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ABSTRACT

Lipid nanocapsules (LNCs) are semi-rigid spherical capsules with a triglyceride core that present a
promising formulation option for the pulmonary delivery of drugs with poor aqueous solubility.
Whilst the biodistribution of LNCs of different size has been studied following intravenous
administration, the fate of LNCs following pulmonary delivery has not been reported. We
investigated quantitatively whether lung inflammation affects the clearance of 50 nm lipid
nanocapsules, or is exacerbated by their pulmonary administration. Studies were conducted in
mice with lipopolysaccharide-induced lung inflammation compared to healthy controls. Particle
deposition and nanocapsule clearance kinetics were measured by single photon emission
computed tomography/computed tomography (SPECT/CT) imaging over 48 h. A significantly lower
lung dose of **In-LNC50 was achieved in the lipopolysaccharide (LPS)-treated animals compared
with healthy controls (p < 0.001). When normalised to the delivered lung dose, the clearance
kinetics of In-LNC50 from the lungs fit a first order model with an elimination half-life of 10.5 +
0.9 h (R*=0.995) and 10.6 + 0.3 h (R* = 1.000) for healthy and inflamed lungs respectively (n = 3).
In contrast, **!In-diethylene triamine pentaacetic acid (DTPA), a small hydrophilic molecule, was
cleared rapidly from the lungs with the majority of the dose absorbed within 20 min of
administration. Biodistribution to lungs, stomach-intestine, liver, trachea-throat and blood at the
end of the imaging period was unaltered by lung inflammation. This study demonstrated that lung
clearance and whole body distribution of lipid nanocapsules were unaffected by the presence of
acute lung inflammation.

Keywords (maximum of 6): Lipid nanocapsules; pulmonary drug delivery; biodistribution;
SPECT/CT; lung clearance kinetics; inflammation.



1. Introduction

A large proportion of compounds under development for inhaled therapy of respiratory
disease have poor aqueous solubility or a short half-life in the lungs [1-3]. The aerosol
administration of relatively insoluble compounds can result in a dose-dependent, solubility-
dependent accumulation of particulate drug material in the lungs [4]. The long-term implications
of macrophage responses to drugs of this nature is not completely understood and can be a
barrier to the progress of such compounds to clinical development [5]. There are a variety of
formulation strategies that may help circumvent the issues of insoluble particle accumulation in
the airways, including the loading of agents in lipid nanocapsules [6].

Lipid nanocapsules are core-shell nanoparticle systems with an oily core comprised of
triglycerides, a lipophilic material capable of dissolving compounds with poor aqueous solubility
(e.g. the anti-cancer agents, paclitaxel and tretinoin) [7-10]. The core is surrounded by a semi-rigid
shell typically consisting of phosphotidylcholines and surfactants [11]. Lipid nanocapsules can be
manufactured on an industrial scale, exhibit long storage shelf-lives in suspension, demonstrate a
high stability during nebulisation [9,12] and achieve constant, reproducible drug release profiles
[13,14]. Furthermore, lipid nanocapsules have shown an excellent in vivo biocompatibility profile
following single pulmonary administration across a range of therapeutically relevant doses [15,16]
and are not associated with acute adverse macrophage responses [15].

While whole body distribution studies have been performed with lipid nanocapsules of
different sizes following intravenous (i.v.) administration [17], the clearance and biodistribution of
lipid nanocapsules following administration to the lungs has not been reported. Since lipid
nanocapsules may be developed as drug carrier systems for the treatment of lung conditions
which are likely to be accompanied by inflammation (e.g. respiratory infections, asthma or chronic
obstructive pulmonary disease), it is important to study their biodistribution and clearance kinetics
in the inflamed lung as well as healthy controls. Alternatively, if inhaled lipid nanocapsules were
used as treatment vehicles in clinical scenarios where little or no lung inflammation was present
(e.g. pulmonary hypertension or systemic delivery of drugs), it would be of relevance to
understand whether the inhaled therapy would be affected by secondary respiratory tract
infections [18,19]. Therefore, the aim of this study was to investigate the kinetics of lipid
nanocapsule lung clearance and whole body distribution following administration to the mouse
lung in the presence and absence of bacterial lipopolysaccharide (LPS), an endotoxin from
Escherichia coli that induces acute lung inflammation [20-23]. It was hypothesised that (i) lipid
nanocapsule administration to the inflamed lung would result in a modified clearance rate of the
nanoformulation from the lungs compared to healthy control animals, but (ii) due to their high
biocompatibility, lipid nanocapsules would not exacerbate the inflammation caused by the LPS
pre-treatment.

