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A. SHVEDOVA 
CDClNIOSH 
1096 WiIlowdale Road 
Morgantown, WV 26505, USA 

Abstract. There are currently hundreds of available consumer products that 
contain nanascale materials. Human exposure is, therefore, likely to occur in 
occupational and environmental settings. Mounting evidence suggests that some 
nanomaterials exert toxicity in cultured cells or following in vivo exposures. but 
this is dependent on the physicochemical characteristics of the materials and the 
dose. This Working Group report summarizes the discussions of an expert 
scientific panel regarding the gaps in knowledge that impede effective human 
health risk assessment for nanomaterials, particularly those that are suspended in a 
gas or liquid and, thus, deposit on skin or in the respiratory tract. In addition 
to extensive descriptions of material properties, the Group identified as critical 
research areas: external and internal dose characterization, mechanisms of response, 
identification of sensitive subpopulations, and the development of screening 
strategies and technology to support these investigations. Important concepts in 
defining health risk are reviewed, as are the specific kinds of studies that will 
quickly reduce the uncertainties in the risk assessment process.' 

1. Introduction 

Nanomaterials are commonly described as having at least one dimension smaller 
than 100 nm. A broader definition, though, refers to those materials that are 
manipulated at the atomic, molecular. or macromolecular scales in order to 
achieve functionality that is different from that found in the bulk or molecular 
form [106). 

Many consumer items are already available that contain nanomaterials, such as 
electronics components, cosmetics, cigarette filters, antimicrobial and stain-res istant 
fabrics and sprays, sunscreens, and cleaning products [liS). According to a recent 
survey of the Wilson Institute web site [29), there are at least 580 consumer 
products on the market, including four with FDA approval for therapeutic use. 
Although the potential for human exposures has not been fully evaluated and is 
likely to be low in many cases, the safety of nanomaterials at a wide range of 
doses and throughout the product life cycle should be characterized to ensure 
consumer, occupational, and environmental health. 

Critical components of a systematic safety assessment for engineered nano­
materials include: evaluation of exposure concentrations in occupational and 

I Summary ofthc NATO ARW Working Group discussions. 
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environmental settings; the physicochemical characteristics of the material at the 
portal of entry; the structure and function of epithelial barriers at the portals of 
entry; interactions of materials with biomolecules (proteins, nucleic acids, lipids); 
biodistribution and elimination kinetics and identification of possible target organs; 
characterization of dose-response relationships; elucidation of mechanisms of 
response; identification of target tissues for nanomaterials effects; and identifi­
cation of human subpopulations with unique susceptibility to the effects of 
nanomaterials. These concepts are summarized in Figur. I . New products are 
rapidly emerging in the nanotechnology industry without. parallel development 
of critical information regarding their safety. Furthermore, risk assessments are 
currently proceeding in many cases without adequate methodologies to defme 
risk. 

It should be noted that the assumptions used in assessing risks at the early 
stages of most emerging technologies are designed to be protective (precautionary 
principle) and to emphasize potential problems so that more attention is focused 
on managing or mitigating such risks. As the technology progresses through the 
product life cycle, more data becomes available and, thus, the assumptions used in 
risk assessment become more realist ic [10, 94). This article focuses on the critical 
knowledge gaps that impede the risk assessment process as well as strategies for 
rapid reductions in those uncertainties . 
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Figure J. Key issues in assessing human health risk following nanomalerials exposures. (I) What is the 
nature of the nanomaleriaJ al the ponaJ of entry (e.g. agglomerated. charged, soluble, siu?)?; (2) How 
do the physicochemical characteristics of nanomaterials change after deposition in the body (specifIC 
changes likely 10 depend on portal of entry)?; (3) Do nanomateriaJs penetrate epithelial barricr.;?; (4) 
Are nanomateriaJs transponed away from the ponal of entry to other organs (how much is transponed? 
What are the: target tissues?)?; (5) How do the nanomateriaJ propenies changes as they arc lransponed 
in the body (dissolution; protcinllipid binding)?; (6) How do responses at the cellular/tissue level affect 
transpon of nanomaterials? 
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2. Characterization of Nanomaterial Exposure 

A Ithough there is potential for occupational and environmental exposures to 
nanomaterials throughout their life cycle, very linle is known about the concen­
trations of such exposures. Funhermore, the characteristics of nanoscale materials 
(e.g. size, shape, surface charge, agglomeration state, presence of secondary 
coatings from air or liquid carrier) as they might be encountered in the workplace 
or the environment are large ly unknown. 

Workplace exposure data for nanoparticles is scarce. However, Maynard et al. 
[59] reponed peak airborne levels of respirable particles of single-walled carbon 
nanotubes up to 53 ~glmJ in a small univers ity laboratory. Han and colleagues 
[28] reported airborne levels of multi-walled carbon nanotubes during spraying, 
blending, and weighing operations in a research laboratory that ranged ITom 
undetectable levels to --400 ~g/mJ . However, these data are from total particulate 
samples at the breathing zone and, thus, the total mass concentration was not 
comprised exclusively of nanotubes. Nevertheless, incorporation of control 
measures reduced the nanotube-containing dust concentrations to background 
levels. 

A recent leanet from NIOSH regarding workplace exposures to nanomaterials 
states that current methods for controlling exposures are adequate, but that current 
measurement techniques U are limited and require careful interpretation" [69] . 
These somewhat contradictory statements renect the need for personnel with 
extensive experience and specialized train ing in the handling and sampling of 
nanomaterials. Although N IOSH cites a lack ofsumcient evidence as the basis for 
not recommending specific surveillance of nanoparticle-exposed workers, a 
framework for the safe exploitation of nanotechnology has recently been described 
that includes recommendations for methods and instrumentation to assess exposure 
levels, characterize particle size and surface area distributions, and to identify 
sources ofnanopanicle release [58, 67, 68]. . 

