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Abstract

Inorganic nanoparticles impose huge opportuni-
ties to clinicians in field of theranostics. Currently 
FDA has approved hundreds of inorganic 
nanoparticles for their clinical investigation in 
different fields of nanomedicine, cosmetics, 
nutraceuticals, diagnostics, and so on. Potential 
properties like tunable size, tailorability of sur-
face, targeting at cellular level, and penetrability 
entail them as system of choice. Despite the tre-
mendous applications, clinical translation of 

these nanosystems is still a big challenge. The 
major debatable concern is their non-acceptable 
toxicity due to accumulation in RES organs. 
Interestingly in the last few decades, researchers 
are quite focused on nanoengineering to optimize 
physiochemical properties and their impact on 
PK of these nanosystems. The current chapter 
provides an overview of pharmacokinetic con-
siderations, effect of various factors, physiologi-
cally based pharmacokinetic models, and fate 
and toxicity of inorganic nanoparticles. The 
chapter highlights over diverse factors optimized 
while designing these nanoparticulate systems to 
achieve desired pharmacokinetics.
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Abbreviations

ADME	
Absorption-distribution-metabolism-
elimination

NPDDS	 Nanoparticulate drug delivery 
systems

NPs	 Nanoparticles
PBPK	 Physiologically based pharmacoki-

netic models
PK	 Pharmacokinetics
RES	 Reticuloendothelial system

1	 �Introduction

Recent advances in formulation and development 
have led to the emergence of nanoparticles as a 
novel drug delivery system. Nanoparticles con-
stitute the involvement of matter at the atomic 
levels. When we can see these particles with our 
naked eye, the bulk properties dominate which 
are the aggregate of the quantum forces. However, 
as we go on decreasing the size and reach a par-
ticular level like nanoscale, these bulk properties 
no longer dominate, and, instead, what we see is 
the control of individual quantum effects like 
melting point, fluorescence, magnetic behavior, 
etc. Taking an example, we see that even though 
large-scale gold particles appear yellow, at 
nanoscale, the electrons of the atoms are con-
fined, making them interact differently with light. 
This is why we see a red- to purple-colored solu-
tion of gold nanoparticles rather than a yellow 
one. Conventionally, nanoparticles have a range 
of 1–100 nm.

1.1	 �Classification of Nanoparticles

Nanoparticles can be classified into two major 
broad categories based on composition as given 
in Fig. 10.1 [1]:

	(a)	 Organic
	(b)	 Inorganic

They can be classified into different types accord-
ing to their size, morphology, and physical and 
chemical properties. Some of them are carbon-
based nanoparticles (carbon nanotubes (CNTs) 
and fullerenes, graphene, nanodiamond), ceramic 
nanoparticles (hydroxyapatite (HA), zirconia 
(ZrO2), silica (SiO2), titanium oxide (TiO2), and 
alumina (Al2O3)), metal nanoparticles, (silver, 
gold, and iron), semiconductor nanoparticles 
(ZnS, CdS, CdS GaN, GaP), polymeric nanopar-
ticles (biodegradable and nonbiodegradable), 
and, lipid-based nanoparticles (liposomes, solid 
lipid nanoparticles, and nanostructured lipid 
carriers).

Organic nanoparticles are biodegradable and 
nontoxic in nature and include liposomes, den-
drimers, micelles, etc. They are also called poly-
meric nanoparticles.

Inorganic nanoparticles can be classified into 
metallic nanoparticles, ceramic nanoparticles, 
carbon nanotubes, and quantum dots. The con-
sideration of carbon-based nanoparticles as inor-
ganic is justified as carbon nanotubes and 
graphene are entirely made of carbon atoms and 
not bound to any hydrogen atom to be considered 
as organic compounds [2].

Metallic nanoparticles have gained popularity 
in recent times as therapeutics and diagnostic 
agents in a myriad of sectors ranging from medi-
cal, biomedical, engineering, to agriculture. The 
adaptability of these metallic nanoparticles to be 
modified with various functional groups opens 
the pathway to utilize them for targeted drug 
delivery and as contrast agents for diagnostic 
purposes. At nanometer level, there is a vast 
change in the physical and chemical behavior of 
these metallic elements owing to their large size 
to volume ratio and quantum effects.

Metallic nanoparticles can be further divided 
into magnetic that includes iron oxide nanoparti-
cles and nonmagnetic that includes gold, silver, 
and zinc nanoparticles. We’ll now look into each 
of these in brief.

All of the metals mentioned above have a par-
tially filled d-orbital that is responsible for their 
higher oxidation states and, thus, higher reactiv-
ity [3, 4]. The transition elements of the periodic 
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table presently used as nanoparticles include gold 
[gold nanoparticles (GNPs)], silver [silver 
nanoparticles (SNPs)], iron [iron oxide nanopar-
ticles (IONPs)], and zinc (zinc oxide 
nanoparticles).

Gold Nanoparticles (GNPs)
The most widely discussed and utilized include 
the gold nanoparticles. They have applications in 
cancer therapy as well as diagnostics. Such 
agents are called theranostics (by combining the 
words therapeutic and diagnostic) [5, 6]. GNPs 
have a size range of 1–100 nm. Those in the range 
of 20–50 nm have been shown to be most promis-
ing for cellular uptake and treatment of tumors 
[7, 8]. The synthesis of GNPs can be done by 
chemical means as well as through newer sus-
tainable method known as “green synthesis.” One 
of the  chemical method is the citrate reduction 
method utilizing trisodium citrate to reduce gold 
chloride [9, 10]. Green synthesis, on the other 
hand, is a sustainable and environment-friendly 
technique of enzymatic reduction of gold parti-

cles using plants and microorganisms. When 
using plants, the plant extract is added to the 
auric solution resulting in formation of nanopar-
ticles. The concentration of auric solution 
depends on the species and plant part used [11].

Silver Nanoparticles (SNPs)
Silver is a noble element of the transition metal 
series known for its healing ability. Silver as 
nanoparticles is useful in the destruction of can-
cer cells. It does so by acting as a ROS that kills 
the mitochondria of the tumor cells [12, 13]. 
Various methods are used for the synthesis of 
SNPs. The most widely used is the chemical 
reduction method.

Iron Oxide Nanoparticles (IONPs)
Iron (II) oxide is paramagnetic in nature, whereas 
iron (II, III) oxide/Fe3O4 is super paramagnetic in 
nature. These properties enable them to be suc-
cessfully used as contrast agents in magnetic 
resonance imaging (MRI) and magnetic separa-
tion technologies like DNA sequencing [8].

Nanopar�cles

Inorganic 

Metallic 

Magne�c 
E.g Iron oxide 

Non- magen�c
e.g. gold, silver, 

zinc  Quantum 
Dots 

Ceramic
e.g. calcium 

phosphate, silica  

Carbon 
nanotubes 

Organic 

Liposomes 

Dendrimer 

Micelle 

Fig. 10.1  Classification of nanoparticles
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Quantum dots are small-sized semiconductor 
crystals having the ability to showcase intensive 
fluorescence. They are routinely used as agents in 
drug delivery and imaging techniques [14].

Ceramic nanoparticles have a porous struc-
ture owing to which they can be easily fabri-
cated to suit various needs of sizes and shapes. 
Few examples of ceramic nanoparticles include 
calcium phosphate, silica, calcium carbonate, 
etc. Since these have strong covalent bonds 
between them, they are relatively stable than 
metal nanoparticles and, thus, show low thermal 
and electrical conductivity and low corrosive-
ness [1].

