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Abstract

Objective To study the biodistribution and lung pharma-
cokinetics of tracheally administered gadolinium-based
contrast agents [gadoteric acid and multimodal ultra-small
rigid platforms (USRPs)], to validate their pharmacoki-
netics against optical imaging of fluorescent USRPs, and to
test their short-term toxicity.

Ultrashort echo-time (UTE) lung
proton magnetic resonance imaging (MRI) was performed
at 4.7-Tesla (T) after the intratracheal instillation of
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different concentrations of contrast agent solutions in mice.
Pharmacokinetic models were implemented on the absolute
concentration calculated from the MRI signal enhancement
measurements. Fluorescent USRPs were used to obtain
optical images with the same protocol. Bronchoalveolar
lavage inflammatory cell count and serum creatinine
measurement were performed on four groups of instilled
mice (sham, saline, USRPs, lipopolysaccharide).

Results MR and optical imaging showed similar kinetics
of the USRPs, passing from the airways to the lung tissue
and to the kidneys, with negligible hepatic clearance. No
significant increase of lung and renal inflammation markers
were observed in USRP-instilled animals.

Conclusion A T;-weighted radial UTE sequence was
found to be valuable in quantitatively monitoring the bio-
distribution and pharmacokinetics of nanoparticles in the
lungs of mice. The observed favorable pharmacokinetics,
which was validated by fluorescence imaging, ensures the
negligible toxicity of the nanoprobes, making the USRPs
and the developed protocol good candidates for applica-
tions on selected lung diseases.

Keywords Lung - UTE MRI - Gadolinium-based
nanoparticles - Fluorescence imaging -
Pharmacokinetics - Multimodal nanoparticles

Introduction

In recent years, magnetic resonance imaging (MRI), pro-
viding good spatial resolution, high soft tissue contrast and
absence of ionizing radiation, has proven to be the most
adequate technique for the screening and diagnostics of
numerous pathologies in the brain, heart or liver. Never-
theless, this consideration cannot yet be applied to the lung,
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which remains one of the most difficult organs to image
with MRI because of its intrinsic properties [1-3].

Among the factors that have a negative impact on lung
image quality, one can mention (1) the multiple air/tissue
interfaces, (2) the low proton density, and (3) the cardio-
respiratory motion. However, recent methodological or
instrumental developments [1, 4, 5] have somehow cir-
cumvented these difficulties in MRI of lung tissue. One
efficient strategy relies on the use of ultrashort echo-time
(UTE) radial imaging acquisitions [5-8]. UTE techniques
applied to lungs have been shown to be very effective for
limiting signal losses due to the rapid dephasing of trans-
verse magnetization and for reducing the motion artifacts
induced by heart beats and breathing.

In the light of these improvements in lung MRI, several
groups have reconsidered the potential of MRI contrast
media applied to the lungs [9—-12]. The delivery of contrast
agents to the lung can be carried out through two main
routes: via intravenous injection or via administration to
the airways. While the first modality is the most common
and easy to implement, the latter presents several advan-
tages, such as direct and local access to the pulmonary
tissue, prolonged probe retention and contact with lung
tissue, and the exact knowledge of the amount of contrast
agent delivered into the pulmonary tract [13—15].

Tracheally administered contrast agents can be used to
generate specific contrast mechanisms in the lungs. For
instance, as demonstrated previously with aerosols of
gadolinium chelates, the changes in signal intensity can be
related to the lung ventilation [16, 17]. More importantly,
the co-administration of MRI contrast agents associated
with drugs or therapeutic nanoparticles can be used for the
localization and monitoring of the biodistribution of these
therapeutic agents.

In a previous work, Bianchi et al. [12] successfully
applied a UTE MRI protocol in mice in order to assess in
the lungs the signal enhancement (SE) changes in time
after the intratracheal administration of gadolinium-based
nanoparticles, and to identify the elimination pathways of
the contrast agents. However, the spectrum of information
that MRI may offer is much wider and includes, among
others, the quantitative evaluation of several pharmacoki-
netic (PK) parameters that can shed light on a number of
aspects relative to the potential diagnostic and therapeutic
applications of these nanoassemblies. In addition, the
evaluation of the absolute concentration of the theranostic
agents in the tissue is of prime importance when thera-
peutic applications are envisioned.

Given these general objectives, we propose here a UTE
MRI study of the biodistribution and pharmacokinetics of
two tracheally administered Gd-based contrast agents,
namely the widely used gadoteric acid (Dotarem®) and
multimodal nanoparticles, hereafter referred to as ultra-
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small rigid platforms (USRPs). The pharmacokinetics,
biodistribution and concentration values of the USRPs
were validated against optical imaging of fluorescent US-
RPs. In relation to the pharmacokinetics of the contrast
agents, an acute toxicological study was performed as well,
in order to evaluate the short-term toxicity of the USRPs.

Materials and methods
Nanoparticles synthesis and characterization

The USRPs in our study were synthesized according to a
previously described protocol [18, 19], slightly modified to
obtain higher quantities of nanoparticles. Briefly, they were
obtained after a slow dissolution of a gadolinium oxide
core, encapsulated in a hollow sphere of polysiloxane, in
the presence of a chelating species like DOTA. The
resulting nanoparticles were composed of a polysiloxane
core surrounded by, on average, ten Gd-DOTA species.
When needed to perform optical imaging, Cyanine 5.5 (Cy
5.5) near-infrared dye was covalently grafted onto the
nanoparticles (USRPs-Cy 5.5). The detailed description of
the synthesis and characterization of the USRPs can be
found in the Supplementary Material.

