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MR imaging, targeting and characterization of
pulmonary fibrosis using intra-tracheal
administration of gadolinium-based
nanoparticles
Nawal Tassalia*, Andrea Bianchia, François Luxb, Gérard Raffarda,
Stéphane Sancheza, Olivier Tillementb and Yannick Crémillieuxa
Idiopathic pulmonary fibrosis is a devastating disease. Animal models are critical to develop new diagnostic
approaches. We investigate here whether the application of an ultra-short echo time MRI sequence combined with
the intra-tracheal administration of Gd-based nanoparticles can help to visualize and characterize pulmonary
fibrosis in mice. 21 mice were imaged. Treated mice were administered bleomycin. MRI was used for longitudinal
detection of bleomycin-induced lung injury from Day 1 up to Day 60. On Day 30, all mice received nanoparticles
and MR images were acquired. A signal enhancement of 120% and 50% in fibrotic lesions and healthy tissues
respectively was obtained. A twofold increase of contrast-to-noise ratio between fibrotic and healthy tissue was also
observed, leading to a more accurate delineation of the extent of fibrosis. The elimination time constant of the
nanoparticles was 54% higher in fibrotic lesions. Bleomycin-induced lung injury can be monitored using MRI.
Intra-tracheal administration of Gd-based nanoparticles enabled us to enhance fibrotic tissue in lungs but also to
extract imaging biomarkers that quantify elimination and diffusion of contrast agents and can characterize fibrotic
tissue. The added value of MRI associated with pulmonary administration of contrast agents is key to better understand the lung fibrotic process and monitor drug response in pre-clinical studies, which will be valuable for translational applications. Copyright © 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION
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Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive and
ultimately lethal disease characterized by excessive fibroblast
and extracellular matrix (ECM) proliferation and accumulation
of inflammatory cells. These pathological alterations result,
among other things, in the thickening of the blood–air barrier
and in peripheral and basal honeycomb-like structures visible
on radiological images (1,2). Following the diagnosis of the
disease, the mean life expectancy is low, ranging between two
and four years, with patients’ death mostly due to respiratory
failure (3–5). Although sometimes considered as a rare disease,
it is estimated that IPF affects at least five million people worldwide (6). No efficient cure for IPF is available at the moment, and
treatments essentially aim at slowing down the progression of
the disease, reducing the symptoms and improving the comfort
of the patients (7,8).
Considering the poor prognosis of this disease and the
absence of efficacious treatments, the development of early
and sensitive diagnostic tools and follow-up techniques are
essential to monitor the evolution of the disease and to assess
the efficacy of therapies in animal models of lung fibrosis. The
most frequently used animal model of IPF is the bleomycininduced lung fibrosis in rodents. In this model, bleomycin, an
antibiotic used as anticancer agent and potential inducer of
pulmonary fibrosis in patients, is administered to the animal
lungs through the endotracheal route (9,10).
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Radiological X-rays and high resolution computed tomography
are the usual imaging techniques for the diagnosis of IPF. MRI in
lungs is impeded by strong limitations such as very short apparent
transverse time (T2*), low spin density and motion artefacts
(11–14). Despite these difficulties for imaging normal or pathological lung tissue, MRI remains an attractive imaging tool when
considering the absence of ionizing radiation, the excellent soft
tissue contrast and the large choice of available commercial or
pre-clinical contrast agents. As a matter of fact, during the last
decade several pre-clinical MRI studies have demonstrated the
potential of MRI for assessing the presence and the extent of
fibrosis in experimental animal models of IPF (15–19).
In this work, we investigated whether the application of a
T1-weighted ultra-short echo time (UTE) MRI sequence combined
with the intra-tracheal administration of gadolinium (Gd)-based
nanoparticles, referred to hereafter as USRP (ultra-small rigid
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platform), can help to visualize and characterize fibrotic regions
in the lungs. To this end, two mouse strains treated with
bleomycin administered through the oropharyngeal aspiration
(OA) route were investigated. The MRI signal enhancement
(SE), the contrast-to-noise ratio (CNR) and the biodistribution
imaging of the nanoparticles were measured and compared
between the bleomycin-treated group and the saline control
group. The findings of the study demonstrate the potential of
Gd-based nanoparticles for passive targeting of lung fibrosis
regions. This contrast-enhanced imaging protocol represents a
new sensitive and quantitative tool for evaluating the extent of
lung fibrosis and potentially for monitoring the efficacy of
administered drugs for IPF treatment.

