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Purpose: Biodegradable nanoparticles (NPs) composed of poly(D, L-lactide-co-glycolide) 

(PLGA) have attracted considerable attention as delivery systems of drugs and antioxidative 

compounds, such as β-carotene (BC). Intravenous (IV) administration of BC-containing PLGA-

NPs (BC-PLGA-NPs) coated with polysorbate 80 (PS80) has been shown to effectively deliver 

BC to the brain. However, the whole-body distribution profile of BC is still not clear. Therefore, 

we investigated the accumulation of BC in various organs, including the brain, following IV 

administration of PS80-coated BC-PLGA-NPs in rats.

Methods: PS80-coated and uncoated BC-PLGA-NPs were prepared by solvent evaporation, and 

administered intravenously to Sprague Dawley rats at a BC dose of 8.5 mg/rat. Accumulation of BC 

in various organs (brain, heart, liver, lungs, and spleen) and blood plasma was evaluated by high 

performance liquid chromatography with ultraviolet (UV) detection, 1 hour after administration.

Results: We prepared PS80-coated BC-PLGA-NPs with an entrapment efficiency of 14%, 

a particle size of 260 nm, and a zeta potential of -26 mV. Coating with PS80 was found to 

result in significant accumulation of BC in the lungs, rather than in the brain and other tissues. 

Further, plasma levels of BC in the PS80-coated BC-PLGA-NP group were much lower than 

those of the uncoated BC-PLGA-NP group.

Conclusion: Following IV administration, PS80-coated BC-PLGA-NPs are quickly transferred 

from plasma circulation to the lungs, rather than the brain. Significant accumulation of BC in 

the lungs may be useful for health-related applications.

Keywords: β-carotene, intravenous administration, nanoparticles, poly(D, L-lactide-co-

glycolide) (PLGA), polysorbate 80 (PS80), tissue distribution

Introduction
Use of biodegradable polymer-based nanoparticles (NPs) for drug delivery purposes 

can result in enhanced distribution of drugs to target organs.1 One of the most attrac-

tive biodegradable polymers used for the preparation of NPs is poly(D, L-lactide-co-

glycolide) (PLGA).2 PLGA undergoes hydrolysis in the body to produce the naturally 

occurring monomers lactic acid and glycolic acid.3

Intravenous (IV) administration of PLGA-based NPs (PLGA-NPs) coated with 

nonionic surfactants has been shown to result in accumulation in specific tissues.4 

For example, IV administration of polysorbate 80 (PS80)-coated PLGA-NPs results in 

significant uptake by the brain.5–7 However, to the best of our knowledge, few studies have 

investigated the effect of PS80 coating on whole-body tissue distribution of NPs.
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Recently, PLGA-NPs have been shown to be useful as 

delivery systems of the bioactive compound β-carotene (BC, 

Figure 1A) for inhibition of oxidative stress within organs.8 

However, there is currently no data available regarding the 

tissue distribution of IV-administrated PS80-coated BC-

encapsulated PLGA-NPs (BC-PLGA-NPs), although one 

study did report that intraperitoneal (IP) administration of 

PS80-coated BC-PLGA-NPs resulted in a significant accu-

mulation of BC in the brains of rats.9

Herein, we prepared PS80-coated and uncoated 

BC-PLGA- NPs by solvent evaporation, and evaluated the 

surface morphology and BC entrapment efficiency (EE) of 

the NPs by scanning electron microscope (SEM) and high 

performance liquid chromatography with UV detection 

(HPLC-UV), respectively. Mean NP diameters and zeta 

potentials were measured by dynamic light scattering (DLS) 

and laser Doppler anemometry, respectively. PS80-coated 

BC-PLGA-NPs, uncoated BC-PLGA-NPs, and saline con-

trol were administered intravenously to Sprague Dawley 

rats, and the corresponding tissue distribution profiles of 

BC, including brain uptake, were evaluated by HPLC-UV 

(Figure 1B).

Materials and methods
Materials
BC powder (purity .95%) was purchased from Wako 

Pure Chemical Industries, Ltd. (Osaka, Japan). Membrane 

filters (Millex-HV, 0.45 µm, 33 mm) were obtained from 

EMD Millipore (Billerica, MA, USA). PLGA (50:50, 

molecular weight =30,000–60,000) and poly vinyl alcohol 

(PVA, molecular weight =30,000–70,000, 87%–90% hydro-

lyzed) were obtained from Sigma-Aldrich (St Louis, MO, 

USA). PS80 was purchased from Nihon Yushi Co., Ltd. 

