
Experimental Lung Research, Early Online, 1–10, 2013
Copyright © 2013 Informa Healthcare USA, Inc.
ISSN: 0190-2148 print / 1521-0499 online
DOI: 10.3109/01902148.2013.819048

Tracking retention and transport of ultrafine polystyrene
in an asthmatic mouse model using positron emission
tomography

Heather A. Enright,1 Jennifer M. Bratt,2 Andrew P. Bluhm,3 Nicholas J. Kenyon,2

and Angelique Y. Louie3

1Department of Chemistry, University of California-Davis, Davis, California, USA
2Division of Pulmonary and Critical Care Medicine, University of California-Davis, Davis, California, USA
3Department of Biomedical Engineering, University of California-Davis, Davis, California, USA

ABSTRACT

Upon exposure to particulates, asthmatic individuals are more susceptible to deleterious health effects and
increased morbidity and mortality when compared to healthy individuals. These effects are not limited to the
respiratory system; increases in acute cardiovascular events have been observed. The development of extra-
pulmonary illnesses has led to interest in determining whether particles move out of the lungs and whether
transport of particles differs for asthmatic individuals. Differences in particle deposition and retention in asth-
matic versus normal subjects have been explored in the literature using the gamma camera, a two-dimensional
imaging technique. Herein we report the deposition and fate of 64Cu-labeled 100 nm polystyrene particles in a
mouse model of asthma using positron emission tomography (PET). All animals were handled humanely under
an approved protocol (UC Davis Institutional Animal Care and Use Committee). Particles were administered by
intratracheal instillation and animals were imaged over 48 hours using PET. Biodistribution was determined from
images using Regions of Interest (ROI) analysis. After 48 hours, for the asthmatic animals, we observed that
∼28% of the initial dose is cleared from the lungs; particle accumulation in small amounts is evident in the GI
(gastrointestinal) tract, liver, and bladder. This decrease in lung retention is signi!cantly different when compared
to the normal mouse (∼11%DD), which showed minimal particle transport out of the lung (P < 0.001). This study
indicates that ultra!ne particles (UFP) undergo enhanced transport out of the lungs in an asthma model. This
observed transport may facilitate the adverse peripheral effects associated with particulate exposure.

KEYWORDS biodistribution, imaging, lung, particulate matter, ultrafine particles

INTRODUCTION

Asthma, a chronic airway in!ammatory disorder, af-
fects approximately 300 million people worldwide
and is a major cause of hospitalizations in children
[1]. Asthma is associated with airway in"ltration of
in!ammatory cells (mast cells, eosinophils, basophils,
macrophages, lymphocytes) [2] and airway hyper-
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responsiveness that results in airway narrowing and
obstruction [3]. Epidemiological studies have linked
particulate air pollution to increased morbidity and
mortality in compromised individuals including asth-
matics [4]. Other studies have shown increased hos-
pital admissions for asthmatic individuals upon acute
exposure to particulates [5–7]. Asthmatic individuals
exposed to increased levels of particulate air pollution
have shown a variety of physiological responses in-
cluding decreases in peak expiratory !ow (PEF) [8],
forced expiratory volume (FEV1), and forced vital ca-
pacity (FVC) [9], an increase in use of medications
[8], and an increase in respiratory symptoms, such as
coughing and shortness of breath [10].

Furthermore, exposure to particulates has
been observed to induce extrapulmonary effects
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2 H. A. Enright et al.

particularly in the cardiovascular system, such as
decreases in heart rate variability and arterial O2
saturation in both healthy individuals and asthmatics
[11, 12]. But, there is no clear explanation on how
particles can elicit these effects. Do particles trans-
port out of the lungs and accumulate in secondary
organs, or are nanoparticles retained in the lung
where they cause local in!ammation that generates
a systemic response? To identify the underlying
mechanisms for the health effects of particulate mat-
ter, many studies in the literature have focused on
determining if particles can transport from the lung
and, if transport occurs, where particles accumulate.

Studies in the literature have examined the reten-
tion and translocation of UFP in healthy humans
and animals [13–16]; however, only a few studies
to date have investigated whether lung retention and
clearance differs for asthmatic individuals. Of par-
ticulate matter (PM) size fractions, ultra"ne parti-
cles (<100 nm) are shown to deposit more ef"ciently
in the respiratory tract in asthmatics compared to
healthy subjects [17, 18]. In addition, compared to
larger particles, UFP have been shown to have in-
creased toxicity on an equal mass basis [19, 20].