2. Materials and Methods
2.1. Lipid nanocapsule manufacture and characterisation

Lipid nanocapsules were manufactured using the phase-inversion temperature method [11].
Briefly, lipid nanocapsules were prepared by generating a coarse emulsion of 17% w/w Labrafac®
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Lipophile WL1349 (Gattefosse, Saint-Priest, France), 17.5% w/w Solutol® HS15 (BASF,
Ludwigshafen, Germany), and 1.75% w/w Lipoid® S75-3 (Lipoid GmbH, Ludwigshafen, Germany) in
a 3% w/w sodium chloride (NaCl,q) solution. The emulsion was subjected to repeated heating and
cooling cycles (85°-60°-85°-60°-85°C) before cooling to 72°C, quenching in a 2-fold volume of ice
water and stirring at room temperature for 5-10 min. The nanocapsule suspension was filtered
(0.45 um syringe filter) and excess stabiliser (Solutol® HS15) was removed by dialysis (72 h) against
water containing BioBeads® (BioRad, Hertfordshire, UK). Suspensions were concentrated prior to
administration using ultrafiltration centrifuge tubes (Millipore Ltd., Hertfordshire, UK; 100 kDa
MW(CO). Residual Solutol® HS 15 content was < 0.5 mg/mL. Particle size and zeta potential were
measured using a Zetasizer Nano ZS (Malvern, Worcestershire, UK). Nanocapsules were diluted
1:50 in purified water or saline and measurements taken at 25°C for quality control, at a scattering
angle of 173°, using a viscosity value of water (0.8872 cP) for the dispersant. While all nanocapsule
suspensions were size-stable for over four weeks when stored in purified water at 4°C [16], fresh
batches were prepared for each in vivo experiment and used within 7 days of manufacture. Zeta
potential measurements were performed at 25°C at a concentration of 20 pg/mL with all
suspensions diluted in 6.3 mM NaCl,q. Suspension concentration was determined gravimetrically.

2.2. Nanocapsule radiolabeling with ***indium-chloride and stability studies

To incorporate a radiolabel chelator into the shell of the nanocapsule systems (radiolabeled
formulation have been abbreviated as **'In-LNC50), 0.1% w/w 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine-N-diethylenetriaminepentaacetic acid (DMPE-DTPA) (Avanti Polar Lipids
Inc, Alabama, USA) was added to the components during the coarse emulsion step and the
nanocapsules were prepared as described above. Suspensions were diluted to 12 mg/mL with 0.1
M ammonium acetate (pH 6.6) [24]. *"!Indium-chloride (Mallinckrodt Medical Inc, Petten, The
Netherlands), ~50 MBq (mlnCI3, half-life 2.83 days), was dissolved in 0.5 M ammonium acetate
(pH 5.0) and mixed with LNC50-DMPE-DTPA at a ratio of 1:2 v/v. The mixture was incubated at
37°C for 45 min under gentle shaking. Radiolabeling efficiency was measured by quantifying the
radioactivity in the ultrafiltrate of the washing solution and washed particle residue after three
cycles of washing using spin filtration with Amicon ultrafiltration centrifuge tubes (Millipore Ltd.,
Hertfordshire, UK; 30 kDa MWCO).

To assess the radiolabel stability in a biological environment, 5 uL of Mn-LNC50
nanosuspensions (0.1-0.2 mg/mL) were added to 495 L foetal bovine serum (FBS, Gibco (R), Life
Technologies, UK) or phosphate buffered saline (PBS, pH 7.4; Oxiod Ltd, Basingstoke, UK) and
incubated at 37°C with gentle shaking. At 24 and 48 h, *In-LNC50 were collected and centrifuged
for 3 min at 10,000 g using ultrafiltration centrifuge tubes (30 kDa MWCO). The free **
in the ultrafiltrate and particle residue was assayed using a Capintec/Mucha gamma counter (1282
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Compugamma Laboratory Gamma Counter, LKB Wallac, Australia). For control experiments,
diethylene triamine pentaacetic acid (DTPA) (Sigma-Aldrich, Dorset, UK) was dissolved in 0.5 M

ncly (37 MBq) was mixed with 0.5
111

ammonium acetate (pH 6.6) to prepare a 1 mg/mL solution.
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M ammonium acetate (pH 6.6) at a 1:1 v/v ratio resulting in a final pH of 5.0. The
uL) was mixed with the DTPA solution (20 pL) and incubated at 37°C for 90 min to obtain
DTPA.
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2.3. Induction of inflammation and administration of lipid nanocapsules

All procedures were conducted in accordance with the United Kingdom Animal Scientific
Procedures Act, 1986 and were approved by the ethics committee of Kings College, London. In
vivo experiments were performed with male BALB/C mice (6-8 weeks of age; Harlan, UK). Mice
were housed in rooms maintained at a constant temperature (21 £ 2°C) and humidity (55 + 15%)
with a 12 h light-dark cycle. Animals had food and water available ad libitum and were allowed a 1
week acclimatisation period before use.