Carbon nanotubes, as the name suggests, con-
sist of small hollow tubes made entirely of hex-
agonally arranged carbon atoms. The hollow 
interior allows it to act as a drug carrier. They are 
mainly produced through laser ablation method 
[9, 15].

1.2	 �Formulation 
and Development

The synthesis of nanoparticles can be achieved 
using a wide variety of methods. Traditionally, 
there are mainly two approaches that are utilized 
in the synthesis of nanoparticles (Fig. 10.2):

	1.	 Top-down approach
	2.	 Bottom-up approach

Top-Down Approach
It involves the breakdown of larger particles into 
smaller ones (miniaturization) using processes 
like milling and attrition. Methods that utilize 
these processes include laser ablation, mechani-
cal milling, and arc discharge. It requires a lot of 
energy and effort which is one of the disadvan-
tages of the technique [16, 17].

Bottom-Up Approach
This technique involves the formation of 
nanoparticles starting from smallest of particles 
like atoms or molecules and builds on further to 
form nuclei via process of nucleation. The 

nucleation can take place in any medium. The 
size of the particles can be carefully controlled. 
Small-size particles can be obtained when 
almost every particle enters into the nuclei stage 
simultaneously. It is a simple, fast, and low-cost 
technique. Methods like sol-gel, microemul-
sion, and co-precipitation are included in this 
[16] [17].

One method cannot be applied to all the ele-
ments as the choice of method depends on the 
physical and chemical properties of the element.

Green Synthesis
Abundant research is being carried on newer 
methods like “green synthesis” to provide an 
environment-friendly and sustainable approach 
to nanoparticle synthesis. Traditional techniques 
led to the excessive use of noxious and hazardous 
chemicals and even produced harmful by-
products at times.

Green synthesis is a comparatively safer 
alternative to synthesize nanoparticles that uses 
plants, bacteria, fungi, and algae to synthesize 
nanoparticles (Fig. 10.2). The phytochemicals 
present in plant extracts, namely, alkaloids, fla-
vonoids, etc., obtained from plant waste act as 
reducing agents, thereby reducing the costs of 
reducing agents used in chemical synthesis 
methods [18]. Several studies have been car-
ried out showcasing the success of this tech-
nique. To take an example, Latha and Gowri, in 
2014, synthesized the ferric (II, III) oxide 
nanoparticles using Carica papaya leaf extract 
[4]. The synthesis of metallic nanoparticles 
inside the bacteria, fungi, algae, and yeast 
takes place through several mechanisms that 
reduce them to their elemental form. These 
mechanisms majorly include enzymatic reac-
tions and other reactions like precipitations, 
complexation, and efflux transporters [19]. 
One recent study even found that biogenic sil-
ver nanoparticles were similarly effective but 
less toxic in eukaryotes compared to chemi-
cally synthesized silver nanoparticles [20]. The 
use of green technology in mass scale produc-
tion of nanoparticles seems promising in com-
ing years given the large amount of research 
carried on it.
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1.3	 �Evaluation of Inorganic 
Nanoparticles

Inorganic nanoparticles can be evaluated by sev-
eral methods as mentioned in Fig. 10.3 based on 
the particle and drug characteristics. These 
parameters ultimately affect the performance of 
these nanoparticles inside our body, i.e., in vivo 
[8]. Evaluation of nanoparticles in vivo depends 
on the disease and the tissue or organ it is 
affecting.

1.4	 �Applications of Inorganic 
Nanoparticle

Owing to their low toxicity, targeted drug deliv-
ery, and, significant role in imaging, inorganic 
nanoparticles have found use in numerous sec-
tors. Few applications of inorganic nanoparticles 
are summarized in Table  10.1. Some inorganic 
nanoparticle formulations which are presently 
marketed are given in Table 10.2.

There are numerous nanoparticulate formula-
tions that have received approval from various 
regulatory agencies for its use in therapeutics and 
imaging. Some marketed formulations and for-

mulations of inorganic nanoparticles under clini-
cal trials along with its use are given in Table 10.2 
[39].

2	 �Pharmacokinetic 
Considerations for Inorganic 
Nanoparticles

In the fascinating era of nanotechnology, inor-
ganic nanoparticles (both ceramic and metallic) 
offer various exciting approaches to diagnostics 
and therapeutics to the scientific community. 
Among various classes of nanosystems, inor-
ganic nanoparticles exhibit distinctive features 
and biological effect over conventional organic 
counterparts. For targeted drug delivery, inor-
ganic NPDDSs should reach to target tissues in 
optimum concentrations and show appropriate 
release kinetics, illustrating their efficient thera-
peutic potency. Also, it is very important that 
inorganic NPDDS should be nontoxic and easily 
eliminated from the body. Despite of several 
demerits, inorganic nanoparticles are system of 
choice for theranostics due to ease of their 
formulation-development, easier detection in 
biological fluids and accurate monitoring of their 

Fig. 10.2  Top-down and bottom-up approaches for preparation of nanoparticles
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kinetics. In contrast, though organic nanoparti-
cles exhibit simple formulation and biodegrad-
ability, it is quite difficult to identify them in 
biological system. Also, their characterization 
and traceability are problematic. Some exem-
plary inorganic nanomaterials include quantum 
dots, fullerenes, carbon nanotubes, graphene, 
inorganic nanotubes and metallic nanoparticles 
(NPs). Among all inorganic nanomaterials, 
highly exploited ones are gold, silver iron oxide, 
titanium dioxide (TiO2), and zinc oxide nanopar-
ticles which are also approved by the FDA as 
theranostics [39]. Gold nanoparticles have been 
extensively studied in treatment of tumors or 
rheumatoid arthritis, also adopted as carriers for 
drug and gene delivery; however silver nanopar-
ticles are employed as antibacterial agents for 
coating catheters, orthopedic implants, wound 
dressings, and scaffolds. Major utilization of iron 
oxide (FeO) NPs is for diagnostics as bioimaging 
and biosensing, whereas titanium oxide (TiO2) 

and zinc oxide (ZnO) NPs are highly consumed 
in cosmetics and toiletries [40].

It is the bitter truth that very few inorganic 
nanomaterials have been made from bench to 
bedside translation due to their potential toxici-
ties to major organs. Thus, it is a major challenge 
to exercise more efforts investigating the toxicity 
mechanisms to ensure their clinical safety.

