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Abstract

Do immature lungs have air-blood barriers that are more permeable to inhaled nanoparticles than
those of fully developed mature lungs? Data supporting this notion and explaining the underlying
mechanisms do not exist as far as we know. Using a rat model of postnatal lung development, here
the data exactly supporting this notion, that is, significantly more gold nanoparticles (NPs) cross
from the air space of the lungs to the rest of the body in neonates than in adults, are presented.
Moreover, in neonates the translocation of gold NPs is not size dependent, whereas in adult
animals smaller NPs cross the air-blood lung barrier much more efficiently than larger NPs. This
difference in air-blood permeability in neonate versusadult animals suggests that NP translocation
in the immature lungs may follow different rules than in mature lungs. Supporting this notion, we
propose that the paracellular transport route may play a more significant role in NP translocation
in immature animals, as suggested by protein expression studies. Findings from this study are
critical to design optimal ways of inhalation drug delivery using NP nanocarriers for this age
group, as well as for better understanding of the potential adverse health effects of nanoparticle
exposures in infants and young children.
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Although the human lungs at birth already possess the basic configuration of the fully
developed adult lungs (/.e., branched conductive airways followed by the gas exchange
portion), structural alveolation occurs mostly postnatally (/.e., in human lungs only 15% of
the alveoli are present at birth1:2), in addition to a dramatic increase in lung size, which
continues until adulthood. Therefore, it is of great interest to identify environmental factors
that may influence the morphogenesis® and growth of the lungs* and also to understand the
potential changes in the lung barrier function during lung development,® which may underlie
potential age-related differences in translocation of nanoparticles and other environmental
pollutants.

In previous studies,5-8 nanoparticle (NP) deposition in the lungs of postnatally developing
rats (7, 14, 21, and 35 day old and adults) was determined. It was shown that NP lung
deposition perbody weight was significantly lower in 7-day-old rats but significantly higher
for the 21-day-old rat group compared to adult rats. This indicated that NP deposition is
strongly age dependent, peaking at the time coinciding with the end of bulk alveolation (21
days).

The present study was designed to systematically assess NP translocation viathe lungs’ air—
blood tissue barrier in infant animals at various ages by employing intratracheal instillation
in order to avoid Gl tract ingestion of nanoparticles via particle deposition in the
nasopharynx. We also avoided nanoparticle transport from the large airways by mucociliary
escalator to the Gl tract (see detailed explanation below). We selected three time points in
postnatal development (three age groups) that represent important stages of the development
of alveolar structures® (see Figure S1 in the Supporting Information, where we made lung
developmental time comparison between humans and rodents): the beginning of alveolation
(3-day-old rats; equivalent to human preterm babies), the bulk of alveolation (7-day-old rats;
human newborns), and the end of the bulk alveolation (21-day-old rats; human toddlers). We
used polyvinylpyrrolidone (PVP)10-coated spherical gold nanoparticles (AuNPs) of two
sizes (5 and 100 nm) as a nanoparticle model (see Figure 1a—d). A cut-down tracheotomy
was performed, and immediately before tracheal instillation, the trachea above fenestration
was ligated to avoid mucociliary clearance (Figure 1e). AUNPs were intratracheally instilled
via a polyethylene tubing since precise dosing by inhalation in the small infant animals is
practically impossible (see the detailed discussion in Semmler-Behnke et al., 2012)
Although the local distribution of NPs in the lungs is likely to be different after instillation
and inhalation,!! these two modes of NP administration yield comparable measurements in
terms of overall NP translocation (data not shown). The NPs were instilled during
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inspiration, instead of expiration, to ensure that all the NPs were indeed delivered into the
lungs (Figure 2, CytoViva images). It is also worth noting that the administered dose of NPs
was determined based on lung surface area, which is more appropriate if considering the
total burden to the body, instead of body weight (which is usually employed in toxicological
studies), because the lung surface area is dramatically changing during lung development
and the ratio of the lung surface area to body weight in developing rats is very different from
that in the adults (see Figure S2 in the Supporting Information, where we demonstrated a
nonlinear relationship between body weight and lung surface area during the lung
development). A dose of 0.027 £g per unit lung surface area (cm?) was employed, as this
dose was found not to cause lung injury and inflammation (see below). The animals were
kept in a box placed on a heated pad to maintain optimal body temperature and breathed
anesthetic gas (1.5-3% isoflourane) for 3 h (Figure 1g). After 3 h in the box, the animals
were sacrificed by exsanguination, and the lungs were excised. The amounts of gold in the
lungs and in extrapulmonary tissues were measured by inductively coupled plasma mass
spectrometry (ICP-MS) in order to determine the NP translocation. It is important to note
that all the gold found in the tissues outside the lungs must have translocated solely viathe
pulmonary air-blood tissue barrier because the pulmonary system and the GI system had
been separated by tracheal ligation before the administration of NPs into the lungs.