Animals were separated into six cohorts (n = 3-7) and were anaesthetised with isoflurane 3-
5% v/v in O, at a flow rate of 1.0 L/min before intranasal (i.n.) administration of 25 uL of LPS
(Sigma-Aldrich, Dorset, UK; 1 or 10 ug/mouse) or 0.9% saline (SAL; vehicle control for healthy
animals). At t =0 h, 25 uL of lipid nanocapsule suspension (175 pg/mouse) or saline vehicle control
was administered using an oropharyngeal aspiration (0.a.) procedure [25]. Aspiration was
confirmed visually.

2.4. Measurement of inflammation

Mice were killed humanely at 24 h with an intraperitoneal (i.p.) injection (0.5 mL) of 25%
urethane. Lungs were lavaged with 3 x 0.5 mL of sterile 0.9% saline, which were combined and
stored on ice. The lungs were removed and inflated with 10% formalin. Tissue histology was
performed on three transverse sections cut through the left lung, dehydrated through ascending
grades of ethanol and embedded in paraffin wax. Sections were stained with hematoxylin and
eosin (H&E) stain to assess general morphology [26].

The total cell count in bronchoalveolar lavage (BAL) was determined immediately following
lavage by mixing 50 pL BAL fluid with 50 pL Turk solution (Merck Chemicals, Darmstadt, Germany)
and counting live cells using a haemocytometer. For differential cell counts, cytospin slides were
prepared using 100 uL of BAL fluid spun at 1000 RCF for 1 minute. Slides were dried before
differential staining (Reastain Quick-Diff Kit; Reagena Ltd, Toivala, Finland) and mounting (DPX;
Fisher Scientific, Leicestershire, UK). A total of 100 cells were evaluated to determine the
proportion of neutrophils, eosinophils and macrophages using standard morphological criteria. No
eosinophils were detected in any of the samples. Total protein levels in BAL were quantified using
a Quick Start™ Bradford Protein Assay (Bio-Rad, Hemel Hempstead, UK) according to
manufacturer’s instructions.

2.5. Single photon emission computed tomography/computed tomography (SPECT/CT) imaging

To measure clearance of lipid nanocapsules from healthy versus inflamed lungs, animals
were grouped into four cohorts (n = 3). Intranasal pre-treatment with LPS (1 pg) or saline vehicle
was performed as described above, followed 24 h later by 0.a. administration of **!In-LNC50
suspensions (125 pg solids/mouse, 2.5-3.0 MBq) or **!In-DTPA (2.5-3.0 MBq) solutions. SPECT/CT
scans were acquired for the whole body with mice placed in the prone position and a pressure
transducer placed under the abdomen for respiratory monitoring. Scans were acquired at 0.25, 3,
24 and 48 h after *!In- nanocapsule administration using a NanoSPECT/CT PLUS preclinical animal
scanner (Mediso, Hungary). Mice dosed with *'In-DTPA in PBS were treated as above with the
exception of additional images collected att =0, 11, 23 and 35 min to capture the faster rate of
clearance from the lungs (n = 1). CT images were obtained using a 55 kVP X-ray source, 500 ms
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exposure time in 240 projections, a pitch of 1 and an acquisition time of 8 minutes. CT was imaged
prior to SPECT, which was acquired using an exposure time of 1200 s, obtained over 60 projections
and equipped with a 4-head scanner each with nine 1 mm pinhole apertures in helical scan mode
with a total acquisition time of 35 min. CT images were reconstructed in a 352 x 352 matrix using
proprietary Bioscan InVivSCope (Bioscan, USA) software, whereas SPECT images were
reconstructed in a 256 x 256 matrix using HiSPECT (ScivisGmbH, Bioscan). Images were fused and
analysed using InVivoScope (Version 1.44, Bioscan) for intensity counts. 3D regions of interests
(ROI's) were created for desired organs at each time point using InviCRO 3D and the counts decay
corrected and compared to the total delivered dose for each mouse to assess biodistribution and
clearance. Following the final scan, mice were culled by cervical dislocation, tissue samples were
excised, and radioactivity was counted in a gamma counter (LKB Wallac, Finland). The radiotracer
activity in the samples was corrected for background decay time.