2. RESULTS AND DISCUSSION
The presence of lung fibrosis was successfully detected with MRI
in all the bleomycin-treated mice from both strains C57BL/6 and
BALB/c. As reported in previous lung MRI studies (10,15,16,20)
performed on animal models of IPF, the bleomycin-induced
lesions were essentially visualized in the central region of the
lungs, whereas distal regions of the lung had normal appearance
in the UTE images. The evolution of the lung fibrosis was
monitored in vivo using UTE MRI up to 60 days after the end of
the sensitization protocol described by Egger et al. (10). Typical
follow-up lung UTE images, as shown in Fig. 1, exemplify the
onset of hyperintense MRI signals in central regions of the lungs
(between Day 0 and Day 10) and the persistence of these high
signal intensities up to Day 60.
Typical lung MRI images obtained in the two mouse strains on
Day 30 after the last bleomycin administration are shown in
Fig. 2B, C, E, F. In some animals (Fig. 2B), free-breathing UTE
MRI allowed the identification of hyperintense regions attributed
to fibrotic lung tissues but failed to clearly delineate the contours
of the lesions in some of them (Fig. 2E). In contrast, the intratracheal administration of USRPs enabled the detection of

bleomycin-induced lesion tissues in all animals (Fig. 2C, F).
On Day 30, the maximum SE values were observed between
45 and 120 min following the administration of the nanoparticles.
At 70 min, the SE measured in ROIs located in the hyperintense regions was equal to 1.11 ± 0.2 in bleomycin-treated C57BL/6 mice
and to 1.13 ± 0.3 in bleomycin-treated BALB/c mice. For comparison, at 70 min the SE measured in ROIs with normal appearance
in pre-contrast UTE images of bleomycin-treated animals and
in control animals were respectively equal to 0.42 ± 0.1 and to
0.81 ± 0.4 in C57BL/6 mice and to 0.35 ± 0.16 and to 0.76 ± 0.12
in BALB/c mice. Values measured in hyperintense and normal
appearance regions in bleomycin-treated animals were significantly different (p < 0.05).
In all the bleomycin-treated mice, the CNR before the
administration of the nanoparticles was equal to 21.0 ± 3.4 for
C57BL/6 mice and to 22.4 ± 6.8 for BALB/c mice. The maximum
CNR values were observed around 120 min following the
administration of the USRPs. At this moment, the CNR was equal
to 36.8 ± 6.8 for C57BL/6 mice and to 44.7 ± 4.0 for BALB/c mice.
The increase of contrast to noise ratio (ΔCNR) in the identified
fibrotic tissues 2 h after the intra-tracheal administration of
50 μL of 50 mM [Gd3+] USRP showed almost twofold higher
values. Significant differences (p < 0.05) were observed between
CNR values obtained before and 2 h after the contrast agent
administration.
The assessment of fibrotic tissue pre and post administration
of contrast agent solution yielded similar values for the total
volume. As shown in Fig. 3, a good correlation between the
two measurements was obtained. However, the volumes
measured from the contrast-enhanced images were 25% larger
on average. The reproducibility of volume measurement was
statistically better (p = 0.005) using the contrast-enhanced
acquisitions, with standard deviations of 2.7 mm3 and 3.7 mm3
respectively for post and pre contrast agent administration.
As shown in Fig. 4, the one-compartment biodistribution
model with first-order kinetics adequately fitted the evolution
of the concentration of nanoparticles measured in the lungs
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Figure 1. MRI follow-up of the bleomycin-induced injured lung up to Day 60. UTE-MRI axial slices of BALB/c mice before administration of bleomycin
(D0) and 2 days (D2), 10 days (D10), 30 days (D30) and 60 days (D60) after the last administration of bleomycin. The arrows indicate fibrotic areas in the
3+
lungs. A 2.5 mm diameter reference tube containing a 1 mM [Gd ] USRP solution was positioned under the abdomen of the animal.