2.1. NANOMA TERIALS CHARACTERIZATION 

One critical research need is the development of methods and equipment for 
adequate nanomaterial characterization, as has been previously cited [4, 84, 95, 
109, 110]. Nanomaterial properties may also be altered in both biotic and abiotic 
environments. Therefore, tools to detect and characterize chemical or physical 
modifications of nanomaterials in such environments are needed. There is also a 
pressing need to deve lop standardized assessments of particle characteristics 
including size, shape, size distribution, structure and surface area [70]. This would 
ensure that the same set of characteristics is described across studies, ultimately 
facilitating a comparison between materials and subsequent exposure. Another 
critical need is viewed to be the deve lopment of a set of reference nanomaterials 
that can serve as benchmarks for the investigation of other nanomaterials, thereby 
providing a basis for comparison. Reference materials are commonly used in tradi­
tional risk assessment frameworks for effects and exposure analyses. Signmcant 
efforts are being made in this regard, both by the National Institute of Standards 
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and Technology (US) and the Institute of Reference Materials and Measurements 
(EU), although the initial focus is on reference materials for calibration of 
instrumentation with respect to size determination, rather than reference materials 
for benchmarking of potential toxicity. At present, the scientific community lacks 
a set of commonly accepted reference materials, including consensus on suitable 
positive and negative control nanopanicles for different testing systems. 

2.2. CHARACTERIZA nON OF EXPOSURES 

Assessing external human exposure to nanomaterials requires knowledge regarding 
the likelihood of exposure, changes in panicle concentration over time, and identi­
fication and characterization of exposure directly prior to uptake. Workplace or 
ambient exposures to air- or liquid-suspended nanomaterials may occur. Although 
estimates have been reponed for selected nanosized compounds [66], no data is 
available about actual levels of engineered nanomaterials in ambient environments. 
mainly due to the limitations of current measurement methods. There is clearly a 
need for a comparative exposure assessment which differentiates the routes and 
forms of exposure as well as the morphology of the nanomaterials. This section 
will mainly address inhalation exposures in the workplace, because this is currently 
seen as the most likely exposure scenario. However, skin and gastrointestinal tract 
exposures to gas- or liquid-suspended panicles are also possible. Funher details 
are provided in Kuhlbusch et aJ. [43] in this same edition. 

2.2.1. Measurement Methods 

Measurement methods for detection of airborne (nano-) panicles can be char­
acterized as (I) online/omine detection methods that distinguish environmental 
from product materials, (2) methods for different matrices (gaslliquidlsolid), (3) 
personal or fixed sampling methods, (4) methods for different exposure metrics 
(mass, surface area or number concentraiion (total and size-resolved), chemical 
composition, etc.), and (5) methods that predict lung regional deposited dose. 

No optimal method is currently available for measuring nanomaterials exposures, 
since, for example, the ideal metric is still a maner of debate. Cenainly, the best 
method would be a personal sampler that determines all relevant physical and 
chemical propenies in real time or near-real time within discrete particle size bins. 
This is, however, currently unavailable. Nevenheless, first steps towards simul­
taneously determining these propenies are ongoing and are of extreme imponance 
for realistic exposure assessment. 

Most exposure measurements have either used an online technique to determine 
panicle size distribution [42, 46, 63, 114] or omine techniques like thermal or 
electrostatic' precipitation or diffusion/impaction and subsequent panicle char­
acterization [23, 82]. The choice of using particle number-weighted, as opposed to 
mass-weighted, size distribution measurements is driven by the expense and 
availability of the equipment, the high sensitivity of number concentration 
measurements towards nanosized panicles, the possible relevance of panicle 
number concentration for health effects, and the requirement for speciation . Of 
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similar importance with regard to linking particle properties to health may be the 
particle surface area, either as inhalable (Matter LQ I-DC) or lung deposited 
fraction (TSI NSAM). An overview on measurement methods for nanoparticle 
detection can be found in Kuhlbusch et al. [44]. 

2.2.2. Measurement Strategies 

One measurement challenge is the differentiation of environmental (background) 
from engineered nanoparticles. When deciding on measurement strategies and 
methods, the following points have to be taken into account. First, there is a need 
for a dynamic detection range, from a single particle to high number concentra­
tions. Secondly, there is a need for particle physical and chemical characterization. 
Lastly, the time resolution (online/omine) must be considered. 

There are three particle concentration ranges in terms of number that can 
currently be evaluated [43]: single particle detection, a concentration of 1,000-
100,000 particles per cm', and a concentration of more than 100,000 particles per 
cm'. Detection of single particles can be achieved using either single particle 
aerosol mass spectrometry (AMS) [72] or filter sampling with subsequent single 
particle analysis by TEM/EDX. Both techniques have their advantages and limita­
tions, for example, the degree ofchemical analysis that is possible. These methods 
would allow a differentiation of background ITom engineered nanoparticles 

Detection of the source of particle concentrations> 100,000 particles per cm' 
should generally be easy since the source must be in the vicinity of the point of 
measurement. The source can either be visually identified or detected by determining 
spatial particle number concentration profiles. 

The difficulty in assessing nanoparticle exposure at levels between 1,000-
100,000 particles per em' is that background particle concentrations can be in the 
same concentration range. A first assessment of possible nanoparticle exposure 
can be conducted by concurrent measurements of ambient and workplace particle 
number concentrations and calculation of ambient particle penetration into the 
work area. This approach is possible for concentrations down to a few thousand 
particles per cubic centimeter [45]. Hence, clear differentiation of nanoparticles 
fi"om environmental nanoscale particles can only be done by the methods described 
for single particle analysis. 