The nanoparticles presented with a hydrodynamic
diameter of about 4.1 £ 1.0 nm. Due to the small rotation
rate, the longitudinal relaxivity r; per gadolinium ion was
equal to 8.22 mM's™ at 47T (corresponding to a longi-
tudinal relaxivity of 822 mM's' per nanoparticle),
roughly three times higher compared to standard Gd-
DOTA and Gd-DTPA molecules. The ratio between the
transversal relaxivity r, and the longitudinal relaxivity r
was equal to 1.31. For the fluorescence USRPs, on average,
one Cy 5.5 molecule was grafted for every 550 atoms of
gadolinium. The half-life of the particles in blood after
intravenous injection was found to be equal to 9 min. The
hepatic uptake following intravenous injection was mea-
sured below 0.15 % of the injected dose through SPECT
imaging (after labeling with '''In). More details about the
synthesis and the properties of these USRPs can be found
in Reference 18.

Animals

For MRI and toxicology experiments, 5-week-old female
Balb/c mice (n = 53), weighing 24.0 £ 0.5 g, were pur-
chased from FElevage Janvier (Le Genest, Saint Isle,
France). For fluorescence experiments, 5-week-old female
NMRI nude mice (n = 11), weighing 24.0 £ 0.5 g, were
purchased from the same rodent breeding company. The
use of nude mice for optical imaging allowed us to avoid
the typical auto-fluorescence that occurs due to the fur of
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Table 1 In vivo experimental design of the study

Bronchoalveolar lavage and creatinine

Histopathological evaluation

Toxicology
n=4 Sham No instillation n=4 Sham No instillation (blood, HES)
n=4 Saline NaCl 0.9 % 50 pl bilateral instillation n=4 Saline NaCl 0.9 % 50 pl bilateral instillation
(BAL, blood) (blood, HES)
n=4 USRPs 50 mM Gd*" 50 pl bilateral instillation n=4 USRPs 50 mM Gd*" 50 pl bilateral instillation
(BAL, blood) (blood, HES)
n=4 LPS 0.9 mg/ml 50 pl bilateral instillation n=4 LPS 0.9 mg/ml 50 pl bilateral instillation
(BAL, blood) (blood, HES)
MRI* Fluorescence imaging

Multimodal imaging

n=3 10 mM Gd** USRPs 25 ul selective instillation (PK lung) n =23 10 mM Gd** USRPs  25uL selective instillation
(PK lung, blood)

n=3 25 mM Gd** USRPs 25 pl selective instillation (PK lung) n =3 25 mM Gd** USRPs 25 pl selective instillation
(PK lung, blood)

n=3 50 mM Gd** USRPs 25 pl selective instillation (PK lung) n =3 50 mM Gd** USRPs 25 pl selective instillation
(PK lung, blood)

n=3 250 mM Gd*" Dotarem 25 pl selective instillation (PK lung)

n =3  Saline NaCl 0.9 % 25 ul selective instillation (control)

n=2 50 mM Gd** USRPs 50 pl bilateral instillation n=2 50 mM Gd** USRPs 50 pl bilateral instillation

(Elimination pathways)

(Elimination pathways)

* MRI preliminary study. 50 pl Dotarem with concentrations: 500 mM, 250 mM, 100 mM, 50 mM Gd** (n = 1/concentration)

Balb/c mice. Before the beginning of the experiment, the
animals were acclimatized in a temperature-controlled
environment for 1 week. Facility rooms were maintained at
a constant temperature (22° C) and humidity (50 % RH),
and a 12-h light/12-h dark illumination cycle. Access to
food and tap water was available ad libitum. Experiments
were carried out following the INSERM (Institut National
de la Santé et de la Recherche Médicale) guidelines
regarding the fair treatment of animals.

In vivo experimental design

Two separate experiments formed the basis of the in vivo
study (Table 1): a pharmacokinetics study through multi-
modal imaging techniques and an acute toxicological
investigation.

Multimodal imaging study

Mice were anesthetized using an intraperitoneal injection
of 50 pg/g ketamine (Panpharma, Fougeres, France) and
5 pg/g xylazine (Sigma-Aldrich, Saint-Quentin-Fallavier,
France). After the acquisition of MR/fluorescence baseline
images, an orotracheal intubation was performed on the
mice with a 22-gauge Teflon intravenous catheter. The
unilateral instillation was performed by passing the cathe-
ter through the vocal cords into the beginning of the

trachea, before the carina. The catheter was then pushed
further into the trachea in order to reach the beginning of
the left primary bronchus. The desired volume of contrast
agent was introduced in the lungs through the tracheal
catheter, allowing diffusion in the left primary bronchus
and consequently in the whole (left) lung. The solution of
Gd-DOTA-based contrast agent was obtained by dissolving
the nanoparticles in saline solution (0.9 % NaCl) to reach
the desired concentration.

After the extubation, MR/fluorescence images of the
mice lungs were acquired at different times, from 5 min up
to 48 h. In the intervals between the acquisitions, animals
were extracted from the magnet and left in a temperature-
controlled environment where they were allowed to
recover. Before the acquisition of the succeeding images,
mice were anesthetized with isoflurane at 2 % and repo-
sitioned in the magnet using the main anatomic landmarks
as reference.

A preliminary study was made in order to evaluate the
concentration of commercial gadoteric acid contrast agent
(Dotarem®, Guerbet, Villepinte, France) required to reach
a SE similar to the one previously shown by the USRPs
[12]. Four different concentrations (500, 250, 100 and
50 mM [Gd**]) of Dotarem® were administered to n = 4
mice. The concentration of Dotarem® was then fixed to
250 mM [Gd**] (See “Results” for explanation) and 25 pl
of gadoteric acid were administered to n = 3 mice to study
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the PK models in the lung (See “Results” for explanation).
Similarly, 25 pl of three different USRPs solution con-
centrations [10, 25 and 50 mM (Gd**)] were administered
to different mice (n = 3/group) to study the PK models in
the lungs. Three control mice received a selective admin-
istration of 25 pl of solution 0.9 % NaCl.