N. TASSALI ET AL.

Figure 2. UTE-MRI axial slices of typical BALB/c mouse (A–C) and C57BL/6 mouse (D–F). A and D were acquired before the OA of bleomycin on Day 0. B
3+
and E were obtained before intra-tracheal administration of 50 μL of 50 mM [Gd ] USRP solution and images C and F were acquired 70 min and 75 min
respectively after intra-tracheal administration on Day 30. A 110% and a 120% SE was obtained in fibrotic lesions of BALB/c and C57BL/6 mice respectively.
3+
G and H were obtained in C57BL/6 control mice: before intra-tracheal administration of 50 μL of 50 mM [Gd ] contrast agent (G) and 70 min after intra3+
tracheal administration (H). A 2.5 mm diameter reference tube containing a 1 mM [Gd ] USRP solution was positioned under the abdomen of the animal.
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Figure 3. Fibrotic tissue volumes obtained from all individual mice pre and post intra-tracheal administration of contrast agent, shown respectively on
horizontal and vertical axes. Error bars correspond to standard deviations obtained from two repeated volume measurements.
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Figure 4. Typical fits of the evolution of the concentration of the nanoparticles in the lungs for 50 mM [Gd ] USRP solution for a bleomycin-injured C57BL/6
mouse on Day 30 after last bleomycin administration (in red) and for a healthy C57BL/6 mouse (in blue). The graphs are presented as mean ± standard deviation.

after intra-tracheal administration of the USRPs in both healthy
and bleomycin-injured animals.
In bleomycin-treated BALB/c mice the average value of the
USRPs diffusion time constant, corresponding to the passage
of the nanoparticles from airspace to lung tissue and pulmonary
microcirculation, was equal to 26.0 ± 5.5 min, compared with the
value of 44.5 ± 9.4 min measured in the healthy mice. In C57BL/6
mice averaged diffusion values were equal to 26.0 ± 5.5 min for
bleomycin-treated mice and 41.7 ± 8.1 min for healthy mice
(Fig. 5). These differences in the diffusion time constant between
the two groups of animals were not statistically significant
(p = 0.13 and p = 0.14 for BALB/c and C57BL/6 mice respectively).
In all bleomycin-treated mice, the average elimination time
constant of the nanoparticles from the lung tissue and vascular
compartment was significantly longer than that in healthy mice.
In C57BL/6 mice, the elimination time values were equal to 250.6
± 22.0 min for bleomycin-treated mice and 166.3 ± 6.3 min for
healthy mice (Fig. 5). In BALB/c mice, the elimination time values
were equal to 249.7 ± 26.1 min for bleomycin-treated mice and
159.6 ± 13.6 min for healthy mice. This increase of elimination
time constant was found to be statistically different between
bleomycin and control groups (p = 0.04 and p = 0.02 for BALB/C
and C57BL/6 mice respectively).
The presence of bleomycin-induced lung fibrosis was confirmed with histological analysis performed on mice on Day 30.

Typical histological images of bleomycin-treated and healthy
C57BL/6 mice are shown in Fig. 6 for standard HE staining and
Fig. 7 for picrosirius red staining. Increased cell density on
HE-stained sections (Fig. 6) associated with collagen deposition
on picrosirius-stained sections (Fig. 7) was observed in
bleomycin-treated animals as compared with control animals.
Similarly to MRI findings, the increased level of collagen was
mostly located in central regions of the lungs of the animals.
The bleomycin-induced fibrotic lung injury was chosen in the
present work, as a widely used and well characterized animal
model of this disease. The advantages of the OA administration
of bleomycin as described by Egger et al. are numerous. The
technique is completely non-invasive compared with intratracheal administration, which can damage the tracheal route if
the catheter placement is not done properly, especially for
repeated administrations of solution. The method is easy to
perform, reproducible, fast and allows a dose reduction of
bleomycin compared with other techniques such as intra-nasal
instillation (10). The intra-tracheal administration was preferred
for the delivery of the nanoparticles. This approach allows a
precise control of the number of nanoparticles delivered to the
animals, and the administered solution has been shown to be
uniformly distributed in the lungs (21).
The objective of this study was to assess the potential of intratracheally administered USRPs used as a new Gd-based contrast

