confor-
mational changes [125]. Certain studies show the effect of ionic Copper in form of Cu
(II) acetate ((CH3)2COO-)2 on cells that when applied results in overexpression of the
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NFκB as per plasmid transfectant fluorescence and of pathway and related genes as
determined by qRT-PCR and confirmed by siRNA data [43]. Copper (Cupric) expo-
sure to cells (i.e. Hepatoma G2) results in a time-dependent increase in NFκB2 target
gene CXCL8 (IL-8) and IER3 gene expression, inaddition to overexpression of
NFE2L2 (NRF-2) and Phase II detoxification pathway genes, HMOX1 (HO-1) and
GCLC. In desaturation conditions (Section IV), the dissolution kinetics favor conver-
sion of As2S3 to H3ASO3 and hydrogen sulfide gas (H2S); Arsenate (AsO4)

3� and
Arsenite (AsO3)

3� in respective trivalent and pentavalent oxidation states are slow
dissolution molecules with the potential to transform cells in low-chronic exposure
conditions with ROS pathway and related gene activation [126], and hypoxia-
associated genes (i.e. HIF-1α) in transformed cells [44]. In the Chile Copper ore sub-
regions (various forms, see Table 1) with mining area-specific differences in exposure
risk [127], there is increased gender-specific mortality in a low-smoke exposure prev-
alence population of men and women ≥30 years of age as analysis by the age-weighted
standard mortality ratio (SMR; [14]) [45] supports increased mortality due to carci-
nomas of the bladder (SMR 6.0, M; 8.2, F), kidney (SMR, 1.6, M; 2.7, F), pulmonary
(SMR, 3.8, M; 3.1) and dermatologic (SMR, 7.7, M; 3.2, F), and the population attrib-
utable risk (PAR) in that mining region is 9.7% (M) and 4.9% (F) for ore exposure-
related carcinoma. Leaching into drinking water reservoirs with peak exposure con-
centration at 870 ug/dL (116 μM) results in an increase in mortality due to lung cancer
is attributable to increased ore particulates air concentration. The presence of addi-
tional transitional metals, Iron, Stibium and Zinc present in Copper ore particulates
could result in effect modification.

7. Exposure prevention and surveillance guidelines

In the various sectors there are increased levels of process-generated smoke par-
ticulates or aerosol mists and related hazards that require the implementation of the
hierarchy of controls and access to online information repositories [128]. Surveillance
of occupationally-associated promontory habits prevalence has shown co-existence of
comorbidity such as in the asbestos abatement workers [129]. Chest X-ray radio-
opacities are present in individuals not exposed to dusts in an intercontinental popu-
lation with gender- and age- specific differences with low prevalence at ≤50 yoa, in
females (F, 0.4%) or blue collar workers working in non-exposure conditions (0.21–
0.25%) [130]. Exposure surveillance comprises spirometry and CXR for monitoring of
both PMF and simple CWP (under MSHA (30 USC 801–962) with a PEL of 2 mg/m3

(REL 1 mg/m3) or reduced PEL for silica content (30 CFR 70.101, see Table 4,
Appendix III), and the requirement of a Black Lung (B) read (42 CFR Part 37) as per
ILO classification for radiographs (1980) [131], Table 1. In the particulates exposure-
monitored individuals with FEV1/FVC ratio increases due to silica or asbestos expo-
sure, there is a higher probability for parenchymal abnormality by age and Laborer/
Cleaners class (Model I), but not in an un-conditional Model (II) without inclusion of
asbestos exposure in logit probability [132].

