/
oo Resmurch
0.00 Publishing

Journal of Biomaterials and Nanobiotechnology, 2017, 8, 220-228
http://www.scirp.org/journal/jbnb

ISSN Online: 2158-7043

ISSN Print: 2158-7027

Nanomaterials and Cell Interactions: A Review

Tenderwealth Clement Jackson?!*, Bernard Opatimidi Patani?, Mary Blessed Israel3

'Department of Pharmaceutics and Pharmaceutical Technology, University of Uyo, Uyo, Nigeria

*Medical Department, Nigerian AGIP Oil Company, Port Harcourt, Nigeria

3Department of Biochemistry, University of Uyo, Uyo, Nigeria

Email: *clementjacksonl@gmail.com

How to cite this paper: Jackson, T.C., Pata-
ni, B.O. and Israel, M.B. (2017) Nanomate-
rials and Cell Interactions: A Review. Jour-
nal of Biomaterials and Nanobiotechnolo-
27, 8,220-228.
https://doi.org/10.4236/jbnb.2017.84015

Received: August 6, 2017
Accepted: September 18, 2017
Published: September 21, 2017

Copyright © 2017 by authors and

Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

Nanotoxicology, a branch of bionanoscience focuses on the study of the ha-
zardous interactions between nanomaterials and the ecosystem and ascertaining
its consequent implications. Nanomaterial-cell interactions are dependent on
numerous factors such as size, shape, type and surface coatings/charge of na-
nomaterials. These factors in association with cell membrane factors such as
charge and formation of the protein corona influence the uptake and interna-
lization of these particles leading to their potential toxicity. Understanding the
different routes of exposure, their transport, behaviour and eventual fate is
also of importance. Toxicities that occur to the living systems are consequences
of various causes/dysfunctions such as ROS production, loss of membrane in-
tegrity, releases of toxic metal ions that bind with specific cell receptors and un-
dergo certain conformations that inhibit normal cell function resulting in cy-
totoxicity, genotoxicity and possible cell necrosis. This paper attempts to re-
view the available research pertaining to nanomaterial-cell interactions and
their potential toxicity.
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1. Introduction

Understanding the interactions between nanomaterials and the cell cannot be
overemphasized in the areas of nanotoxicology and nanomedicine. Nanotox-
icology, a branch of bionanoscience focuses on the study of the hazardous inte-
ractions between nanomaterials and the ecosystem and further ascertaining its
consequent implications. Nanomaterials are unambiguously defined as materials

having particles or constituents with external dimension in the nanoscale be-
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tween 1 - 100 nm. They can either originate from combustion, manufacturing or
naturally occurring processes. In recent times, there has been a steady exponen-
tial increase in the production of nanomaterials by combustion and manufac-
turing processes as a result of its exploitation in applications cutting across sev-
eral industrial sectors and disciplines. A 30-fold increase in nano-based products
between 2011 and 2015 and an approximate market sale of $1 trillion globally in
2015 have been reported [1]. Furthermore, there is a projected increase of total
production of nanomaterials from an approximate 2300 tons in 2006 to 58,000
tons by the end of 2020 [2]. Consequently, there is a current elevation in the ex-
posure of living things in the ecosystem to nanomaterials and there is prediction
for continued increase. This has intensified the concerns of the potential toxicity
arising from these exposures. In this paper, emphasis will be on the potential
toxicity of these exposures to cells and the function of its components, 7.e. DNA.
The cell being the basic functional unit of living things would best be used for
the study to ensure less complexity and maximal understanding of the mechan-
isms involved and the role of metabolism. However, due to the complexity of
nanomaterial and cell interactions, the mechanism of action of nanomaterial
toxicity is not yet fully understood but a proposed and accepted mechanism by
which nanomaterials may induce cytotoxicity is through inducing reactive oxy-
gen species (ROS) which can initiate oxidative stress which could subsequently
lead to cytotoxicity, DNA damage, and other adverse effects. To get the basics,
the composition of their physical, chemical and other properties that influence
their toxicity must first be discussed and understood. Finding answers to ques-
tions such as: Is the toxicity reversible or irreversible? What is the relationship to
exposure (threshold of effect)? Which sub-populations are susceptible? What are
the target organs? Is the effect species specific? Are there trans-generational ef-

fects? What is the role of metabolism? etc. is also essential.