For fluorescence imaging, the same three concentrations
(10, 25 and 50 mM [Gd3+]; n = 3 mice/concentration;
USRPs with Cyanine 5.5 grafted onto them) were selec-
tively administered to study the PK in the lungs. We
extracted 25 pl of blood from the tail vein before the
administration and at different times after (15 min, 30 min,
1, 2, 3, 5, 24 and 48 h). Ten microliters of plasma were
obtained after centrifugation of blood (5 min at 3,000 g)
and fluorescence imaging was performed on the samples.
Finally, n = 2 mice received 50 pl of a 50 mM [Gd3+]
solution of USRPs-Cy 5.5 in order to verify the elimination
pathways also observed with MRI (n = 2). Forty-eight
hours after the administration of the nanoparticles, all the
main organs were extracted and 2D fluorescence imaging
was performed.

Acute toxicological study

The toxicological study was performed on two separate
sets of n = 16 mice (Table 1). Each set was divided into
four groups of n = 4 mice: (1) a sham group (anesthesia
only, without any intratracheal instillation); (2) a negative
control group (anesthesia and bilateral intratracheal instil-
lation of 50 pl of saline solution 0.9 % NaCl); (3) a con-
trast agent group (anesthesia and bilateral intratracheal
instillation of 50 pl of 50 mM [Gd3+] USRPs solution);
and (4) a positive control group (anesthesia and bilateral
intratracheal instillation of 50 pl 0.9 mg/ml of lipopoly-
saccharide (LPS) Escherichia coli Serotype [O111:B4,
Sigma Aldrich, Italy)].

Mice were anesthetized using the same procedure as
described above and a bilateral orotracheal intubation was
performed. The instillation was performed by passing the
catheter through the vocal cords into the beginning of the
trachea as before, but stopping it before the carina. A
volume of 50 pl (saline, USRPs or LPS) was introduced in
the lungs through the tracheal catheter, allowing diffusion
in both the primary bronchi and consequently in the whole
lungs.

On the first set of animals, bronchoalveolar lavage
(BAL) and blood were obtained 24 h after the instillation
procedure in order to measure the amount of inflammatory
cells, total protein count and serum creatinine levels as
described below. On the second set of animals, lungs and
blood were extracted 24 h after the instillation procedure
for histopathology and a second measurement of serum
creatinine levels, respectively.
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Magnetic resonance imaging

The images were acquired with a 4.7T Biospec 47/50
spectrometer (Bruker, Ettlingen, Germany), using a trans-
mitter/receiver quadrature coil with a 25-mm inner diam-
eter (Bruker, Ettlingen, Germany). The mice were placed
prone in a custom-built plastic holder and kept anaesthe-
tized with 2 % isoflurane in a mixture of N,/O, (80:20) via
facial mask. The body temperature was kept constant using
warm circulating water and the respiratory cycle was
monitored constantly, using a pressure sensor placed on the
abdomen.

For each animal, six consecutive 1-mm-thick axial slices
were acquired in an interleaved scheme to image the lung
and the liver. The acquisition was performed in freely
breathing animals, using a 2D multislice ultrashort echo
time sequence (804 directions/128 points, four averages)
with echo time (TE) of 276 ps, repetition time (TR) of
84 ms, bandwidth of 50 kHz, flip angle (FA) of 60° and
field of view (FOV) of 3 x 3 cm, according to the opti-
mized protocol of Ref. [12]. The acquisition was preceded
by 120 dummy scans. Free induction decay acquisition was
started during read gradient ramping, immediately after the
Gaussian-shaped RF slice excitation (duration 0.3 ms) and
the slice refocusing gradient. The total acquisition time was
of about 4 min. Similarly for each animal, ten 1-mm-thick
coronal slices were acquired to image the kidneys and the
bladder, using a 2D multislice FLASH sequence (matrix
size 256 x 256, 1 average) with TE of 2.3 ms, bandwidth
of 100 kHz, FA of 60°, FOV of 3 x 6 cm and TR of
100.5 ms for a total acquisition time of about 25 s.

MR images acquired with the UTE sequence were
reconstructed with in-house software implemented in IDL
(RSI, Boulder, CO). Following the application of a re-
gridding algorithm and a weighting function [20], the
images were interpolated to a 256 x 256 image matrix.
MR images acquired with the FLASH sequence were
reconstructed with the Bruker ParaVision 5.1 software. All
the images were saved and analyzed using freeware med-
ical image analysis software (MIPAV by NIH, US-MD).

For each image, the organs of interest were manually
segmented to measure the total average signal. The noise of
the images was quantified as the standard deviation of the
mean signal of a region of interest (ROI) selected in the
image background and the signal-to-noise ratio (SNR) was
computed. The SE in each image was computed as the
difference between the SNR in the lungs after the contrast
agent administration and before (baseline images), nor-
malized to the SNR of the baseline images [12, 21]. All the
ROIs in the lungs were drawn avoiding the main visible
vessels. For each image, the lung (left), kidneys (left and
right) and liver were manually segmented. For each mouse,
the SE was evaluated on three axial slices (center and
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bottom of the lungs and liver) and four coronal slices (two
for the kidneys and two for the bladder). For each animal,
the SE was averaged over the different measured slices.

For lung UTE images, the absolute concentration of the
contrast agent in the parenchyma at the different times was
computed from the SE measurement. The mathematical
details and the applicability of the procedure are accurately
described in the “Appendix”.

Briefly, considering that the measured signal follows a
well-known signal expression valid for UTE radial
sequences [22-24], with straightforward algebraic manip-
ulations, it is possible to compute the longitudinal relaxa-
tion time (7) value from the measurement of SE. Since the
concentration of the contrast agent is related to the T}
according to the formula C(r) = 1l/r; [U/T\(1)-1/T1(0)],
knowing the longitudinal relaxivity 7, of the contrast agent
(82.2 mM's™! for the USRPs and 3 mM™'s™! for Dotarem®
[25]), the absolute concentration of the contrast media in
the lung was computed (assuming at 4.7T, T;(0) = 1.6 s
for lungs [26]).