Surveillance measures can be proposed for higher risk work groups in similar
exposure conditions, and at the action limit there is the requirement for substance-
specific NIOSH-approved respiratory protective device use under the OSHA Respira-
tory Protection Standard (29 CFR 1910.134). There is environmental risk for carcino-
genesis with air exposure concentration at 8.40x10�2 (CrVI) and majority of years of
life lost due to water exposure to Free Cr6+ (2.09x10�5; YLLwater, 92%) [133] [REF]
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with the effective cancer risk at two-orders higher concentration for the particulate,
aerosol and water partitioned agents tested (i.e. HgII, CdII; Lindane, DDT). There is
increased risk for lung carcinoma in certain worker sub-groups such as Crane, Derrick
and Hoist workers (ORadj 14.4; 3.36% PAR), and with ≥10 years exposure to Coal
Dust (IARC 1) adjusted for other variables shows greater odds of lung cancer in cases
over non-cancer (ORadj 2.0) and cancer (ORadj 1.5) control group populations [134],
as per a 1992 two-control group case-control study applying multi-coefficient variable
probability regression (unconditional) modeling; as per the study, any duration of
cigarette smoke exposure ≥20/day results in increased risk of lung carcinoma (ORadj

2.1) in Asbestos–exposed persons.
Area sampling of air for aerosolized viruses transmitted by speak, cough or sneeze

[54] and particulates is by general elutriation devices [16], carbon-filled adsorption
capillary tubes for lipophilic gaseous vapors, or personal dosimeter devices with pore
size threshold filters (Table 5, Appendix III), to adhere to certain exposure threshold
monitoring requirements at the action level (AL) to begin biomonitoring. The OSHA
air concentration medical action level for Lead (PbII, Pb2+, IARC 2A; MW = 206.2 Da)
is 0.03 mg/m3 (10�10 M) with a PEL (ceiling limit) of 50 ug/m3 under 29 CFR
1910.1025 (https://www.osha.gov/laws-regs), and Manganese (MnII) has a threshold
limit value (TLV, respiratory limit)-8 hr. TWA of 0.02 mg/m3 as recommended by the
American Conference of Governmental Industrial Hygienists (ACGIH) [15]. Occupa-
tional surveillance of inhalable dust exposure includes for IARC Group I carcinogens,
Asbestos (29 CFR 1910.1001, Industry), Silica (29 CFR 1926.1153, Construction),
Chromium (CrO3, Cr

VI; 1910.1026, GI), and also Arsenic (ArV, inorganic; 29 CFR
1910.1018) for which there exists a permissible exposure limit (PEL) of 10 ug/m3 with
an AL that is one-half of this limit.

Traditional X-ray diffraction has sufficient sensitivity for detection of high-
Hounsfield unit pathology in linear scale with exposure monitoring reads as per the ILO
reads classification system [131], and has high specificity to detect early metastatic foci
(91%), but low sensitivity (41%) [135]. Non-contrast chest CT can be utilized for study
temporal tracking of pulmonary lesions at high-resolution as it has improved sensitivity
(74%). T1-weighted MRI at early time point after injection early contrast enhancement
(ECE; 4.5 min) can be utilized for signal intensity (SI)-based hyper-permeability
detection of mesothelioma foci by region of interest (ROI) as it has high sensitivity
(91%) and 15% false positive rate with a high-correlation κ statistic (0.77) [136]; and
18FDG PET has utility for quantitative detection of solid tumor tissue hypermetabolism
and metastatic disease with a high true positive rate (92%) and high specificity (93%)
[135]. The diagnostic determination of occupationally-related neoplasia can include the
application of macromolecular contrast enhancement agents for sensitive and specific
detection of the hyperpermeable pathology of solid tumors on CT and on MRI during
surveillance or treatment course.

8. Conclusions

There are several mineral ores containing transitional atoms with polyhedral bond
structure; there is the utilization of minerals of mined mineral ores in the various
biotechnology sectors; there is the development of bioengineered nanoparticles for
enhanced accumulation and retention effects; there is the bioaccumulation of human-
made synthetic materials including plastic particulates with very slow dissolution
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rates and potential for particulate matter environmental toxicity that alter the normal
cell molecular mechanisms.