Only a few studies to date have looked at UFP
lung retention in asthmatics. In 2006, Wiebert
et al. investigated if 99mTc-labeled carbon particles
(35 nm, 100 nm) could translocate from the lungs
in both healthy and asthmatic individuals using
the gamma camera over a 24- and 46-hour time
period, respectively. For both of these studies, no
signi"cant change in lung retention was observed
[21, 22]. In addition, no particle accumulation
in secondary organs was observed indicating that
the particles used did not enter circulation. The
lack of observed translocation may be due to the
delayed onset of symptoms after exposure, which
will be addressed further in the Discussion, and also
due to the relatively low resolution of the gamma
camera, which can result in signal disappearing when
averaged over large voxel sizes [23]. The trends of
transport from the lungs for small populations of
particles may be dif"cult to resolve in humans using
the gamma camera. To date, there have been no
extensive studies of nanoparticle transport from the
lungs in asthmatic animal models, although there
have been a number of studies in normal rodents.

In this work, we evaluate if lung retention and
biodistribution of ultra"ne sized particles in a
mouse model of asthma differ from their normal
counterparts. In our previous work, polystyrene
nanoparticles (∼100 nm) were instilled in the nor-
mal mouse and the biodistribution and lung retention
were evaluated with positron emission tomography
(PET) [24]. No signi"cant change in lung retention

of nanoparticles was observed for the normal mice;
nanoparticles were found primarily in the gastroin-
testinal tract with very small amounts in the liver
and bladder. The increased in!ammatory activity in
a mouse model of asthma, however, may facilitate
clearance and transport from the lung as endocytosis
by immune cells is a common clearance mechanism
in both the tracheobronchial and pulmonary regions
of the lungs [25]. We have used an ovalbumin
sensitization and exposure mouse model of allergic
airway in!ammation to determine the lung retention
and biodistribution of polystyrene nanoparticles
(∼100 nm) and compared results to a normal mouse
control group. The ovalbumin mouse model is well
established in the literature and is commonly used
to study asthma [17, 26, 27]. This model has proven
to exhibit key features of asthma, including airway
hyperresponsiveness, eosinophilic bronchitis, acute
in!ammation, increased airway reactivity, and mild
airway obstruction [26]. Polystyrene nanoparticles
were used as model particles similar in size to UFP.
The nanoparticles were tagged with 64Cu (half-life =
12.7 hours, ß+ 17.8%) for detection by PET.

MATERIALS AND METHODS

Animal Care

All animals were handled humanely under a protocol
approved by the UC Davis Institutional Animal Care
and Use Committee (approved protocol #13449).
Anesthesia was administered for imaging and all
other animal procedures. Animals were monitored
for discomfort and pain regularly during all animal
procedures.

Nanoparticle Labeling
64Cu-labeled polystyrene nanoparticles (∼100 nm)
were prepared as previously reported [24]. Brie!y,
64CuCl2 (74 MBq, 0.6 nmol) was buffered
with 0.1M triethylammonium acetate (TEAA)
buffer (pH 8, 30 µL) and added to p-SCN-Bn-
DOTA (S-2-(4-isothiocyanatobenzyl)-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid,
Macrocyclics, Dallas, TX, 0.14 µmol). The solution
was then incubated at 41◦C for 20 minutes. Amine
functionalized polystyrene nanoparticles (2% w/v,
Molecular Probes, Invitrogen, Eugene, OR, 800 µL)
were then added to the reaction mixture and were
incubated at 53◦C for 2 hours. Nanoparticles were
then centrifuged at 14,000 rpm for 15 minutes, the
supernatant was removed, and the nanoparticles were
resuspended in saline (600 µL). The puri"cation was
repeated two additional times and purity evaluated
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Biodistribution of Ultrafine Particles in an Asthma Model 3

by radio thin layer chromatography. Puri"ed particles
were sized by Transmission Electron Microscopy
(TEM, Phillips CM-120) operating at 80 keV after
labeling, after decay of radiation to background level.
Nanoparticle size was determined with Image J, a
Java-based image-processing program. In addition to
size, after decay, zeta potential was measured with a
NICOMP 380 ZLS (Particle Sizing System, Goleta,
CA). Radiolabeling ef"ciency (RE) was determined
with the following expression:

RE = 100∗ activity before puri"cation (MBq)/
Activity after puri"cation (MBq)

The puri"ed nanoparticles were analyzed with
radio-thin layer chromatography (TLC) to deter-
mine purity. An aliquot of the labeled nanoparticles
was "rst incubated with 10 mM EDTA (ethylenedi-
aminetetraacetic acid) for 20 minutes to chelate any
unbound copper and then spotted onto a silica gel
plate with 64Cu-EDTA as a negative control. The
plate was then run with 50% methanol/50% ammo-
nium acetate (10% w/v) as the eluent. This eluent was
chosen because it gave the optimal separation of the
labeled particles and 64Cu-EDTA. EDTA was used
for this analysis because when chelated with copper,
the complex moves with the solvent front, unlike the
labeled particles, which remain at the baseline.

Particle stability after labeling was reported in pre-
vious work [24]; nanoparticles were incubated in
saline, saline at pH 2, and fetal bovine serum for
48 hours. No signi"cant loss of activity was observed
for the nanoparticles, indicating no loss of label over
time.

Animals, Sensitization and Particle
Administration

Male (14 weeks, BALB/c) mice were used in the fol-
lowing experiments. Animals were purchased from
Charles River Laboratories (Wilmington, MA) and
were maintained in a temperature controlled (22◦C)
room in ventilated cages on a 12 hour day/night cy-
cle prior to studies. Animal diet and water were pro-
vided ad libitum. Allergic asthma sensitization was
performed as previously reported in work by Kenyon
and colleagues [26, 27]. Brie!y, mice (6–8 weeks of
age) were sensitized via intraperitoneal injection (i.p.)
of ovalbumin (OVA) (10 µg/0.1 ml chicken egg albu-
min, grade V, 98% pure, Sigma, St. Louis, MO) on
days 0 and 14. On the 28th day after the "rst i.p. expo-
sure, mice were exposed to aerosolized OVA (10 mL,
10 mg OVA/ml in PBS) for 30 minutes per day for

six days over a two-week period. Untreated BALB/c
mice were housed in parallel as control.

For imaging, mice were anesthetized with inhaled
iso!urane (2–3%) and labeled nanoparticles were de-
livered using a Hamilton (Reno, NV) !at-tipped sy-
ringe (40 µL) intratracheally at a concentration of 1.2
× 1014 nanoparticles/mL within 24 hours after the
last OVA aerosol challenge (n = 7). The instilled dose
delivered to each animal was determined by measur-
ing the amount of radioactivity in the delivery syringe
before and after the instillation with a dose calibra-
tor (Fluke 34–162 CAL/RAD MARK IV, Cleveland,
OH); the difference was used as the initial, or instilled
dose (ID). Nanoparticle accumulation data from all
later time points were referenced against this ID. De-
posited dose (DD) was also determined by referenc-
ing the amount deposited in the lungs at time zero
with the initial delivered dose. After instillation, anes-
thesia was maintained with iso!urane (2% mainte-
nance with 100% O2). Animals were positioned in the
PET scanner feet "rst in supine position for full body
PET scanning. Untreated BALB/c mice (n = 4) were
imaged for comparison as control.

PET Imaging

PET scans were performed on a microPET-Focus
120 (Siemens Medical Solutions, Malvern, PA). The
Focus 120 has a transaxial "eld of view of 10 cm
and an axial "eld of view of 7.6 cm with a spa-
tial resolution of 1.3 mm. The circular detector ar-
ray consists of 96 detector blocks with a face-to-face
diameter of 15 cm [28]. The energy window was
350–650 keV, and arc, decay and dead time cor-
rections were applied. No corrections for signal at-
tenuation were made. Static scans were taken up to
48 hours using 64Cu as the radioisotope (12.7 hour
half life). Scan durations were 15 minutes for the zero,
2, 4, and 12 hour time points, 30 minutes for the
24-hour time point and 1 hour for the 48-hour time
point. All images were reconstructed using a maxi-
mum a posteriori algorithm (MAP).

