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Abstract Nanomaterials, substances below 100 nm, are
increasingly used in medical diagnosis and treatment
every day. The use of such materials has helped deliver
drugs across the blood—brain barrier, alleviate allergy
symptoms, specifically target cancer or HIV cells, and
more. However, the tunable characteristics of such mate-
rials have not been perfected. The different materials,
sizes, shapes, and structures have different responses on
the body. This paper will investigate the successful
treatments made with nanoparticles and some general
health effects. A review of the literature revealed an
inflammatory response and an increased production of
reactive oxidative species (ROS) to be common immune
responses to nanomaterial use. The mechanisms by
which the inflammatory response and ROS production
occur will also be discussed.
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Introduction

Nanomaterials consist of small-scale substances, below the
size of 100 nm [1], that are engineered to offer unique
mechanical, optical, electrical, and magnetic properties [2].
Nanoparticles can be prepared from a variety of substances,
ranging from metals to basic elements to polymeric com-
pounds. These materials include diverse structures such as
nanoparticles, nanotubes, and quantum dots [3] to various
core elements such as gold, titanium, silver, silica and even
organic-based materials [4]. Tunable characteristics, low
dosages, and targeted sites have lead to the increasingly
growing use of nanotechnology in medicine. Nanoparticles
have been used in a variety of applications including drug
delivery, magnetic resonance imaging (MRI), cancer treat-
ment, gene therapy, biosensors, separation science, and var-
ious topics in allergy immunology [5].

The most exemplary example of nanomaterial use in
therapy is in cancer treatment. Liposome-encapsulated mag-
netic nanoparticles were successfully demonstrated to carry
cathepsin protease inhibitor to a mammary tumor in a mouse
and reduce the tumor size, as well as simultaneously provide
a strong contrasting agent for sensitive MRI images [6].
Magnetoferritin nanoparticles have been used, without the
use of any targeting ligands or contrast agents, to target and
visualize tumor cells that overexpress transferrin receptor 1
(TfR1) with a sensitivity of 98 % and specificity of 95 %
[7<]. Nanoparticles, still in their early stages, have success-
fully delivered loads to targeted sites. Sol—gel nanoparticles
were used to carry small inhibitory RNA (siRNA) in a study
that targeted either Fidgetin-like 2 or Kif 19 as potential
modulators of wound healing [8].

However, further research is needed to measure and
record all side effects of biocompatibility, cellular penetra-
tion, and site-specific targeting. Studies have shown toxic
effects from these carriers, as expected of any foreign par-
ticulate. Use of nanomaterials has shown chemical
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imbalance, cellular damage, changes in gene expression,
immune response, metabolic changes, and apoptosis. Both
chronic and acute toxicity can lead to extensive intracellular
damage as well as other potential risks to human health,
depending on the material and tissue. What is striking is that
most of the studies presented reveal that most nanomaterials
initiate some form of inflammation and/or ROS production.
This review will further explore studies where inflammation
directly resulted from testing different nanoparticles and the
most likely mechanisms for this potentially lethal side
effect.

Nanomedicine: Advances in Allergy & Immunology

Nanoparticles can serve as ideal carriers to detect allergies
and alleviate some of their symptoms. Allergies are associ-
ated with an unbalanced Thl and Th2 immune response,
with increased levels of cytokines, IL-4, 5, and 13, and
immunoglobulin E (IgE) [9]. The use of magnetic core-
shell nanoparticles as a microchip for allergy diagnosis has
increased capture kinetics by a 1,000-fold by quantifying
IgE) [10°]. Particles can be used not only for detection but
also treatment. Chitosan, a biodegradable material, has been
reported to deliver Der f-CS intranasally to BALB/c mice,
alleviating airway hyper-reactivity, lung inflammation, and
lung mucus production. The nano-vaccine also decreased
cytokine and IL-4 [11].

The efficiency of particles relies on the plethora of mod-
ification methods and functionalities. This allows particles
to be novel materials in treating diseases and disorders that
were and still are deemed incurable. For example, quantum
rods (QRs) functionalized to incorporate siRNA, QR-si510
HIV-1 siRNA nanoplex, have been shown to suppress HIV-
1 viral replication for an extended period of time [12]. HIV
is especially hard to target in the central nervous system due
to the blood-brain barrier [13]. However, modification of
quantum rods to carry drugs, such as Saquinavir, has suc-
cessfully resulted in a decrease in HIV-1 replication in
infected peripheral blood mononuclear cells. This means
that there was significant uptake of QR-Tf-Saquinavir by
brain microvascular endothelial cells via receptor-mediated
transport [14].

Characterization of Nanomaterials and Delivery
Methods

The effects of nanomaterials on cells may vary with differ-
ent conditions of the materials, depending on particle size,
shape, charge, composition, structure, size distribution, ag-
gregation rates, surface chemistry, and porosity [15]. The
smaller the size of the nanoparticles, the larger the surface
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volume to mass ratio, and thus the more enhanced the
surface properties [16]. Nanoparticles have different physi-
cal, chemical and biological properties from their molecular
or bulk counterparts due to their increased surface area [17].
For example, bulk gold samples are practically inert; how-
ever, gold nanoparticles have been proven to be highly
active for several reactions, including low-temperature oxi-
dation of CO and partial oxidation of hydrocarbons [18]. A
large surface area, a common characteristic of all nanoma-
terials, is what provides functionality and a site for surface
coating with polymers or biorecognition molecules for in-
creased compatibility [19]. However, this trait is a double-
edged sword as nanoparticle toxicity is largely due to parti-
cle size and surface area [20]. The functionality will depend
on the particle type and material as well as the interactions
between the particles and the targeted cell type. Particles
must overcome barriers such as enzymatic degradation,
phagocytic cells, changes in blood and hydrostatic pressure,
and ionic efflux pumps [21].

