
Summary. Potential risk associated with new
nanomaterial exposure needs to be assessed. This in vivo
study investigated pulmonary effects of engineered
cadmium-containing silica nanoparticles Cd/SiNPs (1
mg/rat), silica SiNPs (600 µg/rat) and CdCl2 (400 µg/rat)1, 7 and 30 days after intratracheal instillation.
Comprehensive histopathological and immunocyto-
chemical characterization of lung damage in terms of
apoptosis, cell proliferation, inflammation, fibrosis and
metabolism were obtained.

After exposure to all treatments, lung parenchyma
showed injury patterns characterized by collapsed
alveoli, inflammation, granuloma formation, thickened
alveolar septa and bronchiolar epithelium exfoliation.
Type II pneumocytes, containing scarcely surfactant-
lamellated bodies, were also observed. Apoptotic
phenomena enhanced as following, Cd/SiNPs>CdCl2>SiNPs. In parallel with these findings, a significant
increase of PCNA-immunoreactive cells was detected
together with high mitotic activity. Cellular localization
and distribution of IL-6, IP-10 and TGF-ß1 revealed an
increased expression of these cytokines as evidence of
an enhanced cellular inflammatory response. CYP450-
immunoreactivity was also enhanced, at bronchiolar
(e.g. Clara cells) and alveolar (e.g. macrophages) level
after both Cd/SiNPs and CdCl2. These overall effectswere observed acutely and lasted until the 30th day, with
Cd/SiNPs producing the most marked effects. 

Collagen-immunolabelling changed particularly 7
and 30 days after Cd/SiNPs, when a strong stromal
fibrogenic reaction occurred. 

The present findings suggest that Cd/SiNPs produce
significantly greater pulmonary alterations than either
SiNPs or CdCl2 under the present experimental

conditions. 
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Introduction

In the latest decades growing worldwide attention
has been devoted to engineered silica (SiO2)nanoparticles (SiNPs) based on their putative novel
applications in a variety of industries, including
biomedical and biotechnological fields (e.g., cancer
therapy, DNA transfection, imaging, and controlled drug
delivery) (Ravi Kumar et al., 2004; Bharali et al., 2005;
Gemeinhart et al., 2005; Oberdörster et al., 2005; De
Jong and Borm, 2008; Slowing et al., 2008).

A paucity of toxicity experimental data is available
for amorphous and nano-size forms of silica, in contrast
to the wide information existing on the well-studied
crystalline micron-sized silica (Napierska et al., 2010). 

Interestingly, nanoparticles possess novel properties,
kinetics and unusual bioactivity, although their potential
biological effects may not necessarily be easily predicted
from previous studies of micron-size bulk materials. 

Due to the unique physico-chemical properties of
nano-sized silica, much concern has been expressed
about the potential of adverse and unanticipated toxic
effects on human health, including an enhanced ability to
penetrate intracellular targets in the lung and through the
systemic circulation (Donaldson et al., 2001; Maynard et
al., 2006). For instance, ultrafine particles have been
shown to cause development of particle-mediated lung
diseases, including greater pulmonary inflammatory
responses, than those induced by the fine particles per
given mass (Li et al., 1999; Nemmar et al., 2003; Zhang
et al., 2003). Also, experiments using silica nano-
particles, both in amorphous colloidal (Kaewamatawong
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et al., 2005; Wang et al., 2007) and crystalline (Wang et
al., 2007) forms, have demonstrated their greater ability
to cause lung injury as compared with fine particles.
Thus, the unique properties (i.e., small size and
corresponding large specific surface area; cell
penetrating ability) of nano-sized SiO2 are likely toimpose biological effects that differ greatly from micron-
scale counterparts.

Crystalline silica is known to cause adverse health
effects: for the micron-sized crystalline silica form, the
most important mechanisms involved in the
inflammogenic and fibrogenic activities (Fubini and
Hubbard, 2003; Sayes et al., 2007) and/or carcinogenic
activity (Saffiotti, 1992; IARC, 1997) seem to be
oxidative stress and, linked to it, oxidative DNA and
membrane damage. Whereas amorphous silica, being
generally free of crystalline forms, is considered to be
less toxic, and therefore it has been less studied.
Findings indicate that synthetic amorphous silica is not
involved in progressive fibrosis of the lung (Reuzel et
al., 1991; Lee and Kelly, 1992); however, high doses of
amorphous silica may result in acute pulmonary
inflammatory responses (Rosenbruch, 1992).
Amorphous silica in the form of engineered SiNPs have
been increasingly used for different applications.
However, although only limited in vivo studies on SiNPs
are available, findings have reported that they can cause
adverse health effects depending on their manufacturing
process and the current data do not clarify whether
amorphous SiNPs – showing cytotoxicity via oxidative
stress, pulmonary inflammation, induction of expression
of matrix metalloproteinases, and transient fibrosis
(Kaewamatawong et al., 2006; Choi et al., 2008; Park et
al., 2011) – are less or more harmful as compared with
micron-sized silica.

In addition, SiNPs may contain metals as
contaminants, but the enhancing effects of metals on NP
toxicity, and whether or not these NPs can act as carriers
of toxic metals, is still unknown (Maynard et al., 2006).
On the other hand, silica NPs incorporating cadmium
have been developed for potential application in
informatics and as drug delivery devices (Barik et al.,
2008; Rzigalinski and Strobl, 2009; Vivero-Escoto et al.,
2010). Fluorescent, radio-opaque, and paramagnetic
CdS-containing “quantum dots” have been produced as a
multifunctional probe for bioimaging. 