Fluorescence imaging

2D-fluorescence images and black-and-white pictures were
acquired using a back-thinned CCD camera at —80 °C
(ORCAII-BT-512G, Hamamatsu, Massy, France) fitted
with a high-pass filter RG9 (Schott, Jena, Germany).
Fluorescence images were acquired after illumination with
660-nm light-emitting diodes. Mice were anesthetized
(isoflurane 4 %/3.5 % for induction and 2 % thereafter)
and the body temperature was kept constant using a
warming plate. Image display and analysis were performed
using the Wasabi software (Hamamatsu, Massy, France).

For the follow-up of the fluorescence signal in function
of time on whole-body images, an ROI was drawn (1) on
the lung region and (2) on the skin of the back of each
mouse. The number of photons collected into each ROI
was then used to calculate the lung/skin ratios. This ratio
allowed us to remove the contribution of the skin to the
measured fluorescence.

At the end of the experiment, the mice were killed and
dissected for imaging organs and plasma. Semi-quantita-
tive data were obtained from the fluorescence images by
drawing ROIs on the different organs. The noise was
quantified on each image and subtracted from the fluores-
cence signal. For dissected organs, the results of fluores-
cence quantifications were expressed as a number of
relative light units per pixel per unit of time exposure.

Pharmacokinetic models

An oral instillation model with first-order kinetics was
tested on the concentration data to study MRI lung and

fluorescence imaging blood clearances, according to the
formula:

o (eff/fe _ e*t/Td) (1)

R

[27, 28], where 14 and 7. indicate the diffusion and elim-
ination time respectively (half-life = 7 In2), and A is a free
fitting-parameter related to the clearance rate.

All the data fits were performed using Igor Pro 6.2
(WaveMatrics, Inc., Lake Oswego, US-OR).

Bronchoalveolar lavage and creatinine study

Bronchoalveolar lavage was obtained 24 h after the saline/
USRPs/LPS intratracheal instillation. Briefly, anaesthetized
mice were exsanguinated by cardiac puncture. Blood
samples were collected from the right ventricular cavity.
Serum was separated by centrifugation at 3,000 g for
10 min at 4 °C, and was analyzed for creatinine concen-
tration according to manufacturer’s instructions (Bio-
Merieux, Marcy I’Etoile, France).

Mice were placed in the supine position and the trachea
was dissected free of connective tissue. A 24-gauge cath-
eter was inserted into the trachea, fixed with a knot, and the
lungs were lavaged twice with 0.3 ml of warm NaCl 0.9 %.
The BAL samples were gathered and kept on ice until
analysis. Total BAL leucocytes were counted under light
microscope, and an aliquot (0.1 ml) was sedimented on a
glass slide by centrifugation using cytospin® (Cytospin 4,
ThermoFisher Scientific, Courtaboeuf, France). Glass
slides were dried at room temperature for 30 min, and
smears were stained using a Diff-Quick® staining kit
(VWR International, Strasbourg, France), adapted from
May-Griinwald-Giemsa staining. Differential cell count,
i.e., the count of macrophages, eosinophils, neutrophils,
and lymphocytes, was performed on each glass slide, in
which 400 cells were analyzed by an investigator according
to a blinded procedure. The quantity of each cell type was
then expressed as cell percentage per ml of BAL. The
remaining BAL samples were centrifuged (10 min, 4 °C,
11,000 g) and the supernatants were collected to determine
protein concentrations using Biorad protein assay accord-
ing to manufacturer’s instructions (Life Sciences, Marnes-
la-Coquette, France).

Histopathological evaluation

Right and left lung tissues were dissected out, fixed with
4 % paraformaldehyde (prepared in phosphate-buffered
saline, pH 7.2), and embedded in paraffin. Histological
analysis was performed using 4-pm-thick lung slices
stained with haematoxylin-eosin-safran (HES). Slices
were evaluated by an anatomo-pathologist using light
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microscopy. The degree of lung injury was estimated by
assigning a semi-quantitative score (0—4) for separate
categories representing degenerative, proliferative, and
inflammatory alterations, based on incidence, severity
and location (bronchial and alveolar). The classification
categories included alveolitis, edema, hemorrhage, epi-
thelial desquamation, and peribronchial and perivascular
infiltration of both mononuclear cells and granulocytes,
according to the protocol developed by Costa et al. [14].

Statistical analysis

Comparison of data between groups for the toxicological
data (BAL cells counts, creatinine, protein levels and
pathology scores) and PK parameters (diffusion and elim-
ination times for different concentrations) was performed
using the Kruskal-Wallis nonparametric test with Dunn’s
multiple comparison (nonparametric equivalent of the one-
way analysis of variance).

Significance was fixed at 5 % probability level. All
analyses were performed using GraphPad Prism (GraphPad
Software Inc., La Jolla, US-CA). All the data are presented
and plotted as mean value + standard error of the mean
(SEM).

Results
MRI imaging

The preliminary study showed that a 250-mM solution of
gadoteric acid produces roughly the same SE achievable
with a 50-mM [Gd**] solution of USRPs (319 + 57 % vs.
294 £+ 29 % for 250 mM Dotarem and 50 mM [Gd3+]
USRPs solutions, respectively). The concentration of Dota-
rem® was thus fixed at 250 mM for the following lung PK
studies. In Fig. 1, axial slices of the lung before and 45 min
after the administration of the different concentrations of
USRPs, gadoteric acid or saline solution are shown.