Nanomaterials can be administered via nasal, oral, intra-
ocular, pulmonary, and other routes [22]. It is important to
note the uptake mechanism through some of these major
pathways that will be utilized for medical treatment and
drug delivery, as well as the interactions of the particles
with the particular cells. Oral and intravenous injections of
particles are the most likely methods of drug administration.
The gut is constantly exposed to macro-, micro-, and nano-
particles. Ferritin, a naturally occurring iron oxide-based 12-
nm nanoparticle with a protein shell is ingested via meat-
and plant-based foods [23]. It has been shown to be endo-
cytosed by epithelial cells in the gut as a source of iron [24].
The most common uptake for micro- and nanoparticles in
the gastrointestinal tract is via the M-cell-rich layer of
Peyer’s Patches [25]. M-cells are epithelial cells that favor
transcytosis of macromolecules and particles and are impor-
tant immune-inductive sites [26—28]. The surface charge of
the particles seems crucial to bypass the adhesivity and
viscoelasticity of gastrointestinal mucus. Jason et al. have
shown that anionic polystyrene diffuse a magnitude of 20—
30 times faster than cationic particles. Des Rieux et al. have
also shown increased efficiency uptake of sub-micron-sized
aminated particles over caboxylated particles in epithelial
cells [25]. As expected, hydrophobic particles are more
easily taken up than hydrophilic particles [29].

Once the nanoparticles enter the blood stream, their size
is important in determining blood circulation time and des-
tination. The particles pass through the barriers and filters of
the body, just as does any other macromolecule, regardless
of size, shape, dose, or material, and accumulate in certain
organs. Balasubramaniana et al. found the number of 10-nm
gold particles found in the liver after 24 h was the highest,
followed by blood, spleen, kidney, lungs, brain, reproduc-
tive organs, thymus, and heart. Larger particles of 50, 100,
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and 250 nm were solely distributed to liver, spleen, and
blood. The same study found gold particles to upregulate
and downregulate gene expression in the liver and spleen of
rats. These genes were responsible for lipid metabolism,
defense response, detoxification, cell cycle, and circadian
rhythm, and more [30]. The same accumulation of particles
in the liver and spleen has been seen with 10- to 20-nm
carbon nanotubes [31], 11-nm iron oxide [32], and 13-nm
quantum dots (CdSe/ZnS) [33]. This is explained by a
phagocyte-rich reticuloenthothelial system (RES) where
nanoparticles bind to antibodies [34].

It is difficult to appease all cellular properties and recep-
tors without initiating some unintended effects. The specific
properties of nanoparticles are the cause of the unintended
side effects. For example, the cytotoxicity of positively
charged Au nanoparticles on HeLa cells was shown to be
dependent on hydrophobicity, with a direct relationship
between hydrophobicity and ROS production [35]. The
external environment is just as crucial to the function and
behavior as is the intrinsic properties. The behavior of
particles changes with slight adjustments in pH, viscosity,
magnetization, etc. For example, physiological fluid can
change iso-electric points of particles and result in altered
agglomeration rates. Romoser et al. observed silver nano-
particles to settle quickly compared to titanium dioxide,
quantum dots, and Fullerol, resulting in heightened NF-
kB/ERK response when the particles were exposed to pri-
mary HDF cells [36].

Nanomaterials and Health Effects

Many studies have shown various toxicological effects,
depending on the organ and the material of the particle.
Some effects are common to all particles. Particles were
earlier reported to detect and alleviate symptoms of allergies
including inflammation by affecting cytokine and IgE lev-
els. However, depending on the material, size, and ligands,
particles themselves can induce the immune response or
lead to other health effects. Here, we will divide the effects
based on the particle material.

In vitro studies have shown silver nanoparticles (Ag NPs)
to cause elevated ROS levels [37], lipid peroxidation [38],
and a reduction in GSH [39]. A reduction in mitochondrial
function of A549 cells exposed to Ag NPs for 24 h was
observed in a dose-dependent manner [40].

Silica is a very common component of nanoparticles
today because of industrial use in cosmetics, printer toners,
drugs, and food [41ee]. Chronic inhalation of crystalline
silica can result in silicosis, a generally progressive fibrotic
lung disease [42]. Acute exposure of particles has also been
shown to have damaging effects. Acute oral exposure to
polystyrene nanoparticles can disrupt iron transport and

nutrient absorption [43]. Yamashita has shown that 70-nm
silica particles and titanium oxide (TiO2) particles restricted
the growth of fetuses in pregnant mice in high dosages [44].

