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Abstract

Engineered nanoparticles (ENP), which could be composed of inorganic metals, metal oxides,
metalloids, organic biodegradable and inorganic biocompatible polymers, are being used as
carriers for vaccine and drug delivery. There is also increasing interest in their application as
delivery agents for the treatment of a variety of lung diseases. Although many studies have
shown ENP can be effectively and safely used to enhance the delivery of drugs and vaccines in
the periphery, there is concern that some ENP could promote inflammation, with unknown
consequences for lung immune homeostasis. In this study, we review research on the effects of
ENP on lung immunity, focusing on recent studies using diverse animal models of human lung
disease. We summarize how the inflammatory and immune response to ENP is influenced by
the diverse biophysical and chemical characteristics of the particles including composition, size
and mode of delivery. We further discuss newly described unexpected beneficial properties of
ENP administered into the lung, where biocompatible polystyrene or silver nanoparticles can by
themselves decrease susceptibility to allergic airways inflammation. Increasing our under-
standing of the differential effects of diverse types of nanoparticles on pulmonary immune
homeostasis, particularly previously underappreciated beneficial outcomes, supports rational
ENP translation into novel therapeutics for prevention and/or treatment of inflammatory lung
disorders.
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Introduction

Nanoparticles, defined as particles with a diameter less than

100 nm, are being increasingly used as carriers for drug

delivery (Kaur et al., 2012). The diminutive size of

nanoparticles used in such applications facilitates their

interaction and/or uptake by cells, as well as potentially

enabling them to interfere with specific subcellular compo-

nents, enabling less toxic and more efficient therapeutic

actions. The large surface area of nanoparticles (compared to

an equivalent mass of microparticles) supports enhanced

bioactivity. Hence, surface modifications can effectively

enhance bioactivity, facilitate targeting and circulation and

can alter solubility and stability (Kaur et al., 2012). This

makes them potentially ideal carriers for vaccine or drug

delivery. Nanoparticles can be categorized into naturally

occurring (ambient) nanoparticles (e.g. forest fires, volcanic

eruptions or viruses), anthropogenic nanoparticles produced

inadvertently as a result of human activity (e.g. combustion

engines, grilling, welding, power plants and incinerators) and

engineered nanoparticles (ENP) produced for various

industrial applications or consumer products. The use of

ENP in medical applications has increased markedly in recent

decades, and ENP are expected to be widely used in medical

applications in the future. ENP have the potential to be

utilized in a wide variety of functions, from diagnostics to

disease therapy. They can infiltrate almost any tissue site due

to their unique physical properties. Delivering drugs in

inhalable nanoparticles for treating lung diseases is an

attractive option, and currently the subject of much investi-

gation (Jensen et al., 2012; Verma et al., 2013). The

pulmonary drug delivery route is very promising due to

(1) the large alveolar surface area available for drug

absorption/action, (2) the easily permeable epithelial layer,

(3) the extensive vascularization facilitating distribution, (4)

the relatively low level of endogenous enzymatic/proteolytic

activity, (5) the ability to deliver drugs directly to the site of

lung diseases and (6) the avoidance of first-pass metabolism

by the hepatic portal system (e.g. liver) and further extreme

pH challenges by the digestive system (e.g. gut) (Bur et al.,

2009; Edwards & Dunbar, 2002; Hussain et al., 2004; Patton

& Byron, 2007; Pilcer & Amighi, 2010). However, to

effectively utilize ENP as delivery vehicles to treat lung

diseases, it is crucial to understand their effects on pulmonary

immune/inflammatory regulation, in order to help minimize

any potential toxic side-effects. In this review, we have
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focussed on the effects of ENP on lung immune homeostasis

and immunity, categorizing ENP by their unique physical

properties, critically by size and by composition. We provide

an overview of the effects of ENP in the pulmonary

compartment (Figure 1), including newly identified beneficial

outcomes and the potential for the translation of well

characterized ENP into novel therapeutics for prevention

and/or treatment of inflammatory lung disorders.

Pulmonary immune homeostasis: lung inflammation
and immunity

The lung is exposed to a myriad of innocuous agents on a

daily basis and must maintain a state of immune ignorance or

‘‘tolerance’’ to these stimuli to retain pulmonary homeostasis

and prevent potentially fatal immunopathology. The immune

system is divided into two major arms: the innate and

adaptive immune systems. Innate immunity (natural or native

immunity) consists of cellular and biochemical defense

mechanisms to provide immediate defense against microbes,

but has no memory (Janeway & Medzhitov, 2002). The

adaptive immune response (specific or acquired immunity)

is stimulated by exposure to infectious agents and has the

capacity to increase in magnitude and is accompanied by

development of long lasting memory to subsequent chal-

lenges by the same infectious agents (Janeway & Bottomly,

1994). The innate and adaptive immunity are closely

interlinked since the innate immunity stimulates adaptive

immune responses and influences the nature of subsequent

antigen-specific adaptive immunity (Janeway & Bottomly,

1994). The balance of innate and adaptive immunity in the

lung microenvironment is central to maintaining lung homeo-

stasis and healthy lung function.

Healthy airways in man and mouse are dominated by

alveolar macrophages (490%), the remainder being dendritic

cells (DC) and T cells (Holt et al., 2008; Steinmuller et al.,

2000). Alveolar macrophages are functionally different from

phenotypically identical counterparts elsewhere, in that they

act by several suppressive pathways that, in combination,

limit their responsiveness to external stimuli (Wissinger et al.,

2009). DC, considered part of the innate immune system,

plays a sentinel role in sensing foreign pathogens and provide

a link between the innate and adaptive immune responses. DC

are found throughout the respiratory tract and are involved in

the priming and differentiation of naı̈ve T cells in response to

inhaled antigens (Condon et al., 2011; Lambrecht &

Hammad, 2009). Macrophages and DC express pattern

recognition receptors on their surface [e.g. Toll-like receptors

(TLR), nucleotide-binding domain leucine-rich repeat (NLR),

scavenger receptors etc.], which recognize bacterial ‘‘danger

signals’’ and trigger the production of cytokines, which in

turn promote lung inflammation via the production of factors

(chemokines) that can attract diverse cell types into the lung

environment. Indeed, the expression of TLR2 and TLR4 on

pulmonary macrophages is involved in the recognition of

fine and coarse ambient particles (Shoenfelt et al., 2009).

In addition, a member of the NLR family, Nalp3, is crucial for

sensing asbestos fibers and particulate silica, leading to the

Exposure to ENP (by
themselves or as delivery
vehicles) in the lung by:
• Inhalation
• Intranasal delivery
• Intratracheal delivery
• Others (intravenous,
 intraperitoneal, intradermal)

• Metal
• Metal oxide
• Metalloid
• Organic biodegradable
• Inorganic biocompatible

• Maintain lung immune tolerance
• Decreased  disease 
 symptoms

• As  drug/vaccine delivery vehicles

• Decrease pathology
• Improve outcomes

• Exacerbate pathology
• Worsen outcomes

• Acute lung injury
• DNA damage
• Fibrosis
• Damaging oxidative stress

Properties of ENP:
• Composition
• Size/dose/shape
• Surface modification
• Surface area/charge/reactivity
• Solubility
• Degradability
• Agglomeration
• Others (e.g. mass, porosity, purity,
 density, durability, antigenicity)

• ENP types and properties
• ENP exposure route/time
• Host immune system (healthy,
 or with existing diseases)
• Host genetics
• Others (e.g. extent and
 location of deposition)

Main types of ENP:

LUNG

Detrimental or beneficial effects
of ENP varies and depends on:

Detrimental effects of ENP:

Beneficial effects of ENP:

Detrimental effects of ENP
on existing diseases:

Beneficial effects of ENP
on existing diseases:

Applications:

Figure 1. Properties and potential ENP effects on the lung.