The oral administration one-compartment PK model
with first-order kinetics properly fit the concentration of
contrast agent measured with MRI in the lungs after
intratracheal administration of USRPs or gadoteric acid. In
Fig. 2a, the typical data fits for a 250 mM Dotarem®
solution and a 50 mM [Gd3 1 USRPs solution are shown.
The vertical green dashed line highlights the two main
regimes taking place in the lungs following the adminis-
tration of the contrast agent solution. The diffusion regime
corresponds to the passage of the paramagnetic contrast
agents from the broncho-alveolar space to the lung tissue

Fig. 1 One of the six UTE axial slices (TE/TR 0.276/84 ms, 804
directions/128 points, four averages, FA = 60°, FOV 3 x 3 cm) of
the lung a before and 45 min after the selective administration of
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25 ul of b 10 mM, ¢ 25 mM, d 50 mM [Gd3+] USRPs solution,
e 250 mM gadoteric acid or f saline solution
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Fig. 2 a Typical fit of the computed absolute concentration of the
contrast agent in the lungs for a 50-mM USRPs solution (in blue,
scale on the /eft) and Dotarem® (in red, scale on the right). The oral
administration with first-order kinetics is the PK model that best fit
the data. The elimination time constant measured for the USRPs was

found to be roughly six times longer compared to the Dotarem® one.

b Typical data showing the signal enhancement measured in the
kidneys for a 50-mM USRPs solution and Dotarem®. The method
described to compute the absolute concentration cannot be applied in

and blood vessels, whereas the elimination regime corre-
sponds to the diffusion of contrast agents into other body
tissues and to their excretion through the kidneys.

No statistically significant concentration-dependence of
the USRPs diffusion half-life in the lungs was observed in
the explored range, probably due to the low number of
animals per group used in the study. Nevertheless, the
50-mM [Gd3+] solution showed an average value three
times higher than the 25-mM [Gd**] and 10-mM [Gd*"]
solutions (diffusion time constants for the 50, 25 and
10 mM solutions of 33 £ 13 min, 11 &£ 6 min and
9 £ 4 min, respectively, as shown in Fig. 3a). A similar
average value was found for the Dotarem® instilled mice
(43 £+ 5 min). The USPRs showed an elimination half-life
in the lungs independent of the solution concentration in
the explored range. The average elimination half-life for
the three different concentrations was 130 £ 20 min. Such
half-life was significantly longer than the one measured for
Dotarem® (22 £ 5 min, p < 0.01), as shown in Fig. 3b.
The maximum value of concentration reached in the lungs
after the administration of the USRPs was roughly
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this case because of the much longer TE of the sequence used to
acquire the data (FLASH sequence). For this reason, no PK modeling
could be applied to these data. ¢ Typical data showing the
fluorescence intensity measurements in the lungs for three different
concentrations. No fit has been performed since the lung/skin SNR is
only semi-quantitative. d Typical fit of the fluorescence intensity
measurements in the blood for three different concentrations. The oral
administration PK model properly fits the data

proportional to the concentration of the instilled nanopar-
ticles, as shown in Fig. 3c. Nevertheless, no statistical
difference between the groups was observed, most proba-
bly due to the small number of animals per group.

No SE was observed in the liver after the administration
of the USRPs. Contrastingly, the nanoparticles rapidly
accumulate in the kidneys. At the beginning, the SE
quickly decreases (with, on average, a 50 % drop of the SE
in about 2 h), then stabilizes (on average, a 50 % drop of
the SE in about 22 h), making the contrast agent detectable
in the kidneys more than 24 h after the administration, as
shown in Fig. 2b. This “two-steps” decay was not
observed in the kidney SE curves after intratracheal
administration of Dotarem® (with, on average, a 50 % drop
of the SE in about 85 min).

Fluorescence imaging
Fluorescence imaging confirmed the elimination pathways

observed with MRI, since it showed a fast passage of the
nanoparticles in the bloodstream followed by an
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accumulation in the kidneys before the final elimination
through urines, as shown in Fig. 4a. No hepatic clearance
was observed with optical imaging for the intratracheally-
administered USRPs, as visible in Fig. 4b, c.

The maximum of the fluorescence lung/skin SNR curves
was observed already at the first measured time point
(15 min). The halving of the fluorescence ratio (50 % drop)
was visible approximately 2 h after the instillation, even
though 24 h after the instillation, the ratio was still slightly
above the baseline, as shown in Fig. 2c. No differences
were found between the three different concentrations.

The oral administration one-compartment PK model
with first-order kinetics properly fit the concentration of
contrast agent in the blood measured with fluorescence
imaging, as shown in Fig. 2d for the three different con-
centrations. The USRPs diffusion half-life in the lungs was
not statistically different between the three concentrations
explored. The average diffusion half-life for the three dif-
ferent concentrations was 38 &£ 10 min. This half-life
measured in the blood was slightly longer than the one
measured in the lungs with MRI (14 £ 6 min, Fig. 2c).
The USPRs showed an elimination half-life in the blood
independent of the solution concentration in the explored
range. The average elimination half-life for the three dif-
ferent concentrations was 193 £ 54 min. This half-life
measured in the blood was slightly longer than the one
measured in the lungs with MRI (130 £ 20 min, Fig. 2d).

Acute toxicological study

In this set of experiments, BALs were performed in order
to study lung injury after intratracheal instillation of US-
RPs to mice. In BAL, inflammatory cells and protein
content were determined in order to assess lung inflam-
mation and the integrity of alveolo-capillary barrier,

@ Springer

respectively. As shown in Fig. 5, total cell number and
protein concentration in the BAL collected from USRPs-
instilled mice were not statistically different from sham or
saline-instilled mice. By contrast, animals that received the
intratracheal administration of lipopolysaccharide, which
was used as a positive control for lung injury, showed a
significant increase in the total cell number, in the number
of neutrophils, and in protein concentration.

