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A B S T R A C T

Pulmonary formulations have been attracting much attention because of their direct effects on respiratory
diseases, but also their non-invasive administration for the treatment of systemic diseases. When developing such
formulations, they are typically first investigated in mice. As there are various pulmonary administration
methods, the researcher has to decide on the best quantitative method for their preclinical investigations among
candidate methods, both for total delivery and distribution within the lung lobes.

In this study, we investigated the deposition and distribution of siRNA loaded PLGA nanoparticles (NPs) in the
different lung lobes via three widely used pulmonary administration methods: intratracheal instillation, in-
tratracheal spraying and intranasal instillation. The NPs were radiolabeled with 111In, administered and a single
photon emission computed tomography (SPECT/CT) whole body scan performed. Quantitative image volume of
interest (VOI) analysis of all inhalation related organs was performed, plus sub-organ examinations using dis-
section and gamma counting.

Intratracheal instillation and intratracheal spraying deposited > 95% and > 85% of radiolabeled NPs in the
lung, respectively. However, the lung lobe distribution of the NPs was inhomogeneous. Intranasal instillation
deposited only ~28% of the dose in the lungs, with even larger inhomogeneity and individual variation between
animals. Furthermore, there was a high deposition of the NPs in the stomach.

Intratracheal instillation and intratracheal spraying deposit a large number of NPs in the lungs, and are thus
useful to test therapeutic effects in preclinical animal studies. However, the inhomogeneous distribution of
formulation between lung lobes needs to be considered in the experimental design. Intranasal instillation should
not be used as a means of pulmonary administration.

1. Introduction

The lungs are the most important respiratory organ and a promising
route for drug delivery [1]. Reasons for increased pulmonary drug
administration for both systemic and local drug delivery are non-in-
vasive administration, rapid absorption, and effective targeting for lung
diseases such as lung cancer [2], asthma [3], chronic obstructive pul-
monary disease (COPD) [4] and cystic fibrosis [5].

Recently, many nanomedicine formulations have been developed
for pulmonary drug delivery, including nanoparticles [6], dendrimers
[7], liposomes [8] and polymer-drug complexes [9]. Before testing
these nanomedicines in clinical trials, proper preclinical studies are

required to determine their pharmacokinetics, biodistribution and
therapeutic effects and optimize the pulmonary formulations. Such
evaluations are normally done in small animals (mainly rodents).

Widely used routes for pulmonary administration in preclinical in
vivo studies include inhalation through both mouth and nose, the nasal
instillation route, the tracheal instillation and spraying route and tra-
cheostomy [10] (Fig. 1).

The inhalation route imitates the clinical situation the best. Many
inhalation devices have been developed such as closed chambers where
the entire animal is exposed, the nose-only exposure chamber [8,11],
different nebulizers [12,13], and recently also an instrument with im-
proved dosing precision, the PreciseInhale [14]. Furthermore, in a very
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recent study, an oral probe was used that allows for negative pressure
inhalation, thus facilitating the liquid formulation inhalation by mice in
an automated and highly controlled way [15]. The inhalation route can
simulate the patient situation relatively closely, although problems
exist such as the high amount of formulation waste, physiological dif-
ferences between animal and human breathing as well as the stress to
animals that can affect experimental results in unpredictable ways [16].

The nasal instillation route is the simplest method in administrating
formulations to the airways and lungs [17], and many studies use it to
evaluate disease curing effects and observe disease related parameters
[18–20]. However, the anatomical location and connectivity of the nose
to other organs [21] raises concerns about the lung deposition extent, as
rather large amounts might stay in the nose or reach the stomach and
other organs.

The tracheal route is the most direct way and expected to have the
highest deposition rate. Most recent in vivo studies on pulmonary de-
livery systems are carried out by intratracheal intubation or spraying
[22–26], which can be adapted for multiple dosing. However, the for-
mulation dose via intratracheal route is limited due to the lung capa-
city. Also, the need of anesthetizing the animal and the method of in-
tubating straight through the mouth makes it difficult to translate the
method directly to patients. The choice of pulmonary administration
route may have a major influence on the percentage of formulation that
reaches the lung and thus the final dose, which is crucial to determine a
drug’s pharmacokinetics (PK) and pharmacodynamics (PD).