2.2.3. Levels oj Exposure 

The limited exposure measurements conducted thus far in the workplace generally 
show low levels or levels below the detection lim its for exposure during normal 
production and handling of nanomaterials. However, the adequacy of existing 
detection instrumentation needs to be considered. The exposure-related measure­
ments were conducted in all steps of production and handling ITom the reactor, to 
processing and handlinglbagging of, for example, carbon black and titanium 
dioxide [38, 45]. Measurements conducted in the presence of a leak within the 
palletizing line showed high exposure values indicating that exposure can be 
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possible, especially in cases where engineering controls fail or during cleaning and 
maintenance work in large scale nanomaterial production. 

Measurements of dustiness of powders containing nanomaterials were conducted 
by Dahman and Monz (14] in the framework of the NanoCare Project. This 
investigat ion showed that engineered panicles below 100 nm were not normally 
released using a counter flow system. However, there were exceptions depending 
on the material investigated. This example shows that extrapolations from few 
measurements and generalizations to other materials should be done carefully. 

2.2.4. Future Tasks 

Results are eagerly awaited from ongoing investigations focusing on possible 
human exposure during the life cycle of nanomaterials, from production, to their 
use in products, and during recycling. Several scenarios exist willi different degrees 
of likelihood of possible release of nanomaterials into the environment and 
subsequent exposure. The following tasks are seen to bring advances in exposure 
assessments for nanoscale materials: the development of cost-effective screening 
methodologies for assessing exposure, the development of devices that measure 
personal exposure, evaluation of the adequacy of health surveillance protocols, 
strengthening current methods for assessing agglomerate stabilities in order to 
predict the potential for nanoparticle release during handling, the evaluation of 
nanopanicle aging during transpon (e.g. airborne, in water), and improvements in 
the link between exposure assessments and dose metrics. 

3. Barrier Function of Skin, Gastrointestinal Tract, and Respiratory Tract 

If it can be assumed that inost exposures to nanomaterials will occur in air or via 
the food chain/drinking water, then the respiratory tract, skin, and gastrointest inal 
tract are the primary routes of exposure to nanomaterhils. However, other routes 
such as intravenous, intradennal, and ocular are lmPortant to consider for specialized 
applications. A critical component in evaluating the health 'risks associated with 
nanomaterials exposure is knowledge regarding barrier function at the ponal of 
entry. 

3.1. GASTROINTESTINAL TRACT 

The gastrointestinal (G1) tract is not likely to be a primary route of exposure to 
nanomaterials. However, panicles' that deposit in the respiratory tract and taken up 
by alveolar macrophages are cleared via the mucociliary escalator and then 
expectorated or swallowed. Some of the paniculate matter, then, that deposits in 
the lungs could be cleared to the GI tract (see following discussion about 
macrophage-mediated clearance ofnanosized panicles). However, the barrier function 
of the GI tract with respect to nanopanicles is somewhat equivocal. 

The transfer of nanoparticles into blood and subsequent tissue distribution is 
likely to be very dependent on panicle surface characteristics because of the 
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extreme shifts in acidity and the negatively charged mucous layer in the small 
intestine. Early work described the process of persorption, whereby micron-sized 
insoluble particles are transported from the intestinal lumen to the blood via 
paracellular pathways [113]. This process has been shown in in vivo studies to be 
size-dependent, with smaller particles (polystyrene microspheres, colloidal gold) 
being absorbed to a greater degree than larger ones [32, 35]. However, studies 
with highly insoluble radioactive metal nanoparticles have shown extremely low 
transfer into blood following GI tract exposures [41,103], with some evidence for 
an inverse relationship between particle size and percent transfer as well as for 
negatively-charged particles having higher transfer rates [97]. Recent studies 
employing electron microscopy and elemental analysis have identified nanosized 
particulates, possibly from combustion sources or food, in human tissues such as 
liver, kidney, and colon [20-22]. Although it is not clear how the particles 
accumulated in these organs, both digestive and respiratory tact exposures are 
possible explanations. In vitro model systems are likely to have lim ited predictive 
power due to the absence of a mucous layer, which traps charged panicles and 
potentiates their clearance via the feces. 

3.2. SKIN 

Skin is the largest organ of the body. Its permeability to engineered nanomaterials 
with respect to depth of penetration and interactions with structural components as 
well as nanoparticle absorption into blood are not well understood. Recent in vitro 
studies have employed flow-through diffusion cells to assess nanopanicle 
penetration and absorption through skin. 

3.2. I. Potential for Nanomaterials Skin Penetration 

Nanomaterials must penetrate the stratum corneum layer in order to exert toxicity 
in the lower cell layers. The quantitative prediction of the rate and extent of per­
cutaneous penetration (into skin) and absorption (through skin) of topically 
applied nanomaterials is complicated due to many biological complexities, such as 
the diversity of the skin barrier function across species and body sites. The stratum 
corneum affords the greatest deterrent to absorption. Although the dead, keratinized 
cell layer itself is highly hydrophobic, the cells are also highly water-absorbing, a 
property that keeps the skin supple and soft as water is evaporated from the 
surface. Sebum appears to augment the water-holding capacity of the epidermis; 
however, its hydrophobic nature cannot be assumed to retard the penetration of 
xenobiotics, including nanomaterials. The rate of diffusion of topically-applied 
materials across the stratum corneum is directly proportional to the concentration 
gradient of the material across the membrane, the lipid/water pan it ion coefficient 
of the material, and the diffusion coefficient of the material. It should be noted that 
organic vehicles may themselves penetrate into the intercellular lipids of the stratum 
corneum, thus affecting diffusion. Depending on the specific characteristics of the 
skin barrier, there is a functional molecular size/weight cut-off that prevents very 
large molecules from being passively absorbed across any membrane. The total 
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flux of any material across the skin is also dependent upon the exposed area, with 
dose expressed as mass per square centimeter. In vitro studies of nanomaterial 
penetration of skin may only approximate the in vivo situation since a long period 
of time may be required to achieve steady state conditions and, thus, exceed the 
time constraints of in vitro evaluations. 