In this regard, a systematic understanding of 
fundamental pharmacokinetics is crucial for 
proper risk assessment. The pharmacokinetics of 
these long circulating inorganic NPDDS is 
strongly dependent on various physiochemical 
attributes including shape, size, charge, and coat-
ing material. Furthermore, biopharmaceutical 
factors like protein binding, route of administra-
tion, dose and dosage regimen, patient-related 
factors, and genetic factors also contribute in 
their cellular uptake and biodistribution. 
Literature reveals that oral, dermal, or inhala-
tional absorption of these inorganic nanoparticles 
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is comparatively low, i.e., up to 5% or less. 
However effective cellular uptake can be 
improved by tuning of their size, charge, and sur-
face modulation. Nanosize of these inorganic 
nanoparticles facilitates their distribution 
throughout the body along with accumulation in 
various organs like the liver, lung, spleen, kidney, 
and lymph node. It has been reported that inor-
ganic metallic nanoparticles are capable of cross-
ing the blood-brain barrier as well as placental 
barrier coated with biocompatible polymers. Due 
to rapid clearance from the blood stream via the 

mononuclear phagocyte system (MPS) and retic-
uloendothelial system (RES), inorganic nanopar-
ticles bypass first pass metabolism and undergo 
longer circulation in the body (could remain in 
the body up to 6 months or more) and thus high 
accumulation in vital organs leading to their 
chronic toxicity over time. Also chances of 
malignancy may arise in people more exposed to 
nanomaterials, especially those working on nano-
material production. Therefore, huge data on 
in vivo and in vitro kinetics along with computa-
tional predictive toxicity is requisite for 

Table 10.1  Application of inorganic nanoparticles in various sectors

Types of 
inorganic 
nanoparticles

Application in various sectors

ReferencesTherapeutics Diagnostic Food Industry
Gold 
nanoparticles 
(AuNPs)

Anticancer drug carriers, 
e.g., gemcitabine
Photothermal killing of 
cancer cells using gold 
nanorods

Biosensors: surface-
enhanced Raman 
spectroscopy (SERS)

Functional yogurt having 
radical scavenging 
properties using AuNP

[21, 22]

Silver 
nanoparticles 
(AgNPs)

Anticancer effects
Antimicrobial effects

Electromagnetic 
enhancement of spectral 
signals

Quercetin capped AgNP 
antibacterial effect against 
S. typhi

[23, 24]

Zinc 
nanoparticles

ZnO maintenance of insulin 
(antidiabetic role)
Anticancer role
In sunscreen as UV 
absorbant

ZnS:Mn for multiphoton 
imaging

ZnO as animal feed: 
Eenhanced bioavailability 
and antimicrobial 
properties;
UV absorbers in light-
sensitive food

[25–28]

Iron (II, III) 
oxide 
nanoparticles

Colloidal carriers of drug; 
gene therapy
Treatment of iron 
deficiency anemia

As imaging probes in 
MRI

Colorants and dietary iron 
source

[8, 25, 29, 
30]

Quantum dots 
(QD)

Photodynamic therapy in 
cancer treatment
Real-time monitoring of 
drug release

Cadmium-loaded QD 
two-photon imaging 
probes
Fluorescence imaging
Monitor ATP, Cu2þ, 
glutathione (GSH)

– [9, 31–33]

Silica 
nanoparticles

Carrier for hydrophobic 
drugs to protect them 
against acidic pH of the 
stomach

Ultrasound imaging 
contrast agents

SiO2 as anticaking agents 
in salt, sugars

[13, 30, 34]

Calcium 
phosphate

Anticancer drug carriers to 
reduce systemic toxicity
Bone tissue engineering

– – [1, 35]

Carbon 
nanotubes

Thermal therapy to kill 
cancer cells
Carrier for therapeutic 
molecules
Tissue engineering and 
regeneration additives

Biosensors
Imaging

Eliminate need for C02 and 
harmful flavors

[36–38]
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understanding the implications on long-term 
usage/exposure (Fig. 10.4).

Discussing on biotransformation of nanoma-
terials, it is well established that organic nanopar-
ticles inclusive synthetic polymers or 
biopolymers exhibit higher biocompatibility as 
compared to inorganic one. The prime reason 
behind this is their hydrodynamic behavior 
in vivo and tailorability of their surface with spe-
cific targeting ligands. On the other hand, due to 
the poor water solubility, stability issues, immu-
nogenicity, and potential toxicity, inorganic 
nanomaterials are desperately required to mod-
ify their surface with a biocompatible organic 
coating. Thus regardless of compositions, either 
metallic or ceramic, mandatory requirements for 
designing of all types of inorganic NPDDS are 
targeting efficiency, half-life of drug/formula-
tion in blood, and complete elimination from the 
body without any toxicity.

Various biopharmaceutical approaches are 
already known to estimate the pharmacokinetics 
of nanomaterials. Both experimental and mathe-
matical models are utilized to determine pharma-
cokinetic parameters, i.e., volume of distribution 

(Vd), clearance (Cl), half-life (T1/2), mean resi-
dence time (MRT), maximum or peak concentra-
tion (Cmax), area under the time concentration 
curve (AUC), and bioavailability (F). 
Pharmacokinetic data provide insights to clini-
cians to optimize dose and design a dose regimen 
within the therapeutic window of drug. 
Consequently modulations are done to achieve 
desired pharmacokinetic profile of drug in 
NPDDS. However in case of inorganic NPDDS, 
estimation of accurate pharmacokinetic parame-
ters and establishment of safety profile of nano-
materials are tough jobs due to unavailability of 
pharmacokinetic models for assessment. Due to 
these limitations, inorganic NPDDS are still in 
infancy stage in the market. Besides traditional 
approaches of compartment modeling and non-
compartmental analysis, physiological models 
have emerged as newer approach for pharmaco-
kinetic assessment of inorganic NPDDS.  These 
physiological models are purely based on math-
ematical equations providing a more realistic pic-
ture of ADME process in  vivo. However, such 
models have not been explored a lot (limited 
number of models available); therefore efforts 

Table 10.2  Marketed formulations of inorganic nanoparticles

Brand name Active ingredient
Manufacturing 
company Use

Marketed formulations
Feridex I.V.
Or
Endorem

Ferumoxides
(iron nanoparticles)

Berlex laboratories 
Inc. USA
Guerbet S.A (Eu)

MRI contrast media: Lliver 
tumor imaging

QuickClot Aluminosilicate Nanoparticle-infused 
cotton gauze

Z-Medica Helps blood clot faster

Vivodots Quantum dots Nanoco Diagnostic imaging and 
phototherapy

CosmoFer Iron dextran colloid Pharmacosmos Iron deficiency anemia
Ostim Hydroxyapatite (calcium-based 

nanoparticles)
Heraeus Kulzer In periodontal disease as bone 

substitute
Formulations under clinical trial
AuroLase Gold shell with silica coating Nanospectra 

Biosciences Inc.
Lung tumors, head and neck 
tumors, prostate cancer

SilvaSorb
(NCT00659204)

Silver nanoparticles Madigan Army 
Medical Center

Antibacterial gel

Nano Streams
(NCT03177876)

Hydroxyapatite Cairo University Maxillary sinus lift

Nano Care Gold
(NCT03669224)

Mix of gold and silver nanoparticles in 
70% isopropyl alcohol

Cairo University Dental caries

Magnablate I
(NCT02033447)

Iron nanoparticles University College 
London

Thermal ablation in prostate 
cancer
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are needed to fill the gap between theoretical 
assumptions and accurate data gap.

Thus it is quite clear that in order to attain 
desired pharmacokinetic parameters of inorganic 
NPDDS, it is necessary to modulate these sys-
tems by virtue of modifications in their physio-
chemical attributes, i.e., hydrodynamic diameter 
(HD), shape, composition, and surface character-
istics [41].

