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Abstract

Mesostructured silica, dendrimers, and allotropes of carbon were exhaustively
used in biomedical, cosmetics, semiconductors, and food industry applications.
Considering the huge prospect of nanomaterials, their potential hazards on expo-
sure to humans and their related ecotoxicological effects needs to be summa-
rized. Nanoparticles with size below 100 nm could pass into the lung and then to
blood through inhalation, ingestion, and skin contact. As nanotechnology inno-
vation is expected to achieve $ 2231 million by 2025, humans will be exposed
ever increasingly in day-to-day life and in industries. In this review, the latest
synthetic methodology of silica, dendrimers, and CNTs, their biological applica-
tions (in vitro and in vivo) related to toxicity were discussed. In terms of struc-
tured silica, the toxic and non-toxic effect induced by specific templates
(cetylpyridinium bromide, cetyltrimethylammonium bromide, dipalmitoylphos-
phatidylcholine, C16L-tryptophan, C16-L-histidine, and C16-L-poline) that are
used to generate mesoporous silica, silica nanoparticle sizes (25, 50, 60, 115, and
500 nm), and silane functionalization (NH, and COOH) were discussed. The
recent applications of different generations (G3, G4, G5, and G6) of amphiphilic
Janus dendrimers were discussed along with toxicity effect of different charged
dendrimers (cationic and anionic) and effect of PEGylation. Recent synthesis,
advantages, and disadvantages of carbon nanotubes (CNTs) were presented
for structures like single walled carbon nanotubes (SWCNTs) and multiwalled
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carbon nanotubes (MWCNTs). The influence of diameter of SWCNTSs (linear
and short), thickness (thin and thick), effect of oxidation, metal oxide species
(TiO,, Fe, and Au), and biocompatible polymers (polyethylene glycol, bisphos-
phonate, and alendronate) were shown in relation to molecular pathways in
animal cells.
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13.1 Introduction

Nanoparticles applications have expanded from general catalytic applications to
biomedical uses and food industry. Nanomedicine represents a set of interdisciplin-
ary research at the interface between biology, physics, and chemistry. In the current
scenario, nanomedicine research has been reported using target-oriented drug ther-
apy. Research consideration has been given to develop nanotechnology based thera-
peutic tools for treating chronic diseases such as cancer, cardiovascular, and
diabetics. Structured silica nanoplatforms (MCM-41, SBA-15, MCM-48), carbon
nanotubes (single walled and multiwalled), polymers (Chitosan, liposomes, den-
drimers) are most widely reported for theranostic applications. The nanoparticle
utilization has evolved from the monotonous role of drug delivery system to multi-
functional role of labeling, drug and gene transportations, detection of pathogens
and proteins, as RNA and DNA probe, optical imaging enhancer, tissue designing,
biomolecules and cell isolation, and as tumor destructor. Though they are best avail-
able drug carriers, they are still marred by certain critical issues like toxicity at high
dose level, passivation due to multiple inorganics, and low pH sensitive. In order to
reduce the toxicity, several modifications like using biocompatible polymers are
reported. The benefit over conventional drug supply includes high stability, solubil-
ity, slow metabolization, less excretion of drug, and specific target oriented (Hare
etal. 2017). This type of cargos is reported to be effective for several recently devel-
oped biomolecules based drugs such as proteins, peptides, oligonucleotides that
showed poor biocompatibility (Hoffmann et al. 2018).

13.2 Silica Nanomaterial

Recently, the different types of nano-sized silicas such as graphitized/mesoporous
carbon, MOFs and metal oxides are very attractive due to their ordered atomic lay-
ers, high surface area, ordered pore size distributions and therefore used in drug
delivery and diagnostic applications. Silicalite, the silica form of ZSM-5 nanozeo-
lite has been widely used as adsorbent in industrial relevant process. The structure
of silicalite is composed of MFI three-dimensional structure with a diameter of



13 Nanomaterials and Their Negative Effects on Human Health 251

0.56 nm. The unique properties of such silicalite include (1) high crystallinity, (2)
homogeneous structure with high degree of silanol domain, (3) high ability for sur-
face functional groups mobilization, and (4) less structural defects. The surface area
is contributed by both internal and external surface area with MFI pore system. The
chosen silicalite has 3D porous network, which can provide extensive diffusional
access to drug molecules. The other added advantage of such kind support involves
the presence of high number of silanol groups relevant for surface functionalization
and ability to modification to meso form using several templates such as CTAB,
F127 to high surface area support (up to 1100 m?/g) with large pore volume (1 cc/g)
and pore diameter (4 nm). Overall, the ability to expand the pore system using
mesoporous templates such as CTAB, brij-56, F127, and P123 and create combina-
tion of high surface area and ordered pores with uniform pore size distributions
makes them attractive for the applications in nanomedicine. In particular, the high
adsorption and desorption capacity of external and internal surface hydroxyl groups
are expected to be the perfect host (cargo)/drug carriers in drug delivery study.

The attention is usually related to the superior textural characteristics such as
high surface area, tunable pore sizes, and high chemical stability. Conventional
microporous zeolites (such as ZSM-5) were prepared through sol-gel technique
using tetrapropyl ammonium templates. The pores range between 0.5 and 2 nm. The
micropores are reported to be in narrow size distribution with slightly high specific
surface area between 100 and 500 m*/g, and pore volume and adsorption capacity
for gaseous or liquid adsorption. Silicalite, the silica form of ZSM-5 nanozeolite has
been widely used as adsorbent in industrial relevant process. The chosen silicalite
has 3D porous network, which can provide extensive diffusional access to drug
molecules. The other added advantage of such kind support involves the presence of
high number of silanol groups relevant for surface functionalization and ability to
modification to meso form using several templates such as CTAB, F127 to high
surface area support (up to 1100 m*g) with large pore volume (1 cc/g) and pore
diameter (4 nm).

Due to nanotechnology revelation (nano biomedical technology), there is a
renewed interest in the therapeutic and diagnostic utilization of structured silicas.
The application of diagnostic nanosilicas has been used as new transfecting agents
(Tieu et al. 2019) and immunoassay (Banerjee and Jaiswal 2018). The role of diag-
nostic nanosilica drug carrier is to respond to external field and thereby assist bio-
imaging, magnetic targeting agent to carry drug and delivery (Tiwari et al. 2018).
For example, the magnetic nanosilicas have already been shown to have the poten-
tial to develop cancer-based drug on commercial basis. The material has shown
positive success in animal study and in clinical trials (Rainone et al. 2017).

Cisplatin/hierarchical mesosilicalite nanoformulation (IAUM-56) has been
developed. The basic nanocarrier has been derived from silicalite, a zeotype mate-
rial. The micropores of silicalite were turned into hierarchical pores through tem-
plate mediated dissolution technique (top-down approach) The formation of
micro- and mesopores (hierarchy) was established through several characterization
techniques such as X-ray diffraction, BET surface area analysis, and transmission
electron microscope. The cytotoxic effect of the designed in-house nanoformulation
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TAUM-56 against HeLa cells and MCF-7 cells exhibited a drastic reduction in cell
proliferation. Drug cisplatin showed high toxicity against normal fibroblast cells,
while JAUM-56 showed a lesser toxicity (Jermy et al. 2018). SPIONs/SBA-16 silica
composite functionalized with silane and cisplatin has been reported (Jermy et al.
2019). The MTT cell viability assay shows that HeLa cells were most sensitive
towards cisplatin bound with silane/SPIONs/SBA-16 nanoformulation. The LC50
value shows that the formulation is 2.9 times more effective on HeLa cells com-
pared to HCT 116 and HEK 293.

Multifunctional nanocomposite silica was reported involving natural antioxidant
curcumin and polyethylene glycol. The textural features of mesoporous silica as
analyzed by transmission electron microscope and dynamic light scattering tech-
niques show monodispersed spherical silica with particle size of about 185 nm with
polydispersity index value of 0.52. Zeta potential analysis of silica indicated posi-
tive surface charge of 38.3 + 6.09 mV. The loading of curcumin over silica reduced
the surface charge positivity to 36.2 + 3 mV. With polyethylene glycol coating,
further decrease in charge occurs to 20.8 + 4.28 mV. However, the presence of such
negative potential increases the stability in between the particles. The release study
of nanoformulation involving mesoporous silica, curcumin, and polyethylene was
measured at tumor pH value of 5.5 and normal physiological pH condition of 7.4.
The nanoformulation showed a controlled release, beginning with slow release of
curcumin (<1%) until 192 h in normal pH of 7.4. In case of tumor pH 5.5, the poly-
ethylene glycol disintegrates and followingly curcumin release was accelerated to
52%. The release efficiency was reciprocated in in vitro study, where the formula-
tion exerted significant cytotoxicity against HeL.a and HepG2 cells. The prime rea-
son was attributed to the cell cycle arrest at G2/M (Elbialy et al. 2020).

