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ABSTRACT 

 

The development of inhalable ‘nanomedicines’ based on biocompatible lipids and polymers is 

attracting increasing interest worldwide. Our understanding of how pulmonary inflammation impacts 

on lung distribution and clearance kinetics however, is limited. Similarly, there is limited information 

on how the inhaled delivery of biocompatible nanomaterials affects existing respiratory disease. We 

have addressed these knowledge gaps by describing and comparing the pulmonary pharmacokinetic 

behaviour of a 
3
H-labelled PEGylated liposome loaded with a model drug (ciprofloxacin) after 

intratracheal administration to healthy rats and rats with bleomycin-induced lung inflammation by 

following both 3H label and drug. Cell- and cytokine-based markers of lung inflammation were used 

to evaluate the response of healthy and inflamed lungs to the liposome. Liposomes were initially 

cleared more rapidly from inflamed lungs than from healthy lungs, but exhibited similar rates of lung 

clearance after 3 days. This was interesting given that mucociliary clearance was more efficient from 

healthy lungs, despite evidence of higher mucus retention in inflamed lungs and reduced association 

of the liposome with lung tissue. Although the plasma pharmacokinetics of ciprofloxacin did not differ 

between rats with healthy or inflamed lungs after pulmonary administration, the plasma 

pharmacokinetics of 3H-phosphatidylcholine suggested higher liposome bioavailability and more 

prolonged absorption from inflamed lungs. Concentrations of the pro-inflammatory cytokine IL-1β 

were increased in bronchoalveolar lavage fluid after a single pulmonary dose of liposomes to rats with 

inflamed lungs, but no other significant changes in lung inflammatory markers were identified in 

healthy or bleomycin-challenged rats.  
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GRAPHICAL ABSTRACT 

 

 

 

 

 

Pulmonary inflammation has a significant impact on the short term disposition, and longer term 

clearance kinetics and response of the lungs to inhaled drug-loaded PEGylated liposomes after a single 

pulmonary dose.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. INTRODUCTION 

Despite significant advances in inhalable drug delivery technology, many medications that are 

indicated for respiratory illnesses are still given orally [1, 2]. This is in part due to the fact that the 

inhaled delivery of relatively small molecule drugs as a solution or dry powder can provide immediate 

action in the lungs, but lung exposure is short lived as a result of rapid systemic absorption that can 

also lead to an increase in drug-related systemic adverse effects when compared to oral administration 

[3, 4]. These high, but short lived concentrations of drug in the lungs are not, however, always ideal 

for the treatment of respiratory diseases which often benefit from more prolonged drug exposure. This 

problem has prompted significant worldwide interest in inhalable nanosized drug delivery systems that 

can better control drug exposure in the lungs over a more prolonged period of time. To this end, 

inhalable ‘nanomedicines’ based on biocompatible and biodegradable/erodible colloids and polymers 

that are covalently or non-covalently loaded with lung-active drugs have been developed and explored 

pre-clinically and clinically[5]. These systems can modulate the rate of drug liberation in the lungs to 

provide sustained drug exposure, cell targeting, limited systemic exposure and reduced systemic and 

lung related side effects [4, 6]. By far, the closest of these drug carriers to clinical translation are 

liposomes, with approximately a dozen inhalable liposomal nanomedicines (>100 nm in diameter) 

currently in various stages of clinical trials for indications such  cystic fibrosis, pulmonary 

aspergillosis, pain management and lung cancer [7]. 

 

Despite the obvious clinical benefits of inhalable nanomedicines, we still have a limited understanding 

of the lung clearance kinetics of the nanosized drug carriers (as opposed to loaded drugs) and the 

impact that lung inflammation (as a result of local inflammatory disease or liberation of irritant drugs) 

may have on the lung clearance of the carrier. For instance, since the accumulation of nanoparticles in 

the lungs over multiple doses can lead to ‘nanoparticle overload’ and local inflammatory responses, it 

is important to fully establish the kinetics of the drug carrier (rather than the drug) after pulmonary 

administration [8] [9, 10]. To this end, a recent study showed that the lung clearance kinetics of a non-

PEGylated anionic liposome differed substantially to that of a non-PEGylated anionic solid lipid 

nanoparticle of similar size and charge in rats as a result of differences in mucociliary clearance [11]. 

Acknowledging on the back of these findings that the lung clearance of nanoparticles is largely a 

function of physical removal via the mucociliary route, it is therefore important to understand how this 

clearance pathway may be affected in a compromised lung. For instance, where 

infection/fibrosis/inflammation can impede efficient mucociliary escalator function and potentially 

influence the retention of nanomaterials administered via inhalation [12-14]. Further, lung 

inflammation and various inflammatory lung diseases can also compromise the integrity of the alveolar 

epithelium, respiratory function and lung mucus volume and composition, which can also affect the 



lung distribution, clearance pathways and kinetics of inhaled nanomaterials [12, 13, 15]. To this end, 

a recent study by Patel examined the impact of acute lung inflammation induced by intratracheal 

lipopolysaccharide on the lung clearance of empty lipid nanocapsules in mice [16]. While the authors 

revealed no significant changes in lung clearance as a result of acute lung inflammation, this study was 

limited to only 2 days. Our group has previously shown however, that nanomaterials are cleared from 

the lungs of rodents and sheep over a matter of weeks, not days [17-19]. The true impact of lung 

inflammation on the clearance kinetics of nanomaterials may therefore not be evident over short time 

periods.  

 

The present study therefore sought to evaluate whether the lung disposition of a drug loaded PEGylated 

liposome differs following intratracheal instillation to the lungs of healthy rats, or rats with bleomycin-

induced lung inflammation. In this study, the model drug selected for investigation was the antibiotic 

ciprofloxacin, since it has no intrinsic anti-inflammatory or pro-inflammatory properties and exhibits 

a high encapsulation efficiency in liposomes. Further, liposomal formulations of ciprofloxacin are 

currently in clinical trials as inhalable nanomedicines for the treatment of bronchiectasis and chronic 

pseudomonas aeruginosa infection [20]. In the present study, both the drug carrier and the encapsulated 

drug were simultaneously quantified in biological samples by liquid scintillation counting (to quantify 

structural 3H-phosphatidylcholine) and liquid chromatography mass spectroscopy (to quantify 

ciprofloxacin). It was hypothesised that lung inflammation would increase the systemic absorption of 

the liposome and reduce mucociliary clearance, leading to differences in lung disposition and retention 

compared to healthy controls. The mechanistic basis for this hypothesis was that inflammation of the 

lungs has been reported to increase the permeability of the alveolar epithelium, disrupt the mucociliary 

escalator and reduce the phagocytic activity of alveolar macrophages [12, 13, 15]. Further, the 

pulmonary delivery of nanosized materials and proteins is known to commonly induce mild 

inflammatory changes in healthy lungs, which can include increases in alveolar macrophages or pro-

inflammatory cytokines [9, 21]. While this is not considered to be problematic in the short term, these 

changes, coupled with already existing lung inflammation in diseased lungs, may exacerbate 

inflammatory lung diseases in the absence of significant therapeutic activity from the loaded drug.  For 

this reason, we also evaluated and compared the immunological response of lungs to the intratracheally 

delivered liposome by monitoring changes in various markers of pulmonary inflammation over a 2-

week period in rats with healthy and inflamed lungs.  

