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ABSTRACT: We have recently discovered that pulmonary
administration of nanoparticles (micelles) formed by amphiphilic
poly(styrene−block−ethylene glycol) (PS−PEG) block copolymers
has the potential to treat a lung disorder involving lung surfactant
(LS) dysfunction (called acute respiratory distress syndrome
(ARDS)), as PS−PEG nanoparticles are capable of reducing the
surface tension of alveolar fluid, while they are resistant to
deactivation caused by plasma proteins/inflammation products
unlike natural LS. Herein, we report studies of the clearance
pathways and kinetics of PS−PEG nanoparticles from the lung,
which are essential for designing further preclinical IND-enabling studies. Using fluorescently labeled PS−PEG nanoparticles, we
found that, following pharyngeal aspiration in mice, the retention of these nanoparticles in the lungs extends over 2 weeks, while
their transport into other (secondary) organs is relatively insignificant. An analysis based on a multicompartmental pharmacokinetic
model suggests a biphasic mechanism involving a fast mucociliary escalator process through the conducting airways and much slower
alveolar clearance processes by the action of macrophages and also via direct translocation into the circulation. An excessive dose of
PS−PEG nanoparticles led to prolonged retention in the lungs due to saturation of the alveolar clearance capacity.

■ INTRODUCTION

Acute respiratory distress syndrome (ARDS) is a life-
threatening respiratory condition characterized by severe
hypoxemia and reduced respiratory compliance.1 ARDS has a
high prevalence (190,000 patients per year in the US)2 and a
high mortality rate (up to 45% depending on the severity of
hypoxemia).1 Moreover, the recent SARS-CoV-2 (COVID-19)
pandemic has greatly increased the number of ARDS cases, as
more than 15% of severely ill COVID-19 patients were
reported to develop ARDS.3,4 In ARDS lungs, acute lung injury
(ALI) from aspiration of toxic substances (e.g., acids),
pneumonia, sepsis, and other risk factors causes dysfunction
of the lung surfactant (LS) monolayer that coats the surface of
alveolar lining fluid.5 Clinical trials have been performed to test
whether supplying exogenous LS (extracted from animals) to a
patient’s lungs is able to reinforce alveolar lipid monolayer
mechanics. Unfortunately, to date, this surfactant replacement
therapy (SRT) has not been successful in treating ARDS,6

including ARDS caused by COVID-19.7 This lack of success is
attributed to the deactivation of LS in inflamed lungs, caused
by (i) enzymatic lysis of phospholipids during inflammation
and/or (ii) contamination of the LS monolayer with plasma
proteins released from capillary blood vessels surrounding the
lungs.5

Our laboratory has been exploring a radically different
approach, in which, instead of lipids, synthetic polymers are

used as the active therapeutic ingredient (i.e., as the surface
tension-reducing agent) in the SRT treatment of ARDS.
Polymers are advantageous because they maintain their ability
to control the dynamic surface tension of alveolar fluid even in
the presence of LS bioinhibitors (i.e., inflammatory phospho-
lipases and serum proteins). Specifically, we have demon-
strated the therapeutic efficacy of a polymer lung surfactant
(PLS) formulation in a mouse model of ALI (induced by acid
aspiration).8 PLS is composed of nanoparticles (micelles)
formed by amphiphilic poly(styrene−block−ethylene glycol)
(PS−PEG) block copolymers. PS−PEG micelles reduce the
surface tension of water down close to zero under high
compression, while this effect is unaffected by the presence of
surface-active plasma proteins (such as albumin). Toxicological
evaluation in mice showed that intrapharyngeally instilled PLS
does not cause any symptoms of toxicity in terms of lung
histology and the levels of inflammatory markers relative to
control (treated with vehicle only) at 7 days after
administration.8 To support future IND-enabling studies in
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large animals, a detailed investigation of the pharmacokinetics
(PK) of PLS in mice is desirable.
Herein, we report an initial study of the kinetics and

mechanisms of clearance of PLS from the lungs after
pharyngeal aspiration in normal mice. From the PK standpoint,
PLS (PS−PEG micelles) has two distinct characteristics; PS−
PEG micelles are (i) biopersistent (i.e., nonresorbable) and
(ii) charge neutral. A few reports have been documented on
the pulmonary PK of biopersistent, PEG-coated (PEGylated)
nanoparticles,9−11 including PS−PEG nanoparticles,12 which
are chemically similar to but significantly larger (60−1000 nm
in diameter) than our PLS nanoparticles (having ∼30 nm
diameter). Currently, there is no data available in the literature
about the long-term fate of biopersistent PEGylated nano-
particles at time scales >1 month following pulmonary
administration.
In this work, the lung retention/clearance, organ biodis-

tribution, and total body clearance characteristics of PLS
instilled into the lungs of mice were evaluated over a period of
56 days. PLS nanoparticles were labeled with a hydrophobic
fluorescent dye (DiR) for the quantitative determination of
PLS content in organs, blood, urine, and feces as a function of
time. The primary focus of the study was to characterize the
retention of PLS in the alveolar space where its pharmaco-
logical effect (i.e., regulation of the alveolar surface tension by
PLS) takes place. Experimental data were fit to a multi-
compartmental pulmonary PK model that takes into account
all major mechanisms of nanoparticle clearance from the lungs
(mucociliary escalator, phagocytosis by macrophages, and
translocation into the circulation through the blood−air
barrier).12,13 The PK properties of PLS were studied at two
different PLS dose concentrations to probe the effect of PLS
concentration since dose concentration is an important
parameter that influences the efficacy and safety of pulmonary
nanoparticle use.14 Potential issues associated with excess PLS
doses (possible inflammation and metabolic dysfunction in the
lung) are also briefly discussed; further study is ongoing.

■ EXPERIMENTAL PROCEDURES
Materials and Reagents. Poly(ethylene glycol) monomethyl

e the r (PEG−OH, M n = 5 , 000 g/mo l ) , 4 - c y ano -4 -
[(dodecylsulfanylthiocarbonyl)sulfanyl] pentanoic acid (CDTPA),
4-dimethylaminopyridine (DMAP), N,N′-dicyclohexylcarbodiimide
(DCC), 2,2′-azobis(isobutyronitrile) (AIBN), dichloromethane
(DCM), deuterated dichloromethane-d2 (DCM-d2), 1,4-dioxane,
Triton X-100, and sodium chloride (NaCl) were purchased from
Sigma-Aldrich and used as received. n-Hexane, diethyl ether, acetone,
N,N-dimethyl formamide (DMF), and ethyl acetate (EA) were
purchased from Fisher Scientific and used as received. Anhydrous
styrene (Sigma-Aldrich) was purified with activated alumina (Sigma-
Aldrich) before use. 1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindotricar-
bocyanine iodide (DiR) was purchased from Invitrogen.
Synthesis and Characterization of PS−PEG. The PS−PEG

polymer used was synthesized by Reversible Addition−Fragmentation
Chain Transfer (RAFT) polymerization using the previously reported
procedure.8 Briefly, a RAFT agent, CDTPA, was conjugated to PEG−
OH by Steglich esterification in the presence of DMAP and DCC in
DCM. The product, PEG−CDTPA, was triply purified by
precipitation in a 1:1 (by volume) mixture of hexane and diethyl
ether. After drying under vacuum, the purified PEG−CDTPA was co-
dissolved with AIBN in 1,4-dioxane, and the solution was degassed
with three freeze−pump−thaw cycles. Then, styrene was introduced
into the mixture to initiate the RAFT polymerization. The
polymerization reaction was run for 20 h at 75 °C and terminated
by exposing the reaction mixture to air. The resulting PS−PEG

product was triply precipitated in a 1:1 (by volume) mixture of
hexane and diethyl ether and then dried under vacuum.

The synthesized PS−PEG polymer was characterized by 1H NMR
spectroscopy using a Bruker ARX NMR spectrometer operating at
500 MHz. For this measurement, the polymer was dissolved in DCM-
d2 at a concentration of 3 wt %. From the ratio of the peak areas for
the phenyl protons of PS (δ = 7.5−6.0 ppm) to the peak areas for the
ether protons of PEG (δ = 3.9−3.0 ppm), the number-average
molecular weight of the PS block was estimated to beMn,PS = 5,887 g/
mol. The overall molecular weight polydispersity index (PDI) was
characterized by gel permeation chromatography (GPC) using an
Agilent Technologies 12000 Series instrument equipped with a
Hewlett-Packard G1362A refractive index (RI) detector and three
PLgel 5 μm MIXED-C columns. THF was used as the mobile phase
at a flow rate of 1 mL/min at 35 °C. Based on calibration with PS
standards (Agilent Easi Cal), the PDI of the PS−PEG was estimated
to be Mw/Mn = 1.14.