13.2.1 Silica toxicity

The emergence of nano-revolution sparked a wave in interdisciplinary field of
research from material to medicine. The market of nanotech and smart pill is
expected to grow 125 billion US dollar and 650 million US dollar by the year 2025.
Nevertheless, the health benefit of stable in humans remains an apprehensive and
intimidating. In particular, the nanoparticle seems to affect the reproductive organ
and lungs more severe followed by liver and skin (Elalfy et al. 2018). In case of
silica nanoparticle (Fig. 13.1), the exposure route was reported to exert several kinds
of toxicity (Shi et al. 2013; Missaoui et al. 2018; Inoue and Takano 2011).

In cell regulation, protein kinase B (serine/threonine) plays an important role in
cellular functions like survival of cells, multiplication, cellular moments, proinflam-
matory cytokines expressions (Szymonowicz et al. 2018). In molecular signaling
pathway, Phosphoinositide 3-kinases (PI3Ks) enzyme is present in cell membrane.
Tyrosine kinases are the cell surface receptors, it activates the PI3K and produces
the phosphatidylinositol 3-phosphate (PI3P), which is a lipid mediator. In parallel,
PI3P and Akt binding activate proteins lead to Akt activation by two phosphorylated
amino acids. Various substrates were recognized by AKT. In cell cycle function,
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Fig. 13.1 Silica nanoparticle toxicity at different human body exposed sites (Shi et al. 2013;
Missaoui et al. 2018; Inoue and Takano 2011)

proliferation and apoptosis occur with balance. Pro-apoptosis proteins (BAD, BAX)
involved in the for Akt kinase activity as substrate (Koh et al. 2000). The biological
effect of nanosized silica exhibited high internalization, elevates the inflammatory
responses, initiates autophagy through PI3k/Akt/mTOR pathway (Duan et al. 2014).
In addition, silica nanoparticle induced apoptotic pathway is reported to generate
reactive oxygen species. This generated free radicals causes the stress and stimu-
lates TNF o and TNFR1 which leads to stimulation of FADD-procaspase-8—
Caspase-8—BID resulted program cell death. The BCI-2 protein then shifts to
mitochondria and activates the mitochondrial pathway related protein Caspase-3,
-6, -7 leading to mitochondrial apoptosis (Asweto et al. 2017). Silica nanoparticle
30 (SNP30) induces reactive oxygen species production in KUPS5 cells. P2X7 recep-
tor is simulated by SNP30 and releases ATP. Increasing the reactive oxygen species
simulates the inflammation pathway through caspase- 1-dependent pathway (Kojima
et al. 2014). The toxic effect of nanomaterial was studied using 3D human liver
microtissue model. In vivo study involving nanomaterial dose at lower concentra-
tion for 3 weeks with liver’s recovery tenure of 2 weeks was studied. Investigation
revealed that cytokine profile involving IL6, ILS8, IL10, TNF-alpha is effective in
analyzing recovery period in pro-inflammatory response reduction (Kermanizadeh
etal. 2019). Chen et al. (2018) have reviewed and reported that toxicity due to silica
nanoparticle involves generation of reactive oxygen species and autophagy are criti-
cal mechanistic pathway to affect immune system (Fig. 13.2).

The different dose effect of mesoporous silica prepared using cetylpyridinium
bromide as template, tetraethylorthosilicate as silica source was studied for heart
and lung toxicity. The in vivo study was conducted by varying the dose of nanopar-
ticle between 25 and 200 mg per kg body weight for the period of one month.
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Fig.13.2 Silica nanoparticle induced toxicity (Chen et al. 2018)

The study revealed that silica nanoparticle elevated the cardiac makers, tumor
necrosis factor alpha (TNFa), and cholesterol. Mesoporous nanoparticles adminis-
trated rats showed abnormalities in hematological indices due to elevated levels of
reactive oxygen species. Antioxidant levels were reduced leading to toxicity in car-
diac and lungs. It was confirmed by histopathological examinations. Conclusively
MSNss affect the cardiac, respiratory, hematological, and tissue (Hozayen et al. 2019).

Lietal. (2019c) explored the inhalation toxicity of silica nanoparticle in the pres-
ence and absence of surfactant dipalmitoylphosphatidylcholine. In vitro study indi-
cated that at dose level of 128 microgram/milliliter, the nanoparticle without
template exerted cytotoxicity in I6HBE human bronchial epithelial cells. However,
the presence of template reduced the toxicity. In case of A549 adenocarcinomic
cells, such toxicity of silica was not observed. The main cause of such adverse effect
was found to be due to internalization effect and generation of reactive oxygen spe-
cies. In 16HBE cells, ABC transporter (Calcein) plays a key role, induced by silica
at high dose. Inhibitor of transporter (MK571) elevates the silica toxicity in Il6HBE
and A549 cells.

The biocompatibility, degradation, and toxic effect of silica mesoporous nanopar-
ticles synthesized from sodium silicate (silica source) have been reported. The study
indicated a less toxic effect of such nanoparticles. At normal blood pH condition,
the silica determined to be degraded within 6 days to silicic acid form. In addition,
nanoparticle found to be biocompatible (90% cell viability) with different cell lines
(HEK-293, Caco-2, HepG2, and 3 T3). The silica concentration can be as high as
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200 microgram per milliliter. Hematological and biochemical assays showed that
mice have well tolerance level (40 mg/kg) and excreted as silicic acid (20 mg/kg) in
4 days (Bhavsar et al. 2019).

Silica nanoparticle toxic effect for particle size of 50 nm (small) and 500 nm
(large) was explored through intravenous administration, single dose in male and
female immune-competent inbred BALB/c mice. The particles were prepared fol-
lowing Stober synthesis using cetyltrimethylammonium bromide (template),
ammonia (catalyst), ethanol (solvent), and tetraethylorthosilicate (silica source) at
room temperature. The maximum tolerance dose study showed that nanoparticle
with 50 nm size induces cytotoxicity for female of 103 + 11 mg/kg and male of
100 = 6 mg/kg. The toxic effect found to reduce with increase in particle size.
However, the sex related toxicity reported to increase with large particle silica
(40 £ 2 mg/kg for male; 95 = 2 mg/kg for female) (Mohammadpour et al. 2019).

Toxic effect of three types of mesoporous silica was reported using three differ-
ent types of heterocyclic amino acid-based templates such as C16-L-tryptophan,
C16-L-histidine, and C16-L-poline, respectively. The in vitro and in vivo study
were studied evaluating the silica particle bioavailability, disintegration, which are
primarily based on their wettability. The silica was reported to disintegrate within
2-13 weeks under simulated physiological condition. The study showed that silica
synthesized with C16-L-tryptophan template contains largest hydroxyl groups and
tends to disintegrate quickly due to high wettability. However, severe hemolysis and
cell cycle arrest were observed. Therefore, caution must be taken by choosing the
silica with apt wettability property (Li et al. 2019).

The nanoshell containing silica alone and iron-silica (Fe-SiO2) with size ranging
between 497 and 455 nm was synthesized using tetramethyl orthosilicate (silica),
iron ethoxide (iron source), and amino polystyrene (template). The thickness of
shell involving silica was found to be about 33 nm, while Fe-SiO2 of about 27 nm,
respectively. The single dose acute toxicity study using 10-20 mg per kg dose
showed that only very less amount of silica was present inside the body after
10 weeks and then nanoformulation showed no chronic toxicity (Mendez et al. 2017).

Lung inflammation in in vitro using human lung cancer epithelial cell line
(A549), and in vivo using C57BL/6 mice was assessed using silica prepared by
Stober method and silane functionalized silica (3-aminopropyltriethoxysilane). The
nanoparticle in the absence and presence of silane group found to exhibit a less
lethal effect at a concentration of 200 pg/ml. Respiratory toxicity study was reported
by introduction of two types of silica directly into trachea (intratracheal instillation).
Surprisingly, silica alone induced an elevated level of inflammation compared to
silane functionalized silica. Each mouse treated with two doses of silica (0.1 and
0.5 mg) showed an increased the level of leukocyte and protein level indicating the
responses to infections. However, silane functionalized silica reduces lung infection
and improves the bioavailability of silica (Morris et al. 2016).