Transdermal flux (penetration) with systemic absorption of topically applied 
nanomaterials has obvious implications in toxicology and therapeutic drug 
delivery. However, knowledge of the depth and mechanism of panicle penetration 
into the stratum corneum barrier is crucial. The skin provides an environment 
within the avascular epidermis where panicles could potentially lodge and not be 
susceptible to removal by phagocytosis, yet be available for immune recognition 
through interaction with resident Langerhans cells. In fact, it is this relative 
biological isolation in the lipid domains of the epidermis that has allowed for the 
delivery of drugs to the skin using liposomal preparations. 

Several studies have evaluated the hypothesis that nanopanicles can get 
through or get lodged within the lipid matrix of skin. Zinc oxide (ZnO, 80 nm) and 
agglomerates of titanium dioxide (TiO,) smaller than 160 nm did not penetrate the 
stratum corneum of porcine skin in static diffusion cells [19). Likewise, in vitro 
application of ZnO nanopanicles (26-30 nm) in a sunscreen formulation to human 
skin led to accumulation of nanopanicles in the upper stratum corneum with 
minimal penetration [13). However, a pilot study conducted in humans about to 
undergo surgery showed penetration to the dermis of "microfine" TiO, that was 
applied over a period of2~ weeks [105). Block copolymer nanoparticles (40 nm) 
that were topically applied to hairless guinea pig skin in diffusion cells were able 
to penetrate the epidermis within 12 h [99). Additional studies with spherical 
(QD565, the number refers to the fluorescence emission maximum) and elliptical 
(QD655) CdSe-ZnS semiconductor nanocrystals that were applied to porcine skin 
in flow-though diffusion ceUs showed that penetration is dependent on surface 
coating or charge. Polyethylene glycol (PEG)- and carboxylic acid-coated QD565 
were localized primarily in the epidermis by 8 h, while the QD565 PEG-amine 
penetrated to the dermis. However, shape was also shown to be a determinant of 
nanocrystal localization by the fact that the carboxylic acid-coated elliptical 
crystals (QD655) did not penetrate into the epidermis until 24 h of exposure [88). 
Studies have also reported that nanocrystal surface coatings and charge can 
influence their toxicity in human epidermal keratinocytes [89). These results 
highlight the diversity in terms of size and composition of panicles that could 
possibly penetrate the stratum corneum to reach the deeper, viable layers of skin. 

3.2.2. Factors that Affect Penetration Through Skin 

Recent studies have demonstrated that mechanical action and perturbations of the 
skin barrier can affect the penetration of nanoparticles. For example, Tinkle et a!. 
[108) reported that even large (0.5 ~m) FITC-conjugated dextran beads could 
penetrate the stratum corneum of human skin and reach the epidermis following 
30 min of flexing. However, the panicles did not penetrate the skin at all if it was 
not mechanically flexed. Smaller amino acid-derivatized fullerene nanoparticles 
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(3.5 nm) were able to penetrate to the dermis of porcine skin that was nexed for 
60 min and placed in now-through diffusion cells for 8 h; non-nexed control skin 
showed penetration that was limited to the stratum granulosum layer of the 
epidermis [65, 87). QD655 and QD565 coated with carboxylic acid (hydrodynamic 
diameters of 18 and 14 nm, respectively) were studied for 8 and 24 h in now­
through diffusion cells with nexed, tape stripped and abraded rat skin. No pene­
tration occurred with the nonnexed, nexed, or tape-stripped skin. However, 
penetration to the viable dermal layer occurred in abraded skin. In some cases .. 
retention ofQD in hair follicles was observed in the abraded skin [117). 

Another imponant consideration is the possible retention of nanopanicles in 
hair follicles, as has been alluded to above. Lademann and colleagues [48) showed 
that TiO, micropanicles and polystyrene nanopanicles could be localized near 
orifices in human hair follicles. Agglomerates of iron oxide and maghemite 
nanopanicles with organic coatings (primaty panicle sizes -5 nm) have been 
shown to penetrate hair follicles and the epidermis of previously frozen human 
skin surgical samples, suggesting a potential capacity for nanopanieles to traverse 
the dermal barriers [6). Other studies with TiO, and methylene bis-benzotriazoyl 
tetramethylbutylphenol showed only 10% of the formulation remained in the 
furrows of the stratum corneum and infundibulum of the hair follicle of human 
skin [57). QD621, nail-shaped PEG-coated CdSe-CdS nanoctystals that were 
topically applied to porcine skin in now-through diffusion cells for 24 h penetrated 
the upper layers of the stratum corneum and were primarily retained in hair 
follicles and in the intercellular lipid layers, a situation also seen with carbon 
fullerenes [118). Although it appears that only a small amount of the applied 
nanomaterial is retained in hair follicles, the kinetics of this retention and the 
possibility of subsequent systemic distribution must be evaluated. 

3.2.3. Potentialfor Nanomaterials Absorption into Bloodfrom Skin 

The evaluation of nanomaterial absorption into blood is a complex maner, so 
results from in vitro systems that do not have intact microcirculation should be 
carefully interpreted. Funhermore, human and porcine skin may react differently 
with respect to nanoparticle penetration as compared to smaller organic chemicals 
and drugs where, as described above, human and porcine skin are very similar. 
Nevenheless, most recent work has demonstrated that absorption into blood would 
not be predicted following topical application of nanomaterials to skin. For 
example, QD621 nanocrystals that were applied to porcine skin in now-through 
diffusion cells were not found in the perfusate at any time point or concentration 
[118). Likewise, studies with QD565 coated with PEG, PEG-amine, or carboxylic 
acid that were topically applied to human skin in diffusion cells for 8 or 24 h 
showed that all three QD preparations remained on the surface of the stratum 
corneum or were retained within hair follicle invaginations, but were not detected 
in the perfusate [64). Similar observations were made by this same group with 
porcine skin exposed to the same panicles [88). A recent in vivo study, though, 
showed that nanosized TiO, that was applied topically to pig skin in sunscreen 
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fonnulation did noi accumulate in lymph node or liver tissue following exposures 
for 5 days per week for 4 weeks [90]. 