Preparation and Characterization of PS−PEG Nanoparticles
(micelles). Pristine PS−PEG nanoparticles (micelles) and also PS−
PEG nanoparticles loaded with a hydrophobic fluorescence dye, DiR,
were prepared via the Flash NanoPrecipitation (FNP) technique
under an identical condition.15 PS−PEG was dissolved in acetone at a
concentration of 12 mg/mL, and the solution was filtered through a
poly(tetrafluoroethylene) (PTFE) syringe filter with a 0.45 μm pore
size. Separately, DiR was dissolved in acetone (pre-filtered with a 0.45
μm PTFE filter, pre-filtered to avoid possible loss of DiR by
adsorption to the filter material) at a concentration of 2 mg/mL. The
PS−PEG and DiR solutions were mixed at a volume ratio of 5:1 to
produce a feed solution containing PS−PEG and DiR at an initial
mass ratio of 30:1. The feed solution (1.0 mL) was charged in a 1 mL
Norm-Ject syringe (inner diameter = 4.7 mm), which was connected
to an inlet port of a NanoFabTx microfluidic mixer (Sigma-Aldrich).
The other inlet port of the microfluidic mixer was connected to a 10
mL Norm-Ject syringe (inner diameter = 15.9 mm) charged with 10
mL of Milli-Q-purified water. The two syringes were then
simultaneously pumped using a dual-syringe infusion pump (KD
Scientific) at an identical linear pumping speed (at a total flow rate of
the liquids of 1.24 mL/min); rapid mixing was achieved at a
volumetric ratio of 1:11.4 between the acetone solution and water.
The resulting mixture was collected through an outlet port, and the
residual acetone content in the mixture was removed by 3 cycles of
centrifugal dialysis against cold Milli-Q water using an Amicon Ultra-
15 filter unit with a 10 kDa molecular weight cutoff (MWCO)
membrane (Millipore). The concentrated solution was collected and
adjusted with 5 wt % NaCl (aq.) to produce a final PS−PEG
nanoparticle solution in 0.9 wt % NaCl. PS−PEG nanoparticles
without loaded DiR (“pristine” PS−PEG nanoparticles) were
prepared using the exact same FNP procedure as for DiR-loaded
PS−PEG nanoparticles.

DiR-loaded and pristine PS−PEG nanoparticles were characterized
by transmission electron microscopy (TEM) using a 200 kV Tecnai
T20 instrument. PS−PEG nanoparticles prepared in Milli-Q water
(instead of saline) were negatively stained with 2% uranyl acetate (to
enhance the contrast between the nanoparticle and the background)
and then dried on a carbon-coated grid. The hydrodynamic size of
pristine PS−PEG nanoparticles was measured by dynamic light
scattering (DLS) using a Brookhaven NanoBrook 90Plus instrument.
For this measurement, the nanoparticle solution was diluted to 0.5
mg/mL in 0.9 wt % NaCl and filtered using a nylon mesh filter (pores
of 0.22 μm). The DLS measurement was performed at a scattering
angle of 90° and a laser wavelength of 640 nm. DiR-loaded PS−PEG
nanoparticles could not be characterized by DLS because DiR absorbs
at 640 nm.

Fluorescence spectra for DiR-loaded PS−PEG nanoparticles were
recorded using a BioTek Synergy Neo microplate reader at an
excitation wavelength of 745 nm. A 0.6 mg/mL solution of DiR-
loaded PS−PEG nanoparticles in Milli-Q water was diluted with a 2:1
by volume mixture of DMF and Triton X-100 to a desired
nanoparticle concentration. The final nanoparticle solution (180
μL) was loaded into a 96-well black polypropylene plate. The stability
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of DiR-loaded PS−PEG nanoparticles (i.e., the lack of uncontrolled
release of DiR) was tested for 4 weeks in vitro; a solution containing
0.2 mg/mL DiR-loaded PS−PEG nanoparticles in phosphate-buffered
saline (PBS) was incubated at 37 °C, and a small amount of the
solution was sampled at regular intervals during the 4-week period for
fluorescence analysis at 745 nm excitation and 790 nm emission.
Pharmacokinetics (PK) and Biodistribution (BD) of PS−PEG

Nanoparticles. The mouse study protocol was approved by Purdue
Institutional Animal Care and Use Committee (PACUC) (Approval
No. 1112000342) and conforms to the NIH animal care guidelines.
The pharmacokinetics of PS−PEG nanoparticles was evaluated
following intrapharyngeal administration in C57BL/6 mice (8−12
weeks old, female, ∼20 g body weight) in three different groups: (i)
mice dosed with 80 μL of a 0.6 mg/mL solution of DiR-loaded PS−
PEG nanoparticles in normal saline (NS, 0.9% NaCl) (group 1), (ii)
mice dosed with 80 μL of a 6.0 mg/mL solution of DiR-loaded PS−
PEG nanoparticles in NS (group 2), and (iii) mice dosed with 80 μL
of a 6.0 mg/mL solution of pristine PS−PEG nanoparticles in NS
(group 3, control). Prior to pharyngeal instillation, each mouse was
anesthetized with isoflurane and then laid on the back on a 75° tilted
surface with its incisors hung on a wire. The tongue was pulled out of
the mouth using forceps, and 80 μL of PS−PEG nanoparticle
suspension was directly dropped into the pharynx using a micro-
pipette (called the tongue-pull technique), while the opening of the
pharynx into the larynx was monitored using an illuminated otoscope
(RW-A3749, Welch Allyn).16 After the instillation procedure, the
mouse was left to naturally recover from anesthesia.
Mice in groups 1 and 2 were humanely sacrificed at 1, 3, 7, 14, 21,

28, 42, and 56 days after PS−PEG instillation (N = 4 per group per
time point). Four mice in group 3 were sacrificed 1 day after PLS
instillation. Organ and blood specimens were collected from
euthanized mice, and their wet masses were recorded. Fluorescence
images of excised organs were acquired using an AMI imager
(Spectral Instruments, USA) at excitation and emission wavelength
settings of 745 and 790 nm, respectively. At different times, body
weights were monitored, and excreted feces were collected for a 1 day
sampling period at each time point from the subgroups of mice (N =
4) in groups 1 and 2 that were sacrificed at 56 days. Excreted urine
was also collected on filter paper placed in the cages at different times.
The amounts of PS−PEG nanoparticles retained in the lungs,
translocated into secondary organs, and excreted as feces through the
gastrointestinal tract (GIT) were quantitated using the procedures
described below. Experimental PK/BD data were fit to a multi-
compartmental PK model described in the Theoretical Model &
Analysis Procedures section.
Quantitation of PS−PEG Nanoparticle Concentrations in

Mouse Tissues by Fluorescence Measurements. Organs, blood,
and feces collected at different time points were analyzed for DiR
contents. 0.2 mL of 25% Triton X-100 solution in Milli-Q water was
added to a weighted tissue sample, and the mixture was homogenized
using a bead mill homogenizer at 5500 rpm. When necessary, the
sample was divided (i.e., cut using dissecting scissors) into multiple
portions so that the amount of the tissue analyzed did not exceed 500
mg per homogenization tube. The resulting tissue homogenate was
taken and extracted with a mixture of 0.2 mL of ethyl acetate and 0.1
mL of 25% Triton X-100 in water three times. In each extraction run,
the mixture was homogenized and centrifuged. The supernatant was
collected and dried under vacuum for 24 h, which left a pellet
containing DiR with about 0.1 mL of nonvolatile Triton X-100. The
pellet was redispersed in 0.2 mL of DMF by vortexing; the final
solvent composition was DMF/Triton X-100 (∼2:1 by volume). The
fluorescence intensities of these solutions were measured using a
BioTek Synergy Neo microplate reader at excitation and emission
wavelengths of 745 and 790 nm, respectively. Fluorescence intensities
were translated to DiR-loaded PS−PEG nanoparticle concentrations
using an intensity vs. concentration calibration obtained with extracts
prepared from DiR-loaded nanoparticle suspensions with known
nanoparticle concentrations (prepared in Milli-Q water) using the
exact same liquid−liquid extraction procedure as for the tissue

homogenate samples; the calibration study is discussed in the Results
section.