2.1	 �Impact of Particle Size 
and Shape

Nanosize of inorganic material has tremendously 
solved the problem of their cellular uptake across 
biological membranes despite of their poor solu-
bility and lipophilicity. Due to high surface area 
and low volume, these particles can easily pene-
trate various biomembranes for ease of targeting. 
Generally, particles in size range of 10–15 nm are 
easily permeated through biomembranes with 
limited accumulation in nontarget tissues. 
However, selection of appropriate particle size is 
crucial for its biotransformation which decides 
the fate of these nanosystems upon pharmacoki-
netic translation. It has been reported that 
nanoparticles having diameter around 5  nm or 
less prefer renal clearance, whereas particles with 
little larger hydrodynamic diameter undergo bili-
ary excretion [42–44]. Nanoparticles exceeding 
100 nm in size are reported to have extremely dif-

ferent pharmacokinetics and biodistribution 
properties, and their chances of accumulation in 
vital organs like the spleen, lungs, liver, and kid-
ney arise. Therefore, optimized fabrication meth-
ods are adopted to control the mean particle 
diameter of these nanosystems along with adjust-
ment in various physiochemical attributes of 
composition. Also, the tuning of size is done as 
per the requirements of target organ. For instance, 
in case of brain targeted drug delivery systems, to 
cross the tight endothelium junctions, the parti-
cles should have diameter < 20 nm. In general, 
the ideal size range of these inorganic NPDDS is 
10–150  nm for longer circulation time and 
desired accumulation at target site [45]. 
Importantly, the smaller size of these nanosys-
tems simulates with plasma proteins that leads to 
their longer circulation time and thus enhanced 
permeation and retention in solid tumors as well 
as atherosclerosis. Furthermore, it has been 
reported that both accumulation and penetration 
are required in tumors; therefore to achieve this, 
a wide range of nanoparticles, varying in size, are 
targeted to strike the tumor. Generally larger NPs 
show their accumulation within the tumor cells 
toward periphery; however the smaller ones pen-
etrate quite deeper inside the tumor cells.

Inorganic nanoparticles could be of various 
shapes like spherical, cubic, rod-like, or worm-
like which directly influence their cellular uptake. 
Different absorption patterns have been observed 
in terms of shape of these NPDDS. In an example 

Fig. 10.4  Factors affecting pharmacokinetics of nanoparticles
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of gold nanoparticles, it was observed that among 
different shapes, i.e., cubic, spherical, and rod-like 
nanoparticles, the net quantity of nanoparticles 
absorbed (weight) was higher for spherical parti-
cles, whereas total count of nanoparticles was 
comparatively more for rod-shaped ones [46].

2.2	 �Impact of Surface Modulation

In the current scenario of precision medicine, 
huge research is going on for tailoring of inorganic 
nanoparticles by surface modulation to obtain 
intelligent nanoparticles with improved targeting 
efficiency and low toxicity. Functionalization of 
nanoparticles significantly affects the physical, 
chemical, and biological nature of the entire for-
mulation and thereby impacts on its pharmacoki-
netics too. Surface modulation can be done in 
terms of attachment of ligands, ions, antibodies, 
coating with proteins, genetic material, polymers, 
etc., and currently a number of FDA-approved 
metallic nanoparticles are available as nanomedi-
cines for treatment of tumors, osteoporosis, and 
rheumatoid arthritis [47].

The surface charge of these inorganic NPDDS 
interacts with surface proteins of biomembranes 
and thereby affects absorption and distribution 
across the membrane. It is well established that 
positively charged NPDDS show better absorp-
tion in comparison to negative ones due to elec-
trostatic interactions. However NPs surface 
coated with neutral non-ionic polymer imparts 
stability and hence reduced immunogenicity. 
Furthermore, surface attributes of these inorganic 
NPDDS have a crucial role when come in contact 
with biological fluids. Generally protein-coated 
inorganic NPDDS show different affinities 
toward different proteins of biological fluid 
which ultimately decides their fate of 
biodistribution.

2.3	 �Impact of Route 
of Administration

Administration route of NPDDS impacts biodis-
tribution imperatively due to differential interac-

tion with enzymes, hormones, proteins, ions at 
the site of administration, as well as site of 
absorption, and thus a significant change in PK 
parameters is obtained. Huge research has already 
been done to elucidate the fate of inorganic 
nanoparticles in  vivo upon administering them 
through different routes. For instance, it has been 
reported that when PLGA NPs are administered 
through intravenous route, they get accumulated 
in the liver and spleen, but upon subcutaneous or 
intranodal administration, they are found to get 
accumulated in the lymph nodes specifically. 
Therefore one can easily target lymph nodes by 
administering drug via subcutaneous route, 
which could be beneficial in certain immunother-
apeutic applications [48].

It is well established that altering route of 
administration can avoid several demerits related 
to both dosage form and undesirable first pass 
metabolism. For instance, in case of lung target-
ing, NPDDS are preferably administered as inha-
lation rather by parenteral route for maximal 
accumulation in the lungs before reaching to sys-
temic circulation. In one more example, compari-
son between different modes of pulmonary 
administration was studied in mouse. For this, 
intratracheal instillation, intratracheal spraying, 
and intranasal instillation were selected to deliver 
PLGA nanoparticles. The report on accumulation 
and bioavailability of drug revealed heteroge-
neous biodistribution and accumulation of 
NPDDS in lung tissues [49].

Huang X el al. [7] studied over impact of dif-
ferent parenteral routes on biodistribution of car-
bon dots. They reported that upon administering 
them via intravenous, intramuscular, and subcu-
taneous individually, different values of PK 
parameters were obtained. They drew a compari-
son in clearance and urinary accumulation/excre-
tion rate of NPDDS and concluded that the 
particles exhibit following order for above men-
tioned PK parameters: intravenous > intramuscu-
lar > subcutaneous injections. However 
accumulation and selective uptake of carbon dots 
in tumor cells was found to be comparatively 
higher by subcutaneous and intravenous route in 
comparison to intramuscular injection. Hence 
such examples potentiate route-dependent 
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changes in ADME of theranostics and thus their 
bioavailability. Although tremendous preclinical 
studies are continuously being done to identify 
the best routes for a specific target, biodistribu-
tion of these inorganic NPDDS is still a big 
challenge.

2.4	 �Impact of Composition 
of Nanomaterial

Most of the inorganic theranostic NPs are com-
posed of either metallic (transition metals) or 
ceramic compounds having specific configura-
tion and geometry (linear or branched). They 
exhibit larger size, greater hydrophobicity, and 
poor biodegradability as compared to organic 
NPDDS. Such physiochemical features of inor-
ganic NPDDS impact their in vivo performance 
and affect absorption, biodistribution, elimina-
tion, as well as targeting ability. Also due to non-
biodegradability, inorganic NPs remain in the 
body for a relatively long period of time com-
pared to small molecules, and thus concerns have 
been raised for their potential toxicities. Due to 
their long circulation time, abrupt changes in PK 
parameters have been observed (increased t1/2, 
reduced clearance, increased volume of distribu-
tion, lesser excretion rate, increased mean resi-
dence time).