These studies demonstrate the complexity of skin and the stratum corneum 
lipid barrier with respect to assessing nanoparticle penetration and absorption into 
blood. In most cases studied to date, topically applied nanoparticles have not been 
shown to be absorbed into the systemic circulation. However, penetration into the 
stratum corneum can occur in all animal species studied. This penetration could be 
significant relative to immunological and carcinogenic endpoints. Current findings 
suggest that surface coatings as well as nanoparticle geometry also seem to modulate 
penetration. All of these factors must be studied further if realistic risk assessments 
of manufactured nanomaterials are to be made. 

3.3. RESPIRATORY TRACT 

3.3.!. The Pulmonary Epithelial Barrier 

Nanoparticles that are inhaled as singlets have high predicted deposition effici­
encies via diffusional processes in all regions of the respiratory tract [34]. For 
singlet particles of -20 run, the highest fractional deposition occurs in the alveolar 
region, where bulk air flow is low or apsent [93]. Nanosized particles are not 
efficiently taken up by resident phagocytic cells (alveolar macrophages) [I, 27] 
unless they are agglomerated, thus promoting their retention in the lung and 
increasing the likelihood of interactions with the epithelial barrier. The alveolar 
epithelial barrier has a large surface area (80-140 m2 in humans) [92] and is 
extensively vascularized. In a healthy lung, there are only a few cell types with 
which nanomaterials might interact in the alveolus: type I epithelial cells (which 
cover - 95% of the alveolar surface), type II epithelial cells, and macrophages. The 
basement membranes of the type I epithelial cells are continuous with those of 
endothelial cells in the pulmonary capillaries, so the total thickness through which 
nanoparticles have to travel to reach the blood is 0.3-2.5 I'm, including the 
interstitial space [80]. 

The composition of lung lining fluid varies by region of the respiratory 
tract. In the alveolar region, the lining fluid consists of surfactants and an 
overlying aqueous phase. Pulmonary surfactant is -90% lipids (mainly disaturated 
dipalmitoylphosphatidyl-choline and phosphatidylglycerol with smaller amounts 
of cholesterol) and 10% proteins, which are secreted by type II alveolar epithelial 
cells [26]. The alveolar lining fluid also contains plasma-derived proteins (e.g. 
albumin, transferrin, immunoglobulins) that are critical to host defense functions 
[39]. The degree to which nanomaterials might interact with these lipids and 
proteins in situ is largely unknown. 

3.3.2. Fate oJNanoparticles that Cross the Alveolar Epithelial Barrier 

An important factor in assessing the toxicity of nanomaterials is their distribution 
throughout the body and persistence in tissues following exposure. Obviously, this 
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is an issue that is difficult to fully address using in vitro model systems. Trans­
location to extrapulmonary tissues, including the liver and various brain regions 
(notably the olfactory bulb), has been demonstrated, albeit in small amounts, for 
inhaled nanosized poorly-soluble Mn oxide, "c, Ag, and 19'Ir [18, 41, 77, 78, 
104]. In the case of the Mn oxide and "c nanoparticles, the observed targeting of 
the olfactory bulb was reported to be due to transport along the olfactory nerve, 
which has projections terminating directly into the nasal cavity. In regards to 
targeting of neuronal structures, though, deposition in the nose or alveoli is not an 
absolute requirement. Studies by Hunter and Undem [33] showed that nodose and 
jugular ganglia of the vagus nerve could be targeted by the intratracheal instillation 
of dye tracer particles. . 

Interestingly, Semmler and colleagues [96] showed that the retention and 
clearance kinetics of insoluble radioactive Ir nanoparticles (15-20 nm, count 
median diameter) was not different from reports in the literature for larger 
particles (polystyrene beads), although this was a mathematical exercise and not a 
direct comparison to larger particles with the same chemistry. However, later 
studies by this group showed that what was different was the degree of intersti­
tialization of the nanosized 1921r particles [98]. OberdOrster et al. [75] also reported 
that the interstitialization rates were -10 times higher for nanosized TiO, particles 
delivered to the lungs via intratracheal instillation as compared to larger particles 
of the same composition. More recently, Shvedova and colleagues [102] demon­
strated that single-walled carbon nanotubes (SWCNT) delivered via inhalation 
exposure (deposited dose of 5 mg/mouse) resulted in the deposition of small 
SWCNT structures and the induction of cellular inflammation, LDH and protein 
release, and cytokine production that was two- to fourfold greater than responses 
that resulted from oropharyngeal aspiration exposure to larger agglomerated 
SWCNT structures. Morphometric evaluation of Sirius red-stained lung sections 
also showed that SWCNT inhalation caused a fourfold higher increase in fibrosis 
compared with that seen after pharyngeal aspiration, with collagen deposition in 
peribronchial and interstitial areas. Interestingly, Mercer et al. [60] demonstrated a 
fourfold greater fibrotic potency after pharyngeal aspiration of a well dispersed 
SWCNT compared to a less dispersed suspension. This potency difference was 
associated with a greater potential for smaller SWCNT structures to enter the 
alveolar walls and cause interstitial fibrosis. Overall, these results suggest that 
inhalation of dispersed SWCNTs leads to greater interstitialization and inflam­
mation as compared to those delivered in an agglomerated bolus by aspiration. 
Thus, not only is the persistence or retention of the nanomaterials of importance, 
but so too is the distribution within an organ system. 