2. Determining Factors in Nanomaterial-Cell Interactions

Inorganic nanomaterials otherwise called nanoparticles/nanocrystals are com-
posed of specific and unique physico-chemical properties which are factors that
influence their complex interactions with cells. These include: 1) particle size
and distribution; 2) surface area, charge and coatings; 3) shape/structure of par-
ticle; and 4) dissolution and aggregation. Other properties such as magnetic,
optical, electronic, thermal and mechanical make them widely used in several
applications and consumer products. These properties enhance their cell per-
meating ability and penetration of other biological barriers into living organ-

isms.

2.1. Particle Size and Distribution

Research has shown higher degree of toxicity of nanomaterials in relation to
their larger bulk particles thereby leading to the assumption that nano particles
are more effective in causing damage. A direct correlation between nanoparticles

size, its distribution in tissues and consequent toxicity has been reported [3].
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2.2. Surface Charge and Coatings

Surface charge is a major determinant of nano particle dispersing features which
plays an important role in binding to cell membrane, the absorption of ions and
subsequent cellular uptake. Research reports enhanced toxicity due to increased
surface charge of Iron Oxide (FeO) and Silver nanoparticles (AgNO,) respectively
while surface coatings indirectly affect aggregation and dissolution properties

thereby enhancing the surface charge [4].

2.3. Shape and Structure of Particle

The morphology and shape of a nanoparticle are very important factors that in-
fluence their toxicity. Morphology, ie. spheres, rods, truncated triangles, par-
ticles, cubes, wires, fields and coatings etc. affects the kinetics, transport and
subsequent cellular uptake of nanoparticles. To buttress this fact, inhibition of
Escherichia coli has been shown to be greater by triangular nanoplates in com-
parison to spherical- or rod-shaped Ag nano particles which could be due to

high atom density of the triangular nano particles [5].

2.4. Dissolution and Aggregation

These properties are important in governing nanoparticles behavior and toxicity.
Due to the fact that nanoparticles are not found isolated in nature, taking into
perspective the added presence of other environmental stressors. Waste nano-
particles are released as aggregates and soluble ions into the environment. Dis-
solution and aggregation are processes that are largely influenced by size, surface
properties and colloidal stability of which the later is in turn influenced by envi-
ronmental stressors which include temperature, pH, and ionic strength there-
by increasing exposure levels and subsequent toxicity. A study by showed silver
nanoparticles exhibited high and rapid aggregation in media at high ionic strength

[6].

3. Routes of Exposure, Transport and Fate of Nanomaterials

Synthesized nanomaterials are fast becoming a part of our everyday life due to
our daily use of cosmetics, food packs, drugs, biosensors etc. to enhance drug
delivery systems and odor-combating properties. This has spiked the rate of ex-
posure to nanomaterials and their supposed toxic effects. It is therefore of es-
sence to investigate and deeply understand the different routes of the body’s ex-
posure to these particles, their transport and their eventual fate and behavior in
the body which influences their toxicity.

Nanomaterials can be released into the environment by intention or uninten-
tionally through manufacturing processes such as atmospheric emissions and
waste streams from production industries. Environmental exposure to nanopar-
ticles in clothes, sunscreen, cosmetics, and health care products is directly re-
lated to their usage. Nanoparticles emitted settle on land and water and poten-

tially contaminate ground and surface waters, soil and potentially become toxic
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to aquatic life and plant products. Nanoparticles intentionally released into the
environment by technological applications, diffuse releases from wear and spil-
lage also greatly increase exposure.

Although nanomaterials from engineered processes are minimal, airborne
particles increase inhalation exposure and could undergo aggregation into larger
particles or chains thereby changing their composition and potential effect on
entrance into the body system [7]. In the respiratory system, due to its high sur-
face area/activity, unusual morphology and small diameters, enhanced toxicity
based on nanostructure occurs. Nanoparticles have been found to have higher
deposition rates in lungs of individuals with asthma/chronic obstructive pulmo-
nary diseases than in healthy individuals [8].

It is suggested that on inhalation, nanoparticles deposit haphazardly on the
alveolar surface, likely leading to a scattered chemo-attractant signal which re-
sults in reduced recognition and macrophage responses [9]. It has also been re-
ported that there is decreased clearance of less than 25% of 50 - 100 nm particles
within the first 24 hr after inhalation [8].

In relation to the skin, exposure could either be intentional or non-intentional.
Use of lotions, cosmetics, wound dressing, detergents and clothes containing
nanomaterials constitute intentional exposure e.g. use of sunscreen containing
Nano TiO, and ZnO materials. Diffuse release from wear and abrasion of clothes

when worn and washed also contribute to dermal exposure.