Some current studies have compared different methods for pul-
monary administration. Kunda et al. recently discussed the lung de-
position and biodistribution of 5 µm fluorescent microspheres in mice
via oropharyngeal aspiration, intratracheal instillation and in-
tratracheal spraying [27]. Linderholm et al. compared in mice the ex-
tent of inflammation induced by particulate matter (PM) sized between
2.5 and 10 µm after intratracheal instillation or intranasal instillation

[16]. The increased inflammation after intratracheal instillation sug-
gests that more PM reach the lungs. Knowing the deposition rate of
formulations in lungs and the regional distribution within the lung
sections by different administration methods is thus an important
parameter and should be investigated prior to designing the dosing
regimen for preclinical inhalation studies in order to determine effec-
tive dose and to prevent toxic effects related to un-even deposition.

To determine the deposition rate of different routes, we principally
separate ex vivo and in vivo methods. The classic ex vivo study is to
measure the concentration of marker molecules in pulmonary tissue
homogenates at different time points [28,29]. Another ex vivo method
was recently described by Yang et al. who investigated the localization
of nanoparticles (NPs) in mouse lungs at cellular resolution deep at the
bronchial tree level in three-dimensional space using light sheet fluor-
escence microscopy (LSFM) [30]. The classic in vivo imaging methods
include bioluminescence, fluorescence, X-ray computed tomography
(CT), single photon emission computed tomography (SPECT), position
emission tomography (PET) and magnetic resonance imaging (MRI).
These in vivo methods may be preferred as they are not invasive and less
animals are sacrificed as compared to invasive methods [31,32]. The
radioactive methods PET and SPECT are the only truly quantitative
imaging methods and provide 3D distributions of the formulation.
Furthermore, SPECT is advantageous in potentially lower cost and ra-
diation dose, and often longer possible imaging time periods [33,34]. It
is also the method used in radiology for the assessment of lung health
by lung ventilation studies with the help of radioactive gases (81mKr and
also 133Xe), carbon nanoparticles (99mTc-Technegas) and aerosols
(99mTc-DTPA solutions) [35]. The combination of SPECT and CT further
provides accurate anatomical images with high resolution and good
sensitivity. Radiolabeling nanomedicine formulations with gamma ray
emitting radioisotopes such as 111In and 67Ga is thus a good way to
trace their in vivo biodistribution.

Fig. 1. Pulmonary administration routes include inhalation by mouth or nose, tracheal instillation, tracheal spraying, and nasal instillation. By permission of
Biosphera, the developer of the 3D Rat Anatomy software.
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The aim of this study was to compare the 3 different commonly used
pulmonary administration methods, intratracheal instillation, in-
tratracheal spraying and intranasal instillation in terms of successful
delivery of a nanomedicine, siRNA loaded polymer-lipid hybrid NPs to
the lungs. While siRNA can silence disease related genes with sequence
specific high efficiency [36], we did not measure its therapeutic effi-
ciency, but wanted to quantitatively analyze how much of the nano-
medicine reached the lungs. This was done by radiolabeling the NPs
with the gamma emitter 111In and measuring its deposition by SPECT/
CT. To understand where nanomedicines can be lost, we further
quantified the radiolabeled NPs in the nose, mouth, trachea of mice, as
well as in the different lung lobes.

2. Materials and methods

2.1. Preparation and characterization of nanoparticles (NPs)

NPs were prepared by Cun et al.’s double emulsion solvent eva-
poration method with a few minimal changes [37,38]. Specifically,
6.25 nmol of random sequenced siRNA (GenePharma Co. Ltd, Suzhou,
Jiangsu, China) was dissolved in 125 µL of RNase-free water to form the
inner water phase, while 12.75 mg of poly(DL-lactic-co-glycolic acid)
(PLGA) and 2.25 mg of dioleoyltrimethylammoniumpropane (DOTAP)
were dissolved in 250 µL of dichloromethane (DCM) to form the oil
phase. Inner water and oil phases were combined and sonicated for
2 min at 75 W using an ultrasonic processor (Biologics Inc., Manassas,
VA, USA, Model 3000) to form the primary emulsion. The outer water
phase consisting of 1 mL of a 2% (w/v) polyvinyl alcohol (PVA 403,
hydrolysis 78–82%, Kuraray Poval, Osaka, Japan) solution was then
added, vortexed for 1 min and sonicated for 2 min to obtain a secondary
emulsion. The emulsion was then added into 3 mL of 2% PVA stirring
with a magnetic stirrer at 500 rpm for 3 h to make the emulsion dro-
plets solidify into NPs while the DCM evaporated. NPs were washed by
centrifuging for 10 min at 10,000g 3 times and collected for further
experiments.