Cadmium (Cd) is a highly reactive metal, and its
chief route of exposure is via the respiratory system
(Oberdörster et al., 1992, 1994; Potts et al., 2001).
Because of its stability in the environment and long
retention time in the human body (half-life, ~ 20 years),
Cd can accumulate and cause a variety of adverse effects
(Waalkes, 2003; Joseph, 2009). The target organs for Cd
toxicity include the liver, kidney, lung, testis, prostate,
and bladder. However, prolonged human exposure to Cd
results mainly in diseases affecting lungs and kidneys
(IARC, 1993; ATSDR, 2008). Inhalation of Cd can
result in acute injury such as oedema, or under chronic
exposure these changes can progress to emphysema,

pulmonary fibrosis or adenocarcinomas. 
Since nanoparticles have unique physicochemical

properties and functionalities that are different from their
bulk counterparts, their mode of action may vary greatly
based on their physicochemical parameters. It is
therefore crucial to determine the appropriate way to
compare physicochemical properties with fate and
toxicity.

The approach taken in this study was to evaluate the
in vivo effects of engineered NPs (ENPs), namely silica
NPs doped with Cd (Cd/SiNPs) compared to the effects
produced by the “SiNPs” counterpart (not doped) on
lung tissues (portal organ of entry). Cadmium, a well
recognized pneumotoxicant, was used as a tool and
employed in the dosage and chemical form known to
induce lung toxicity in rodents. The dose selected and
the mode of exposure were based on previous
experiments showing lung dysfunction, cytotoxicity,
edema and fibrosis after intra-tracheal (i.t.) instillation of
cadmium chloride (Damiano et al., 1990; Bell et al.,
1997, 2000). In particular, lung injury induced by CdCl2given i.t. at the dose of 400 µg /rat (=245 µg Cd) was
shown to represent a good model of human interstitial
lung disease (Damiano et al., 1990).

The present investigation was focused on specific
endpoints and pathological outcomes of the pulmonary
tissue. In particular, the evaluated morphological and
molecular effects included: (i) histopathology of lung
tissue (by means of Haematoxylin/Eosin Staining and
TEM analysis), (ii) characterization of apoptotic/
proliferating features by TUNEL and PCNA
immunostaining, and (iii) immunohistochemical
evaluation of the presence/distribution of (1) TGF-ß1
(Transforming Growth Factor-beta1), (2) IL-6
(Interkeukin-6), IP-10 (interferon-gamma-induced
protein), Eotaxin, (3) Collagen (Type I), and (4)
cytochrome P450, (5) calmodulin. These endpoints were
assessed as markers of general lung toxicity,
inflammation, fibrosis, and metabolism, respectively.

Comparative data assessment was analyzed in terms
of the biological responses to the three types of
treatment in relation to persistence, delay, or tendency to
resolution of these effects by considering the evaluation
at different time points, i.e. 24 h, 7 and 30 days post-
exposure. 
Materials and methods 

Preparation of NP of silica containing Cd salt

Impregnation of SiO2 (silica nanosize HiSilTMT700 commercial Degussa Gmbh - Germany, average
pore size 20 nm, surface area 240 m2/g, pore specific
volume of 0.4 cm3 g-1; HiSil™ T700 also contains 8-10
hydroxyl groups per nm2 of surface) with cadmium
nitrate dehydrate was obtained from a preparation of
aqueous solution of CdNO3 3.56x10-2 M, in which the
silica was dispersed in concentration ratio which
produces a sample containing 40% Cd by weight.
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Dispersion was brought to dryness and treated at 600°C
for 2 hr in air. This heat treatment leads to the
decomposition of nitrate Cd to Cd oxide, dispersed in
silica. Powder was later subjected to grinding mills with
high energy (200 rpm for 1.5 hr, 400 rpm for 1.5 hr, 600
rpm for 2 hr) to get the most equal distribution of
particle size and/or aggregates of particles. The thermal
treatment followed by heating the particles at higher
temperatures (about 500-600°C) was performed in order
to remove the residual organic groups. The thermal
processes have allowed also to remove possible
endotoxin contamination (e.g. lypopolysaccharides)
according to the Food and Drug Administration
guidelines (Vallhov et al., 2006). 

Attention was devoted to tune the thermal treatments
in order to retain the grain dimensions, pore size, and
distributions, and particle surface areas. The entire
synthesis preparation was performed under sterile
conditions (e.g. using laminar flow cabinet, ultrapure
water, autoclaved glassware) to avoid NPs
contamination. An endotoxin assay confirms the absence
of detectable gram negative endotoxin on both NP types,
namely SiNPs and Cd/SiNPs, at the concentration of 1
mg/ml (the detection limit was less than 0.1 EU/ml). 

Cd concentration released from NP of silica in the
physiological solution was determined by Flame-atomic
absorption analysis for trace metals. Quantitative
analysis was also performed on the Cd/SiNPs sample for
the presence of trace metals.
Physicochemical characterization of Cd/SiNPs

Before in vivo exposure by intratracheal instillation
(i.t.), exhaustive physicochemical characterization of
Cd/SiNPs was performed by STEM (scanning
transmission electron microscopy) technique: energy
dispersion X-ray (EDX), X-ray powder (XRD)
diffraction, and Dynamic light scattering (DLS).

Cd/SiNPs were imaged by STEM technique: energy
dispersion X-ray (EDX) was used for point and line
profile analysis. STEM with a large-angle annular dark-
field (HAADF) was use to give Z-contrast profile
(CAMCOR, University of Oregon, Eugene, OR, USA). 