The liver, kidneys, and spleen have been shown to be the organs with the 
highest retention of nanoparticles that cross the alveolar epithelial barrier [96, 
104]. It is not entirely clear, though, how primary particle size or in vivo dissolu­
tion may affect the accumulation of materials in extrapulmonary organs. Some 
studies have reported very rapid accumulation of nanoparticles, as determined via 
chemical means, in liver, kidney, and olfactory bulb following respiratory tract 
exposures [17, 85, 104]. In comparison to the respiratory tract, nanom3terials that 
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are injected intravenously aC.cumulate in almost all tissues that are harvested [12, 
17], although this is somewhat size·and surface chemistry·dependent. 

Not surprisingly, surface coating has been shown to be an important deter­
minant ofnanoparticle tissue distribution. At least two studies have shown that the 
anachment of polyethylene glycol (PEG) to the surface of the semiconductor 
nanocrystals increases their circulatory half-life after intravenous injection [2, 5] 
due to lowered uptake efficiency by the liver and spleen (reticulo·endothelial 
system). Reduced efficiency of liver uptake has also been shown for PEGylated 
nanosized magnetite particles [52]. At least for CdSe·ZnS nanocrystals, the 
particle size has also been shown to be an important determinant of tissue 
retention following intravenous injection. Particles with hydrodynamic diameters 
smaller than -5.5 nm are almost completely eliminated via urine within the first 4 
h [12]. Partly due to the efTective cut·ofTsize of the kidney filter, somewhat larger 
particles are exclusively eliminated over time via the feces [98]. 

4. Nanomaterials Interactions with Biomolecules 

Data from in vivo and in vitro studies suggesting lipid and/or protein oxidation as 
a result of nanomaterials exposure provides indirect evidence of interactions with 
biomolecules. For example, OberdOrsler et al. [74] demonstrated lipid peroxidation, 
but not protein oxidation, in brain tissue obtained from largemouth bass that were 
exposed to aggregated nCoo fullerenes in tank water. Should such interactions be 8 

surprise, though? It has long been known that implanted materials' acquire 8 

protein coating that ultimately determines the fate of the implant in terms of 
biocompatibility. While this is likely to be the case at the nanoscale, too, the 
challenge will be to identify . those proteins, lipids, and other biomolecules that 
interact with nanoparticles in the target organs and then to characterize the kinetic 
nature of those interactions [54]. Progress along these lines has been made 
recently with detailed identification of the proteins bound to nanoparticles [8, 9, 
16] and the first indications of inappropriate folding leading to protein aggregation 
in the presence ofnanoparticles [50]. A further challenge will be to understand the 
predictive value of this information in the context of human risk assessment. 

4.1. INTERACTIONS WITH PROTEINS 

Within the medical device com'munity, it is now well accepted that material 
surfaces are modified by the adsorption of biomolecules such as proteins in 8 

biological environment, and there is some consensus that cellular responses to 
materials in a biological medium reflect the adsorbed Iiiomolecule layer, rather 
than the material itself [25, 55, 73]. Interestingly, recent studies suggest that 
nanomaterial surfaces, having much larger surface area than flat ones, are more 
amenable to studies to determine the identity and residence times of adsorbed 
proteins [9, 40]. The recently introduced concept of the nanoparticle.protein 
corona sees the adsorbed protein (biomolecule) layer as an evolving collection of 
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prole ins that associate with nanopar1icles in biological fluids, and suggests that 
this is the biologically relevant entity that interacts with cells [53). 

A recent systematic study of interactions of polystyrene nanopar1icles with no 
modification (plain) or modified with positive (amine) or negative (carboxylic) 
charges indicates that the surface and the curvature (par1icle size) both influence 
the details of the adsorbed proteins, ahhough in all cases, a significant fraction of 
the proteins bound were common across all par1icles [51). The significance of this 
for safety assessment is clear, as it implies that detailed characterization of the 
nanopar1icles in the relevant biological milieu is vital. 

Evidence is emerging in the scientific literature that coating of nanopar1icles 
with specific proteins can direct them to specific locations - apolipoprotein E, for 
example, has been associated with transpor1 ofnanopar1icles to the brain [61). The 
binding of serum albumin to the surface of carbon nanotubes has also been shown 
to induce par1icle uptake and anti· inflammatory responses in a macrophage cell 
line [15). 

However, there are several complicating factors, such as the fact that the 
biomolecule corona is not fixed, but is rather dynamic. The corona equilibrates 
with the surroundings, with high abundance proteins binding initially, but being 
replaced gradually by lower abundance, higher affinity proteins. Additionally, 
changes in the biomolecule environment, such as during par1icle uptake and 
distribution, will be reflected as changes in the corona. This makes for consi­
derable difficulty in determining the nanopar1icle biomolecule corona in-situ, as 
anempts to recover the par1icles for measurement by isolating them from their 
surroundings will by their very nature aher the subtle balance of the biomolecule 
corona. However, the situation is not all bad. A considerable por1ion of the 
biologically relevant biomolecules - the so-called "hard-corona" [51) - will 
remain associated with the nanoparticles for a sufficiently long time so as not to be 
affected by the measurement processes. 