Silica nanoparticle with sizes of 25 nm, 60 nm, and 115 nm, along with amino
and carboxylic acid functionalized silica was studied for embryotoxic effect. Each
animal was intravenously treated with dose concentration of 200 microgram at three
gestational periods (5.5, 12.5, and 16.5 dpc). At gestational period of 5.5 and 12.5 dpc,
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silica with particle size of 25 and 60 nm was observed in conceptuses. In later part,
three nanoparticles were observed in placenta due to high permeability factor. At 5.5
dpc, silica particle with 25 nm with positive charge density (+30 £ 5 mV) and —
COOH functionalized silica with 60 nm (—44 + 5 mV) were observed in concep-
tuses. In stage of 12.5 dpc, both species were observed in placenta and fetuses. At
16.5 dpc, silica irrespective of particle sizes with positive charge was found to be
accumulated in placentas. However, with negatively charged silica particles, 60 nm
and 115 nm were observed in fetuses. The study conclusively determines that silica
with 60 nm with negative charge density of —44 £ 5 mV was able to cross placenta
and reach conceptus. Except silane functionalized with 25 nm size silica, other
particles of different charge density were found to be non-toxic and safe for pla-
cental development (Pietroiusti et al. 2018). Silica nanoparticle induced an ele-
vated level of oxidative degradation of lipids and inflammatory cytokines. Ultrafine
silica particles were excreted in urine (Hong et al. 2017). Pure silica induced oxida-
tive stress and toxicity in vitro lung cell line (A549) and animal model studies cells
through the oxidant generation such as reactive oxygen generation and lipid per-
oxidation (18).

13.3 Dendrimers

Dendrimers are supramolecular structured branched polymers. Branching of poly-
mers occurs from perfect dendrimers and expands from dendrons layers in an
ordered precise pattern. The assembly of chemical species is driven by phase sepa-
ration leading to spatially arranged supramolecular domain (e.g., surfactant
templates-based micelles, vesicles, and rods). The repeating layers were known as
generation (G). The structure depends on the initiator core that can lead to helical
tubules, supramolecular hydrogels, and spherical aggregates. Initiator core can be
cystamine, ammonia, or ethylenediamine. Methyl acrylate addition to core followed
by amidation leads to expand dendrimers. Based on the elements of organics (car-
bon, phosphorus, and nitrogen) in core and number of branching polymers, over
100 dendrimer families were prepared. Dendrimers at lower generations display
open structure due to less branching patterns, while the surface density increases
with branching leading to globular form. With each generation, an increase in the
particle size occurs to about 1 nm. Precise control leads to formation of monodis-
persed dendrimers. The presence of active functional groups at the external end site
promotes further functionalities.

Dendritic units containing hydrophilic and hydrophobic groups are used to pre-
pare supramolecular structure known as amphiphilic Janus dendrimers. Controlling
the chemical functionalities of such dendrimers in water leads to different structured
morphologies known as dendrimersomes. Recently, a series of hybrid types of Janus
dendrimers based on fluorinated, hydrogenated, and combination of both chemical
components were reported by Xiao et al. (2017). Moreover, Ohta et al. (2019) have
reported the Janus diblock hyperbranched copolyimide. The morphological struc-
ture of Janus dendrimers tuned from spherical aggregated to cylindrical and then to
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dendritic shape with aqueous solution temperature variation from 25 °C to 50 °C
and to 70 °C. Onion shaped Janus dendrimers have been reported to be influenced
by the enthalpy rather than concentration that leads to lamellar, micelles, and vesi-
cles (Hu et al. 2019). Dendrons are attached with one or two cell adherence motifs.
Scaffolds coated with linear peptide coating (L-lysine) showed improved coloniza-
tion of scaffold surface by human bladder smooth muscle cells. Dendrimersomes
can be an effective drug delivery system due to their unique physical characteristics
such as high stability in biological media, monodisperse and can load both hydro/
hydrophilic type of drugs.

siRNA delivery using disulfide containing Janus dendrimer was reported by
Du et al. (2018). The reported redox sensitive delivery system with particle size
of about 40 nm and distribution of size value of 0.20 (polydispersity index) was
constructed in aqueous solution using cationic polymer with hydrophilic head
group and disulfide group containing hydrophobic dendron. Redox property was
imbedded using hydrating thin film technique. Zeta potential measurement indi-
cated the positive surface charge of about 47 mV, which effectively allows the
binding of siRNA with negative charge. The siRNA release study showed advan-
tage of disulfide containing dendrimer with high percentage of siRNA release of
about 67% within 5 min and attains to maximum of about 97% in 4 h. Redox
based dendrimer also reported effective for simultaneous drug and gene delivery.
Diaminobutane core (DAB) based generation 3 dendrimer (diaminobutyric poly-
propylenimine) with particle size ranging between 150 and 200 nm coupled with
polyethylene glycol and camptothecin (anticancer drug) was reported to be effec-
tive for delivering DNA along with drug to cancer cells (Laskar et al. 2019).
Somani et al. (2018) have investigated generation 3- and 4- DAB based den-
drimer for gene delivery. Polyethylene glycated (PEG ~2 kDa) DAB exhibited
high gene expression on treatment with B16F10-Luc cells. The toxicity induced
by DAB on B16F10-Luc cells was reduced significantly by three-fold compared
to dendrimer without modifications and therefore effective for gene delivery and
transfection efficacy. Nile Red encapsulated Janus dendrimers are reported using
copper-based click reaction for drug release of propranolol. Morphological char-
acterization using transmission electron microscope and dynamic light scattering
techniques showed the formation of uni- to multilamellar dendrimersomes in
size ranging between 90 and 200 nm suitable for biomedical uses (Nummelin
etal. 2017).

In case of dendrimers, the cytotoxicity depends on the type of dendrimers used
in biomedical applications. There are reports suggesting that cationic dendrimers
exhibit toxicity compared to anionic (Morris et al. 2017) and non-ionic dendrimers.
The prime reason is attributed to the effective electrostatic interactions positively
charged dendrimer with negatively charged cell membranes (Malik et al. 2000;
Janaszewska et al. 2019). Dendrimers with primary amines at the terminal site like
PAMAM and PPI were reported to exert dose dependent toxic effect (Mendes et al.
2017). Dendrimers with neutral or anionic terminal group showed less toxic effect
(for example, carbosilane-poly(ethylene oxide)). The generation-based cytotoxic-
ity induced by PAMAM was found to generate reactive oxygen species, enhance
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lysosomal activity, apoptosis, and DNA disintegration (Mukherjee et al. 2010).
PAMAM inhibited the growth of microbes significantly than G3 and G2. PPI with
diaminobutane or diaminoethane core, poly(ethylene oxide) (PEO)-grafted car-
bosilane (CSi-PEO), and polyether dendrimers and surface functionalities were
studied in in vitro. Li et al. (2009) have reported a molecular mechanistic based
studied about the PAMAM based dendrimer (Starburst polyamidoamine) effect in
lung injury. In vivo study revealed that the nanoformulation triggers autophagic
cell death by deregulating Akt-TSC2-mTOR signaling pathway. PAMAM induced
lung injury can be suppressed by the addition of 3-methyladenine (autophagy
inhibitor). Wang et al. indicated that cationic type of PAMAM dendrimers studied
in human glioma cells promoted both cytotoxicity and autophagic degradation
activity (autophagic flux). The autophagy was found to be initiated partly by intra-
cellular reactive oxygen species and occur through Akt/mTOR pathway.
Ultrastructural analysis clearly showed the accumulation of autophagic vacuoles
caused by dendrimers. In addition, the Western blot analysis showed critical influ-
ence of dendrimers leading to autophagic flux effect at different PAMAM concen-
tration for 20 h (Wang et al. 2014). It has been further reported that anionic
PAMAM and CNTs remains as non-toxic and induce no toxic effect in mice.
Whereas cationic PAMAM found to directly interact with angiotensin converting
enzyme 2 (ACE2) leading to dysregulation of renin angiotensin system by reduc-
ing the activity and downregulation of its expression in lung tissue (Sun et al.
2015). It has been shown that modification of terminal surface of cationic den-
drimer with less toxic anionic or neutral group can reduce the toxicity.
Functionalization with biocompatible polymers such as polyethylene glycol and
pyrrolidone can decrease the cytotoxicity (Fig. 13.3).