X-ray powder (XRD) diffraction was used to
determine phase composition of the Cd/SiNPs. It was
determined at room temperature on a Rigaku Ultima IV
X-ray diffractometer with a CuKα source (λ=1.5418 Å).
Phase analysis for the sample was carried out based on
the International Center for Diffraction Data (ICDD)
database (PDF-2 support software, 2009). 

Dynamic light scattering (Zetasizer Nano ZS90,
Malvern Instruments, Alfatest-Roma Italy) was used to
measure the size distribution of Cd/SiNPs and SiNPs (in
deionized water) and their zeta potential. 
In vivo study: Animals and treatments

Adult male Sprague-Dawley rats (12 weeks old)
were purchased from Charles River Italia (Calco, Italy)

and allowed to acclimatize for at least 2 weeks prior to
treatment. Animals were housed under constant
conditions of temperature, humidity, and photocycle (12
h light/12 h dark) with unlimited access to a commercial
rat diet (VRF1 Mucedola from Charles River Italia) and
tap water.

The weight of rats in all treatment groups at the time
point 0 (day of instillation) was g 278±3.

All experimental procedures involving animals were
performed in compliance with the European Council
Directive 86/609/EEC on the care and use of laboratory
animals. All animals used in this research have been
treated humanely according to the institutional
guidelines, with due consideration for the alleviation of
distress and discomfort.

For the treatment, groups of rats (n=6 total for each
treatment group at each time point) were anesthetized
with pentobarbital sodium for veterinary use and were
i.t. instilled with Cadmium Chloride (CdCl2), Silica NPs(SiNPs), and Cadmium-doped Silica NPs (Cd/SiNPs)
(see section 2.1, 2.2), dispersed at a dose of 400 µg/rat,
600 µg/rat and 1 mg/rat, respectively, in 100 µl NaCl
0.9%. Just before i.t. exposure, the different NP
suspensions were prepared by vortexing the suspension
on ice to further force NP dispersion, avoiding the
tendency to agglomerate and the formation of
aggregates. No surfactants or solvents were used. The
suspensions of the test materials were immediately used
for the treatment.

Twenty-four hours, 7 and 30 days after i.t., a set
(n=3 animals for each treatment and at each time point)
of treated and control rats were deeply anesthetized with
an overdose i.p. injection of 35% chloral hydrate (100
µl/100 g b.w.); lung preparation for morphohisto-
chemical evaluations was done by vascular perfusion of
fixative. Briefly, the trachea was cannulated, and
laparotomy was performed. The pulmonary artery was
cannulated via the ventricle, and an outflow cannula was
inserted into the left atrium. In quick succession, the
tracheal cannula was connected to about 7 cm H2Opressure source to inflate the lungs with air, and clearing
solution (saline with 100 U/ml heparin, 350 mosM
sucrose) was perfused via the pulmonary artery. After
blood was cleared from the lungs, the perfusate was
switched to fixative consisting of 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4). After fixation, the
lungs were carefully removed.
Tissue sampling

Lungs
The top and the bottom regions of the right lungs of

control and differently treated animals were dissected.
Tissue samples were obtained according to a stratified
random sampling scheme which is a suggested method
for lung tissue in order to compensate for regional
differences which are known to exist in the lung
(Weibel, 1979) and to reduce the variability of the
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sampling means. 
From each slice, 2-3 blocks were systematically

derived, washed in NaCl 0.9% and post-fixed by
immersion for 7 hr in 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4), dehydrated through a graded
series of ethanol and finally embedded in Paraplast.
Eight µm thick sections of the samples were cut in the
transversal plane and collected on silan-coated slides.
Histology and cytochemistry

Lung sections of control and treated rats were
stained with Haematoxylin/Eosin (H&E) to evaluate
overall tissue structural changes.

Immunocytochemistry
To avoid possible staining differences due to small

changes in the procedure, the reactions were carried out
simultaneously on slides of control and treated animals
at all stages. 

Immunocytochemistry was performed using
commercial antibodies on rat lung specimens to assess
(1) the presence and distribution of (i) TGF-ß1, (ii) IL-6,
(iii) IP-10, (iv) Eotaxin, (v) Collagen (Type I) and (vi)
Proliferating Cell Nuclear Antigen (PCNA-PC10), as
typical markers of general lung toxicity, inflammation,
fibrosis, and cell proliferation/DNA repair, respectively;
and (2) the presence and alteration of (i) Cytochrome
P450, and (ii) calmodulin.

Lung sections of control and treated rats were
incubated overnight at room temperature with: (i) a
primary rabbit polyclonal antibody against TGF-ß1
(Santa Cruz Biotechnology, Santa Cruz, CA, USA)
diluted 1:100 or (ii) a primary rabbit polyclonal antibody
against Collagen (Type I) (Chemicon, Temecula, CA,
USA) diluted 1:400 or (iii) a primary goat polyclonal
antibody against IL-6 (Santa Cruz Biotechnology)
diluted 1:100 or (iv) a primary mouse monoclonal
antibody against PCNA-PC10 (American Bio-
technology, Plantation, USA) diluted 1:5 or (v) a
primary rabbit polyclonal antibody against Cytochrome
P450 (Chemicon, Temecula, CA, USA), diluted 1:300,
or (vi) a primary rabbit polyclonal antibody against
calmodulin (Swant, Bellinzona, Switzerland) diluted
1:1000, or (vii) a primary goat polyclonal antibody
against IP-10 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) diluted 1:200, or (viii) a primary goat
polyclonal antibody against Eotaxin (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) diluted 1:200; all
the above mentioned antibodies were diluted in PBS.