Analysis of PET Images

Regions of interest (ROI) were obtained by the
ASIPro Virtual Machine software to quantify tissue
activity. All values (total activity) were decay cor-
rected to the zero hour time point for comparison.
The percent of instilled dose (%ID) was determined
by dividing the corrected ROI value for the organ by
the instilled dose and multiplying by 100. Deposited
dose (DD) was calculated by dividing the total ac-
tivity in the lungs at the initial time point (zero) by
the instilled dose (ID). Lung retention is given by

C© 2013 Informa Healthcare USA, Inc.
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4 H. A. Enright et al.

FIGURE 1. Characterization of nanoparticles after labeling with 64Cu. Size determined by TEM is shown in
panel A. Radiopurity, veri"ed by radioTLC, is shown in panel B.

the activity remaining at 48 hour relative to DD. Sta-
tistical analysis was performed on all lung retention
and biodistribution values using a least squares mean
t-test. P-values are provided in parenthesis when sta-
tistical signi"cances were found between data sets.

RESULTS

Nanoparticle Labeling and Characterization

The size of the nanoparticles after labeling was 103
± 10.9 nm as measured by transmission electron mi-
croscopy (TEM); nanoparticles were monodisperse
as shown in Figure 1 panel A. Zeta potential was
−21.8 ± 1.8 mV; which indicated that the nanoparti-

cles that were stable in solution (nonaggregated) and
anionic in charge. After labeling, nanoparticles were
100% pure as determined by radioTLC shown in
Figure 1 panel B, only one peak was detected at the
baseline. The degree of labeling determined after la-
beling was 62%.

Biodistribution of Nanoparticles Using PET

Projection images in the ventral-dorsal orientation il-
lustrating the biodistribution of the labeled nanopar-
ticles in the asthmatic mouse model over 48 hours
is shown for a representative animal in Figure 2 (0,
4, 12, 24, 48 hours). Note, in the PET images the
intensity scale was adjusted with each time point to
allow visualization of signal in peripheral organs; thus

FIGURE 2. Projection images showing the biodistribution of 100 nm labeled polystyrene
nanoparticles after instillation in the asthmatic mouse. Biodistribution is shown at (A) 0 hr
(B) 4 hr (C) 12 hr (D) 24 hr (E) 48 hr. B = bladder, L = lungs, LI = liver, I = intestines,
and T = trachea.

Experimental Lung Research

Ex
p 

Lu
ng

 R
es

 D
ow

nl
oa

de
d 

fro
m

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

La
w

re
nc

e 
Li

ve
rm

or
e 

N
at

io
na

l L
ab

or
at

or
y 

on
 0

8/
07

/1
3

Fo
r p

er
so

na
l u

se
 o

nl
y.



Biodistribution of Ultrafine Particles in an Asthma Model 5

TABLE 1. Quantitative Analysis of Images from Asthmatic Group (Average ± SD)

Asthmatic group 0 h 4 h 12 h 24 h 48 h

Lung 78.4 ± 7.4 77.8 ± 8.4 78.7 ± 10.2 65.8 ± 6.0 56.4 ± 6.1
Trachea 6.1 ± 3.4 2.6 ± 4.2 1.3 ± 2.4 0.1 ± 0.1 0.0 ± 0.0
Intestines 0.0 ± 0.0 7.1 ± 4.3 2.7 ± 2.4 4.8 ± 5.9 1.3 ± 1.3
Bladder 0.0 ± 0.0 0.0 ± 0.0 0.3 ± 0.3 1.2 ± 1.0 0.5 ± 0.7
Liver 0.0 ± 0.0 0.1 ± 0.1 0.1 ± 0.2 0.5 ± 0.1 0.8 ± 0.4

All values in% Instilled Dose (ID), Average ± SD.

the normal loss of signal due to decay is not evident
in these "gures. Initial deposition of the particles to
the lungs (L) is veri"ed in Figure 2A with signal local-
ized to the trachea (T) and lungs. Over time, the sig-
nal began to disperse to secondary organs, including
the gastrointestinal tract (GI), the liver (LI) and blad-
der (B). At 4 hours postinstillation (Fig 2B) move-
ment of nanoparticles through the GI tract was evi-
dent and continued through the 48-hour time point
(Fig 2E). At 24 hours (Fig 2D) an increase in or-
gan involvement was observed with signal appear-
ing in the bladder and liver that persisted to the 48-
hour time point. In Figure 3, projection images in the
ventral-dorsal orientation for a representative control
mouse are shown (0, 4 12, 24, 48 hours). Upon in-
stillation, nanoparticles are localized in the lungs and
trachea as shown in Figure 3A. Over time, signal is
shown to distribute to the intestines (I) as in Figure
3B-3E. Particles are also observed in the liver (LI)
at 24- and 48-hour time (Figure 3D and 3E). There
appears to be greater !ux of particles to the GI for
the asthmatic animal, this trend is made clearer in the
quantitative analysis of the images.