The prepared NPs were diluted 100 times to measure their size and
zeta potential in a Zetasizer Nano ZS 90 (Malvern Instruments,
Worcestershire, UK) at 25 °C. The measurements were repeated 3 times.

2.2. Radiolabeling of NPs

Diethylenetriaminepentaacetic acid (DTPA) is a strong chelator for
111In and was used conjugated to phosphatidylethanolamine (PE), a
membrane phospholipid that is often added to lipid-based formulation
or liposomes to adjust the zeta potential and membrane fluidity. In this
form, 0.64 mg PE-DTPA (Avanti Polar Lipids, USA) was added to the oil
phase during the preparation of the NPs as a radioactive tracer, with all
other steps and characterizations being the same as above.

NPs modified with PE-DTPA were dispersed in 500 μL of distilled
water, 125.8 MBq of 111InCl3 (BWXT, Vancouver, BC, Canada) in 3.7 µL
and incubated at 25 °C and shaking at 500 rpm (Eppendorf
Thermomixer, Hamburg, Germany) for 30 min. The mixture was then
centrifuged for 10 min at 10,000g and the supernatant discarded. The
radiolabeling efficiency and stability of the redispersed radiolabeled
NPs were analyzed by instant thin layer chromatography (ITLC) using
0.1 M ethylenediaminetetraacetic acid (EDTA) as the mobile phase.

2.3. Pulmonary administration of radiolabeled NPs

Nine healthy female C57BL/6 mice were purchased from Charles
River and divided randomly into 3 groups with free access to food and
drink. The pulmonary administration studies were performed in ac-
cordance with the Canadian Council on Animal Care (CCAC) on a
protocol approved by the Animal Care Committee (ACC) of the
University of British Columbia (A16-0150).

Radiolabeled NPs (15 mg) were dispersed into 300 µL distilled

water for 3 different administration methods. Each mouse received
25 µL of the NP suspension.

2.4. Intratracheal instillation

Anesthesia was induced with 5% isoflurane and mice placed on an
intubation stand (ETI-MSE, Kent Scientific, CT, USA) with an anesthesia
mask at an angle of 45°. Isoflurane concentration was then reduced to
2.5% for the intubation. The mouth of the mouse was gently opened
with a cotton swab and the tongue placed at the left side of the mouth.
A laryngoscope (LS-2, Penn-Century Inc, PA, USA) was used to keep the
mouth open and make the trachea visible. A light source fiber (Kent
Scientific, CT, USA) was inserted within a 22G catheter (BD Insyte™
Autoguard™ shielded IV catheter, BD Biosciences, San Jose, CA, USA)
and then introduced into the trachea. The light source fiber was sub-
sequently taken out and a plastic transfer pipette inserted onto the
catheter and some air blown into the animal’s lungs to ensure the
successful intubation of the catheter in the trachea. The 25 µL NP
suspension was then instilled through the catheter. The ideal time point
for instillation is when the mouse is breathing in, i.e., when the vocal
cords move apart due to the airflow, which is visible because of an
external light source (LED light, Ikea, Sweden) placed at the back of the
animal and lighting up the trachea of the mouse. Afterwards, the in-
tubation stand was removed and the mice were transferred to the
SPECT/CT bed for imaging.

2.5. Intratracheal spraying

The intratracheal spraying was conducted with a handheld aero-
solizer (HRH-MAG4, http://www.yuyanbio.com/Product/show/id/
895.html, Yuyan instruments Co. Ltd., Shanghai, China). Mouse hand-
ling was identical as during the intratracheal instillation. Once the
aerosolizer tip inserted into the trachea reached the carina, it was re-
tracted by 1–2 mm to avoid back splashing of suspension (Fig. 2). A
volume of 25 µL NP suspension was then administered in one strong
push. After spraying, the mouse was handled as after intratracheal in-
stillation.

2.6. Intranasal instillation

The intranasal instillation was conducted as described by McDaniel
et al. 2018 [17] by anesthetizing the mouse in an induction chamber
with 5% isoflurane. When fully anesthetized, the mouse was put in
supine position and its head angled such that the liquid could easily
slide down the nostril into the airway. The 25 µL NP suspension was
then slowly dispensed into one nostril using a pipette with prolonged
tip. The mouse was kept anesthetized in upright position with 1.5%
isoflurane for 2 min to allow for full aspiration and dispersal of the NPs,
followed by SPECT/CT imaging.