2.6. Organ distribution of lipid nanocapsules
A parallel set of animals were grouped into the same four cohorts (n = 3) to examine organ

1n-DTPA were administered as

biodistribution. Inflammation was induced and ***in-LNC50 or
described above. Mice were humanely killed with an i.p. injection of 0.5 mL urethane (25%) at
0.25, 3, 24 or 48 h after **!In-LNC50 or **In-DTPA administration. Lungs were lavaged with 3 x 0.5
mL of sterile saline and a sample (200 pL) of BAL fluid was set aside whilst the remaining BAL was
centrifuged for 20 min at 500 rpm to separate the supernatant from the cellular fraction. In
addition, the throat, trachea, lungs, salivary glands, thymus, heart, stomach, intestines, liver,
kidneys, spleen, bladder, faeces, muscle and blood were removed. Each sample was counted on a
1282 Compugamma Counter (LKB Wallac, Finland), together with standards prepared in a
corresponding matrix. Data was corrected for radioactive decay during the experimental period

and expressed as a percentage of the original activity.

2.7. Statistical analysis

Statistical Package for Social Sciences (SPSS) software (version 20.0; SPSS Inc., IBM, UK) was
used for all statistical analyses. Data was analysed for normality using the Shapiro—Wilk test.
Chelation stability was performed by systematic comparison of group means using a paired two-
tailed Student’s t-test. BAL cell counts from nanocapsule - and saline-challenged mice were
compared using one way ANOVA on log transformed data followed by a post-hoc Tukey test.
Particle size, lung clearance rates and 3-D image analysis from SPECT/CT was performed using a
two way repeated measures ANOVA comparison with a post-hoc Bonferroni test. p < 0.05 was
considered significant.

3. Results
3.1. Farticle size, radiolabeling efficiency and stability of nanosuspensions

The lipid nanocapsules possessed a similar particle size, polydispersity index and surface
charge to previously manufactured systems using similar conditions (Table 1) [11,15].
Incorporation of the chelator, DMPE-DTPA, into the shell of the nanocapsules resulted in
marginally larger hydrodynamic diameters (p < 0.01) and an anionic surface charge (table 1) (p <
0.01). There was no significant change in the anionic surface charge between nanocapsules and
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LNC50-DMPE-DTPA in 150 mM sodium chloride solution (p > 0.05). All systems were highly stable
in suspension over a four week storage period (Supplementary Fig. S1). The surface charge of the
labelled particles most probably arose as a consequence of the ionised carboxylic acid groups of
DMPE-DTPA and it was suspected that this would probably be reduced once the 1ncl; was
attached to the DMPE-DTPA. As a consequence the negative surface charge was not considered to
have a significant impact on the surface chemistry of the particles when compared to the
unlabelled material.

Table 1. Particle size and surface charge of lipid nanocapsules with and without DMPE-DTPA
incorporation. Data represents mean * standard deviation of the hydrodynamic diameter (Dy,),
polydispersity index (PDI) and zeta potential of three batches of nanosuspensions in purified water,
physiological saline (NaCl 150 mM) and a dilute saline solution (NaCl 6.3 mM) at 25°C.

Purified Water NaCl (150 mM) NaCl (6.3 mM)
Dy, (nm) PDI T(mV) | Dy (nm) PDI {(mV) | Dy (nm) PDI T (mvV)
Lipid nanocapsules 469t 0.1+ -7.7 426 0.05 -2.6+ 482 0.05 % -4.7 £
(LNC50) 0.4 0.01 1.2 0.2 0.01 0.4 0.4 0.01 0.9

LNC50-DMPE-DTPA | 50.7£2.2 | 0.05+% -27.4+ 46.7+ 0.10+ 5.4+ 52.7+ 0.04 = -12.1+

0.03 35 13 0.01 1.2 14 0.02 2.3

The labelling efficiency of - nanocapsules (***In-LNC50) was 91.2 + 2.2 % (n = 5) when the
filter binding of the label (6.8 + 0.9 %) was accounted for and the ***

completely absent from the unbound label. This was demonstrated by a 98.0 + 2.8 % (n = 5)
f 111

In-LNC50 were shown to be
recovery of the label during the washing process and the absence of significant levels of “*“Inin
the ultrafiltrate of suspensions following incubation in FBS and PBS (150 mM, pH 7.4) (n=3;p >
0.05).

