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Orotracheal administration of contrast agents:
a new protocol for brain tumor targeting
Andrea Bianchia†, Damien Monceleta†, François Luxb, Marie Plissonneaub,c,
Silvia Rizzitellia, Emeline Julie Ribota, Nawal Tassalia, Véronique Bouchauda,
Olivier Tillementb, Pierre Voisina and Yannick Crémillieuxa*
The development of new non-invasive diagnostic and therapeutic approaches is of paramount importance in order
to improve the outcome of patients with glioblastoma (GBM). In this work we investigated a completely non-invasive
pre-clinical protocol to effectively target and detect brain tumors through the orotracheal route, using ultra-small
nanoparticles (USRPs) and MRI.
A mouse model of GBM was developed. In vivo MRI acquisitions were performed before and after intravenous or
orotracheal administration of the nanoparticles to identify and segment the tumor. The accumulation of the nanoparticles in neoplastic lesions was assessed ex vivo through ﬂuorescence microscopy.
Before the administration of contrast agents, MR images allowed the identiﬁcation of the presence of abnormal brain
tissue in 73% of animals. After orotracheal or intravenous administration of USRPs, in all the mice an excellent colocalization of the position of the tumor with MRI and histology was observed. The elimination time of the USRPs from
the tumor after the orotracheal administration was approximately 70% longer compared with intravenous injection.
MRI and USRPs were shown to be powerful imaging tools able to detect, quantify and longitudinally monitor the development of GBMs. The absence of ionizing radiation and high resolution of MRI, along with the complete non-invasiveness
and good reproducibility of the proposed protocol, make this technique potentially translatable to humans. To our knowledge, this is the ﬁrst time that the advantages of a needle-free orotracheal administration route have been demonstrated
for the investigation of the pathomorphological changes due to GBMs. Copyright © 2015 John Wiley & Sons, Ltd.
Additional supporting information may be found in the online version of this article at the publisher’s web site.
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INTRODUCTION
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Glioblastoma (GBM) is the most common malignant primary brain
tumor in adults. Despite conventional treatments, which typically
include surgery, radiation, and cytotoxic chemotherapies, the
median survival rate is only 14.6 months (1–3). These therapies
show limits such as neurotoxicity, lack of speciﬁcity, and severe side
effects. In addition, the blood–brain barrier (BBB) plays an important
role in the GBM therapy. Indeed this barrier stops the accumulation
of several drugs in the tumor, limiting the efﬁciency of the
therapeutic compounds. Moreover, the poor prognosis of this
pathology is also related to the late detection of GBM, which is often
diagnosed in its latest stages (1–3). The development of new
diagnostic and therapeutic approaches is therefore of paramount
importance in order to improve the outcome of patients with GBM.
In this context, imaging techniques play a major role in early
detection of diseases. They can provide early diagnostics and
non-invasive longitudinal patient follow-ups, and help to prepare and guide radiotherapy or surgery. In particular, MRI
displays a good resolution and excellent soft tissue contrast.
Moreover, MRI is completely non-invasive for the patient
because of the absence of ionizing radiation (4–7). For all these
reasons, MRI is currently the gold standard for GBM diagnosis (8).
Development of contrast agents has been actively pursued to
improve the potential of MRI in early detection of several
pathologies (9,10). Nanoscale particles and carriers have already
demonstrated effective applications in the diagnosis of diseases.
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In addition, some of these nanocompounds, commonly known
as theranostic agents, have also shown efﬁcient results in the
therapy of these pathologies (4,11). Nanoparticles have been
reported to be efﬁcacious in anti-angiogenesis therapy (12),

* Correspondence to: Yannick Crémillieux, Centre de Résonance Magnétique des
Systèmes Biologiques, CNRS UMR 5536, Université Bordeaux Segalen,
Bordeaux, France.
E-mail: yannick.cremillieux@u-bordeaux.fr
a A. Bianchi, D. Moncelet, S. Rizzitelli, E. J. Ribot, N. Tassali, V. Bouchaud, P. Voisin,
Y. Crémillieux
Centre de Résonance Magnétique des Systèmes Biologiques, CNRS UMR 5536,
Université Bordeaux Segalen, Bordeaux, France
b F. Lux, M. Plissonneau, O. Tillement
Institut Lumière Matière, CNRS UMR 5306, Université Claude Bernard, Domaine Scientiﬁque de La Doua, Villeurbanne, France
c M. Plissonneau
Nano-H SAS, Saint-Quentin Fallavier, France
†

These authors contributed equally.
Abbreviations used: GBM, glioblastoma; USRP, ultra-small rigid platform;
BBB, blood–brain barrier; Cy, cyanine; i.t., intratracheal; i.v., intravenous; UTE,
ultra-short echo time; ROI, region of interest; CNR, contrast-to-noise ratio;
SNR, signal-to-noise ratio; PBS, phosphate buffered saline; SE, signal enhancement; PK, pharmacokinetics; EPR, enhanced permeability and retention;
NSCLC, non-small-cell lung cancer.