 



2. METHODS 

2.1 Material 

Bleomycin sulphate was obtained from Sapphire Bioscience Pty. Ltd. (NSW, Australia). DSPE-

PEG(2000) amine, 16:0 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine 

B sulfonyl) were obtained from Avanti Polar Lipids (AL, USA). Ciprofloxacin hydrochloride was 

obtained from Tokyo Chemical Industry (Australia). Soluene, IRGA safeTM, Ultima goldTM, and 

scintillation vials were purchased from Perkin-Elmer, Inc. (MA, USA). Hydrogen peroxide (30% w/v) 

was purchased from Science Supply (VIC, Australia). Saline was obtained from Baxter International 

Inc. (NSW, Australia). Marcain® and heparin were purchased from Clifford Hallam Healthcare (VIC, 

Australia). COATSOME® NC-21E (NOF America) was purchased from Yushi-Sheihin Co. 

(Singapore). 3H-dipalmitoyl phosphatidylcholine (ART0532) were purchased from American 

Radiolabelled Chemicals (MO, USA). Polyethylene (0.96 mm×0.58 mm) and polyvinyl cannulas (1.5 

mm×2.7 mm) were purchased from Microtube Extrusions (NSW, Australia). Cholesterol, 

lipopolysaccharide (LPS) from Escherichia coli, nickel oxide (NiO, <50 nm) nanoparticles, 

Bicinchoninic acid kit for protein assay, Roche cytotoxicity detection kit for LDH assay and 4',6-

diamidino-2-phenylindole (DAPI) were purchased from Sigma Aldrich (NSW, Australia). Tali® cell 

analysis slides and BD trucount tubes were from Thermo-Fisher scientific (VIC, Australia) and BD 

Biosciences (NSW, Australia) respectively. Mouse anti-rat CD32 Fc receptor block, allophycocyanin 

(APC) mouse anti-rat CD3 and R-phycoerythrin (PE) mouse anti-rat granulocyte antibodies were 

obtained from BD Pharmingen (NSW, Australia). Rabbit anti F4/80 antibody (ab100790) and goat 

anti-rabbit IgG H&L (Alexa Fluor® 488) were purchased from Abcam (VIC, Australia). Santa Cruz 

Biotech goat anti-rabbit IgG F(ab’)2-PE-Cy7 was obtained from Thermo-Fisher Scientific (VIC, 

Australia). Live/dead fixable violet dead cell marker and Alexa Fluor® 647 phalloidin was purchased 

from Life technologies (VIC, Australia). Rat monocyte chemoattractant protein-1 (MCP-1), tumor 

necrosis factor alpha (TNFα) and Interleukin 1 beta (IL1β) ELISA kits and Pierce™ LAL chromogenic 

endotoxin quantitation kit were obtained from Thermo-Fisher Scientific (VIC, Australia). All other 

reagents were AR grade and were used without further purification. 

 

2.2 Animals 

Male Sprague−Dawley rats (7-9 weeks, 260-300 g) were supplied by Monash Animal Services (VIC, 

Australia). All animal experiments were carried out with approval from the Monash Institute of 

Pharmaceutical Sciences Animal Ethics Committee. Rats were housed in a temperature-controlled 

environment (21-22°C) on a 12h light/dark cycle, with access to water at all times. With the exception 

of fasting animals after surgery and for 8 h after dosing, rats were provided free access to food.  

 



2.3 Preparation and characterization of ciprofloxacin loaded liposomes 

The PEGylated liposomes used in this study were prepared via lipid film hydration [22]. Briefly, 

COATSOME® NC-21E (48 mg), cholesterol (19 mg) and DSPE-PEG2000 (12 mg) were dissolved in 

chloroform (7 mL) and dried at 60°C using a rotary evaporator to form a thin film in a round bottom 

flask (Buchi Laabortechnik, Switzerland). The lipid film was dispersed with 2 ml of ammonium sulfate 

buffer (500 mM, pH 3). After 1 h of hydration at 60°C, the lipid film was extruded with a mini extruder 

set (Avanti Polar Lipids, AL, USA) using polycarbonate filters of pore diameter 200 nm, 100 nm and 

50 nm in sequence to form unilamellar liposomes. Subsequently, the external buffer was exchanged 

by diafiltration (Amicon® Stirred Cells, Merck Millipore, Germany) with ten volumes of histidine 

buffer (5 mM, pH 6.0). Ciprofloxacin HCl was added to the unilamellar liposomes (target 

concentration 11 mg/ml, dissolved in distilled water) at 60°C and the formulation was agitated to 

facilitate active loading of drug (30 min) as described previously [23-25]. 3H-labelled and rhodamine-

labelled PEGylated liposomes (loaded with ciprofloxacin) were prepared as described above with the 

exception that 3H-dipalmitoyl phosphatidylcholine (35 µCi) or 16:0 lissamine rhodamine B sulfonyl 

(1 mg) were added in the initial preparation step with the other lipids. 

 

The particle size, size distribution and zeta potential of the liposomes were determined using a 

Zetasizer (Nano ZS, Malvern Instruments, Worcestershire, UK). The encapsulation efficiency and 

drug release profile of liposomes was determined using a validated HPLC method that is described in 

the supporting information. The radiochemical purities of the 3H-liposomes were also characterised 

and are reported in the supporting information.   

 

2.4 Plasma pharmacokinetics and lung clearance of ciprofloxacin loaded liposomes in healthy 

rats and rats with lung inflammation 

The chronic bleomycin model of lung inflammation (producing lung inflammation that persists for 

more than 8 days) was initially optimised in house based on previously published procedures [26, 27]. 

A single bleomycin dose of 2.8 mg/kg delivered via liquid intratracheal instillation (as previously 

described [11, 17]) in a volume of 100 ul sterile saline was optimally found to produce significant lung 

inflammation over 8 days without adversely impacting the health and general well-being of rats.  