3.2. Lung inflammation

LPS was used to induce airway neutrophilia to determine whether nanocapsule
administration to inflamed lungs exacerbates the pre-existing inflammation. Administration of LPS
(10 and 1 pgi.n.) was used to induce a robust acute inflammatory response in the mouse lung
characterised by an increase in total BAL cell numbers and a significant increase in BAL neutrophils
(Fig. 1B-C). The 10 pg dose represented a typical LPS model of neutrophilic inflammation and it
was observed that LNC administration did not exacerbate the inflammation. It was not possible to
use the higher LPS dose in imaging studies, as animals with a moderate level of lung inflammation
were susceptible to respiratory distress under the prolonged anaesthesia necessary for image
acquisition. Therefore, a 1 ug dose of LPS was used to induce a mild, but significant, inflammatory
response which was also not influenced by LNC administration. In all LPS-treated cohorts, the
neutrophilic response was fully resolved by t = 72 h post-administration of LPS (data not shown).



Lipid nanocapsule treatment using an o.a. procedure did not induce acute inflammation in
healthy lungs (Fig. 1B-D), thus confirming previous findings [15,16]. Histological analysis of lung
tissue showed an accumulation of neutrophils in the lungs obtained from mice pre-treated with
LPS (Fig. 2C-D) in comparison to mice with a saline pre-treatment (Fig. 2A-B). LPS-induced
inflammation was characterised by peri- bronchial foci of neutrophils and fibrin, prominence of
alveolar macrophages, and intra-alveolar haemorrhage. No significant differences in BAL total
protein could be detected between the treatment groups (p > 0.05). BAL fluid cytokine analysis

was not performed in this study, as we have previously published cytokine levels post-LNC
administration [15].

A B
Total cells in BAL (t= 24 h)
Pre-treatment Treatment Assessment of . 40
In. i 1 -
(. ) go.a.) inflammation E 35-
Y 4 ¥ | % 30
-24h Oh 24 h 43h O o
5
X 20+
Cohorts 1 2 3 4 5 6 2 45-
L]
S o 104
E':;reatme"t SAL | SAL | LPSy, | LPSy. | LPSioe | LPSiqe T 5 i
n. =
F ool = e -
Treatment SAL | LNCSO | SAL | Lncso | SAL | Lncso
(0.a.) t=-24h(in) SAL LPS, LPS, LPS,O u='s10
. 4 5 3 3 4 5 t=0h(o.a) SAL LNC50 SAL LNC50 SAL LNC50
¢ Neutrophils in BAL (t = 24 h) o Total protein in BAL (t=24 h)
5301 400+
E . -
@ 254 7:-'
3 ) S 3004
20 =
“"E c
= 154 S 2004
@ s
Z 104 s
o = 1004
£ 5 ‘ :
2 _ [ em o
t=24h(in) SAL SAL LPS, LPS; LPS; LPSy t=-24h(in) SAL LPS, LPS, LPS,O LF‘S,O
t=0h(o.a) SAL LNC50 SAL LNC50 SAL LNC50 t=0h(o.a) SAL LNC50 SAL LNC50 SAL LNCSO

Fig. 1. Assessment of inflammatory parameters in bronchoalveolar lavage (BAL). (A) dosing

schedule, (B) total number of cells, (C) neutrophils and (D) total protein in BAL at t = 24 h into the
dosing schedule. Columns represent mean + SEM (n = 3-7). No significant difference between the
(SAL)/SAL (saline control) and (SAL)/LNC50 (treatment) groups was observed. LPS pre-treatment

increased inflammatory parameters compared with the respective saline control; * p < 0.05, ** p <
0.01.



Fig. 2. Histopathology of lung tissue exposed to lipid nanocapsules following saline or LPS pre-
treatment. Representative images of lung tissue harvested at t = 48 h from the following treatment
groups: A) (SAL)/SAL, B) (SAL)/ LNC50, C) (LPS)/SAL, or D) (LPS)/LNC50 (20x magnification; scale
bar =100 um).