4. Nanomaterials Toxicity

As highlighted earlier, the potential toxic effects of nanomaterials on the eco-
system is influenced by its physiochemical properties such as type, size, surface
area/coatings, charge etc. Toxicities that occur to the living systems are conse-
quences of various causes/dysfunctions such as ROS production, loss of mem-
brane integrity, releases of toxic metal ions that bind with specific cell receptors
and undergo certain conformations that inhibit normal cell function resulting in
cytotoxicity, genotoxicity and possible cell necrosis.

With respect to these observations, nanomaterials toxicity will be discussed
based on the types and classes of nanomaterials, e.g. metallic, metal oxides, car-

bon nanotubes and quantum dots.

4.1. Metal and Metal Oxide Nanomaterials

Metallic nanomaterials and their oxides turn out to be the most used in indus-
tries and technological applications such as health, textiles and cosmetics. Gold
nanoparticles, according to research, have been reported to be safe (not cytotox-
ic on cellular uptake) [10]. The group investigated cellular uptake and potential
cytotoxicity of gold nanoparticles in human leukaemic cells and reported that
these spherical shaped gold particles paired with different surface coatings were
not toxic to human cells on exposure and uptake. However, although not found

to be cytotoxic, gold nanoparticles have the capacity to cause cellular damage as
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shown by a study on citrate-capped gold nanospheres [11]. The group reported
their ability to aid the formation of abnormal act in filaments which resulted in
reduced cell proliferation, adhesion and impaired motility.

Silver nanoparticles which are widely used for therapeutics due to their potent
antimicrobial activity readily undergo ionization thereby enhancing their toxici-
ty. Exposure to high levels of silver consistently over a long period causes argy-
ria, breathing problems, lungs and throat irritation, stomach pains and skin al-
lergic reactions. A group study reported that with increasing doses (10 - 75
pg/ml) of silver nanoparticles (15 - 30 nm) there was a decrease in cell viability
over a period of 24 h and this was found to be likely mediated by oxidative stress
due to more than a 10-fold increase of ROS levels in cells exposed to 50 pg/ml sil-
ver (15 nm) particles [3].

Another study examined the capacity of various nanoparticles and nanotubes
to be cytotoxic and cause DNA damage and oxidative stress centering on metal
oxide nanoparticles (CuO, TiO,, ZnO, CuZnFe,O,, Fe,0,, Fe,0;) [12]. Results
indicated a wide difference in the level of different metal oxide nanoparticles cy-
totoxicity. CuO nanoparticles were the most cytotoxic and genotoxic, TiO, was
responsible for DNA damage, ZnO had adverse effects on cell viability and DNA,
CuZnFe,0O, induced DNA lesions while iron oxide particles showed little or no
cytotoxicity. CeO, particles are seen as non-cytotoxic and non-inflammatory to
cells on uptake, but suppress ROS production and induce cellular resistance to

external source of oxidative stress.

4.2. Carbon Nanotubes

Carbon nanotubes are widely used in applications for commercial products due
to their exceptional nanostructure and properties, thereby increasing human and
environmental exposure. This has engineered the investigation of the toxicity of
these carbon nanotubes by several studies, especially the multi-walled carbon
nanotubes (MWCNTSs) mostly used due to its relative low cost. Some of these stu-
dies have reported the capacity of carbon nanotubes to cause inflammatory and
apoptosis responses in human T cells [13] [14].

One study reported MWCNTs activation of genes involved in cellular trans-
port, metabolism, cell cycle regulation, and stress response in human skin fi-
broblasts [13]. On examining the response of mouse embryonic stem cells DNA
to MWCNTs uptake, another group reported that on accumulation, nanotubes
had the ability to induce apoptosis and activate the tumor suppressor protein
p53 within 2 h of uptake [14].

4.3. Quantum Dots

These are nanocrystals consisting 1000 to 100,000 atoms and are capable of
emitting “quantum effects”, i.e. prolonged fluorescence. Their exceptional opti-
cal and electrical properties make them valuable in the biomedical applications
such as biomedical imaging, labeling neoplastic cells, DNA, and cell membrane

receptors.
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The skin is the most susceptible route of exposure for quantum dots to the
body system and subsequently cells. A group study supporting this fact, reported
the susceptibility of rat skin to quantum dots penetration is essentially limited to
the topmost stratum corneum layers of unbroken skin [15]. A similar study also
reported cytotoxicity of CdTe quantum dots with cysteamine and mercaptopro-
pionic acid coatings on uptake by pheochromocytoma cells [16]. Cell necrosis
was found to arise due to membrane bleeding and chromatin condensation.
These studies have shown that quantum dots cytotoxicity can be minimized by
regulating processing parameters during synthesis such as surface coatings, and
UV light exposure [15] [16].