2.5	 �Impact of the Dose

The relationship between dose and pharmacoki-
netic process depends upon the order of kinetics 
followed by inorganic nanoparticles. It could be 
linear (dose dependent), nonlinear (dose inde-
pendent), or mixed order, decided by physiologi-
cal and anatomical attributes of the body during 
ADME process [50]. In a study by Reeves, L 
et  al. [51], gold nanoparticles (size range of 
12–15  nm) were administered in consecutive 
three doses of 40, 200, and 400 μg/kg to mice via 
intraperitoneal route up to 8 days. The biodistri-
bution of nanoparticles was monitored at regular 
intervals. The initial results did not indicate any 
major difference in blood plasma concentration 

of drug at 24 hrs. However after progression of 
time and examination of vital organs like the 
liver, spleen, lungs, kidneys, and brain, signifi-
cant accumulation of gold nanoparticles was 
diagnosed. Also the reports revealed that the 
accumulation of nanoparticles was linearly 
related to dose administered. Thus the study con-
firmed about efficient and non-saturable cellular 
uptake of gold nanoparticles in a dose-dependent 
manner. Also Kim Ys et al. [52] confirmed dose-
dependent kinetics of PEG-coated AuNPs (12–
13 nm size) injected intravenously in mice. They 
compared two doses, 0.85 mg/kg and 4.26 mg/kg 
of nanoparticles, and reported a comparative 
increase in their cellular uptake in a dose-
dependent manner in various organs like the liver, 
spleen, and kidneys. Therefore selection of dose 
for inorganic NPDDS is very important in terms 
of their accumulation toxicology.

3	 �Pharmacokinetic Models 
for Inorganic Nanoparticles

Physiologically based pharmacokinetic models 
(PBPK) are gaining importance day by day to 
provide very realistic description of ADME of 
various nanosystems using mathematical equa-
tions. These models are highly versatile and well 
adopted to include different doses, routes, and 
species to predict target tissue dosimetry and thus 
quite helpful to clinicians. However, only limited 
PBPK models have been developed for NPDDS 
yet. The major reason behind unavailability of 
these models is sophistication in nanoparticle 
synthesis process which limits the application of 
one PBPK to another as the NPs prepared by one 
technique are entirely different from another in 
their PK aspects. Therefore one PBPK model for 
a specific nanosystem cannot be a generalized 
model for another and requires new algorithms 
for modeling. Furthermore developments of 
PBPK models require thorough in vivo studies on 
mechanisms of cellular uptake, biodistribution in 
tissues, and elimination pathways. PBPK models 
are generally classified into two classes: blood 
flow rate-limited and permeation rate-limited 
models. Blood flow rate-limited models are based 
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on the assumption that there always exists equi-
librium between blood and tissue compartments 
and transfer of nanoparticles from one compart-
ment to another is a function of blood flow rate. 
However in permeation rate-limited models, it is 
assumed that rate of diffusion of nanoparticles 
from one compartment to another is dependent 
on tissue permeability of concerned compart-
ments. While designing a particular PBPK model, 
all physiochemical attributes of nanosystems are 
well evaluated. For instance, size and shape of 
nanosystems decides their fate of accumulation, 
biodistribution, and elimination (hepatic or 
renal). Therefore such important factors are taken 
into account in PBPK models by inclusion of cer-
tain algorithms. In addition to this, physiological 
conditions (e.g., endothelium pore size in differ-
ent tissues) are also integrated in PBPK models. 
Importantly, feasibility of manipulations in 
PBPK models is there so that additional 
approaches, like active targeting of nanoparticles, 
can be integrated by inclusion of selective trans-
port mechanism and kinetics which is a virtue of 
affinity of the nanoformulation toward its target 
cells or tissues. Furthermore, other important fac-
tors including shape, surface modulation, charge, 
functional group, etc. can also be considered by 
clinicians in PBPK models. Despite of interac-
tion of drugs with lymphatic systems, generally 
they are excluded in PBPK models due to their 
lower fluid movement rate as well as lesser 
absorption of drugs in comparison to blood. 
However, in some exceptional cases, they are 
incorporated in PBPK models where nanosys-
tems are directly interacting with the lymphatic 
system. For instance, a nanosystem surface 
coated with antigen/antibody or some immuno-
genic ligands will definitely be impacted by lym-
phatic system for its deposition; in such cases 
inclusion of lymphatic system becomes manda-
tory to estimate accurate PK parameters.

Elimination kinetics is evaluated in all PBPK 
models by simulating with major excreting 
organs, i.e., liver, kidneys, lungs, and gut. 
However for nanosystems, elimination is little 
more complex due to involvement of other 
organs/tissues in clearance besides the former 

ones. Among the various identified pathways of 
elimination for nanosystem, the most important 
ones are mononuclear phagocyte system (MPS) 
and reticuloendothelial system (RES). Generally 
PBPK models developed for animal studies are 
utilized as surrogate models for nanomedicines 
in humans which is a matter of concern since 
physiological parameters are not the same among 
different species. The most applicable PBPK ani-
mal models developed to simulate humans are 
based on species such as rodents, dogs, and mon-
keys. A sample PBPK model is illustrated in 
Fig. 10.5.

Bachler et al. [53] developed a PBPK model 
for comparative analysis of ionic silver and 
nanoparticles of silver on the basis of data gener-
ated in their toxicological studies. They evaluated 
various routes of administration for both formu-
lations (i.v., dermal, oral, and inhalation) and 
compared their plasma/tissue concentration of 
drug as well as urinary excretion data. 
Furthermore the model was adopted to predict 
the absorption and distribution kinetics of both 
ionic silver and silver nanoparticles.

Various PBPK models have been designed to 
study the impact on pharmacodynamics of nano-
medicines in treatment of several diseases like 
cancer, diabetes, autoimmune disorders, etc. [54, 
55].

4	 �Possible Degradation 
Mechanisms of Inorganic 
Nanoparticles

Determination of degradation mechanism of 
NPDDS is quite complex and variable since it 
depends on several parameters. Once adminis-
tered, inorganic NPDDS are exposed to several 
physiochemical changes that may lead to their 
agglomeration and yielding microscopic particle, 
or they may end up to unstable systems. 
Furthermore such unstable systems may undergo 
corrosion and get dissolved or may suffer 
structural damage. Such nanoparticles may act as 
reservoir for release of toxic ions produced by 
corrosive attacks. Chances of undesirable surface 
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modulation are also there which may impact their 
targeting efficiency and bioactivity. Generally, in 
such cases, the nanoparticle surface adsorbs the 
macromolecules (proteins/reactive molecules/
ions) from surrounding media which may ham-
per its absorption and alter entire biodistribution 
pattern. Conclusively the pharmacokinetic fate of 
nanomaterials is just a virtue of physiological 
environment, it is exposed, and its estimation is 
still a challenge [56].

4.1	 �Agglomeration

Generally, NPDDS show some unusual behavior 
in vivo; they have strong tendency to agglomer-
ate in biological fluid due to surface charge, coat-
ing, hyphenation, and ligands. It has been 
observed that  the biological fluid or medium in 
which they are dispersed contributes in agglom-
eration. Various factors like ionic strength, pH as 
well as presence of  biomolecules like pro-
teins,  enzymes and other cellular  components 

generally interact with these nanosystems, and a 
dramatic change in their state of aggregation, dis-
persibility, and charge may occur. This leads to 
destabilization of NPDDS in biological fluid, and 
thus their agglomeration  may take place which 
further entails several other changes in the prop-
erties of these nanosystems, i.e., specific surface 
area, concentration, mobility, and so forth. Such 
changes occur at nanoscale leading to loss of 
their stability and huge changes in PK parameters 
leading to their undesirable uptake in nontarget 
tissue, accumulation, and toxicity. In case of 
nanopowders, it is very common phenomena.

4.2	 �Adsorption 
of Macromolecules

Concept of surface chemistry confirms that inor-
ganic hydrophobic powders have electrostatic 
charges on surface and have a strong tendency to 
adsorb various biomolecules when come in 
contact of biological fluid in vivo or dispersed in 

Fig. 10.5  PBPK model
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physiological medium. It is a serious matter of 
concern for inorganic NPDDS because they have 
also been reported to adsorb blood serum pro-
teins to become more hydrophilic and attain sta-
bility which further leads to changes in 
mechanism of their attachment and interaction 
with biomolecules and ultimately results in PK 
changes of nanosystems.