3.3. Lung clearance and biodistribution using non-invasive longitudinal SPECT/CT imaging
Four cohorts of animals (Fig. 3A) were used to investigate whether lung clearance and
subsequent biodistribution of ***In-LNC50 was influenced by lung inflammation. The small,

Mn-DTPA, was used as a control for ligand-radiolabel stability in the
d, 111

hydrophilic molecule,
nanocapsules. As expecte In-DTPA lung clearance was extremely rapid, with a majority of the
o.a. administered dose crossing the air-blood barrier within the first 25 min post-administration
(Fig. 3B) and a majority of the signal accumulating in the kidneys and bladder [27,28], from where
it was eliminated within 24 h (Fig. 3C-D). No detectable differences in ***In-DTPA lung clearance
were observed between the healthy versus inflamed lung (Fig. 3C-D). SPECT/CT images of o.a.-

administered !

In-LNC50 revealed that lipid nanocapsules were cleared from the lungs over 48 h.
Analysis of the signal in the mouth, trachea and lungs at the first image acquisition time showed
that a lower lung dose (total activity/organ) was observed in the (LPS;,,)/"'In-LNC50-treated

animals compared with saline (SAL)/***
111

In-LNC50 treated animals. No qualitative differences in
In-LNC50 lung clearance were observed between the healthy versus inflamed lungs (Fig. 3E-F).



A Imaging and biodistribution studies B

¢ SPECT images of SAL-"MIn-DTPA

Pre-treatment Treatment
{in) (0a) Smin  16min 28min  40min
Y v ]
-24h Oh 24h 48h
Pre-treatment (i.n.) SAL SAL LPS, LPS
Treatment (0.a.) my,. M. e myn.
DTPA LNCS0 DTPA LNCS50

c SAL-MIn-DTPA D LPS-MIn-DTPA

Fig. 3. Whole-body SPECT/CT images of n-DTPA or *In-LNC50 following pre-treatment with LPS
(1 ug) or saline (SAL). A) Dosing schedule. B) Rapid acquisition of a sequence of SPECT images of
the mouse thorax at t = 5, 15, 25, and 35 min post 1**In-DTPA administration (0.a.) was necessary
to monitor the clearance of ***In-DTPA from the lungs. SPECT/CT images of the whole body were
acquired over 24 h for (SAL)/*In-DTPA (C) and (LPS 1ug)/mln—DTPA (D) treatment groups, while
(SAL)/**In-LNC50 (E) and (LPSlug)/mln—LNC50 (F) treatment groups were monitored from up to 48
h. All activity has been decay corrected and compared against the first scan at 0.25 h (i.e. 15 min

post o.a. administration) for each mouse.

3-D image analysis was used to study the biodistribution of the radiolabelled systems semi-
guantitatively for 48 h post-administration. The lungs, intestines, bladder and liver, were chosen
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as regions of interest for quantitative analysis (Fig. 4). The lung dose of the *!In-LNC50 was
significantly higher at the first scan (0.25 h post-dosing) compared to ***In-DTPA (p < 0.001),
because ' In-DTPA rapidly crossed the air-blood barrier rapidly into the systemic circulation and
accumulated in the bladder (Fig. 3B, 4A, C). A statistically significant, lower lung dose (total
activity/organ) was observed in the (LPSlug)/lllln—LNCSO treated animals (35.08 £ 5.27%) at 0.25 h
compared with (SAL)/** In-LNC50 treated animals (51.63 + 3.29%) (Fig. 4A; p < 0.001). Analysis of
the signal in the mouth, trachea and lungs at the first image acquisition time (t = 0.25 h) revealed
that LPS-treated animals typically showed a lower lung and higher mouth signal distribution,
whereas the pattern was reversed in healthy mice (Fig. 4E), which may indicate that animals with
lung inflammation had a lower inspiratory capacity and did not aspirate liquid into the lungs to the
same extent as their healthy counterparts. Notably, only 111n-LNC50- treated animals showed an
accumulation of signal in the liver, peaking at t = 24 h, possibly indicating that a portion of the
nanocapsule dose were able to traverse the air-blood barrier and enter the systemic circulation
intact, whereby they encountered circulating phagocytic cells in the blood and were cleared to the
liver [29,30].
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Fig. 4. Distribution of **!In-DTPA and ***In-LNC50 nanosuspensions administered by oral aspiration
to mice with the healthy vs. inflamed lungs. The **XIn signal per organ was measured by 3-D image
analysis over 48 h and is reported as a percentage of the total signal count from the first acquired
image (with correction for signal decay). Signal distribution is reported for the (A) lungs, (B)
stomach-intestines, (C) bladder and (D) liver. Values represent the mean * standard deviation from
n = 3 animals in each cohort (n=2 for the (SAL)/*!In-LNC50 group, due to exclusion of one mouse
where the majority of the dose was ingested). (E) Signal distribution of ***In-LNC50 in various
organs of individual animals in the first full SPECT/CT image (t = 0.25 h of the study schedule) is
shown to evaluate whether the LPS model of inflammation affects the pulmonary dose following
o.a. administration. (***) p < 0.001, statistically significant between (SAL)/**1In-LNC50 vs.
(LPS1,0)/" In-LNC50.