3+
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Figure 5. Elimination and diffusion average time constants obtained after the intra-tracheal administration of 50 mM [Gd ] USRP solution on Day 30
for C57BL/6 (n = 8 bleomycin treated, n = 5 control) and BALB/c (n = 4 bleomycin treated, n = 4 control) mice after the last administration of bleomycin.
The asterisks indicate a significant difference with a probability p < 0.05. The graphs are presented as mean ± standard deviation of measurements
made in two slices.
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Figure 6. Typical examples of hematoxylin–eosin (HE) stains of fibrosis (top images) and control (bottom images) lung tissue. These HE stains from
axial sections correspond to the MR image 2E (top fibrosis images) and 2G (bottom control images). The scale bars correspond to a magnified view × 25
for left-hand images (scale bar 200 μm for the top left image and 1000 μm for the bottom left image) and to a magnified view × 200 for right-hand
images (scale bar 100 μm for the top right image and 100 μm for the bottom left image).

agent for enhancing and characterizing lung fibrotic tissues with
MRI. Among all in vivo imaging modalities, MRI distinguishes
itself with its ability of detecting subtle tissue changes, its noninvasiveness and the absence of ionizing radiation, facilitating
the transfer into clinical practice. To circumvent the limitations
of MRI in the lung, the acquisitions were performed using radial
UTE, an imaging sequence known to allow an early and rapid
acquisition of the transverse NMR signal and to be less sensitive
to motion (22,23).
Hence, no respiratory or cardiac triggering was used in this
study and free-breathing MRI acquisitions of the lungs were
performed on the animals. The advantage of free-breathing
imaging protocols is, first of all, to ensure a constant repetition
time and thus identical image contrast weighting for all acquisitions. As a consequence, the effect of the Gd-based nanoparticles
on the NMR signal intensity can be assessed and quantified
longitudinally. As compared with respiratory gating or to

mechanical ventilation, free-breathing acquisitions also result in
shorter acquisition time, preferable for the follow-up of the
biodistribution of the nanoparticles (21).
The Gd-based nanoparticles used in this study have been
previously described as an intra-tracheally administered contrast
agent in mice (21,24). The authors reported a large, above 100%,
MRI SE in lung parenchyma following the administration of the
nanoparticle solution (50 μL of 50 mM [Gd3+]), similar to the
one used in this study. They reported the absence of acute
pulmonary (inflammatory cells and protein content in bronchoalveolar lavage fluid) and renal (creatinine concentration) inflammation markers. These nanoparticles were shown to be cleared
by the kidneys before the final elimination through urine,
without significant hepatic clearance. The mean half-life of the
nanoparticles in the lungs of healthy mice was measured to be
149 min (Balb/c mice), in agreement with the results obtained
in this study.

400

Figure 7. Picrosirius-stained lung sections corresponding to the same sections as in Fig. 6. Orange areas correspond to collagen stained by picrosirius
red. The scale bars correspond to a magnified view × 25 for the left-hand images (scale bar 200 μm for the top left image and 1000 μm for the bottom
left image) and to a magnified view × 200 for the right-hand images (scale bar 100 μm for the top right image and 100 μm for the bottom left image).

wileyonlinelibrary.com/journal/cmmi

Copyright © 2016 John Wiley & Sons, Ltd.

Contrast Media Mol. Imaging 2016, 11 396–404

MR IMAGING AND CHARACTERIZATION OF PULMONARY FIBROSIS

Contrast Media Mol. Imaging 2016, 11 396–404

The shortened diffusion time constant of the USRPs in the
fibrosis animal group seems to indicate a fast passage and
accumulation of the nanoparticles in diseased regions of the
lung. Even though not statistically significant, this difference
was systematically observed between bleomycin-treated and
healthy animals. This observation might be related to the
increased density of cellular components within fibrotic tissue.
Again, hydrophilic proteoglycans might support this faster
passage (31). It can then be hypothesized that the ultra-small
contrast agent particles are rapidly diffusing from the airspaces
to these fibrotic regions, where they contribute to signal
intensity enhancement.
It is finally worth mentioning that the USRPs used in these
experiments are designed to allow the grafting of functional
groups. Specific compounds able to actively target some components of the ECM may be used in the near future. The combined
use of the nanoparticles and the protocol developed in this
study may therefore be employed to distinguish inflammation
from purely fibrotic tissue, one of the most challenging and
important issues for the development of efficacious treatments
for IPF.