(Tokyo, Japan). All chemicals and reagents used were of 

analytical grade or higher.

Preparation of Bc-Plga-NPs: surface 
morphology and ee analysis
BC-PLGA-NPs were prepared by solvent evaporation.10,11 

Briefly, 20 mg of free (commercial) BC powder and 200 mg of 

Figure 1 chemical structure of Bc and experimental design of the present study.
Notes: (A) chemical structure of naturally occurring Bc; (B) schematic experimental design of the present study.
Abbreviations: Bc, β-carotene; Bc-Plga-NPs, β-carotene-encapsulated poly(D, l-lactide-co-glycolide) nanoparticles; Plga, poly(D, l-lactide-co-glycolide); Ps80, 
polysorbate 80; PVa, poly vinyl alcohol; hPlc-UV, high performance liquid chromatography with UV detection.
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followed by IV administration of 2.4 mL of PS80-coated 

BC-PLGA-NPs suspension, uncoated BC-PLGA-NPs 

suspension, or control saline into the rat tail vein, at a BC 

dose of 8.5 mg/rat (equivalent sum of BC from the three 

preparations). Rats were sacrificed by decapitation 1 hour 

after administration, and organs (brain, heart, liver, lungs, 

and spleen) were harvested. Blood was collected in eth-

ylenediaminetetraacetic acid (EDTA)-coated tubes, and 

centrifuged at 1,000× g for 15 minutes at 4°C to prepare the 

plasma samples. Harvested organs and plasma were stored 

at -80°C until further analysis. The experimental protocol 

was reviewed by the Committee on the Ethics of Animal 

Experiments and carried out in accordance with the Animal 

Experiment Guidelines of Tohoku University. The permit 

number for this animal experiment is 23-Noudou-23.

BC was extracted from organ samples as follows:15 organs 

were homogenized with saline (containing 1 mM EDTA) 

to prepare 20% (w/v) homogenate solution. The solution 

(0.5 mL) was mixed with 2.6 mL of ethanol (containing 

0.9 mol/L potassium hydroxide and 0.05 mol/L pyrogallol). 

The mixture was saponified at 80°C for 2 hours. After 

addition of 2 mL of distilled water, BC was extracted from 

the resultant mixture using 3 mL of hexane/diethyl ether 

(3:1, v/v). The extract was partitioned into two layers by 

centrifugation at 1,000× g for 10 minutes at 4°C. The upper 

hexane layer was collected, and the extraction was repeated. 

The layers were combined, dried under nitrogen gas, resus-

pended in a small amount of methanol/methyl tert-butyl 

ether (MTBE) (2:3, v/v), and subjected to BC analysis by 

HPLC-UV. For plasma BC analysis, plasma (0.5 mL) was 

mixed with 0.5 mL of distilled water, 1 mL of ethanol, and 

3 mL of hexane.16 The mixture was centrifuged at 1,000× g 

for 10 minutes at 4°C. The upper hexane layer was col-

lected, and the extraction was repeated. The layers were 

combined, dried, resuspended in a small amount of methanol/

MTBE (2:3, v/v), and subjected to analysis by HPLC-UV. 

These extraction procedures were conducted under subdued 

(yellow) light to minimize photodegradation of BC.

hPlc-UV determination of Bc in sample 
extract
Sample extract was analyzed by HPLC-UV.17 A C