 

The plasma pharmacokinetics, organ biodistribution and proportion of the liposome dose excreted in 

urine and faeces over 7 days was then evaluated in 4 groups of rats: Group 1 – pulmonary dosed healthy 

rats; group 2- pulmonary dosed rats with inflamed lungs; group 3- IV dosed healthy rats;  group 4 – 

orally dosed healthy rats. Rats in these groups were cannulated via the right carotid artery as previously 

described to allow serial blood sampling and were housed in individual rat metabolism cages after 



surgical implantation of cannulas [28]. Rats in group 3 were also cannulated via the right jugular vein 

to facilitate delivery of the IV dose. Rats were allowed to recover overnight from surgery prior to 

dosing the following day. Bleomycin was administered to rats (group 2) the day after surgery as 

described above.  Blank urine, faeces and blood (200 μl in 10 IU heparinized Eppendorf tubes) samples 

were collected from each rat prior to dosing to provide background correction during liquid 

scintillation counting. Rats were then dosed with ciprofloxacin-loaded PEGylated 3H-liposomes to 

provide a final dose of 5 mg/kg ciprofloxacin (equivalent to 15 mg/kg total lipid) and approx. 6-8 

uCi/kg of 3H-phosphatidylcholine. The liposomes were administered to group 2 one day after 

bleomycin dosing. IV, pulmonary and oral dosing was performed as described previously [11, 17], 

with final dosing volumes of 150 μl for pulmonary administration and 1 ml for IV and oral 

administration. Pulmonary delivered liposome was administered via liquid intratracheal instillation, 

since this is the only approach that can deliver a well-defined dose to the lungs of rodents for 

pharmacokinetic evaluation.  

 

Serial blood samples (200-300 μl) were collected from the carotid artery cannula into heparinised 

Eppendorf tubes immediately after dosing (t0 sample) and thereafter over 7 days after liposome dosing, 

along with the total urine and faeces output from each rat. Blood samples were centrifuged at 3500 x 

g for 5 min to isolate plasma. A 50 µl aliquot of plasma was mixed with 1 ml Ultima Gold™ prior to 

tritium quantification via liquid scintillation counting on a Packard Tri- Carb 2000CA liquid 

scintillation analyser (Meriden, CT). The remaining 50 µl aliquot of plasma was used for analysis of 

ciprofloxacin (see supporting information for details of the validated assay). Aliquots of urine (200 µl) 

were also mixed with 1 ml Ultima Gold™ and analysed via liquid scintillation counting. For each rat, 

total faeces were collected over the entire sampling period and pooled to quantify the proportion of the 
3H dose excreted via the faeces using a previously described liquid scintillation assay [11, 19].  

 

All rats used in this study were euthanized after collection of the last blood sample under isoflurane 

anaesthesia via exsanguination through the carotid artery cannula. For pulmonary dosed rats, 

bronchoalveolar lavage fluid (BALF) was collected as previously described [11, 19]. Briefly, the 

trachea was surgically exposed after euthanasia and a 5 cm length of polyethylene tubing (1.70 mm × 

1.20 mm) was inserted into the trachea. The lungs were flushed with 4 x 5 ml volumes of wash buffer 

(50 mM PBS containing 0.1 mM EDTA and 0.1% BSA).  Once all BALF samples were collected, the 

tubes were weighed to determine the volume of BALF collected. A 500 μl aliquot of each BALF 

supernatant fraction was added to a 6 ml scintillation vial containing 2 ml Ultima Gold™  to quantify 

the proportion of the 3H dose remaining in the BALF. Aliquots of BALF supernatant were also frozen 

as previously described for quantification of cytokines via ELISA and ciprofloxacin via HPLC [11, 



19]. Cells obtained from BALF via centrifugation were counted on a Tali cell counter before being 

analysed via FACS for the total number of alveolar macrophages, T-lymphocytes and neutrophils as 

previously described  [11, 19]. The volume of BALF collected from each rat was highly reproducible, 

with less than 10% variance between rats. The lung tissue, liver, spleen and kidneys were also 

collected, weighed and frozen for later quantification of 3H biodistribution. 

 

A separate cohort of rats were dosed with liposome alone (healthy rats), or one day after bleomycin 

administration (inflamed lungs) via the lungs (n = 3 rats per group).  Rats were sacrificed 1, 3 or 14 

days after dosing to evaluate the rate of lung clearance of the liposome (by quantifying 3H-label) and 

loaded drug (ciprofloxacin) from healthy or inflamed lungs, and to quantify differential cell counts and 

levels of inflammatory cytokines in the BALF as described above. 

 

2.5 Size exclusion chromatography (SEC) of urine, plasma, BALF and lung homogenate 

supernatant. 

To identify the nature of 3H species (intact liposome, liberated lipid or protein-bound lipid) quantified 

in the plasma, urine, BALF and lung tissue homogenate supernatant, 140 μl of samples collected at 

various time points, were analysed via size exclusion chromatography (SEC) followed by post column 

fraction collection and liquid scintillation counting as described previously [11].  

 

2.6 Organ and faeces biodistribution of 3H-Liposomes 

In order to understand the fate of liposomes following pulmonary, IV and oral delivery, the proportion 

of the 3H dose (phosphatidylcholine) recovered in lung tissue, liver, kidneys, spleen and faeces after 7 

days was determined via liquid scintillation counting of homogenised tissue using procedures that have 

been described previously [29]. Background correction was provided from samples of blank faeces 

collected from each rat prior to dosing, or blank organs obtained from donor rats.  

 

2.7 Lung deposition and uptake of rhodamine-labelled liposomes by alveolar macrophages after 

pulmonary dosing  

To evaluate the deposition pattern of liposomes in the lungs after pulmonary dosing and the extent of 

uptake by alveolar macrophages, rats were dosed with rhodamine-labelled liposomes (15 mg/kg total 

lipid) via the lungs as described above. The rats were sacrificed immediately, or 3 days after pulmonary 

dosing and the lungs excised and imaged using a Caliper IVIS Lumina II in vivo imager as described 

previously [30]. To evaluate the in vivo uptake of liposomes by alveolar macrophages, a separate rat 

(n=1 for each group) was sacrificed 24 h after lung administration of florescent labelled nanomaterial. 

BALF was then collected as described above. A 200-250 µl aliquot of BALF was added onto a 35 mm 



µ-Dish (Ibidi GmbH, Germany), treated with DAPI (1:100 dilution) and visualized on a fluorescence 

microscope (Leica TCS SP8, Germany).  

 

2.8 Quantification of differential cell counts in BALF via flow cytometry 

After determining total cell count in the BALF of each rat using the Tali cell counter, the number of 

alveolar macrophages, neutrophils and T-lymphocytes in the BALF was then determined by 

multicolour flow cytometry  using a BD FACSCanto™ II cell analyser (BD Biosciences, Mountain 

View, CA, USA) as described previously [11]. Briefly, an aliquot containing 1 x 106 cells from each 

rat was incubated with 1.5 µl of anti-rat CD32 Fc receptor block (0.5 mg/ml) for 5 min on ice. Samples 

were then treated with primary antibodies (1.5 µl monoclonal APC mouse anti-rat CD3 [0.2 mg/ml], 

2 µl monoclonal PE mouse anti-rat granulocytes [0.2 mg/ml] and 5 µl polyclonal rabbit anti F4/80 Ab 

[1 mg/ml, ab100790]) for 30 min at room temperature in the dark. Samples were subsequently 

incubated with secondary antibody (2.5 µl goat anti-rabbit IgG F(ab’)2-PE-Cy7 [0.4 mg/ml]) and 1.5 

µl violet live/dead fixable violet dead cell stain for 30 min each at room temperature. Control samples 

for the three antibodies and live/dead stain were prepared using the single antibody and/or live/dead 

cell stain separately. After staining, all samples were incubated with 150 µl formaldehyde (4% v/v) for 

30 min at 4oC to fix the cells and stored at 4 oC until analysis.  