13.4 Carbon Nanotubes

Carbon nanotubes (CNTs) belong to the carbon allotropes and are cylindrical in
shape with hexagonal arrangements of carbon atoms. The CNTs were as strong as
steel but thin like human hair. Based on their sidewalls and spatial arrangements,
they are further differentiated as multiwalled carbon nanotubes (MWCNTSs) and
single walled carbon nanotubes (SWCNTs). Key advances in nanotechnology led
CNTs into a wide variety of applications in electronics to energy sectors. Unique
physico-chemical properties of CNTs are found to be an attractive material for
drug and gene delivery applications. Numerous applications have been reported
using CNTs as drug delivery system in chronic diseases. The transportation of
CNTs was reported to occur by lymphatic circulation. SWCNTs and MWCNTs
have been debated over toxicity due to their ability to interact with body organs. In
particular, SWCNTSs due to their dispersive and hydrophobic character reported to
inflict more toxicity leading to apoptosis compared to MWCNTs (Cui et al. 2005).
Inhalation of CNTs induces more toxicity than other mode of administration such
as injection, dermal, and oral. Inside the body, the nanoparticle interaction occurs
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Fig. 13.3 G5 PAMAM dendrimers toxicity in lung (Sun et al. 2015)

with cells leading to distributions of particles to various organs and either remains
localized or excreted depending on the chemical functionality. Importantly, the tex-
tural characteristics such as functional moieties and crystal size tend to play vital
role in inducing toxicity. It has been proposed that toxicity occurs mainly due to

extracellular matrix protein signaling leading to apoptosis.
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13.4.1 Lungs Toxicity

SWCNTs were shown to exert respiratory toxicity of inflammation and cytotoxicity
in rats through intratracheal deposition at the tissue walls and in alveolar leading to
formation of different colored spots including black, brown, and gray (Honda et al.
2017). Particle transition of CNTs as clumps occurs during such deposition and then
eventually transforms to tumor formation. SWCNT functionalized with carboxyl
group treated animals showed respiratory embolization in lung. Also, inflammation
was observed in lung histological examination. Due to oxidative stress and lung
toxicity, a pro-inflammatory cytokines activation occurs and cause strong inflamma-
tion. This indicates that macrophage fails to phagocytize SWCNT and causes lung
toxicity (Mohanta et al. 2019).

13.4.2 Liver Toxicity

Liver is one of the vital organs in the body, metabolic pathway is regulated by liver.
Drug metabolization involves various enzymatic actions. An in vivo study using
SWCNTs was evaluated to analyze the efficient bioavailability. SWCNTSs were
administrated for nine weeks. SWCNTSs accumulation increases the uncontrolled
cell growth, elevated the enzymatic action and inflammation (Principi et al. 2016).
Aspartate aminotransferase, alanine aminotransferase, and bilirubin levels were
elevated due to the liver toxic, which was evaluated by serum liver marker assays.
Also, histopathological evaluation of SWCNT treated CD1 mice showed tissue
inflammation and infiltration. Therefore, exposing CNTs without functionalization
for long duration even with less dose imparts undesirable side effects such as inflam-
mation and toxicity in liver.

Oxidized MWCNT nanomaterial was administrated in mice model. It leads to
liver toxic and it was confirmed by serum liver function test such as aspartate ami-
notransferase and alanine aminotransferase. When it was treated by simvastatin, the
toxic effect was reduced, and normal functions were restored (Qi et al. 2017). To
evaluate the cytotoxic of Mitsui-7- MWCNTs, a studied was reported using various
cells. Human alveolar type II epithelial cells A549 cells, the THP-1 The MRC-5
lung fibroblast cell line (ATCC CCL-171) were treated with different concentration
of Mitsui-7- MWCNTs and exposed with different time durations. The exposure of
MWCNTs to 24 h stimulates the proinflammatory response. Long term exposure
leads to elevate profibrotic mediators but not in correlation with production of col-
lagen or cell regulation (Chortarea et al. 2019). The cytotoxicity effect of various
functionalized CNTs was studied in cell line of Caucasian colon adenocarcinoma
grade II carcinoma (HT29). HT29 was used as experimental cell model in 2D
(monolayer) and 3D (spheroid) system, along with in vitro 2D and 3D cancer cells
(in vitro) and mice model (Balb2/c). Doxorubicin (DOX) was found to be effec-
tively functionalized on the CNT surface and release in a controlled manner due to
disintegration of peptide bonds with CNT surface. The DOX/CNT composite
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showed less cytotoxic effect compared to unmodified DOX. Liver marker enzyme
ALT, AST, ALP Albumin, and total protein and blood profile confirmed the role of
CNT in drug delivery. It reduces the DOX liver damage and other related complica-
tions (Perepelytsina et al. 2018). The effect of thin bundles (CNT-1) and thick bun-
dles of SWCNTs (CNT-2) was studied for pulmonary toxicity. In vitro and in vivo
study was conducted. CNT-1 and CNT-2 were administrated and tested for lung
toxicity. The MIP-1a protein, bronchoalveolar lavage fluid (BALF), and histotech-
nique indicated an inflammation in pulmonary cells caused by CNT-1. However, the
toxicity induced by CNT-1 managed to recover in slow phase, while CNT-2 exerted
significant acute toxicity in lung. In molecular level, various genes were altered by
CNT-2 after treatment of 1 day. CNT-2 induces the reactive oxygen species (ROS),
suppresses cell multiplications, while CN'T-1 did not exert significant adverse effect.
The study showed CNTs with thin bundle inflict less inflammation than thick shaped
CNT-2 (Fujita et al. 2015).

Zhang et al. (2019) reported the engineering of MWCNT functionalized with
thermosensitive block copolymer that act as gatekeeper for DOX. Based on the pH
conditions, the release of drug is manipulated (tri-stimuli). A composite involving
MWCNT and mesoporous silica grafted with Schiff base linked with DOX has been
reported to be active against Hela cells with concentration less than 10 microgram/
ml. The nanoformulation without DOX shown to be less toxic, while DOX loading
with maximum capacity of 51.8% showed increased toxicity inside cancer cells.

Karthika et al. (2018) used de-toxification of MWCNT using metal oxide
nanoparticles such as titanium dioxide along with gold. The coating over MWCNT
was carried out using solvothermal technique. The bark extract of Guazuma ulmifo-
lia Lam that belongs to Sterculiaceae family was used as reducing agent. DOX was
used as anticancer drug with concentration of 0.5 mg/ml. The study showed that the
presence of high surface area of CNT, enable the loading of TiO, and Au and increase
the biocompatibility of nanoformulation. The linkage of DOX with CNT was attrib-
uted to the presence of hydrogen bonds and n—x stacking. The presence of such
bonding seems to control the pH based DOX release of about 90% at cancer condi-
tion (pH 5.5) and of about 11% normal condition (pH 7.4) for a period of 10 h,
respectively. In vivo study on Zebrafish embryos showed that nanoformulation
involving TiO,-Au-MWCNT had reduced the toxicity not affecting the hatching of
embryos. CNTs with iron metal residue have shown to generate hydroxyl radicals
and their dissolution in biological media tends to affect biological targets (Ge et al.
2012; Fig. 13.4).

The cytotoxicity study of MWCNT has been studied with residual iron and iron
extracted pure form of MWCNT (heat treated) in A549 human lung epithelial cells.
Interestingly, the cytotoxic effect found to depend on the lack of surface defects of
MWCNT caused by heat treatment due to free radical generation and interference
inside the cell cycle. The presence of residual iron exerted less toxicity (Requardt
etal. 2019).

The drug delivery application of Buckypapers and aggregated forms of CNT was
reported using different kinds of drugs (acidic and basic characters). The study
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Fig. 13.4 Transport pathway, cellular and molecular mechanisms of toxicity associated with cel-
lular exposure to carbon nanotubes and leached metal (Ge et al. 2012)

reveals the sonication effectiveness for conductive property and drug release experi-
ments. The drug release pattern (passive) was found to depend on the non-covalent
bonding. The release can be accelerated or decreased by adjusting the predeter-
mined voltage or current of required polarity (Schwengber et al. 2017).

Modified CNTs were reported by functionalizing with biocompatible polymer
polyethylene glycol and bone targeting groups (bisphosphonate and alendronate)
for organ specific DOX drug delivery application. The nanocomposite was reported
to be effective for DOX loading (35% wt/wt) and release ability (about 51% after
2 days). Biocompatibility of nanoformulation was proved with dispersibility (neo-
plastic transformation), chromosomal aberration, and cytotoxicity assays. In vivo
study showed that compared to free DOX, DOX bound functionalized CNTs (PEG-
dMWCNTs and BT-PEG-dAMWCNTs) effectively decrease the tumor size and
increase the survival period of mice (Falank et al. 2019).