30
 carote-

noid column (4.6×250 mm, 5 µm; YMC, Kyoto, Japan) was 

used, and the extract was eluted using a binary gradient con-

sisting of the following HPLC solvents: A, methanol/MTBE/

water (83:15:2 [v/v/v], containing 3.9 mmol/L ammonium 

acetate); B, methanol/MTBE/water (8:90:2 [v/v/v], containing 

2.6 mmol/L ammonium acetate). The gradient profile was 

PLGA were added to 2 mL of dichloromethane in a 10 mL glass 

tube and vortexed for 10 minutes to dissolve them. Next, 4 mL 

of 5% (w/v) PVA aqueous solution was added and vortexed for 

10 seconds. The resultant mixture was sonicated at 40% ampli-

tude for 3 minutes using a sonic dismembrator, and added drop-

wise into 100 mL of 0.3% (w/v) PVA aqueous solution under 

rapid stirring. The resultant oil-in-water emulsion was stirred 

for 9 hours in a fume hood to allow the dichloromethane sol-

vent to evaporate. The suspension was centrifuged at 2,000× g  

for 10 minutes at 4°C to remove larger aggregates. The super-

natant was collected, filtered through a membrane filter, washed 

three times with Milli-Q water by centrifugation, and finally 

resuspended in 3 mL of Milli-Q water either with or without 

5% (w/v) sucrose.12 The resulting BC-PLGA-NP suspension 

was lyophilized and stored in the dark at -30°C. PLGA-NPs 

were prepared similarly, without addition of BC.

Surface morphology of BC-PLGA-NPs (lyophilized 

powder) was evaluated by SEM (SU8000 Type II, Hitachi 

Co., Ltd, Tokyo, Japan).12 The effect of sucrose addition 

on the surface microstructure was also investigated. Lyo-

philized BC-PLGA-NPs, PLGA-NPs, and free BC powder 

(100 mg each) were suspended in 3 mL of distilled water 

and photographed. To measure EE, BC was extracted from 

the BC-PLGA-NPs by a mixture of ethanol and hexane.9 The 

amount of BC in each extract was determined by HPLC-UV 

as described in the following section. EE was calculated as 

follows: EE (%) = BC
encapsulated

/BC
total

 ×100.13

Preparation of Ps80-coated Bc-Plga-
NPs: diameter and zeta potential analysis
BC-PLGA-NPs (lyophilized powder, 100 mg) were resus-

pended in 3 mL of distilled water containing 1% PS80, and 

incubated for 30 minutes to coat the BC-PLGA-NPs with 

PS80.6,7,14 Uncoated BC-PLGA-NPs were prepared similarly 

without addition of PS80. Uncoated PLGA-NPs were also 

prepared. All suspensions were subjected to DLS and laser 

Doppler anemometry measurement using ELS-Z (Otsuka 

Electronics Co., Ltd., Osaka, Japan) to evaluate the mean 

diameters and zeta potentials, respectively.

animal study
Nine male Sprague Dawley rats (12 weeks of age, 

410–580 g body weight) were obtained from CLEA (Central 

Laboratory for Experimental Animals) Japan Inc. (Tokyo, 

Japan) and housed in cages kept at 23°C with a 12-hour 

light:dark cycle. The rats were acclimated with commer-

cial rodent chow (CE-2; CLEA Japan Inc.) and water for  

1 week. After acclimatization, rats were fasted for 14 hours, 
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Figure 2 seM images of lyophilized Bc-Plga-NPs in the presence and absence of 5% (w/v) sucrose.
Notes: (A) lyophilized Bc-Plga-NPs in the absence of sucrose. (B) lyophilized Bc-Plga-NPs in the presence of 5% (w/v) sucrose.
Abbreviations: Bc-Plga-NPs, β-carotene-encapsulated poly(D, l-lactide-co-glycolide) nanoparticles; seM, scanning electron microscope.

as follows: B linear ratio; 10%–55% at 0–12 minutes, 

55%–100% at 12–20 minutes, 100% at 20–25 minutes, and 

100%–10% at 25–27 minutes. The flow rate was adjusted to 

1 mL/min, and the column temperature was maintained at 

30°C. The column eluent was sent to a UV detector (UV-2075 

PLUS, JASCO, Tokyo, Japan) for BC monitoring at 463 nm. 

Concentrations of BC were calculated using the equation 

corresponding to the standard curve.

statistical analysis
Results are reported as mean ± SD. Statistical significance 

between the PS80-coated and uncoated BC-PLGA-NP 

groups was analyzed using the independent Student’s t-test. 

Mean significantly differed at P,0.05 and P,0.01.

Results
surface morphology and ee analysis of 
Bc-Plga-NPs
BC-PLGA-NPs were prepared by solvent evaporation, and 

suspended in water in either the presence or absence of a 

cryoprotectant (sucrose). SEM images of the BC-PLGA-NP 

suspension lyophilized in the absence of sucrose revealed 

spherical aggregates (Figure 2A). Lyophilization in the 

presence of sucrose, on the other hand, resulted in the BC-

PLGA-NPs being immobilized in the sucrose matrix, with 

no evidence of aggregation (Figure 2B). We therefore used 

sucrose for the preparation of lyophilized BC-PLGA-NPs 

in this study.