 

2.9 Quantification of total protein, LDH and inflammatory cytokines in the BALF  

The levels of total protein, LDH and inflammatory cytokines (TNF-α, IL-1β and MCP-1) in the pooled 

first two washes of BALF (out of a total of 4 washes – total BALF was not pooled due to the significant 

dilution of cytokines) were quantified using commercially available ELISA kits (listed in section 2.1) 

using the manufacturer’s recommended protocol.  

 

2.10 Non-compartmental pharmacokinetic analysis and statistics 

The concentration of lipid derived from the liposomes in plasma was determined by converting the 

radiolabel counts (disintegrations per minute) to ng/mL using the specific activity of the 3H-liposomes 

as previously described [11]. The concentration of ciprofloxacin in plasma was determined by 

converting the peak areas to ng/ml using the calibration curve [31]. It should be noted that plasma 

pharmacokinetic parameters of the 3H-lipid derived from the liposome were calculated with the caveat 

that lipids remain associated with the intact liposome, which is not always true as discussed below in 

the results section. For this reason, plasma pharmacokinetic parameters were evaluated together with 

the results of size exclusion chromatography of plasma samples over time. Terminal (elimination) rate 

constants (k) were determined by regression analysis of individual elimination phases in the plasma 

concentration−time profiles. The area under the plasma concentration−time curves (AUC0−7 days) were 



calculated using the trapezoid method, acknowledging the potential for this approach to slightly under- 

or over-estimate AUC values when compared to standard algorithm approaches. The extrapolated area 

under the plasma concentration-time profiles (AUC7 days−∞) was calculated by dividing the last 

measured plasma concentration by k. Total AUC (AUC0−∞) was determined through addition of 

AUC0−7 days and AUC7 days−∞. Plasma half-lives (t1/2) were calculated as 0.693/k. Clearance was 

calculated as dose/AUC. The absorbed fraction (Fabs) was determined by dividing the AUC after 

pulmonary or oral delivery with the AUC after IV delivery as described previously [17]. Significant 

differences in pulmonary pharmacokinetic parameters and 3H biodistribution between healthy rats and 

rats with bleomycin-induced lung inflammation were calculated via unpaired Student's T-test. 

Statistical differences in BALF cell count and cytokine levels between groups (comparing to saline 

dosed rats or rats dosed with bleomycin alone) were calculated via one way ANOVA with Tukey's test 

for least significant differences. Significance was determined at a level of p < 0.05. 

 



3. RESULTS  

3.1 Characterisation of ciprofloxacin-loaded PEGylated liposomes 

The formulation strategies for the 150 nm PEGylated liposomes encapsulating 11 mg/ml of 

ciprofloxacin were initially optimised using unlabelled materials and were shown to display good 

reproducibility across several batches (n = 5). The 3H- and rhodamine-labelled ciprofloxacin-loaded 

PEGylated liposomes used for in vivo evaluation were then characterised and the results are shown in 

Table 1. The encapsulation efficiency of the optimised formulation was > 95%. The SEC profile of the 
3H liposomes showed that all of the 3H label in the final formulations was associated with the 

nanocarriers and no free 3H label/lipid was identified (see supporting information). The in vitro release 

profile of ciprofloxacin from ciprofloxacin-loaded PEGylated liposomes was biphasic, with the initial 

phase accounting for 30% ciprofloxacin release in the first hour, followed by a period of considerably 

slower drug release (see supporting information). 

 

Table 1: Physiochemical characterization of the optimized liposomes used in animal studies  

Nanoparticles Mean particle 

size (Z-average) 

(nm) ± S.D. 

Mean PDI ± 

S.D.  

Mean zeta 

potential 

(mV) ± S.D. 

Encapsulation 

Efficiency % 

3H-Liposomes 150.7 ± 4.4 0.159 ± 0.027 -2.90 ± 1.68 96.4% 

Rhodamine-liposomes 145.2 ± 4.8 0.258 ± 0.009 -2.87 ± 0.04 95.5% 

 

 

3.2 Plasma pharmacokinetics of the 3H-labelled ciprofloxacin-loaded PEGylated liposomes 

The dose-normalized (5 mg/kg) plasma concentration-time profiles of the 3H-labelled lipid and 

ciprofloxacin after IV, pulmonary and oral delivery of liposomes are shown in Figure 1. The IV plasma 

concentration-time profile showed biphasic plasma clearance for both the 3H label and the loaded 

ciprofloxacin (Figure 1). Initial rapid plasma clearance of the 3H label resulted in approximately 2% 

of the initial IV dose remaining in plasma after 2 days. This was followed by a much slower elimination 

phase with a terminal half-life of 4 days (Table 2). Approximately 20% of the 3H dose was collectively 

recovered in total urine and faeces excreted over the 7 day period, with the majority (17%) recovered 

in urine (Table 2). As expected, ciprofloxacin was cleared more rapidly than the radiolabel from plasma 

with a terminal half-life of 2 h as a result of initial rapid liberation from the liposome (Cmax of 

ciprofloxacin was half of the Cmax for the 3H label; Figure 1, Table 2 & 3). After 24 h, a slower 

elimination phase was evident, but plasma concentrations of ciprofloxacin decreased to below the limit 

of quantification after 48 h.   

 



Plasma concentrations of 3H after pulmonary delivery of liposomes were consistently low when 

compared to 3H levels after IV administration, with peak plasma concentrations (Cmax) reaching 

approximately 3.1 and 3.6 µg/ml in the healthy rats and rats with inflamed lungs respectively (Figure 

1, Table 2). In general, after an initial rapid absorption phase from the lungs, the rate of absorption 

slowed and plasma 3H persisted for a prolonged period of time in both healthy rats and rats with lung 

inflammation. Notably though, while plasma concentrations of 3H peaked after 4 days in healthy rats, 

which was followed by an elimination phase with a half-life of approximately 8 days, plasma 

concentrations of 3H plateaued over 4 to 7 days in rats with lung inflammation, such that elimination 

pharmacokinetics could not be calculated (Figure 1, Table 2). This suggested that absorption of the 3H 

dose continued from the inflamed lungs beyond 4 days at a more rapid rate when compared to rats with 

healthy lungs. This resulted in a significantly higher Fabs
0-7d in rats with inflamed lungs when compared 

to healthy rats (Table 2).   