2 R. Mohamud et al. Drug Metab Rev, Early Online: 1–15
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induction of the inflammatory cytokine such as interleukin

(IL)-1b and activation of the innate immune response (Dostert

et al., 2008). In normal healthy individuals, DC that take up

harmless inhaled antigens usually induce immunological

tolerance or non-responsiveness (Condon et al., 2011).

However, DC also initiate immunity against potentially

harmful pathogens such as bacteria, viruses, fungi and

parasites, which trigger production of inflammatory

‘‘danger signals’’. Macrophages inhibit development of

inappropriate lung immune responses via the production of

mediators that in turn can modulate the nature of the immune

response (Holt et al., 2008).

The lung can be confronted by a diverse range of

environmental nanoparticles including ENP. ENP can be

intentionally delivered to the lung for imaging and therapeutic

purposes, or accidentally inhaled as emissions in the envir-

onment, such as occupational exposure to aerosols during the

production of nanoparticles. Nanoparticles are taken up by

antigen presenting cells (APC) (such as DC and macrophages)

in secondary peripheral lymphoid compartments (Reddy

et al., 2007), subsequently modulating immune response,

and such capability has been harnessed for the development

of vaccines and therapeutics (Fifis et al., 2004; Mottram et al.,

2007; Xiang et al., 2008). While it has been appreciated for

some time that nanoparticles have a high alveolar deposition

rate in the lung (Oberdorster et al., 2005), recent studies

clearly show that nanoparticles are readily taken up by APC in

the lung (Hardy et al., 2012, 2013; Vranic et al., 2013).

In addition to APC, lymphocytes (e.g. T and B cells) that

exist in the lung also play an important role in the lung

immune response because they can function as ‘‘effector’’

cells and/or regulatory cells to suppress the induction of

inflammation. For example, allergic airway responses are

orchestrated by cytokines released from T cells called ‘‘Th2’’

cells (e.g. IL-4, IL-5, IL-9 and IL-13). In order to maintain

lung homeostasis, allergic responses must be controlled by

regulatory immune cells and molecules that exist in the lung,

such as regulatory T cells (Treg). Together with APC, Treg

play a crucial role in inhibiting allergic airway inflammation

and maintaining lung immune homeostasis (Holt et al., 2008).

Mechanisms that regulate immunity affect both the induction

of tolerance towards inert ‘‘harmless’’ inhaled agents/sub-

stances and protective immunity against invading pathogens

(Randall, 2010).

ENP as potential pulmonary delivery vehicles

The application of ENP as delivery vehicles for therapeutic

agents [e.g. drugs (bronchodilators, corticosteroids and

antibiotics) and biologics (proteins, peptides and nucleic

acids)] or vaccines would fulfill therapeutic needs (Card et al.,

2008; Sung et al., 2007). Generally, ENP as drug-delivery

vehicles protect conjugated drugs against degradation and

prolong their release of drugs (Edwards et al., 1997). Diverse

ENP have also been shown to be excellent vaccine carriers,

inducing innate immune responses by complement activation

(Reddy et al., 2007), and potent adaptive T cell and antibody

immunity in the absence of inflammation, by selectively

targeting peripheral DC (Fifis et al., 2004; Klippstein & Pozo,

2010; Reddy et al., 2007).

In addition to their role as a vehicle for drug delivery, some

unmasked ENP (also known as naked, plain or non-

functionalized ENP) exhibit direct effects on lung immuno-

biology and have potential as anti-allergen therapeutics (Park

et al., 2010c), or conversely, as agents which can exert adverse

effects such as fibrosis and granuloma formation in mouse

lungs (Shvedova et al., 2005). The degree to which ENP exert

beneficial or adverse effects is dependent on the particle

elemental compositions as well as their physicochemical

properties, particularly size. Thus, the broad goal for ENP-

based drug or vaccine deliveries would be to also maximize

the direct beneficial effects of ENP, whilst minimizing their

potential adverse effects. In this review, we will focus on ENP

made of inorganic metal (e.g. gold), inorganic metal oxide

[e.g. iron oxide (Fe3O4)], inorganic metalloid (e.g. silica),

organic biodegradable polymers (e.g. lipid) and inorganic

non-biodegradable but biocompatible polymers (e.g. poly-

styrene) and further discuss the biodistribution of such ENP in

the lung in vivo and the effect of their physical characteristics

such as composition and size on pulmonary immune

homeostasis.

Effects of inorganic metal-based ENP on pulmonary
immune homeostasis

Gold ENP

Gold ENP are some of the most frequently used ENP in

research, biological applications and industrial products.

Their popularity is due to the relatively simple and well-

developed synthesis procedures (Huang et al., 2007). Gold

ENP are considered inert and biocompatible, and generally

regarded as safe (Connor et al., 2005). Gold ENP have several

advantageous physicochemical properties, including their

excellent light absorbing and scattering properties (El-Sayed

et al., 2005), and their adaptable surface chemistry (e.g.

conjugation to peptides or antibodies) (Han et al., 2007;

Sperling et al., 2008). The range of applications for gold ENP

is growing rapidly, including their use in diagnostics to detect

biomarkers of heart disease (Maiseyeu et al., 2012), cancer

(Yang et al., 2013) and infectious agents (Zagorovsky &

Chan, 2013). In addition, gold ENP have shown potential for

delivering synthetic carbohydrate-based vaccines (e.g. syn-

thetic tetrasaccharide epitope) (Safari et al., 2012) and have

been used as pulmonary delivery vehicles for multiple

therapeutic purposes (De Jong & Borm, 2008; Sperling

et al., 2008).

The effect of gold ENP on the lung varies depending on

their size, route of delivery and duration of exposure. Smaller

gold ENP55 nm generally accumulated in the lung after

intravenous administration (De Jong et al., 2008; Sonavane

et al., 2008), but were then rapidly excreted in the urine

(Semmler-Behnke et al., 2008), perhaps due to their ability to

passively pass through cell membranes (Madl & Pinkerton,

2009), and brief exposure did not induce pulmonary

inflammation (Chen et al., 2009). However, long-term

exposure (�90 d in a whole-body inhalation chamber) to

gold ENP (4–5 nm) promoted low-level inflammation in the

pulmonary alveoli in rats (Sung et al., 2011). Studies on

middle-sized gold ENP (10–50 nm) indicated that such size

ranged gold ENP were more active in causing lung

DOI: 10.3109/03602532.2013.859688 The effects of engineered nanoparticles on pulmonary immune homeostasis 3
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emphysema and death following intraperitoneal injection into

mice (Chen et al., 2009). Further studies on various sizes of

gold ENP showed that intratracheally instilled gold ENP of 2,

20 and 200 nm induced minimal lung inflammation (evi-

denced by increased numbers of alveolar macrophages) and

did not induce genotoxic, systemic or local adverse effects in

the lungs three days after exposure (Schulz et al., 2012).

Similar studies in rats, where gold ENP were instilled

intratracheally into rat lungs, showed that 50 nm gold ENP

were less detrimental to lung homeostasis than 250 nm gold

ENP, as reflected by lower levels of neutrophilic inflamma-

tion and pro-inflammatory cytokines [e.g. tumor necrosis

factor (TNF)-a] (Gosens et al., 2010). However, these results

may appear to contradict a murine study in which gold ENP

of both 50 and 100 nm injected intraperitoneally were

completely nontoxic to mice (Chen et al., 2009), perhaps

suggesting that the mild inflammatory reaction to gold ENP

was dependent on the initial route of exposure.

