Lung Cancer
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Lung cancer is the most common and most fatal cancer worldwide. Thus, improving
early diagnosis and therapy is necessary. Previously, gadolinium-based ultra-small
rigid platforms (USRPs) were developed to serve as multimodal imaging probes and
as radiosensitizing agents. In addition, it was demonstrated that USRPs can be detected
in the lungs using ultrashort echo-time magnetic resonance imaging (UTE-MRI)
and fluorescence imaging after intrapulmonary administration in healthy animals.
The goal of the present study is to evaluate their theranostic properties in mice
with bioluminescent orthotopic lung cancer, after intrapulmonary nebulization or
conventional intravenous administration. It is found that lung tumors can be detected
non-invasively using fluorescence tomography or UTE-MRI after nebulization of
USRPs, and this is confirmed by histological analysis of the lung sections. The deposition
of USRPs around the tumor nodules is sufficient to generate a radiosensitizing effect
when the mice are subjected to a single dose of 10 Gy conventional radiation one day
after inhalation (mean survival time of 112 days versus 77 days for irradiated mice
without USRPs treatment). No apparent systemic toxicity or induction of inflammation
is observed. These results demonstrate the theranostic properties of USRPs for the
multimodal detection of lung tumors and improved radiotherapy after nebulization.
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1. Introduction
Lung cancer (including both non-small cell lung cancer
(NSCLC) and small cell lung cancer (SCLC)) is a major
health problem and is the leading cause of cancer-related
adult deaths worldwide.[1] Despite current technological and
medical advances, the majority of patients are diagnosed with
locally advanced or metastatic disease, that is in operable in
most cases.[1,2] In these instances, concomitant chemo-radiation therapy remains the most effective therapy[3] but the
5-year survival rate is only 15%.[4]
The reasons for therapeutic failure are diverse and are
partially due to the inability to achieve adequate concentrations of drugs at the tumor site after systemic administration.[5] To increase exposure of the tumor to therapeutic
agents while minimizing systemic side-effects, regional chemotherapy is a promising method and has already been successfully applied for the treatment of ovarian,[6] brain[7] and
bladder tumors[8] and liver metastasis.[9]
Inhalation of anti-tumor agents may be an alternative administration route to improve lung cancer outcomes.
Indeed, the lungs present a large surface area for drug absorption and an extensive vasculature with a weak anatomical
barrier that does not limit access to the body.[10,11] The first
trial, performed by Shevchanko and Resnik in 1968, established the feasibility and the efficacy of administering chemotherapy by inhalation in combination with radiotherapy.[12]
Since then, a large number of drugs have been investigated
for intrapulmonary administration in animal models and in
human trials.[11,13–15] In recent years, the pulmonary administration of nanoparticles has become an attractive strategy
for the local delivery of therapeutic or diagnostic compounds[16]; however, to the best of our knowledge, only one
work discusses the pulmonary administration of iodinated
nanoparticles for diagnostic purposes.[17] With the exception
of Pulmozyme, a recombinant human DNase, the airways are
mainly used for small drug delivery because it is reducing significantly the passage of larger molecules such as antibodies
to the bloodstream (the hydroscopic diameter of an antibody
is 10 to 20 nm). It is thus important to study the behavior
of ultrasmall nanoparticles display hydrodynamic diameters
<6 nm to understand better their properties in this context.
Since the amount and location of nanoparticles deposition
will vary with ventilation parameters such as the inspiratory
flow rate and forced expiratory volume, patients suffering
with airway obstruction may not be eligible to aerosoltherapies. On the other hand, patients with lepidic non small cell
lung cancers, with secondary lung metastasis, or with diffuse idiopathic pulmonary neuroendocrine cell hyperplasia
(DIPNECH) or patients for whom it is important to vary the
treatments may really benefit from aerosoltherapies.
Radiotherapeutic failure can be attributed to the resistance of tumors located in the lung, a highly radio-sensitive
organ. This intrinsic property of the lung prevents the use of
elevated doses of radiation during radiotherapy because of
the resulting major side effects. The local deposition of nanoparticles containing high Z-elements, such as gold, platinum
or gadolinium, on the tumor site could enhance the effects
of X-rays.[18–21] This should maximize the radiotherapeutic
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efficacy via the increase of toxicity on the tumor tissues and
result in only minor side effects in normal tissues.
In this context, we developed “theranostic” ultra-small
rigid particles, USRPs, obtained via an original top-down
process. These particles are composed of a polysiloxane
matrix and chelating species, e.g., DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid), which is covalently
grafted on the inorganic surface. In previous studies, the
particles were validated as promising multimodal contrast
agents for complementary imaging techniques, i.e., magnetic
resonance imaging (MRI), single-photon emission computed
tomography (SPECT), computed tomography (CT) and fluorescence imaging.[22] Despite rapid blood and renal clearance
due to their small size (<6 nm),[23] the significant accumulation of these multifunctional particles in tumors occurs
after intravenous injection, as a result of a passive targeting
mechanism related to the enhanced permeability and retention (EPR) effect[24] and of a specific active tumor-targeting
mechanism after the grafting of cRGD peptides on their surface as demonstrated in a former study.[25] Finally, these gadolinium-based nanoparticles exhibited high radiosensitizing
properties in vitro and in vivo.[21,26]
In a recent study, the biodistribution and pharmacokinetics of USRPs were investigated by ultrashort echo-time
MRI (UTE-MRI) and fluorescence imaging after intrapulmonary administration in healthy mice.[27] The two imaging
techniques showed similar kinetics for USRPs, with the
occurrence of renal clearance after rapid passage from
the airways to the bloodstream (elimination time of 187 ±
40 min).
We undertook the present study to evaluate deep lung
tumor detection by fluorescence imaging and MRI in vivo
and the radiosensitizing effect of USRPs administered
directly in the airways of mice bearing orthotopic human
lung tumors (H358-Luc). We also evaluated the potential
inflammation induced by intrapulmonary administration
of the nanoparticles in a NF-κB-RE-Luc transgenic mouse
model.