Micro-CT Imaging of Instilled PS−PEG Nanoparticle-
Containing Contrast Media. Instantaneous distribution of
pharyngeally instilled PS−PEG nanoparticle-containing contrast
media was evaluated in situ using a Quantum GX Micro-CT imaging
system (PerkinElmer). C57BL/6 mice (8−12 weeks old, female, ∼20
g body weight) were dosed with 80 μL of an aqueous contrast
medium containing pristine PS−PEG nanoparticles (0.6 mg/mL) and
a water-soluble X-ray contrast agent, Iohexol (50 mg iodine/mL) in
NS. Pharyngeal administration was done using the same procedure as
for the PK/BD study. Immediately after pharyngeal administration of
the contrast medium, the animal was subject to micro-CT imaging
without disturbing anesthesia. The scan time was 4 min at a voltage of
90 kV, a current of 88 μA, and a field of view (FOV) of 45 mm.
Contrast medium distribution was quantitated using the procedure
described below.

Quantitative Analysis of Micro-CT Images. Micro-CT images
were analyzed using ImageJ software. Areas of interest were identified
and manually segmented out from image stacks. A binary mask was
applied to the areas of interest such that only the regions containing
the contrast agent retained nonzero intensity values. The “and” image
operator was then applied to the segmented binary masked image and
the original segmented image such that the intensity values for the
regions containing the contrast agent were returned to their original
value and all other regions were set to 0. The three-dimensional (3D)
object counter algorithm was then applied to calculate the integrated
density of each region, which was used as the proxy for the total
amount of the contrast agent present in each region.

■ THEORETICAL MODEL & ANALYSIS PROCEDURES
A multicompartmental PK model was developed in which the
lung system is divided into two compartmentsthe bronchia
and alveoli (Figure 7 of the Results section). The PS−PEG
nanoparticle instillation process is described as an instanta-
neous supply of bolus of a nanoparticle solution into three
separate compartments, i.e., alveoli (A), conducting airways
(B), and larynx (L), with respective nanoparticle number
fractions of fA,0, f B,0, and f L,0 ( fA,0 + f B,0 + f L,0 = 1). The fraction
of PS−PEG nanoparticles initially deposited in the larynx was
fixed at f L,0 = 0.27 on the basis of a micro-CT scan (Figure 6).
The first-order kinetics was assumed for all nanoparticle
transport processes in and out of individual compartments,
including (i) transport of nanoparticles by alveolar macro-
phages from the alveolar space to conducting airways (which is
characterized by a rate constant kA), (ii) clearance of
nanoparticles by mucociliary action from conducting airways
toward the larynx and eventually toward the gastrointestinal
tract (GIT) (characterized by a rate constant kB), (iii) diffusive
translocation (“transepithelial diffusion”) of nanoparticles
through the blood−air barrier (BAB) into the systemic
circulation or through the epithelial barrier into the lymph
and then eventually into the circulation (characterized by a
combined rate constant kT), and (iv) ultimate clearance of the
nanoparticles from the body (mainly) via the hepatobiliary
system (i.e., via the liver) (characterized by a rate constant kC).
The assumption of first-order kinetics is supported by previous
research on the kinetics of macrophage-mediated clear-
ance,14,17 mucociliary transport,18,19 transepithelial diffusion,20

and systemic circulation.21

Based on the mechanistic scheme shown in Figure 7, kinetic
nanoparticle mass balance equations for individual tissue
compartments can be written as follows

= − +
N t
t

k k N t
d ( )
d

( ) ( )A
A T A (1a)
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= −
N t
t

k N t k N t
d ( )
d

( ) ( )B
A A B B (1b)

= −
N t
t

k N t k N t
d ( )
d

( ) ( )C
T A C C (1c)

= +
N t
t

k N t k N t
d ( )
d

( ) ( )E
B B C C (1d)

where NA(t), NB(t), NC(t), and NE(t) are, respectively, the
time-dependent amounts (numbers or masses) of PS−PEG
nanoparticles in the alveolar space, conducting airways,
systemic circulation (including excretory organs), and fecal
excretion. Further, it is assumed that PS−PEG nanoparticles
cleared from the mucociliary escalator and from the liver are
excreted via the GIT (eq 1d). The initial conditions used are
NA(0) = NA,0 = fA,0N0, NB(0) = NB,0 = f B,0N0, NC(0) = 0, and
NE(0) = f L,0N0, where N0 is the amount (number or mass) of
initially administered PS−PEG nanoparticles. The mass
balance equations in eq 1 have the following analytic solutions

= − +N t N( ) e k k t
A A,0

( )A T (2a)

= * + − *− + −N t k N N k N( ) e ( )ek k t k t
B A A,0

( )
B,0 A A,0

A T B (2b)

= * −− + −N t k N( ) (e e )k k t k t
C T A,0

( )A T C (2c)

where kA* = kA[kB − (kA + kT)]
−1 and kT* = kT[kC − (kA +

kT)]
−1. For comparison with the experiment, the amounts of

PS−PEG nanoparticles remaining in the lungs at time t
(Nlung(t)) and excreted in the feces during a 24 h period at
time t (ΔNE(t)) can be calculated as follows

= +

= + * + − *− + −

N t N t N t

k N N k N

( ) ( ) ( )

(1 ) e ( )ek k t k t

lung A B

A A,0
( )

B,0 A A,0
A T B

(3a)

∫Δ = ̃
̃ ̃

= + * + * −

+ − * −

− * −

−Δ
+ Δ − +

Δ −

Δ −

N t
t
N t t

k k N

N k N

k N

( )
d
d

( )d

(1 ) (e 1)e

( )(e 1)e

(e 1)e

t t

t

k k t k k t

k t k t

k t k t

E E

A T A,0
( ) ( )

B,0 A A,0

T A,0

A T A T

B B

C C (3b)

where Δt is the time duration of feces sample collection (=24
h).
This PK model has 5 unknowns: NA,0, kA, kB, kT, and kC.

Note that NB,0 is given by NB,0 = [1 − ( fA,0 + f L,0)]N0. To
reduce the number of fitting parameters, eq 3a was simplified
to the following form

= +− + −N t N N( ) e ek k t k t
lung slow

( )
fast

A T B
(4)

where the lung clearance process is a combination of a fast and
a slow process; it is well known in the literature that the
mucociliary clearance is far faster than the macrophage-
mediated clearance or transepithelial diffusion (kB ≫ kA +
kT).

12 Further, since kA* ≪ 1

= + * ≅N k N N(1 )slow A A,0 A,0 (5a)

= − * ≅N N k N Nfast B,0 A A,0 B,0 (5b)

Assuming that the hepatobiliary clearance is much faster than
the macrophage-mediated clearance or the transepithelial
diffusion (i.e., kC ≫ kA + kT and thus kT* ≪ 1),22 eq 3b also
reduces to a biexponential model

Δ ≅ − + −+ Δ − + Δ

−

N t N N( ) (e 1)e (e 1)

e

k k t k k t k t

k t

E A,0
( ) ( )

B,0
A T A T B

B (6)

Equations 4 and 6 were simultaneously fit to respective
experimental data (shown in Figures 3 and 5, respectively)
with four adjustable parameters, NA,0, NB,0, (kA + kT), and kB;
the values of the other parameters (kA, kT, and kC) could not
be determined. The best-fit parameter values are summarized
in Table 1. From the values of NA,0 and (kA + kT), the retention

half-life (t1/2,A) and total time-integrated amount (AUCA) of
PS−PEG nanoparticles within the alveolar space could be
estimated (Table 1)

=
+

t
k k
ln(2)

1/2,A
A T (7a)

∫= =
+

∞
N t t

N

k k
AUC ( )dA

0
A

A,0

A T (7b)

Similarly, the retention half-life (t1/2,B) of PS−PEG nano-
particles in the conducting airways could also be estimated
(Table 1)

=t
k

ln(2)
1/2,B

B (8)

Table 1. Results of the Fitting Analysis of the Data Shown in
Figures 2B, 3, and 5 Using the Multicompartmental PK
Model Discussed in the Theoretical Model & Analysis
Procedures Section

parameter (units)
value for group 1
(0.6 mg/mL)

value for group 2
(6.0 mg/mL)

fA,0
a 0.019 ± 0.007 0.011 ± 0.003

f B,0
a 0.71 ± 0.01 0.72 ± 0.00

f L,0
a,b 0.27 0.27

kA + kT (1/day)a 0.043 ± 0.010 0.024 ± 0.016
kB (1/day)a 1.9 ± 0.7 2.2 ± 0.2
t1/2,A (days)a 16 ± 4 29 ± 20
t1/2,B (days)a 0.36 ± 0.13 0.32 ± 0.03
AUCA (μg·days)a 21 ± 9 220 ± 160
IA,0 (× 1010 photons/s)c 2.1 ± 0.1 7.2 ± 1.0
IB,0 (× 1010 photons/s)c 7.8 ± 1.7 0 ± 72
NA,0 (μg)

d 2.5 ± 0.2 8.5 ± 1.2
NB,0 (μg)

d 9.3 ± 2.0 0 ± 85
fA,0

d 0.053 ± 0.003 0.018 ± 0.003
f B,0

d 0.19 ± 0.04 0.0 ± 0.2
aBest-fit PK parameter values for pharyngeally instilled DiR-loaded
PS−PEG nanoparticles at two different dose concentration conditions
(groups 1 and 2), obtained by fitting nanoparticle lung retention/
feces excretion data in Figures 3 and 5 simultaneously to the
multicompartmental PK model (eqs 4 and 6, respectively). bThe
value of f L,0 was fixed at 0.27 based on the CT result (Figure 6).
cResults obtained by fitting lung fluorescence data are shown in
Figure 2B to eq 9. See relevant sections of the main text and also the
figure caption for Figure 2B for details. dValues of NA,0 and NB,0
estimated from the values of IA,0 and IB,0, respectively, using the
correlation shown in Figure S8. fA,0 = NA,0/N0 and f B,0 = NB,0/N0
where N0 = 48 μg (group 1) and 480 μg (group 2).
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Equation 4 suggests that the fluorescence intensity estimated
from whole lung images (Figure 2B) must also exhibit a similar
biexponential decay, which can be described by