Gold is a very common material in biomedical studies.
As mentioned before, its inert properties are ideal as a
transport mechanism. Most toxicity associated with gold
particles is due to attached ligands and not the core material
itself, whether in high doses or long periods of exposure
[45]. If attached ligands are the source of the problem, then
surface modification is a simple solution. Poly(ethylene
glycol) (PEG) is a functional group that is known to reduce
cytotoxicity [46]. PEG is characterized as amphiphilic [47]
and non-immunogenic [48], and reduces opsonization by
proteins [49] and improves overall biocompatibility [50].
The PEG layer on the surface of NP is critical to blood
interactions and RES organ biodistribution. PEGylated gold
NPs interact more with blood proteins and cells, resulting in
longer blood circulation times [50] and a 10-fold increase in
tumor uptake and accumulation [51]. PEGylated single-
walled nanotubes have shown longer blood-circulation
half-life and low hepatic uptake in vivo, which is vital for
use in drug-delivery systems [52].

Carbon nanotubes (CNTs) can be visualized as sheets of
graphene rolled into a cylinder. The long length and small
diameter provide CNTs the characteristic of a large aspect
ratio, high tensile strength, and high electron conductance,
ideal for biosensing and drug delivery [53]. Single-walled
carbon nanotubes administered intratracheally have been
shown to deteriorate allergen-related airway inflammation
with mucus hyperplasia in mice [54]. Allergic inflammation
is very important in human asthma [55]. The inflammation
is a result of increased proinflammatory cytokines such as
IL-13 and IL-6 [56]. High levels of reactive oxygen species
(ROS) and decreased metabolic activity were observed in
AS549 lung epithelial cells and Jurkat T lymphocytes after
acute exposure to high doses of multi-walled carbon nano-
tubes (up to 30 pg/ml) [57]. Single- and multi-walled carbon
nanotubes have increased allergic effects with egg albumin
when administered intranasally in mice [58].

Although metals are more prolific in the field, a push has
been made recently to produce equivalent natural polymers
such as chitosan, alginate, polymethacrylic acid [59], poly-
styrene [60], and poly-glycidyl methacrylate [61]. Theoret-
ically, these organic-based particles should have fewer
effects at the cellular level than the metal counterparts,
although this organic-based field is still developing. How-
ever, cytotoxicity and genotoxicity studies have revealed
these particles to cause similar effects as their metal counter-
parts. Cationic polystyrene nanospheres were found capable
of inducing cellular ROS production, GSH depletion, and
oxidative stress [62]. Glycidyl methacrylate has also been
shown to cause DNA damage in the human lymphocytes in
concentrations of up to 5 mM [63].
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It is known that in vitro conditions are not realistic and
produce different results from in vivo results in other stud-
ies. This is also true for nanoparticles. Specific studies have
found carbon nanotubes to be toxic in vitro [64], whereas
other studies have found no significant toxicity in vivo [65].
Fullerenes show different toxicology results with in vivo
versus in vitro experiments in rats [66].

ROS Production

The different types of particles mentioned either caused
inflammation or increased ROS production or both. Reac-
tive oxidative species are O,-derived free radicals, including
superoxide anion (O, ), hydroxyl (HO), peroxyl (RO,), and
alkoxyl (RO) radicals, as well as hydrogen peroxide (H,O,)
[67]. Most of these species are produced via the electron
transport chain in the mitochondria [68]. Superoxides are
produced primarily by the reduction of oxygen at complex I,
II, and III but also by the enzyme glycerol-3-phosphate
dehydrogenase [69]. NADPH oxidases (NOXs), nitric oxide
synthase and peroxisomal constituents generate ROS [70].
NOX2 generates superoxide radicals in phagocytic cells as a
defense against ingested microorganisms [71]. ROS produc-
tion is widely used in cell signaling and regulation. Other
effects include enhanced stress resistance, cell adhesion,
cytokine release, cell proliferation growth arrest, and apo-
ptosis [72, 73]. It has been shown that nanomaterials of
various materials and sizes destroy mitochondrial function.
For example, ZnO particles taken up by cells released Zn2+
ions, disrupting mitochondrial function via charge balance
and triggered ROS generation [74]. Another study by Song
et al. also showed ROS production when 10 pg/mL of ZnO
particles were introduced to Ana-1 cells [75]. Oxidative
stress on dendritic cells has been reported to have a powerful
effect on Th1/Th2 imbalance of the immune response. This
expresses the importance of oxidative stress on asthma
pathogenesis [55]. Fullerenes have potential benefits via
Nrf2 pathway activation [76].

The size of nanoparticles greatly increases their ability to
produce reactive oxygen species (ROS) [77]. Nanoparticles
have been shown to generate free radicals that can disrupt
the blood—brain barrier via oxidative stress [78]. Nano-sized
copper particles have been shown to alter the levels of
intracellular ROS as well as NO production in IP15 and
HK-2 cells, resulting in oxidative stress and leading to cell
membrane damage and unintentional modification of pro-
teins. Oxidative and nitrosative stress altered the antioxidant
defense and resulted in kidney toxicity and cell death via a
cascade effect [79]. Other experiments have shown that size-
dependence is not statistically significant but chemical com-
position is. TiO2, Al203 nanoparticles, and carbon nano-
tubes were shown to generate oxidative stress in NRK-52E
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kidney cells and A549 lung cells after accumulating in the
cytoplasm [80].