Biotinylated anti-rabbit, anti-goat and anti-mouse
secondary antibodies and an avidin biotinylated
horseradish peroxidase complex (Vector Laboratories,
Burlingame, CA, USA) were used to reveal the sites of
antigen/antibody interaction. The 3,3’-diaminobenzidine
tetrahydrochloride peroxidase substrate (Sigma, St.
Louis, MO, USA) was used as chromogen, and

Haematoxylin was employed in some specimens for
nuclear counterstaining. Then, the sections were
dehydrated in ethanol, cleared in xylene, and finally
mounted in Eukitt (Kindler, Freiburg, Germany).

As negative controls, some sections were incubated
with phosphate-buffer saline in absence of the primary
antibodies; no immunoreactivity was observed in this
condition.

TUNEL staining
In addition to morphological criteria, apoptotic cell

death was assayed by in situ detection of DNA
fragmentation using the terminal deoxynucleotidyl-
transferase (TUNEL) assay (Oncogene Res. Prod.,
Boston, MA, USA). The lung sections were incubated
for 5 min with 20 µg ml-1proteinase-K solution at room
temperature, followed by treatment with 3% H2O2 toquench endogenous peroxidase activity. After incubation
with the TUNEL solution (90 min with TdT/biotinylated
dNTP and 30 min with HRP-conjugate streptavidin) in a
humidified chamber at 37°C, the reaction was developed
using 0.05% 3-amino-9-ethylcarbazole (AEC) in 0.1 M
TRIS buffer (pH 7.6) with 0.2% H2O2; in some
specimens the reaction was developed using a 0.1%
DAB solution. The specimens were lightly counter-
stained with Haematoxylin.

As a negative control, in some sections the TdT
incubation was omitted; no staining was observed in
these conditions.

Cytochemical assessment
(i) Scoring different specimens, the immunostaining

for IL-6, TGF-ß1, IP-10, Eotaxin, Calmodulin, CYP450,
Collagen (Type I) was evaluated in conventional
brightfield microscopy by recording the localization and
intensity of labelling according to a semiquantitative
scale from absent/undetectable (-) to maximal (+ + + +).
Then, to assess the significance of the immunohisto-
chemical results, a Kruskal-Wallis non-parametric
analysis of the semiquantitative data was performed. A p
value of <0.05 was considered significant.

(ii) The evaluation of PCNA- and TUNEL-
cytochemically positive cells (PCNA L.I., TUNEL L.I.)
was calculated as the percentage (Labelling Index) of a
total number (about 500) of all cells (bronchiolar,
alveolar and stromal of the lung parenchyma), for each
animal and experimental condition, in a minimum of 10
randomly selected high-power microscopic fields.
Statistical analyses among the different biological
situations was performed by two-way analysis 
of variance (ANOVA) followed by the Bonferroni 
test.

The slides were observed and scored with a bright-
field Zeiss Axioscop Plus microscope. The images were
recorded with an Olympus Camedia C-2000 Z digital
camera and stored on a PC running Olympus software.
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Electron microscopy

Lung fragments (small blocks of about 1 mm3) from
a second set of rats (n=3 for each treatment at each time
point) were fixed for 4 hrs by immersion in icecold 1.5%
glutaraldehyde (Polysciences, Inc. Warrington, PA,
USA) buffered with 0.07 M cacodylate buffer (pH 7.4),
containing 7% sucrose, followed by post-fixation in
OsO4 (Sigma Chemical Co., St. Louis, MO, USA) in 0.1
M cacodylate buffer (pH 7.4) for 2 hr at 4°C, dehydrated
in a graded series of ethanol and embedded in Epon 812.
Semithin sections (1 µm thick) were stained with 1%
borated methylene blue. Ultrathin sections (about 600Å
thick) were cut from the blocks, mounted on uncoated
200-mesh-copper grids, and doubly stained with
saturated uranyl acetate in 50% acetone and Reynold’s
lead citrate solution. The specimens were examined with
a Zeiss EM 300 electron microscope operating at 80 kV.
Statistical analysis

For histology and immunocytochemistry: TUNEL
and PCNA data were analyzed by two-way analysis of
variance (ANOVA) followed by the bonferroni test for

multiple mean comparison. Differential immunolabeling
expression data are not normally distributed so the
Kruskal-Wallis nonparametric test was used. Statistical
significance is indicated with a * (P value <0.05). In all
graphs error bars represent the standard deviation of the
mean.
Results 

Evaluation of the release time of Cd from sil ica
nanoparticles (Cd/SiNPs)

Cd concentration released from NP of silica in the
physiological solution was linear during a period of 16-
232 hr (evaluated by linear of regression: y=
473.24+0.7235x, R2=0.9975). The maximum release
(about 15%) was observed after 16 hr in physiological
solution.
Purity of NP doped with cadmium

Quantitative analysis was performed on the
Cd/SiNPs, to verify the amount of doping effectively
dispersed in the silica and the presence of any metal
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Fig 1. X-ray diffraction shows
the Cd/SiNPs sample consisting
of amorphous (the wide diffuse
peak between 20 and 40
degrees) and crystalline phases.
Database Searching confirms
the presence of Cadmium
Nitrate Hydroxide Hydrate,
Cd(OH)NO3 (H2O) (DB card
number 00-018-0260), and silica
(SiO2, DB card number 00-029-
0085).
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Fig. 2. STEM images of Cd/SiNPs. a. STEM analysis includes
high-angle annular dark-field scanning transmission electron
microscopy (HAADF STEM) images on the top (a1 and a2). b. A
energy dispersive X-ray spectrum (EDS) in the bottom. EDS
analysis has been performed on the Cd/SiNPs indicated with an °
in the insert and points out that the main composition of sample is
Si, O, and Cd. In particular HAADF STEM images show the
tendency to aggregate of Cd/SiNPs (that is, no isolated
nanoparticles).