Certain permissible threshold limits are established by the U.S. regulatory agencies
for minimizing environmental or occupational exposure to individual mineral con-
stituents measured by mass spectroscopy or by fluoroscopy or to whole particulate
matter. Causality for certain mineral exposure-associated toxicity and disease is
established by the combined evaluation of in vitro test results, animal study experi-
mental data and human epidemiologic findings by probability of significance.
Methods that are applied in study design include exposure air sampling by elutriator
air flow, characterization of particulate dimensions and shapes by electron micros-
copy or particle light scattering, measurement of particulate matter dissolution, and
biomonitoring of biochemical metabolites in workplace surveillance, gene expression
level alterations by cDNA microarray or by RNA sequencing with pre-amplification
by qPCR, small animal subject and human blood plasma and tissue imaging with
pharmacokinetic modeling, descriptive statistics and epidemiologic -based risk delin-
eation by alternative hypothesis and p-value thresholds.

The reasons for particulate matter toxicity can be understood with knowledge of
the diversity of topics covered in this chapter on: i) aerosol and particulate matter
classes, ii) natural and bioengineered particle types, iii) respiratory tree deposition
mechanisms, iv) imperfect particle properties and flow regimes, v) solvation vari-
ables, vi) compartmental modeling parameters, and vii) workplace exposure limits
and guidelines. The material covered in this chapter will be pertinent to the determi-
nation of causal and synergistic relationships for new toxicants and mixtures, and
industrial, mining and construction sector exposure air sampling, high-resolution
tissue bioimaging and monitoring of general and specific external exposomic effects
on DNA and polymorphism and for the further understanding of mechanisms of
particulate matter toxicity, and disease initiating and promoting variables.

Abbreviations

MS mass spectroscopy
ICP-MS Inductively coupled plasma-MS
ICP-OES ICP-optical emission spectroscopy
EF-TEM energy filtered-TEM
EEL-TEM electron energy loss spectroscopy
SANS, SAXS small angle neutron/x-ray scattering
SEM scanning emission microscopy
XANES X-ray absorption near-edge structure (element specific)
XRD, XRF X-ray diffraction or fluorescence
DSL dynamic light scattering
EELS electron energy loss spectroscopy
DSC differential scanning calorimetry
FTIR Fourier transform infrared resonance
PID photoionization detection
XPS X-ray photoelectron spectroscopy
GFC Gel-filtration chromatography
LINE-1 long interspersed nuclear elements
cDNA micro-array differential RNA expression (DE) by cDNA hybridization

library
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qRT-PCR quantitative RNA reverse transcription DNA polymerase
chain reaction

RNA-seq RNA sequencing
gRNA-seq guide RNA sequencing
FPG formamidopyrimidine glycosylase
SOD superoxide dismutase
UHCL unsupervised/unlabeled data hierarchical clustering analysis
GO gene ontology DE pathway analysis
IPA ingenuity pathway analysis
IPRL isolated perfused rat lung
QAR quantitative autoradiography
DCE-MRI dynamic contrast-enhanced 1H-nuclear magnetic imaging
FFE fast-field echo, gradient-recall (GE) echo
SE spin-echo, fast-spin echo
GKM generalized kinetic model
PAR population attributable risk
RR relative risk
OR odds ratio
SMR standardized mortality ratio
HR hazards ratio
Logit logistic probability
HA alternate hypothesis
HO null hypothesis
ꭓ2 Chi-Square non-parametric
FDR false discovery rate
REL recommended exposure limit
PEL permissible exposure limit
TLV threshold limit value
AL action level
TWA time weighted average
PPE personal protective equipment
IARC A1 Human carcinogen
A2 Suspected human carcinogen
A3 Confirmed animal carcinogen
A4 Not classifiable as a human carcinogen
A5 Not suspected as a human carcinogen
ILO International Labor Organization
OSHA-DOL Occupational Safety and Health Administration
NIOSH-CDC National Institute of Occupational Safety and Health
ACGIH American College of Governmental Industrial Hygienists
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A. Appendices

