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Toxicogenomic Pro�ling of �� Nanomaterials in Mouse
Airways

Pia A. S. Kinaret, Joseph Ndika, Marit Ilves, Henrik Wol�, Gerard Vales, Hannu Norppa,
Kai Savolainen, Tiina Skoog, Juha Kere, Sergio Moya, Richard D. Handy, Piia Karisola,
Bengt Fadeel, Dario Greco, and Harri Alenius*

Toxicogenomics opens novel opportunities for hazard assessment by utilizing
computational methods to map molecular events and biological processes. In
this study, the transcriptomic and immunopathological changes associated
with airway exposure to a total of �� engineered nanomaterials (ENM) are
investigated. The ENM are selected to have di�erent core (Ag, Au, TiO�, CuO,
nanodiamond, and multiwalled carbon nanotubes) and surface chemistries
(COOH, NH�, or polyethylene glycosylation (PEG)). Additionally, ENM with
variations in either size (Au) or shape (TiO�) are included. Mice are exposed to
�� �g of ENM by oropharyngeal aspiration for � consecutive days, followed by
extensive histological/cytological analyses and transcriptomic
characterization of lung tissue. The results demonstrate that transcriptomic
alterations are correlated with the in�ammatory cell in�ltrate in the lungs.
Surface modi�cation has varying e�ects on the airways with amination
rendering the strongest in�ammatory response, while PEGylation suppresses
toxicity. However, toxicological responses are also dependent on ENM core
chemistry. In addition to ENM-speci�c transcriptional changes, a subset of 	�
shared di�erentially expressed genes is also highlighted that cluster these
ENM according to their toxicity. This study provides the largest in vivo data
set currently available and as such provides valuable information to be utilized
in developing predictive models for ENM toxicity.
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�. Introduction
In conventional toxicology, observing the
histological changes, immune cell in�ltra-
tion, phenotypic alterations, or behavioral
characteristics after exposures to toxicants
helps us to understand the underlying
in�ammatory responses. Nonetheless,
these measures focus on speci�c end-
points, not revealing detailed molecular
mechanisms underlying the toxic immune
responses that possibly lead to long term
consequences.[�] Engineered nanomate-
rials (ENM) with complex features make
classical toxicology approaches challenging
as their toxicity is mediated by their phys-
ical and chemical properties; including,
but not limited to size, shape, surface
charge, aspect ratio, and functionaliza-
tion. A shift from basic toxicity endpoint
studies is needed in order to understand
ENM mechanisms of toxicity and develop
predictive computational models for ENM
hazard assessment.[���] For this, toxicoge-
nomics, which seeks to identify relation-
ships between changes in intracellular
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molecular pro�les and exposure to suspected toxicants, provides
a great opportunity for the toxicity assessment of ENM.
The problematic assessment of ENM toxicity is mostly due to

complex interactions between nanoparticles and biosystems. The
cellular uptake and toxic potential of ENM can be considerably
altered by changing the surface chemistry of the core material.
Di�erent functional groups on the surface of ENM can alter the
material properties through changes in the aggregation behav-
ior, surface adsorption, or binding. For example, carboxylation
(-COOH) has been shown to reduce bioactivity and pathogenic-
ity of multiwalled carbon nanotubes (MWCNT) and titanium
nanoparticles.[�,�] On the other hand, Bonventre et al. reported
that aminated (-NR�+) Ag nanoparticles with silica shells and
silica nanoparticles are more toxic than the same particles with
hydroxyl-terminated functionalization.[�] Another surface modi-
�cation that has been often tested is ENM functionalization with
polyethylene glycosylation (-PEG). PEG generates a biocompati-
ble hydrophilic surface and has the ability to shield the core par-
ticle from immunosurveillance.[�]
In addition to functionalization associated toxicity, size and

shape also direct the relative toxicity of ENM. For example, nano-
sized metal particles including copper oxide (CuO), gold (Au),
and silver (Ag) are more toxic than larger particles with the same
composition, probably due to enhanced uptake and dissolution
when compared to larger particles.[	] Due to their industrial util-
ity, titanium dioxide nanoparticles (TiO
) are by far the most
manufactured nanomaterials. Harmful e�ects that are depen-
dent on particle shape and size have been documented in sev-
eral in vitro and in vivo studies. Similar to CuO nanoparticles, the
toxic potential of TiO
 increases as particle size decreases.[�] CuO
mechanisms of toxicity include excess reactive oxygen species
(ROS) production and cell membrane damage.[��] In addition,
we, among others, have previously shown that carbon nan-
otubes elicit immune responses and certain MWCNT cause Th
-
type of in�ammation, including strong eosinophilic in�ux to
airways.[��,�
]
The toxicity and in�ammatory potential of ENMare commonly