Bisphosphonates were used as effective drugs against osteoporosis. It has been
reported that MWCNTSs can be functionalized with bisphosphonates such as ner-
idronate, pamidronate, and alendronate. The effective conjugation of bisphospho-
nates with oxidized MWCNTs was established using thionyl chloride-DMF mixture
solution under refluxing condition. After washing with THF, the prepared bisphos-
phonate along with glucosamine in THF was added and again refluxed. After conju-
gation, the release of neridronate was studied at three different pH conditions 1.2,
5.5, and 7.4. The high neridronate release at low pH 1.2 than pH 5.5 and pH 7.4
shows the important influence of amine protonation with subsequent dissociation of
hydrogen bonding leading to controlled release (Dlamini et al. 2019).
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Multifunctional CNT (Fe) in composite with hydroxyapatite was synthesized
using chemical vapor deposition technique for pH responsive DOX release.
The formulation showed magnetic saturation value of 0.88 emu/g. The compos-
ite was fabricated with biocompatible polymer such as chitosan using acid treat-
ment of CNT in the presence of sulfuric acid/nitric acid mixture. Folic acid was
further functionalized using EDC chemistry (N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide (EDC).HCI). In the presence of n—x stacking and folic acid, high
adsorption of DOX was reported (up to 130 wt%). In addition, pH sensitive DOX
release (52 wt%) was observed at tumor acidic condition of pH 5.5 after 3 days. The
formulation showed very less drug release of about 8 wt% at normal pH condition
(pH 7.4) (Li et al. 2019).

Nervous necrosis virus attacks the protected central nervous system (CNS) of
fish leading to mass mortality. The presence of barrier blood cerebral spinal fluid in
CNS limits the conventional drugs reaching the target site and therefore reduces the
therapeutic efficiency against infection such as necrosis and vacuolation. Single
walled carbon nanotubes are (SWCNTSs) reported to be an effective nanocarrier for
tsoprinosine that contains inosine acedoben dimepranol active for antiviral effect.
The drug activates T-helper cells to kill infected cells. The study shows an enhanced
antiviral effect of SWCNTSs functionalized isoprinosine with low concentration of
200 mg per liter for period of 3 and 5 days than pure form of Isoprinosine (Zhu et al.
2019). Graphene, allotrope of carbon was reported to simulate macrophages func-
tions (Th1/Th2 cytokines) (Zhou et al. 2012; Fig. 13.5).

13.5 Conclusion

Structured silica, dendrimers, and carbon nanotubes were important nanomaterials
that are expected to play a major component in future biomedical relevant appli-
ances. The review shows that templates, solvents, silica source, functionalization
silanes, and synthesis conditions of nanoparticles play a critical role in inducing
lung inflammation. Mesoporous silica synthesized using sodium silicate as silica
source, nanoshell based Fe-SiO,, C-L-tryptophan template-based silica, dipalmi-
toyl phosphatidylcholine template-based silica were reported to be non-toxic and
effectively disintegrate in biological medium. Silica nanoparticle synthesized using
templates like cetylpyridinium bromide and heterocyclic amino acid-based tem-
plates such as C¢-L-histidine and C16-L-poline were reported to be toxic.
Mesoporous silica prepared by Stober method in the presence of template cetyltri-
methylammonium bromide was reported to be toxic, while in the absence of tem-
plate led to non-toxic silica nanoparticle. Non-porous silica prepared by Stober
method in the presence of silanes exhibited reduced toxicity in lungs compared to
unmodified silica. Dendrimers can be an effective nanocarrier by controlling the
surface charge density of cationic dendrimers or using anionic or non-ionic den-
drimers. The biocompatible can be improvised using polymers like polyethylene
glycol and components like bisphosphonate and alendronate. In case of single
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Fig. 13.5 Graphene induced activation of macrophage signaling pathway (Zhou et al. 2012)

walled carbon nanotubes (SWCNTs), short and long form of SWCNTs are reported
to induce inflammation and respiratory toxicity, though no genotoxicity was
observed. Multiwalled carbon nanotubes (MWCNTSs) have shown to induce proin-
flammatory response and elevate profibrotic mediators. However, the cytotoxicity
of carbon nanotubes in lungs can be reduced significantly by using biocompatible
polymers such as polyethylene glycol, chitosan, insertion of metal oxides (iron,
TiO2, Au), oxidized form of nanotube with drug like Simvastatin, and by using thin
bundles CNTs (Table 13.1).



265

13 Nanomaterials and Their Negative Effects on Human Health

(panunuoo)
QO 5/q1vd paiqul
skep O8] pue ()9 uo juajedwoo-ounwiwir | poyiowl J9qo)S-(92IN0S BII[IS)
eoI1s snoJod-uou J[ewj pue QJBDI[ISOYIIO[AY}orIIQ) puR
01 paredwoo SUONIPUOD J)Nde dlewr ur 9sop J[JuIs (Juaa[os) [oury)d ‘(3sA[eIed)
(6107) Te¥e | AKiorxo) oruoryogns | Jopun sopontedoueu 9z1s yjoq ‘uonensIuTWpe | eruowwe ‘(oye[dud)) aprwoiq wu )0S-NSIN
Iodpewweyoy SSO[ SNQIUXT £q panqryxe A101X0101£) SnoudABIUL wnuowwe[APWIN[AR) | (9z1s) wu OG-NSIN |~ P
skep 9
ungm papersoq
(€1 ¢ pue ‘7DdoH
‘T-00%D ‘€6¢-MdH)
SQUI[ [0 JUIIP
s (A[Iqera 1[0 91e3008 (A9 ‘(92IN0S BII[IS)
(6100) | %06) 21quedwosolq €L € ‘todoH fOIS™N ‘(gV1D) aprwoiq
‘[e 30 Tesaeyg YSTy SIqryxyg - ‘709D ‘€67 NdIH wniuowweAyaWIn[A12) NSIN| ¢
Anqnedwod
43Sy pue S[192 [erfoyida
KJ10TX0) SS[ Seonpur s[1e0 Teroyide reryouoiq [e1youoIq Uewny (poyjowr 1040IS
aurjoyo[Apneydsoyd uewny ggH9[ Ut A)101x0) AGH9[ pue S[[29 Sursn paredaid) ‘pyT 0D
[fonwpedip | spquuxa surjoysrApneydsoyd SIWIOUIDIBOOUIPE 4o, S[eLRIBIAN ONVNAX
(6107) Te12I'T -ojerdwo) gy | [Loymuedip-oyerdua) noyip 67SV | SurlueN woiy paure)qo ed1fIg NSIW | T
eruadojfooquuoIyy Q1ROI[ISOYIIO[AY)eT)
‘eIwIoUE ‘UOTIRWWRUT ‘Jouedoxdost
(6100) ‘3uny pue 1Ie9Y UI UON)BIOUIT ‘Quexayo[oAd ‘eaIn ‘(ee[dwoy)
‘Te 32 uakezoy - sa10ads UaFAX0 2ATIORIY SJBI IBISTAN OUIq[Y aprwoxq wnrurpaAdi£1a) NSIN| T
Da11g
SQOUAIRJOY Anquedwosorg Kyrorxoy uesiQ adKy Apms 30IN0S [RLIAIBIN [l | ON
‘IS

SONSSI)/S[[99/SUBSIO UO S[eLIdjewouR Jo Joedw] L°€] djqeL



V.Ravinayagam and B. R. Jermy

266

BOI[IS pagIpowrun
0} paredwod
s3uny ur seroads
U93AX0 9AT)ORAI
SS9 “AI101X0)
PaonpaI pamoys

o1 9/ g LSO Suisn
OAIA U1 PUE (6%5V)
aury [[2d [erjayiido
I0oued Juny ueWNY

querisAxoyornjAdordourure-¢
(921n0S ©II[IS)
QJBDI[ISOYLIO[AY}oRIR) pUL
‘(JUQAJOS) TouBy)R ‘(ISATEIRD)