A.1 Microvascular fluid exchange and pharmacokinetic modeling

Unidirectional three-parameter transcapillary permeability model issue extraction
by indicator dilution

EF ¼ 1� 1

e P�S
CBF

(1)

where EF, brain tissue indicator extraction fraction, a.u.
P, permeability, x10+1 mm/sec
S, surface area, x10+2 mm2

Q, blood flow (i.e. CBF), microvascular capillary flow per unit mass of tissue per
min, ml/60 sec � g tissue, mm3/sec

if P�S product - > ∞, then Ef ≈ 1 and all of the indicator is extracted from
blood plasma into the EES and is a small molecule permeable across the
blood-CSF barrier and the blood-brain barrier and is a barrier permeability
indicator

if P�S product - > 0, then Ef ≈ 0 and none of the indicator is extracted and the
indicator is a macromolecular contrast agent and blood volume indicator

Bidirectional flux two-parameter transcapillary permeability model for hydraulic
conductivity with Peclet variable for capillary connective flow

JV
A

¼ Lp ΔP� σ2 πc
1� 1

ePe
� �

1� σ 1
ePe

� �
" #

(2)

where Jv, effective hydraulic flux into tissue in 10�6 cm per sec
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A, surface area for transcapillary exchange in cm-squared
Lp, hydraulic conductivity coefficient of water permeability in cm per sec � cm H2O
σ, reflection coefficient to transcapillary macromolecule transfer across capillary

wall, a.u.
πc, capillary osmotic pressure in mm Hg or cm H2O
Pe, Peclet variable ratio for macromolecule convective flow through capillary, a.u.
Bidirectional three-parameter generalized kinetic model (GKM) pharmacodynamic

model with vascular plasma volume adjustment term (as per section Refs.)

Ktrans ¼ Ct tð Þ � Vp ∗Ct tð Þðt
Ʈ

Cp tð Þ
eKep t�Ʈð Þ dt

(3)

where Ct (t), concentration in tissue at time t in minutes
Cp (t), concentration in plasma at time t
Ʈ, imaging time at initial sequence contrast enhancement
Vp, plasma vascular volume
Ve, extracellular extravascular volume, tissue interstitium volume
Ktrans, Ki, positive slope forward (outward) transfer rate constant per minute (or

apparent tissue VD (VD’) per minute)
Kep, Kb, negative slope reverse (inward) transfer rate per minute
Ktrans range: indication.
Upper tier: high-hyperpermeability lesion, i.e. inflammation
Mid tier: mid-hyperpermeability lesion, i.e. high grade tumor
Lower tier: low-hyperpermeability lesion, i.e. low grade tumor

A.2 Chi Square post-analyses

Exposure duration (yrs)

X-ray Grade (of abnormality) 0–9 10–19 20–29 30–39 40+

Asbestosis Grade 1 Exp, 24
(Obs, 36)

Exp, 113
(Obs, 158)

Exp, 38
(Obs, 35)

Exp, 114
(Obs, 102)

Exp, 77
(Obs, 35)

Asbestosis Grade 2 Exp, 8
(Obs, 0)

Exp, 39
(Obs, 9)

Exp, 13
(Obs, 17)

Exp, 39
(Obs, 49*)

Exp, 27
(Obs, 51)

Asbestosis Grade 3 Exp, 3
(Obs, 0)

Exp, 15
(Obs, 0)

Exp, 5
(Obs, 4)

Exp, 16
(Obs, 18)

Exp, 11
(Obs, 28)

Chi Test
p-value

0.00017 5.507E-13 0.4294 0.1313* 6.303E-17

*trend for difference between groups (Grade 1, �2 and � 3).

Table 3.
Table 2 post-analysis of grade 1, grade 2 and grade 3 X-ray abnormalities (of ref. [32]).