Notably, physicochemistry-dependent toxicity (safety) and

bioincompatibility of naked gold ENP can be further

minimized by modifying their surface (Chen et al., 2009;

Fraga et al., 2013). Gold ENP can be functionalized with a

thiolated poly(ethylene glycol) (PEG) monolayer and

an active agent can be added to the PEG surface. PEG-

platinum-tethered gold ENP (176� 25 nm) showed improved

cell uptake and increased the delivery of the anti-cancer drug

oxaliplatin into the nucleus of lung cancer cells, presumably

releasing it intracellularly, whereupon it could bind and cross

link deoxyribonucleic acid (DNA), preventing DNA replica-

tion and transcription (Brown et al., 2010). Functionalized

gold ENP (e.g. with exposed peptide ligands) were shown to

better escape clearance by the immune system (macrophage-

mediated uptake) and thus remain in the circulation for

prolonged periods of time (Huang et al., 2010). Conversely,

non-functionalized gold ENP aggravated pulmonary inflam-

mation in a mouse model of diisocyanate-induced asthma,

although the size of the ENP was not reported (Hussain et al.,

2011). Even though the weight of the literature therefore

indicates that gold ENP are safe to administer into the lung,

we propose that their effects are strongly dependent on their

size, route of delivery and surface modifications.

Silver ENP

Silver ENP have the beneficial property of being antimicro-

bial (Oves et al., 2013). They are therefore widely utilized in

medical applications (e.g. surgical instruments) and as

antibacterial/antifungal agents in biotechnology and bioengi-

neering (e.g. wound dressings and coatings in medical

devices) (Johnston et al., 2010) and in water purification

(Chen & Schluesener, 2008; Vigneshwaran et al., 2007).

However, in vitro naked silver ENP (6–20 nm) can also inhibit

cell proliferation, inducing cytotoxicity and genotoxicity in a

time- and dose-dependent manner in human lung cell lines

(AshaRani et al., 2009b). Silver ENP and silver ions found

inside the cell nucleus have been suggested to be able to bind

to DNA, reduce adenosine triphosphate production, induce

the generation of reactive oxygen species (ROS) and damage

the mitochondrial respiratory chain triggering DNA damage

(AshaRani et al., 2009b). Following mouse inhalation, in vivo

silver ENP (5� 2 nm) were detected in the lung, liver, brain,

olfactory bulb and blood, and induced only minimal

pulmonary inflammation [reflected by mild increases in

bronchoalveolar lavage (BAL) neutrophils]. Following whole-

body exposure in mice, histopathologic analyzes showed no

epithelial damage or fibrosis in vivo (Stebounova et al., 2011).

However, whole-body exposure to larger silver ENP (15 nm)

in rats caused alveolar inflammation characterized by

alveolitis and alveolar wall thickening (Song et al., 2012;

Sung et al., 2008). By contrast, when given intranasally,

25 nm silver ENP did not induce substantial inflammation in

the lower respiratory tract and were taken up by phagocytic

cells in the respiratory mucosa and then redistributed to

kidney, spleen and brain (Genter et al., 2012). Silver ENP

42 nm can, however, induce some inflammatory cytokines in

the serum after intratracheal instillation into the mouse lung

(Park et al., 2011). Furthermore, following repeated oral

administration in mice, silver ENP (22, 42 and 71 nm)

increased serum levels of some inflammatory cytokines (e.g.

IL-1) and were detected in the lung, brain, liver, kidney and

testis (Park et al., 2010a). By contrast, in this study, 323 nm

silver nanoparticles were not detected in tissues and did not

affect cytokine levels.

Despite some potential for inducing inflammation, several

studies have shown beneficial effects on lung immunobiology

from the administration of silver ENP. A recent study showed

that 6 nm silver ENP substantially suppressed mucus

hypersecretion in allergic asthma by modification of a

vascular endothelial growth factor crucial in regulating the

vascular changes associated with asthma (Jang et al., 2012).

In another study, administration of 6 nm silver ENP by a

nebulizer 1 h before allergen challenge decreased the level of

ROS production and attenuated allergic asthma (Park et al.,

2010c). Furthermore, silver ENP550 nm were also shown to

have an anti-inflammatory effect, suppressing the expression

of IL-b, IL-12, metalloproteinase-9 and TNF-a (Bhol &

Schechter, 2007), as well as blocking the proliferation and

migration of endothelial cells (Asharani et al., 2009a;

Kalishwaralal et al., 2009). The precise mechanisms by

which silver ENP exert these beneficial effects in lung

diseases are still unclear.

In conclusion, the literature suggests that silver ENP have

no or little toxicity or inflammatory capacity when adminis-

tered into the lung in short-term studies, although some

inflammation is induced following chronic ENP exposure.

Moreover, some studies show silver ENP can have intriguing

therapeutic potential themselves in the lung. We suggest that

this therapeutic potential may depend on surface charge; one

of the most important factors that govern the toxicity of ENP

by mediating their dynamic binding to lung cells (Hirn et al.,

2011), and which was not reported in many of the above

important studies.

Carbon-based ENP

Carbon-based nanomaterials (CBN) are of great interest to

biomedical engineers working on nanotechnology applica-

tions. Carbon nanotubes (CNT) and fullerenes (also known as

buckyballs) are the most investigated carbon-based ENP.

CNT are cylindrical while fullerenes are spherical in shape.

4 R. Mohamud et al. Drug Metab Rev, Early Online: 1–15

D
ru

g 
M

et
ab

ol
is

m
 R

ev
ie

w
s 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
on

as
h 

U
ni

ve
rs

ity
 o

n 
11

/2
5/

13
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The physical properties of CBN, including mechanical

strength, electrical conductivity and optical properties are of

great value for creating advanced biomaterials. There is

considerable interest in using CBN for various biomedical

applications.

CBN have been widely explored in biomedicine, for

example, as nanoprobes for imaging (Madani et al., 2013),

delivery of therapeutic agents, such as DNA, proteins, drug

molecules or vaccines (Prato et al., 2008) as well as for

photothermal therapy (Marches et al., 2011). It has, however,

been reported that carbon ENP exposure (e.g. CNT) can

induce acute inflammation and fibrosis in the lung (Shvedova

et al., 2005), as well as systemic immune responses (Park

et al., 2009), which are dependent on the physical character-

istics of CBN (e.g. size, shape, dose and agglomeration)

(Shvedova et al., 2005; Wang et al., 2010). The detailed

effects of CBN on lung pulmonary immunity will be

discussed below.

Carbon nanotubes. CNT are formed by the rolling of a

single layer of graphite (called a graphene layer) into a

seamless cylinder. There are two types of CNT; single-walled

CNT (SWCNT) and multi-walled CNT (MWCNT) with

different length and aspect ratios. The properties of CNT are

highly dependent on the manufacturing process and their

physicochemical properties including structure and surface

characteristics (Foldvari & Bagonluri, 2008). SWCNT are

characterized by a high aspect ratio and have unique

electrical, optical, thermal and spectroscopic properties

(Banerjee et al., 2003). Both naked SWCNT and MWCNT

administered into the lung have been shown to exacerbate

allergic asthma, either by promoting Th2 immunity (Inoue

et al., 2010) or B-cell activation and production of IgE (Park

et al., 2009). Naked SWCNT (1–4 nm) administered via the

pharyngeal route caused dose- and time-dependent acute

inflammation, fibrosis and granuloma in mouse lungs

(Shvedova et al., 2005). MWCNT, at the size of 510 mm

long, 5–10 nm in diameter and 70 nm in length, induced mild

lung inflammation 24 h after intratracheal administration into

mice together with increased neutrophils and enhanced

peripheral thrombogenicity via P-selectin-mediated platelet-

leukocyte conjugation (Nemmar et al., 2007). However,

another study showed that MWCNT, at the size of 10–

20 nm, did not cause lung inflammation or tissue damage,

even at relatively high exposure concentrations (2.7 mg/kg

body weight) by whole-body inhalation by aerosol for 7 or

14 d (6 h/d), despite the upregulated NAD(P)H oxidoreductase

1 and IL-10 gene expressions (Mitchell et al., 2007).