= +− + −I t I I( ) e ek k t k t
A,0

( )
B,0

A T B (9)

Data in Figure 2B were fit to eq 9 above using IA,0 and IB,0 as
adjustable parameters (best-fit values given in Table 1) while
keeping the other parameters ((kA + kT) and kB) fixed, as
previously determined (Table 1).

■ RESULTS
Preparation and Characterization of Fluorescently

Labeled PS−PEG Nanoparticles. Nanoparticles (micelles)
formed by poly(styrene−block−ethylene glycol) (PS−PEG)
block copolymers were investigated as they are candidate
polymer lung surfactant (PLS) therapeutic agents. For this
study, a PS−PEG material with a narrow-molecular-weight
distribution was synthesized by reversible addition−fragmen-
tation chain transfer (RAFT) polymerization using a premade
monomethoxy-monohydroxy-terminated PEG (mPEG-OH) as
a precursor. The number-average molecular weight (Mn) of the
PS block was determined by 1H NMR to be Mn = 5.9 kg/mol.
The molecular weight of the mPEG-OH precursor was Mn =
5.0 kg/mol. The polydispersity index (PDI) of the PS−PEG
product was determined by GPC to be PDI = 1.14 (Figures S1
and S2). Due to an interplay of the strong hydrophobicity of
PS and the amphiphilicity of PEG, PS−PEG nanoparticles
have dualistic characteristics: (i) a strong affinity for the air−
water interface and (ii) colloidal stability in the bulk water
phase. This unique quality of PS−PEG micelles enables them
to produce extremely low surface tension (high surface
pressure) via formation of an insoluble close-packed micelle
monolayer at the air−water interface.8,23
For ex vivo imaging and quantitation of PS−PEG micelle

concentrations in major organs, blood, feces, etc., a hydro-
phobic near-IR dye, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindo-
tricarbocyanine iodide (DiR, excitation and emission maxima
at 745 and 790 nm, respectively), was physically loaded into
the PS core domains of PS−PEG micelles using the Flash
NanoPrecipitation (FNP) method;15,24 as water is added to an
acetone solution containing PS−PEG and DiR (log PDiR/water =
8.74), the solvent quality is reduced for both PS and DiR, and
DiR becomes encapsulated within the hydrophobic core
domain formed by the PS segments. DiR is kinetically trapped
inside the core domain because of the glassy nature of the PS
matrix at physiological temperature.25,26 An FNP micromixer

device enabled rapid mixing of the acetone solution with water
at a volumetric ratio of 1:11.4 within 0.2 s, resulting in a
complete exchange of the solvent from acetone to water. The
loading content of DiR (defined as the mass of DiR
encapsulated divided by the combined mass of PS−PEG and
DiR in the micelle core) was optimized to a level of 3.2%
(based on initial stoichiometry) to maximize the fluorescence
intensity per nanoparticle; at higher DiR content, the
fluorescence decreased because of the self-quenching effect.27

Pristine PS−PEG nanoparticles (with no loaded DiR) were
also prepared using the exact same FNP procedure.
After residual acetone was removed from the FNP product

by repeated dialysis, PS−PEG nanoparticles were characterized
by transmission electron microscopy (TEM) and dynamic light
scattering (DLS). TEM data confirmed that DiR-loaded PS−
PEG nanoparticles have identical shape and size characteristics
to pristine PS−PEG nanoparticles; both nanoparticles were of
spherical shape, and their dried diameters were D = 16.6 ± 1.5
nm (DiR-loaded) and 16.3 ± 1.2 nm (pristine) (Figure 1A,B).
Thus, DiR loading is unlikely to alter the PK properties of PS−
PEG nanoparticles. DLS gave information about the hydro-
dynamic diameter (DH) of PS−PEG nanoparticles in NS,
which includes the thickness of the hydrated PEG corona. The
intensity-weighted DLS histogram of pristine PS−PEG nano-
particles showed a bimodal size distribution with a major
population at DH = 32 nm (representing 71% of the total
intensity) and a minor population at DH = 90 nm (larger
aggregates) (Figure 1C). Cumulant analysis of the DLS data
gave a z-average hydrodynamic diameter of DH,z = 39 nm and a
polydispersity index of 0.18 for pristine PS−PEG nano-
particles. Note that considering that the scattering intensity
scales with the particle size to the sixth power,24 the large
aggregates represent only a negligible fraction (∼2% by
volume) of the total population. Also of note, although the
size characteristics of the present micelles (D = 16.3 ± 1.2 nm
and DH = 32 nm, prepared from PS(5.9k)−PEG(5.0k) by
FNP) are somewhat different from those reported in our
previous study (D = 20.0 ± 1.7 nm and DH = 27 nm, micelles
prepared from PS(5.6k)−PEG(5.0k) by a solvent exchange
method),8 the present PS−PEG nanoparticles were confirmed
to exhibit high surface pressure (∼70 mN/m) at high
compression (Figure S3), which is a required attribute for a
candidate PLS formulation.
The stability of DiR-loaded PS−PEG nanoparticles was

evaluated at physiological conditions in vitro. A 0.2 mg/mL
solution of DiR-labeled PS−PEG nanoparticles in PBS was

Figure 1. Representative TEM images of (A) DiR-loaded and (B) pristine PS−PEG nanoparticles. Specimens were negatively stained with uranyl
acetate and dried. (C) DLS intensity vs. size histogram for pristine PS−PEG nanoparticles in 0.9% saline.
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incubated at 37 °C for 4 weeks, and during that period, the
fluorescence intensity was measured at regular intervals (Figure
S4); at each time point, an aliquot (0.15 mL) was taken from
the stock solution and used for analysis because the process of
intensity measurement itself causes photobleaching. No
significant changes in fluorescence intensity were observed,
indicating that no chemical degradation or leaching of DiR
from the nanoparticles had occurred after formation. This
result is consistent with the fact that DiR is chemically stable at
neutral pH,28 and the glassy character of the PS core domain
suppresses the diffusion of the DiR molecules. Because the
intensity trend did not show any indication of a slope change,
the measurement was not continued beyond 4 weeks.
A DiR fluorescence intensity vs. PS−PEG nanoparticle

concentration calibration curve was constructed as follows:
0.45 mL of a 2:1 by volume mixture of DMF and Triton X-100
was added to 0.05 mL of a premade Milli-Q water solution
containing a known concentration of DiR-loaded PS−PEG
nanoparticles. Similar mixtures were prepared at different
initial PS−PEG nanoparticle concentrations. Fluorescence
spectra for these mixtures were measured. A fluorescence
maximum at around 790 nm was verified (Figure S5A), and
the intensity values measured at this wavelength were used to
construct an intensity vs. concentration calibration curve
(Figure S5B). A linear dependence of fluorescence intensity on
PS−PEG concentration was confirmed up to 0.06 mg/mL of
DiR-loaded PS−PEG nanoparticles in a 6:3:1 by volume
mixture of DMF, Triton X-100, and water. As described in
detail in the Experimental Procedures section, the concen-
trations of DiR-loaded PS−PEG nanoparticles in organ tissue
samples were measured using ethyl acetate/Triton X-100
extracts from tissue homogenates; the results of these
measurements will be discussed in the next subsection. Using
aqueous solutions containing known concentrations of DiR-
loaded PS−PEG micelles, we found that this liquid−liquid
extraction procedure involving the extraction of DiR by ethyl
acetate/Triton X-100 gives an extraction efficiency of 61%.
Therefore, when estimating the concentration of DiR-loaded
PS−PEG nanoparticles in an organ tissue from the measured
fluorescence intensity, a correction factor was applied to
correct for the incomplete extraction of DiR. Also, of note, the

upper concentration limit for the linear dependence of
fluorescence intensity on PS−PEG concentration (Figure
S5B) corresponds to about 29 μg of DiR-loaded PS−PEG
nanoparticles per 0.2 g of the organ tissue. Therefore, as can be
seen from Figures 3 and 4, the calibration covers a sufficient
range of nanoparticle concentration values for the PK/BD
study.