 

After pulmonary administration of the drug-loaded liposomes, plasma concentration-time profiles of 

the loaded ciprofloxacin differed significantly when compared to the 3H profiles of the liposome-

incorporated lipid. In contrast to the 3H plasma profiles which showed a slow absorption phase from 

the lungs, no clear absorption phase was evident with ciprofloxacin. However, since the main focus 

was on evaluating the pharmacokinetics of the liposome rather than the drug, the first blood sample 

time point (after collecting an immediate post-dose t0 sample) was 30 mins, during which time the 

majority of the drug was likely liberated from the liposome, absorbed into blood and cleared, leading 

to a smaller than expected calculated Fabs (2%; not shown). Rather, a distinct elimination phase was 

evident with a slow elimination half-life of 20 h which was significantly higher than after IV 

administration (2 h; Table 3). This suggested that despite burst release of drug from the liposome 

(shown above) the liposome provided a reservoir for the continual liberation of the drug in the lungs 

over time. Regardless, in contrast to differences that were evident in the plasma concentration-time 

profile of the 3H label between healthy rats and rats with inflamed lungs, no significant differences 

were observed in the plasma pharmacokinetics of ciprofloxacin after pulmonary dosing.  

 

To evaluate whether mucociliary clearance of the liposomes from the lungs into the gastrointestinal 

tract contributed significantly to plasma concentrations of 3H after pulmonary administration, the 

plasma pharmacokinetics of the liposomes were evaluated over 7 days after oral administration (Figure 

1 and Table 2). The calculated bioavailability of the oral dose of 3H-liposomes (to 7 days) was 23%, 

while 20% of the dose was recovered in the faeces over 7 days (Table 2). This suggests that mucociliary 

clearance of the 3H liposome contribute to the plasma concentration-time profile of 3H lipids, over 

estimating Fabs after pulmonary administration. Similarly, the actual contribution of the mucociliary 



escalator to the clearance of 3H liposomes from the lungs is likely to be 5-fold higher than that 

determined via analysis of feces after 7 days. The calculated AUC of ciprofloxacin after oral delivery 

in a liposome vehicle was only 30 to 50% compared to after pulmonary administration, suggesting that 

mucociliary elimination of drug entrapped within a liposome is unlikely to significantly contribute to 

the plasma concentration-time profile of ciprofloxacin after pulmonary administration. 

 

 

 

Figure 1. Plasma concentration-time profiles of 3H-lipid and ciprofloxacin (Cipro) after IV, pulmonary 

and oral dosing to healthy rats and rats with bleomycin-induced lung inflammation. Liposomes were 

administered at a dose of 5 mg/kg ciprofloxacin (15 mg/kg lipid), but plasma concentrations have been 

normalised to a dose of 5 mg/kg as lipid or drug to facilitate comparison of 3H and drug profiles. Values 

represent mean ± SD (n = 3-4 rats). 

 

 

 



Table 2. Pharmacokinetic parameters of 3H-lipid after pulmonary dosing to rats with healthy lungs or 

bleomycin-induced lung inflammation, and after IV and oral dosing to rats with healthy lungs. 

Liposomes were administered at a dose of 15 mg/kg lipid, but plasma concentrations of 3H have been 

normalised to a dose of 5 mg/kg as lipid to facilitate comparison of 3H and ciprofloxacin 

pharmacokinetic parameters in Table 2. Values represent mean ± SD (n = 3-4 rats). *Represents p<0.05 

cf. healthy lungs. 

 

 Pulmonary Intravenous Oral 

 Healthy lungs Inflamed lungs Healthy lungs 

Kel (h
-1

)  0.004 ± 0.001 ND 0.008 ± 0.001 0.009 ± 0.003 

T½ (h)  185 ± 28 ND 92 ± 17 83 ± 25 

AUC0-∞ (µg/mL.h)  1015 ± 271 ND 1869 ± 71 555 ± 106 

AUC0-7 (µg/mL.h) 376 ± 63 462 ± 41a ND 432 ± 117 

Vc (ml) - - 37 ± 4 - 

Cl (mL/h) - - 2.3 ±  0.1 - 

Cmax (µg/ml)  3.1 ± 0.7 3.6 ± 0.4 117.3 ± 14.6 3.5 ± 0.2 

Tmax (h) 96 ± 28 108 ± 24 ND 48 ± 24 

Fabs
0-∞ (%) 54 ± 14 ND - 30 ± 6 

Fabs
0-7d (%) 20 ± 3 25 ± 2* - 23 ± 6 

% dose in urine  10 ± 3 10 ± 2 17 ± 1 18 ± 5 

% dose in faeces 11 ± 5 3 ± 1* 3 ± 1 20 ± 4 

ND – not determined; ap = 0.062. 

 

 

Table 3. Pharmacokinetic parameters of ciprofloxacin after pulmonary dosing to rats with healthy 

lungs or bleomycin-induced lung inflammation, and after IV and oral dosing to rats with healthy lungs 

(dose 5 mg/kg). Data represent mean ± SD (n=3-4). *Represents p<0.05 cf. healthy lungs. 

 

 Pulmonary Intravenous Oral 

 Healthy lungs Inflamed lungs Healthy lungs 

Kel (h
-1

)  0.037 ± 0.005 0.035 ± 0.008 0.41 ± 0.05 0.06 ± 0.02 

T½ (h)  19 ± 3 21 ± 4 2 ± 0 12 ± 3 

AUC0-∞ (µg/mL.h)  3.2 ± 0.3 2.6 ± 0.6 153.1 ± 13.9 1.2 ± 0.1 

Vc (ml) - - 32 ± 8 - 

Cl (mL/h) - - 10 ± 1 - 

Cmax (ug/ml)  0.12 ± 0.04 0.17 ± 0.04 52.8 ± 12.4 0.35 ± 0.20 

Tmax (h) 2 ± 3 2 ± 3 ND 2 ± 1 

 



3.3 Speciation of 3H-label in plasma and urine after IV, pulmonary and oral administration. 

The in vivo fate of the 3H dose initially administered as intact liposomes via the pulmonary, IV and 

oral routes, and the nature of 3H species present in plasma and urine samples at different time points, 

were determined by SEC. Briefly, the SEC profiles of plasma after IV dosing (Figure 2) showed that 

tritium was associated with intact liposome over the first 24 h, suggesting that the rapid initial 

elimination of radiolabel from plasma was due to clearance of the intact liposome. After 3 days 

however, 3H species in plasma were mainly associated with liberated 3H lipids or products of lipid 

biodegradation (that eluted at 45 mins) which exhibited slower plasma elimination. After oral 

administration, all of the plasma radiolabel was associated with the liberated 3H lipids (see supporting 

information). Likewise, only a broad low molecular weight peak that eluted over 40-45 mins was 

evident in all urine samples. 

 

The SEC profile of plasma samples obtained after pulmonary administration of liposomes similarly 

showed mainly ‘free’ 3H-lipid and a small proportion of lipid-bound plasma proteins (eluted at ~33 

mins), suggesting that the intact liposomes display limited systemic availability after pulmonary 

administration (Figure 2). As for the SEC profiles of urine obtained from rats after IV and oral dosing, 

only 3H associated with liberated lipid (as a broad peak that eluted over 40-45 mins) was observed in 

the urine of rats dosed with liposome via the lungs. No differences were evident in the SEC profiles of 

plasma or urine from healthy rats, or rats with inflamed lungs.  
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Figure 2. Size exclusion chromatography profiles of plasma and urine samples collected after 

pulmonary and IV dosing of 3H-labelled liposomes to rats. Arrows indicate the retention time of intact 
3H liposome. 