To overcome the unwanted effect of the naked CNT in

lung, recent studies have been focused on chemically

modifying CNT with specific surface moieties (e.g. functional

groups, molecules and polymers) to impart properties suited

for biological applications, including increased solubility and

biocompatibility, enhanced material compatibility and cellu-

lar responsiveness (Vardharajula et al., 2012). For example,

water-soluble taurine functionalized MWCNT induced less

lung inflammation in mice than the insoluble raw MWCNT

(Wang et al., 2010); functionalization of SWCNT with

phosphatidylserine also increased their uptake by lung

alveolar macrophages in mice both in vivo and in vitro

(Konduru et al., 2009). It is hoped that functionalization of

CNT would improve their biocompatibility and overcome

their adverse effects in the lung, thereby maximizing

biotherapeutic applications (Bonner, 2011; Vardharajula

et al., 2012). Furthermore, CNT are promising candidates

for the delivery of poorly immunogenic antigens to target DC,

serving as multifunctional biological transporters and improv-

ing cellular uptake by APC (Konduru et al., 2009). They

appear to be particularly suited for antigen/drug/vaccine

delivery (Prato et al., 2008).

Fullerenes (buckyballs). Fullerenes, also known as bucky-

balls (soccer ball-shaped) or carbon cages (C60), are similar

to CNT in that they can be functionalized with a wide array

of surface modifications (Satoh & Takayanagi, 2006).

Intratracheally administered ‘‘naked’’ fullerenes (160 nm)

increased IL-2 and TNF-a production in BAL fluid in a

time- and dose-dependent manner (Ding et al., 2011) and

caused alveolar hemorrhage (Ema et al., 2012). Microarray-

based gene expression profiling demonstrated that most gene

expression was ‘‘inflammatory-associated’’ 1 week post

fullerene instillation in mice (Fujita et al., 2010). Data from

several groups shows that intratracheal delivery of fullerenes

(160� 50 nm) generally induces transient pulmonary inflam-

mation within a week (Sayes et al., 2007) whilst whole-body

fullerene (96 nm) inhalation does not cause significant

inflammation until three days post-exposure (Ogami et al.,

2011). In rats, fullerenes (55 nm) induced only minimal

changes on lung toxicological parameters (Baker et al.,

2008).

Functionalization of fullerenes was shown to increase their

biocompatibility and reduce their cytotoxic effects (Sayes

et al., 2006a). Indeed, administration of water-soluble

fullerene attenuated, rather than exacerbated, quartz-induced

neutrophilic lung inflammation (Roursgaard et al., 2008).

Interestingly, water-soluble fullerene derivatives (polyhy-

droxy C60) inhibited allergic airway inflammation in mice

(Ryan et al., 2007), and hence may have potential in

controlling asthmatic disease. We suggest that whereas

‘‘naked’’ carbon-base ENP should be treated with caution

for lung delivery, appropriate surface modifications render

them of interest as potential new therapeutics.

Effects of inorganic metal oxide-based ENP on
pulmonary immune homeostasis

Titanium dioxide

The most commonly investigated inorganic metal oxide-

based ENP are made of titanium dioxide (TiO2). TiO2 is

chemically very stable, generally nontoxic and cheap to

manufacture. In nanomedicine, TiO2 ENP are used as

antimicrobials (Yuan et al., 2010), in photo-dynamic

therapy (Szacilowski et al., 2005) and as smart stimuli-

sensitive tumor-targeted drug delivery systems (Zhang

et al., 2012). Because of its brightness and high refractive

index, TiO2 is a popular white pigment in paints and is

used in human cosmetic, skincare and sunscreen products

(Wiesenthal et al., 2011).

There are two tetragonal crystal structures of TiO2,

anatase and rutile, with anatase being more chemically

reactive (Sayes et al., 2006b; Warheit et al., 2007b), and

consequently possessing greater toxic potential than the
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rutile form (Pan et al., 2009). Although TiO2 ENP are

believed to be biologically and physiologically inert

(Bernard et al., 1990), some studies have demonstrated

adverse effects on cells, especially in the lung, presumably

because toxicity may occur at a certain ENP dose, and/or

because some ENP sizes and/or types of chronic exposure

may be more damaging (Shi et al., 2013). Thus, whereas

anatase TiO2 ENP 2–5 nm induced minimal lung toxicity in

mice after short term whole-body exposure (4 h) (Grassian

et al., 2007), daily exposure over 10 d significantly

increased numbers of macrophages in the BAL, although

this inflammation had resolved by three weeks post-end of

treatment (Grassian et al., 2007). Even more prolonged

exposure, with daily intranasal instillation of 6 nm anatase

TiO2 over 90 d induced severe pulmonary inflammation

and pneumonocytic apoptosis in mice (Li et al., 2013).

The stage of development of the lung may also be a

susceptibility factor, since intranasal instillation of 8–10 nm

anatase TiO2 into newborn mice caused dose-dependent

lung inflammation postnatally and inhibited lung develop-

ment (Ambalavanan et al., 2013). Particle size may also be

a factor, with studies in IL-1R- and IL-1a-deficient mice

showing that intranasally instilled larger TiO2 ENP (20 nm

anatase and 80 nm rutile) can provoke IL-1a-dependent

lung inflammation (Yazdi et al., 2010).

In murine allergic lung disease models, 28 nm rutile TiO2

ENP were shown to exert an adjuvant effect when co-

administered with allergen (ovalbumin) (Larsen et al., 2010).

In this context, anatase TiO2 ENP (40 nm) aggravated

pulmonary function and inflammation in a mouse asthma

model, causing increased airway hyper-reactivity (AHR), cell

infiltration in the BAL by macrophages and neutrophils as

well as edema and epithelial damage (Hussain et al., 2011).

Interestingly, non-sensitized animals remained unaffected,

reinforcing the idea of an adjuvant role rather than a direct

causative effect. Overall, these studies show that, despite

being generally perceived as non-toxic, both anatase and

rutile TiO2 ENP have the potential to promote pulmonary

immunopathology.

Similar to other ENP, surface modifications influence the

bioactivity of TiO2 ENP. Silica-coated TiO2 ENP (needle-

like: 10� 40 nm in size) were shown to inhibit the induction

of allergic asthma (reduced AHR to the level of the control

group) in a mouse asthma model (Rossi et al., 2010). Surface

coating can also prevent TiO2 ENP from forming large

agglomerates and hence reduce the cytotoxicity associated

with the aggregated form of TiO2 ENP. This was clearly

demonstrated by a study showing that coating TiO2 ENP

(49 nm) with PEG eliminated aggregation in an aqueous

media and significantly decreased cytotoxicity and induction

of stress-related genes (IL-6 and heat shock protein 70B) in

human pulmonary epithelial cells compared to uncoated TiO2

ENP (Mano et al., 2012).

Overall, naked TiO2 ENP can exert both positive and

negative effects on lung homeostasis depending on the

chronicity of exposure, capacity to aggregate and co-exposure

with other stimuli such as allergens. However, surface

modifications that prevent aggregation can eliminate some

of the unwanted effects of naked TiO2 ENP in the lung,

warranting more investigation in this area.