Treatment of the particles with an antioxidant could poten-
tially reduce the toxic amount of ROS produced. Foldbjerg et
al. also witnessed induced significant ROS after a 24-
h exposure of A549 human lung carcinoma epithelial-like cell
to Ag NP concentrations ranging from 2.5 to 15 pg/ml.
However, when cells were pre-treated with 10 mM N-acetyl-
L-cysteine (NAC) for 1 h, the ROS levels were significantly
reduced, especially the high concentrations of Ag NP [40].
This reduction would potentially also reduce DNA damage.

NF-kB Pathway for Inflammation

Besides ROS production, another major toxicological effect
of nanoparticles is inflammation of cells. Inflammation is a
potentially serious side effect of nanomedicine. Many recent
studies have elucidated that differing nanoparticles work to
cause inflammation by activating the NF-kB pathway [5, 81,
82, 83ee, 84-88].

Nuclear factor of kB (NF-kB) is a transcription factor
that plays a variety of different roles; these roles include cell
survival, differentiation, and proliferation. NF-kB is crucial
to the growth and development of the immune system and
problems with it can lead to severe consequences [88].
Alongside this, NF-kB is heavily involved in the innate
immune response and is a crucial regulator of inflammation
[89]. The NF-«kB proteins which are present inside most
cells are p5S0 NFkB1, p65/REL A, c-Rel, NFkB2/p52, and
Rel B [90-93].

NF-«kB is regulated by two main pathways: the canonical
and noncanonical pathways [89]. The canonical pathway
works by recognizing a ligand which leads to the activation
of signaling cascades which lead to activation of Ikk[f3,
which is complexed together with Ikko and Ikky (also
known as NEMO). NF-kB exists in its resting state bound
by IkB proteins which inactivate the NF-«kB subunits [5, 81,
93, 94]. The activation of Ikkf3 leads to the phosphorylation
of IkB proteins which free up NF-kB to translocate to the
nucleus, where it leads to upregulated translocation of many
target genes [5, 81, 91-94].

The noncanonical pathway is controlled by particular
members of the tumor necrosis factor (TNF) cytokine fam-
ily; these members include BAFF, Lymphotoxin-f3, and
CDA40 ligand. The defining aspect of the noncanonical path-
way is that it is reliant on Ikkx and independent of Ikky
(NEMO); activation of Ikkx by the TNF cytokine family
leads to the generation of p52/RelB complexes as a result of
the phosphorylation of p100. From here, transcription is
regulated as in the classical pathway [5, 81, 94]. In general,
cationic particles are more likely to induce inflammatory
reactions than anionic and neutral species [95]. Anionic
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generation-4.5 polyamidoamine (PAMAM) dendrimers did
not cause human leukocytes to secrete cytokines53, but
cationic liposomes induced secretion of cytokines such as
TNF, IL-12, and IFNy [96].

NF-kB has a direct role with many different diseases such
as sepsis, HIV [97, 98], hypogammaglobulinemia [99], rhino-
sinusitis [100], theumatoid arthritis, chronic lung disease [81,
82], systemic lupus erythematosis [101], and lupus nephritis
[102¢¢]. Toll-like receptors (TLRs) can activate immune-
mediated glomerulonephritis and VEGF levels in human
kidneys from lupus nephritis patients [102e¢]. BTK-
dependent activation in hypogammaglobulinemia is related
to NF-kB, essential for reprogramming the expression of
genes that control B cell survival and proliferation [99].
Pteronyssinusi-induced apoptosis-related rhinosinusitis can
occur [100]. The cytosolic domains of TLRs recruit adaptor
proteins and initiate signaling pathways in response to ligand
binding and the myeloid differentiation factor 88 (MyD88)-
dependent pathway can lead to activation of the NF-xB [101].

Poly(acrylic acid)-coated gold nanoparticles (PAA-GNP)
bind to different human plasma proteins including fibrino-
gen. Binding of PAA-GNP to fibrinogen leads to a confor-
mational change which leads to fibrinogen binding to Mac-1
receptors on THP-1 cells, activating them. The activated
MAC-1 receptors lead to degredation of IkB and allows
for translocation of NF-kB to the nucleus, thereby activating
it. The activated NF-kB leads to the up-regulation of pro-
inflammatory genes and production of cytokines which leads
to greater inflammation. The downstream results of binding of
the MAC-1 receptor included increased production of IL-
8 and TNF-« of which the latter is directly implicated in
increasing NF-kB activity. Thus, PAA-GNP nanoparticles
serve to increase inflammation by prompting activation of
NF-kB through a conformational change in fibrinogen which
leads to binding with the MAC-1 receptor [84—87].

Many nanoparticles lead to inflammation through activa-
tion of TNF-« including PAA-GNP, Zn, Au, Al, Ag, carbon-
coated silver (CAg), and carbon black (CB). Nanoparticles
such as ZnO lead to increased TNF-« which in turn activates
NF-kB. ZnO works by activating the inflammatory pathways
and increasing secretion of IL-6 and TNF-«, leading to the
further stimulation of NF-xB [81]. Other nanoparticles, such
as silver, carbon black, aluminum, and carbon-coated silver,
all lead to increased levels of IL-6, TNF-«, and nuclear
translocation of NF-kB. These different nanoparticles stimu-
late inflammation through NF-«B regulation and lead to the
release of pro-inflammatory cytokines [103].