The lung clearance kinetics of ***In-DTPA and **!In-LNC50 suspensions were calculated from
the imaging data after normalisation to the original lung dose. The clearance kinetics of M-
LNC50 from the lungs fit a first order model (Fig. 5) with an elimination half-life of 10.5+ 0.9 h (R?
=0.9950) and 10.6 + 0.3 h (R* = 0.9996) for groups pre-treated with saline and LPS;,4, respectively
(p >0.05).

Fig. 5. Lung clearance kinetics
Lungs clearance kinetics from SPECT/CT images for *Xin-
DTPA and ! In-LNC50 in mice

_ o SAL-""In-DTPA with healthy vs. inflamed lungs (n

%;{ 80- LPS-""In-DTPA = 3). Values have been corrected

.g E 60- -o- gAL-""In-LNC50  for decay and normalised to the

5 § 404 — Lps-""n.LNCso  initially deposited lung dose for

T3 lung clearance. Curves for **in-

P 20- T R LNC50 were fitted according to a
o i one phase exponential decay

model (Prism 5.0, Graphpad). p >
0.05, (SAL)/**In-LNC50 vs.
(LPS1,5)/" In-LNC50.

Time (hours)

3.4. Lung clearance and biodistribution using terminal end-point studies

Nanocapsule distribution and clearance from the lungs, was evaluated further using terminal
end-point studies with the same dosing schedules as the imaging studies (Fig. 6A-H;
Supplementary Information Fig. S2A-H). The biodistribution profiles from terminal end-point
studies were very similar to the SPECT/CT profiles demonstrating that non-invasive, longitudinal
imaging is a reliable and useful alternative methodology. Only minor differences between the two
methods were observed. For instance, sequential SPECT scanning was better suited to assess the

rapid clearance of compounds, such as ***

In-DTPA from the lungs, compared to end-point studies.
However, SPECT imaging was not able to detect the diluted radiolabel signals present in the
bloodstream; for this application, blood sampling and y-scintigraphy measurement was required.
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The localisation of the radioactive signal within the lungs over time was assessed by lung
lavage performed at t = 3 and 24 h per treatment group with the radioactivity measured in the
total BAL (i.e. BAL fluid + cellular fraction) as well as the isolated BAL cellular fraction. The
radioactivity recovered in the BAL generally reflected the lung clearance profiles of the respective
systems. 1n-DTPA was observed primarily in the BAL fluid and was cleared within the first 25 min
after dosing, while 111In—nanosuspensions remained in the total BAL fluid and cleared slowly.
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Fig. 6. Biodistribution of ~""In-DTPA and
aspiration to mice with healthy vs. inflamed lungs. The distribution of radioactivity is reported in
isolated fluids/organs after animal sacrifice for A) total BAL, B) BAL cellular fraction, C) lungs, D)
stomach-intestines, E) bladder, F) liver, G) blood and H) trachea-throat. Values have been corrected

In-LNC50 nanosuspensions dfter delivery by oral

for decay and represent the mean + standard deviation from n = 3 animals at each time point.
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4. Discussion

Lipid nanocapsules are promising drug carriers systems for compounds such as those with
poor aqueous solubility (e.g. paclitaxel and trerinoin) [7,10,31,32] and compounds benefitting
from an extended retention time in the lungs (e.g. iloprost) [33]. Some of these compounds may
be used to treat conditions that are accompanied by lung inflammation (e.g. asthma, COPD,
respiratory tract infections), while in other therapeutic scenarios lung inflammation may not be a
feature (e.g. pulmonary hypertension, lung cancer, systemic delivery of drugs). For indications
where lung inflammation is not a prominent feature, it is important to determine whether any
secondary inflammation acquired during the therapy (e.g. a lung infection) will influence the
pharmacokinetic profiles of the inhaled compound. For example, several important clinical studies
have been carried out to investigate whether upper respiratory tract infections influenced the
pharmacokinetic profiles of inhaled insulin formulations [18,19]. To date, there are no published
studies investigating whether inhaled nanoparticle drug carriers will positively or negatively
influence an existing lung inflammation or alternatively whether the inflamed lung will influence
the clearance profile and resulting pharmacokinetics of inhaled nanomedicines. Both are clinically
relevant questions, which are addressed in the current study using lipid nanocapsules as an
example of an advanced formulation strategy with real clinical potential.