pollutants from possible impurities in the reagents or the
grinding process in jars of tungsten carbide alloy with
cobalt. The presence of Cd and Si has been highlighted
(32.5% and 24.1% respectively), the main pollutants
were Ca (0.3%), Na (0.2%), K (0.2%), Fe (0.04%) and
Mn (0.001%). Other metals were present in quantities
less than 1 ‰. 
Characteristics of Cd/SiNPs

Table 1 summarizes major characteristics of the

Cd/SiNPs and SiNPs.
- X-ray diffraction showed that the sample seems to

consists of amorphous (the wide diffuse peak between
20 and 40 degrees) and crystalline phases (Fig. 1). It was
found that there is no one single phase in the database
which provides a good match for all the peaks found for
this sample. Database searching without any restrictions
on a possible composition of the sample confirms the
presence of Cadmium Nitrate Hydroxide Hydrate,
Cd(OH)NO3 (H2O) (DB card number 00-018-0260) and



silica (SiO2, DB card number 00-029-0085).- STEM quantitative analyses show the aggregation of
Cd/SiNPs (Fig. 2A) and the analysis of the elements in
HAADF mode (EDS spectra) confirmed the presence of
Cd, Si and O in the Cd/SiNPs (Fig. 2B). 
- Dynamic light scattering determination of the
Cd/SiNPs and SiNPs size distribution shows a range of
50-500 nm for both types of nanoparticles (Fig. 3) and
similar zeta potential between the two types of NPs
(Table 1). Although particle samples were vortexed prior
to measurement (similarly to what was performed before
i.t. administration), a tendency to agglomerate was
detected. 
Animal body weight (b.w.)

The treated rats exposed to SiNPs or either form of
Cd were not different from the controls in the rates of
b.w. gain from day 0 (i.t. treatment) to the last day of
treatment. During this period, the b.w. increased by 40%
in all groups.
Lung histology 

Cytohistological morphology 
After i.t. exposure to all the different treatments,

namely CdCl2, Cd/SiNPs and SiNPs, the lungparenchyma, analyzed by both light and electron
microscopy, clearly showed patterns of injury with a
different extent of intensity characterized by collapsed
alveoli, areas with inflammatory alterations, granuloma

formation, thickening of alveolar septa and some
patterns of bronchiolar epithelium exfoliation (Fig. 4).
Noticeably, type II pneumocytes were clearly
characterized by the presence of vacuolized and scarcely
surfactant-lamellated bodies of various shapes and sizes.
These morphological alterations were accompanied by
expression changes of some molecules (e.g. different
cytokines and metabolic factors, as reported below)
typically involved in the tissue response reaction as a
consequence of cytotoxic effects caused by the different
instilled compounds. These overall effects were
observed acutely (after 24 hr) and lasted until the 30th
day, with Cd/SiNPs treatment producing the more
marked effects compared to SiNPs and CdCl2 groups. 
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Fig. 3. Size distribution
obtained from DLS
measurements of Cd/SiNPs or
SiNPs in physiological
solutions.

Table 1. Physico-chemical characteristics of the silica nanoparticles.

Cd/SiNPs SiNPs

pH 7 * 7*
Structure both amorphous amorphous 

and crystalline
Particle morphology spherical form spherical form
Primary particle size range 20-80 nm 60-90 nm
Specific Surface area BET about 200 m2/g about 240 m2/g
Tendency to aggregate about 350 nm about 120 nm
and agglomerate
Zeta Potential -23 mV * -30 mV * 

*: in deionized water.



Cell kinetics (cell death and proliferation) cytochemistry 

To evaluate cell death as a consequence of CdCl2,SiNPs, Cd/SiNPs injury action in lungs, the
cytochemical detection of DNA fragmentation with the
TUNEL reaction was performed, while the lung cell
proliferation response was determined by PCNA
expression (Fig. 5A,B), as this accessory protein is
mainly involved during the DNA replication and repair.
Any presence of necrotic tissue was detected, while, on
the contrary, several apoptotic cells were observed. The
canonical apoptotic phenomenon, morphocyto-
chemically characterized by nuclear pyknosis,
karyorrhexis, TUNEL-positivity and apoptotic body
formation (Fig. 6e-l) increased significantly after all
three types of treatment more markedly at the early time

point (24 hr) and persisting for 30 days (with tendency to
decrease with time) (Fig. 5). However, this enhancement
was more pronounced for Cd/SiNPs>CdCl2>SiNPs. Themore marked effects caused by Cd/SiNPs were mainly in
the alveolar epithelial cells in comparison to the
bronchiolar epithelial cells and the macrophages. 

With regard to PCNA expression, a significant
increased number of immunoreactive proliferating
pulmonary cells was detected, both at epithelial and
stromal levels (Fig. 6a-b) for all types of treatment, and
in parallel, at ultrastructural level, high mitotic activity
was also seen (Fig. 6c-d): SiNPs and CdCl2 produced asimilar increase for all time points considered, while the
effect of Cd/SiNPs was more pronounced at 1 and 7 day-
post treatment with a mild attenuation at the 30th day
(Fig. 5B).
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Fig. 4. Light microscopy (H&E: a-c) and electron microscopy (d) of some structural changes detected in lung parenchyma of control (a) and Cd/SiNPs-
treated animals (b-d). a. Normal alveolar and bronchiolar morphology. b. Collapsed alveoli with wall thickening and micro-hemorrhagic foci, associated
with bronchiolar distortion and epithelial cell desquamation. c. Bronchus-associated prominent lymphoid nodule (arrow) in the peribronchiolar and
perivascular areas. d. Ultrastructure of edematous alveolar wall (arrow) and type II pneumocytes (PII) filled by vacuolized multi-vescicular bodies. a-c, x
40; d, x 4,400



Cytokine and chemokine immunocytochemistry

The cellular localization and distribution of IL-6, IP-
10, and TGF-ß1, all involved in tissue injury and repair
pathways, revealed an extensive spreading in the
bronchiolar, alveolar and stromal cells, evidencing the
cellular inflammatory response, which was more intense
for Cd/SiNPs already observable at 24 hr and which
persisted at 30 days (Table 2). 