Conclusions

Nanoparticles present a novel approach towards future ther-
apeutic options in a variety of different diseases. While their

use is not yet prevalent, nanoparticle therapy has the poten-
tial to become a mainstream method of treatment. For that to
occur, however, there are many issues that need to be
resolved. Nanoparticles have been linked with inflammation
and have been shown to be toxic in some cases [104]. The
immune response generated by invasive particulates is a
barrier that must be overcome by functionalizing the par-
ticles. Excessive ROS production initiated by nanoparticles
uptake can have harmful, even lethal, effects. Understanding
the pathways in which nanoparticles lead to inflammation
can lead to new, safer methods for nanoparticle use. One
current method by which they lead to inflammation is the
NF-kB pathway, a key transcription factor in immune sys-
tem responses. Further research can elucidate more detailed
methods of NF-«B activation due to nanoparticle sensitivity.
The field of nanotechnology is the future of biomedical
studies and drug delivery mechanisms. Understanding the
properties and interactions will cells will lead to ideal vac-
cination and treatment mechanisms and target specific de-
generative diseases that are incurable today.

Disclosure No potential conflicts of interest relevant to this article
were reported.

References

Papers of particular interest, published recently, have been
highlighted as:

» Of importance

*« Of major importance

1. Saltan N, Kutlu HM, Hiir D, Iscan A, Say R. Interaction of cancer
cells with magnetic nanoparticles modified by methacrylamido-
folic acid. Int J Nanomedicine. 2011;6:477-8.

2. Gao T, Li Q, Wang T. Sonochemical Synthesis, Optical
Properties, and Electrical Properties of Core/Shell-Type ZnO
Nanorod/CdS Nanoparticle Composites. Chem Mater. 2005;17:887—
92.

3. Aitken RJ, Chaudhry MQ, Boxall ABA, Hull M. Manufacture and
use of nanomaterials: current status in the UK and global trends.
Occup Med Oxf Engl. 2006;56:300-6.

4. Yoshida M, Lahann J. Smart Nanomaterials. ACS Nano.
2008;2:1101-7.

5. Lonkar P, Dedon PC. Reactive species and DNA damage in chron-
ic inflammation: reconciling chemical mechanisms and biological
fates. Int J Cancer. 2011;128:1999-2009.

6. Mikhaylov G, et al. Ferri-liposomes as an MRI-visible drug-
delivery system for targeting tumours and their microenvironment.
Nat Nanotechnol. 2011;6:594-602.

7. « Fan K, et al. Magnetoferritin nanoparticles for targeting and
visualizing tumour tissues. Nat Nanotechnol. 2012. This paper
examined over 400 clinical specimens from patients with nine
types of cancer and verified that nanoparticles can distinguish
cancerous cells from normal cells with a sensitivity of 98 % and
specificity of 95 %.

@ Springer



Curr Allergy Asthma Rep

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

. Nelson AM, et al. Tissue Regeneration, Stem Cells, and Wound

Healing. J Invest Dermatol. 2011;132:S135-48.

. Klimek L, et al. Assessment of clinical efficacy of CYTO003-

QbG10 in patients with allergic rhinoconjunctivitis: a phase IIb
study. Clin Exp Allergy. 2011;41:1305-12.

.« Teste B, et al. Microchip integrating magnetic nanoparticles for

allergy diagnosis. Lab Chip. 2011;21:b4207-13. This paper
reported on the development of a simple and easy to use microchip
dedicated to allergy diagnosis which combines both the advantages
of homogeneous immunoassays and heterogeneous immunoassays.
Liu Z, et al. Local nasal immunotherapy: efficacy of
Dermatophagoides farinae-chitosan vaccine in murine asthma.
Int Arch Allergy Immunol. 2009;150:221-8.

Mabhajan SD, et al. Nanotherapeutics Using an HIV-1 Poly A and
Transactivator of the HIV-1 LTR-(TAR-) Specific siRNA.
Patholog Res Int. 2011.

Frieri M, et al. Vascular Endothelial Growth Factor and Tumor
Necrosis Factor Alpha in Brain Tissue from HIV Positive Patients
with/without Central Nervous System Lesions FOCIS. Clin
Immunol. 2010.

Mahajan SD. Enhancing the delivery of anti retroviral drug
"Saquinavir" across the blood brain barrier using nanoparticles.
Curr HIV Res. 2010;8:396-404.

Powers KW, Palazuelos M, Moudgil BM, Roberts SM.
Characterization of the size, shape, and state of dispersion of nano-
particles for toxicological studies. Nanotoxicology. 2007;1:42-51.
Buzea C, Pacheco I, Robbie K. Nanomaterials and nanoparticles:
Sources and toxicity. Biointerphases. 2007;2:MR17-71.

Hansen S. A global view of regulations affecting nanomaterials.
Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2010;2:441-9.

. Cuenya BR. Synthesis and catalytic properties of metal nano-

particles: Size, shape, support, composition, and oxidation state
effects. Thin Solid Films. 2010;518:3127-50.

Kim B, Rutka J, Chan W. Nanomedicine. N Engl J Med.
2010;363:2434-43.

Jiang W, Kim B, Rutka J, Chan W. Nanoparticle-mediated cellu-
lar response is size-dependent. Nat Nanotechnol. 2008;3:145-50.
Sanhai W, Sakamoto J, Canady R, Ferrari M. Seven challenges
for nanomedicine. Nat Nanotechnol. 2008;3:242—4.