2. Results and Discussion
2.1. In Vivo Lung Tumor Detection
An orthotopic mouse model of human NSCLC was developed. Orthotopic models take into account the microenvironment of tumors. Thus, they are more relevant than the widely
used subcutaneous xenografts to evaluate the diagnostic and/
or therapeutic properties of novel agents.[29] In this model,
lung tumors develop after the intrapulmonary inoculation
of luciferase-modified human NSCLC H358 cells (H358-Luc
cells). The use of bioluminescence in vivo is convenient for
the non-invasive monitoring of the implantation and growth
of these orthotopic tumors over five weeks.[30] At this time
point, tumors are well-developed with a strong bioluminescent signal, but this is before the appearance of obvious
symptoms (e.g., body weight loss and breathing difficulties).
Mice bearing H358-Luc lung tumors can thus be used for
subsequent imaging and/or therapy studies before the lung
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Figure 1. In vivo H358-Luc orthotopic lung tumor imaging. (A) In vivo fluorescence tomography imaging after intrapulmonary or intravenous injection
of USRPs-Cy5.5 (50 µL at [Gd3+] ∼40 mM, n = 3). (B) Bioluminescence and fluorescence imaging were then performed on isolated lungs, and showed
a colocalization between the H358-Luc tumors (bioluminescence) and the fluorescent nanoparticles (fluorescence) (arrows). (C) Biodistribution
of the fluorescent nanoparticles at different time points after intrapulmonary administration or 24 h after intravenous injection, was evaluated by
defining ROIs on fluorescent images of extracted organs. (D,E) USRPs also permitted the detection of lung tumors by MRI as can be seen before
(D) or after (E) intrapulmonary instillation (50 µL at [Gd3+] ∼50 mM).

tumors induce breathing distress that could interfere with
their health.
The ability of USRPs labeled with Cyanine 5.5 (USRPsCy5.5) to improve the in vivo detection of lung tumors was
first evaluated after intrapulmonary or intravenous administration of equal quantities of nanoparticles using 3D-fluorescence tomography imaging. This was performed at multiple
time points after intrapulmonary administration of 50 µL of
a solution containing ∼40 mmol/L [Gd3+] or after intravenous
injection of 200 µL of ∼10 mmol/L [Gd3+]. Representative
images are shown in Figure 1A.
At the end of the experiment, the mice were euthanized, and the extracted organs were subjected to ex vivo
bioluminescence and fluorescence imaging (Figure 1B)
for semi-quantification (Figure 1C). In both cases, in vivo
and ex vivo, bioluminescence or fluorescence imaging
showed similar profiles. USRPs-Cy5.5 were homogeneously distributed into the lungs immediately after intrapulmonary administration. Highly fluorescent spots could be
observed on both the 3D-fluorescence images and ex vivo
fluorescence images of the lungs. These high-intensity zones
corresponded to the tumor nodules, as established by bioluminescence imaging (arrows on Figure 1A and B). This
was associated with the augmented, but not significantly
small 2014,
DOI: 10.1002/smll.201401284