The heaviest IL-6-immunopositivity after Cd/SiNPs
was detected at the stromal level, with several
immunopositive fibroblasts and endothelial cells staining
in alveolar areas. Similar staining was seen after CdCl2,as well as after SiNPs ( Fig.7a-e).

A marked IP-10-immunoreactivity was detected at
the alveolar wall (endothelium and macrophages) and

bronchiolar levels (airway epithelium), particularly after
Cd/SiNPs and CdCl2 (Fig. 7f-l). The TGF-ß1 antigen appeared significantly more
expressed in the stromal cells (e.g. macrophages and
fibroblasts) and in the collapsed alveolar areas (Fig. 7 m-
q) during macrophage activation and fibrosis induction. 
Eotaxin-1, a CC chemokine involved in eosinophil
recruitment and activation causing inflammatory damage
to the airway in particular allergic disease (i.e. asthma),
was not modified by any treatment (data not shown). 
Metabolic factor and collagen immunocytochemistry

CYP450-immunoreactivity was significantly
enhanced, in a time-dependent manner (24 hr <7 days
<30 days), and this was particularly evident at
bronchiolar (e.g. Clara cells) and alveolar (e.g.
macrophages) level (Fig.8 a-c) after both Cd/SiNPs and
CdCl2. SiNPs did not influence CYP450 epitopeimmunolabeling (Table 2). Noticeably, numerous
CYP450-immunopositive activated Clara cells were
detected in the bronchiolar epithelium of treated animals,
which appeared heavily basophilic and showed apical
protrusion containing several electron-dense secretary
granules (Fig. 8d-e).

None of the treatments altered the calcium-binding
protein, Calmodulin-like immunoreactivity (data not
shown). 

Immunocytochemistry for Type I collagen showed
that at 7 and 30 days after Cd/SiNPs exposure a strong
fibrogenic reaction occurred (Table 2). As collagen
(Type I) concerns, the immunocytochemical labelling
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Fig. 5. Histograms showing changes in percentage of TUNEL (A) and
PCNA (B) Labelling Index of pulmonary cells as a consequence of i.t.
exposure to different substances: CdCl2 (Cd) versus Silica nanoparticles
bare (SiNP) or Cadmium-doped (Cd/SiNP) measured at three different
time points (24 hr, 7 and 30 days). In all treated rats, a significant
increase (two-way ANOVA) of positive cells was clearly observed, more
markedly at the early time point (24 hr), lasting until 30 days (with
tendency to decrease with time) showing the trend Cd/SiNPs>CdCl2>
SiNPs. Data are expressed as mean ± S.D. (*) signifies statistically
significant differences (p<0.05) compared to the respective control.
Different letters (a-c) denote mean values that are statistically different
at p<0.05: comparison is between one time point versus the one
immediately before of the same group.

Table 2. Expression of immunolabelling for IL-6, TGF-ß1, IP-10, CYP
450 and Collagen (Type I) on a semiquantitative evaluation.

Control 24 hr 7 days 30 days p Value

Cd/SiNPs
IL-6 ± +++± +++ ++± **
TGF-ß1 ± +++ ++++ ++ **
IP-10 ± ++++ +++± ++± **
CYP 450 ± ++ ++± +++ **
Collagen-I ± +± +++ ++± **

CdCl2
IL-6 ± +++ ++± ++ **
TGF-ß1 ± ++ +++ +± **
IP-10 ± +++ ++± ++ **
CYP 450 ± + ++ ++± *
Collagen-I ± +± ++± ++ *

SiNPs
IL-6 ± ++± ++ +± *
TGF-ß1 ± ++ ++± + *
IP-10 ± ++± ++± ++ *
CYP 450 ± + ++ ++ NS
Collagen-I ± +± ++± ++ *

Degree of staining intensity: from undetectable (-) to strong (+ + + +). p
values calculated by Kruskal-Wallis test: (**) <0.01; (*) <0.05.



changes between control and treated rats, also supported
by TEM analyses, appeared evident particularly 7 and 30
days after Cd/SiNPs exposure (Table 2), when a strong