Pharmacokinetics (PK) and Biodistribution (BD) of
PS−PEG Nanoparticles Following Pharyngeal Instilla-
tion in Mice. The concentrations of DiR-loaded PS−PEG
nanoparticles in the lungs and other organs after pharyngeal
aspiration in mice were measured as functions of time by ex
vivo fluorescence imaging of the organs of interest excised from
the mice. The fluorescent light emitted from DiR (λem = 790
nm) under 745 nm excitation has an optical penetration depth
of ∼1 cm in tissues,29 which enabled (semi)quantitation of
nanoparticle contents in excised organs (all organs of interest
had thickness dimensions of <1 cm), although such
quantitation was not possible by whole-body imaging.
Fluorescence images show that pharyngeally instilled PS−
PEG nanoparticles were evenly distributed across the lungs,
which indicates that the PS−PEG nanoparticles were
successfully delivered to the deep alveolar regions of the
lungs (Figure 2A). Throughout the experiment period of 8
weeks, DiR-loaded PS−PEG nanoparticles were predominantly
located in the lungs, rather than in other organs (as discussed
in detail later), at both nanoparticle dose concentrations tested
(0.6 mg/mL (group 1) and 6.0 mg/mL (group 2)). A
continuous decrease in lung fluorescence was observed at both
concentrations (Figure 2B). We note that the fluorescence
intensity estimated from an analysis of whole-organ images
may not linearly correlate with the concentration of the
fluorescence probe (DiR) because interparticle fluorescence
self-quenching may reduce the quantum yield of DiR-loaded
PS−PEG nanoparticles at high local nanoparticle concen-
trations27 and also because the spatial distribution of the
nanoparticles within an organ may vary as a function of
nanoparticle concentration. To test whether this is indeed the
case, DiR contents in whole-organ specimens were also
analyzed using organic extracts from organ tissue homogenates
prepared as described in the Experimental Procedures section.

Figure 2. (A) Representative ex vivo overlaid fluorescence images of major organs collected at different times following pharyngeal instillation of
DiR-loaded PS−PEG nanoparticles at two different dose concentrations. Lu = lungs; Li = liver; H = heart; K = kidneys; S = spleen; and B = brain.
In the color scale bar, fluorescence radiance values are given in units of photons/s/cm2/sr. (B) Average fluorescence count rate (I(t)) from the
region of interest (ROI) of the lungs ex vivo as a function of time after pharyngeal instillation of DiR-loaded PS−PEG nanoparticles at the two
different nanoparticle concentrations (N = 4, error bar = SD in a linear scale). Dashed lines represent fits to a double-exponential decay function
(I(t) = IA,0 e

−(kA+kT)t + IB,0 e
−kBt (eq 9)) obtained using IA,0 and IB,0 as fitting parameters (best-fit values are given in Table 1); the alveolar and airway

clearance rate constants ((kA + kT) and kB, respectively) were fixed at values obtained by fitting the data in Figures 3 and 5 simultaneously to the
multicompartmental PK model (i.e., eqs 4 and 6, respectively) (values given in Table 1).
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DiR-loaded PS−PEG nanoparticle concentrations in the
lungs, other excretory organs, blood, and feces of mice
collected at different times after pharyngeal administration
were determined (N = 4) using extracts of DiR/PS−PEG in
ethyl acetate/Triton X-100 from tissue homogenates. Figure 3

displays the results obtained at the two different dose
concentrations of DiR-loaded PS−PEG nanoparticles, i.e., 0.6
mg/mL (group 1) and 6.0 mg/mL (group 2). At all initial
nanoparticle doses and measurement time points, the PS−PEG
nanoparticle concentrations in the lungs were measured to be
significantly higher than the lower detection limit (LDL) of the
nanoparticles (0.07 μg per g of lung tissues estimated based on
the background fluorescence of the lungs treated with non-
DiR-loaded PS−PEG nanoparticles). The overall trends were
similar between data shown in Figures 3 and 2B. However, the
rapid decay in nanoparticle concentration at early time points
(i.e., an order-of-magnitude decrease during the first 3 days)
was clearly visible only in the data obtained with organic
extracts (Figure 3); the whole-organ fluorescence showed a
more gradual decrease over the entire measurement period
(Figure 2B) likely due to increased fluorescence self-quenching
at higher concentrations of DiR-loaded nanoparticles and also
due to slower elimination (longer retention) of the nano-
particles deposited in the peripheral (i.e., alveolar) regions of
the lungs (further discussed in the next subsection on PK
modeling analysis). In mice treated with 0.6 mg/mL DiR-
loaded PS−PEG nanoparticles (group 1), the nanoparticle
concentration in the lungs appeared to continue to decrease
even after day 3, whereas for mice treated with 6.0 mg/mL
DiR-loaded nanoparticles (group 2), the decline in lung
nanoparticle concentration at long times was less clear (Figure
3). In both cases (groups 1 and 2), the percentage of retention
of the nanoparticles in the lungs relative to the amount
administered reduced to a level of 10−20% within a day after

administration (Figure S6), which suggests that a rapid
clearance mechanism (“mucociliary escalator”) is operative
that efficiently removes nanoparticles from conducting air-
ways.30

Figure 4 displays the masses of DiR-loaded PS−PEG
nanoparticles detected in the liver, heart, kidneys, spleen,
brain, and blood, normalized by the wet masses of the
respective organs and blood. Among all secondary organs
examined, the liver and spleen, which are rich in mononuclear
phagocytes, showed relatively higher amounts of PS−PEG
nanoparticles, which suggests that the nanoparticles are taken
up by macrophages in the circulatory system (i.e., Kupffer cells
in the liver sinusoids).31 The kidneys and brain showed
negligible traces of PS−PEG nanoparticles because the
filtration thresholds of these organs are much smaller (∼5.5
nm in diameter for the kidney’s glomerular membrane32 and
∼400 Da in molecular weight for the blood−brain barrier33)
than the size of the nanoparticles (32 nm in hydrodynamic
diameter). Urine specimens were also collected using a filter
paper for a 24 h period at different time points; as shown in
Figure S7, no trace of nanoparticles (no fluorescence signal in
the filter paper) was detected, which is consistent with the
kidney data. Overall, the concentrations of nanoparticles
detected in the secondary organs were 2−3 orders of
magnitude lower than the concentration measured in the
lungs at all times. This result suggests that translocation of PS−
PEG nanoparticles into the systemic circulation occurs
extremely slowly, which is also supported by low plasma
concentrations of the nanoparticles (Figure 4). In all secondary
organs and blood, the concentrations of PS−PEG nano-
particles dropped below the LDL of the nanoparticles (≅0.04
μg per g of the tissue) after ∼14 days after instillation; the only
exception was data obtained from the livers of mice in group 2,
which showed a significant level of nanoparticle retention even
up to 3−4 weeks.
Figure 5 shows the amounts of DiR-loaded PS−PEG

nanoparticles detected in feces collected during a 24 h interval
at different times from designated subgroups of mice within
groups 1 and 2, which were sacrificed on day 56 (N = 4). On
days 2−3, for instance, the daily amounts of DiR-loaded PS−
PEG nanoparticles excreted in feces were 0.3 μg for group 1
and 7 μg for group 2, which exceed the respective total
amounts accumulated in secondary organs and blood (0.05 μg
for group 1 and 0.3 μg for group 2). Data shown in Figure S4,
3, and 4 suggest that DiR-loaded PS−PEG micelles are stable,
and after pharyngeal instillation, they are rapidly cleared from
the lungs, while they do not rapidly translocate into the
circulation and other organs. Therefore, the combined results
including the data in Figure 5 establish that pharyngeally
instilled PS−PEG nanoparticles are initially cleared from the
lungs and from the body predominantly by noncirculatory
mechanisms, which likely involve the transport of the
nanoparticles through the larynx, esophagus, stomach, and
gastrointestinal tract (GIT), and excretion as undigested
materials in feces.34,35

To determine the percentage of the instilled nanoparticles
that were already lost to the esophagus from the beginning due
to swallowing and/or coughing during the pharyngeal
instillation procedure, additional experimentation was per-
formed in which the distribution of instilled liquid was imaged
by X-ray computed tomography (CT). Mice received a
pharyngeal instillation of an NS solution containing pristine
PS−PEG nanoparticles (0.6 mg/mL) along with a water-