Zinc oxide

Zinc oxide (ZnO) ENP are widely used in nanotechnology for

the construction of solar cells (Wong et al., 2012), as gas

sensor devices (Wang et al., 2011), as efficient photosensitizer

carrier systems (Fakhar-e-Alam et al., 2012) and in

sunscreens (Filipe et al., 2009). Inhalation of ZnO ENP is

reported to cause acute systemic disease (i.e. metal fume

fever) (Barceloux, 1999). In vitro studies showed that

exposure to ZnO ENP (20–70 nm, 11–176 mg/ml) by rat

alveolar epithelial cells induced ROS-related severe injury in

a dose- and time-dependent manner (Kim et al., 2010) and

exposure of rodent fibroblast cells to 15 mg/ml ZnO ENP

(19 nm) induced DNA and mitochondrial damage (Brunner

et al., 2006). In addition, exposure to ZnO ENP (10 nm, 5–

25 mg/ml or 71 nm,440 mg/ml) induced oxidative stress (Heng

et al., 2010) and DNA damage (Karlsson et al., 2008) in

human bronchial epithelial cells. In vivo studies showed that

ZnO ENP (71� 35 nm) delivered intratracheally into the

mouse lung induced transient expression of the inflammatory

genes TNF-a, IL-6, CXCL1 and the monocyte chemo-

attractant protein 1 in a MyD88-dependent manner (Chang

et al., 2013). Intratracheally instilled ZnO ENP (510 nm)

promoted eosinophil recruitment and caused progressive

severe lung injury, aggravated by the release of metal ions,

and induced a unique inflammatory footprint in the lung (Cho

et al., 2012). Overall, a range of in vitro and in vivo studies

show that ZnO exhibit pro-inflammatory effects and/or induce

oxidative stress in the lung.

Previous studies demonstrated detrimental effects of ZnO

ENP after they dissolved into Zn ions, both inside and outside

the cells (Cho et al., 2012; Kao et al., 2012). Kim et al.

reported that DNA damage induced by Zn ions in alveolar

epithelial cells was significantly attenuated by a Zn chelator

(Kim et al., 2010), suggesting that the toxicity of ZnO ENP

may be reduced by lowering their solubility, coating or

surface functionalization, consequently decreasing the release

of Zn ions (George et al., 2010). Human lung carcinoma cells,

exposed in culture to ZnO ENP (50 nm, for 30 min), showed

an increase in Zn ions leading to mitochondrial dysfunction,

caspase activation and cell apoptosis, whilst in vivo whole-

body exposure to these 50 nm ZnO ENP in rats caused an

increase in Zn ions in both BAL cells and white blood cells

(Kao et al., 2012). Overall, exposure to ZnO ENP is usually

detrimental to lung homeostasis across multiple particle sizes

and modalities of exposure.

Iron oxide ENP (Fe3O4)

Magnetic nanoparticles, in particular iron oxide (also called

magnetite or Fe3O4), are widely used for the development of

novel drug deliveries and disease diagnostics (Akbarzadeh

et al., 2012; Verma et al., 2013; Xie et al., 2011). Besides

being relatively easily functionalized (e.g. with targeting

ligands) and having superparamagnetic properties, Fe3O4

ENP are useful as nanomaterials due to (1) availability of

manufacturing processes that can precisely fine-tune the

physical characteristics of ENP, including scalable processes;

(2) the fact that these ENP can be manipulated by an external

magnetic field and (3) their biocompatibility (approved

by FDA) (Verma et al., 2013).

6 R. Mohamud et al. Drug Metab Rev, Early Online: 1–15
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In vitro studies show that Fe3O4 ENP of various sizes

(10–120 nm) and at differing doses (10–250 mg/ml) did not

induce cytotoxicity or mutagenicity in human lung epithelial

cells (Karlsson et al., 2008; Verma et al., 2013) and other

types of cell cultures, for example, rat liver cells (Hussain

et al., 2005), human DC (Kunzmann et al., 2011) or HeLa

cancer cells (Shen et al., 2009). Intranasal delivery of Fe3O4

ENP (10 nm, 50 mg/ml) into mice did not induce detectable

inflammation (e.g. IL-6) in BAL fluid after 1, 4, or 7 d post-

treatment (Verma et al., 2013). However, there was a dramatic

increase in glutathione in lung tissue on day 1 indicative of

oxidative stress induction, which decreased progressively

from days 4–7 (Verma et al., 2013). Intratracheally instilled

Fe3O4 ENP (5–36 nm, 250–5400 mg/ml) induced secretion of

pro-inflammatory cytokines (e.g. TNF-a) in the BAL fluid

(Cho et al., 2009; Park et al., 2010b) and increased expression

of tissue damage genes (e.g. heat shock protein) in lung

tissues on day 1, but in this case, these remained elevated up

to day 28 post-instillation (Park et al., 2010b). Similarly,

intratracheally instilled Fe3O4 ENP (550 nm, 1–5 mg/ml) in

rats caused weak pulmonary fibrosis and low levels of

interstitial lung inflammation (Szalay et al., 2012). Overall,

these studies indicate that while Fe3O4 ENP are safe in cell

cultures and in vivo at lower doses, higher doses promote

inflammation when delivered into the lung.

Fe3O4 ENP can also be functionalized, concentrated or

held in position within the body with the aid of an external

magnetic field, features that hold great potential for the

development of targeted nanocarriers (Verma et al., 2013). An

in vitro study showed that silica-coated superparamagnetic

iron oxide ENP (SPION) (30, 50, 70 and 120 nm) were taken

up and internalized by APC (macrophages and DC) to a

greater extent than similar-sized iron oxide ENP with

different surface coatings (e.g. dextran). It was proposed

that the difference in uptake was due to differences in surface

charge (the latter were positively charged, SPION were

negatively charged) (Kunzmann et al., 2011). In mice, neither

naked nor poly(lactic-co-glycolic) acid (PLGA)-coated Fe3O4

ENP significantly increased BAL IL-6 post intranasal

instillation (up to seven days), consistent with the idea that

Fe3O4 ENP are mildly inflammatory or non-inflammatory,

and hence have potential as pulmonary drug carriers to treat

various lung diseases (Verma et al., 2013).

Effects of inorganic metalloid-based ENP on
pulmonary immune homeostasis

Crystalline silica

Crystalline silica (e.g. quartz, cristobalite, zeosils and

clathrasils) has great practical importance in industrial

applications such as the fabrication of electric and thermal

insulators, drug vehicles or target-specific contrast agents for

imaging (Barik et al., 2008; Napierska et al., 2010; Suh et al.,

2009). Quartz is the most common form of crystalline silica

and has been shown to promote lung injury (generating free

radicals), fibrosis (silicosis) and lung cancer (Mossman &

Churg, 1998). In vitro and in vivo studies have demonstrated

that quartz ENP can induce dose-dependent cytotoxicity and

increase the levels of ROS and pro-inflammatory mediators

in the lung (Sayes et al., 2007; Wang et al., 2007).

Intratracheally instilled quartz ENP (7, 12, 9, 50, 123, 300

to 2000 nm) induced dose-dependent lung inflammation in

rats (Sayes et al., 2007; Warheit et al., 2007a). Warheit et al.

also reported that quartz-induced lung inflammation and

cytotoxicity are independent of particle size but correlate with

surface activity, particularly hemolytic potential (Warheit

et al., 2007a). Intratracheal administration of cadmium-doped

silica ENP (20–80 nm) to rats induced inflammation,

oxidative stress (e.g. inducible nitric oxide synthase) and

granuloma formation (Coccini et al., 2012). Similarly,

intratracheal administration of quartz (30 or 377 nm) into

mice induced lung inflammation peaking 16 h post instillation

(Roursgaard et al., 2010). Together, these studies show that

quartz-induced lung inflammation and toxicity are indepen-

dent of particle size, but dependent on exposure dose

(concentration) and surface activity. For this reason, quartz

is often used as a positive control in ENP toxicity studies

(Sayes et al., 2007; Warheit et al., 2007b).