4.3	 �Corrosive Degradation 
of Nanoparticles

Metallic nanoparticles are prone to release ions 
upon corrosion and thus induce toxicity to organ 
systems exposed. It has been noted that inorganic 
NPs upon exposure to certain pH of media, ions, 
or absorbing biomolecules undergo catalytic 
reactions and follow a disintegration pathway. A 
little exposure to oxygen, chlorine, free radicals, 
and enzymes in surrounding media is favorable 
for such thermodynamic processes.

Most common examples of corrosion of these 
metallic nanomaterials include corrosion of gold 
and silver nanoparticles due to presence of cyste-
ine and chlorine in biological fluids. Several 
other metals like iron, zinc, and cadmium are 
reported to be disintegrated in vivo. Consequently, 
the corrosion leads to both morphological and 
chemical changes in these nanosystems and thus 
alters their PK parameters which ultimately 
results into toxicity due to metal cations.

5	 �Pharmacokinetics of Long 
Circulating Inorganic 
Nanoparticles

The main aim behind designing NPDDS is to 
achieve targeting and deliver the minimal dose in 
efficient manner to avoid toxicity. Also, PK param-
eters are programmed in designing of these nano-
systems. Therefore, formulation strategies are 
based on thorough understanding of interaction 
between nanoformulations and biological systems. 
Additionally, the entire journey of NPDDS (ADME 
process) from entry to exit from the body is evalu-
ated for both therapeutic and toxic potentials.

5.1	 �Absorption and Cellular 
Uptake [57, 58]

Inorganic NPPDS are well adapted to be deliv-
ered through different routes of administration 
(e.g., inhalation, oral, skin, and non-IV paren-
teral), but their absorption into systemic circula-
tion and final cellular uptake is quite variable. 
Also absorption of these nanosystems is further 
dependent on several other factors like surface 
charge, size, shape, pH, PKa, lipophilicity, etc. It 
has been noted that absorption of cationic nano-
systems is more efficient in comparison to anions 
and neutral ions from the GI tract. However in 
case of inhalational nanosystems, size ranging 
100  nm or less, 80% of inhaled particles get 
trapped into respiratory tract, and their absorp-
tion takes place via olfactory nerve pathway. 
Furthermore, upon dermal/subcutaneous admin-
istration (50–100  nm), penetration of anionic 
nanosystems is found to be more efficient. 
Dermal penetration is also dependent upon shape 
and lipophilicity of NPDDS.  Although inject-
ables cause extravasations, they exhibit maxi-
mum bioavailability, reaching directly to systemic 
circulation.

Two basic mechanisms involved in absorption 
and uptake efficiency of NPDDS are opsoniza-
tion and phagocytosis. Generally opsonization is 
responsible for phagocytic clearance in vascular 
system and involves attachment of opsonin pro-
teins to foreign bodies in blood circulation, stim-
ulation of immune systems, followed by 
phagocytosis. Importantly inorganic NPDDS 
which are nonbiodegradable bypass this opso-
nization rather sequestered in organs where mac-
ronuclear phagocytic system or RES systems are 
there, i.e., the spleen, liver, and kidney, leading to 
hepatotoxicity or nephrotoxicity.

5.2	 �Biodistribution in Tissues [55, 
57]

Biodistribution of nanoformulation is an impor-
tant PK parameter that decides its circulation 
time in the body, duration of action, and toxicity. 
Upon reaching to systemic circulation, NPDDS 
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partition between blood and adjacent tissue com-
partments which is basically dependent upon 
physicochemical properties of these nanosystems 
(shape, size, partition coefficient, lipophilicity, 
permeability) and physiological conditions of the 
body (organ size, body fat index, etc.). One more 
phenomenon, “protein-corona formation” of 
nanoformulations, interferes with their biodistri-
bution [59, 60]. It involves binding of plasma 
proteins on the surface of nanoformulations 
which further influences its cellular uptake and 
degradation pathways of these nanosystems. The 
most common plasma proteins involved in pro-
tein corona formation are serum albumin, immu-
noglobulins, fibrinogen, and apolipoproteins, 
which binds to surface of nanosystems by various 
mechanisms like Van der Waals interactions, 
hydrogen bonding, and salvation. This ultimately 
results in drastic changes in surface characteris-
tics and alteration in shape and size and most 
importantly hampers the stability of these nano-
systems. Thus protein corona formation decides 
the PK fate of biodistribution of these NPDDS.

It has been reported that nanoformulations’ 
distribution mechanism is strongly dependent on 
their size and concentration in particular body 
compartment. Therefore their transport across 
different compartments or their accumulation in 
certain cells is dependent upon their diffusion 
rate, permeation rate, and pore size of biomem-
branes. Interestingly, in case of prodrugs, NPDSS 
and high molecular weight metallic NPs, their 
targeting efficiency and biodistribution are 
entirely dependent on their penetrating ability 
and retention potential. For instance, such sys-
tems are designed to accumulate in tumor cells or 
inflammatory sites, having high vasculature, so 
that large pores of tumor cells (above 100  nm) 
may facilitate their easier transport and thus 
accumulation in tumor cells. Therefore various 
factors are evaluated while designing PBPK 
models for tumor cells.

Furthermore, several physiological barriers 
(BBB, blood-placental barrier, blood-testis bar-
rier etc.) play crucial roles in rate and extent of 
biodistribution of these nanosystems across vari-
ous compartments. In literature, contribution of 
anatomical features of these barriers in biodistri-

bution is well established. However a thorough 
understanding of transport mechanism across 
these barriers entails bioengineering of nanosys-
tems for better penetration and higher permeation 
to deliver the drug.

5.3	 �Elimination of Inorganic 
Nanoparticles [55, 57]

Despite of usual routes of elimination (hepatic 
and renal), nanosystems can be excreted via vari-
ous other routes depending upon their route of 
administration. For instance, in case of inhala-
tion, dermal, and parenteral routes of administra-
tion, elimination may take place from the lungs, 
skin, as well as circulatory system too. 
Degradation and elimination of inorganic 
nanoparticles is still a big challenge to clinicians. 
In general, the elimination of these systems 
involves several enzymatic and chemical degra-
dation pathways which ultimately result in renal 
or biliary clearance of nanomedicines. However 
various PBPK models confirm that these nano-
formulations do not follow usual elimination and 
clearance pathway; besides this, they accumulate 
in tissues/organs, get released slowly, and remain 
in blood circulation for longer durations.

Elimination kinetics of these nanosystems 
involves their clearance from blood, renal clear-
ance, and biliary excretion. In blood, opsoniza-
tion and phagocytosis (kind of immunogenic 
response produced for foreign bodies) is a major 
process of clearance. However bioengineered 
NPDDS can avoid this mechanism by surface 
modulation, so that they can reach to their target 
cells before being cleared from circulatory 
systems.

In the liver, macrophages produced by Kupffer 
cells contribute in biotransformation of 
nanomedicines. The concentration of these mac-
rophages is extremely high in the liver and acts as 
pool for phagocytic clearance of NPs. This 
phagocytic clearance also involves opsonization, 
by virtue of binding of NPDDS with immuno-
globulins. Furthermore it has been reported that 
extremely fine inorganic NPs engulfed by Kupffer 
cell produce free radicals, tumor necrosis factors, 
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interleukins, and other inflammatory mediators 
which later on lead to hepatotoxicity. Spleen also 
contributes in phagocytic elimination of NPDDS.