Figure 3. Average mass of DiR-loaded PS−PEG nanoparticles in the
lungs (Nlung(t)) estimated from organic extracts from tissue
homogenates of lung specimens collected at different times following
pharyngeal instillation of the nanoparticles (N = 4, error bar = SD in
linear scale). Statistical significance against control (fluorescence from
the lungs measured 1 day after pristine PS−PEG nanoparticle
instillation) was assessed by one-tailed Welch’s t-test (*p <0.05, **p <
0.01, ***p < 0.001). The DiR-loaded PS−PEG nanoparticle dose
concentrations used were the same as in Figure 2, i.e., 0.6 mg/mL for
group 1 (blue/circles) and 6.0 mg/mL for group 2 (red/squares).
Dashed lines are fits to the multicompartmental PK model (Nlung(t) ≅
NA,0 e

−(kA+kT)t + NB,0 e
−kBt, eq 4) to determine the values of the

amounts (numbers of masses) of nanoparticles initially deposited in
the alveoli and airways (NA,0 and NB,0, respectively) and the alveolar
and airway clearance rate constants ((kA + kT) and kB, respectively).
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soluble X-ray contrast agent, Iohexol (50 mg I/mL).
Immediately after instillation, the mice were scanned using a
micro-CT scanner under isoflurane anesthesia. By analysis of
micro-CT images (Figure 6), it was determined that only
about 27% of the instilled liquid volume was initially detected

in the esophagus region of the digestive tract, which is
consistent with a previous report (∼12−23% of liquid not
delivered to the lungs after pharyngeal administration).36 This
result confirms that the majority (∼73%) of the nanoparticle
dose was properly delivered to the pulmonary system at the
beginning.

Analysis Based on a Multicompartmental PK Model.
As shown in Figures 2−5, pharyngeally instilled PS−PEG
nanoparticles were cleared from the lungs in two phases (a
rapid phase during the first 2−3 days followed by a slow phase
occurring over a period of several weeks), and the nano-
particles cleared from the lungs were detected at multiple
locations in the body, particularly, in the circulatory and
excretory systems (blood, liver, spleen, and feces). These
results suggest that the transport of pharyngeally instilled PS−
PEG nanoparticles involves multiple mechanisms, which
include the action of the mucociliary escalator,30 phagocytosis
by alveolar macrophages,37 passive translocation through the
BAB or the lymphatic epithelium,10,38 and hepatobiliary
clearance through the liver.39 To quantitatively analyze the
data shown in Figures 3 and 5, a multicompartmental PK
model was developed that takes into account all of the
nanoparticle clearance pathways mentioned above (Figure 7).
Although several more sophisticated, physiologically based
pulmonary clearance models have previously been proposed
for inhaled biopersistent nanoparticles,13,14 the first-order
kinetic equations were assumed for all steps within our
model because such a level of description is sufficient for our
purpose of determining relative roles of different nanoparticle
clearance mechanisms. For a kinetic description of the
clearance process, the lung system was described as being
composed of two subcompartments: (i) the conducting
airways (including the trachea, bronchi, and bronchioles) in

Figure 4. Average masses of DiR-loaded PS−PEG nanoparticles in the liver, heart, kidneys, spleen, brain, and blood, estimated from organic
extracts from tissue homogenates of organ specimens collected at different times following pharyngeal instillation of the nanoparticles (N = 4, error
bar = SD in the linear scale). The nanoparticle mass was normalized by the wet mass of the organ. Statistical significance against control
(fluorescence from the respective organ measured 1 day after pristine PS−PEG nanoparticle instillation) was assessed by one-tailed Welch’s t-test
(*p < 0.05, **p < 0.01, ***p < 0.001). The DiR-loaded PS−PEG nanoparticle dose concentrations used were the same as in Figure 2, i.e., 0.6 mg/
mL for group 1 (blue/circles) and 6.0 mg/mL for group 1 (red/squares).

Figure 5. Average mass of DiR-loaded PS−PEG nanoparticles
excreted in feces (ΔNE(t)) estimated from organic extracts from
homogenates of feces specimens collected during a period at different
times following pharyngeal instillation of the nanoparticles (N = 4, SD
values not evaluated because each data point represents an aggregate
of specimens from all four animals per cage). Nanoparticle mass was
estimated using background-subtracted fluorescence data; the back-
ground fluorescence was obtained from mice treated with pristine
PS−PEG nanoparticles. The DiR-loaded PS−PEG nanoparticle dose
concentrations used were the same as in Figure 2, i.e., 0.6 mg/mL for
group 1 (blue/circles) and 6.0 mg/mL for group 2 (red/squares).
Dashed lines are fits to the multicompartmental PK model (ΔNE(t) ≅
NA,0(e

(kA+kT)Δt − 1)e−(kA+kT)t + NB,0(e
kBΔt − 1)e−kBt (where Δt = 24 h),

eq 6) to determine the values of NA,0, NB,0, (kA + kT), and kB.
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which the mucociliary clearance of nanoparticles takes place
and (ii) the alveoli where nanoparticles are taken up by
alveolar macrophages and delivered to the airways or pass into
the capillary blood/lymph nodes by transepithelial diffu-
sion.12,40 Chemical degradation or physical dissociation of
PS−PEG nanoparticles was not considered in the model
because PS−PEG is a chemically stable polymer and also PS−
PEG nanoparticles (micelles) are kinetically frozen structures;
the glass transition temperature (Tg) of the PS core domain
has been measured to be ∼61 °C (unpublished result), and
therefore, even in the presence of biological amphiphiles (such
as bile acids in the small intestine), it is unlikely that PS−PEG
nanoparticles will undergo dissociation and release DiR
molecules. Urinary clearance was not included for the reason
discussed in the previous subsection. Gastrointestinal resorp-
tion of the nanoparticles was also neglected because the extent
of intestinal absorption has been reported to be <1% for
similarly sized nanoparticles.41,42 The detailed kinetic mass
balance equations for nanoparticles in different tissue compart-

ments and analytical solutions to those equations (i.e.,
biexponential functions for the nanoparticle contents in the
lungs and feces) are presented in the Theoretical Model &
Analysis Procedures section.
The time-dependent nanoparticle concentration profiles in

the lungs (Figure 3) and feces (Figure 5) were simultaneously
fit to this multicompartmental PK model (i.e., eq 4 (Nlung(t) ≅
NA,0 e

−(kA+kT)t + NB,0 e
−kBt) and eq 6 (ΔNE(t) ≅ NA,0(e

(kA+kT)Δt −
1)e−(kA+kT)t + NB,0(e

kBΔt − 1)e−kBt)). As discussed in the
previous subsection, about 27% of pharyngeally instilled PS−
PEG nanoparticles were initially lost to the esophagus ( f L,0 =
0.27, determined by a micro-CT scan (Figure 6)). Therefore,
in the fitting analysis, the initial fraction of PS−PEG
nanoparticles delivered to the pulmonary system was fixed at
73% (i.e., fA,0 + f B,0 (= 1 − f L,0) = 0.73). As described in detail
in the Theoretical Model & Analysis Procedures section, four
adjustable parameters were used in the least-square fits of the
experimental data; they are NA,0, NB,0, (kA + kT), and kB, and
their definitions are given in Figure 7. The best-fit results are
summarized in Table 1. As shown in Figures 3 and 5, the
kinetics of lung clearance and fecal excretion of the
nanoparticles could be reasonably described using the
biexponential decay functions. As shown in Table 1, the rate
constant associated with the airway clearance process (kB) is at
least about two orders of magnitude higher than those
associated with the alveolar clearance processes (kA + kT),
which confirms that the clearance of nanoparticles from the
conducting airways due to the mucociliary escalator is far faster
than the clearance of nanoparticles from the alveolar space due
to uptake by macrophages (kA) or transepithelial diffusion into
the circulation either directly or via the lymph (kT).

37 As a
result, the time-dependent nanoparticle concentration profile
in the lung tissue shows two distinct phases of clearance
(Figure 3), i.e., a fast clearance phase (at t <3 days) due to the
mucociliary clearance followed by a slower phase (at longer
times) due to the alveolar clearance processes.43

The half-lives of the mucociliary and alveolar clearance
processes were estimated to be t1/2,B = 0.36 ± 0.13 days and
t1/2,A = 16 ± 4 days, respectively, for instance, when 80 μL of a
DiR-loaded PS−PEG nanoparticle suspension was pharyng-
eally instilled at a nanoparticle dose concentration of 0.6 mg/
mL; the rate of nanoparticle clearance by the mucociliary
escalator is about 40 times faster than the rate at which the
nanoparticles are eliminated from the alveolar space by
macrophage uptake and diffusion. The estimated timescale

Figure 6. Micro-CT cross sectional images (N = 1) of the mouse torso immediately after pharyngeal administration of a solution containing PS−
PEG nanoparticles and Iohexol, which is a water-soluble CT contrast agent. (A) Coronal, (B) sagittal, and (C) axial views, where the locations of
cross sections are indicated as dashed lines in (A). Arrows on the bright regions indicate the location of the esophagus.