2.7. In vivo SPECT/CT imaging

SPECT/CT imaging was conducted with a VECTor/CT preclinical
small animal scanner (MILabs, Utrecht, the Netherlands). Throughout
the entire scanning procedure, mice were kept under isoflurane an-
esthesia, respiratory rate was monitored and constant body temperature
was maintained using a heating pad. After scanning, the mice were
sacrificed, lung and other organs excised, weighed and the radioactivity
measured by gamma counting to determine the NPs' biodistribution.

The SPECT scans were conducted with a XUHS-2 mm mouse multi-
pinhole collimator for 10 min followed by a 2 min CT scan. The 111In
photopeak of 171 keV with an energy window width of 25% was used.
SPECT/CT images were reconstructed and the radioactivity in lung and
other related organs quantified by drawing 3D volumes of interest
(VOIs) with the free software Amide (V.1.0.4) [39].
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2.8. Lung dissection and gamma counting

The lungs of mice were excised after sacrifice and divided into 6
anatomical parts including trachea, left lung, cranial, middle and
caudal lobe of the right lung and the accessory lobe. The lung sections
were cleaned of blood, weighed and the radioactivity measured by
gamma counting to determine the NPs' biodistribution.

2.9. Statistical analysis

The statistical analysis of intra-lung distribution of NPs was con-
ducted by SPSS software (Version 20) relative to intratracheal instilla-
tion group. The data was first analyzed for normality using the Shapiro-
Wilk test. The statistically significant difference analysis was then
conducted by one-way analysis of variance (ANOVA). P values less than
0.05 were considered significant. Results are reported as mean ± SD.

3. Results and discussion

3.1. Characterization of radiolabeled NPs

The original siRNA NPs and the ones radiolabeled with 5% PE-DTPA
were very similar and uniform in terms of size and charge. The size
distribution of the original NPs was 230 ± 1 nm, while the DTPA-
modified and radiolabeled NPs showed a size distribution of
223 ± 3 nm (Fig. 3A). Both particles thus showed a narrow and similar
size distribution. The zeta potential of the original NPs was
35.3 ± 0.3 mV and changed only slightly to 32.4 ± 0.6 mV (Fig. 3B),
potentially due to the charge contributions of excessive carboxyl groups
from unchelated DTPA.

The radiolabeling efficiency of the NPs was 94.1% (Fig. 4). As the
surface of NPs was still positively charged, 111In3+ showed no non-
specific binding due to charge interaction, and was thus stable and
ready for in vivo application.

3.2. SPECT/CT imaging

During the total 12 min SPECT/CT scans after NP administration by
intratracheal instillation and intratracheal spraying, all radioactivity
stayed in the lung. The NPs were thus stably radiolabeled and did not
move during this time once deposited in the lungs.

Optical inspection of the SPECT/CT images of groups of mice re-
ceiving radiolabeled NPs by pulmonary administration show distinct
differences between the 3 methods used (Fig. 5).

For intranasal instillation, the dose deposited in the lungs was very
low compared to the other two methods. Most of the radioactivity was
found in the nose and mouth of mice. During the instillation, a con-
siderable amount of NP suspension leaked from the nostril with
breathing despite efforts to instill the NPs slowly through the prolonged
pipette tip inserted inside the nostril for a few millimeters. That nose,
mouth and other related organs are directly connected is clearly visible
from the radioactive images, where a high percentage of activity stayed
in the mouth and nose, and activity in the esophagus was clearly visible
in all animals. Intranasal instillation was done in 4 mice, with one of
them showing a high activity deposition in the stomach after likely
swallowing much of the NPs (Fig. 6). As a result of this suboptimal
method, all mice showed a low uptake of NPs in the target organ, the
lungs.

The dose of NPs deposited in the lungs after intratracheal instilla-
tion and intratracheal spraying (Fig. 5) was significantly higher than
after nasal instillation, but not uniform between the two sides of the
lungs. This might be due to a slight skewing of catheter or syringe
during the application, or due to the fact that the placement of the
catheter or aerosolizer above the carina is somewhat “blinded”, and
might even change during the instillation or spraying. The intratracheal
instillation had some NPs deposited in the trachea, and a hot spot at the
top of trachea. The residual activity in trachea may be due to the
leakage of NPs remaining in the catheter during the process of with-
drawing after administration. For intratracheal spraying, there were

Fig. 2. Both intratracheal spraying and instillation are done from 1 to 2 mm above the carina after insertion of a catheter or a bent aerosolizer. Copyright permission
was obtained from Encapsula NanoSciences.
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more NPs deposited in the mouth, which might be due to the powerful
spraying of aerosolizer leading to some back splashing to the mouth. To
minimize this effect, the syringe is withdrawn 1–2 mm after reaching
the carina (Fig. 2), however, back splashing cannot be avoided com-
pletely because of the high pressure produced in the aerosolizer. This
high pressure is necessary to produce fine droplets of solutions or
concentrated and viscous suspensions. The overall higher amount of
mouth deposition compared with intratracheal instillation, and the
non-uniformity of NP deposition between the two sides of the lungs are
still considerable shortcomings.