(9107) | ®eorIs pazijeuonouny Suisn onIA ul ul rrUOWWE ‘pasn de[duwd)
‘[© 19 SLLIOJA Quruy - uonewweyul Jung ou ‘eoIfIs snolod-uoN QUB[IS-NSIN | '8
Qo1 9/7g LSO Suisn
OAIA UL PUe ‘(67CV) (201n0S BII[IS)
auiy [[oo [eroyyide QIBDI[ISOYIIO[AY)oreNQ) pue
190ued Jun| uewny ‘(JuUoAOS) [oueyl ‘(ISATeIRd)
9102) Sursn onta ur ur | eruowwe ‘(eyedure)) aprwoiq
‘[& 32 SLUIOJA - Ky1o1x0) K10jer1dsoy uonewWwegur Jun| WNIUOWWR[AYIOWILI[AI0D) NSIN| L
sguny ur
PaAIasqo asuodsax
K1ojeUuueUT
ou pue asop | (9rerdway) ouarkysAfod ourwe
3un[ ur paAIasqo 3y 1od 3w 0z—01 pue (92In0S UOIT) PIXOYID
(L102) soronedoueu Sursn Apnys £3101%0) uour ‘(BJI[IS) 2JLII[ISOYLIO ZOIS-94 pue
‘[819 ZOPUAJ | {QIS JUNOWe ddel], - 9Jnoe 9sop J3uIS [Ayowen9) 3uis) ZOIS [[oysoueN | ‘9
Ky1o1X0)
Qonpar ‘Kjfiqenom K1oAnoadsal
Y31y 03 anp Apyomb ‘ourjod-1-91 pue ‘ouIpnsiy
S91eIZIUISTP -T1-91D ‘ueydoydAn-1-91D
ueydoydAn se yons saje[dwo) paseq
-1-91D Pim PIAIISQO 2IOM ISALIE [ILD Apms -pIo® OUIWE JI[9AJ019)9Y
(6100) T8I PozZIsayjuks Bol[Ig 1[99 pue SISA[OWAY AIIAS OAIA UI pUB OJ)IA U] Jo sadAy Juareyiq NSIN| S
SOURIRYY Anquedwosorg Ky1o1x0) uesIQ adKy Apmg 90INOS [BLIDIBIA [PLRIN | ON
‘IS

(ponunuod) L'gl 3|qeL



267

13 Nanomaterials and Their Negative Effects on Human Health

(penunuoo)
UOTRIIUIIUOD (NVINVA)
Toy31Y 1B paAIasqo KId1xo) (e 8+0°8S) 9D pue ‘¢H
SIQWILIPUSP AQ | [IYM ‘UONBIIUIIUOD JIMO] I 90 pue ‘(e 978°‘87) ‘40 SIOWLIPUP
paonpur £)191X03 03 | asuodsal oNAULIOH “sasuodsar GO ‘(e S1THI) ¥D Qurwreoprwre£jod
(0T0T) | QATISUDS JSOW UOJOD STUOIYD O} PAIB[OII0D S[[90 | s1owLpuep surweoprweAjod SIOWLIPUSP
‘Te 10 99f1oN]A | JO BWIOUIOIBOOUIPY | SI AJISUSP 9Ieyd JOWLIPUI( | (O8FAAS ‘SI[00 JBDBH |  Paseq 9100 dulweIpaud[Ayg omone) | g
rwourores eysord
uewmny ¢y Nd
w31 oz jo asop ‘eWO)SL[qOI[3 ueWINY
JOMO] 18 JOWLIPUIP 0Y6.L ‘BUIOUIIIRD
Jo Ky1o1%0) prowopido KIOAT[Op Qua3 10§
poonpar (e S uewiny [ ¢4V ‘S[[0 (outwrud[AdoxdAjod
pue 7) Ddd yim oNT-01491 g 2Iemolq SI9)S9 [AYIoWAX0qIed ouAInqourwep)
avd-+D “IoWLIpuIp ‘BUWIOUIOIBOOUIPE [Aprwuroons (B g~) JQWILIPUIP G
Jo KJ101X0101KD Jreysord uewny DA Axoyjoul ‘(-G pue | pue ‘4 ‘¢ UoNeIOUIT
(8100) | Peonpar gva-+D 92-on-N €-Dd ¥ *-¢) surwruajidoidAjod paseq (4vVA)
‘[e 30 IuBWOS | pue ¢ pare[ADHJ - aremorg ouA)nqouTwel(J | 9100 dueInqourwelq | ]
S4ULIPUIJ
eury) ‘Auedwo)) "prT 'yodL,
uorneprxorad [opowr | [eLRIRA Uys3uoy Juerloyy
(L102) pidi] pue uonerouad ue3Axo [ewitue pue (65V) WOJ) Paure)qo 9[edSOIOI
‘[e 12 Suoy - QATJOBI SE ONS UONJRIQUAL) | dul| [[90 Sun| onIA uf BOI[IS PUB OUBU BOI[IS BOIIS ougen|n | ‘0l
uoneprxoxad pidif pue
uoTeIdUa3 UAZAX0 2ATIORAI
juowdoroaap SE [JoNSs UONBIdUST JUBPIXO
[eyuaoerd Joy 9y} y3nouay) s[[ed sAIpnys [opowt
9Jes pue OIX0)-UON |  AJIOTXO) PUB SSAIS dANEPIXQ [ewitue pue (645V) soponredoueu
(8102) wu Gy | ouepsAxoyrernjAdordourwe-¢ | ouf [[90 Junj onia uf BOI[IS PAZI[RUONOUN] | WU G| PUE ‘WU ()9
‘[e 3o nisnionald pue wu 09 edI[Is BII[IS SZIS WU G7-BII[IS 10940 o1X0J0A1qUIF HOOD pue THN ‘W GZ-BOIIS | 6




V.Ravinayagam and B. R. Jermy

268

OTX0) JOAI] ‘UOTIEUWIWRUT
pUE UONOB OIBWAZUD

(9102) o PAILAR[D ‘YIMOIT oomur Sg (10A/10A) %0 1/IWNHNA
‘T 10 droutig - [[99 pa[[onuodun sadnpuy | [dD pue SNT-OLIA /SLNDMS °pnid SINOMS | '€
uoneWWEur
‘K3101%0) K10jeI1dsar PIOE D19[ONUOQLIAX09P WINIAS
s3uny SN[OAATE UT STNDMS uoulfes 9,] Jururejuod Sgd
(L102) UI POAISSQO SBM 110US ‘SO[OIYOU0Iq [EUTULIO} sjer ur paynyIp prog uey ‘wirl Gg°Q (ad£y reour| pue
‘[& 19 BpUOH Aorxojousd oN | 18 payisodap SINDMS Suo | ofew [LIDMIONA/HEd PUB '8 M SINOMS 1oys) SINDMS | T
(¢sd pue ‘g ‘91d) (€6T SIAH)
soua3 pajeroosse stsoydode S[[99 €67 Adupry (ouf ‘ser3o[outo9)ourU
(S002) T8 10 M) - apensardn STNOMS oruoAIquie uewny uoq1ed) SLNOMS SINOMS | I
$2qNIOUDU UOGID)
(res eN
IaLLeoouRU SnIp Jo MIN 106°CS) §'S IWVINVA
QATIORJJQ 9q UuBd (res eN
‘Aqnedwosolq JOMIN T€6TT) '€ WVIAV
(L102) yS1y panqryxe (Ores eN
‘[& 39 SLLION ‘OIX0)-UON - ey JO MIN S€67) S'TINVINVA | INVINV] dluouy | °¢
anssn Suny ur uorssardxa
)1 Jo uonenSorumoq Sdd YA PIXIW PUB POAOWIAI
wR)sAS UIsuoIsuL [ouBIOW ‘YOLIP[y-LWSIS
(S107) T8 10 ung - uruar jo uonensaIskq 9O [ 9/TdLED woly paurelqo NVINVd | INVINVd dtuonen | 'y
(xny orSeydoyne) (lw/Sw 01) ¥'2 Sad
Ky1anoe uonepeisop (TLIV ‘DINISTN UI POAJOSSIP PUEB PIAOWIAT SIOWLIPUSP
(¥100) o1eydome pue £1151x0101K5 ‘8110 “DINLN) [OUBIIRIAL “YOLIP[Y-BUWSIS INVINVd
‘[e 10 Suepy —|  poonpur JowLIpUdp druone)) | S[[9O BWOI[S urwInyg woIj paurelqo 6O NVINVA Jjoodfy oruone) | ¢
SOURIRYY Anquedwosorg Ky1o1x0) uesIQ adKy Apmg 90INOS [BLIDIBIA [PLRIN | ON
‘IS

(ponunuoo) g1 ajqeL



269

13 Nanomaterials and Their Negative Effects on Human Health

(panunuoo)

S[[00 J0UBD APISUT AJITX0)