investigated individually either in in vitro or in vivo settings. Sys-
tems biology and toxicogenomic methods enable identi�cation
of more speci�c exposure signatures that can be used for read-
across to facilitate toxicity screening of the vast array of industrial
andmedically relevant nanoparticles.[��] However, comparison of
the toxic e�ects of di�erent ENM in these scattered studies is
very dicult due to large di�erences in methodologies, models,
and exposure protocols. Moreover, the number of studies lever-
aging omics methodologies to pro�le the mechanisms of action
of more than a handful of ENM, especially in animal models,
is limited. In the present study, we have performed by far the
largest comparison of transcriptional and phenotypic e�ects, trig-
gered by exposure to 
	 exhaustively characterized ENM, with
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�ve di�erent core chemistries and their functionalized counter-
parts including NH�+, COOH, and PEG functional groups. This
large multiparametric, toxicological in vivo dataset provides im-
portant information about the cellular and molecular perturba-
tions underlying ENM-induced toxicity, thus facilitating hazard
assessment and toxicity predictions.

�. Results and Discussion
�.�. Immune Cell In�ux and Lung Histology Suggest
Immunotoxic Potential of Some ENM

Overall study design is shown in Figure S�, Supporting Informa-
tion. It includes comparison of phenotypic and transcriptional
changes elicited by oropharyngeal aspiration exposure to 
	 ENM
(Table �) with �ve di�erent core chemistries and their function-
alizations including NH�+, COOH, and PEG functional groups.
Based on our previous studies, a dose of �� �g per day for four
consecutive days elicits optimal in�ammatory responses with-
outmore unspeci�c lung injury-related responses from excessive
material intake and possible agglomeration. Moreover, �-day ex-
posure scenario ensures observation of explicit, ENM-induced ef-
fects rather than more general acute e�ects, taking into account
also the possible adaptive immunity activation.[�,�
] Surface function-
alization of the ENM was proven by X ray photoelectron spec-
troscopy (XPS), which allowed for detection of bands character-
istic to the surface functionalization. Surface functionalization
will impact on the charge of the ENM and this was characterized
by zeta potential measurements. Notably, the zeta potentials of
most of thematerials were as expected, with a net negative charge
on COOH-functionalized particles, a lesser negative charge on
the PEG, and positive charge of the amine functionalized mate-
rials, respectively. However, there were some exceptions with the
MWCNTNH
 having a negative zeta potential and the TiO
PEG
rods with apparent positive charge (Table �). The zeta potential
measurement is based on the electrokinetic charge density of as-
sumed spherical particles and is not intended for high aspect ra-
tio materials such as MWCNT.[��] The absolute values of zeta po-
tential are also in�uenced by the ratio of bulk ions (i.e., NaCl) to
particle numbers in the dispersion.[��] Thus for MWCNT values
should only be considered as a relative measure compared to the
core. Nonetheless, the zeta potentials within the MWCNT are in
exactly the same ranking as their aggregation behavior in NaCl
solution.[��] Similar arguments apply to the TiO
 rods. Zeta po-
tential di�erences can be also partly explained by the nature of the
ligands used for the di�erent ENM. For CuO, the basic ligand for
functionalization is a thiol with a carboxylate end group and PEG
was attached forming an ester with the carboxylate. The negative
charges for PEGCuOPEG arise from possible residual COOH. For
TiO
 the basic ligands for functionalization were a silane with an
amine group and PEG was attached through an amide while the
positive charges are due to non-modi�ed amines.
To identify the type of airway in�ammation after exposures to


	 ENM, in�ammatory cells, namely macrophages, neutrophils,
lymphocytes, and eosinophils, were identi�ed and quanti�ed
from the bronchoalveolar lavage (BAL) �uid. Signi�cant particle-
speci�c changes in immune cell in�ltration were observed for all
four cell types (Figure �). A substantial increase in macrophage
counts was seen after exposures to both spherical (TiO
s) and
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Figure �. Oropharyngeal aspiration of di�erent ENM induce changes in cell composition of bronchoalveolar lavage (BAL) �uid in mice on day 	. Espe-
cially, TiO�-ENM upregulates the number of monocytes, whereasMWCNT induces enhancement of eosinophils, and CuOs neutrophils and lymphocytes
in BAL �uid. *P � �.�	, **P � �.��, ***P � �.��� (Two-tailed, nonparametric Mann�Whitney U). All cell counts are counted from MGG-stained, cy-
tospinned slides and each group is compared to the appropriate vehicle-treated control group. BAL cell counts are presented as normalized counts
against the corresponding control cell counts. Sample size n = 	�
 mice per treatment group.
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