Amorphous silica

Amorphous silica (e.g. colloidal silica, silica gel and

mesoporous silica), also known as non-crystalline silica, is

being increasingly used in several industries including

cosmetics, food additives and drug delivery (Napierska

et al., 2010). Despite these broad applications, there is

growing evidence that amorphous silica ENP can cause an

inflammatory response in the lung. In vitro studies demon-

strated that amorphous silica ENP (10, 150 and 500 nm)

increase inflammatory reactions (up-regulates the IL-6 gene)

and cause death of human lung submucosal cells after

exposure for 2–24 h, in a size-, time- and concentration-

dependent manner, with the strongest toxic effects observed

for the smallest particles (10 nm) (McCarthy et al., 2012).

Similarly, amorphous silica ENP (2, 16, 60 and 104 nm)

induced the release of pro-inflammatory mediators (e.g. TNF-

a, IL-6 and IL-8) in co-cultures of pulmonary epithelial cells,

macrophages and endothelial cells, in a surface area-

dependent manner (Napierska et al., 2012b). Furthermore,

larger amorphous silica ENP (250 and 500 nm) induced

cytotoxic and genotoxic effects in vitro in murine macro-

phages and human epithelial lung cell lines after 4 and 24 h of

treatment (Guidi et al., 2013). In addition to this extensive

in vitro evidence of toxicity and pro-inflammatory potential,

in vivo studies show that intravenous injection of amorphous

silica ENP (15 and 55 nm) caused DNA damage in liver and

lung in a dose-dependent manner in rats (Downs et al., 2012)

and induced transient but very severe lung inflammation upon

intratracheal instillation (14 nm amorphous silica ENP) in

mice (Cho et al., 2007a). Amorphous silica ENP (50 nm)

activate IL-1b release from macrophages via the NALP3-

inflammasome complex (involved in lung inflammation) in

primary lung macrophages (RAW264.7) (Sandberg et al.,

2012). The chemical composition of amorphous silica ENP is

a dominant factor in their ability to induce oxidative stress, as

shown in a study where hemeoxygenase-1 mRNA expression

was up-regulated in human endothelial cell lines treated with

iron-doped amorphous silica ENP (16 nm) but not with

similarly sized pure amorphous silica ENP (Napierska et al.,

2012a). Together, similar to quartz-induced lung toxicity, the
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total surface area (a combination of dose and particle size) of

amorphous silica ENP appears to play a crucial role in

determining the level of their toxicity in the lung.

Collectively, the weight of the literature suggests metalloid-

based ENP may not be good candidates as nanomaterials for

treating pulmonary diseases given their overall highly toxic

and inflammatory effects on the lung. However, further

modification of such metalloid-based ENP may offer new

opportunities to reassess this potential delivery vehicle.

Effects of organic biodegradable polymers ENP on
pulmonary immune homeostasis

The organic biocompatible and biodegradable ENP studied in

this review include lipid-based ENP [e.g. liposomes, immu-

nostimulating complex (ISCOM) and solid lipid nanoparticles

(SLN)], polysaccharide-based ENP (e.g. chitosan, alginates

and Carbopol) and polymeric matrix ENP [PLGA, polylactic

acid (PLA) and polycaprolactone (PCL), cyanoacrylates,

gelatin]. Some of these ENP may come from natural

materials, while others are synthesized (e.g. liposomes).

These ENP are used for pulmonary drug delivery and as

vectors to transport drugs, receptors, medical imaging

chemicals or nucleic acids to specific sites (Kaur et al., 2012).

Lipid-based ENP

Liposomes are vesicular carriers with lipid bilayers alternat-

ing with aqueous compartments. In a cockroach-induced

allergic asthma mouse model, administration of polymerized

liposomes (73 nm) with ligand mimetics stimulating P-

selectin (P-selectin antagonist) inhibited eosinophil recruit-

ment to the lung, and attenuated both peribronchial

inflammation and AHR (John et al., 2003). Liposomes have

been used extensively to deliver drugs to treat cancer,

including doxorubicin (Pastorino et al., 2008) and paclitaxel

(Latimer et al., 2009). Liposome-mediated drug delivery has

also been tested to treat lung cancer (Latimer et al., 2009;

Zakharian et al., 2005) and promote lung transplantation

(Monforte et al., 2009), with some success. Liposomes persist

in the lung for up to 24 h after inhalation (Dhand, 2004);

retain more than 65% of the incorporated drug (Zaru et al.,

2009); and do not have any apparent detrimental effect on

respiratory function (Nassimi et al., 2010). Another lipid-

based ENP, ISCOM, has been injected intradermally as a

vaccine delivery vehicle and shown to drive the production of

high titer specific antibodies in sera and at mucosal sites

including the lung (San Gil et al., 1999), and to provide

complete protection against respiratory syncytial virus (RSV)

infection in animal models (Regner et al., 2004).

SLN also offer promise as drug carriers due to their

biocompatibility and the fact that they can protect the

incorporated drug against degradation and control its rate of

release (Farboud et al., 2011). Nassimi et al. investigated the

inflammatory potential of SLN (98.4� 4.9 nm) on human

type II pneumocyte-like cells (A549 epithelial cell line).

Exposure to SLN for 24 h did not increase IL-8 and TNF-a
concentrations in cell culture supernatant, but increased levels

of the keratinocyte-derived chemokine (involved in neutrophil

chemotaxis and activation) in tissue culture supernatant

(Nassimi et al., 2010). Furthermore, SLN did not increase

lactate dehydrogenase activity (a marker for tissue damage) or

total BAL fluid protein at any dose (1, 10, 35, 100, 150 and

200 mg) or timing (days 4, 8, 12 and 16) over which mice

received SLN daily administration via aerosol. These data

suggest that biodegradable SLN possess only minimal

inflammatory effects in the lung, even with chronic exposure

(Nassimi et al., 2010). A recent study demonstrated that

curcumin incorporated into SLN (curcumin-SLN, 190 nm)

effectively suppressed AHR, inflammation and expression of

Th2 cytokines in a murine allergic asthma model (Wang et al.,

2012). Overall, these studies show that lipid-based ENP show

great promise for the development of nanoparticle-based

therapeutics for lung diseases.

Polysaccharide-based ENP

Polysaccharide-based ENP (e.g. chitosan, alginates, Carbopol,

cyclodextrin, hyaluronic acid and carboxymetylcellulose) are

highly stable, biocompatible and biodegradable. Chitosan (a

natural polysaccharide biopolymer derived from deacetylation

of chitin) is one of the most intensively studied and provides a

useful building block for drug delivery systems due to its (1)

low pulmonary toxicity (Choi et al., 2010); (2) unique

physicochemical characteristics including bioadhesiveness

(high protein-binding efficiency) (Amidi et al., 2010) and

(3) excellent controlled drug release pattern (Derakhshandeh

& Fathi, 2012). Chitosan ENP are also being investigated as

anti-allergen therapeutics to treat allergic asthma. For

example, theophylline (a drug that reduces the inflammatory

effects of allergic asthma) delivered in chitosan ENP

(220� 23 nm) efficiently blocked experimental allergic

asthma by decreasing BAL eosinophilia, bronchial epithelial

damage, mucus hypersecretion and lung cell apoptosis (Lee

et al., 2006). Imiquimod cream (containing a penetrating

agent and a TLR7 agonist that skews immune responses

toward the Th1-type) mixed with chitosan ENP (220� 23 nm)

containing small inhibitory ribonucleic acid specific for the

natriuretic peptide receptor A, applied to shaved skin on the

backs (above the lung) of mice inhibited AHR, airway

eosinophilia, lung histopathology and the Th2 cytokines IL-4

and IL-5 in lung homogenates (Wang et al., 2008). Similarly,

intranasal administration of chitosan/interferon-g pDNA

effectively inhibited airway inflammation and AHR (Kumar

et al., 2003) and RSV infection (Kumar et al., 2002).