Dispersion of lyophilized powder of PLGA-NPs in dis-

tilled water resulted in a transparent homogeneous suspen-

sion with white color (Figure 3A). In contrast, dispersion of 

BC-PLGA-NPs resulted in orange homogeneous suspension 

(Figure 3B). The EE of BC in the BC-PLGA-NPs was esti-

mated to be 14.2%±0.3% (n=3, Table 1). Free BC powder 

was very difficult to disperse and showed a deep red color 

(Figure 3C).

Mean diameter and zeta potential analysis 
of Ps80-coated Bc-Plga-NPs
BC-PLGA-NPs were coated with PS80 by incubation in 

water containing 1% PS80. Mean diameters and zeta poten-

tials of all preparations were nearly identical (Table 1). 

Mean diameters of PS80-coated BC-PLGA-NPs, uncoated 

BC-PLGA-NPs, and uncoated PLGA-NPs were found 

to be 259±62 nm, 286±93 nm, and 256±25 nm (n=3), 

respectively. Zeta potentials of each of the preparations 

were -26.36±0.98 mV, -29.92±3.25 mV, and -29.31±2.73 mV 

(n=3), respectively. The resultant PS80-coated and uncoated 

BC-PLGA-NPs were employed to evaluate the brain uptake 

and tissue distribution of BC in rats.

Brain uptake and tissue distribution 
of Bc following IV administration of 
Ps80-coated Bc-Plga-NPs
Rats were intravenously administered with suspensions of 

PS80-coated or uncoated BC-PLGA-NPs, or saline con-

trol. Before IV administration, we did not reduce excess 

PS80 in the solution because several reports showed brain 

uptake of PS80-coated NPs with this manner.5–7,14 One 

hour after administration, blood plasma was collected and 

organs were harvested, and the corresponding concentra-

tions of BC were determined by HPLC-UV (Figure 4). 

No detectable levels of BC were found in the plasma or 

any of the organs of rats that received saline (control).  
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In contrast, no significant differences of brain BC concentra-

tion were found between BC-PLGA-NP and PS80-coated 

BC-PLGA-NP groups. These unexpected findings suggest 

that coating with PS80 did not have an impact on BC brain 

uptake. On the other hand, concentrations of BC in the lungs 

and plasma were significantly higher and lower, respec-

tively, in the PS80-coated BC-PLGA-NP group, compared 

with the uncoated BC-PLGA-NP group. Increased levels 

of BC were also found in the heart, liver, and spleen in 

the PS80-coated BC-PLGA-NP group, compared with the 

uncoated group. Taken together, these results suggest that 

PS80-coated BC-PLGA-NPs were quickly transferred from 

the circulation to the lungs, rather than to the brain, while 

uncoated BC-PLGA-NPs were not distributed to the lungs 

and remained in circulation.

Discussion
BC (Figure 1A) exhibits antioxidative properties and plays 

an important role in protecting cellular membrane lipids from 

oxidative stress in the body.18 Recently, encapsulation of BC 

in PLGA-NPs has been carried out in an effort to improve its 

therapeutic effects. For example, Yusuf et al prepared PS80-

coated BC-PLGA-NPs and found that IP administration in 

rats significantly increased BC concentrations in the brain.9 

However, they did not evaluate the distribution of BC into 

other organs. Elucidating the whole-body distribution of BC 

is important to gauge the usefulness of encapsulation meth-

ods and PS80 coating. To clarify these aspects, we prepared 

PS80-coated BC-PLGA-NPs and uncoated BC-PLGA-NPs, 

and investigated the brain uptake and tissue distribution 

profiles of BC following IV administration in rats.

BC-PLGA-NPs were lyophilized in the presence of 

sucrose, and the resultant BC-PLGA-NPs were immobilized 

(protected) in the sucrose matrix (Figure 2B). This is consis-

tent with results of a previous study,12 in which SEM investi-

gation of the surface morphology of PLGA-NPs revealed the 

protective effects of sucrose during the lyophilization process. 

In this study, the lyophilized powder (BC-PLGA-NPs) 

was well-dispersed in water, with no apparent aggregation 

(Figure 3B). Thus, lyophilization of BC-PLGA-NPs in the 

presence of sucrose is recommended to obtain well-dispersed 

BC-PLGA-NPs.