different, uptake of USRPs-Cy5.5 in lungs bearing tumors
compared to “normal” lungs. Regarding intravenous injection, USRPs-Cy5.5 were barely detectable in the tumor,
with an augmented signal two times that of the normal
lungs (P = 0.0209). Nonetheless, at 24 h, the fluorescent
signal was 52 times lower in the tumors when the particles
were injected intravenously compared to intrapulmonary
administration of the same quantity of injected nanoparticles. Interestingly, the two different administration routes
resulted in similar levels of non-specific accumulation of the
fluorescent USRPs in all of the other organs assessed (especially in the spleen and in the liver) with a similar mode of
elimination via the kidneys, thus showing agreement with
our previous data.[22,27] These results confirmed that direct
administration via the airways can increase the amount of
locally delivered molecules or nanoparticles in lung tumor
models, which could be of great interest for the treatment
of lung diseases.[5,16,31]
Moreover, the intrapulmonary administration of USRPs
permitted the detection of lung tumors using the specific
UTE-MRI sequence (Figure 1D). This result sustained and
validated the multimodal properties of these nanoparticles[21,22,27] and their potential as multimodal contrast agents
for the detection of lung tumors.
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Figure 2. Distribution of fluorescent nanoparticles on the frozen lung sections of H358-Luc tumor-bearing mice at different time points after
intrapulmonary administration of USRPs-Cy5.5 (50 µL of ∼40 mM [Gd3+]). Lung sections were observed by fluorescence microscopy (in blue:
Hoechst staining of the nuclei; in red: Cy5.5 signals). The upper panel presents the superimposed images of the Hoechst and Cy5.5 signals. The
bottom panel corresponds to Cy5.5-only signals. The Cy5.5 signal was primarily localized close to the tumor nodules (arrows).

2.2. Lung Distribution of USRPs-Cy5.5 After Intrapulmonary
Administration
Fluorescence pseudo-confocal (apotome) microscopy was
then performed on frozen lung sections to obtain more precise information about the distribution of USRPs-Cy5.5
within the lung tissues after intrapulmonary administration
(Figure 2). A large proportion of instilled fluorescent nanoparticles was found in the alveoli 1 h after administration,
together with a delineation of the lung tumors. No specific
binding of the USRPs to the tumor cells could be detected.
The signal was augmented in the periphery of the tumor nodules, suggesting a decreased passage of the nanoparticles to
the blood when the tumor are present. Similar patterns were
still observable 5 hours and 24 hours after administration,
although a decrease of the fluorescent signal in the alveoli
was noted. This reduction of the fluorescent signal can most
likely be attributed to the passage of the nanoparticles from
the airways to the blood, owing to the small size of the nanoparticles (<6 nm),[23] as described in a previous study.[27] A
very weak fluorescence signal was detected by fluorescence
microscopy on lung sections obtained from mice intravenously injected with USRPs-Cy5.5, in agreement with the
52-times reduction of macroscopic signal. Since we used 9 nm
thick sections, this resulted in only a small number of fields of
view presenting scattered nanoparticles randomly distributed
in the alveoli’s (data not shown).

the lungs was quantified to randomize the mice into three
homogenous groups: (i) a group of mice treated with irradiation after intrapulmonary administration of USRPs (n = 11);
(ii) a control group (n = 6; no nanoparticle administration,
no irradiation) and (iii) an irradiated-only group (n = 11;
no nanoparticle administration, irradiation) (Figure 3). The
control and irradiated-only mice groups exhibited similar
median survival times (MeST) of 83 days and 77 days (no
significant difference; P = 0.926). In contrast, the MeST was
extended to 112 days in the group irradiated in the presence
of USRPs. This corresponded to a 45% increase in lifespan
(ILS) compared to the irradiated-only group (P = 0.028). The
improvement was attributed to the radiosensitizing properties of USRPs (containing high-Z gadolinium atoms), which
were primarily present at the tumor level during irradiation,
as shown by in vivo fluorescence imaging, UTE-MRI, and
the analysis of the lung sections. This therapeutic protocol