 

3.4 Lung distribution and retention of 3H-Liposomes after pulmonary delivery 

To evaluate the lung clearance rate of ciprofloxacin-loaded PEGylated liposomes, lung tissue and 

BALF were analyzed for 3H-label and ciprofloxacin 1, 3, 7 and 14 days after pulmonary dosing to 

healthy rats and rats with inflamed lungs. After pulmonary delivery, more than 60% of the 3H-dose 

was collectively cleared from the lungs (BALF and lung tissue) over the first 3 days in both healthy 

and inflamed cohorts (Figure 3A). However, the proportion of the 3H dose retained within healthy 

lungs after 1 day was higher (approximately 75%) when compared to inflamed lungs (approximately 

55%) as a result of significantly higher levels of 3H dose associated with the lung tissue in healthy rats 

after 1 day (Figure 3A & B). This was in contrast to the greater retention of 3H and ciprofloxacin in 

BALF after 1 day (p<0.05 for ciprofloxacin at 1 day, Figure 3C). This alluded to a more efficient early 

penetration of liposomes through the BALF and improved exposure of lung tissues in healthy when 

compared to inflamed lungs. This was presumably a result of increased lung fluid volume that is typical 

in inflamed lungs, together with differences in BALF composition [32, 33]. This pattern of higher lung 

tissue retention and lower retention in the BALF in healthy compared to inflamed lungs was also 

generally reflected on day 3, but these differences were less pronounced. Beyond 3 days however, the 

lung biodistribution and retention of both ciprofloxacin and 3H label did not differ significantly.  

 



To evaluate the relative stability of 3H-liposomes in the lungs, the species of 3H-label in the BALF and 

lung tissues was also evaluated by SEC. The SEC profiles showed that the majority of the 3H species 

present in the BALF (over 3 days) and lung tissues (over 7 days) corresponded to intact liposome 

(Figure 4), despite evidence of extensive products of liposome erosion in the plasma (Figure 2).  The 

radiolabel content in the lungs was too low to obtain reasonable SEC profiles 14 days after dosing. 

 

 

Figure 3. Lung retention time of 3H-liposome. Panel A. Collective proportion of the pulmonary 3H 

dose recovered in the lungs at each time point. Panel B. Proportion of the pulmonary 3H dose recovered 

separately in the BALF and lung tissue at each time point. Panel C. Proportion of the administered 



pulmonary dose of ciprofloxacin recovered in the BALF alone at each time point. *Represents p < 

0.05. BQ – Below the level of quantification. Data are represented as mean ± SD (n= 3-4).  
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Figure 4. Size exclusion chromatography profiles of 3H in BALF and lung tissue homogenate 

supernatant over 7 days after pulmonary dosing of 3H-labelled liposomes to healthy rats and rats with 

inflamed lungs. Arrows point to the retention time of intact 3H-liposomes. 

 

 

3.5 Organ biodistribution 

The pattern of organ biodistribution of the delivered 3H was also examined 7 days after pulmonary, IV 

and oral administration (Figure 5). After pulmonary administration, 3H-lipids displayed limited uptake 

in the liver (< 3%), spleen (<1%) and kidneys (<2%). The proportion of the lung-administered 3H dose 

recovered in faeces was approximately 3.5 fold higher in healthy rats when compared to rats with lung 

inflammation as shown above in Table 2. The organ biodistribution after IV and oral delivery of 

liposomes showed that liver, kidney, spleen and lungs retained less than 1% of the administered 3H 

dose after 7 days, despite initial rapid plasma clearance of the liposome.  
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Figure 5. Organ biodistribution of the 3H dose after pulmonary delivery to rats with healthy and 

inflamed lungs (left panel), or after IV and oral administration to rats with healthy lungs (right panel). 

*Represents p < 0.05.  Values represent mean ± SD (n = 4 rats).  

 

3.6 Localization and macrophage uptake of fluorescent-labelled liposomes in the lungs 

The pattern of liposome distribution in normal and inflamed lungs was identified by comparing the 

fluorescence images of excised lungs on days 0 and 2 after dosing (Figure 6A) and by examining the 

distribution of rhodamine-labelled liposomes in the BALF (Figure 6B). The results show that the 

liposomes were generally distributed to the same extent throughout healthy and inflamed lung tissue 

after pulmonary dosing, but the trachea of inflamed lungs showed slightly greater retention of 

liposomes at each time point evaluated. The confocal images of BALF obtained after 24h showed that 

the liposomes were internalised by alveolar macrophages and were present in cells in very large 

vesicles. Some evidence of more diffuse fluorescent labelling throughout the cytosol was also present, 

which was likely associated with liberated rhodamine-phosphatidylcholine  [34, 35].  



 

Figure 6. Panel A. Lung distribution of fluorescent-labelled liposomes immediately after pulmonary 

dosing and 2 days after dosing (IVIS) in healthy and inflamed lungs. Panel B. Uptake of pulmonary 

administered liposomes by alveolar macrophages present in the BALF 24 h after delivery to healthy 

and inflamed lungs. Arrows point to individual nanoparticles located within macrophages. Red 

represents rhodamine-labelled liposomes; blue represents DAPI stained nuclei. Microscope images (B) 

were acquired using a 60x objective.  

 

3.7 Quantification of inflammatory markers in the lungs after liposome administration  

The total and differential cell count of macrophages, neutrophils and T-lymphocytes in the BALF of 

rats dosed via the lungs with liposome or saline (negative control), LPS or NiO nanoparticles (positive 

controls) or bleomycin alone were evaluated (see Figure 7), along with total protein, LDH, TNFα, 

MCP-1 and IL-1β (see Figure 8 and supporting information). Almost all of these lung inflammation 

markers were found to be significantly elevated in rats dosed with LPS, NiO nanoparticles or 

bleomycin when compared to rats dosed with saline vehicle. With the exception of MCP-1, all markers 

of lung inflammation remained elevated after pulmonary administration of bleomycin between days 1 

and 8.  



 

Although total cell counts in the BALF did not significantly differ at any time point after pulmonary 

administration of liposomes to healthy rats when compared to saline dosed controls (Figure 7A), 

alveolar macrophages (Figure 7B) and T-lymphocytes (Figure 7D) were significantly elevated on day 

3, but were not significantly evelated at other times. Neutrophil counts however, were significantly 

elevated at all times (except day 3) after pulmonary administration of liposomes (Figure 7C). While 

all cell counts were elevated in the BALF of rats dosed with both bleomycin and liposomes compared 

to saline alone, the administration of liposomes did not significantly change differential or total cell 

counts when compared to administration of bleomycin alone. This suggested that a single pulmonary 

dose of liposome does not significantly increase the number of inflammatory cells present in the BALF 

of already inflamed lungs.  
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Figure 7. Differential cell counts in the BALF of rats delivered a pulmonary dose of saline vehicle 

(Sal), LPS, Bleomycin (day 1; B1, or day 8; B8), or liposome after 1, 3, 7 or 14 days to healthy or 

inflamed lungs. Panel A. Total cell count. Panel B. Total macrophages. Panel C. Total neutrophils 

and Panel D. Total T-lymphocytes. Values represent mean ± SD (n = 3-4 rats). *represents p < 0.05 

cf saline. # Represents p<0.05 cf. bleomycin alone.  