Exposure duration (yrs)

X-ray Grade (of abnormality) 0–9 10–19 20–29 30–39 40+

Asbestosis Grade 1 Exp, 27
(Obs, 36)

Exp, 124
(Obs, 158)

Exp, 39
(Obs, 35)

Exp, 112
(Obs, 102)

Exp, 64
(Obs, 35)
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Exposure duration (yrs)

X-ray Grade (of abnormality) 0–9 10–19 20–29 30–39 40+

Asbestosis Grade 2 Exp, 9
(Obs, 0)

Exp, 43
(Obs, 9)

Exp, 13
(Obs, 17)

Exp, 39
(Obs, 49)

Exp, 22
(Obs, 51)

Chi Test
p-value

0.002 1.649E-08 0.5043 0.1565 7.455E-12

Table 4.
Table 1 (a) post-analysis of grade 1 and grade 2 X-ray abnormalities (of ref. [32]).

Exposure duration (yrs)

X-ray Grade (of abnormality) 0–9 10–19 20–29 30–39 40+

Asbestosis Grade 2 Exp, 0
(Obs, 0)

Exp, 6
(Obs, 9)

Exp, 15
(Obs, 17)

Exp, 112
(Obs, 102)

Exp, 64
(Obs, 35)

Asbestosis Grade 3 Exp, 0
(Obs, 0)

Exp, 3
(Obs, 0)

Exp, 6
(Obs, 4)

Exp, 39
(Obs, 49)

Exp, 22
(Obs, 51)

Chi Test
p-value

Und. 0.1677 0.6361 0.9615 0.5655

Table 5.
Table 1 (a) post-analysis of grade 2 and grade 3 X-ray abnormalities (of ref. [32]).

Exposure duration (yrs)

Lung
cancer

Mesothelioma G.I.
cancer

All other
cancer

Ischemic heart
disease

Chronic
bronchitis

All other
causes

Plaques Exp, 15
(Obs, 19)

Exp, 15
(Obs, 23)

Exp, 7
(Obs, 7)

Exp, 13
(Obs, 7)

Exp, 40
(Obs, 34)

Exp, 11
(Obs, 9)

Exp, 27
(Obs, 22)

Controls Exp, 8
(Obs, 4)

Exp, 8
(Obs, 0)

Exp, 4
(Obs, 4)

Exp, 7
(Obs, 7)

Exp, 23
(Obs, 29)

Exp, 7
(Obs, 9)

Exp, 16
(Obs, 21)

Chi Test
p-value

0.1548 0.0012 0.9995 0.9859 0.3166 0.5104 0.263

Table 6.
Table 8 post-analysis of X-ray asbestosis contact-related pleural plaques in exposed and non-exposed groups (as
per ref. [32]).

Onset of work (interval)

X-ray Grade (of abnormality) < 1950 1951–1955 1956–1950 > 1961

Normal Exp, 90
(Obs, 81)

Exp, 107
(Obs, 98)

Exp, 180
(Obs, 174)

Exp, 164
(Obs, 188)

Abnormal Exp, 76
(Obs, 85)

Exp, 91
(Obs, 100)

Exp, 153
(Obs, 159)

Exp, 139
(Obs, 115)

Chi Test
p-value

0.1702* 0.1935 0.4986 0.0055

*trend for difference between groups (Normal, Abnormal).

Table 7.
Table 10 post-analysis of abnormal and normal X-ray findings for beginning work year intervals (of ref. [32]).
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A.3 Particulates toxicity industrial hygiene (adapted from Ref. [15])

I.Threshold limit value

TLVppm ¼ TLVð Þ Air volð Þ
MWð Þ ; (4)

TLVppm ¼ TLVð Þ Air volð Þ
MWconvð Þ (5)

where 1 (a), MW, g/mol, or 1 (b), MW (conv., mg/mol), MW x 1000 mg/mol.