Similar to previously published reports [15,16], lipid nanocapsule administration to the
healthy lung was well tolerated. Importantly, nanocapsule administration to a murine model of
neutrophilic airway inflammation did not to exacerbate the pre-existing inflammatory condition.
Contrary to the study hypothesis, lipid nanocapsule clearance kinetics was not influenced by a pre-
existing mild lung inflammation. It would be interesting to see whether a threshold of severity of
lung inflammation exists above which an effect might be seen. This might be accomplished more
readily with terminal end-point studies or imaging methods with faster acquisition times, both of
which would not require prolonged periods of anaesthesia and would be more compatible with
disease models of a higher severity.

Interestingly, nanocapsule lung clearance kinetics were more rapid than expected, with a
half-life of ~10.5 h, in contrast to other nanocarriers reported in the literature, such as albumin
nanoparticles (~200 nm; clearance half-life ~96 h) and albumin protein in solution (~4-6 nm) [34].
This profile indicates a moderate lung retention, which could be compatible with a once-a-day
administration frequency and a sustained drug release profile over a 24 h period. Therapeutic
applications for such a pharmacokinetic-modulating formulation include the treatment of
pulmonary hypertension with inhaled iloprost (Ventavis®), which due to the short half-life of
iloprost in the lung requires administration frequencies of 6-9 doses per day [35].

Both the imaging and terminal end-point biodistribution studies provided an indication of
the fate of lipid nanocapsules following 0.a. administration. In the lung, the nanocapsules
remained primarily in the lung lining fluid avoiding phagocytosis by alveolar macrophages, a
behaviour which was attributed to the pegylated (‘stealth’) surface chemistry and the small
particle size, which reduce macrophage detection and phagocytosis [36—38], whilst promoting
translocation across the air-blood barrier [29,30,39]. The increase in signal in the liver at t=24 h

n-DTPA groups) suggests that at least a fraction of the lung

post-administration (absent in the
dose was able to cross the air-blood barrier and enter into the systemic circulation as intact
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nanoparticles, accumulating subsequently in the liver [29,30]. Previous studies have shown that
lipid nanocapsules are highly stable in biological fluids, such as cell culture media and gastric fluids
[40,41]; although nanocapsule stability and drug release studies have yet to be performed in lung
lining fluid or lung lining fluid mimetics. In vitro studies have also shown that lipid nanocapsules
are able to traverse epithelial cell monolayers intact, possibly through transcytosis [42], however,
this may not be the only mechanism by which nanocapsules are cleared from the lung in vivo.
Mucociliary clearance and subsequent swallowing may have also cleared a fraction of the lung
dose especially that delivered to the upper airways, bronchi and trachea. When *'In-DTPA or
1n-LNC50 were administered by o.a., it was impossible to quantify mucociliary clearance from
the imaging and terminal end-point studies as there were high Gl tract signal levels in the first 24 h
resulting from the swallowed fraction of the dose (~¥60%) at the point of administration. However,
by 24 h the ingested dose was eliminated and signal levels in the Gl tract from 24-48 h were nearly
undetectable, indicating that mucociliary clearance was not a major pathway for lipid nanocapsule
removal from the lungs after 24 h. Interestingly, no systemic absorption of *!In-LNC50
components from the Gl-tract was observed in animals where the majority of the entered the GI-
tract instead of the lung (Supplementary Fig. S3A-E), which supports the observation that the liver
accumulation measured in the current study resulted from the lung fraction, rather than the
ingested fraction of the dose.

5. Conclusions

Few clinical trials and even fewer studies in animal models have investigated the effect of
inflammation on the clearance of drugs or nanocarriers from the lungs. This study demonstrated
that pulmonary delivery of lipid nanocapsules was well tolerated after a single dose and does not
exacerbate an existing acute lung inflammation. Lipid nanocapsules exhibited clearance half-life of
~10.5 h regardless of whether the lung was healthy or inflamed. The safety and lung retention
verifies that the nanocapsules are a promising option for modulating the pharmacokinetics of
drugs delivered to the lungs. This study provides clinically relevant information that will be useful
for guiding the design of future drug formulation studies with lipid nanocapsules as a drug carrier
for a wide range of applications.
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