First indications of a potential role for nanoparticles in misfolding and aggre­
gation events [7, 50) as well as inhibition of misfolding [83) are emerging. A 
range of different nanopar1icles, including polymer par1icles, cerium oxide, carbon 
nanotubes and PEG-coated quantum dots, enhanced the rate of fibrillation of the 
amyloidogenic protein p-2-microglobulin under conditions where the protein was 
in the slightly mohon-globular state at pH 2.5 [50). A mechanism based on a 
locally high concentration of the protein in the vicinity of the nanopar1icle surface, 
thus increasing the probability of formation of a critical oligomer, was proposed. 
A recent repor1 from Bellezza and colleagues [7) demonstrated the interaction of 
myoglobin (Mb) with phosphate-grafted zirconia nanopar1icles. Adsorption induced 
marked rearrangements ofMb structure, par1icularly loss of the secondary structure 
(a-helices). Two distinct structures were observed: (i) globular aggregates, similar 
to those for the native protein, and (ii) very extensive, branching structures of Mb, 
with morphological proper1ies similar to Mb pre fibrillar aggregates. In this case, 
the authors suggest that the prefibril-like aggregates were always observed next to 
the zirconia nanopar1icles, suggesting that these structures develop from the bound 
protein. Studies in animals have shown that Coo hydrated fullerene may have anti­
amyloidogenic capacity, as a single intracerebroventricular injection of a Coo 
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hydrated fullerene significantly improved the performance of a cognitive task in 
control rats, resulting from inhibition of the fibrillation of amyloid-beta 25-35 
peptide (83). These results may offer a significant therapeutic advantage towards 
diseases of the brain, which are often intractable, as well as raising the potential 
for risk. 

A recent review has summarized much of the current state-of-the-art in 
protein-nanopartic\e interactions [54). A major hope of this field of research is that 
it will be possible in the future to predict biological impacts ofnanoparticles based 
on a screening of the proteins for which they have the highest affinity, and an 
understanding of the role of these proteins in nanoparticle uptake, trafficking and 
subcellular localization. 

4.2. INTERACTIONS WITH LIPIDS 

There are almost no reports of the interaction between nanoparticles and lipids to 
date, although considerable work has been done to develop solid lipid nanoparticles 
for targeted drug delivery [36, 81) or using lipids such as phosphorylcholine or 
oleic acid to stabilize nanoparticles, including enabling their transfer from organic 
solvents to aqueous solutions [II, 24). Several reports on the use of lipid coatings 
to reduce protein binding have also been published recently. Ross and Wirth (86) 
reported that laterally diffusible phosphocholine bilayers inside the pores of 
colloidal silica nanoparticles suppressed 93% of the binding of avidin relative to 
the unmodified silica colloidal crystals. Another recent report shows that gold 
nanorods can be coated with lipid bilayers and used as sensors for protein binding, 
but that the process is complex and requires issues such as membrane curvature 
and adhesion properties (3). 

Some studies with the original aim of quantifying the binding of lipids to 
nanoparticles have been used as controls within broader studies of protein binding 
to nanoparticles. For example, a recent study of human serum albumin (HSA) 
binding to polymeric nanoparticles found that the thermodynamics of binding was 
very different in the presence and absence of oleic acid, which is a major binding 
ligand of HSA. Using isothermal titration calorimetry, the authors found that HSA 
binding to the polymeric particles is exothermic, whereas in the presence of oleic 
acid the adsorption is endothermic. Binding of oleic acid to the particles was 
found to be endothermic (49). 

On the basis of the discovery that lipoproteins have a large affinity for 
nanoparticles of many different surface compositions, an obvious question that 
arises is whether the particles are actually binding the lipoprotein complexes. 
Thus, apolipoproteins in blood associate with lipoprotein particles, e.g. chylomicrons 
(>100 nm) and high density lipoproteins (8-10 nm), with diameters that are similar 
to engineered nanoparticles [56). These lipoprotein complexes are composed of 
triglycerides and cholesterol esters in the core surrounded by proteins and a 
monolayer of phospholipids. A study of the binding of cholesterol and triglycerides 
to polymeric nanoparticles has shown that the ratio of bound cholesterol to bound 
triglyceride corresponds to the ratio in high density lipoprotein, suggesting that the 
'nanoparticles bind the whole lipoprotein complex (31). 
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Binding of lipoprotein complexes to nanoparticles could potentially explain 
why many of the nanoparticles that bind these proteins and complexes are not 
recognized by the body as foreign and as such do not elicit a toxic or immune 
response. However, it is early days yet, and considerably more research into 
nanoparticle-biomolecule interactions is needed. 

5. Mechanisms of Response to Nanomaterials 

There is a plethora of studies in the literature regarding the in vitro and in vivo 
etTects of engineered nanomaterials. However, much of this data is difficult to 
interpret because of inadequate particle characterization, exposure doses that are 
not well-justified in terms of realistic exposure conditions, or the elution of 
substances (impurities) of known toxicity (e.g. transition metals). Nevertheless, 
several studies have pointed to oxidative stress as an important mechanistic process 
related to nanomaterials toxicity. 

For example, Sayes et aJ. [91) showed that as nC", fullerenes became more 
water·soluble through derivatization of the particle surface, toxicity was drama­
tically reduced. The reduction in cytotoxicity was correlated with a lowered 
oxygen radical production by the fullerenes. Nanoparticle oxidative capacity, as 
determined using acellular methods, has also been shown to correlate well with 
oxidant-sensitive reporter activity in cultured cells and acute in vivo innammatory 
responses [76). As mentioned above, OberdOrster's study in bass [74) reported 
evidence of brain tissue lipid oxidation and a trend towards reduced glutathione 
depletion. Glutathione is an abundant tripeptide with broad antioxidant capacity 
and is gradually depleted in favor of the oxidized form as the severity of oxidative 
stress increases [71). Shvedova and colleagues [101) exposed mice to single­
walled carbon nanotubes (SWCNTs) via oropharyngeal aspiration and showed 
dose-related increases in granuloma formation (in association with SWCNT 
aggregates in tissues), interstitial fibrosis (in areas where SWCNTs were not visible), 
neutrophilic innammation, glutathione depletion, increases in 4·hydroxynonenal, 
and increases in soluble inflammatory mediators. Furthermore. in vitro studies 
using cultured human keratinocytes and murine macrophages supported the role of 
oxidant production in response to nanotubes, as evidenced by the intracellular 
formation of lipid peroxidation products and antioxidant depletion. The same 
studies also highlighted the role of trace amounts of iron from the synthetic 
process in the observed responses [37, 100). This latter study, in particular, 
highlights the need to identify transition metals, either as contaminants or 
structural components. in nanomaterial preparations as part of a safety evaluation. 