Copyright © 2015 John Wiley & Sons, Ltd.

A NEW PROTOCOL TO TARGET BRAIN CANCER
immunotherapy (13), and gene therapy of GBM (14). Nanoparticles with radiosensitization properties have also been shown to
be able to strongly improve the prognosis of GBM when used
in conjunction with radiotherapy (15–17).
In order to deliver a high dose of radiation in the neoplastic
site, while sparing healthy surrounding tissues, nanoparticles
must show very good accumulation in the tumor for a sufﬁcient
time. On the other hand, nanoparticles must be cleared from the
body in a reasonable time in order to avoid potential toxic
effects. It is therefore straightforward that the administration
modality plays a fundamental role in determining the efﬁciency
of the nanoparticles, directly inﬂuencing the bioavailability of
the injected substance and its elimination pathways. Among
the possible administration routes, the possibility of delivering
drugs to the body through the lungs has been rediscovered in
the last decade, since it appears as an efﬁcient, effective, noninvasive, reliable, and simple administration method (18–21),
easily translatable to clinical practice (22).
In this work we describe for the ﬁrst time a non-invasive preclinical protocol to effectively target and detect brain tumors
through the orotracheal route, using small nanoparticles and
MRI. These small nanoparticles, hereafter referred to as ultrasmall rigid platforms (USRPs), were injected orotracheally into
glioma-bearing mice. USRPs are sub-5 nm particles composed
of gadolinium chelates covalently grafted to a polysiloxane
matrix (17,23). A near-infrared ﬂuorophore, cyanine (Cy) 5.5,
was also grafted onto some of these nanoparticles (24). In vivo
GBM signal enhancement (SE) and pharmacokinetics (PK) of
orotracheal (intratracheal, i.t.) administration were measured
against standard intravenous (i.v.) administration of the same
number of USRPs.

EXPERIMENT
Nanoparticle synthesis and characterization
The Gd-DOTA-based nanoparticles were synthesized and characterized according to the previously described protocol (24,25). To
perform ex vivo ﬂuorescence microscopy, Cy 5.5, a near-infrared
dye, was covalently grafted on the nanoparticles (24,25). Fluorescent USRPs are characterized by one Cy 5.5 grafted to every 1000
DOTA-Gd. Their longitudinal relaxivity r1 is approximately
6 mM 1 s 1 per gadolinium ion at 7 T (i.e. 60 mM 1 s 1 per nanoparticle). Further details about the synthesis and the characterization
can be found in the supporting information (with Figures S1–S3).
In vitro studies
Cell culture
Human GBM cell line U87-MG from the American Type Culture
Collection (ATCC, LGC Standards, Middlesex, UK) was cultured
in Dulbecco’s modiﬁed Eagle’s medium (DMEM, Gibco, Fisher
Scientiﬁc, Illkirch, France) supplemented with 10% fetal calf serum
(FCS, Gibco), in a humidiﬁed atmosphere with 5% CO2 at 37 °C.
Flow cytometry and ﬂuorescence microscopy
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In vivo studies
Animals
Five-week-old female NMRI nude mice (n = 34), weighing 21.0 g
± 0.4 g, were purchased from Elevage Janvier (Le Genest, Saint
Isle, France). Before the beginning of the experiment, animals
were acclimatized in a temperature-controlled environment for
one week. Facility rooms were maintained at constant temperature (25 °C), humidity (40–50% relative humidity), and 12 h light–
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 animal welfare with approval of
the Comité d’Ethique en Expérimentation Animale de Bordeaux.
Tumor implantation
U87 cells were implanted in the brain of the nude immunodeﬁcient
mice (n = 27) as previously described (26). Animals were left in the
temperature- and humidity-controlled environment described
above for 8 days. Four mice did not undergo the orthotopic implantation and were left as controls. After 8 days, all the xenotransplanted
animals developed a tumor and underwent MRI investigation for
high-resolution detection of the brain tumor lesions.
Imaging protocol
MR images with a 7 T spectrometer were acquired starting from
day 8 up to day 15. Between two different administrations of
contrast agent on the same mouse, at least two days without
any handling was planned in order to allow a complete elimination of the previously administered contrast agents (24,25,27).
After the last imaging point animals were sacriﬁced for histological analysis or ex vivo ﬂuorescence microscopy.
In detail, the ﬁrst group, composed of four tumor-bearing
mice and two controls, was imaged with MRI at day 8 before
and after receiving an i.v. administration of 200 μL of USRPs
([Gd3+] = 50 mM). The same operation was repeated at day 15.
The second group, composed of six tumor-bearing mice and
two controls, was imaged with MRI at day 8 after orotracheal
administration of 50 μL of USRPs ([Gd3+] = 200 mM). On a subgroup of three animals, the same operation was repeated at
day 10. On the other subgroup of three animals, the same
operation was repeated at day 15. The orotracheal administration was performed as described in References 24 and 27.
The third group, composed of four tumor-bearing mice, was
imaged with MRI at day 8 before and after receiving an i.v.
administration of 200 μL of USRPs ([Gd3+] = 50 mM). This group
of mice, in contrast to the ﬁrst group, underwent MRI at day 10
before and after an orotracheal administration of 50 μL of USRPs
([Gd3+] = 200 mM).