1 (a) TLV, g/1 x 106 L, or 1 (b) mg/m3

1 (a) Air vol, 24.45 L/mol, or 1 (b), 0.02445 m3/mol

II.Time-weighted mean

TWAm ½ � ¼
P

n1 ∗ ½ � þ … þ nm ∗ ½ �ð ÞP
n1 þ … þ nmð Þ (6)

where TWAm, Time-weighted average concentration.

[], concentration

n, hours of exposure at TLV concentration

m, hours in shift

III.Fraction of TLV exposure

TLVfract ¼
X ½ �1

TLV1
þ … þ ½ �z

TLVz

� �
(7)

where TLVfract, overall fraction of threshold limit value exposure (> 1,
exposure limit has been exceeded).

[], concentration

z, TLV for specific chemicals beginning with first exposure []

IV. Sampler efficiency

A. IPM, Inhalable particle matter size range, 50% cumulative reference
level

Finh Dað Þ ¼ �11:8 ln Dað Þð Þ þ β0 (8)

Finh (Dae), IPM efficiency.

β0 = 101.

(, non-inclusion x variable.
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], inclusion x variables.

where particle aerodynamic diameter Da, (0 μm; 1 μm, 2 μm, 5 μm,
10 μm, 20 μm, 30 μm, 40 μm, 50 μm, 100 μm], R2 = 0.97.

where 50% efficiency is at standard particle Da = 100 μm, and 97%
efficiency is at std. particle Da = 1 μm (actual values)

B. RPM, Respirable particle matter size range, 100% cumulative reference
level

Fresp Dað Þ ¼ �3:79 Dað Þ2þ 2:84 Dað Þ þ β0 (9)

Fresp (Dae), RPM efficiency (small particle).

β0 = 99.4.

where particle aerodynamic diameter Da, [0 μm, 1 μm, 2 μm, 3 μm,
4 μm], R2 = 0.998

Fresp Dað Þ ¼ β0 e�0:648 Dað Þ (10)

Fresp (Dae), RPM efficiency (large particle).

β0 = 767.

where particle aerodynamic diameter Da, [4 μm, 5 μm, 10 μm, 6 μm,
7 μm, 8 μm, 10 μm], R2 = 0.992.

A.4 End of chapter educational objectives exercise – Particulate matter
toxicity

i. What are the bioengineered macro-particulate classes for extended release
effects (Table 2)?

• Colloid (1–1 μm),

• Suspension (> 1 μm)

• Emulsion (H2O-in-oil (w/o), oil-in-H2O (o/w)) � inclusion

• Micelle (10–200 nm)

• Liposome (100–580 nm)

ii. How are bioengineered particles categorized (Table 2)?

• Soft nanoparticles (3x + 2, x = C-C bond)

• Hard nanoparticles (nx + m, x = metal oxide bond)
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iii. Geological detritus is (Table 1):

• Transition metal oxide/polyhedral bond structure particulates

iv. What are the particle properties for elimination or uptake?

• Charge/exterior oxidation state (neutral, poly-neutral, anionic, cationic,
cationo-neutral)

• Size (1.65–2.09 nm, renal filtration; 4.75 nm, renal reabsorption)

• Aspect (w, l)

v. What are the terms and relationship for inhalable particle diameters?

• Aerodynamic diameter (Dae)

• Settling velocity diameter (Da)

• Volume equivalent diameter (Dve)

• Mass equivalent diameter (Dme)

vi. What are the determinants in the inhalable particulate matter flow
regime?

• Effective particle density (ρeff
II)

• Particle density (ρp)

• Dynamic shape factor (χ)

• Knudsen path length (Kn)

• Velocity-slip correction parameter (C)

vii. What are mechanisms of smelter particle formation?

• Condensation for collision product molecules

• Coagulation for particles

viii. What are the variables of dissolution?