Renal function was assessed through the evaluation of
serum creatinine concentrations for the different mice
groups [28, 29]. As shown in Fig. 5d, the serum creatinine
concentrations from USRPs-instilled mice were not statis-
tically different from the ones measured in sham or saline-
instilled mice, whereas they were significantly increased in
the LPS-instilled group.

Semi-quantitative histological assessment of the lung
sections was conducted using a blinded procedure, relative
to exposure. Some accumulation of macrophages was
noted in the airway spaces of all the groups. While the
control and sham groups showed a low degree of inflam-
mation restricted to the bronchial location, small alveolar
injuries were observed in the animals that underwent the
USRPs instillation. On the other hand, only the LPS-sen-
sitized mice showed significant epithelial desquamation
and occasionally alveolar hemorrhage, with varying
degrees of alveolitis characterized by acute neutrophil cell
infiltration. Overall, as visible in Fig. 5Se, the scoring test
showed a non-statistical difference between the control,
sham and USRPs-instilled groups.

Discussion

Assuming that the measured MR signal can be described
by a well-known signal expression valid for fast imaging
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Fig. 4 Biodistribution of USRPs-Cy5.5 nanoparticles after intratra-
cheal administration. a 2D-fluorescence images (100 ms integration
time) at different times after selective intratracheal instillation of
25 ul of 25 mM [Gd**] USRPs-Cy5.5 nanoparticles. Fluorescence
images are superimposed to visible light images (black and white).
The red arrow underline the presence of the nanoparticles in the left
lung while the green ones put in evidence the accumulation of the
USRPs in the kidneys. No fluorescence signal from the bladder is
visible in the images since the animals were imaged on their backs;

radial sequences [22-24], in this work we computed the
average longitudinal relaxation time and, using the known
value of longitudinal relaxivity of the nanoparticles, we
showed that it is possible to go back up to the concentration
and implement effective quantitative pharmacokinetic
models. The developed protocol has allowed us to go
beyond the qualitative information previously obtained in
Ref. [12], elucidating the timing and elimination kinetics of
the used nanoassemblies.

The MRI method developed and implemented to com-
pute the absolute concentration of the contrast agents in the
lungs relies on the very short echo time of the UTE
sequence and, to the exception of the highest concentra-
tions, the negligible 7,* weighting [22, 24] achieved with
the chosen parameters [12]. As a consequence, for the
highly concentrated solutions (50 mM [Gd**] USRPs and
250 mM Dotarem®) the accuracy of this procedure is
inferior and may result in the apparent increase in the
diffusion time observed, which is actually due to the 7,*
effect already observed in [12]. Similarly, the method
described in this work cannot be applied to FLASH images
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when the mice were imaged on the belly (data not shown in figure),
such a signal was clearly identifiable. b Example of fluorescence
images of isolated organs 48 h after administration of the nanopar-
ticles (25 pl 25 mM [Gd>*] USRPs-Cy5.5, 20-ms integration time).
¢ Biodistribution in organs after administration of Cy5.5 nanoparticles
at different concentrations 48 h after the instillation. ROIs are defined
on the extracted organs in order to semi-quantify the amount of
photons detected per pixels after a 20 ms exposure

because of the much longer echo time of the sequence,
which increases significantly the 7,* weighting.

In addition, the employed procedure strongly depends
on the constancy of TR before and after the administration
of the contrast agent, making mandatory the use of free
breathing not-gated acquisitions. The consequent advanta-
ges compared to gating techniques, as underlined in Ref.
[12], include the shorter acquisition times and the easier
protocols, without significant loss in the spatial resolution,
signal-to-noise ratio and sharpness [8].

Considering the consistent number of animals involved
in this work and the sizeable price of the fluorophore, two
slightly different nanoparticles were used to perform MR
and optical imaging (USRPs and USRPs-Cy 5.5, respec-
tively). Nevertheless, in agreement with the results pre-
sented in Ref. [18], both the nanoparticles showed the same
biodistribution and pharmacokinetics, with a fast passage
of the USRP solutions from the airways to the lung tissue,
then to the kidneys, and finally to the bladder for urine
excretion. No significant change in signal intensity was
noticed in the liver or spleen, which is in agreement with
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the previously reported ability of the USPRs to escape
macrophage and monocyte phagocytosis, and with the
SPECT measurements presented in Ref. [18]. Such ability
has to be attributed mainly to the small dimensions of the
hydrodynamic diameter of the employed nanoassembies
(<5 nm for both USRPs and USRPs-Cy 5.5), which is the
main factor affecting the trafficking across the alveolar
surface barrier into tissue and, once there, the biodistribu-
tion and clearance of the nanocarriers by the kidneys, as
Choi et al. [30] showed with the use of highly sensitive
near-infrared fluorescence imaging.

The identification of the mathematical model used to fit
and quantitatively describe the data relied on a basic
principle in PK studies, according to which the choice of
the class of models to be used to describe the observations
depends on the number of exponential terms that are nee-
ded to describe the whole concentration—time curve [31].
As visible from the concentration—time curves of intrat-
racheally instilled contrast agents, it was clear that at least
two regimes were needed to model the data: a diffusion
regime and an elimination exponential. Such an
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observation is in agreement with one of the principles of
standard PK studies, which states that when a drug is
administered extravascularly (e.g., orally), diffusion into
the systemic vascular system must take place before
elimination [32]. In this context, the simplest model to be
used to fit the data was the one-compartment oral instilla-
tion model with first-order kinetics, meaning that the
elimination and diffusion of the contrast agent were
assumed proportional to the concentration of the contrast
medium itself. Fancier models (e.g., the two-compartment
oral instillation model) resulted in a poor fit (data not
shown) and were therefore discarded.