Figure 7. Multicompartmental PK model describing pulmonary
compartments and pathways associated with the clearance of
pharyngeally instilled PS−PEG nanoparticles. fA,0, f B,0, and f L,0 denote
the fractions of the instilled PS−PEG nanoparticles initially deposited
in the alveolar space, conducting airways, and larynx, respectively. NA,
NB, and NC denote the numbers of the PS−PEG nanoparticles
remaining in the alveolar space, conducting airways, and systemic
circulation, respectively; NA, NB, and NC are time-dependent
quantities. PS−PEG nanoparticles are assumed to be biopersistent;
they neither degrade chemically or biologically, nor form aggregates
themselves or with biological molecules.
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for mucociliary clearance is in good agreement with values
reported in the literature (i.e., <2 days for nanoparticles in
rodents).9,30,44 The timescale for nanoparticle clearance in the
alveoli is known to vary widely, from ∼1 hour to ∼100 days,
depending on the size and surface chemistry of the
nanoparticles.10,45 Nevertheless, our result appears to be in a
reasonable agreement with the literature, considering the
specific characteristics of PS−PEG nanoparticles used in this
study (further discussed later). Notably, PS−PEG nano-
particles were found to remain in the alveolar region, which
is the site of therapeutic action of the nanoparticles, for >2
weeks. However, the actual fraction of PS−PEG nanoparticles
initially deposited in the alveoli (i.e., the bioavailability of the
nanoparticles) was found to be low (e.g., fA,0 = 0.019 ± 0.009
for group 1). Most of the administered dose was sequestered in
the airways ( f B,0 = 0.71 ± 0.01) because a plug of liquid
passing through the airways typically leaves a trailing film on
the walls of the airways; the amount of liquid lost to the airway
walls (“coating cost”) can be reduced by increasing the liquid
injection rate.46 In our “tongue-pull” procedure, a plug of
liquid formed in the larynx is pulled into the trachea by natural
inhalation, and therefore, the rate of liquid injection is slower
than in pressurized situations.30,47

It was also possible to quantitatively fit the whole-organ lung
fluorescence radiance profiles in Figure 2B with a similar
double-exponential decay function (I(t) = IA,0 e

−(kA+kT)t +
IB,0 e

−kBt, eq 9) using IA,0 and IB,0 as fitting parameters; the
values for the alveolar and airway clearance rate constants (i.e.,
(kA + kT) and kB, respectively) were kept the same as the values
obtained previously by fitting the data in Figures 3 and 5 to the
multicompartmental PK model. From the best-fit values of IA,0
and IB,0 (Table 1), the intensity-weighted values of NA,0 and
NB,0 (Table 1) were estimated, respectively, using the
correlation between the fluorescence count rate (I) from an
excised entire lung specimen and the mass of DiR-loaded PS−
PEG nanoparticles in the lungs estimated from an organic
extract from a tissue homogenate of the lung specimen shown
in Figure S8; the intensity-weighted values of fA,0 and f B,0
(Table 1) were also calculated using their definitions, fA,0 =
NA,0/N0 and f B,0 = NB,0/N0, where N0 = 48 μg (group 1) and
480 μg (group 2). Interestingly, the value of the ratio fA,0/f B,0
estimated from the whole-organ fluorescence data ( fA,0/f B,0 =
0.28 at the nanoparticle dose concentration of 0.6 mg/mL)
was an order of magnitude greater than measured using the
extraction procedure ( fA,0/f B,0 = 0.027 at the same nanoparticle
dose concentration) (Table 1). There are two possible reasons
for this: (i) because of interparticle fluorescence self-quenching
between DiR-loaded PS−PEG nanoparticles, the whole-organ
fluorescence of the lungs was not proportionally high at higher
local nanoparticle concentrations and (ii) the fluorescence
intensity estimated from a whole lung image was dominated by
nanoparticles located in the distal (i.e., alveolar) regions of the
lungs, while the nanoparticles in the distal zones were cleared
slower.
Data fitting was less accurate for group 2 because of large

errors at long times. At the nanoparticle dose concentration of
6.0 mg/mL (group 2), the alveolar half-life was almost twice as
large (t1/2,A = 29 ± 20 days, estimated by fitting data in Figures
3 and 5 to the multicompartmental PK mode) as that at 0.6
mg/mL (group 1) (t1/2,A = 16 ± 4 days), which is attributed to
the saturation of the phagocytic capacity of alveolar macro-
phages in the higher nanoparticle dose situation, as will be
discussed in the Discussion section. As shown in Figure 2B, for

group 2, the fluorescence radiance (red squares in Figure 2B)
showed a slower decay than estimated based on the fitting
analysis of data in Figures 3 and 5 (red dotted line in Figure
2B), which, again, might suggest that nanoparticles located in
the peripheral (alveolar) regions make dominant contributions
to the overall fluorescence intensity, although increased
fluorescence quenching with increasing nanoparticle concen-
tration might also have contributed to this behavior. The half-
lives of nanoparticles in the airways were comparable between
group 1 (t1/2,B = 0.36 ± 0.13 days) and group 2 (t1/2,B = 0.32 ±
0.03 days); the kinetics of mucociliary clearance was unaffected
by nanoparticle dose concentration. For group 2, the fraction
of nanoparticles reaching the alveoli upon instillation ( fA,0 =
0.011 ± 0.003) was lower by about 42% than that for group 1
( fA,0 = 0.019 ± 0.007), likely because the coating loss was
increased when the liquid’s viscosity was increased and the
liquid’s surface tension was decreased at the increased
concentration of the nanoparticles.48

■ DISCUSSION
Delivery and Bioavailability of PS−PEG Nanoparticles

in the Alveolar Space. Pharyngeal aspiration was employed
to deliver PS−PEG nanoparticles into the alveolar airspace.
Pharyngeal aspiration is a noninvasive procedure that is simple
to implement and is a reasonable mimic of the intratracheal
instillation procedure used in the clinic.16,40 Pharyngeal
aspiration provided a seemingly homogeneous distribution of
PS−PEG nanoparticles to the alveoli (Figure 2A), although the
bioavailability of the nanoparticles in the alveoli was somewhat
low (1−2% relative to the total amount administered).
Pharyngeal aspiration involves multiple steps, including the
initial loading of liquid at the pharynx, the penetration of the
liquid into the larynx, the inhalation of the liquid into the
trachea, etc. However, during this process, the oto-respiratory
reflex of the mouse causes the loss of some amount of liquid.
Unlike the clinical intratracheal instillation procedure (which
involves an intubation of the trachea followed by instillation of
liquid and thus enables delivery of liquid into the trachea
without loss), pharyngeal aspiration typically delivers only
∼80% of the loaded liquid into the trachea.36 In our micro-CT
experiment, about 27% of the administered liquid was detected
in the GIT, particularly in the esophagus, immediately after
pharyngeal instillation (Figure 6), which is consistent with the
previous literature. It is known that pharyngeal/intratracheal
instillation often produces an uneven distribution of the
administered liquid across the lung,49 because the liquid is
transported through the airways as a plug.48 Our analysis
indicates that about 1−2% of the administered PS−PEG
nanoparticles were delivered to the alveoli. This result is
consistent with what has previously been reported in the
literature; Kazemi et al. reported an alveolar delivery efficiency
of 4.7% for intratracheal liquid instillation of surfactant at a
dose volume of 1 mL/kg in rats.46 However, it would be
beneficial to try to further improve the alveolar delivery
efficiency of PS−PEG nanoparticles in the future, for instance,
by increasing the liquid injection volume,48 to enhance the
bioavailability of the polymers in the alveolar regions.

