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ABSTRACT 

 
Engineered nanomaterials (ENMs) are increasingly 

being employed in a variety of applications making their 
exposure to humans, often by inhalation, inevitable. 
Therefore, regulatory agencies worldwide prompt detailed 
toxicological characterization of ENMs. In order to obtain a 
mechanistic understanding of their toxicity on the human 
health and environment, in-vivo toxicological experiments 
need to be performed. However, the realization of such 
experiments has not been succeeded yet primarily because 
of the lack of methods to generate industrially relevant, 
property controlled exposure atmospheres suitable for 
inhalation toxicological studies. Here, a novel method is 
explored which is suitable for ENM in-vivo inhalation and 
in-vitro toxicological characterization studies. ENMs are 
produced continuously in the gas phase using industry 
relevant flame spray pyrolysis reactors, allowing their 
continuous transfer to inhalation chambers, without altering 
their state of agglomeration. Important properties of the 
generated aerosols (i.e. particle size, concentration, shape, 
state of agglomeration, surface chemistry) can be modified 
allowing for both in-vitro and in-vivo investigations of 
toxicity.  The feasibility of the system is demonstrated in an 
animal inhalation study by exposing rats to a  
nanostructured  Fe2O3 ENMs. The toxicological effects on 
the oxidative stress in the lungs and heart, as well as the 
inflammation and cytotoxicity are investigated. This novel 
platform will make it possible for toxicologists to link 
physico-chemical properties of inhaled ENMs to biological 
outcomes and help the industry to develop safer ENMs. 
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1 INTRODUCTION 
 
The use of engineered nanomaterials (ENMs) in 

household products, textiles, industrial processes, medical 
devices and therapeutics is widespread and increasing 
exponentially. Environmental and occupational exposures 
are considered by experts to be “inevitable” [1-3]. 
Preliminary evidence demonstrates the potential for ENMs 
to cause adverse biological effects [4-6]. Indeed, the 

potential of nanoparticles and nanofibers to translocate 
through the air-blood barriers, and thus to reach the 
pulmonary connective tissues, lymphatic system, or even to 
reach the circulating blood and thus have access to other 
critical organs, is of concern. Nano-sized particles (NPs) 
may enter cells, and be more biologically reactive than their 
micro-sized counterparts due to their small size and large 
surface to volume ratio and increased release of ions [7]. 

Many in-vitro assays and novel aerosol generation 
methods suitable for inhalation studies have been developed 
and contributed significantly to improving our 
understanding of biological mechanisms related to 
atmospheric particle health effects [8-10]. However, these 
currently available particle exposure methods can not be 
applied in the nanotoxicology field, primarily because of 
the unique properties of ENMs. For in-vivo ENM 
inhalation studies, an important limiting factor is the 
difficulty in aerosolizing and dispersing commercially 
available nanopowder ENMs down to the nano-size level, 
as they would exist in many relevant inhalation exposures 
[11]. Some common aerosol generators used in the past to 
disperse nanopowders for inhalation studies, including 
nebulizers, fluidized beds, and other venturi aspirator type 
systems, have very limited applicability for nanotoxicology. 
For example, such nanopowder aerosol generation systems 
have difficulty to produce consistent nanosized aerosol 
distributions and more importantly, fail to control physico-
chemical properties in order to elucidate the link between 
properties and toxic biological responses [11]. 

As a result of the challenges and limitations, the 
majority of nanotoxicity research has focused on in-vitro 
cellular or in-vivo instillation studies using commercially 
available ENM nanopowders and nanopowder liquid 
suspensions; however, there is a consensus among scientists 
that data will require verification from animal inhalation 
experiments [2,11]. There are also serious shortcomings 
related to the physiological relevance of this particle to cell 
delivery approach using liquid ENM suspensions. The 
shortcomings of these in-vitro and instillation approaches 
are twofold: First, commercial ENMs are limited in 
diversity of physicochemical and morphological properties 
– usually to a few sizes for a given composition – making it 
impossible to perform comparative parametric toxicological 
studies of ENM properties (size, surface, composition, 
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shape, charge, etc.). Second, nanoparticles suspended in 
culture media agglomerate or dissolve, and interact with 
serum components [12-14], which can alter their biological 
properties and effects. Furthermore, comparison of particle 
doses delivered in suspension to those administered by 
inhalation is difficult, which can result in large differences 
in effective dosage between in-vivo and in-vitro studies. 
These limitations may explain some of the disparities 
reported in the literature between in-vivo and in-vitro ENM 
studies. It is apparent that new methods and systems 
suitable for both in-vitro and in-vivo inhalation 
toxicological characterization need to be developed. 

Here, a novel method is presented which is suitable for 
both ENM in-vivo inhalation and in-vitro toxicological 
characterization studies. The ability of the developed 
technique to generate a variety of industry-relevant, 
property-controlled exposure atmospheres for inhalation 
studies was systematically investigated. The suitability of 
the technique to characterize the pulmonary and 
cardiovascular effects of inhaled ENMs in intact animal 
models was also demonstrated in an in-vivo study involving 
Sprague-Dawley rats, using freshly generated nano-iron 
oxide (Fe2O3) as a test aerosol. We demonstrated both 
pulmonary and systemic toxicity using in-vivo 
chemiluminescence of heart and lung [15]. This novel 
platform will make it possible for toxicologists to link 
physico-chemical properties of inhaled ENMs to biological 
outcomes and help the industry to develop safer ENMs. 