2.3. Radiosensitizing Therapeutic Study
The significant and specific accumulation/retention of
USRPs-Cy5.5 around the tumors in the nebulized lungs
suggested that a radiosensitizing effect could be expected.
H358-Luc lung tumor-bearing mice were therefore exposed
to conventional irradiation of 10 Gy after intrapulmonary administration of USRPs (50 µL of ∼20 mM [Gd3+]).
Prior to treatment, in vivo bioluminescence imaging was
performed for all mice, and the bioluminescent signal in
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Figure 3. Survival curve comparison obtained on H358-Luc lung
tumor-bearing mice without treatment (n = 6), only treated by one
irradiation (n = 11), and treated by one irradiation (n = 11) 24 h after
the intrapulmonary administration of nanoparticles, 161 days after
tumor implantation. The irradiation was performed at 10 Gy, 37 days
after tumor implantation.
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represents an attractive strategy for the treatment of lung
tumors in radio-sensitive organs such as the lung.
These results have completed and continued the previous works in which it was initially demonstrated that
despite rapid renal elimination after intravenous injection
or intrapulmonary administration, USRPs can improve the
effect of radiotherapy[21] independent of the location and
type of tumor (subcutaneous, brain, etc.).

2.4. Pulmonary Inﬂammatory Potential of USRPs
Finally, demonstrating the safety of these nanoparticles after
intrapulmonary administration was important. In particular,
several publications have reported inflammation of the lungs
and particle-induced activation of the redox-responsive
NF-κB signaling pathway after in vitro exposure[32–34] and
after the inhalation or pulmonary delivery[35,36] of nanoparticles. Therefore, the effect of USRPs nebulization in
NF-κB-RE-Luc transgenic mice was investigated. We evaluated the potential induction of inflammation that depends
on the NF-κB pathway in this strain of transgenic mice, 2, 5,
24, 48, 72 and 96 h after the intrapulmonary administration
of USRPs (50 µL of ∼20 mM [Gd3+]) (Figure 4). Evaluation
of the induced inflammation was performed using an ex vivo
luciferase enzymatic activity assay on the protein extracts of
all representative organs including the lungs, kidneys, spleen,
liver and muscle (as a negative control) to generate highly
sensitive and quantitative measurements. No significant
variation was observed when the luciferase activities in the
organs of the treated versus non-treated mice (control) were
compared. In contrast, animals that received an intrapulmonary administration of lipopolysaccharide (LPS, 2 mg/kg),
which was used as a positive control for lung injury,[37]
showed a 8-fold significant increase in luciferase activity in
the lungs 24 h after administration compared to the control.
These results are also consistent with the broncho-alveolar

lavage analyses performed in a previous study[27] that showed
no increase in the number of immune cells after intrapulmonary administration of USRPs. This result is not surprising
in regard to the chemical composition of USRPs made with
very small amount of polysiloxane that crosslink non-inflammatory DOTA-Gd, and in regard to their small size that is
associated with a rapid elimination from the lung and the rest
of the body.
These results confirmed that the intrapulmonary nebulization of USRPs is a safe and efficient mode of administration of these nanoparticles to the lungs without inducing
an inflammatory reaction. These findings corroborate the
interest in the intrapulmonary administration modality, which
presents several advantages compared to inhalation or intravenous injection for the monitoring of lung tumors.[38–41]

3. Conclusions
This study demonstrates the advantages of using gadolinium-based theranostic nanoparticles (USRPs) in an
orthotopic lung cancer mouse model. USRPs enabled the
multimodal detection, by fluorescence imaging and MRI,
of lung tumors after both intravenous and intrapulmonary
administration. Their direct administration into the airways
significantly increased their pulmonary delivery and uptake
by the tumors, allowing improved detection of the tumor
using imaging. In addition, the proposed protocol improved
the use of conventional X-ray radiation due to the radiosensitizing properties of USRPs. Moreover, the intrapulmonary administration of nanoparticles did not induce
inflammation. Based on these preclinical results, USRPs is
anticipated to have potential applications as a simultaneous
imaging and therapy modality for selected clinical lung
cancer patients in the near future. The next step toward
personalized therapy is the use of these nanoparticles for
image-guided therapy.