• Particle type (hard, soft)

• Dreiding forcefield energy (DE)

• Free energy threshold (Gcritical)

• Surface energy barrier to dissolution (H)
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• Defusion entropy (Sf)

• Partition coefficient (P)

• Solution electrolyte saturation (1 - α)

• Volume per molecule (ω)

• Temperature (T)

ix. What are the variables of percolation?

• Matrix porosity (φ), pore size (rm), pore number (rn)

• Volumetric water content (θ)

• Percolation (p)

• Critical threshold for percolation (pC)

• Cross-over threshold (px)

• Power variable (t, q)

• Molecule size (a)

• Macro-diffusivity (D)

• Diffusivity, unbounded solvent (D∞)

x. What are the epidemiologic/statistical methods?

• Categorical

◦ Relative risk (RR), Odds ratio (OR), Chi Square (χ2; Appendix II),
HR: Logistic regression

◦ Sensitivity and specificity

• Numeric

◦ Parametric methods, SMR

xi. What are the primary variables for water and solute permeability modeling
(Appendix I)

• Starling model, 2-compartment, bidirectional

• Oncotic pressure, πc; πi, πg

• Hydrostatic pressure, pc, pi
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• Reflection coefficient, σ (a.u.)

• Hydraulic permeability coefficient, Lp

• Fluid flux parameter, Jv/A/ΔP

• Solute flux parameter, Js/A/ΔC

• Peclet convection diffusion ratio, Pe (a.u.)

xii. What are the primary variables for solute pharmacokinetic modeling
(Appendix I)

• Universal diffusional concentration variables, Cb, Ct intracellular

• QAR model, 2-compartment, uni-directional (integrated/non-linear)

• Influx parameter, Ki

• GKM model, 2-compartment, bi-directional (integrated decay)

• Transfer parameters, Ktrans, Kep

• Fractional variables, vp, ve

xiii. What are US agency threshold limits or groups for toxic exposure surveillance
for respirable size range particulates aerosol (Appendix III, Table 3
footnotes)?

• Threshold limit value, (shift, TLV)�1

• Permissible exposure limit (PEL)

• Recommended exposure limit (REL)

• Short-term exposure limit (STEL)

• Action level (AL)

xiv. What is the industrial hygiene approach?

• Air sampling/personal dosimetry

◦ Particulates, flow rate-calibrated sampling pumps with size-specific
filters

◦ Vapors, monitoring badges and/or solid sorbent tubes

• Hierarchy of controls implementation

230

Toxicity of Nanoparticles – Recent Advances and New Perspectives



xv. What are the methods for analysis of cell macromolecular changes in response
to exposure?

• Fluorescence absorbance/emission (Abs, Em SI, λ)

• X-ray diffraction (SI, 2-θ°)

• FTIR reflectance or transmission spectroscopy (SI, λ�1)

• Mass/ionization spectroscopy (SI, m/z)

• 1H NMR spectroscopy (SI, ppm)

• TEM: STEM2.6E2 e�/nm2, EFTEM10E6 e�/nm2 (SI, σ)

xvi. Methods for analysis for DNA polymorphism and transcription factor/
complex binding, RNA expression, methylation and conformational changes
include:

• DNA segments sequencing (reads mapping, assembly; ATAC, CHiP)

• RNA-sequencing

• Guide RNA-sequencing/Cas9-CRISPR

• qRT-PCR with primers

• cDNA microarray library with FDR Q-value correction

• Bisulfite C - > U conversion

• Circular dichroism (CD) spectroscopy (θ°, λ)

xvii. What are the determinants of particulate matter cell genomic and epigenomic
toxicity?

• Particulate matter exterior properties aspect ratios

• Transition metal dissolution rates and exterior properties/oxidation
states (cell surface interaction, nuclei acid binding/conformational
changes)

• AhR and related pathway agonism

• Efflux transporter and related gene expression polymorphisms

• Gene promoter or body methylation changes
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