 
2 EXPERIMENTAL 

 
Figure 1 contains an overview of the setup. The ENMs 

are made in a continuous and controlled way by flame 
spray pyrolysis, which is described in detail elsewhere [16]. 
In brief, liquid precursor solutions are dispersed into fine 
droplets and combusted resulting in nanoparticle formation. 
Iron acetyloacetonate is dissolved in acetonitrile and 2-ethyl 
hexanoic acid (1:1 volume ratio) to form the precursor 
soltuion. Directly above the freshly generated aerosol that 
contains the ENM, in-situ sampling is performed (QS, 
Figure 1). This aerosol stream can be further diluted with 
HEPA filtered room air (QD) and the temperature of the 
aerosol is monitored directly after the dilution (T1). The 

ENM test aerosol is then directed to the animal exposure 
chambers for in-vivo inhalation toxicological experiments 
(QR). Simultaneously, in-situ real-time monitoring (QA, 
Figure 1) regarding the mobility size distribution (fast 
mobility particle sizer, FMPS, TSI model 3091) and total 
particle concentration (P-TRAK ultrafine particle counter, 
TSI model 8525) of the test aerosol is performed. Finally, 
the CO2, CO and NO2 concentrations (Aerodyne Research, 
USA), as well as the relative humidity (RH) and the 
temperature (T2) are monitored (QP, Figure 1).  

 In order to investigate the control over the ENM 
properties, a systematic study was performed by varying the 
process parameters of the system such as liquid precursor 
molarity and  x/y ratios. 

In-vivo inhalation toxicological study: Pulmonary and 
cardiovascular effects of inhaled nanostructured Fe2O3 
using the VENGES platform and IVCL assay: The 
suitability of VENGES platform for in-vivo animal 
inhalation studies was demonstrated in a pilot study in 
which the pulmonary and cardiovascular effects of inhaled 
Fe2O3 nanoparticles were assessed. Fe2O3 nanoparticles 
have been used widely in a number of applications 
including drug delivery, bio-imaging and nutrition. The 
toxicological assay used to assess health outcomes in this 
study was in-vivo chemiluminescence (IVCL) of the lung 
and heart surface immediately after exposure; this 
technique has been widely used in our laboratory for 
ambient particle toxicity studies and is a highly sensitive 
method for identifying pulmonary and cardiovascular 
responses to inhaled particles under relatively small doses 
and acute exposures. 

 
3 RESULTS AND DISCUSSION 

 
Figure 2 illustrates the particle number concentration as 

a function of the mobility diameter for the case of Fe2O3 
and SiO2. It is worth mentioning that the mobility diameter 
is directly correlated to the aerodynamic diameter [17] and 
reflects the best estimate of the agglomerate/aggregate 
particle size when ENM becomes airborne. It is also well 
known that aerodynamic diameter defines both the fate and 
transport of the aerosol in the environment and its 
deposition in the lungs. As shown in the Figure 2, the 

 
Figure 1. The VENGES system is composed of four main parts: the flame synthesis of nanoparticles, their collection on a 
glass fiber filter for ex-situ characterization, the animal exposure system, and the exposure monitoring equipment. 
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VENGES generated test aerosol has a unimodal and narrow 
size distribution.   

Figure 2 also indicates the effect of the metal precursor 
molarity on the aerosol size (airborne phase) for Fe2O3 and 
SiO2 ENMs. It can be seen that the mobility size 
distribution shifts to larger sizes with an increased precursor 
molarity. Similarly, the modal diameter increases with 
greater x/y ratios (not shown in Figure 2). It is clear that 
VENGES not only has the ability to generate aerosols with 
unimodal size distributions but also has the ability to adjust 
the aerosol size. 
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Figure 2. Mobility size distributions of a) SiO2; b) Fe2O3 for 
a varying precursor molarity. 
 

Figure 3 shows the in-vivo chemiluminescence (IVCL)   
levels (counts per second-cps/cm2) of lungs and hearts, 
which corresponds to the relative reactive oxygen species 
(ROS) generation    followed the 5 hour Fe2O3 inhalation 

exposure. The error bars correspond to the standard 
deviation of the data points and the significance level of the 
measured data is P < 0.001. The IVCL measurements in the 
lungs of the exposed animals were about 60 times higher 
than for the unexposed animals, indicating that the Fe2O3 
test aerosol increased ROS in the lungs (Figure 3). This 
oxidative stress was also present in the heart of the animals 
showing that the inhalation of ENMs influences not only 
the respiratory but also the cardiovascular system with an 
11-fold increase in the chemiluminescence of the heart. 
This substantial effect was found with a moderate mass 
exposure concentration of 200 µg/m3, a concentration 
approximately 20 times the fine particle concentration of 
room air. The substantial IVCL response observed in our 
study, indicates that these particles reached deep in the lung 
and evoked a toxicological effect. The increased IVCL 
response of the heart may indicate a direct effect on the 
heart [18] but also may be a manifestation of indirect 
effects via the autonomic nervous system [19,20].  
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Figure 3. Chemiluminescence of the lungs and hearts of the 
rats exposed to the test Fe2O3 aerosol (Fig 3a).The error 
bars correspond to the standard deviation of the data. 
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4 CONCLUSIONS 
 
In conclusion, this novel approach enables us to 

generate industry-relevant, property controlled ENM 
exposure atmospheres suitable for both in-vitro and  
inhalation toxicological studies.  Its future use will help to 
assess the cardiovascular, pulmonary and other 
toxicological effects of inhaled ENMs and improve our 
understanding on our central hypothesis that physical and 
chemical characteristics of ENMs determine their 
bioavailability, redistribution, and toxicity in the lungs and 
elsewhere. 
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