Copyright © 2015 John Wiley & Sons, Ltd.
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Uptake of USRPs by U87 cells was studied in vitro by ﬂow cytometry and ﬂuorescence microscopy.
For ﬂow cytometry, 105 cells were seeded in 24 multiwell plates
(Becton-Dickinson, Le Pont de Claix, France, 2 cm2/well) for 24 h.
Subsequently cells were incubated for 4 h with the ﬂuorescent

USRPs ([Gd3+] = 5 mM). Then the medium was discarded and the
cells were washed with Roswell Park Memorial Institute Medium
(RPMI, Gibco). Thereafter cells were re-suspended in RPMI and analyzed by ﬂow cytometry (Guava easyCyte ﬂow cytometer–counter,
Millipore, Billerica, MA, USA, λex 638 nm, λem 661 nm).
For ﬂuorescence microscopy, cells were seeded on glass
coverslips for 24 h and incubated for 4 h with USRPs ([Gd3+]
= 10 mM). After three washes, the coverslips were mounted on
glass slides and observed using a Zeiss Axiovert 200 microscope
(Jena, Germany).

A. BIANCHI ET AL.
The fourth group, composed of two tumor-bearing mice, was
imaged with MRI at day 8 after orotracheal administration of a
50 μL solution of NaCl 0.9% and at day 10 after i.v. administration
of 200 μL of NaCl 0.9%.
The ﬁfth group, composed of three tumor-bearing mice, was
imaged with MRI at day 8 before and after receiving an i.v.
administration of 200 μL of Dotarem® ([Gd3+] = 50 mM) (Guerbet,
Villepinte, France).
The sixth group, of three tumor-bearing mice, was imaged
with MRI at day 8 before and after receiving an orotracheal
administration of 50 μL of Dotarem® ([Gd3+] = 200 mM) (Guerbet).
MRI

Ex vivo ﬂuorescence imaging
Thirty micrometer cryostat frontal sections were collected in cold
cryoprotectant (50% PBS, 30% ethylene glycol and 20% glycerol)
and stored at 20 °C. Sections were washed four times in PBS and
mounted on SuperFrost Plus slides with VECTASHIELD mounting
medium containing DAPI (Vector Labs, Malvern, PA, USA). Slides
were analyzed using a Leica (Leica Microsystems Inc., Buffalo
Grove, IL, USA) DM5500 B microscope.
Histologic evaluation

The images were acquired with a 7 T BioSpec 70/20 spectrometer
(Bruker, Ettlingen, Germany), using a transmitter/receiver quadrature coil of 25 mm inner diameter (Bruker). Mice were placed
prone in a custom-built plastic holder and kept anesthetized with
2.5% isoﬂurane in a mixture of N2/O2 (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.
The images of the brain were acquired with a 2D ultra-short
echo time (UTE) sequence (804 directions–256 points, two averages). For each animal 10 axial slices of the brain of 1 mm thickness
were acquired with a TE of 368 μs, FOV of 2 cm × 2 cm, TR of 140 ms
and FA of 60°, for a total acquisition time of about 4 min. The same
sequence was used to image lungs, increasing the number of
averages to four and the ﬁeld of view to 3 cm × 3 cm. Images were
reconstructed with the ParaVision 5.1 software (Bruker). All the
images were saved and analyzed with freeware medical image
analysis software (MIPAV by NIH, Bethesda, MD, USA).