The EE of drugs in PLGA-NPs is generally reported to 

be approximately 45%.13 In the present study, the EE of BC 

was found to be rather low (14.2%), which may be due to 

aggregation of the BC-PLGA-NPs during preparation. Spe-

cifically, we prepared BC-PLGA-NPs by solvent evaporation. 

During the solvent (dichloromethane) evaporation process, 

visible aggregates of BC were observed. Additional studies 

are needed to focus on optimizing the amounts of PLGA and 

PVA to overcome this problem.

Coating with PS80 did not impact the mean diameter and 

zeta potential of NPs. Specifically, the mean diameter (286 

nm) and zeta potential (-29.9 mV) of the BC-PLGA-NPs 

were found to be similar to those of general PLGA-NPs 

prepared by solvent evaporation.5–7,13 As a point of refer-

ence, Ribeiro et al prepared polysorbate 20 (PS20)-coated 

BC-PLGA-NPs by solvent evaporation of an oil-in-water 

emulsion comprising PS20.19 Using this same procedure, 

Yusuf et al prepared PS80-coated BC-PLGA-NPs.9 While 

these methods are useful for surface coating, it is nearly 

impossible to produce uncoated BC-PLGA-NPs, so that 

comparisons between PS80-coated and uncoated BC-PLGA-

NPs cannot be performed. In this study, we first prepared 

uncoated BC-PLGA-NPs, and then incubated the resulting 

BC-PLGA-NPs with PS80 to allow for surface coating.6,7,14 

Both coated and uncoated BC-PLGA-NPs were administered 

Table 1 Physicochemical parameters of the Ps80-coated Bc-
Plga-NPs, uncoated Bc-Plga-NPs, and uncoated Plga-NPs

Groups Mean diameter 
(nm)

Zeta potential 
(mV)

Encapsulation 
efficiency (%)

Ps80-coated 
Bc-Plga-NPs

259±62 -26.36±0.98
14.2±0.3

Uncoated 
Bc-Plga-NPs

286±93 -29.92±3.25

Uncoated 
Plga-NPs

256±25 -29.31±2.73

Note: Values represent mean ± sD, n=3.
Abbreviations: Bc-Plga-NPs, β-carotene-encapsulated poly(D, l-lactide-co-
glycolide) nanoparticles; Plga-NPs, poly(D, l-lactide-co-glycolide) nanoparticles; 
Ps80, polysorbate 80.

Figure 3 Photographs of NPs and control suspensions.
Notes: lyophilized products were redispersed in distilled water and mixed for 
5 minutes, and then photographed. (A): Plga-NPs lyophilized with 5% (w/v) 
sucrose. (B): Bc-Plga-NPs lyophilized with 5% (w/v) sucrose. (C): Free Bc 
powder in distilled water.
Abbreviations: Bc, β-carotene; Bc-Plga-NPs, β-carotene-encapsulated poly(D, 
l-lactide-co-glycolide) nanoparticles; NPs, nanoparticles; Plga-NPs, poly(D, 
l-lactide-co-glycolide) nanoparticles.
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Figure 4 Bc concentrations in the organs and plasma of rats after IV administration of saline control, uncoated Bc-Plga-NPs, and Ps80-coated Bc-Plga-NPs.
Notes: Bc concentrations in organs and plasma were analyzed 1 hour after IV administration (mean ± sD, n=3). Data were calculated using the value given by the 
independent student’s t-test between the PS80-coated and uncoated BC-PLGA-NP groups. Mean significantly differed at *P,0.05 and **P,0.01.
Abbreviations: Bc, β-carotene; Bc-Plga-NPs, β-carotene-encapsulated poly(D, l-lactide-co-glycolide) nanoparticles; Ps80, polysorbate 80; IV, intravenous.

intravenously to rats, allowing for a direct comparison of 

their distribution profiles in various tissues.