Quantitative analysis of the image data from all an-
imals in the data sets using region of interest (ROI)

analysis is shown in Figure 4. Figure 4A and 4B
present the% instilled dose (ID) of each organ over
time in the control group and in Figure 4C and 4D
the biodistribution for the asthmatic group. Only or-
gans containing observable signal in the PET im-
ages are presented in the plots. Superscripted sym-
bols indicate values that are signi"cantly different
than the previous timepoint (# = P < 0.05; ∗ = P
< 0.001; ∗∗ = P < 0.01). Tables 1 and 2 summa-
rize the values shown in Figure 4. The mean dose
deposited into the lungs of the asthmatic group was
78.37% ID ± 7.38 (n = 7) and was 90.0% ID ±
11.8 for the control animals (n = 4). Over time the
signal in the lungs of asthmatic animals decreases
28.1% falling to 56.4% ID by the 48-hour timepoint,
while decreasing only 10.8% for the control group
in the same time period. Signal in the trachea in
both groups similarly decreased to zero over the same
48 hours. While both groups showed some evidence
of particle transport to the GI system, with signal
appearing in the intestines by 4 hours, the signal in
liver and bladder persists over time in the asthmatic
animals, showing an apparent trend for increasing
accumulation in the liver. The enlarged view plots for
Figure 4 show statistical comparisons for mean signal

FIGURE 3. Biodistribution of 100 nm polystyrene nanoparticles in control mice
(projection images). (A) 0 hr (B) 4 hr (C) 12 hr (D) 24 hr (E) 48 hr. In the images, B =
bladder, L = lungs, LI = liver, I = intestines, and T = trachea.

C© 2013 Informa Healthcare USA, Inc.
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6 H. A. Enright et al.

TABLE 2. Quantitative Analysis of Images from Control Group (Average ± SD)

Control group 0 h 4 h 12 h 24 h 48 h

Lung 90.0 ± 11.8 89.7 ± 11.5 87.4 ± 10.1 86.3 ± 13.9 80.3 ± 12.4
Trachea 5.2 ± 4.9 1.3 ± 0.7 0.7 ± 0.6 0.7 ± 0.3 0.1 ± 0.1
Intestines 0.0 ± 0.0 6.6 ± 6.7 2.0 ± 0.7 2.2 ± 1.3 0.7 ± 0.9
Bladder 0.3 ± 0.1 0.4 ± 0.7 0.1 ± 0.1 0.3 ± 0.4 0.1 ± 0.1
Liver 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.2 0.1 ± 0.1 0.2 ± 0.3

All values in% Instilled Dose (ID), Average ± SD.

values in the liver and bladder between the asthmatic
and control group animals. In the liver, the signal lev-
els in the asthmatic animals are signi"cantly higher
than those in the corresponding control animals for
the 24 and 48-hour timepoints (# = P < 0.05; ∗∗ =
P < 0.01).

The trend for clearance from the lung is shown
in greater detail in Figure 5, which gives a com-
parison of lung retention over time for the asth-
matic and control groups. The values are normal-
ized here and presented as percent of deposited dose
(each mean value presented against what was de-

posited to the lungs at time zero). Over time, a sta-
tistically signi"cant decrease in lung retention was
observed at time 24 and 48 hours for the asth-
matic group when compared to the normal control
group. At 24 hours 84.1%DD remained in the asth-
matic lungs compared to 95.7%DD for the con-
trol group (∗p < 0.05). A more signi"cant differ-
ence was found for the "nal time point; at 48 hours,
72.1%DD was retained in the lungs of the asth-
matic animals compared to 89.1%DD for the con-
trol (∗∗P < 0.001). These data are also summarized in
Table 3.