Thirty micrometer cryosections were cut, dried at 45 °C and ﬁxed in
100% acetone for 10 min at room temperature. The sections were
stained with hematoxylin and eosin using a standard protocol for histological assessment of cellular density and necrosis, and analyzed
under a Leica DM5500 B microscope (2.5× and 10× magniﬁcation).
Statistical analysis
Comparison of CNR, SE, and tumor volumes between groups
(i.v. USRPs, i.t. USRPs, i.v. Dotarem®) was performed using the
Kruskal–Wallis test with Dunn’s multiple comparison (non-parametric
equivalent of the one-way ANOVA test). The paired non-parametric
Wilcoxon test was used to evaluate the signiﬁcance of changes in
CNR, SE, and tumor volumes at two different time points. Signiﬁcance
was ﬁxed at the 5% probability level. All analyses were performed
using GraphPad Prism (GraphPad Software, La Jolla, CA, USA). All
the data are presented as mean value ± standard error of the mean.

RESULTS

Image analysis
The presence and position of the tumor in MR images was
assessed by two independent users for all the mice, according
to a blinded procedure relative to animal implantation.
For each MR image, tumors were identiﬁed and regions of
interest (ROIs) in the tumor and in the healthy brain tissues 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 an ROI selected in the image background
and the signal-to-noise in the tumor was computed. The
contrast-to-noise ratio (CNR) in each image was computed as
the difference between the signal in the tumor and in the healthy
tissue, normalized to the standard deviation of the image noise.
The PK of the USRPs contrast agent in the tumor region was studied according to the protocol already described in Reference 25.
Ex vivo studies
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A subgroup (n = 4) of tumor-bearing mice was imaged with
ex vivo ﬂuorescence imaging and histology at day 8 after
orotracheal administration of 50 μL of USRPs-Cy 5.5 ([Gd3+]
= 200 mM). A subgroup (n = 4) of tumor-bearing mice was imaged with ex vivo ﬂuorescence imaging at day 8 after i.v. administration of 200 μL of USRPs ([Gd3+] = 50 mM).
In detail, 30 min after the orotracheal or i.v. administration,
mice were intracardially perfused with phosphate buffered saline
(PBS) and ﬁxed using paraformaldehyde (4%) in PBS. Brains were
post-ﬁxed for 24 h, and then cryoprotected using sucrose

wileyonlinelibrary.com/journal/nbm

gradients (10%, 20% and 30% in PBS). Brains were frozen using
liquid nitrogen vapor and stored at 80 °C.

In vitro USRP uptake by U87 cells
The ability of U87 tumor cells to take up USRPs was characterized
in vitro. Flow cytometry experiments demonstrated the USRP uptake by U87 cells (Supporting Information, Figure S4(a)). When cells
were incubated with the nanoparticles, the mean ﬂuorescent intensity increased from 10 to 70 A.U. Fluorescent microscopy suggested
that USRPs may be internalized by U87 cells (Supporting Information, Figure S4(b)), as recently demonstrated in Reference (28).
Glioma detection and in vivo accumulation of USRPs
An orthotopic model of brain tumor morphologically similar to
GBM was implemented in immunodeﬁcient mice, inoculating
U87 tumor cells intracranially into the striatum of the animals.
Before the administration of contrast agent, UTE MR images
allowed the identiﬁcation of the presence of abnormal brain tissue
in a number of animals (~73%). Nonetheless, the contours of the
carcinogenic formations were not easily identiﬁable (Fig. 1(a)).
After orotracheal or i.v. administration of USRPs, UTE MR
images allowed the identiﬁcation of the tumor in all the mice
(Fig. 1(b), (c)). For all of them, a good co-localization of the
position of the tumor between MRI and histology was observed.
A representative image of the co-localization between MRI and
histology is shown in the Supporting Information, Figure S5.
Comparison of SE and of CNR in the identiﬁed tumors after the
administration of the contrast agent (Fig. 2) showed approximately halved values for the orotracheal (50 μL at 200 mmol/L

Copyright © 2015 John Wiley & Sons, Ltd.
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Figure 1. MR axial image of the brain (a) before and (b), (c) after the orotracheal (b) or i.v. (c) administration of the USRPs; (b) was acquired approx3+
imately 30 min after the orotracheal administration of 50 μL 200 mmol/L USRP [Gd ] whereas (c) was acquired approximately 30 min after the i.v. ad3+
ministration of 200 μL 50 mmol/L USRP [Gd ].