Retention of PS−PEG Nanoparticles in the Alveolar
Regions. The alveolar retention time of nanoparticles is
influenced by particle size and surface chemistry because they
affect the rates of phagocytosis and diffusion through the BAB
and lymph.12,50 The uptake of nanoparticles by alveolar
macrophages becomes less efficient at sizes smaller than about
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100 nm.38 Surface functionalization of nanoparticles with PEG
chains also reduces their recognition and subsequent uptake by
macrophages because the PEG functionalization (“PEGyla-
tion”) prohibits the adsorption of opsonin proteins to the
surfaces of the nanoparticles.51 On the other hand, small
PEGylated nanoparticles are efficient at translocating through
epithelial cells44 and thus through the BAB and lymphatic
vessel.10,52,53 Therefore, it is reasonable to expect that PS−
PEG nanoparticles having a diameter of ∼32 nm are cleared
from the alveoli mainly by the transepithelial diffusion
mechanism, although the extent of phagocytosis cannot be
completely ignored as evidenced for other PEGylated nano-
particles.37,54 Also, uptake and trafficking of nanoparticles by
dendritic cells to lymphatic vessels are known to increase with
reducing size and PEG functionalization of nanoparticles.12,55

The two mouse cohorts treated at two different nanoparticle
dose concentrations (groups 1 and 2) exhibited significantly
different lung clearance profiles of the nanoparticles at long
times. At the low nanoparticle dose concentration tested (0.6
mg/mL, group 1), the concentration of PS−PEG nanoparticles
in the lungs (i.e., in the alveoli) continuously decreased
following first-order kinetics. The alveolar half-life of the PS−
PEG nanoparticles (∼2 weeks) is significantly shorter than the
half-life values reported for non-PEGylated 7 nm diameter
cerium nanoparticles (103 days)45 and non-PEGylated 50 nm
diameter titanium nanoparticles (∼28 days),43 which is
understandable in that these non-PEGylated nanoparticles
must have existed as large aggregates.12 However, at the 10×
nanoparticle dose concentration (6.0 mg/mL, group 2), the
nanoparticle concentration in the lungs remained almost
unchanged over the 2-month test period. The alveolar
clearance rate constant estimated for group 2 ((kA + kT) =
0.024 ± 0.016 day−1) was about half of that for group 1 ((kA +
kT) = 0.043 ± 0.010 day−1). This result is consistent with the
previous report that alveolar phagocytosis of nanoparticles is a
saturable process in which the rate constant for nanoparticle
clearance (kA) decreases with increasing nanoparticle load;14

for this reason, the Michaelis−Menten kinetics, for instance,
has been used for describing the rates of phagocytic clearance
of nanoparticles.14 Taken together, both the phagocytosis and
transepithelial diffusion mechanisms are operative in the
alveolar clearance of PS−PEG nanoparticles. The bioavail-
ability of PS−PEG nanoparticles within the alveoli (AUCA,
estimated using eq 7b) was fortuitously observed to scale
linearly with nanoparticle dose concentration (Table 1);
relative to group 1, group 2 showed a lower efficiency of the
delivery of nanoparticles and a longer retention of nano-
particles in the alveoli, and these two effects of higher-dose
nanoparticles appear to have been canceled out.
Entrapment of PS−PEG Nanoparticles in the Airways.

The mucus layer in the airways has a mesh size of ∼300 nm
and is also covered with lung surfactants.56 Therefore, PS−
PEG nanoparticles (∼32 nm) are likely to penetrate the mucus
gel and reach the underlining periciliary layer. Schneider et al.
have shown that PS−PEG nanoparticles smaller than 300 nm
can reach the periciliary layer and airway epithelium and thus
exhibit a longer retention time (<∼1 day) in the airways than
larger nanoparticles that cannot penetrate the mucus layer.44

However, small nanoparticles can also diffuse back into the
mucus layer from the underlying tissue, and therefore, the rate
of nanoparticle clearance from the airways is still expected to
be faster than that from the alveoli; as shown in Table 1, the
alveolar half-life of PS−PEG nanoparticles was about 2 weeks,

which is much longer than the airway residence time of small
PS−PEG nanoparticles reported in the literature (<∼1 day).44

In theory, it is possible to add an additional compartment
representing the periciliary layer/airway epithelium and
accordingly additional kinetic steps associated with the
entrapment of nanoparticles within that compartment in the
multicompartmental PK model. However, this modification
was not attempted in the present study because it would
significantly reduce the accuracy of the fitting process.

Toxicological Effects of PS−PEG Nanoparticles.
Synthetic nanoparticles may induce inflammatory responses
in the alveoli. Longer retention increases the chances of such a
situation. Further, translocation of nanoparticles into the
circulation and their accumulation in secondary organs may
cause systemic toxicity. We found that only small percentages
(1−2%) of the administered PS−PEG nanoparticles were able
to reach the alveolar regions, and those nanoparticles deposited
in the alveoli remained therein for >2 weeks. It is possible that
some amount of PS−PEG nanoparticles are trapped within the
alveolar epithelial layer and internalized by dendritic cells,44,53

which may respectively lead to dysfunction of epithelial cell
metabolism and activation of immune responses upon
trafficking to the lymphatic system. Previously, similar
nanoparticles (noncharged PS nanoparticles of 60 nm
diameter) have been shown to not elicit any significant
inflammatory responses (e.g., activation of neutrophils and
lymphocytes and increased cytokine levels) in the lungs of
hamsters.57 However, this previous investigation only focused
on acute/short-term effects of the nanoparticles (at t = 1 h),
and longer-term toxicological studies (over >1 day) have not
been reported. Long-term toxicological effects of PS−PEG
nanoparticles, including detailed immune responses (pro/anti-
inflammatory cytokine profiles, immune cell phenotypes, etc.),
will need to be studied in the future.
In the high-dosed group (group 2, treated at a nanoparticle

dose concentration of 6.0 mg/mL), a small percentage (1−2%)
of the instilled PS−PEG nanoparticles persisted in the lungs
even beyond the eight-week measurement period. We would
like to note that at the dose volume used (4.0 mL/kg body
weight), the 0.6 and 6.0 mg/mL nanoparticle dose
concentrations correspond to, respectively, 1× and 10× the
optimal therapeutic dose identified in our previous study.8 In
other words, the high dose concentration tested (which
corresponds to 10× the therapeutic dose) will not likely be
used in real clinical settings. Nevertheless, it is possible that the
FDA will require that the IND-enabling study design includes
an assessment of chronic/long-term (>2 months) toxicological
hazards following excessive doses (>10× the therapeutic dose)
of PS−PEG nanoparticles. We plan on performing these
experiments in the future. However, exploration of this topic is
outside the scope of our current study.
In a previous publication, we have reported that PS−PEG

nanoparticles at doses up to 6 mg per mouse (1−2 orders of
magnitude greater than the doses used in this work) do not
cause any damage to the alveolar tissue or affect the cytokine
response in the lungs of mice (based on analysis of histological
sections and bronchoalveolar lavage (BAL) fluid samples at 7
days after pharyngeal administration of the nanoparticles).8 In
the present study, all mice treated with PS−PEG nanoparticles
were confirmed to remain healthy, showing normal respiration,
a steady growth in body weight, and a stable lung weight
throughout the 2-month study period (Figure S9). No
significant accumulation of PS−PEG nanoparticles in other
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organs and blood was detected after 2 weeks after
administration, except for the liver, which is the major
mononuclear phagocyte system for clearance of foreign
substances from the circulation. Previous mouse studies have
shown that intravenous and oral administrations of small
PEGylated nanoparticles do not induce any significant toxicity
in the liver.58,59 Possible effects of PS−PEG nanoparticles on
the intestine’s function will need to be investigated because the
majority of the nanoparticles are cleared through the GIT due
to the initial spillover of the instilled liquid into the esophagus
and also the clearance of the nanoparticles by the mucociliary
escalator.58

■ CONCLUSIONS

In summary, the pharmacokinetic and biodistribution proper-
ties of a novel polymer lung surfactant (PLS) formulation
(namely, PS−PEG micelle nanoparticles) were evaluated over
a 2-month period of time following pharyngeal administration
in mice. The time-dependent lung retention profiles of PS−
PEG nanoparticles showed biphasic clearance rates: a fast
mucociliary escalator process occurring in the conducting
airways and a much slower alveolar clearance process involving
a combination of the phagocytic action of macrophages and
direct nanoparticle translocation through the blood−air barrier
(BAB) or the lymphatic epithelium. Pharyngeally administered
PS−PEG nanoparticles were mainly excreted as feces. The
elimination half-life of PS−PEG nanoparticles from the alveoli
depended upon nanoparticle dose concentration, presumably
because of the saturable nature of the clearance of nano-
particles by macrophages in the alveoli. Nanoparticle
accumulation in secondary organs was not significant except
in the liver where hepatobiliary clearance occurs. Although
detailed toxicological evaluations remain to be done, no
primary symptoms of toxicity were observed in mice treated
with PS−PEG nanoparticles. The “tongue-pull” pharyngeal
nanoparticle instillation procedure was only able to provide a
low efficiency of the delivery of PS−PEG nanoparticles to the
site of therapeutic action, i.e., the alveoli. Further studies are
warranted specifically to address the need for improving the
delivery efficiency/bioavailability and also for understanding
the detailed long-term toxicological effects of PS−PEG
nanoparticles.
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