Among various routes of excretion, renal 
route is extremely important for clearance of 
nanomedicines; however due to several limita-
tions posed in various parts of nephron (from 
glomerulus till distal end), their clearance 
becomes compromised in the kidney. The fine 
pore size of fenestrations in glomerular endothe-
lium (50–100 nm) and thin basement membrane 
of blood capillaries restrict passage of nanoparti-
cles and filter them out which leads to accumula-
tion in the kidney and hence nephrotoxicity.

6	 �Pharmacokinetic Fate 
of Inorganic Nanoparticles

Inorganic nanoparticles including gold, silver, 
iron, cadmium, zinc, silica, phosphate, and other 
inorganic compounds are utilized for several bio-
medical applications, but their pharmacokinetic 
fate in  vivo is quite variable in terms of their 
blood circulation time, retention in different 
organs, and mechanism of biodegradation and 
excretion.

It has been reported that NPs made of Ag, 
ZnO, CdSe, and FeO2 undergo catalytic reaction 
and corrode slowly, which ultimately releases 
metal ions in biosystem. It is assumed that gold 
and silver are quite inert and thus stable against 
corrosion; however attachment of certain ligands 
like thiols, available in amino acids (glutathione) 
inside cells, pulls out gold ions at surface of NP, 
ultimately leading to its dissolution.

Balfourier et al. [61] studied over pharmaco-
kinetic fate of gold nanoparticles in fibroblast 
cells up to 6  months. Their study reveals that 
inertness of gold is just a myth and it also under-
goes degradation likewise other inorganic 
nanoparticles. Utilizing electron microscopy 
imaging and transcriptomics, they deduced that 
biotransformation of gold nanoparticles is a two-
step mechanism. The former step involves gen-
eration of ROS in lysosomes (entrapping fine 
gold NPs) catalyzed by NADPH oxidase and 
nuclear factor erythroid. However, the latter step 

is recrystallization of gold nanoparticles, which 
results into self-assembled nanoforms/nanole-
aves of biomineralized crystals of gold. The 
recrystallization is favored by biological chelat-
ing agent naming metallothioneins present in 
cytosol. Thus they confirmed over ionic degrada-
tion of gold NPs.

Bailly et al. [62] prepared gold NPs utilizing a 
new laser-based technique with merits of least 
contaminants and better surface chemistry. They 
conjugated the gold NPs with dextran polymer to 
enhance its biocompatibility and studied the PK 
of NPs. In results they reported that coated gold 
nanoparticles prepared are highly biocompatible 
and nonimmunogenic (confirmed by IL-6 levels) 
and do not accumulate in the liver (confirmed by 
ALAT and ASAT activities) and kidney (creati-
nine clearance). Furthermore, the NPs are capa-
ble of rapid clearance from systemic circulation. 
However, their limited accumulation in the liver 
and spleen was confirmed.

Pandey .S et  al. [63] prepared and evaluated 
calcium phosphate nanoparticles encapsulating 
methotrexate (MTX-CAP-NP). During pharma-
cokinetic evaluation, they reported selective tar-
geting of NPDDS specifically in arthritic bones 
and higher concentration in blood besides enter-
ing in other organs. They disclosed that due to 
simulation of calcium phosphate with biominer-
als, they accumulate and degrade in tissues like 
bones and teeth like other biominerals.

Superparamagnetic iron oxide (FeOx) NPs are 
extremely reactive, and corrosion is their prime 
mechanism of disintegration, which can further 
be confirmed by elemental analysis using cou-
pled plasma mass spectrometry (ICP-MS). 
However elemental analysis results do not por-
tray the accurate results due to presence of higher 
concentration of endogenous iron inside the 
body. Besides this, sophisticated techniques like 
electron paramagnetic resonance (EPR) can be 
employed to differentiate between iron nanopar-
ticles and endogenous iron, and temperature-
dependent susceptibility method can be adopted. 
Such evaluations provide insights to biotransfor-
mation iron NPs in short and long terms. 
Lysosomal degradation is their prime mechanism 
of elimination.
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Interestingly, macrophages, endothelial cells, 
or mesenchymal stem cells which are meant for 
engulfment of these nanosystems exhibit a spe-
cial mechanism in biotransformation of inorganic 
nanoparticles. In conditions of starvation, these 
cells have been reported to expel FeOx NPs, Au 
NPs, QDs, or CNTs, in extracellular medium in 
form of tiny microdroplets which are further 
transported across the body. Thus despite of local 
degradation, such NPs traverse to different organ 
systems and may stay there for long. Hence deg-
radation of inorganic NPS is nonlinear and unpre-
dictable, because it is difficult to decide that up to 
what extent the particles injected will dissolve or 
will remain unmodified.

Moreover advanced technologies like TEM 
are quite helpful in determination of NP interac-
tion with cell cultures within biological environ-
ment in situ. Furthermore TEM also facilitates 
the study over various transformations of NPs 
upon generation of reactive oxygen species by 
electron.

Conclusively we can say that inorganic NP 
cores can be degraded in vivo and the following 
strategies can be adopted to foster the degrada-
tion and elimination of inorganic theranostics:

	1.	 Manipulation in elemental composition of 
inorganic NPDDS without compromising dis-
tinctive chemical, physical, and pharmaceuti-
cal properties.

	2.	 Tuning of size can be done to harness faster 
elimination.

	3.	 Hyphenation and surface modulation with 
biodegradable and biocompatible polymers 
(PEG), to reduce their uptake from RES sys-
tem and faster clearance.

7	 �Toxicity Concerns of Long 
Circulating Inorganic 
Nanoparticles [64–66]

Huge literature is there over toxicokinetics of 
nanomaterials. Well, toxicity concerns associated 
with nanomedicines are definitely so loud that 
various regulations over the globe have given 
guidelines for preparations and utilization of 

these nanosystems in different fields like agro-
chemicals, nutraceuticals, food, cosmetics, drugs, 
and so on. Irrespective of novel techniques of 
bioengineering applied, the core characteristics 
of nanosystems make them exclusive and entail 
toxicity concerns. The key features of these inor-
ganic nanoparticles responsible for their toxicity 
are extremely fine size, penetrability at cellular 
level, entrapment and accumulation in RES 
organs, nonbiodegradability, and non-excretable 
through renal route. Furthermore they can cross 
various physiological barriers easily like BBB 
and placental barriers and thus may produce 
other toxic effects.

Due to their small size, they can penetrate 
both cellular and nuclear membranes and may 
interact with organelles and genetic material. 
Also due to hydrophobicity and high surface to 
volume ratio, they have higher adsorptive capac-
ity, easily bind to biomolecules, and disturb the 
homeostasis at cellular level.

Carnovale et al. [67] synthesized and studied 
over uptake degradation and toxicity of gold 
NPs in human prostate cancer cells. They devel-
oped eight sets of NPs to study their fate in vivo, 
i.e., role of protein-corona formation in pres-
ence of cellular proteins and impact of shape 
and size in accumulation, circulation, biodistri-
bution, and excretion. In conclusion the study 
disclosed that rod- and cube-shaped NPs stabi-
lized in presence of cetyltrimethylammonium 
bromide (CTAB) are minimally toxic and well 
tolerated as compared to spherical- and prism-
shaped nanoparticles. Also study confirms that 
serum proteins do not participate in any toxicity 
though they have a crucial role in cellular uptake 
mechanism.