Regardless of the administration modality, brain sections
showed the nanoparticles’ accumulation inside the tumor and
poorly in the vicinity of the tumor (Fig. 3).
No SE of lung parenchyma or brain tumor was observed in
tumor-bearing mice after i.v. or orotracheal administration of
saline solution. Animals that were not inoculated with U87 cells
were used as controls. No SE was observed in their brain after i.v.
or orotracheal administration of contrast agent. On the other hand,
homogeneous enhancements of their lung parenchyma were
observed after orotracheal instillation (see References 24 and 27)
Pharmacokinetics data

Figure 2. Bar plot showing the SE and CNR in tumors after the adminis3+
tration of the USRPs for the orotracheal (i.t., 50 μL at 200 mmol/L [Gd ])
3+
and the i.v. route (i.v., 200 μL at 50 mmol/L [Gd ]), or after the i.v. admin3+
istration of Dotarem® (i.v., 200 μL at 50 mmol/L [Gd ]), using the same
3+
amount of Gd . Asterisks indicate signiﬁcant differences (p < 0.05).
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Figure 3. Ex vivo microscopy of a tumor section after i.t. administration
of USRPs. White arrows indicate some ﬂuorescent USRP-labeled cells inside the tumor.

Copyright © 2015 John Wiley & Sons, Ltd.
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[Gd3+]) administration with respect to the i.v. one (200 μL at
50 mmol/L [Gd3+]), using the same amount of Gd3+. The i.v.
administration of a clinical commercially available contrast agent
(Dotarem®) turned out to be approximately ﬁve times less
effective than the same amount of intravenously administered
USRPs (200 μL at 50 mmol/L [Gd3+]). This latter observation is related to the high rigidity of the USRPs compared with commercially
available contrast agents (r1 per gadolinium ion at 7 T ~ 6 mM 1 s 1
versus r1 Dotarem® at 7 T ~ 3 mM 1 s 1) (29). Typically, an increase
in the average signal-to-noise ratio (SNR) in brain tumor from 14.5
to 22.1, 28.3 and 17.3 was observed for the orotracheal administration of USRPs (50 μL at 200 mmol/L [Gd3+]), the i.v. administration
of USRPs (200 μL at 50 mmol/L [Gd3+]), and the i.v. administration
of Dotarem® (200 μL at 50 mmol/L [Gd3+]), respectively. Similarly,
an average increase of the CNR between tumor and healthy tissues
from 2.1 to 6.2, 14.5, and 5.2 was observed for the orotracheal
administration of USRPs (50 μL at 200 mmol/L [Gd3+]), the i.v.
administration of USRPs (200 μL at 50 mmol/L [Gd3+]), and the i.v.
administration of Dotarem® (200 μL at 50 mmol/L [Gd3+]), respectively. No SE was observed after the orotracheal administration of
Dotarem® (5.4 ± 6.2%).
The accumulation of the nanoparticles in the tumor region
was assessed and conﬁrmed by ex vivo ﬂuorescence microscopy
in a subgroup of animals, exploiting the multimodal potential
of the USRPs. Cy 5.5 dye was covalently grafted onto the
nanoassemblies and ex vivo microscopy was performed after
the orotracheal or i.v. administration of the nanoparticles.

The observed PK after orotracheal administration of contrast
agents in the lungs of healthy animals reproduced the results
observed in Reference 24, with fast diffusion of the nanoparticles
in the lungs and slow but uniform elimination from the parenchymal tissue. The nanoparticles eliminated from the lungs passed
into the bloodstream and were ﬁltered by the kidneys. In all the
animals a signiﬁcant renal clearance and negligible hepatic
elimination were observed, after orotracheal or i.v. administration,
as already reported in References 24, 25, and 27. This phenomenon
is mostly related to the ultra-small size of the nanoparticles
(hydrodynamic diameter < 5 nm) (23-25,27,30,31). No accumulation in the brain was detectable with MRI for both the administration modalities in healthy mice due to unaltered BBB.