RESULTS AND DISCUSSION

The findings showed that the systemic translocation of NPs in infants was age dependent
and significantly different from that of adult animals. More specifically, it was demonstrated
that the translocation of NPs in infant animals was significantly higher than that of mature
ones (Figure 3, Table S1 in the Supporting Information. Table S1 provides the numerical
values of data plotted in Figure 3). The translocation in the 3-day-old (P3), 7-day-old (P7),
and the 21-day-old (P21) rats reached more than 23%, 6%, and 3%, respectively. It is also
worth noting that the miniscule 3% of translocated NPs found for the P21 rat group is still
statistically significantly higher than the <1% for adults812.13 (>90 days). It was also
demonstrated that there was no size dependency in the translocation on NPs in infant
animals. This important finding is in contrast to what has been previously reported in adults,
812,13 \where the translocation of NPs was consistently size-dependent (/.e., smaller NPs
translocated more efficiently than larger ones). (The focus of this study was AuNP
translocation in neonatal and developing animals; we did not aim to repeat previously
conducted studies on NP translocation in adult animals,®12.13 which reported size
dependency. In other words, in this study, adults were only used to illustrate the point that
the fraction of NPs translocating in adult animals is very small compared to that in neonates
or developing animals.)

It is worth noting that in order to exclude the possibility that the high translocation across the
air-blood tissue barrier observed in immature animals was due to extensive lung injuries that
compromise the air-blood barrier as a consequence of NP exposure, the epithelial tissue
injury was assessed for the P3 rat group using both histopathology and biochemical analysis
of bronchoalveolar lavage fluids (BALF) of both NP exposed and unexposed (control)
animals (Figure 4). Figure 4a shows no gross morphological indicators of lung damage or
obvious histopathological differences. Similarly, lactate dehydrogenase (LDH) levels in the
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BAL, which indicate lung injury, were measured in samples of the three groups (P3, P7,
P21, n= 5 each group), and the results show no significant differences for NP-exposed and
control animals (Figure 4b; Table S2 in the Supporting Information provides the numerical
values of data plotted in Figure 4b). [We note that lung overload is a complicated
phenomenon6-18 and is currently understudied. Based on the publication by Morrow et al.,
19.20 for rats and insoluble particles such as the AuNPs used in this study, the impairment/
overload starts when the average phagocytized volume of alveolar macrophages (AM)
exceeds 6% of the normal AM load and that complete cessation of clearance occurs when
the phagocytized volume reaches 60% of the normal AM volume. Unfortunately, these
parameters have not been studied in neonatal rats, and thus application of these Morrow
parameters is not possible. Nevertheless, the dose of particles we selected was very small
(0.027 1g/cm?) and did not cause any lung injury and inflammation, as demonstrated by
histopathology and BAL enzyme values (see in Figure 4). At the same time, the dose was
high enough that gold concentrations could be measured in our samples. Thus, we concluded
that the dose used most likely did not reach lung overload levels in the neonatal rats.]

In our previous study,?! we found that the numbers of alveolar macrophages in neonatal
animals did not reach the fully developed adult values, and their functions [two main
functions of AMs are phagocytic ability and generation of reactive oxygen species (ROS)]
are still immature, especially in the early developmental stage. Although the production of
reactive oxidants by AMs is beneficial in killing invading microorganisms, it is potentially
detrimental to nearby tissue.22:23 It has been suggested that there is a coupling between
functional maturity of the cellular defense system and morphological maturity of the lung
parenchyma. For instance, in rats, AMs attained full oxidant-releasing capacity only once
the major period of postnatal alveolar morphogenesis had been completed.24

Due to the lower number of AMs and their immature function, it is possible that inhaled NPs
go across the air-blood barrier into the bloodstream without significantly activating AMs in
the developing lungs.