 

A single liposome dose to healthy lungs did not significantly increased the BALF concentration of 

total protein or LDH, with the exception of higher LDH concentrations on day 3 (Figure 8). While 

bleomycin administration resulted in consistently elevated BALF concentrations of total protein and 

LDH, subsequent administration of liposomes did not increase these levels further.   

 

Pulmonary administration of liposomes to the lungs of healthy rats had no significant effect on the 

BALF concentrations of the three inflammatory cytokines measured, despite some elevations in cell 

counts mentioned above (Figure 8). Bleomycin administration alone did not significantly elevate 

BALF concentrations of TNFα over 8 days, but administration of both bleomycin and liposomes led 

to a significant increase in BALF levels of this cytokine after 14 days. However, since we did not 

evaluate cell and cytokine levels in the lungs of rats given bleomycin alone after 14 days, a conclusion 

cannot be made as to whether this effect was a result of bleomycin alone or the combined effect of 

bleomycin and liposome. BALF concentrations of MCP-1 and IL-1β were however, significantly 

increased over 8 days after bleomycin administration alone. Interestingly, while liposome 

administration led to a significant decrease in MCP-1 concentrations in bleomycin-dosed rats after 3 

days when compared to rats given bleomycin alone, concentrations of IL-1β (which is produced by 

‘activated’ macrophages) were significantly elevated from day 3, and continued to increase to day 14.  
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Figure 8. Concentration of inflammatory cytokines (Panel A), total protein (Panel B) and LDH (Panel 

C) in the BALF of rats over 14 days. Values represent mean ± SD (n = 3-4 rats). *represents p < 0.05 

cf saline and #represents p < 0.05 cf. Bleomycin. 

 

  



4. DISCUSSION 

 

In the present study, 3H labelled liposomes showed limited systemic absorption after pulmonary 

administration in rats with healthy and inflamed lungs. The SEC profiles showed that 3H-lipids (either 

free or associated with plasma proteins) but not intact liposomes were absorbed from healthy as well 

as inflamed lungs, although intact liposomes were quantified over 2 days in the plasma after IV 

administration. The restricted systemic access of intact liposomes after pulmonary administration is in 

agreement with previous reports which suggest that the rate and extent of absorption of 

macromolecules and biodegradable nanoparticles from the lungs is limited [4, 10, 11, 19, 36]. 

Importantly, although the true absolute bioavailability of liposomes administered to the lungs could 

not be accurately determined (since mucociliary clearance from the lungs led to some systemic 

absorption of the free 3H-lipid from the gut [11]) the data pointed towards significantly more prolonged 

absorption of liposome-associated lipid from inflamed lungs. Specifically, the 3H-lipid showed higher 

7 day bioavailability (Fabs
0-7d) from inflamed lungs and no discernible plasma elimination phase when 

compared to healthy lungs. Given the likely contribution of 3H cleared from the lungs via the 

mucociliary escalator to elevating apparent pulmonary bioavailability (via absorption from the gut), 

coupled with the fact that mucociliary clearance was more efficient from healthy lungs, the absolute 

difference in pulmonary bioavailability between healthy and inflamed lungs is likely to be larger than 

that reported here. Overall, these results suggest that bleomycin challenge and local inflammation 

increased alveolar permeability in the lungs, as previously observed by others[26], and increased 

systemic absorption of the 3H liposome dose. 

 

In this study, mucociliary clearance was the most dominant mechanism (though largely qualitatively) 

by which 3H-lipids were cleared from healthy lungs. This is consistent with the results of others who 

have showed that this is the major lung clearance pathway for large biodegradable macromolecules 

(e.g. dendrimers) as well as nanoparticles [11, 17]. Notably though, mucociliary clearance was 

significantly compromised in rats with lung inflammation, which is in agreement with previous studies 

where pulmonary inflammation has been found to disrupt mucociliary escalator function and impair 

particle clearance capability [12, 13, 37]. The impairment in mucociliary clearance is also evident from 

the more prominent localisation of liposomes in the upper respiratory tract of inflamed lungs 2 days 

after pulmonary administration.   

 

It is interesting to note that while these data suggest that severe lung inflammation increased and 

prolonged the systemic absorption of liposome-associated lipids after pulmonary administration, this 

was not similarly reflected in the pharmacokinetics of the loaded drug which is more commonly 



explored. Therefore, while our results are in good agreement with those of others who have similarly 

shown that no differences exists in the plasma pharmacokinetics of nanomaterial-entrapped drugs in 

animals with healthy versus inflamed lungs, they also allude to likely differences in the kinetics of the 

nanomaterial itself that may not have been evaluated [16]. This is in agreement with previous reports 

which showed that lung inflammation compromises tight junction integrity and increases the 

permeability of both the alveolar epithelium and the pulmonary vascular endothelium [38, 39].  

 

It has previously been reported that large macromolecules such as albumin (65 kDa /7 nm, which may 

also ‘carry’ lipids across the alveolar epithelium) normally only penetrate lung epithelial barriers via 

the transcellular route. Macromolecules however, can also penetrate via paracellular pathways when 

epithelial barrier integrity is compromised [40]. These effects are likely to depend on several factors 

such as severity of lung inflammation or disease, the rate of biodegradation of the inhaled nanomaterial 

and composition of the nanomaterial (i.e. lipid or polymer). It is likely though, that no differences were 

seen in the pulmonary absorption and pharmacokinetics of the loaded drug in the present study as a 

result of rapid burst release that occurred both in vitro and in vivo. 

 

Lung retention data also showed that with the exception of initial rapid clearance from the lungs of 

rats, the liposomes showed in general, prolonged (over a period of 1 week, in contrast to minutes to 

hours for small molecule drugs) lung residence (>30% dose remaining in the lungs after 3 days) in 

both the healthy and inflamed lungs. SEC data further suggested that lung-resident 3H was mostly 

associated with intact liposomes. This is in good agreement with the results of others who have 

evaluated the lung retention times of 99mTc-labelled liposomes in rodent, dog and human models [41-

45]. For instance, Morimoto et al reported that more than 51% of a pulmonary dose of 14C- DPPC was 

retained in the lungs of rats after 24 h [43]. Similarly, Saari reported that approximately 80% of a 

pulmonary dose of DPPC or DLPC-based liposomes were retained in the lungs of humans after 24 h 

[45]. To date however, no human clinical data has been published on the pulmonary pharmacokinetics 

of liposomal drugs or labelled liposomes in late phase clinical trials.  