Moreover, administration of chitosan ENP containing pVD

(N-terminal natriuretic peptide) protected mice from experi-

mental allergic asthma (Wang et al., 2009).

The physicochemical properties of chitosan ENP can be

modified to selectively target lung cells for the delivery of

therapeutic molecules to treat lung diseases (e.g. cancer and

allergic asthma). Chitosan can be hydrophobically modified

with bile acid analogs (Choi et al., 2010), making it an

effective delivery carrier (Nafee et al., 2007). Glycol chitosan,

a commercially available derivative of chitosan, has been used

as a scaffold to deliver multiple therapeutic agents or for

diagnostic imaging applications (Cho et al., 2007b).

N-trimethyl chitosan tripolyphosphate ENP (400 nm) were

shown to enhance antigen delivery to APC and promoted

Th17 immune responses, and thus represent promising

vaccines against infectious diseases (Keijzer et al., 2013).
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Chitosan-coated PLGA ENP (172.3� 4.5 nm) were shown to

be a flexible and efficient system for delivery of antisense

oligonucleotides to lung cancer cells (Nafee et al., 2007).

Overall, organic and biodegradable polysaccharide-based

ENP can effectively inhibit disease in models of allergic

asthma and other inflammatory lung diseases.

Polymeric matrix-based ENP

Biodegradable and biocompatible polymeric matrix-based

ENP [PLA, and copolymers containing glycolide (PLGA) and

PCL, cyanoacrylates and gelatin] have been extensively

studied for site-specific delivery of drugs and other molecules

and are widely used to engineer experimental vaccines (Kaur

et al., 2012; Ungaro et al., 2012) and for tissue and bone

regeneration (Alves Cardoso et al., 2012). These ENP have

also shown potential for vaccine or drug delivery via the

pulmonary route (Andrade et al., 2011).

PLGA formulations are the most extensively investigated

polymeric matrix-based ENP, as they are stable, highly

biocompatible, have high bioavailability and drug loading

capability, offer a wide range of degradation/drug release

rates (Pirooznia et al., 2012), protect the encapsulated drug

from enzymatic degradation (Hoet et al., 2004) and have high

lung deposition efficiency (Yang et al., 2012). Moreover,

evidence suggests that PLGA formulations are not toxic to

cells, as Cor L105 lung epithelial-like cells retained �80% of

their viability after treatment with PLGA and a1AT (human

neutrophil elastase inhibitor to protect the lungs from cellular

inflammatory enzymes) – loaded PLGA (300 nm) (Pirooznia

et al., 2012). Both 220 nm unconjugated PLGA and PLGA

ENP which target the intercellular adhesion molecule-1 (a

molecule that controls leukocyte recruitment) are non-toxic to

lung epithelial cells (Chittasupho et al., 2009). Besides being

widely used as drug carriers in asthma models [e.g. for

betamethasone (Matsuo et al., 2009)], PLGA ENP have been

used for targeted allergen delivery (e.g. to target APC) for

allergen-specific immunotherapy for pollen [nano size;

(Scholl et al., 2006)] and bee venom allergy via peripheral

delivery [micro size; (Martinez Gomez et al., 2007)]. Local

delivery of the drug/antibiotics/allergen is necessary for the

treatment of lung diseases, and PLGA thus have excellent

potential as a nanocarrier for patients suffering from lung

diseases (Ungaro et al., 2012). Most studies do not report

precise size ranges, but assembled PLGA ENP usually fall in

the 200–400 nm range.

Effects of inorganic biocompatible ENP on pulmonary
immune homeostasis

Polystyrene ENP are inorganic, non-biodegradable, but

biocompatible, and do not induce oxidative stress in vitro

(Xia et al., 2006). The applications of these ENP in

nanomedicine are expanding. Polystyrene ENP have been

investigated as drug carriers for the treatment of hypervis-

coelastic mucus in cystic fibrosis (Lai et al., 2011), as a

vaccine carrier against tumors (Fifis et al., 2004) and to

enhance DNA vaccine efficacy (Minigo et al., 2007).

Polystyrene ENP can be labeled internally with fluorescent

dyes, allowing tracking of their localization both in vivo and

in vitro (dos Santos et al., 2011; Hardy et al., 2012, 2013).

Similar to most other ENP, the size, dose and surface

charge of polystyrene ENP play a role in their effects on lung

cells. Consistent with this, the toxicity of polystyrene ENP on

human alveolar epithelial type 1-like cells was dependent on

their surface modifications (amine- or carboxyl-modified),

particle size (50 and 100 nm), surface charge (positive and

negative), dose (1, 10, 25, 50, 100 and 250 mg/ml) and period

of exposure (4 and 24 h) (Ruenraroengsak et al., 2012).

Importantly, most of the above polystyrene forms do not cause

cell damage, the one exception being the amine-surface

modified polystyrene ENP, which caused membrane damage

to the respiratory epithelium (Ruenraroengsak et al., 2012). In

another study, neutral 50 and 100 nm polystyrene ENP

showed no toxicity to a human lung adenocarcinoma cell

line (Dorney et al., 2012). Moreover, consistent with the

above, several studies have shown that neutral or negatively

charged polystyrene ENP do not promote inflammation

in vivo, in contrast to positively charged ENP. Thus, in

naı̈ve hamsters intratracheal instillation of 60 nm unmodified

(naked) and negatively charged carboxylate-modified poly-

styrene ENP did not cause pulmonary inflammation or

vascular thrombosis, whilst positively charged amine-mod-

ified polystyrene ENP (60 nm) induced pulmonary inflamma-

tion (Nemmar et al., 2003). Our own studies have shown that

intratracheal instillation of negatively charged glycine-coated

50 nm polystyrene ENP (PS50G) did not induce lung

oxidative stress or cardiac or lung inflammation (Hardy

et al., 2012), but imparted a beneficial immunological imprint

on the lung and lung-draining lymph nodes rendering mice

resistant to the development of allergic airway inflammation

(Hardy et al., 2012, 2013). Previously, we and others reported

a lack of inflammatory reactions at sites of peripheral

injection or in any organs up to 2 months after intradermal

or subcutaneous injection of PS50G into mice and sheep

(Fifis et al., 2004; Mottram et al., 2007). In addition, our

recent studies show that PS50G ENP do not induce

inflammatory ERK mediated signaling pathways in bone

marrow derived DC (Karlson et al., 2013).

Our studies show that PS50G inhibited key characteristics

of allergic asthma (including airway eosinophilia and

production of allergen-specific IgE and Th2 cytokines) a

month after their instillation by inhibiting expansion of total

and allergen-laden DC in the lung, and suppressing co-

stimulatory function of CD11bhi DC in the lung-draining

lymph nodes (Hardy et al., 2012). Interestingly, PS50G, but

not larger 500 nm polystyrene ENP (PS500G), preferentially

inhibited development of allergic asthma, likely due to the

particle size-dependent effects on particle uptake by APC and

induction of cytokine/chemokine production in the lung and

lung-draining LN differentially modulating APC migration/

recruitment and/or function (Hardy et al., 2013). In broad

agreement, lung-associated DC subpopulations were shown to

preferentially capture 20 nm versus 1 mm particles (Blank

et al., 2013). Size-dependent effects on vaccine efficacy have

also been shown for polystyrene ENP with preferential uptake

by DC of 40–50 nm sizes, which was also the optimal size for

induction of adaptive immune responses and protection

against disease (Fifis et al., 2004; Minigo et al., 2007;

Xiang et al., 2006). The preferential uptake of smaller

polystyrene ENP seen in the above studies may be due to their
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size similarity with many viruses, suggesting that APC may

have adapted to preferentially uptake particles of this size.