3.

CONCLUSIONS

We showed in this study that high signal intensity enhancement
and contrast-to-noise ratio in fibrotic lung tissue can be obtained
when using intra-tracheal administration of non-targeting
Gd-based nanoparticles. Due to their larger diameter, these
nanoparticles offer a twofold higher longitudinal relaxivity per
Gd3+ ion as compared with the clinically approved Gd chelates.
In addition, their hydrodynamic diameter remains under 6 nm,
considered as an upper limit for a rapid translocation of particles
from the airspace to the lung tissue and for later renal clearance
(32). Further investigations are needed to validate the pharmacokinetic mechanisms hypothesized and to further understand the
passive targeting and the behavior of the nanoparticles within
bleomycin-induced injured lung.
The protocol developed in this study represents the first application of intra-tracheal MRI contrast agents for imaging lung
fibrosis. The findings demonstrate the potential of this approach
for visualizing and characterizing the presence of fibrotic tissue
in bleomycin-treated animal models. The combined application
of contrast agents and UTE MRI sequences may pave the way
to the disentanglement of the complicated relation between
inflammation and fibrosis, permitting better understanding of
the pathophysiology of IPF. It could also help monitor the
efficacy of antifibrotic drugs and therapeutic molecules targeting
this life-threatening disease.

4.
4.1.

EXPERIMENTAL
Animals

Six-week-old BALB/c (n = 8) and C57BL/6 (n = 13) male mice were
used for this study. Animals weighing 25.0 ± 0.5 g were
purchased from Elevage Janvier (Le Genest, France) and were
acclimatized in a temperature-controlled environment under a
12 h normal phase light–dark illumination cycle for 1 week
before the beginning of experiments. Tap water and food were
freely available. Experiments were carried out following the
INSERM (Institut National de la Santé et de la Recherche
Médicale) guidelines regarding the fair treatment of animals with
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The imaging protocol was validated on two mouse strains,
C57BL/6 and BALB/c. The former strain is known to be a high
responder (16,25) to bleomycin. The latter requires 10 times
more bleomycin for fibrosis induction, and it represents the
genetic background of many transgenic models (10). The
measurements of this study in terms of elimination and diffusion
constants show that the results presented are not strain
dependent.
As widely reported in the literature (15,16,26,27), during the
first three weeks post bleomycin administrations, the animal
model is characterized by an inflammatory phase with
proliferation of collagen fibers and the presence of inflammatory
mediators. This 3 week period is followed by a second phase
characterized by the presence of profibrotic mediators and
extended deposition of collagen fiber (26). The disease time
period between days 21 and 60 can be considered as the most
representative of human IPF in this bleomycin-induced animal
model (10,26,27).
For this reason, in this study the administration of the USRPs in
fibrotic lungs was performed on Day 30 to avoid the inflammation
regime and to focus on the fibrotic component of this animal
model. It should be noted that the histological observations
confirmed the extensive presence of collagen fibers in the lungs
on Day 30.
Although free-breathing UTE MRI allowed the identification of
abnormal and thickened lung tissues, the administration of
nanoparticles proved to greatly improve the delineation of the
fibrotic tissues, with SE values above 120% as compared with
values around 40% in normal appearance lung tissue.
Several mechanisms might explain this differential SE in the
fibrotic regions of the lungs. In healthy lung tissue, proteins
contribute to the maintenance of a dry parenchyma, prevent
increased fluid accumulation and guarantee efficient gas
exchanges. In abnormal tissues, as in pulmonary fibrosis, there
is an excess of ECM and of proteoglycan proteins contained in
this matrix. Proteoglycans are known to be hydrophilic and
therefore could have a non-negligible affinity with the nanoparticle
solution (28,29). It can thus be hypothesized that passive transport of the nanoparticle solution is facilitated by the widespread
presence of hydrophilic protein linked to collagen and ECM
deposition in bleomycin-induced lesions. Additionally, the larger
concentration of extracellular matrix components might reduce
the mobility of contrast agent nanoparticles, resulting in higher
longitudinal relaxivity and increased NMR signal intensity.
The results of the study pointed out that the biodistribution of
the nanoparticles greatly varies between the healthy and the
bleomycin-treated groups. The longer elimination time constant
of the USRPs in the fibrotic regions indicates a prolonged
retention of the contrast agent within the diseased lung tissue.
This can be related to the hampered access of the nanoparticles
to the capillary blood vessels and their subsequent renal elimination. Notable studies in the field of hyperpolarized nuclei
demonstrated an increase of transit time in the thickened
air–tissue barrier in bleomycin lung injury animals. Using
hyperpolarized 129Xe MRI, Driehuys et al. developed a method
to quantify gas-transfer efficiency, and were able to detect the
129
Xe signal in the gas phase of the airspace compartment
and to follow the absorption of hyperpolarized xenon in the
tissue parenchyma and in the red blood cells (RBCs). Their
results showed a significantly increased time constant for the
barrier and RBC signal replenishment with hyperpolarized gas
in bleomycin-treated rat lungs (30).