5. Mechanisms of Nanomaterial Toxicity

In response to the recent and proposed increase in the toxic exposure of cells to
nanomaterials and particles, researchers have undertaken studies to determine
and understand the different mechanisms through which these particles and
their bulk counterparts interact with and affect the cells adversely. Due to their
uniquely different properties, different nanomaterials exhibit different toxic po-
tentials as seen in a study which examined (CuO, TiO,, ZnO, CuZnFe,O,, Fe,O,,
Fe,0,) nanometal oxides and reported CuO as the most potent genotoxic and
cytotoxic nanometal oxide [12].

Results from in vitro assessment of nanoparticle toxicity have reported ad-
verse effects at different levels of the cell structure. Certain endpoints measured
include malformation, oxidative stress, stagnant growth/development, and gene
expression. However, this is a sequential process whereby reactive oxyen species
(ROS) and free radicals are generated which induce oxidative stress, lipid pe-

roxidation, DNA damage and subsequently cell necrosis.

5.1. The Concept of Cellular Uptake

Cellular uptake is usually a two step process that includes binding to membrane
receptors and transport/internalization. Certain factors such as nanoparticle charge,
size, type of nanoparticle and the surface charge of the cell membrane play im-
portant roles in cellular uptake. The positive charge of nanoparticles has greatly
influenced their uptake due to the fact that their electrostatic interactions with
the negatively charged cell membrane are favourable.

However, recent findings prove that there has been cellular uptake of nega-
tively charged particles which invariably suggests that electrostatic interactions
only partly influence cellular uptake of nanoparticles. This therefore brings into
view the role of the protein corona as a fundamental element in nanoparticle/cell
interactions and subsequent toxicity. The formation and composition of the
protein corona depends on the physico-chemical properties of the nano materi-
al/particle involved as it varies per particle. The protein corona influences cellu-
lar uptake of nanoparticles by creating an interface through modifying/masking

the surface properties of a nanoparticle. Having discussed these basic surface in-
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teractions resulting in cellular uptake, let’s attempt to decipher the different me-
chanisms through which the potential toxic effects of nanoparticles occur on in-

ternalization.

5.2. Oxidative Stress

Oxidative stress is generally defined as a disproportion between the rate of pro-
duction of ROS and the cells ability to reduce or mop it up, which may be either
as a result of increased ROS production/a decrease in cells disease mechanism or
both [17]. When there is uncontrolled/over production of ROS, the results in-
clude generation of protein radicals, induction of lipid peroxidation, Breakage of
DNA strand and nuclei acids modification, modulation of gene expression and
subsequent cell necrosis and genotoxicity.

Several authors have investigated the potential role of oxidative stress in Ag
nanoparticles toxicity. A concentration-dependent increase in ROS production
and oxidative stress was reported following a 7-day exposure to Ag nanoparticles
(100 nm) at 10 and 100 pg/ml [17]. This was evaluated using antioxidant enzyme

activity. A similar report showed concentration-dependent enzyme activities fol-

lowing the investigation of superoxide (O2

) and stimulation of antioxidant de-
fense mechanisms [18]. A third study reported instability of lysosomes resulting

from initiation of apoptosis by Ag nanoparticles [19].

5.3. Genotoxicity

The in vitro genotoxic assessments of different nanoparticles have been reported.
They include chromosomal fragmentation, DNA strands breaks, point mutua-
tions, oxidative DNA adducts, alterations in gene expression profiles, potential
mutagenesis and carcinogenesis [17]. Research has reported genotoxicity me-
diated by direct interactions of nanoparticles with DNA [20] and excess ROS
production.

Regarding particle size, a group study reported that smaller sized nanopar-
ticles were more genotoxic compared to their bulk counterparts [21]. Surface
coatings of positively charged nanoparticles have also been found to enhance

genotoxicity [22].

6. Conclusions

The exponential increase in the use of nanomaterials in consumer products has
also led to uncontrolled increase in exposure and invariably increased cellular
uptake, internalization and subsequent cytotoxicity to living systems. Nanoma-
terial-cell interactions are dependent on numerous factors such as size, shape,
type and surface coatings/charge of nanomaterials. These factors in association
with cell membrane factors such as charge and formation of the protein corona
influence the uptake and internalization of these particles leading to their poten-
tial toxicity.

However, there are still aspects of nanomaterials cytotoxic mechanisms that are
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yet to be understood, making it difficult to fully inhibit/combat their toxic effects.

It is therefore recommended that further research be done as well as setting stan-

dard measures for their production and usage. Intentional and non-intentional

releases of nanomaterials should also be monitored and regulated.
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