Modeling the data as described above, the USPRs
showed an elimination half-life in the lungs independent of
the solution concentration in the explored range, confirm-
ing that the excretion mechanisms are not saturated. In
addition, the observed linearity of the kinetics, typical of
the first-order models [33], ensures that the mathematical
model used to study the absolute concentration is a valid
choice for the lungs. A similar result was found for the
elimination half-lives of the nanoparticles in the blood
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through fluorescence imaging. The slightly longer average
residence and diffusion time of the USRPs in the blood
compared to the lungs can be attributed to the chosen
administration modality. After intratracheal instillation, the
lung tissue acts as a reservoir of contrast agent: the nano-
particles have to be eliminated from the lung tissue before
being completely filtered by the kidneys. Such a peculiar
property of the intratracheal administration enables us to
prolong the residence time of the studied contrast agent in
the blood and might be exploited to increase the accumu-
lation of the nanoparticles in diseased tissues apart from the
lungs. Moreover, the presence of the fluorophore grafted
onto the USRPs might contribute as well to this slight
increase of (1) the diffusion time constant of the nano-
particles from the alveolar space to the lung tissue and
blood, and (2) the elimination time-constant of the nano-
particles via the kidneys.

The “two-steps” elimination of the USRPs from the
kidneys, which allows detection of a portion of nanopar-
ticles even 24 h after the instillation, can be explained by
considering the distribution of sizes of the nanoparticles
(4.1 £ 1 nm), with the larger USRPs presumably circu-
lating for a longer time than the smaller ones. Such result
was already observed by Lux et al. [18] after intravenous
injection of the same gadolinium-based ultra-small nano-
assemblies, showing a similar clearance route of the ultra-
small nanoparticles disregarding the administration
modality.

The faster lung elimination of Dotarem® as compared to
USRPs can be related to its smaller hydrodynamic diameter
(<1 nm for Dotarem® vs. 4.1 nm for USRPs). This trans-
lates into a wider imaging window in lungs for USRPs
(sixfold longer residence time in the lungs compared to
gadoteric acid) and, as a consequence, a good potential for
accumulation in diseased lung tissues.

The fact that the maximum of the SE in the lung
observed with fluorescence imaging, contrarily to MRI,
was observed right after the instillation (first measured time
point) can be explained in light of the intrinsic differences
of the signal measured by these two techniques. MRI lung
SE arises from the shortening of the spin—lattice relaxation
time of lung parenchyma; as a consequence, the enhance-
ment starts to be visible when the nanoparticles pass from
the alveolar space into the tissue and blood. Conversely,
the signal measured with fluorescence imaging depends on
the light re-emission of the stimulated fluorophore Cy 5.5,
which does not depend strongly on the interaction of the
nanoparticle with the surrounding micro-environment. As a
consequence, the enhancement visible with optical imaging
reflects the short time needed for the nanoassemblies to
distribute in the whole lung airspaces, while the one visible
with MRI reflects the time needed for the contrast agent to
pass the alveolar barrier and enter the lung tissue.

Furthermore, with optical imaging, the nanoparticles are
visible in the lungs for a longer time compared to MRI.
Such observation clearly reflects the different sensitivity of
the two imaging modalities.

Even though the comparison of lung MRI and blood
fluorescence measurements with lung optical imaging
observations has allowed for validation of the biodistribu-
tion and dynamics of the USRPs, the semi-quantitative
parameters used for in vivo fluorescence study (lung/skin
SNR) does not allow for the implemention of precise PK
models. Exploiting the multimodality of the USRPs, a
comparison of the absolute concentration measured with
MRI and of the one measured with SPECT data can be
envisaged (grafting radiolabeled tracers to the USRPs
instead of fluorophores [18]) to further validate the
obtained results. Although such a measurement goes
beyond the purposes of the present work, a quantitative
confirmation of the absolute values computed would allow
us to corroborate the quantitative method proposed in this
work. Since similar ultra-small gadolinium-based nano-
particles have shown a potential theranostic application in
brain tumors due to the radio sensitizing effect of the Gd
atoms, the accurate knowledge of the absolute concentra-
tion of the contrast agent in the healthy and diseased tissues
would allow for tailoring of the radiation therapy according
to the accumulation effect measurable with MRI, opti-
mizing the theranostic efficacy of these nanoassemblies
[34].

It is important to note here that the results and consid-
erations presented in this work are valid independently of
the pending assessment of the absolute concentration
computations. The time constants used to describe the
diffusion and elimination of the contrast media strongly
depend on the shape of the time-concentration curves,
rather than on the absolute scale. In this sense, a 25 %
change in the value of relaxivity hardly affects the
observed half-lives (data not shown here), causing just a
uniform scaling of the curves and hence only a significant
modification of the free parameter A in Eq. (1). Similarly, a
change of 10 % of the assumed longitudinal relaxation
time of the lung before contrast agent administration results
in a change of the presented constants <5 % (data not
shown here). On the other hand, the information obtainable
from such a parameter (A), which is linked to the clearance
rate and bioavailability of the contrast medium [27], is
strongly dependent on the assumptions made on the lon-
gitudinal relaxivity and on the longitudinal relaxation time
of the lungs 77(0). A confirmation of the absolute con-
centration measurement would therefore result in a wealth
of quantitative data that would further describe the PK of
the contrast agents but, at the same time, would require a
detailed study of the in vivo variability of r; and 7(0) in
order to be reliable.
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The elimination pathways observed with complemen-
tary imaging techniques, with a negligible retention in the
reticuloendothelial system (RES) and an efficient excretion
of the unbound material through renal clearance, are good
premises for a negligible toxicity of the nanoparticles [35—
37]. Nevertheless, a short-term toxicological study was
performed to evaluate any possible acute effect due to the
chosen administration modality and contrast agent. Such a
study was conceived as a basic screening to confirm the
hypothesis of non-toxicity formulated after MR- and fluo-
rescence-imaging PK models implementation and was not
meant to be an exhaustive test or proof of the absolute
safety of the nanoassemblies. Such an investigation,
eventually needed before any translational study, goes
clearly beyond the purposes of this work.