N. TASSALI ET AL.
approval of the Comité d’Ethique en Expérimentation Animale
de Bordeaux. At the end of the study, i.e. Day 60 for mice not
included in histology protocols, the animals were euthanized
by cervical dislocation.
4.2.

Administration of bleomycin

Bleomycin-treated mice were administered bleomycin sulfate
(Sigma Aldrich, Saint-Quentin Fallavier, France) (0.1 mg kg1 for
C57BL/6 mice and 1 mg kg1 for BALB/C mice) in 40 μL of saline
via the OA route. OA was performed as described by De Vooght
et al. (33). Briefly, mice were suspended vertically on a surgery
board, the tongue was pulled out with a plier, and the liquid
was dropped on the back of the tongue while the nose was
gently closed. The procedure was repeated every day for six
consecutive days as described by Egger et al. (10). A subgroup
of mice (5 C57BL/6 and 4 BALB/c) used as controls did not
receive bleomycin.
4.3.

Nebulized Gd-based nanoparticles

The Gd-based nanoparticle used throughout this study and
referred as USRP is displayed in Fig. 8. These gadolinium1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)based nanoassemblies are composed of a polysiloxane core
covalently linked, on average, to 10 Gd-DOTA species. The
nanoparticles have a hydrodynamic diameter of about 3.0
± 0.1 nm. At 310 K the longitudinal relaxivity r1 per gadolinium
ion is equal to about 6.0 mM1 s1 at 7 T (and thus 60 mM1
s1 per nanoparticle). The mass of these nanoassemblies is about
8.5 ± 1.0 kDa. Due to their hydrodynamic diameter being inferior
to 5 nm the hepatic uptake following intravenous injection was
measured below 0.15% of the injected dose using SPECT
imaging and labeling with 111In (34). Further details about the
synthesis and biodistribution of the particles following intratracheal administration can be found in References 34 and 35.
4.4.

MRI protocol

A 2D ultra-short echo time (UTE) sequence (36–40) was used
for the detection of bleomycin-induced lung injury in mice with
the following parameters: 804 directions/256 sampled points,
four averages, echo time 369 μs, field of view 3 × 3 cm2, repetition time 140 ms, acquisition bandwidth 50 kHz, matrix size

256 × 256 and flip angle for the Gaussian-shaped RF excitation
pulse 60°. The total acquisition time, for 10 axial slices of 1 mm
thickness covering the entire lung, was equal to 7.5 min. All
acquisitions were obtained on spontaneously breathing animals;
no triggering on the respiration or on the cardiac cycle was
applied.
Mice were placed in the magnet in prone position in a
homemade plastic holder and anesthetized with 2.5% isoflurane
in a mixture of O2/N2O (80:20) via a facial mask. The respiratory
cycle was monitored using a pressure sensor placed on the
animal abdomen. The images were acquired with a 7 T Bruker
spectrometer using a transmitter–receiver quadrature coil of
25 mm inner diameter (Bruker, Ettlingen, Germany) and a
gradient system with maximum magnetic field gradient amplitude
of 600 mT m1.
Lung MRI acquisitions were performed before and on different
days following the last bleomycin administration (Days 1, 2, 10,
30 and 60).
On Day 30, 50 μL of a 50 mM [Gd3+] USRP solution was intratracheally administered into the lungs of C57BL/6 mice and
BALB/c mice for both bleomycin-treated and control groups.
The administration of the nanoparticles followed the protocol
previously described in Reference 35. UTE-MR images of healthy
and injured lungs were acquired before and at different times
after the nanoparticle instillation (from 15 min up to 4 h).
4.5.