Figure 4. Evaluation of the inflammatory potential of USRPs after intrapulmonary administration. The luciferase enzymatic activity was quantified
in organs of NF-κB-RE-Luc mice at different times after the intrapulmonary administration of USRPs (50 µL of ∼20 mM [Gd3+]) (n = 5, mean ± SD).
As positive control, the mice received an intrapulmonary administration of lipopolysaccharide (LPS, 2 mg/kg) and were sacrificed at 24 h.
small 2014,
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4. Experimental Section
Nanoparticle Synthesis and Characterization: The Gd-DOTAbased nanoparticles (USRPs) were synthesized and characterized
according to the previously described protocol.[22,27,28] To perform
the fluorescence imaging, Cyanine 5.5 (Cy5.5) near infrared dye
was covalently grafted on the nanoparticles (USRPs-Cy5.5), as
described in reference.[25]
Lung Tumor Animal Model: Animal experiments were conducted in accordance with protocols approved by the Ethical Committee of Grenoble. H358-Luc cells (Optimal, Grenoble, France),
cultured in RPMI medium supplemented with 10% of heat-inactivated fetal bovine serum, were harvested, washed and resuspended in 1× PBS at 107 cells/50 µL. Female NMRI nude mice
(6 weeks old) were anesthetized with an intraperitoneal (i.p.)
injection of Medetomidin (0.2 µg/g)/Ketamine (0.1 mg/g), and the
tumor cells were inoculated in the lungs with a catheter after orotracheal intubation. The monitoring of tumor development was followed by in vivo bioluminescence imaging after the i.p. injection of
150 mg/kg of Luciferin (Promega, Charbonnières, France), as previously described.[42] The quantification of bioluminescent signals
allowed for the randomization of animals before each experiment.
Lung tumors developed over a period of five weeks.
Intrapulmonary Spray Administration: Intrapulmonary administration was performed using a nebulizing IA-1C Microsprayer
(Penn-Century, Inc., PA, USA) connected to a FMJ-250-high-pressure syringe (Penn-Century, Inc.) containing 50 µL of nanoparticles
labeled with or without Cy5.5. After i.p. anesthesia with Medetomidin/Ketamine, the tip of the microsprayer was introduced into
the trachea of the animals using a dedicated laryngoscope.
Tumor Imaging Study: Bioluminescence, 2D- and 3D-fluorescence imaging, fluorescence quantifications (Optimal, Grenoble,
France) and Ultrashort echo-time Magnetic Resonance Imaging
(UTE-MRI) were performed as described in previous studies.[27,41,43]
Fluorescence microscopy of the frozen lung sections (9 µm)
was carried out using an AxioImager microscope with the AxioVision® software (Carl Zeiss, Jena, Germany) with a 10× objective.
Nuclei were labeled by 1 µg/mL of Hoechst 33342 in 1× PBS for
5 min at room temperature.
Therapeutic Efﬁcacy Study: Bioluminescence imaging was performed 35 days after tumor implantation, and animals were randomized into three groups: control (n = 6), irradiation (n = 11) and
USRPs + irradiation (n = 11). Irradiation consisted in a single 10 Gy
dose delivered with a radiation source operating at 200 keV with
a 2 mm Al-filter. Irradiation, restricted to the chest region, was
performed at day 37, 24 h after intrapulmonary administration of
USRPs (50 µL of ∼20 mM [Gd3+]). The mice were followed at the
animal facility after irradiation. At a later tumor stage, mice were
euthanized when presenting clinical signs and/or 20% weight loss.
Pulmonary Inﬂammatory Potential of USRPs: At different time
points (2, 5, 24, 48, 72, and 96 h) after the intrapulmonary administration of USRPs (50 µL of ∼40 mM [Gd3+]), NF-κB-RE-Luc mice
(Taconic, USA) were sacrificed (n = 5 for each time point), and the
organs were collected and mashed for the in vitro luciferase enzymatic activity assay (Promega, Charbonnières, France), as previously described.[44]
The lipopolysaccharide (LPS) (Sigma-Aldrich, USA) was used as
positive control. The mice were sacrificed 24 h after the intrapulmonary administration of LPS (2 mg/kg).
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Statistical Analyses: Statistical analyses were performed using
the two-tail non-parametric Mann-Whitney t-test. All results are
expressed as the mean ± standard deviation. To compare survival
among different treatment groups, the Kaplan-Meier survival data
were plotted versus time after tumor implantation. These data
were subsequently analyzed using a log-rank test. In both cases,
statistical significance was considered when P < 0.05.
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