stromal fibrogenic reaction occurred, characterized by
diffuse collagen fiber deposition both in juxta-
bronchiolar areas and within the alveolar walls (Fig. 9a-f).
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Fig. 6. Cell proliferation (a-b’) and apoptosis (e-g) detected by PCNA immunolabelling and TUNEL staining respectively, detected 24 hr (e, g) and 30
days (a-b’ and f) after rat i.t. exposure to 1 mg/kg b.w. Cd/SiNPs (a-b and e-f) and CdCl2 (a-b and f-g). PCNA positive epithelial cells (arrows) at
bronchiolar (a) and stromal levels (b-b’); particularly, in (b-b’) a juxta-nodular collapsed area is presented, showing active proliferating inflammatory cell
infiltration (arrowheads); TUNEL positive cells (chromatin condensation) detected in stromal and epithelial areas (e-g), in which labelled pneumocytes
and macrophages (arrows) were observable. Electron micrographs showing alveolar and stromal mitoses (c-d) and different phases of apoptotic cell
death: pyknosis (h), karyorhexis (i) and apoptotic body formation (l). a, b, e-g, x 40; b’, x 100; c, x 4,400; d, x 3,000; h, x 12,000; i, l, x 7,000
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Fig. 7. Immunostaining patterns of IL-6 (a-e), IP-10 (f-l) and TGF-ß1 (m-q) expression in controls (a, f, and m) and rats differently treated with
Cd/SiNPs (b-c, g-h and n-o) or CdCl2 (d, i, p) or SiNPs (e, l, q), at 24 hr (b-e, g-l) or 7 days (n-q) after i.t. exposure. Noticeably, low labelling for IL-6 is
detected at all lung districts (e.g. bronchiolar, stromal and alveolar levels) in controls (a), while, 24 hr after all treatments, bronchiolar, stromal and,
sometimes collapsed, alveolar areas appeared strongly immunoreactive for IL-6 (b-e) and IP-10 (g-l), showing several marked immunopositive cells
(arrows). Strong immunoreactivity for TGF-ß1 is observed mainly at stromal level (n) and in several collapsed alveolar zones (o-q) with evident
immunopositivity at endothelial level. x 40.

Fig. 8. Immunostaining reaction for CYP450 (a-c) in lung 30 days after i.t exposure to Cd/SiNPs. Significantly enhanced CYP450-immunoreactivity,
evident at alveolar (a) and bronchiolar levels (b) was detected; particularly, the presence of several activated CYP450-immunopositive Clara cells
(arrows) was detected in the apical region of bronchiolar epithelium (c). Light (methylene blue staining on semithin sections), (d) and electron
microscopy (e) details similarly demonstrating the occurrence of numerous activated Clara cells (arrows). a, b, x 40; c, x 60; d, x 100; e, x 3,000



Discussion

The present study has addressed the pulmonary
effects of new ENPs “Cd/SiNPs” versus SiNPs and
CdCl2 on some cell kinetic and cytochemical parametersinvestigated in rats at different time points post treatment
(single i.t. exposure to 1 mg/rat, 600 µg/rat and 400
µg/rat, respectively). 

The findings clearly demonstrate that Cd/SiNPs
other than SiNPs and CdCl2 produce a general
pulmonary toxicity coupled with an inflammatory
response, noticeably deductible by the occurrence of a
widespread cellular reaction aimed to obstacle and
recover tissue damage, observed both at epithelial and
stromal levels, with signs of fibrosis and granulomas
formation. The effects were detectable at the earliest
time point, 24 h, and persisted until the 30th day, and
more markedly for Cd/SiNPs group.

Our experimental results, showing inflammation and
fibrosis, evidenced by a wide-spread immunoreactivity
of both cytokines/chemokines and collagen, respectively,
are in agreement with previous literature data for either
CdCl2 or SiNPs reporting toxic pulmonary effects. Infact, several experimental studies using similar treatment
protocol reported that CdCl2 induces lung histo-
pathological alterations (i.e., inflammation and fibrosis)
at 7 days after treatment, still present 90 days post-
exposure with a greater extent of lesions compared to

those observed at 28 days (Damiano et al., 1990;
Driscoll et al., 1992; Bell et al., 1997). Ultrafine silica
(amorphous or colloidal) particles (1-3 mg/mouse),
administrated by i.t., produced acute and chronic
granulomatous inflammation (at the later stage - 14
weeks) (Cho et al., 2007), as well as acute bronchiolar
degeneration, necrosis, neutrophilic infiltration, alveolar
type II cell swelling and alveolar macrophage
accumulation (Kaewamatawong et al., 2005). However,
lower instillation doses (0.3-30 µg/lung) of ultrafine
colloidal silica particles demonstrated a transient acute
moderate lung inflammation and tissue damage,
associated with oxidative stress and apoptosis, since
these inflammatory responses receded and recovered
after 30 days (Kaewamatawong et al., 2006). The same
authors suggested that concentration of less than 0.3
µg/lung was not associated with toxic pulmonary effects
in mice. Moreover, the effect of nano-SiO2 (20 mg silicadust, i.t.) on fibrogenesis was demonstrated during a 2-
month-study in rats with, however, a milder effect than
that of micron-SiO2 suggesting that SiO2, nanoparticles,because of their size, probably diffuse more easily to
extrapulmonary compartments than microparticles (Chen
et al., 2004). 

From a cytokinetic point of view, our findings
demonstrate a correlation between cell loss, (namely
epithelial cell exfoliation and apoptosis) and cell
proliferation, which may represent the primary reaction
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Fig. 9. Immunostaining reaction for Collagene Type I (a-c) in lung, 7 and 30 days (a, c and b, respectively) after i.t exposure to Cd/SiNPs (a-b) or
SiNPs (c). The collagen-labelling changes between control and treated rats appeared evident, particularly 7 and 30 days after Cd/SiNPs (a and b,
respectively) and 30 days after SiNPs (c) exposure, with a strong stromal fibrogenic reaction characterized by diffuse collagen storage (a-c). TEM
images (d-f) similarly showed enhanced collagen fiber deposition (arrows) in the alveolar and stromal areas. a-c, x 40; d, f, x 7,000; e, x 4,400



of both epithelial and stromal cells against the acute
insult by all instilled compounds. The apoptosis lasted
until the 30th day post instillation with a tendency to
decrease over time. This phenomena is accompanied by
an increase of proliferating pulmonary cells, as shown
by the occurrence of several mitoses both at epithelial
and stromal levels, clearly indicating the cellular
response aimed at structural remodelling of damaged
alveoli. The presence of cell populations undergoing
apoptosis and epithelial desquamation, more frequent
after Cd/SiNPs exposure, suggest an injury condition
mainly involving the airway and alveolar lining cells.
Recent findings of nanosilica in pulmonary cells
undergoing apoptosis have suggested that apoptosis is
one of the mechanisms of silica-related cell damage in
humans (Song et al., 2011). 