FIGURE 4. Region of Interest (ROI) analysis of labeled nanoparticles over 48 hours in control (A,B) (n = 4) and asthmatic
(C,D) mice (n = 7). Percent instilled dose (%ID) for all organs with signal are shown in A and C. In B and D, bladder and
liver are plotted separately to better visualize signal (%ID). #P < 0.05, ∗P < 0.001, ∗∗P < 0.01.
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Biodistribution of Ultrafine Particles in an Asthma Model 7

FIGURE 5. Lung retention comparison for control and
asthmatic mice over 48 hours. Retention is expressed as
percentage of deposited dose (%DD). ∗P < 0.05, ∗∗P < 0.001.

DISCUSSION

Comparison of Asthmatic Versus Healthy
Transport

In the present study, we evaluated the lung retention
and biodistribution of 100 nm polystyrene nanoparti-
cles in vivo using PET imaging in an asthmatic mouse
model over a 48-hour period and compared these re-
sults to a normal control group. Our results suggest
that in the asthmatic model, there was a greater loss
of nanoparticles from the lungs and concomitant ac-
cumulation was observed in peripheral organs. Af-
ter 48 hours we observed ∼28% DD (P < 0.001)
cleared out of the lungs for asthmatic mice, com-
pared to ∼11%DD for controls, with statistically sig-
ni"cant particle accumulation found in the liver of
asthmatic mice. This accumulation was indicative of
blood transport, as there is not another direct path-
way from the lung to the liver; the liver [29] could be
accumulating signal by "ltering circulating nanopar-
ticles from the bloodstream. The trends in the data
show particle loss from the lung "rst observed at
24 hours.

The observed change in lung retention could be
due to the physiological and cellular changes present
in the asthmatic animal model. The asthmatic animal
model has been shown to contain increased levels of
in!ammatory cells including macrophages, lympho-
cytes, mast cells, eosinophils, and neutrophils [30].

Macrophages are known to be key players in clear-
ing particles and pathogens from the lungs [25, 31].
Ampli"ed macrophage activity may lead to increased
clearance of nanoparticles from the lungs by mucocil-
iary clearance [32] and/or transport to the blood-
stream via the lymphatic system [33]. Macrophages
have been shown to ingest and transport particles
out of the bronchial tree for subsequent swallowing
and clearance through the GI tract [32, 34]. While
there are con!icting reports on whether macrophages
transport into lymphatic vessels [31], some reports
have shown that macrophages appear in the lymph
nodes as soon as 1–3 days post instillation [35].
Therefore, particle clearance by macrophages into
the bloodstream via the lymphatic system may be pos-
sible within our observation period of 48 hours. In
addition to variable levels of in!ammatory cells, the
initial deposition of nanoparticles for the asthmatic
animals could have been different from the control
group. As discussed earlier, asthma is associated with
airway narrowing [3]; therefore, deposition into the
alveoli could have occurred to a lesser extent for the
asthmatic animals. Airway secretions are also elevated
in the lungs for the asthmatic model, which may have
in!uenced clearance [36].

Although, to date, there have been no other liter-
ature reports studying ultra"ne particle transport in
an asthmatic mouse model, a few human studies have
been reported and have observed minimal transport
of ultra"ne particles out of the lungs. As mentioned
earlier, in 2006 Wiebert et al. studied 99mTc-labeled
carbon nanoparticles in humans (100 nm) using a
gamma camera and concluded that there was min-
imal translocation (99% remaining at 46 hours) in
both healthy and asthmatic individuals [22]. Wiebert
and colleagues also conducted a similar study with
35 nm carbon particles and observed no signi"cant
change in lung retention; at 24 hours 102% +/− 4.7
of the initial dose remained in the lungs [21]. Beside
species, differences between these studies conducted
in humans and the work presented here could be
due to variations in study parameters including par-
ticle characteristics (composition, surface coating),
study model and the chosen detection method. Asth-
matic individuals enrolled in the studies by Wiebert
et al. had milder cases of asthma, at least in regards
to their lung function [22] or their lack of evident

TABLE 3. Normalized Data for Signal in Lungs Over Time in Asthmatic and Control Groups (Average ± SD)

0 h 4 h 12 h 24 h 48 h

Lung Asthmatic 100 99.2 ± 4.4 100.2 ± 6.7 84.1 ± 3.2 72.1 ± 5.3
Lung Control 100 99.7 ± 3.4 97.0 ± 3.4 95.7 ± 5.9 89.1 ± 4.7

All values in% Deposited Dose (DD), Average ± SD.