JowA0dod yoo[q

PISEaIoUL pomoys 9816 XOd-VINdddd SANISUSSOISNY)
(6102) JoLIROOURU | JO AJoeded winwixew € yjim S[[99 B[9OH -Q-INVdINd-3-S-S-NSIN | Y)IM pazijeuonouny
[e 30 Sueyz s[quedwosorg Surpeo] XOd ‘AIorx0jo1k) ‘OnIA uf OLNIMIN INDMIN “XOd
(T-IND)
SLNOMS Jo
aseyd mors ur 3uny ur A3101X0) 9INoE s9[punq o1y} puy
(S107) | 19A0921 0) poeuew JUBOYIUSIS PAIAX2 Z-ILND Apms | (Juy/3w ()] ‘qu/Sw [) urwnqgpe (1-LND)
‘Te 10 vilng A1o1%0) 1-LND Aorxo0) un-g OAIA UI pUB OLIA U] WNIds AUIAOGQ/SINDMS sa[pung uryJ,
(o/zareq) repowt
Q0IW puE ONIA Ul
wa)sAs (proroyds)
g pue (1okejouowr) Sdd Ul Juaunear druosen[n
XOd peytpowun dc ut (62LH) /D114/2eucnsauanjo)
0 paredwod BUWIOUIDIRD || 9pRI3 -0-0yjoul dPIWIIPOGIEd
193JJ2 01X0103Kd BWOUIDIBOOUPE (1Ayyeoutjoydiowr
(8102) ‘B 12 SSI[ SNQIYX2 LND UuoJ0d ueISLINR)) 2)-,N-14xayo£o S LND/urdosaony
eurs)A[adarod /utedsalong/Xod - Joaulf oD “N-XOd/SLND P3ZIpPIXQ Jurignioxo
(L1120
DDILV) duy|
1199 Ise[qoiqy Suny
S-OdN °W [-dHL
SI0JRIpIW Y “S[[29 6HSY
(6102) onoiqyoid sajeaa]e ‘asuodsar s[1eo rereyyide 1 (O'{ ur qw/Sw 1) urwnqre SLNOMIN
‘Te 32 BaIRIIOYD - Kroyewwreyuroxd syquuxg | 2dA} IejodAfe uewuny wnIds auIA0q/S NI MIN - L-INSIIA
SLINDMINO Do 05T
J0199JJ9 21X0) (oreway) J© pauId[ed/fQNH T/[0W ¢
(L10T T8 19 10) | 9onpar uneiseAults Q01w Suruuny PIM pajeall SINOMIN | LNOMIN PIZIPIXQ




V.Ravinayagam and B. R. Jermy

270

Qo1 jo porrad
[BAIAINS QU) 9SBAIOUT
pue 9zIs Jown} Y
9S8109p A[QANIDRYJQ

(SINDMIAP
-0ad-19 JJeUOIPUI[E pue
pue SLNOMIAP [99¥1 V10d ‘OSINA ‘S£D “areuoydsoydsiq
-Ddd) SIND ‘reuoIpudre ‘HAH ‘SHN ‘[094]3
(6102) pazieuonouny QoM [-qD | ‘Uone[Angd ‘OpuLoyod [Auoryy uorAyjektod
‘[e 30 yue[e punoq Xod - Apmis OAIA ug HINA SLNDMIA 121081 SIND XOd | ‘Il
K)101%0) KJ1O1X0101KD s[1eo zodoH JsATe1ed Se QUO0LR} | LNDMIA JO wioj
(6102) IND SS9[ PaIoxa pamoys INDMIN pue s[[ed feroyiido 1051n931d QUBXAYO[IAD aind pojoenxo
‘[© 19 Iprenbay uoII [enpIsay Jo uioy a1nd pajornxad UOI[ Sunj uewny ¢SV woiy paure}qo SINDMIA uolr pue uoi | Q[
soA1quio
Jo Suryorey
oy Sunodgye Jou
Lorxo) SINDMIN
Jo Kiqneduwosorq pros
(8102) Q) 9seaIoul S0AIquId ysyeIqoz, (¢:1 pue 1:1) (3oenx0 QPIXOIp WwnIue)n)
‘e 30 Iy ny pue ‘oL, - U0 Apmis OATA U] J1eq) NV/ZOLL/SINDMIN INDOMIN XOd | 6
SQOUAIRJOY Aqnedwooorg K101%0) UBSIO adKy Apms 30IN0S [RLIABIN [BLIIR]A | ON
‘IS

(ponunuod) L€l d|qeL



13 Nanomaterials and Their Negative Effects on Human Health 271

References

Asweto CO, Wu J, Alzain MA et al (2017) Cellular pathways involved in silica nanoparticles
induced apoptosis: a systematic review of in vitro studies. Environ Toxicol Pharmacol
56:191-197

Banerjee R, Jaiswal A (2018) Recent advances in nanoparticle-based lateral flow immunoassay
as a point-of-care diagnostic tool for infectious agents and diseases. Analyst 143:1970-1996

Bhavsar D, Patel V, Sawant K et al (2019) Systematic investigation of in vitro and in vivo safety,
toxicity and degradation of mesoporous silica nanoparticles synthesized using commercial
sodium silicate. Micropor Mesopor Mater 284:343-352

Chen L, Liu J, Zhang Y, Zhang G, Kang Y, Chen A, Feng X, Shao L (2018) The toxicity of silica
nanoparticles to the immune system. Nanomedicine (Lond) 13(15):1939-1962

Chortarea S, Zerimariam F, Barosova H et al (2019) Profibrotic activity of multiwalled car-
bon nanotubes upon prolonged exposures in different human lung cell types. Appl. In Vitro
Toxicol 5:47-61

Cui D, Tian F, Ozkan CS et al (2005) Effect of single wall carbon nanotubes on human HEK293
cells. Toxicol Lett 155:73-85

Dlamini N, Mukaya HE, Van Zyl RL et al (2019) Synthesis, characterization, kinetic drug release
and anticancer activity of bisphosphonates multi-walled carbon nanotube conjugates. Mater
Sci Eng C 104:109967

Du X-J, Wang Z-Y, Wang Y-C (2018) Redox-sensitive dendrimersomes assembled from amphiphi-
lic Janus dendrimers for siRNA delivery. Biomater Sci 6:2122-2129

Duan J, Yu Y, Yu'Y et al (2014) Sun, silica nanoparticles induce autophagy and endothelial dys-
function via the PI3K/Akt/mTOR signaling pathway. Int ] Nanomedicine 9:5131-5141

Elalfy MM, El-hadidy MG, Abouelmagd MM (2018) Update of usefulness and adverse effects of
nanoparticles on animals and human health. J Vet Med Health 2:106

Elbialy NS, Aboushoushah SF, Sofi BF et al (2020) Multifunctional curcumin-loaded mesopo-
rous silica nanoparticles for cancer chemoprevention and therapy. Micropor Mesopor Mater
291:109540

Falank C, Tasset AW, Farrell M et al (2019) Development of medical-grade, discrete, multi-walled
carbon nanotubes as drug delivery molecules to enhance the treatment of hematological malig-
nancies. Nanomedicine 20:102025

Fujita K, Fukuda M, Endoh S et al (2015) Size effects of single-walled carbon nanotubes on
in vivo and in vitro pulmonary toxicity. Inhal Toxicol 27:207-223

Ge C,LiY, Yin J-J, Liu Y, Wang L, Zhao Y, Chen C (2012) The contributions of metal impurities
and tube structure to the toxicity of carbon nanotube materials. NPG Asia Materials 4:¢32

Hare JI, Lammers T, Ashford MB, Puri S et al (2017) Challenges and strategies in anti-cancer
nanomedicine development: an industry perspective. Adv Drug Deliv Rev 108:25-38

Hoffmann K, Milech N, Juraja SM et al (2018) A platform for discovery of functional cell-
penetrating peptides for efficient multi-cargo intracellular delivery. Sci Rep 8:12538

Honda K, Naya M, Takehara H et al (2017) A 104-week pulmonary toxicity assessment of long and
short single-wall carbon nanotubes after a single intratracheal instillation in rats. Toxicology
29:471-482

Hong Y, Yun WQ, Yue LM et al (2017) Pulmonary toxicity in rats caused by exposure to
Intratracheal instillation of SiO2 nanoparticles. Biomed Environ Sci 30(4):264-279

Hozayen WG, Mahmoud AM, Desouky EM et al (2019) Cardiac and pulmonary toxicity of meso-
porous silica nanoparticles is associated with excessive ROS production and redox imbalance
in Wistar rats. Biomed Pharmacother 109:2527-2538

Hu F-F, Sun Y-W, Zhu Y-L et al (2019) Enthalpy-driven self-assembly of amphiphilic Janus den-
drimers into onion-like vesicles: a Janus particle model. Nanoscale 11:17350-17356

Inoue K, Takano H (2011) Aggravating impact of nanoparticles on immune-mediated pulmonary
inflammation. Sci Wor J 11:382-390



272 V.Ravinayagam and B. R. Jermy

Janaszewska A, Lazniewska J, Trzepinski P et al (2019) Cytotoxicity of Dendrimers. Biomol
Ther 9:330