In addition, our study indicates that, other than cell
proliferation and repair as mechanisms compensating
cell loss, tissue recovery is also accompanied by an
interstitial reaction represented by a gradual increase
production of extracellular matrix in a time-dependent
manner. Specifically, our results underline the pivotal
role of interstitial type I collagen overexpression in
creating abnormal spatial organization of the alveolar
septa at different temporal stages, being, type I, the
major collagen present in extracellular matrix and
perhaps the most important factor for stabilization of
tissue structure, growth and repair. In line with literature
data, this fibrotic response that we observed in a delayed
manner (starting to be manifest at 7 days post i.t.) is
typical of the presently tested materials (i.d. SiNPs and
CdCl2). Differently, our previous studies demonstratedthat i.t. exposure to multiwalled carbon nanotubes
produced a general pulmonary toxicity coupled with
inflammatory response without overt signs of fibrosis
and granuloma formation, even at 16 days after their
instillation in rats (Roda et al., 2011). 

Regarding the chemokines, our data, showing an
early occurrence followed by a persistence of increased
cytokines-immunoreactivity (i.e., IL-6, TGF-ß1, and IP-
10), are in agreement with the notion that an active
pulmonary remodelling after injury is typically
characterized by an increase of cytokine mediator levels
(Branton and Kopp, 1999; Yu et al., 2002; Choi et al.,
2008). In particular, TGF-ß1 may function as a master
switch in tissue repair and wound healing, even though
substantial evidence indicated that a continuous
disordered expression of TGF-ß1 may lead to fibrosis
(Willis et al., 2005). Moreover, pulmonary fibroblast
proliferation would be an indirect effect of TGF-ß1
increase which in turn may induce fibroblasts to
differentiate into myofibroblasts, the latter representing
the main source of extracellular matrix material during
lung fibrogenesis (Agostini and Gurrieri, 2006). The
pro-inflammatory cytokines, such as IL-6, TGF-ß1, and
IP-10, are essential in the progression of pulmonary
diseases, for example from early pulmonary
inflammation to the outcome of fibrosis, being important
mediators for recruiting various cell types including

alveolar epithelial and endothelial cells, alveolar
macrophages, fibroblasts and activated lymphocytes
(Agostini et al., 2000; Shiozawa et al., 2004; Kim et al.,
2009). A recent study demonstrated overexpression of
the chemokine receptor CXCR3 and its ligands
(including IP-10) in chronic obstructive pulmonary
disease (Kelsen et al., 2009). On the other hand, IL-6 has
been reported to have both pro-inflammatory and anti-
inflammatory capabilities. Regarding the latter effects,
several studies showed IL-6 ability to inhibit the
production of tumor necrosis factor, IL-1ß and
macrophage inflammatory protein-2, to stimulate the
production of metalloproteinase inhibitors, to reduce
intracellular superoxide production, and to inhibit
cellular apoptosis (Yu et al., 2002).

Concerning the morphological alterations, in the
present study the occurrence of alveolar type II
pneumocytes containing multivescicular bodies with
scarce lamellar structures indicates a decrease of
surfactant secretion to the extracellular milieu as a
consequence of cell damage. The relevance of this
surfactant alteration comes from the fact that this
product plays a crucial role in the prevention of alveolar
collapse by reducing surface tension, interstitial oedema
and hyaline membranes (Alarifi et al., 2004).

Moreover, our findings indicate for the first time that
both CdCl2 and Cd/SiNPs are able to modulate theCYP450 in lung tissue (e.g. in Clara cells and alveolar
macrophages) at all time points considered. Several
studies indicate that alveolar macrophages play an
important role as defence cells against inhaled particles
by expression of cyp genes (e.g. cytochrome P450) in
addition to Clara cells of the bronchiolar epithelium
(Voit Fanucchi et al., 1997; Hukkanen et al., 2001;
Saarikoski et al., 2005). Scarce literature data report
cadmium effects on hepatic cytochrome P450 (CYP450)
content after in vivo administration (Pillai and Gupta,
2005) and nanoparticles (Carboxyl polystyrene latex
beads) effects on CYP450 system in in vitro hepatic
models (Fröhlich et al., 2010). 

In conclusion, although the use and application in
nanotechnology of SiNPs is promising, the risk
associated with new nanomaterials needs to be assessed.
The present findings suggest that ENPs such as
Cd/SiNPs are toxic to lung tissue after i.t. exposure, even
more than SiNPs alone and the pneumotoxicant CdCl2. For the present study i.t. was applied as a useful
method to compare lung effects in rats of a new material
(i.e., counterpart-doped nanoparticles) against similar
compounds (i.e. CdCl2) for which an extensiveinhalation database is available (ATSDR, 2008).
Moreover, the i.t. model may serve as a screening tool to
determine the approximate dose range that may be
appropriate for later inhalation studies, mimicking
realistic conditions of human respiratory exposure as
may occur in environmental and occupational setting, as
well as to address specific endpoints regarding the
respiratory toxicity of nanomaterials (Driscoll et al.,
2000).
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