The high NP translocation in 3-day-old rats (~23%) progressively decreased with age and
reached the low levels typically characteristic for adults®12:13 (<1%). These findings and the
observation that 5 and 100 nm NPs translocated with equal efficiency in infants are
consistent with the hypothesis that potential paracellular transport® of NPs may also be
significantly involved in the NP translocation process in immature animals. Epithelial cells
are connected with each other by complex structures forming cell—cell junctions that include
tight junctions, adherent junctions, gap junctions, and desmosomes. Among many adhesion
molecules, E-cadherin is a key component of cell-cell junctions and plays a crucial role in
the formation of tight junction.25-27 E-cadherin is expressed as an inactive pro-peptide
precursor, which undergoes proteolytic cleavage to become a functionally active protein. In
order to test whether the E-cadherin expression and maturation differ in infant lungs versus
adult ones, the E-cadherin levels were compared in the lung tissues of 7-day-old (r7=5) and
adult rats (7= 4) (Figure 5). It is worth noting that the pro-E-cadherin precursor protein is 94
kDa in size, and it is cleaved by furin-like and other proteases?8:29 to result in the formation
of the functionally active mature polypeptide of 80 kDa. Western blot analysis showed the
presence of the 94 kDa pro-E-cadherin precursor, but no cleavage product in the samples of
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7-day-old rat lungs, whereas in all the samples prepared from adult lungs a band
representing the 80 kDa mature cadherin cleavage product was seen (see Figure S3 in the
Supporting Information, where all data from n="5 of 7-day-old rats and 7= 4 adults rats are
shown), in addition to various amounts of the 94 kDa pro-E-cadherin, suggesting the
absence of E-cadherin processing in infant lungs. Differences in the activities of proteases,
which play critical roles in shaping the lung architecture during development, in immature
versus adult lungs may underlie the findings of the present study. We also compared the
expression of an important component of the tight junctions, zonula occludens-1 protein
(Z0-1), between 7-day-old rat lungs versusadult lungs (5 and 4 samples, respectively).
Although the difference in the ZO-1 expression between infant and adult rats was not
statistically significant, the ZO-1 expression in infant lungs on average was lower than that
of adult lungs. Taken together, these results are consistent with our hypothesis that the
epithelial barrier and its components including the tight junctions are functionally different
in developing versus adult lungs and suggest the involvement of paracellular transport of
NPs in infant animals.

CONCLUSION

In summary, the key findings of this study are (i) NP translocation from lungs to the rest of
the body is significantly higher in infant animals than that in adults; (ii) the NP translocation
decreases with age; thus infancy can be considered as a critically vulnerable window in
terms of NP translocation v/a lungs, as shown in epidemiological studies related to ambient
ultrafine particles:430-32 (jii) the lack of difference in the translocation between 5 nm versus
100 nm AuNPs in infants, in contrast to what is observed for adults that experience size-
dependent translocation,:12:13 suggests that there may be a significant involvement of
paracellular transport in the structurally immature lungs compared to the adults. This
hypothesis is supported by our findings of age-dependent differences in the expression of
some key proteins that contribute to the formation of epithelial cell junctions.

Finally, these findings have important implications for the assessment of the potential
toxicity of inhaled nanosize particles of both environmental and engineered origins. With the
increased use of engineered nanoparticles in many products, inhalation exposures are
inevitable.33-40 In particular, for infants, the physical and chemical contacts of NPs with the
developing lungs represent insults that may damage lung development and long-term lung
function®41 and may lead to increased infant mortality.31:32 Indeed, infancy has been
recognized as one of the most vulnerable ages for adverse health effects caused by inhaled
particles.4142 Our study shows that a considerable amount of inhaled nanoparticles can cross
the tissue barrier of the infant lungs; thus in addition to damaging the lungs locally, these
particles will become systemic and reach organs beyond the lungs. As the translocation is
dramatically higher in infants, the risk of nanosize-particle-mediated damage throughout the
body is potentially higher in this age group than in others.

On the other hand, the large surface area of the lungs is an attractive site for delivery of
pulmonary and systemic inhalation therapies.*344 In this sense, the enhanced capacity of
infant lungs to allow NPs to translocate and become systemic provides an opportunity for

ACS Nano. Author manuscript; available in PMC 2019 December 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tsuda et al.

Page 6

the judicious design of optimal inhalation drug delivery using nanocarrier systems for this
age group.

Further understanding of both NP lung deposition-8 and fate (translocation) at various
stages of the postnatal lung development is crucial for both advancing our understanding of
potential adverse health effects of inhaled nanoparticles and developing nanotechnology-
based drug delivery strategies for infants.

MATERIALS AND METHODS

Animals.

Lactating Wistar rats with 1-day-old pups delivered normally were purchased from Charles
River Laboratories (Wilmington, MA, USA). The animals were maintained on a 12 h light/
dark cycle in microisolator cages within the animal care facility of the Harvard T. H. Chan
School of Public Health. The mother rats were fed commercial rodent food pellets and water
ad libitum. The animals were treated in accordance with all local, state, federal, and
institutional guidelines consistent with animal protocols approved by the Animal Care and
Use Committee overseeing the animal facility.