Jermy BR, Acharya S, Ravinayagam V et al (2018) Hierarchical mesosilicalite nanoformulation
integrated with cisplatin exhibits target-specific efficient anticancer activity. Appl Nanosci
8:1205-1220

Karthika V, Kaleeswarran P, Gopinath K et al (2018) Biocompatible properties of nano-drug
carriers using TiO2-au embedded on multiwall carbon nanotubes for targeted drug delivery.
Material Science and Engineering C 90:589-601

Kermanizadeh A, Berthing T, Guzniczak E et al (2019) Assessment of nanomaterial-induced hepa-
totoxicity using a 3D human primary multi-cellular microtissue exposed repeatedly over 21
days-the suitability of the in vitro system as an in vivo surrogate. Part Fibre Toxicol 16:42

Koh H, Lee KH, Kim D et al (2000) Inhibition of Akt and its anti-apoptotic activities by tumor
necrosis factor-induced protein kinase C-related kinase 2 (PRK2) cleavage. J Biol Chem
275(44):34451-34458

Kojima S, Negishi Y, Tsukimoto M et al (2014) Purinergic signaling via P2X7 receptor mediates
IL-1p production in Kupffer cells exposed to silica nanoparticle. Toxicology 321:13-20

Laskar P, Somani S, Campbell SJ et al (2019) Camptothecin-based dendrimersomes for gene deliv-
ery and redox-responsive drug delivery to cancer cells. Nanoscale 11:20058-20071

Li C, Liu H, Sun Y et al (2009) PAMAM nanoparticles promote acute lung injury by induc-
ing Autophagic cell death through the Akt-TSC2-mTOR signaling pathway. J Mol Cell
Biol 1:37-45

Li H, Sun X, LiY et al (2019a) Preparation and properties of carbon nanotube (Fe)/hydroxyapatite
composite as magnetic targeted drug delivery carrier. Mater Sci Eng C 97:222-229

Li H, Wu X, Yang B et al (2019b) Evaluation of biomimetically synthesized mesoporous silica
nanoparticles as drug carriers: structure, wettability, degradation, biocompatibility and brain
distribution. Mater Sci Eng C 94:453-464

LiJ, Yang H, Sha S et al (2019c¢) Evaluation of in vitro toxicity of silica nanoparticles (NPs) to lung
cells: influence of cell types and pulmonary surfactant component DPPC. Ecotoxicol Environ
Saf 186:109770

Malik N, Wiwattanapatapee R, Klopsch R et al (2000) Dendrimers: relationship between structure
and biocompatibility in vitro, and preliminary studies on the biodistribution of 125I-labelled
polyamidoamine dendrimers in vivo. J Control Release 65:133—148

Mendes LP, Pan J, Torchilin VP (2017) Dendrimers as Nanocarriers for nucleic acid and drug
delivery in cancer therapy. Molecules 22:1401

Mendez N, Liberman A, Corbeil J et al (2017) Assessment of in vivo systemic toxicity and biodis-
tribution of iron-doped silica nanoshells. Nanomedicine: NBM 13:933-942

Missaoui WN, Arnold RD, Cumming BS (2018) Toxicological status of nanoparticles: what we
know and what we don’t know. Chem Biol Interact 295:1-12

Mohammadpour R, Yazdimamaghani M, Cheney DL et al (2019) Subchronic toxicity of silica
nanoparticles as a function of size and porosity. J Control Release 304:216-232

Mohanta D, Patnaik S, Sood S et al (2019) Carbon nanotubes: evaluation of toxicity at biointer-
faces. J Pharm Anal 9:293-300

Morris AS, Adamcakova-Dodd A, Lehman SE et al (2016) Amine modification of nonporous sil-
ica nanoparticles reduces inflammatory response following intratracheal instillation in murine
lungs. Toxicol Lett 241:207-215

Morris CJ, Aljayyoussi G, Mansour O et al (2017) Endocytic uptake, transport and macromolecu-
lar interactions of anionic PAMAM Dendrimers within lung tissue. Pharm Res 34:2517-2531

Mukherjee SP, Davoren M, Byrne HJ (2010) In vitro mammalian cytotoxicological study of
PAMAM dendrimers — towards quantitative structure activity relationships. Toxicol. In Vitro
24:169-177

Nummelin S, Selin M, Legrand S et al (2017) Modular synthesis of self-assembling Janus-
dendrimers and facile preparation of drug-loaded dendrimersomes. Nanoscale 9:7189-7198

Ohta Y, Abe Y, Hoka K et al (2019) Synthesis of amphiphilic, Janus diblock hyperbranched
copolyamides and their self-assembly in water. Polym Chem 10:4246-4251



13 Nanomaterials and Their Negative Effects on Human Health 273

Perepelytsina OM, Ugnivenko AP, Dobrydnev AV et al (2018) Influence of carbon nanotubes and
its derivatives on tumor cells in vitro and biochemical parameters, cellular blood composition
in vivo. Nanoscale Res Lett 13:286

Pietroiusti A, Vecchione L, Malvindi MA et al (2018) Relevance to investigate different stages
of pregnancy to highlight toxic effects of nanoparticles: the example of silica. Toxicol Appl
Pharmacol 342:60-68

Principi E, Girardello R, Bruno A et al (2016) Systemic distribution of single-walled carbon nano-
tubes in a novel model: alteration of biochemical parameters, metabolic functions, liver accu-
mulation, and inflammation in vivo. Int J] Nanomedicine 11:4299-4316

Qi W, Tian L, An W et al (2017) Curing the toxicity of multi-walled carbon nanotubes through
native small-molecule drugs. Sci Rep 7:2815

Rainone P, Riva B, Belloli S et al (2017) Development of 99mTc-radiolabeled nanosilica for tar-
geted detection of HER2-positive breast cancer. Int J Nanomedicine 12:3447-3461

Requardt H, Braun A, Steinberg P et al (2019) Surface defects reduce carbon nanotube toxicity
in vitro. Toxicol In Vitro 60:12-18

Schwengber A, Prado HJ, Bonelli PR et al (2017) Development and in vitro evaluation of potential
electromodulated transdermal drug delivery systems based on carbon nanotube buckypapers.
Mater Sci Eng C 76:431-438

Shi H, Magaye R, Castranova V, Zhao J (2013) Titanium dioxide nanoparticles: a review of current
toxicological data. Part Fibre Toxicol 10:15

Somani S, Laskar P, Altwaijry N et al (2018) PEGylation of polypropylenimine dendrimers:
effects on cytotoxicity, DNA condensation, gene delivery and expression in cancer cells. Sci
Rep 8:9410

Sun Y, Guo F, Zou Z et al (2015) Cationic nanoparticles directly bind angiotensin-converting
enzyme 2 and induce acute lung injury in mice. Part Fibre Toxicol 12:4

Szymonowicz K, Oeck S, Malewicz NM et al (2018) New insights into protein kinase B/Akt sig-
naling: role of localized Akt activation and compartment-specific target proteins for the cellular
radiation response. Cancers 10:78

Tieu T, Alba M, Elnathan R, Cifuentes-Rius A et al (2019) Advances in porous silicon—based nano-
materials for diagnostic and therapeutic applications. Adv Therap 2:1800095

Wang S, Li Y, Fan J et al (2014) The role of autophagy in the neurotoxicity of cationic PAMAM
dendrimers. Biomaterials 35:7588-7597

Xiao Q, Sherman SE, Wilner SE et al (2017) Janus dendrimersomes coassembled from fluori-
nated, hydrogenated, and hybrid Janus dendrimers as models for cell fusion and fission. PNAS
114(34):E7045-E7053

Zhang R-Q, Liu Z-Q, Luo Y-L et al (2019) Tri-stimuli responsive carbon nanotubes covered by
mesoporous silica graft copolymer multifunctional materials for intracellular drug delivery. J
Ind Eng Chem 80:431-443

Zhou H, Zhao K, Li W, Yang N, Liu Y, Chen C, Wei T (2012) The interactions between pristine
graphene and macrophages and the production of cytokines/chemokines via TLR- and NF-kB-
related signaling pathways. Biomaterials 33:6933-6942

Zhu S, Li J, Huang A-G et al (2019) Anti-betanodavirus activity of isoprinosine and improved
efficacy using carbon nanotubes based drug delivery system. Aquaculture 512:734377



	13: Nanomaterials and Their Negative Effects on Human Health
	13.1	 Introduction
	13.2	 Silica Nanomaterial
	13.2.1	 Silica toxicity

	13.3	 Dendrimers
	13.4	 Carbon Nanotubes
	13.4.1	 Lungs Toxicity
	13.4.2	 Liver Toxicity

	13.5	 Conclusion
	References