Kandasamy R, et al. Isatin down-regulates expression of atrial
natriuretic peptide receptor A and inhibits airway inflammation in
a mouse model of allergic asthma. Int Immunopharmacol.
2010;10:218-25.

Pan YH, et al. 3D morphology of the human hepatic ferritin
mineral core: new evidence for a subunit structure revealed by
single particle analysis of HAADF-STEM images. J Struct Biol.
2009;166:22-31.

Kalgaonkar S, Lonnerdal S. Receptor-mediated uptake of ferritin-
bound iron by human intestinal Caco-2 cells. J Nutr Biochem.
2009;20:304-11.

Des Rieux A, et al. Transport of nanoparticles across an in vitro
model of the human intestinal follicle associated epithelium. Eur J
Pharm Sci. 2005;25:455-65.

Frieri M. Food Hypersensitivity and Adverse Reactions: A
Practical Guide for Diagnosis and Management. Chapter 2.
New York: Marcel Dekker; 1999. p. 39-50.

Shahzad G, Mustacchia P, Frieri M. Role of mucosal inflammation
in eosinophilic esophagitis: Review of the literature, International
Scholarly Research Network (ISRN). Gastroenterology. 2011;2011:
Article ID 468073.

Fievez V, et al. Targeting nanoparticles to M cells with non-
peptidic ligands for oral vaccination. Eur J Pharm Biopharm.
2009;73:16-24.

Verma A, et al. Surface-structure-regulated cell-membrane pene-
tration by monolayer-protected nanoparticles. Nat Mater.
2008;7:588-95.

@ Springer

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Balasubramaniana S, Jittiwatb J, Manikandanc J, Ongd C, Yua L.
Biodistribution of gold nanoparticles and gene expression
changes in the liver and spleen after intravenous administration
in rats. Biomaterials. 2010;31:2034-42.

Deng X, et al. Translocation and fate of multi-walled carbon
nanotubes in vivo. Carbon. 2007;45:1419-24.

Jain TK, Reddy MK, Morales MA, Leslie-Pelecky DL, Labhasetwar
V. Biodistribution, clearance, and biocompatibility of iron oxide
magnetic nanoparticles in rats. Mol Pharm. 2008;5:316-27.

Yang RS, et al. Persistent tissue kinetics and redistribution of
nanoparticles, quantum dot 705, in mice: ICP-MS quantitative
assessment. Environ Health Perspect. 2007;5:1339-43.

Garnett MC, Kallinteri P. Nanomedicines and nanotoxicology:
some physiological principles. Occup Med. 2006;56:307—11.
Chompoosor A, et al. The Role of Surface Functionality on Acute
Cytotoxicity, ROS Generation and DNA Damage by Cationic
Gold Nanoparticles. Small. 2010;20:2246-9.

Romoser A, et al. Distinct immunomodulatory effects of a panel
of nanomaterials in human dermal fibroblasts. Toxicol Lett.
2012;210:293-301.

Carlson C, et al. Unique cellular interaction of silver nanopar-
ticles: size-dependent generation of reactive oxygen species. J
Phys Chem B. 2008;112:13608-19.

Kim S, et al. Oxidative stress-dependent toxicity of silver nano-
particles in human hepatoma cells. Toxicol In Vitro.
2009;23:1076-84.

Arora S, Jain J, Rajwade JM. Paknikar KM Cellular responses
induced by silver nanoparticles: in vitro studies. Toxicol Lett.
2008;179:93-100.

Foldbjerg R, Dang D, Autrup H. Cytotoxicity and genotoxicity of
silver nanoparticles in the human lung cancer cell line, A549.
Arch Toxicol. 2011;85:743-50.

e Lee S, Yun HS, Kim SH. The comparative effects of mesopo-
rous silica nanoparticles and colloidal silica on inflammation and
apoptosis. Biomaterials. 2011;32:9434-43. This paper stated that
the mesoporous silica nanoparticles exhibit better biocompatibil-
ity than colloidal silica and promise excellent potential usage in
the field of biomedical and biotechnological applications.
Napierska D, Thomassen L, Lison D, Martens J, Hoet P. The
nanosilica hazard: another variable entity. Part Fibre Toxicol.
2010;7:39.

Mahler G, et al. Oral exposure to polystyrene nanoparticles
affects iron absorption. Nat Nanotechnol. 2012;7:264-71.
Yamashita K, et al. Silica and titanium dioxide nanoparticles
cause pregnancy complications in mice. Nat Nanotechnol.
2011;6:321-8.

Downs T, et al. Silica nanoparticles administered at the maximum
tolerated dose induce genotoxic effects through an inflammatory
reaction while gold nanoparticles do not. Mutat Res. 2012;745:38—
50.

Niidome T, et al. PEG-modified gold nanorods with a stealth charac-
ter for in vivo applications. J Control Release. 2006;114:343—7.
Bailon P, Won CY. PEG-modified biopharmaceuticals. Expert
Opin Drug Deliv. 2009;6:1-16.

Vonarbourg A, Passirani C. saulnier, S., Benoit, J.P. Parameters
influencing the stealthiness of colloidal drug delivery systems.
Biomaterials. 2006;27:4356-73.

Kah JC, et al. Critical parameters in the pegylation of gold nano-
shells for biomedical applications: an in vitro macrophage study.
J Drug Target. 2009;17:181-93.