Image analysis and quantification

All the images were reconstructed using ParaVision 5.1 (Bruker,
Ettlingen, Germany) and analyzed using the free software MIPAV
(Medical Image Processing, Analysis, and Visualization, NIH,
Baltimore, MD, USA). For each animal and each image, fibrotic
tissues were identified and regions of interest (ROIs) approximately 2.5 mm in diameter were manually drawn in fibrotic
and in healthy tissues of the parenchyma to measure an average
signal. A 2.5 mm diameter reference tube containing a 1 mM
[Gd3+] USRP solution was positioned under the abdomen of
the animal. The noise was defined as the standard deviation of
the mean signal of an ROI selected in this reference. The
signal-to-noise ratio (SNR) was computed as the average signal
measured in an ROI of the lung divided by the noise value. The
SE was computed as the difference between the SNR in the lungs
after administration of the USRPs and SNR before the
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Figure 8. Representation of a typical USRP with a polysiloxane core and DOTA(Gd) species grafted through amide functions (Si yellow, O red, C light
blue, N blue, Gd green, H white) (21).
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administration, normalized to the SNR before the administration.
For each mouse, the SE was calculated on two axial slices and averaged over these two slices. The CNR in each image was computed as the difference between the average signal in the
fibrotic tissue and in the healthy tissue, normalized to the noise.
ΔCNR was calculated as the difference between the CNR before
and after the administration of nanoparticles. The extent of fibrotic tissue was assessed on each animal before and after administration of contrast agent when the CNR reached its
maximum value. The fibrotic regions were manually contoured.
The volume of fibrotic tissue was computed by summing the
segmented area from all the lung slices. The contouring of fibrotic regions and the volume computation was performed
twice, at an interval of 1 week, in order to evaluate the reproducibility and precision of the measurements.
4.6. Contrast agent concentration and pharmacokinetic
model
The absolute concentration of the USRPs in the lung tissue as a
function of time was derived as explained in Reference 24. In
short, the longitudinal relaxation time (T1) was computed from
the SE measurements. The nanoparticle concentration was then
h
i
obtained from the formula C ðt Þ ¼ r11 T 11ðtÞ  T 11ð0Þ , assuming the

longitudinal relativity r1 of USRPs at 7 T to be equal to 60 mM1
s1 and T1(0) = 1.4 s for the lungs (41).
Following a single oral instillation of the nanoparticles, the
concentration–time profile in the lungs was fitted with a onecompartment model with first-order diffusion and elimination
rate. The pharmacokinetic model is described by the following
formula:
C ðt Þ ¼ A 

 t

τ 1
τt
τe
d
d ;


e
e
1
τ 1
d  τe

with τ d the diffusion time constant and τ e the elimination time
constant of the nanoparticles from the lungs. A is a constant
related to the clearance rate.
All the data fits were obtained using SciDAVis software (http://
scidavis.sourceforge.net/).
4.7.

Histology

Histopathological analyses were performed on a subgroup of
animals on Day 30 on the right and left lungs. Lung tissues
were dissected out after cardiac perfusion of saline solution
and paraformaldehyde (prepared in PBS at 4%). Lungs were
immersed in a 4% paraformaldehyde solution for 24 h. Following
fixation, the extracted lungs were embedded in paraffin blocks.
Every 100 μm, two 3 μm thick sections were cut and enumerated
to approximately retain the spatial information. One of the
histological sections was stained with hematoxylin–eosin (HE)
to assess the general morphology and the other one was stained
with picrosirius red for the identification of collagen fibers.
4.8.

Statistical analysis
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