A. BIANCHI ET AL.
In glioma-bearing mice, the PK observed in the tumor tissues
after the i.v. administration of USRPs was rather different from
that observed after orotracheal administration, as shown in Fig. 4.
Following i.v. administration, the maximum SE of the tumor and
CNR between tumor and healthy tissues were observed at the
ﬁrst acquired time point (5–10 min after injection). A rather fast
elimination of the USRPs from the tumor tissue was then observed (50% drop of the SE observed in 28 ± 10 min).
On the other hand, the maximum of the SE was observed
between 20 and 30 min after the orotracheal administration of
USRPs. The elimination of the USRPs from the tumor after the
orotracheal administration was approximately 70% longer
compared with i.v. injection (50% drop of the SE observed in
46 ± 8 min). The CNR curve presented the same behavior as the
SE one, indicating that the optimal time points for tumor detection and segmentation are between 20 and 30 min after the
orotracheal administration.
Reproducibility of the protocol
A short-term reproducibility study for the orotracheal administration was performed. The subgroup of mice that received a second
orotracheal administration of USRPs at 2 days interval showed no
signiﬁcant differences in tumor size (p = 0.07), SE (p = 0.57), or
CNR (p = 0.62), conﬁrming the reproducibility of the protocol
(Supporting Information, Figure S6).
The possibility of studying the evolution of a tumor using the
orotracheal administration protocol was evaluated. The subgroup of mice that received a second orotracheal administration
of USRPs at 7 days interval showed a signiﬁcant increase in the
tumor volume quantiﬁed with MRI (p < 0.01). No signiﬁcant increase in the SE (p = 0.43) or CNR (p = 0.32) was observed between the two time points (Supporting Information, Figure S7).

DISCUSSION
In the complex process of drug development, it is widely known
that the administration route has a crucial role in the outcome of
a given compound, since it affects, among other things, its bioavailability and its elimination (22,32). In the last two decades,
strong interest has arisen around systemic delivery of therapeu-
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Figure 4. Plot showing the SE of the tumor as a function of time after i.v.
or orotracheal administration. Dashed lines indicate the approximate PK
behavior observed with the two administration routes (indicative ﬁt of
the data, not used for quantiﬁcation).
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tic drugs through inhalation, a delivery path that proved to be a
fast, effective, and above all non-invasive way to bring macromolecules or small molecules into the blood circulation before
reaching the desired target (18,22). The most striking example
of the clinical potential of this administration route can be found
in the multiplication of the number of inhaled insulin formulations approved (in Europe and the USA) for the treatment of
diabetic patients. It is worth mentioning that these inhaled drugs
have been shown to be as reliable and safe as injected insulin
(22,33–36).
Building on these promising developments and clinical applications, in this work we have decided to investigate the feasibility of using orotracheally delivered contrast agents in order to
visualize and delineate GBM in a validated mouse model (26).
To do so, previously studied gadolinium-based nanoparticles
with high relaxivity and ultra-small size have been selected for
the investigation (17,23–25,27). Orotracheal administration of
USRPs was compared with a standard i.v. administration of the
same contrast agent with respect to tumor SE, CNR, and PK.
Both the administration modalities allowed the visualization
and delineation of the brain tumor volume, as conﬁrmed by histological analysis. For both the routes, indeed, the tumor borders
were easily identiﬁable after the administration of the same
quantity of Gd3+. The accumulation of the nanoparticles in the
tumor tissues was conﬁrmed by ex vivo ﬂuorescence microscopy.
It is important to mention here that, on average, only one nanoparticle in 100 presents a grafted ﬂuorophore, implying that the
ﬂuorescence visible in the tumor region represents only a small
percentage of the total signiﬁcant accumulation (Fig. 3). No signiﬁcant ﬂuorescent USRPs were found in the healthy tissues surrounding the tumor. These ﬁndings are of crucial importance
since, for the ﬁrst time, they show that the orotracheal route is
a viable non-invasive path to reach brain tumors, opening the
way to a new fully non-invasive diagnostic approach to GBM.
The SNR and CNR values measured after i.v. administration
were higher compared with those obtained for i.t. administration. This result is not surprising, considering that the orotracheal
administration requires a further step compared with the i.v.
route, i.e. the passage of the nanoparticles from the lungs to
the blood system. These nanocompounds have indeed already
been shown to be able to escape the lung mononuclear phagocytic system and pass rapidly from the airways to the bloodstream, before being ﬁnally ﬁltered by the kidneys (24,25,27).
This behavior is strongly related to the ultra-small hydrodynamic
diameter of the nanoparticles and can be obtained with virtually
any contrast agent having a diameter inferior to 6 nm. For higher
hydrodynamic sizes, however, a variation of the trafﬁcking of the
particles across the alveolar surface into tissue and blood may be
different (30) and the orotracheal route may no longer be effective for reaching brain tumors. Once in the blood, for both the i.t.
and i.v. administrations, the contrast agents tend to accumulate
in the brain tumor because of the BBB disruption and the consequent enabling of the well-known enhanced permeability and
retention (EPR) effect (37,38). The USRPs are subsequently ﬁltered by the kidney and excreted in the urine, without signiﬁcant
hepatic clearance.
This pharmacokinetic behavior of orotracheally administered
nanoparticles should in principle also be valid for compounds
such as Dotarem®. The fact that no SE of brain tumor was observed after orotracheal administration of Dotarem® is seemingly
due to the lower relaxivity of this compound compared with the
USRPs, as already observed in the ﬁvefold lower SE measured