Lipka J, et al. Biodistribution of PEG-modified gold nanopar-
ticles following intratracheal instillation and intravenous injec-
tion. Biomaterials. 2010;31:6574-81.

Shah NB, et al. Blood- Nanoparticles interactions and in vivo
biodistribution: Impact of surface PEG ligand properties. Mol
Pharm. 2012.



Curr Allergy Asthma Rep

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Yang ST. Covalently PEGylated carbon nanotubes with stealth
character in vivo. Small. 2008;4:940-4.

Liu AH. In Vivo studies of the toxicity of multi-wall carbon
nanotubes. Adv Mater Res. 2011;345:287-91.

Crouzier D, et al. Carbon nanotubes induce inflammation but
decrease the production of reactive oxygen species in lung.
Toxicology. 2010;272:39-45.

Frieri M. Advances in understanding allergic asthma. Allergy
Asthma Proc. 2007;28:614-9.

Inouea K, Yanagisawaa R, Koikea E, Nishikawab M, Takano H.
Repeated pulmonary exposure to single-walled carbon nanotubes
exacerbates allergic inflammation of the airway: Possible role of
oxidative stress. Free Radic Biol Med. 2010;48:924-34.
Thurnherr T, et al. A comparison of acute and long-term effects of
industrial multiwalled carbon nanotubes on human lung and
immune cells in vitro. Toxicol Lett. 2011;200:176-86.

Toyama T, et al. A case of toxic epidermal necrolysis-like der-
matitis evolving from contact dermatitis of the hands associated
with exposure to dendrimers. Contact Dermatitis. 2011;59:122-3.
Hamman J. Chitosan based polyelectrolyte complexes as poten-
tial carrier materials in drug delivery systems. Mar Drugs.
2010;8:1305-22.

Canal C, Aparicio RM, Vilchez A, Esquena J, Garcia-Celma MJ.
Drug Delivery Properties of Macroporous Polystyrene Solid
Foams. J Pharm Pharm Sci. 2012;15:197-207.

Luo Z, Zou C, Syed S, Syarbaini L, Chen G. Highly monodis-
perse chemically reactive sub-micrometer particles: polymer col-
loidal photonic crystals. Colloid Polym Sci. 2011;290:141-50.
Xia T, et al. Comparison of the abilities of ambient and manu-
factured nanoparticles to induce cellular toxicity according to an
oxidative stress paradigm. Nano Lett. 2006;6:1794-807.
Poplawski T, et al. Cytotoxicity and genotoxicity of glycidyl
methacrylate. Chem Biol Interact. 2009;180:69-78.

Manna SK, et al. Single-walled carbon nanotube induces oxidative
stress and activates nuclear transcription. Nano Lett. 2005;5:1676-84.
Schipper M, et al. A pilot toxicology study of single-walled
carbon nanotubes in a small sample of mice. Nat Nanotechnol.
2008;3:216-21.

Sayes C, Marchione A, Reed KL, Warheit DB. Comparative
pulmonary toxicity assessments of C60 water suspensions in rats:
Few differences in fullerene toxicity in vivo in contrast to in vitro
profiles. Nano Lett. 2007;7:2399-406.

Circu M, Aw T. Reactive oxygen species, cellular redox systems,
and apoptosis. Free Radic Biol Med. 2009;48:749-62.
Hamanaka R, Chandel N. Mitochondrial reactive oxygen species
regulate cellular signaling and dictate biological outcomes.
Trends Biochem Sci. 2010;35:505-13.

Murphy MP. How mitochondria produce reactive oxygen species.
Biochem J. 2009;417:1-13.

Halliwell B, Gutteridge JMC. Free Radicals in Biology and
Medicine. Oxford: Oxford University Press; 2007. p. 1-677.
Nauseef WM. How human neutrophils kill and degrade microbes:
an integrated view. Immunol Rev. 2007;219:88-102.
Winterbourn C. Reconciling the chemistry and biology of reac-
tive oxygen species. Nat Chem Biol. 2008;4:278-86.

Forman HJ. Use and abuse of exogenous H202 in studies of
signal transduction. Free Radic Biol Med. 2007;42:926-32.

Xia T, et al. Comparison of the mechanism of toxicity of zinc
oxide and cerium oxide nanoparticles based on dissolution and
oxidative stress properties. ACS Nano. 2008;2:2121-34.

Song W, et al. Role of the dissolved zinc ion and reactive oxygen
species in cytotoxicity of ZnO nanoparticles. Toxicol Lett.
2010;199:389-97.

Riedl MA, Nel AE. Importance of oxidative stress in the patho-
genesis and treatment of asthma. Curr Opin Allergy Clin
Immunol. 2008;8:49-56.

71.

78.

79.

80.

82.

83.

84.

8s.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Pujalté I, et al. Cytotoxicity and oxidative stress induced by
different metallic nanoparticles on human kidney cells. Part
Fibre Toxicol. 2011;3:8-10.

Simké M, Mattsson MO. Risks from accidental exposures to
engineered nanoparticles and neurological health effects: A crit-
ical review. Part Fibre Toxicol. 2010;7:42.

Sarkar A, Das J, Manna P, Sil P. Nano-copper induces oxidative
stress and apoptosis in kidney via both extrinsic and intrinsic
pathways. Toxicology. 2011;290:209-18.