At the chosen experimental ages (3 days, 7 days, and 21 days after birth), the pups were
removed from their mothers and used for the experiments. The litter size was approximately
10 pups. No distinction was made regarding the sex of the pups used. Growth rate and lung
development are not thought to differ significantly between males and females up to the time
of weaning (21 days).4°

A minimum of five animals per the two particle sizes and three time points was used for
each group and subsequent analyses. Gold concentration was measured by ICP-MS (see
below). Similarly, a minimum of five animals per particle size and time point were used for
the LDH analyses (see below). Five animals per particle size and designated animal age
were used for histopathology (Figure 4) and Western blot (Figure 5) analyses.

Nanoparticles and Characterization of NP Suspensions for Animal Studies.

Spherical gold nanoparticles of ~5 nm (i.e., 5.7 = 1.247 nm) and ~100 nm (/.¢., 128.3 + 0.4
nm) in size in solution (water) were purchased from nanoComposix (San Diego, CA, USA).
The AuNPs of both sizes were coated with PVP to prevent aggregation.1 In previous studies
performed on adult animals, NP size was identified as one of the most important parameters
affecting translocation across the air-blood barrier.8:12:13 NP size was characterized in
suspension using various techniques (e.g., DC, DLS, TEM) as outlined previously.38 The
morphology of AuNPs was examined by transmission electron microscopy (TEM) (Figure
1a,b). The size distribution of AuNPs in water solution was measured by dynamic light
scattering (DLS, Zetasizer Nano ZS, Malvern, UK), and the hydrodynamic diameter (aiy)
distribution was calculated (Figure 1c,d). Zeta potential and ionic strength of AUNPs were
also measured by DLS before the administration of AuNPs to the animals. As DLS is not
suitable for nanoparticles less than 10 nm, a disc centrifuge (CPS Instruments, Prairieville,
LA, USA) was used to confirm the size of 5 nm particles (see Figure 1 legend for additional
details*6).46
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Dose.

The dose to be administered by intratracheal instillation was determined as follows. When
the AuNPs were purchased as an aqueous suspension, the concentration selected was 1 g/
UL. We reasoned that the volume of the instilled suspension should be large enough to allow
a wide distribution when delivered to the lungs,1 but small enough not to disturb breathing.
The instillation volume was set at 1 gL per g body weight. The total dose delivered was
calculated based on the lung surface area, which is strongly age-dependent (see Figure S2 in
the Supporting Information, where we demonstrated a nonlinear relationship between body
weight and lung surface area during lung development). The dose of AUNPs administered
(0.027 g/cm?) was selected to be low enough not to cause lung injury and inflammationl6
but high enough for accurate ICP-MS detection.

NP Exposure.

The rat pups were anesthetized with 4% isoflurane, and a cutdown tracheotomy was
performed. Two suture threads were placed just above and below fenestration (Figure 1e),
and the trachea was ligated above the fenestration, immediately before the tracheal
instillation (a suture thread below fenestration was used later). The animals breathed
anesthetic gas through the trachea fenestration; PVVP-coated AuNPs of 5 or 100 nm were
intratracheally instilled via PolyE 140 polyethylene tubing (Harvard Apparatus, Smith
Medical International, Kent, UK) during the inspiration phase. The animals were kept at a
body temperature of 36 °C and breathed anesthetic gas (1.5-3% isoflurane) for 3 h (Figure
1g) before being sacrificed by exsanguination. Then the trachea was tied by the second
suture thread, and the lungs were excised. The lungs and the extrapulmonary tissues were
separated and stored at 4 °C for subsequent ICP-MS analyses.

NP Measurements.

The amount of gold in the lungs and extrapulmonary tissues was measured by ICP-MS (at
the UW-Madison and Wisconsin State Laboratory of Hygiene Trace Element Research
Group, Madison, WI, USA), and the translocation efficiency across the air-blood barrier was
calculated from these two values.

Measurement of Lung Injury.

Rats were exposed to NPs as described above. After the animals were sacrificed,
bronchoalveolar lavage (BAL) from the samples of the three groups (P3, P7, P21, n=5 each
group) was performed with phosphate-buffered saline (PBS) using a volume of 80% total
lung capacity (TLC) twice. The supernatant of the BAL fluid was analyzed for LDH as an
indicator of tissue injury (see Table S2 in the Supporting Information, where the numerical
values of data plotted in Figure 4b are given).

Protein Samples.