Copyright © 2015 John Wiley & Sons, Ltd.
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after i.v. administration of Dotarem®. In addition, a previous
study has shown that Dotarem® has a brain tumor residence
time about half that of the USRPs (39). As a consequence, the
contrast is probably eliminated from the tumor before reaching
a relevant concentration able to generate a visible enhancement
of the GBM.
An increase in the concentration of the orotracheally administered Dotarem® would most probably result in a signiﬁcant accumulation of the contrast agent in brain tissue, as observed for
the USRPs.
The PKs observed after the two different administration modalities are different and reﬂect the distinct nanoparticle paths
described above. For i.v. administrations, the maximum of the
SE can be observed a few minutes after the administration of
the contrast agent, due to the direct accumulation of the nanoparticles in the GBM because of passive targeting mechanisms.
Nanoparticles are then quite rapidly cleared from the GBM and
from the systemic circulation. This kind of PK presents the clear
advantage of enabling a fast imaging protocol, which may be
reﬂected in an effective patient management workﬂow in clinical
practice. This administration route is the standard one for diagnostic applications nowadays.
In contrast, after orotracheal administration, a roughly homogeneous SE can be observed in the lung parenchyma. A slow
but effective elimination of the contrast agent is then observed
in the healthy lung tissue, with an elimination time constant of