Generally, rodents exhibit very low tissue BC con-

centrations in the body.20 Consistent with this, no detectable 

levels of BC were found in the brain and other tissues in the 

control group (Figure 4). Blood plasma was collected and 

organs were harvested 1 hour after administration, since 

previous in vivo studies found higher brain uptake of PS80-

coated PLGA-NPs at this time point.5,7 In this study, however, 

the PS80-coated BC-PLGA-NP group did not result in higher 

concentrations of BC in the brain (Figure 4, brain). So far, 

only two published studies5,6 have compared PS80-coated 

and uncoated PLGA-NPs having similar mean diameters 

(approximately 250 nm) to the NPs used herein. Both stud-

ies, indeed, revealed increased brain uptake of PS80-coated 

PLGA-NPs. However, mannitol was used as the cryopro-

tectant for the preparation of the NPs in these studies. As 

mannitol is known as a transient blood–brain barrier opener,21 
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further studies are needed to clarify the effect of mannitol on 

the brain uptake of PS80-coated BC-PLGA-NPs.

Plasma BC concentrations in the PS80-coated BC-

PLGA-NP group were found to be much lower than those in 

the uncoated BC-PLGA-NP group (Figure 4, plasma). Such 

prolonged circulation effect of uncoated BC-PLGA-NPs was 

reported by Tsai et al13 using curcumin-encapsulated uncoated 

PLGA-NPs (approximately 160 nm in diameter). Consid-

ering the release profile, Capurso et al10 prepared retinoic 

acid-encapsulated PLGA-NPs (approximately 250 nm in 

diameter) with a similar procedure to us. They found 20% of 

retinoic acid was released from PLGA-NPs within 10 hours 

of incubation in phosphate-buffered saline. Therefore, in 

the present study, we deduced that approximately 20% of 

BC from BC-PLGA-NPs may be released. But, almost all 

of BC were still encapsulated in NPs within 1 hour. On the 

other hand, the PS80-coated BC-PLGA-NP group tended to 

result in higher BC accumulation in other organs (Figure 4, 

heart, liver, and spleen). Interestingly, BC concentrations 

in the lungs in the PS80-coated BC-PLGA-NP group were 

much higher than those in the uncoated BC-PLGA-NP group 

(Figure 4, lung). Löbenberg et al reported that PS80-coated 

hexyl-cyanoacrylate (encapsulating azidothymidine) NPs 

(approximately 230 nm in diameter) exhibited a similar tis-

sue distribution profile.22 In general, microparticles (larger 

than 7 µm) are known to significantly accumulate in the 

lungs following IV administration.23 As the PS80-coated BC-

PLGA-NPs used in the present study were on the nanoscale 

(approximately 260 nm in diameter), it is difficult to speculate 

that their sizes could affect BC accumulation in the lungs. 

Considering together the results of previous studies4,24 and the 

present findings, both the accumulation of BC in the lungs 

and the unique tissue distribution observed for BC (Figure 4)  

may be explained by distinct binding of apolipoproteins 

(eg, apolipoprotein E) to the surface of PS80-coated or 

uncoated BC-PLGA-NPs in circulation. Coating with PS80 

may induce the binding of certain apolipoproteins to the 

surface of BC-PLGA-NPs, thereby enhancing their uptake 

into macrophage-rich organs, such as the lungs. Further 

investigations of longer time study (such as 6 or 12 hours) are 

needed to clarify these phenomenon. Moreover, Pradeep and 

Kuttan reported that IP administration of BC suspended in 

gum acacia solution inhibited lung metastasis in mice,25 sug-

gesting that our results (ie, improvement of BC levels in the 

lungs using PS80-coated BC-PLGA-NPs) may have health-

related applications. Also, our finding would enable the use of 

other beneficial carotenoids such as α-carotene, astaxanthin, 

β-cryptoxanthin, lutein, lycopene, and neoxanthin.

Conclusion
BC-PLGA-NPs were successfully prepared by solvent 

evaporation. Addition of sucrose was found to prevent 

aggregation of the BC-PLGA-NPs during the lyophilization 

process. PS80-coated BC-PLGA-NPs resulted in significant 

accumulation of BC in the lungs 1 hour after IV administra-

tion, suggesting that PS80-coated BC-PLGA-NPs are quickly 

transferred from the circulation to the lungs. Uncoated BC-

PLGA-NPs, on the other hand, revealed prolonged plasma 

circulation. Taken together, these results suggest that coating 

the surface of BC-PLGA-NPs with PS80 can significantly 

change the entire tissue distribution profile. Further, increased 

accumulation of BC in the lungs may be useful for the treat-

ment of pulmonary disease.
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