In addition to the oxidative stress hypothesis, there is also compelling data 
regarding the role of surface coating or charge as a determinant of particle 
toxicity. Early studies using near micron-sized polystyrene micellar particles 
(-750 nm) demonstrated the principle that a negative surface charge was 
responsible for membrane depolarization and innammatory cytokine induction in 
bronchial epithelial cells [I (2). Likewise, a negative surface charge of micron­
sized ambient particulate matter from diverse sources was correlated with 
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increases in intracellular calcium and cytokine induction [III]. These responses 
were thought to be related to the activity of acid-sensitive receptors on the cell 
surface, suggesting cell type specificity of response (e.g. neuroepithelial). Ryman­
Rasmussen and colleagues [89], though, recently showed that negatively-charged 
CdSe-ZnS semiconductor nanocrystals were more cytotoxic in human epidermal 
keratinocytes than positively-charged particles of the same size and composition. 
The extent to which these mechanisms may be involved in the responses of 
diverse cell types to nanosized particles remains to be determined. 

Following in vivo exposures, a combination of factors will ultimately deter­
mine the toxicity of a given material: oxidative capacity is likely to be related to 
acute responses and in vivo solubility; interactions with proteins and lipids may 
modifY these processes (either increase or decrease toxicity) and also determine 
the biodistribution of the particles; and the persistence of the material will afTect 
the long-term clearance and efTects. 

6. Sensitive Subpopulations 

Knowledge regarding the biodistribution of nanomaterials as well as the mecha­
nisms of response to them will lead to reasonable hypotheses regarding subpopu­
lations that might experience adverse effects following exposure where other 
individuals will not. For example, individuals with underlying cardiopulmonary 
disease are more susceptible to the effects of ambient particulate air pollution [47, 
79, 107]. Pre-existing bacterial or viral infections or disease states (e.g. diabetes) 
can contribute to oxidant-antioxidant imbalance or the activation status of 
inflammatory cells such that nanomaterials exposure could lead to persistent and 
overwhelming oxidative stress and tissue injury. In addition, inflammatory disease 
states can afTect epithelial barrier function [30, 62, 116], thus altering the 
distribution of nanomaterials that are deposited in the respiratory tract or that are 
circulating in the blood. Depending on the route of exposure and the character­
istics of the nanoparticles, many studies have demonstrated accumulation in major 
organ systems and passage through epithelial barriers. This raises the possibility 
that nanosized particles can also accumulate in germ line cells or the placenta and 
perhaps be transferred to the developing fetus, although this is an issue that has 
not received a great deal of attention. -

7. Summarizinl: Concepts 

7.1. ACCEPTABLE SCREENING STRATEGIES 

In general, there are no commonly accepted screening assays for nanomaterials 
health efTects. The American Society for Testing and Materials recently adopted a 
set a screening tests for the safety evaluation of nanomaterials intended for 
therapeutic use, including blood cell hemolysis, cytotoxicity in porcine kidney and 
h~an hepatocarcinoma cells, and the formation of mouse granulocyte-macrophage 
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colonies. For nanomaterials that may be encountered in the workplace or the envi­
ronment, though, any screening strategy needs to be related to known mechanisms 
of response and/or aspects of the material physico-chemistry that predict in vivo 
responses. Some examples could include measurements of the oxidative capacity 
of the particle surface and assessment of protein binding. However, these kinds of 
assays have not yet been validated. 

7.2. SUMMARY OF URGENT RESEARCH NEEDS 

The most pressing research needs for the purpose of reducing the uncertainties in 
nanomaterials risk assessment are apparent from the preceding text. They include 
characteri:mtions of external and internal exposures and identifications of mechanisms 
of response and sensitive subpopulations, all of which must be supported by 
thorough physicochemical characteri:mtion of test materials. This knowledge is 
likely to lead to useful screening approaches, as illustrated in Figure 2. 

Screening 
Strategies 

Nanomaterial 
Characterization 

Figure 2. Overview of the immediate research needs in regards to human health risk assessment of 
nanomaterials. 

A full understanding of external exposure includes measurements of particle 
concentrations and physicochemical properties over time in gas or liquid carriers. 
In particular, the impact of agglomerationldeagglomeration behavior and soluble 
forms of the material need careful anent ion. Critical information for determining 
internal dose of nan ornate rials includes an evaluation of the ability of the material 
to breech physiological barriers, the dose to and retention in target organs and 
cellular/subcellular structures, changes in the physicochemical properties of the 
material as it is distributed in the body, and how the interactions of the material 
with endogenous biomolecules ultimately affect target organ dose. Some of these 
efforts will require the development of new technologies, particularly for 
nanoparticle-containing aerosol characteri:mtion. 

Although it has presented a challenge for particle toxicologists in the past, in 
vivo-to-in vitro dose comparisons would be helpful not only in understanding the 
relevancy of in vitro test results, but also in the development of screening assays. 
Determinations of mechanisms of action also need to be clearly linked to realistic 
external and internal doses. However, it should be recognized that mechanistic 
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infonnation will be critical in identifying sensitive subpopulations that may have 
lower thresholds for responding to nanomaterials because of, for example, 
alterations in repair of tissue damage or oxidant/antioxidant imbalance. 

Lastly, it is imperative that there is strong global commitment to funding these 
essential research areas. It is more cost-effective in the long tenn to proactively 
address these critical knowledge gaps than to be reactive in regards to 
nanomaterials health risk assessment. Especially in light of significant scientific 
uncertainty and a lack of clear regulation, such an approach will allow the 
nanotechnology industry to flourish while increasing openness and transparency in 
decision-making processes. 
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