Altogether, the toxicological study seems to confirm
that the intratracheal instillation is a safe way to admin-
ister these theranostic nanoparticles in the lungs without
causing a significant increase in the number of inflam-
matory cells or causing any pathological change of the
alveolo-capillary barrier. Similarly, no edematous signal
was observed in the lungs of the animals that underwent
an intratracheal intubation, corroborating the interest in
this harmless administration modality that presents several
advantages compared to nebulization or intravenous
injection [13-15].

In addition, the increase in the total number of inflam-
matory cells, in the number of neutrophils, and in the
morphological pulmonary structure modifications after
intratracheal administration of ultra-small gadolinium-
DOTA-based nanoparticles were not significant compared
to the sham and saline groups, suggesting the negligible
acute toxicity of these strongly-chelated assemblies. Con-
trarily, animals that received LPS, a positive control to
induce lung injury [38, 39], showed a significant increase
of all the markers of inflammation and alvelo-capillary
barrier alteration, in agreement with several previous
studies [40, 41].

The absence of difference in the creatinine levels
between the negative controls and the USRPs-instilled
group ensures that no marked damage of nephrons is
caused by the Gd-DOTA-based nanoparticles, in spite of
the strong concentrations of the nanoassemblies in the
kidneys. The LPS group (used as a positive control [42,
43]), on the contrary, showed a marked increase of the
creatinine levels, as expected.

Conclusion
In the present work we have shown that a strongly

T,-weighted radial ultra-short echo time sequence can be
used to quantitatively monitor the biodistribution and
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pharmacokinetics of gadolinium-based nanoparticles in the
lungs of freely breathing small animals.

The implementation of pharmacokinetic models in lungs
has allowed us to understand the biodistribution, elimina-
tion pathways, and timing of the contrast agent. At the
same time, the combination of MRI and optical imaging
has proven capable of providing complementary synergetic
information on the pharmacokinetics and dynamics of the
contrast agent.

The observed favorable kinetics of the nanoassemblies,
with negligible retention in the RES and effective renal
clearance, was confirmed with optical imaging. Such
findings ensure the short-term non-toxicity of the contrast
agent, as confirmed by the histological analysis. At the
same time, the long residence time of the nanoparticles in
the lungs and blood, achievable with intratracheal instil-
lation, make the contrast agent and the developed protocol
suitable tools for studying the accumulation of the nano-
particles in diseased lung tissues.

The combination of the good spatial resolution and high
sensitivity of optical imaging associated with MRI, along
with the suitable pharmacokinetics of the nanoparticles and
the advantageous instillation procedure, allow us to
envisage applications in the diagnosis and investigation of
pulmonary pathologies in the near future.
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Appendix

The following considerations are valid for a radiofre-
quency-spoiled sequence, when the pulse duration is neg-
ligible compared to 7>* and the repetition time TR > T,*.
Furthermore, it is assumed that in a first approximation the
field inhomogeneity and chemical shift can be neglected
[23, 24]. Under these assumptions, indicating with o the
flip angle, the MRI signal S can be written as:

~TR/T
1 — e TR/T() o~ TE/T3 (1) (2)
1 — coso - e TR/Ti(1) ’

S(t) = p gsina

where p indicates the proton density and g the gain of the
MR spectrometer.

When a positive contrast agent with relaxivities r; and
ry* is administered at time ¢ at a gadolinium concentration
C(t), the inverse of the relaxation times can be expressed
using a linear approximation (valid for C(z) < 1):
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Substituting Eq. (3) into Eq. (2), the MR signal in
function of time after the administration of contrast agent
can be expressed as:

1 — ¢~ TR/T1(0)=rC(nTR -
1 — cos oe—TR/T1(0)=r1 C(1)TR

(4)

Defining the SE as the difference between the signal
before and after the administration of the contrast agent,
normalized by the signal before the administration, it is
possible to express SE in function of C(1):

S(t) = pgsino e

_ S(t) —S(0) _ S(1)
SE(r) = =50 ~s0
= e*réc(t)TE % 1 —e 8 —cos oc(e_A _ e—ZA—B)

1 —e? —cosa(e B —e24-B)
—1

(5)

where A = TR/T;(0) and B = r;C(t) TR [21]. This formula
expresses the relationship between the SE and the contrast
agent concentration for different combinations of pulse
sequence parameters and MR tissue properties.

If the product r,* C(¢) TE is small compared to unity
(I/TE < C(1) rp*, i.e. the To* effect is negligible), the first
decay exponential in Eq. (5) (responsible for the 75* loss of
signal) can be neglected. This condition was shown to be
experimentally satisfied by the USRPs for concentrations
<50 mM [Gd3+] for the TE used in the present work with
the same UTE sequence [12].

With this approximation, the ratio between the signal
after the administration of the contrast agent and the one
before, using Eq. (2), can be written as:

1)
©

2

SE+1=

%)

1 — ¢ TR/Ti() TR/T:(0)

|1 = cosae"TR/T1(1)
1— efTR/Tl (1) 1

T 1 cosae-TR/T0) D’

1 —cosae™
1 — ¢ TR/Ti(0)
1 — ¢~TR/T1(0)

T 1= cosoae TR/Ti(0)

With simple algebraic manipulations, the longitudinal
relaxation time after the contrast agent administration can
thus be written as a function of the measured SE:

Ty(1) = ~TR / ln[l . b iii]is;i) ) “

Once the T,(t) has been computed from the SE
measurement, the absolute concentration of the contrast
agent in the tissue can be inferred using the usual linear
relationship:

1 1 1
Ciissue (1) = " (r(t) - W) (7)
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