Overall, inorganic non-biodegradable polystyrene ENP hold

great potential in nanomedicine as they generally exert

minimal toxicity in vivo, and are easily functionalized,

permitting conjugation of vaccines or probes for imaging.

Nevertheless, it is clear that, as with most other ENP, the

characteristics of polystyrene ENP, particularly surface

charge, need to be carefully considered to determine the

maximum beneficial effects that can accrue from the

development of novel pulmonary carriers, both for diagnostic

or therapeutic applications. Thus, similar to silver ENP,

‘‘naked’’ polystyrene ENP have the potential to be direct anti-

inflammatory agents in the lung, and to promote a beneficial

imprint promoting long-term immune homeostasis, even in

the face of allergen challenge.

Mechanisms by which ENP regulate pulmonary
immune homeostasis

ENP have the capability to induce detrimental or beneficial

effects on lung immune homeostasis. Most inorganic metal-,

metal oxide- and metalloid-based ENP tend to induce

inflammation and/or cell death in the lung. In contrast,

organic biodegradable and inorganic biocompatible ENP

generally cause only low-level inflammation (Figure 2).

Understanding of the mechanisms by which ENP alter lung

immune homeostasis is needed before they can safely be used

for beneficial purposes. Since lungs comprise the largest

surface area of the human body that interacts with environ-

mental ENP, they are equipped with diverse defense

mechanisms including pulmonary epithelial cells (secreting

surfactant proteins and lipids), pulmonary immune cells

(including innate cells that endocytose particles) and the

mucociliary escalator (upwards transportation/translocation of

mucus and foreign material for expectoration) (Nicod, 1999).

The interactions of ENP with the pulmonary defense

mechanisms are influenced by the characteristics of the

ENP and play a role in determining whether inflammatory/

immune response or lung tolerance ensues (Table 1).

Lung epithelial cells are the major source of various pro-

inflammatory mediators that affect lung immunity. For

example, interaction of ENP with lung epithelial cells

induces the release of pro-inflammatory mediators (e.g.

TNF-a, IL-6 and IL-8) in a size- and surface area-dependent

manner (Napierska et al., 2012b). TNF-a plays a role in

mediating the transition from pulmonary inflammation to

fibrosis (Oikonomou et al., 2006). Lung immune cells (e.g.

APC) also secrete pro-inflammatory cytokines in response to

ENP, again affected by the characteristics of the ENP

(Sandberg et al., 2012). The different physicochemical

characteristics of ENP affect their ability to be endocytosed

by APC or to stimulate cytokine secretion. They also

modulate other lung-ENP interactions, such as (1) the

interaction with lung epithelial cells (ability to enter type I

and II epithelial cells); (2) the ability to translocate across

the epithelial cells to the blood circulation; (3) the ability to

gain access to the mitochondria and nucleus prior to uptake

and (4) the ability to engage the intracellular clearance

mechanisms (mucociliary escalator for macrophages or

migration for DC) that lead to ENP clearance or local or

systemic toxicity (Muhlfeld et al., 2008). For example, lung

exposure to inorganic gold and silver ENP55 nm (Chen

et al., 2009) is frequently nontoxic or induces low levels of

inflammation; however, other inorganic ENP (gold and

silver 45 nm, or carbon-based, metal oxide-based and

metalloid-based ENP) can be highly toxic to the lung

(Table 1). ENP size strongly determines the lung-ENP

interaction mechanisms, primarily by affecting the uptake of

ENP by APC. However, the toxic effects triggered by the

administration of metalloid-based ENP (e.g. crystalline silica

such as quartz) (Sandberg et al., 2012) are independent of

size, but primarily dependent on the dose, surface char-

acteristics and exposure route and time. Besides these

factors, inflammatory effects of other inorganic ENP

(carbon-based and metal oxide-based ENP) are also

dependent on composition, size, agglomeration, functionali-

zation process and the release of ions. These various

characteristics exerted by inorganic ENP (carbon-based,

metalloid-based and metal oxide-based ENP) render them

more highly toxic than other ENP. On the other hand,

neither naked nor modified organic biodegradable-based

ENP are highly toxic to the lung, perhaps owing to their

biocompatibility and biodegradability – and in this case, the

effects on the lung range from no toxicity to low toxicity

and are dependent on size, dose and surface chemistry.

Depending on their nature, ENP can exert negative

adjuvant effects and can exacerbate existing allergic asthma

[e.g. CNT, (Inoue et al., 2010)], or they can exert beneficial

effects, such as the ability to inhibit allergic inflammation via

various mechanisms including: (1) modification of lung

vascular endothelial growth [e.g. intranasal silver ENP

administration, (Jang et al., 2012)], (2) decreased Th2

function [e.g. inhaled TiO2 ENP (Rossi et al., 2010), (3)

anti-oxidant effects [e.g. inhaled silver ENP, (Park et al.,

2010c)] and (4) modulation of APC function toward

homeostatic protection [e.g. intratracheal ENP polystyrene

administration (Hardy et al., 2012)]. Taken together, these

data indicate that lung-ENP interactions can be harnessed to

optimize safety and to promote therapeutic benefit in settings

such as allergy and asthma, as well as potentially to provide

long-term beneficial homeostatic imprinting.

Moderate/high:
Inflammation

ROS
Oxidative stress

Pathology
Granuloma

Metal ENP
Metaloxid
ENP Metalloid ENP

Biodegradable and
biocompatible ENP

No/low: inflammation

Toxicity levels

Figure 2. Overview on the effects of ENP on pulmonary immune
homeostasis.
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Conclusion

Lung exposure to different types of ENP can induce a broad

range of immunological effects that might shape overall lung

immune homeostasis. Whether the response to ENP is

beneficial or detrimental is influenced by physicochemical

characteristics (including composition, size, surface charac-

terization and charge), dose and timing (acute versus chronic),

and route of administration (e.g. intratracheal, intranasal and

whole-body exposure). Generally, naked inorganic metal and

metal oxide-based ENP induce inflammation and/or cell

death in the lung. However, surface modification of those

ENP can limit these adverse effects and provide scope for

their use as drug delivery vehicles to the lung and in the

treatment of lung diseases (e.g. allergic asthma, fibrosis and

lung cancer). Metalloid-based ENP induce ROS, pulmonary

fibrosis and lung inflammation at various sizes, and may

therefore be unsuitable in their present form as lung drug

delivery agents and therapeutics. By contrast, a range of

organic biodegradable ENP, as well as inorganic biocompa-

tible ENP, show great potential as drug carriers to treat lung

diseases. They exert beneficial effects in the treatment of

various lung diseases, without toxic side-effects, including

allergic asthma (e.g. chitosan and polystyrene) and cancer

(e.g. PLGA and polystyrene). This provides a basis for their

exploration as nanocarriers for patients suffering from lung

diseases. As well as being relatively safe carriers, recent

studies indicate ENP can provide additional beneficial

effects with anti-inflammatory properties (e.g. silver and

polystyrene) and imprinting of the lung which favors the

maintenance of immune homeostasis (e.g. polystyrene).

Further understanding of the mechanisms underlying the

direct beneficial effects of ENP on pulmonary immune

homeostasis will help facilitate their development as

therapeutics for the prevention and/or treatment of inflam-

matory lung disorders.
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