Barillet S, et al. Toxicological consequences of TiO2, SiC nano-
particles and multi-walled carbon nanotubes exposure in several
mammalian cell types: an in vitro study. J Nanoparticle Res.
2010;12:61-73.

. Heng B, et al. Evaluation of the cytotoxic and inflammatory

potential of differentially shaped zinc oxide nanoparticles. Arch
Toxicol. 2011;85:1517-28.

Yin R, et al. Acute lung inflammation in response to carbon
nanoparticle exposure is augmented in the absence of NF-KB.
Germany: ERS; 2010.

ee Zhou D, et al. Nanoparticle-induced unfolding of fibrogen
promotes Mac-1 receptor activation and inflammation. Nat
Nanotechnol. 2010;6:39-44. This paper showed that the binding
of certain nanoparticles to fibrinogen in plasma offers an alter-
native mechanism to the more commonly described role of oxi-
dative stress in the inflammatory response to nanomaterials.
Pasparakis M. Regulation of tissue homeostasis by NF-kB sig-
nalling: implications for inflammatory diseases. Nat Rev
Immunol. 2009;9:778-88.

Sitrin RG, Pan PM, Srikanth S, Todd 3rd RF. Fibrinogen activates
NF-kB transcription factors in mononuclear phagocytes. J
Immunol. 1998;161:1462-70.

Masamune A, et al. Fibrinogen induces cytokine and collagen
production in pancreatic stellate cells. Gut. 2009;58:550-9.

Li Q, Verma IM. NF-kB regulation in the immune system. Nat
Rev Immunol. 2009;2:725-34.

Pazin MJ, et al. NF-kappa B-mediated chromatin reconfiguration
and transcriptional activation of the HIV-1 enhancer in vitro.
Genes Dev. 1996;10:37-49.

Silverman N, Maniatis T. NF-kB signaling pathways in mamma-
lian and insect innate immunity. Genes Dev. 2001;15:2321-42.
Ghosh S. May. M.J. Kopp EB. NF-kB and Rel proteins:
Evolutionarily conserved mediators of immune responses. Annu
Rev Immunol. 1998;16:225-60.

Hayden MS, Ghosh S. Shared principles in NF-kB signaling.
Cell. 2008;132:344-62.

Hayden MS, Ghosh S. NF-kB in immunobiology. Cell Res.
2011;21:223-44.

Hayden MS, Ghosh S. NF-kB, the first quarter-century: remarkable
progress and outstanding questions. Genes Dev. 2012;26:203-34.
Prasad S, Ravindran J, Aggarwal BB. NF-kappaB and cancer:
how intimate is this relationship. Mol Cell Biochem.
2010;336:25-37.

Dobrovolskaia M, McNeil S. Immunological properties of engi-
neered nanomaterials. Nat Nanotechnol. 2007;2:469-78.

Tan Y, Li S, Pitt BR, Huang L. The inhibitory role of CpG
immunostimulatory motifs in cationic lipid vector-mediated
transgene expression in vivo. Hum Gene Ther. 1999;10:2153-61.
Mansur A, Karnik A, Frieri M. Nitric oxide production and
apoptosis by gp 120. Allergy Asthma Proc. 2000;21:145-9.
Dzhindzhikhashvili M, Jaghab MA, Frieri M. Lymphadenopathy,
productive cough, eosinophila and a new onset acquired immun-
deficiency syndrome. Allergy Asthma Proc. 2011;11:1-6.
Mansur A, Therattil J, Frieri M. An atypical case of hypogamma-
globulinemia. Ann Allergy Asthma Immunol. 2000;84:583—6.
Frisella PD, Joks R, Frieri M. Transforming growth factor-beta. A
Role in the upper airway and rhinosinusitis: D. Pteronyssinusi

@ Springer



Curr Allergy Asthma Rep

101.

102.

induced apoptosis with pulmonary alveolar cells. Am J Rhinol.
2011;25:231-5.

Frieri M. Accelerated atherosclerosis in systemic lupus
erythematosus. Role of proinflammatory cytokines and ther-
apeutic approaches. Curr Allergy Asthma Rep. 2011;12:25-
32.

e« Frieri M, et al. Toll-like receptor 9 and vascular endothelial
growth factor levels in human kidneys from lupus nephritis
patients. J Nephrol. 2012. This is the first study that investigated
the combined expression of TLRY and VEGE, which could be an

@ Springer

103.

104.

important tool for understanding the role of TLR9 and VEGF in
lupus nephritis with insights into the early detection and targeted
treatment.

Nishanth R, Jyotsna R. Schlager, J, Hussain, S., Reddanna, P.
Inflammatory responses of RAW 264.7 macrophages upon expo-
sure to nanoparticles: role of ROS-NFkB signaling pathway.
Nanotoxicology. 2011;5:502—16.

Lishko VK, et al. Regulated unmasking of the cryptic binding site
for integrin aMb2 in the gC-domain of fibrinogen. Biochemistry.
2002;41:12942-51.



	Immune Response to Nanomaterials: Implications for Medicine and Literature Review
	Abstract
	Introduction
	Nanomedicine: Advances in Allergy & Immunology
	Characterization of Nanomaterials and Delivery Methods
	Nanomaterials and Health Effects
	ROS Production
	NF-kB Pathway for Inflammation
	Conclusions
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance •• Of major importance