C© 2013 Informa Healthcare USA, Inc.
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8 H. A. Enright et al.

asthma symptoms or airway hyperreactivity [21]. The
asthmatic mouse model used for the work presented
here exhibited key features representative of moder-
ate asthma including both hyperresponsiveness and
eosinophilic bronchitis. Increased in!ammatory ac-
tivity was present in this model and may have con-
tributed to the change in lung retention and distribu-
tion observed. However, it is important to note that
there are several anatomical differences between hu-
man and mouse lungs. Mouse lungs exhibit a rela-
tively larger airway diameter, an increased airway to
lung parenchyma ratio and a single lobe for the left
lung [37]. These anatomical differences appear to re-
sult in decreased resistance to air!ow in mice as a
percentage of total lung resistance when compared to
humans. Based on these differences, it is often dis-
cussed that the OVA mouse model is not a true model
of asthma. This is correct; the OVA mouse model is a
model of allergic airway in!ammation and airway hy-
peresponsiveness. Therefore, as with any study that
has utilized an animal model to understand disease,
interpretation of the underlying mechanisms is pre-
liminary until con"rmed in humans. In addition, the
gamma camera was used in the studies by Wiebert
et al.; this imaging modality has lower sensitivity com-
pared to PET (<1% vs. 2–10%, respectively) [24],
limiting the level of detection possible in the human
studies [38, 39].

For this work, nanoparticles were administered
via intratracheal instillation, a liquid bolus that is
introduced into the respiratory system. This tech-
nique provides rapid and accurate delivery of a known
amount of test material to the respiratory tract with-
out contamination to the fur and/or nasal passages
that is commonly a problem in whole body or nose-
only inhalation systems [40, 41]. Instillation is also
well suited for delivering radioactive or highly toxic
materials; it allows the delivery in a very small volume
and does not require decontamination of large pieces
of equipment [40]. Although instillation is a rapid and
accurate delivery method, it also has some disadvan-
tages. Instillation does not distribute as evenly as an
inhalation technique and can often result in an inho-
mogeneous lung distribution [42, 43]. Despite these
drawbacks, instillation is an accepted delivery method
for PM studies in the literature and has been widely
used in the "eld to study the effects of PM in the lung
and to study particle transport [40, 44] [45–48].

Nanoparticle Stability

A common concern when utilizing radiolabeled par-
ticles is whether or not the label dissociates from the
particle in vivo. DOTA, the chelator used for these
studies, exhibits a high stability constant (22.25, pH

7.4) for capture of 64-Cu [49]. The stability of metal
complexes is measured by log K values, where K is
the equilibrium constant between the ligand and the
complexed metal [50]. In addition, we have shown in
previous work for particles prepared by the same syn-
thesis that over 48 hours of observation the nanoparti-
cles remain stable in environmental conditions similar
to those that can be encountered in vivo. These incu-
bation conditions included acidic pH such as found in
environments of the stomach and lysosomal compart-
ments in cells, and exposure to plasma, which is en-
countered through blood transport [24]. Therefore,
we are con"dent that the loss of signal from the lungs
observed here is not due to loss of label. Furthermore,
if the observed changed in lung signal were due to a
simple loss of radiolabel, the results should have been
kinetically similar for asthmatic and control groups,
which was not observed here.

CONCLUSIONS

In summary, the observed particle biodistribution
for the asthmatic model differed signi"cantly when
compared to the normal mouse, indicating that UFP
transport out of the lungs may occur more readily in
a diseased model. This enhanced particle transport
is consistent with the hypothesis that the increased
morbidity and mortality due to cardiovascular effects
that are observed after acute and chronic particle ex-
posure is related to particle transport out of the lungs,
and that asthmatic individuals may be more suscep-
tible. Compromised individuals, including asthmat-
ics have been shown to be at higher risk of death
and illness, which include health end points due to
both cardiovascular and respiratory causes. The ob-
served changes in lung retention and particle accu-
mulation in the present work help support this risk
assessment, that asthmatic individuals are more sus-
ceptible to these deleterious effects after particle ex-
posure, potentially due to enhanced particle transport
out of the lungs and subsequent accumulation in pe-
ripheral organs.

Declaration of Interest: The authors report no
con!icts of interest. The authors alone are responsi-
ble for the content and writing of the paper.
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