In a next step, the deposition of radiolabeled NPs in the different
organs related to the lungs was quantified by outlining 3-dimensional
volumes of interest (VOIs) from the SPECT/CT images (Table 1). As
discussed above, a certain percentage of NPs meant for lung delivery
will also deposit in the trachea, nose, mouth and stomach. This is in-
evitable, however, should be minimized as much as possible through
the proper choice of method and careful execution. Among these three
methods, intratracheal instillation had the highest lung deposition of on
average 95.1 ± 1.4%, while intratracheal spraying reached an average
of 87.6 ± 1.4% deposition in the lungs. Other authors confirmed that
intratracheal spraying with the Penn-Century device is able to reach
similar levels of aerosol deposition at 85 ± 3%, but they noted a

relatively inhomogeneous distribution to the different lung lobes as
well [40]. Two additional studies with different formulations confirm
that the highest delivery efficiencies are reached by the intratracheal
route [16,27]. In contrast, intranasal instillation showed the lowest
average lung deposition of just 28.6%, with enormous variations. The
main deposition site of NPs also varied considerably from mouse to
mouse.

Overall, intratracheal instillation and intratracheal spraying deposit
a high percentage of the radiolabeled NPs in the lungs. They are thus
the preferred methods in preclinical therapeutic efficiency and toxicity
studies designed for testing the dose-effect relationship after complete
administration into the lungs. As the easier method, intratracheal in-
stillation might actually be preferred. Intranasal instillation cannot be
recommended, as it delivers much less of the nanomedicines to the
lungs, and is not very reproducible.

3.3. Intrapulmonary distribution of NPs

To gain an even better quantitative understanding of the NP dis-
tribution within the lungs of mice, we excised lung lobes and trachea
after sacrifice. The lungs were divided into five parts: left lung, cranial
right lobe, middle right lobe, caudal right lobe and the accessory lobe
(Fig. 1), and the radioactivity in each part was quantified by gamma
counting.

The distribution of NPs in each lung side was not homogenous, as
seen in the SPECT/CT images (Fig. 5). As SPECT/CT is not able to
clearly distinguish the different lung lobes, we analyzed them post
mortem ex vivo. The distribution of NPs in each lung lobe varied con-
siderably (Fig. 7). The radioactivity deposited in the left lung was
12.6 ± 0.8%, 49.9 ± 3.9% and 56.1 ± 24.2% of the total radio-
activity that reached the lung by intratracheal instillation, intratracheal
spraying and intranasal instillation, respectively. The pre-testing of
administration method might thus be important before choosing the
administration method for an animal study, especially if the study re-
quires deposition in specific lung lobes.

In the pharmaceutical industry, homogeneous distributions within
the different lung lobes are reached with nebulizers. This is also pos-
sible preclinically, as shown by Cossio et al. [40]. In their study, the two
tested types of nebulizers showed highly uniform formulation dis-
tributions on both lung sides. However, the deposition efficiency of
formulation delivered by nebulizers to the lungs was only 0.6%, and the
determination of formulation efficiency and toxicity is thus rather
limited.

A recent detailed study using high resolution fluorescence

Fig. 3. (A) Size distribution and (B) zeta potential of original and 111In-radiolabeled NPs.

Fig. 4. ITLC image of radiolabeled NPs shows the radiolabeled NPs at Rf = 0,
while free 111In (control) goes to the solvent front in 0.1 M EDTA.
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microscopy showed that NPs end up about 2x more in the central lung
areas than in the peripheral ones [30]. This suggests that even in
nebulizing studies, the lung deposition is not uniform. Both animal
anatomy and physiology might contribute to this finding, although the
biggest factor is very likely the nanoparticle size, charge and shape.