roughly two hours and a half. Once in the bloodstream, the
nanoparticles are eliminated through the kidneys. If a brain
tumor is present, the nanoparticle will accumulate in the
neoplastic lesions because of the EPR effect, as schematically
shown in Fig. 5. This protocol presents the inconvenient related
to the fact that the maximum SE in the GBM is slightly delayed
compared with i.v., potentially increasing (even though not
dramatically) the time required for an examination in clinical
practice. On the other hand, the protocol is non-invasive and
does not require the use of needles.
The long residence time of the USRPs in the tumor permit us to
envisage several imaging and therapeutic protocols. Ultra-small
gadolinium-based nanoparticles, similar to the ones presented in
this work, have been shown to have a potential theranostic application in brain tumors due to the radiosensitizing effect of the Gd
atoms (15). The long retention of the USRPs in the tumor and the
accurate knowledge of the PK of the contrast agent in the healthy
and diseased tissues would allow tailoring of the radiation therapy
according to the accumulation effect measurable with MRI. As a
consequence, this would optimize the theranostic efﬁcacy of
these nanoassemblies, reducing the radiation dose to healthy tissues. It is worth mentioning here that the retention of these nanoparticles might be even more effective when exploiting active
targeting ligands such as cRGD, which has already been satisfactorily grafted on similar nanoparticles in a different study (40). Such
a hypothesis is currently under investigation. Finally, considering
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Figure 5. Schematic representation of accumulation and elimination pathways of orotracheally administered USRPs in healthy and glioma-bearing
mice. The nanoparticles, administered directly to the lungs, enhance the signal of the pulmonary parenchyma in a homogeneous way. The contrast
agents slowly pass to the bloodstream. Once there, two different pathways are possible: (i) in healthy mice, the USRPs are directly ﬁltered by the kidneys and eliminated through the bladder without signiﬁcant hepatic clearance (pathway schematically shown by solid lines); (ii) in glioma-bearing
mice, some of the nanoparticles are directly ﬁltered by the kidneys (as for healthy mice) while some of them tend to accumulate in the brain tumor
because of the EPR effect. A slow elimination of the nanoparticles from the tumor site is subsequently observed, leading to the eventual elimination
of the USRPs in the urine, without signiﬁcant accumulation in the liver (pathway schematically shown by dashed lines). Arrows indicate the presence
of the contrast agent in the lungs, kidneys, bladder, and brain tumor.
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the long retention and rather speciﬁc accumulation of the nanoparticles in the neoplastic lesions, the possibility of using the
USRPs as anti-cancer drug carriers is a concrete possibility that
may be further explored in the future.
The orotracheal administration of contrast agents used in this
animal study can be translated to humans with simple aerosols.
Haage et al. (41) have indeed already shown that aerosolized
gadolinium contrast agents can be safely administered to
humans for lung applications. Leaving aside the possible implementation of theranostic treatments, it is important to mention
that the protocol developed here does not require the use of
needles, in contrast to i.v. administrations. This original noninvasive approach for diagnostics may have straightforward applications and advantages in clinical practice, considering that
at least 10% of the population is affected by the pathological
condition of needle phobia (42). This percentage most likely
underestimates the real burden, since most of the patients
suffering from this fear tend to avoid all medical treatments.
Even for people not suffering from this real phobia, it is clear that
a diagnostic protocol that uses aerosols instead of injections
would be less traumatic for the patient and would most probably
reduce the typical pre-examination stress. Nevertheless, it is important to underline here that this study is a proof of concept
and thus further investigations will be needed to validate the inhalation route as a viable, safe and useful way of administering
contrast agents to non-invasively diagnose GBMs in patients.
When measured only two days after orotracheal administration of USRPs, the brain tumors were statistically identical (SE,
CNR, volume), conﬁrming the reproducibility of the non-invasive
measurements made with the proposed method. In addition, as
expected, when measured at a one week interval, the nontreated carcinogenic formations increased in size and in tumor
cell density. No increase in CNR or SE was observed, probably
due to the fact that tumors take up roughly the same number
of nanoparticles at the two different stages, as already observed
for non-small-cell lung cancers (NSCLCs) (25).
T2-weighted and T1-weighted spin-echo sequences are usually
employed for contrast-enhanced MRI visualization of mouse
glioma (43) since these sequences provide high tumor tissue
contrast in both pre- and post-contrast agent administration. In
this work, the localization and delineation of brain tumors using
both the orotracheal and the i.v. delivery of contrast agents was
performed using an optimized UTE MRI sequence employing
radial k-space sampling. The rationale behind this choice was
twofold. First, the employed sequence is strongly T1 weighted
(27,44) with negligible T2 weighting, thus allowing more accurate
visualization of the contrast agent accumulation, distribution,
and evolution. Second, the UTE sequence used in this study
had been previously optimized to visualize lung parenchyma
and pulmonary signal changes (24,25,27,45). These sequences
are indeed less sensitive to cardio-respiratory motion than Cartesian MR acquisitions (45–48). As a consequence, free-breathing
acquisitions can be performed with limited impact on lung image SNR, sharpness, and spatial resolution when the visualization
of lung is of interest (45–48). In other words, the use of UTE sequences allowed at the same time the proper visualization of
brain tumor SEs due to contrast agents and the visualization of
the nanoparticles in the lungs when administered orotracheally.
In addition, the same MRI protocol with orotracheally administered nanoparticles as employed in this work has already been
shown to be extremely efﬁcient for the detection (25) and therapy (49) of NSCLCs. Knowing that the development of brain
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cancer metastasis may start from primary NSCLCs (50–52), the
UTE protocol described in this work (in conjunction with contrast
agents) may be employed for the simultaneous diagnosis and
follow-up of both the organs.
In general, it is clear that the results presented in this work are
fairly independent of the particular choice of the sequence, as
long as the employed MRI pulse sequence is sensitive enough
to detect changes in NMR brain signal related to the accumulation of a positive contrast agent. Nonetheless, even better results
(higher SEs) may be achieved using spin-echo sequences.
In conclusion, the observed high reproducibility and efﬁcacy
of the protocol, altogether, make the orotracheal administration
of Gd-based nanoparticles a good candidate for early brain cancer detection and non-invasive follow-up of this disease. In addition, the previously demonstrated negligible acute toxicity of the
USRPs and favorable PK (24), their theranostic properties (15),
and the possibility of replacing the orotracheal administration
with a simpler aerosol, altogether, make the proposed protocol
potentially translatable to human studies. To our knowledge, this
is the ﬁrst time that a study has clearly shown that the synergic employment of a T1-weighted MRI UTE sequence and orotracheally
administered gadolinium-based nanoparticles allow the detection
of millimetric-size brain tumors and of their contours. This study
has indeed shown that the orotracheal route is a viable pathway
of strong interest to reach the brain, opening the way to the
implementation of effective non-invasive and non-traumatic
(needle-free) diagnostic protocols of brain tumor. Potential
applications of this result may range from brain neoplastic pathology detection to therapeutic applications of selected drugs or lead
compounds, grafted onto the contrast agent and non-invasively
delivered to the tumor site through inhalation.
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