 

The overall clearance rate of inhaled nanomedicines from the lungs however, is critically dependent 

on two factors: 1) the rate of drug liberation from the nanocarrier (which is likely to be different for 

encapsulated and matrix type systems) and 2) the clearance rate of the nanocarrier itself. It is evident 

from the results of the present study that pulmonary delivered liposomes underwent in vivo 

degradation/erosion in the lungs over 14 days as shown by the systemic and urinary appearance of 

structural 3H-lipids via SEC. The rate of liposome erosion did not appear to differ significantly between 

healthy and inflamed lungs, although this was not evaluated in detail. However, pulmonary 



inflammation had a significant impact on the lung disposition and retention of both 3H-lipids/liposome 

and ciprofloxacin at earlier time points, despite the observed prolonged lung exposure discussed above. 

Specifically, pulmonary inflammation promoted the initial retention of 3H-liposomes and ciprofloxacin 

in the BALF and decreased their association with the lung parenchyma when compared to healthy rats. 

In addition, liposome was cleared more rapidly from healthy lungs when compared to inflamed lungs 

over the first 24 h. The increased initial association of the liposomes with the BALF was interesting 

given that increased BALF retention generally translates into increased mucociliary clearance, which 

was not the case here as a result of the apparent impairment of mucociliary function in inflamed 

lungs[46].  

 

Lung inflammation is also known to induce local oedema, increase alveolar macrophage content and 

change lung mucus composition and viscosity [47, 48]. Each of these effects can ultimately affect the 

penetration of PEGs and PEG-based nanoparticles[47]. Together, this was likely to have been 

responsible for the increased retention of liposomes in lung lining fluid and the increased exposure of 

the liposomes to alveolar macrophages (which were elevated by 5- to 8-fold in bleomycin plus 

liposome dosed rats). To this end, while mucociliary clearance is the major mechanism by which 

nanomaterials are cleared from the upper respiratory tract, alveolar macrophages have a more 

significant role in the clearance of inhaled particles from the alveolar region of the lungs where there 

is an absence of significant ciliated epithelia and mucus [3]. Thus, in the present study, elevated 

alveolar macrophage numbers in inflamed lungs coupled with increased BALF retention of liposomes 

likely led to an increase in macrophage-associated liposomes when compared to healthy lungs. Lung 

inflammation however, can also impair alveolar macrophage mobility and decrease the macrophage-

mediated lung clearance of liposomes, likely as a result of increases in the viscosity of mucus in 

chronically inflamed lungs [37]. Further, chronic pulmonary diseases such as cystic fibrosis, chronic 

obstructive pulmonary disorders and asthma generally result in an increase in the viscosity of lung 

mucus, owing in part to reduced water content and an increased fraction of glycoprotein [47, 48]. Thus, 

while the increased association of inhaled nanoparticles with alveolar macrophages should promote 

accelerated lung clearance via mucociliary elimination and trafficking towards lung and thoracic 

lymph nodes, mucociliary elimination was reduced. It is possible however, that the ability of alveolar 

macrophages to traffic towards lung and thoracic lymphatics was preserved somewhat, which may in 

part explain the more rapid initial clearance of liposomes from the inflamed lungs. Although lung 

lymphatic trafficking was not evaluated here, liposome degradation within macrophages that have 

translocated to pulmonary and thoracic lymph nodes would likely lead to an increase in the systemic 

exposure of lipids, which may have contributed to the prolonged apparent pulmonary absorption of 

liposomes from inflamed lungs. 



 

Of further importance is also the need to evaluate the safety of nanomedicines in the lungs, since 

nanomaterials are known to induce transient inflammatory reactions in the lungs after inhaled 

exposure, depending on particle properties and the delivered dose, that could have a significant impact 

on the clearance pathways and kinetics of nanomaterials from the lungs [8, 49]. To this end, it must be 

acknowledged that the accumulation of nanomaterials in the lungs with repeated dosing can also lead 

to an increase in nanomaterial lung burden over time that could prove problematic for inhalable 

nanomedicines that need to be given repeatedly for chronic respiratory diseases [50]. However, work 

describing the impact of the inhaled delivery of nanomaterials in existing inflammatory lung conditions 

are limited. It should be noted at this point, that the European Medical Agency (EMA) recently rejected 

the market approval of Arikayce (liposome encapsulated Amikacin) for inhaled administration based 

on questions regarding the long term safety of inhaled liposomes, especially with regard to the 

treatment of patients with chronic inflammation of the alveolar epithelium and overall tolerance in the 

bronchial tree (report no: EMA/493973/2016).  

 

Never the less, a single pulmonary dose of ciprofloxacin-loaded liposomes was generally well tolerated 

in this study in healthy lungs, similar to the observations by others. Transient increases in the number 

of immune cells are consistent with the presence of mild and resolving inflammation in the lungs, 

which is typical following inhaled exposure of the lungs to nanosized materials [9, 21]. While the 

pulmonary delivery of liposomes to rats with lung inflammation in the present study did not appear to 

overtly exacerbate the pre-existing airway inflammation, significant and progressive increases in lung 

IL-1β were evident. Of note, IL-1β is a pro-inflammatory cytokine that is produced by activated 

macrophages. This suggests that the administration of liposomes to inflamed lungs may function to 

enhance the phagocytic activity of alveolar macrophages. This may in turn accelerate the lung 

clearance of the foreign nanomaterial by enhancing trafficking towards the lung lymphatics and 

promoting systemic absorption, rather than eliminating the nanomaterial via mucociliary clearance as 

observed in healthy lungs. In this regard, it would be of interest to evaluate how pulmonary 

inflammation impacts on the lung clearance of inhaled nanomaterials over repeated dosing, especially 

with regard to the role of macrophages in this process and their trafficking behaviour.   

 

In summary, the results of this study have revealed that pulmonary inflammation can have a significant 

impact on the lung clearance pathways and kinetics of PEGylated liposomes. The data showed that the 

lung deposition and clearance kinetics of 
3
H labelled liposomes differed when dosed to healthy versus 

inflamed lungs. Lung inflammation appeared to increase the permeability of the alveolar epithelium 

and prolonged the systemic absorption of liberated 3H-lipids from the lungs, reduced mucociliary 



clearance, increased the tracheal localisation of the liposome dose and increased retention of the dose 

in the BALF. A single liposome dose neither promoted significant inflammatory changes in healthy 

rats, nor exacerbated pre-existing lung inflammation to a significant level in the rats with chronic lung 

inflammation. However, increases in IL-1β were observed which may suggest that macrophages were 

activated to potentially remove the inhaled foreign material from the lungs. Overall, these changes in 

the lung disposition of a single lung-delivered dose of liposome may allude to the potential for more 

significant differences in pulmonary pharmacokinetics, and more overt pro-inflammatory responses of 

the lungs to the more chronic inhaled administration nanomedicines. Further detailed investigations 

are required to fully assess the impact of chronic inhaled nanomedicine use on the lungs. Overall, this 

study provides clinically relevant information that will be useful for guiding the design and testing of 

future inhalable nanomedicines. 
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