In addition to the application method, other factors such as the
animal model and the age of the animals might influence the pul-
monary drug distribution. Mice are widely applied in investigating
pulmonary administered drugs because they are easy to handle, avail-
able and affordable, which might not be true for larger rodents, dogs,
pigs, rabbits and non-human primates. Differences in lung anatomy and
physiology between these animals and humans raise the concern about
the translation of mice data to human. A recent study showed that al-
though the total particle deposition in lungs of mice and human are
similar, there are considerable differences in regional particle deposi-
tion [41]. Furthermore, the animal age seems to also influence the

amount of nanoparticle deposition. Kreyenbühl et al. reported in a re-
cent careful study that the deposition of gold nanoparticles inhaled in
rats before the age of 21 days was low, became maximal at 21 days, and
then stayed medium thereafter, which they correlated with the devel-
opment of the anatomical structure and pulmonary particle retention
[42]. The inhomogenous particle distribution among the lung lobes,
however, was independent of age and similar between rats aged 7 to
90 days old.

While many new methods including in silico simulations, lung on a
chip and microfluidic models, as well as ex vivo models are available (as
described in a recent review by Ehrmann et al. [43]) and should be
investigated first before going in vivo, the preclinical evaluation of
novel, repurposed or reformulated drugs for inhalation is still manda-
tory to date. The thorough investigation of formulation deposition in
lungs of different species will thus stay of great importance in the
coming years.

4. Conclusions

While the experimental design is key in any in vivo study, it is even
more crucial for pulmonary drug delivery systems. Our work establishes
that the radiolabeling of nanoparticles for pulmonary administration
followed by SPECT/CT imaging is an excellent tool for quantifying the
in vivo lung distribution of NPs. According to the SPECT/CT images and
our data analyses, we observed that intratracheal instillation and in-
tratracheal spraying were able to deposit more than 95% and 85% of
the NPs in the lungs, respectively, but in a relatively inhomogeneous
manner. This is important to note, as non-uniformity between lung
lobes may cause toxicity in lobes that accumulate higher formulation
concentrations. For the third tested literature method, intranasal in-
stillation, the deposition rate of lung was much lower at about 25%,
with enormous variations, and repeated mis-administrations to the
stomach. For this reason, we do not recommend intranasal instillations
as a means of pulmonary administration.

Recently, a more precise inhalation system called the PreciseInhale
[14] has been marketed. It might be useful to evaluate such a system in
the future with quantitative SPECT or PET imaging.

Fig. 5. SPECT/CT images of NP suspensions in mice after administering them with three different methods.

Fig. 6. Example of NP misadministration by intranasal instillation, where
70.5% of the NPs ended up in the stomach.
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Table 1
Total delivered activity and quantitative VOI distribution of radiolabeled NPs to inhalation-related tissues and organs via different administration methods. The
distribution is expressed in % radioactivity of the total delivered activity, measured over the first 10 min after application. *Activities of < 0.001% are listed as 0. N
for each group was 3.

Total delivered activity (MBq) Lungs Trachea Nose Mouth Stomach

Top Middle End Total

Intratracheal instillation 9.77 94.45 2.87 1.00 1.68 5.55 0* 0.01 0
10.72 94.14 4.94 0.69 0.22 5.85 0 0.01 0
8.78 96.65 2.52 0.30 0.52 3.34 0 0.01 0

Mean 9.76 ± 0.97 95.08 ± 1.37 4.91 ± 1.37 0 0.01 ± 0.00 0
Intratracheal spraying 6.05 89.10 7.01 0.01 0.71 7.72 0.02 3.14 0

7.69 87.34 12.39 0.96 0.02 13.37 0 1.53 0
9.63 86.42 10.00 1.82 1.75 13.57 0 0 0.01

Mean 7.79 ± 1.79 87.62 ± 1.36 11.55 ± 3.32 0.01 ± 0.01 1.56 ± 1.57 0.01 ± 0.01
Intranasal instillation 12.48 20.02 67.39 0.10 0.14 67.63 12.26 0.05 0

15.21 50.25 46.40 0.03 0.06 46.49 1.34 1.88 0
10.52 15.56 0.02 0.12 0.08 0.220 5.72 78.49 0.01

Mean 12.74 ± 2.36 28.61 ± 18.87 38.11 ± 34.48 6.44 ± 5.50 26.81 ± 44.77 0.00 ± 0.01

Fig. 7. Intra-lung distribution of NPs by three different administration methods
(n = 3). Statistical differences were calculated relative to the intratracheal
instillation group, *P ≤ 0.05, **P ≤ 0.01.
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