In a recent review by Sani et al. [68], they con-
tradicted the toxicity of gold nanoparticles. 
Instead they highlighted that toxicity of gold NPs 
is not a big concern. Furthermore they also con-
firmed that gold itself is inert and non-catalytic, 
so chances of free radical or any electron transfer 
reactions is minimal. A limited toxicity is 
reported in case of gold NPs, which can further 
be avoided through several means like optimiza-
tion of shape and size and functionalization of 
surface.
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Yaqoob et al. [69] reviewed over PK aspects of 
gold, silver, and palladium nanoparticles. In stud-
ies they also confirmed that cytotoxicity of gold 
NPs is size dependent and can be minimized by 
alterations in shape and size. However in case of 
silver nanoparticles, they disclosed that toxicity 
of silver NPs is independent of their shape and 
size and coating thickness. The main reason of 
toxicity is their catalytic behavior in aqueous 
medium and interaction with functional groups 
of amino acids like amines and thiols. Silver NPs 
release silver cations, which are extremely toxic 
to cellular components and reported to damage 
genetic material like DNA at nuclear level. For 
Pd-NPs, they revealed that like silver NPs, their 
cytotoxicity is due to their catalytic behavior. 
However sizes of NPs do have some impact on 
toxicity too.

Mao BH et al. [70] explored AgNPs and stud-
ied their effect at the different levels. Various 
doses of silver NPs were evaluated in Drosophila 
melanogaster for its lethal effect as well as cel-
lular and molecular defects. Lethal dose delayed 
development cycle in embryonic stage and ulti-
mately led to the death of developing as well as 
young animals; however sublethal dose impacted 
on tolerance to oxidative stress and shortened the 
life span. They also reported active participation 
of silver nanoparticles in surge of ROS-induced 
immunogenic cycle leading to apoptosis, DNA 
damage, and autophagy.

In a study by Sambale F et al. [71], toxicity of 
silver nanoparticles was evaluated on various 
human and animal cell lines, i.e., human fibro-
blast cell line (NIH-3 T3), human lung adenocar-
cinoma epithelial cell line (A-549), human 
hepatocellular carcinoma cell line (HEP-G2-
cells), and rat adrenal pheochromocytoma cell 
line. In the study, they evaluated the effect of dif-
ferent concentrations of silver nanoparticles on 
the viability of the cells by MTT assay and com-
pared it with silver ions too. Also the pharmaco-
kinetic degradation was estimated by photometric 
assays. Furthermore, the data obtained was uti-
lized in preparation of dose-response curves, 
determination of inhibitory concentration (IC50 
value), total lethal concentration, and adverse 
effect concentration for individual cell lines. 

They also employed electric-cell-substrate-
impedance-sensing (ECIS) approach to visualize 
and identify cell behavior (mechanism of cell 
death) in real time. Conclusively, they reported 
that mechanism of cell death is dependent on 
concentration of silver nanoparticles or ions. Cell 
death may be either due to apoptosis mediated 
via Caspase 3/7 activity (nanoparticles) or necro-
sis (silver ions) at lethal dose.

Some of the possible mechanisms of toxicity 
has been discussed in the following section and 
depicted in Fig. 10.6.

7.1	 �Reactive Oxygen Species 
and Free Radicals

Various charges on surface of inorganic NPs are 
responsible for electrostatic interaction of these 
molecules with surrounding biomolecules 
in vivo. These interactions are basically electron 
transfer reactions which result into generation of 
reactive oxygen species (ROS). The formed ROS 
anticipate other catalytic chain reactions in bio-
logical medium and thus disturb the entire 
homeostasis at cellular level. Additionally, an 
oxidative stress is generated which further results 
in formation of free radicals. The oxidative stress 
leads to77 recruitment of inflammatory media-
tors. Moreover, free radicals generated aggravate 
the toxicity to next level by causing peroxidation 
of lipidic biomolecules, destabilization of pro-
teins, and damage to genetic material at nuclear 
level. This entire cascade leads to cellular nano-
toxicity in vivo.

7.2	 �Disruption 
of the Cytoskeleton Structure

As discussed earlier, inorganic nanoparticles are 
hydrophobic and posses surface charges; chances 
of their interaction with cytoskeleton are quite 
high. It is well known that cytoskeletal structure 
is very important in terms of receptor modulation 
and signaling pathway; therefore any changes of 
disruption may lead to anomalies in cellular func-
tions. In case of diagnostics, it has been observed 
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that certain dyes, administered as NPs, are cyto-
solic in nature and diffuse inside the cells by dis-
ruption of cytoskeleton. Such cytolytic 
interactions have also been observed in case of 
blood cells, for example, hemolysis and throm-
bosis have been reported when these nanosys-
tems are dispersed in blood or plasma in vitro.

7.3	 �Genotoxicity and Alteration 
of Signaling Pathway

In the previous section, penetrability of inorganic 
NPDDS has already been discussed. 
Consequently entrance of these nanosystems 
inside cells and nucleus cannot be denied. 
Additionally their capability to bind amino acids/
proteins/DNA/RNA impacts the intracellular sig-
naling pathways and thus disturbs the homeosta-
sis of cells. This further leads to alteration in 
cellular mechanisms of protein synthesis, DNA 
transcription, RNA translation, and other bio-
chemical processes of cell cycle. Ultimately such 
cellular changes lead to faulty protein/genetic 
material synthesis and results into genotoxicity.

7.4	 �Inflammation Mediated 
Nanotoxicity

As discussed in the previous sections, electro-
static interaction of inorganic nanoparticles 
induces oxidative stress inside the cells. As per 
pathophysiology of cellular mechanisms, it is 

proven fact that oxidative stress, free radicals, 
and ROS inside the cells are the triggers to induce 
inflammatory cycle. The initial step involves 
recruitment of inflammatory mediators (TNF 
α,-interleukins, β-cells, cytokines, chemokines, 
etc.) at the site signal induction. Later on a cas-
cade of inflammatory cycle proceeds till cell 
death or phagocytosis.

For instance, most of the carbon nanoparticles 
including graphene and carbon nanotubes induce 
inflammation-mediated toxicity in various cells 
like keratinocytes, lung’s alveoli, and epithelial 
cells of bronchus etc.

8	 �Conclusion

Upon thorough investigation it can be deduced 
that pharmacokinetics of long circulating inor-
ganic nanoparticles is an outcome of their phys-
iochemical properties and their interaction with 
surrounding biosystem. Although PK tracking 
and tracing are difficult, sophisticated 
technologies of imaging and development of 
PBPK models have solved these problems up to a 
great extent. However exact prediction of fate of 
these nanosystems prepared by different syn-
thetic methods is not possible. The biodistribu-
tion and degradation mechanisms are unclear and 
unusual and require multiple labeling strategies 
to identify and integrate each individual compo-
nent in model. However, literature proves that all 
inorganic (metallic and ceramic) NPDDS 
undergo degradation mechanism to get dissolved 

Fig. 10.6  Toxicity mechanisms of nanoparticles
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or disintegrated in  vivo. Thus, their circulation 
and retention time may vary, but ultimately they 
lose their identity inside biosystems.
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