The expression of E-cadherin and zonula occludens-1 (tight junction protein-1) in the lungs
of 7-day-old and adult rats (7= 5 and n= 4, respectively) was studied. The lungs of the
animals were excised and homogenized with glass/Teflon dounces in 10 mL (adult lungs) or
4 mL (“pup” lungs) of SDS boiling buffer without reducing agents. The samples were then
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heated in a boiling water bath for 7 min. The samples were centrifuged to remove insoluble
material, and the protein concentrations of the supernatants were determined using the BCA
assay.*’ The samples were then diluted to 4 mg/mL in buffer “O” (10% glycerol (w/v), 50
mM dithiothreitol, 2.3% SDS (w/v), and 62.5 mM tris, pH 6.8 at 23 °C) and heated in a dry
bath at 95 °C for 10 min before loading.

Western Blot Procedure.

CytoViva.

Acrylamide gels were run according to the method of Laemmli as reported by O’Farrell 48:49
Samples were loaded in lanes in a stacking gel made of polyacrylamide on top of a 10%
acrylamide slab gel (0.75 mm thick). SDS gel electrophoresis was carried out for about 3.5 h
at 15 mA/gel. The gel was then placed in transfer buffer (10 mM CAPS, pH 11.0, 10%
MeOH) and blotted onto PVDF membrane (Thermo Fisher Scientific, Waltham, MA, USA)
overnight at 225 mA and approximately 100 V/two gels. The following proteins
(MilliporeSigma, Burlington, MA, USA) were used as molecular weight standards: myosin
(220 000 Da), phosphorylase A (94 000), catalase (60 000), actin (43 000), carbonic
anhydrase (29 000), and lysozyme (14 000). The PVDF membrane was destained in 100%
methanol and rinsed briefly in tris-tween-buffer-saline (TTBS). The blot was blocked for 2 h
in 5% nonfat-dried milk (NFDM) diluted in TTBS. The blot was then incubated in primary
antibody (anti-E-Cadherin [Novus, cat no. NBP2-16258, lot no. 42564] diluted 1:20 000 in
2% NFDM TTBS or anti-Tight Junction Protein [Novus, cat no. NBP1-91621, lot no.
QC5556-41620] diluted 1:500 in 2% NFDM TTBS) overnight and rinsed 3 x 10 min in
TTBS. The blot was then placed in secondary antibody (anti-rabbit 1gG-HRP [SeraCare, cat
no. 5220-0337, lot no. 10245261] diluted 1:20 000 in 2% NFDM TTBS) for 2 h, rinsed as
above, treated with ECL (Thermo, cat no. 32106), and exposed to X-ray film (GE
Amersham Hyperfilm ECL, cat no. 28906839). Subsequently, the blots were blocked again
for 2 h in 5% NFDM TTBS and probed for g actin by incubating them in anti-g actin
antibodies [Abcam, cat no. ah8227, lot no. GR3188015-2] diluted to 0.01 wg/mL in 2%
NFDM TTBS) overnight, and they were rinsed 3 x 10 min in TTBS. The blots were then
placed in secondary antibody (anti-rabbit 1gG-HRP [SeraCare, cat no. 5220-0337, lot no.
10245261] diluted 1:20 000 in 2% NFDM TTBS) for 2 h, rinsed as above, treated with ECL
(Thermo, cat no. 32106), and exposed to X-ray film (GE Amersham Hyperfilm ECL, cat no.
28906839).

Gold nanoparticles in lung tissue were imaged using a CytoViva enhanced dark-field
microscope (CytoViva, Auburn, AL, USA). Gold particles where evaluated in unstained
paraffin-embedded lung sections at 60x magnification. Spectral analysis of AUNP was
performed utilizing hyperspectral dark-field microscopy (CytoViva). To generate a mean
spectral profile of AuNP, particles were diluted to 250 g/mL in water, loaded onto clean
glass microscope slides, and cover slipped in an aqueous mounting medium (\Vector,
Vectamount AQ H-5501). Mean spectra were created using pixels with an intensity greater
than 2000. To determine a mean spectrum from gold nanoparticles in lung tissue, a
minimum of 1000 pixels of AuNP in the tissue were collected to form a region of interest.
This spectrum was then compared with the suspended gold particle control and the lung
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tissue without localized AuNPs (for additional information about CytoViva see the
Supporting Information).

Histopathology.

To examine the gross morphology of lung tissue, the lungs of the 3-day-old, 7-day-old, and
21-day-old rats exposed to 5 and 100 nm AuNPs were fixed at 80% TLC with
glutaraldehyde and stained with hematoxylin and eosin.

Transmission Electron Microscopy.

TEM was used for two purposes: to examine the morphology of nanoparticles used (Figure
1a,b) and the ultrastructure of the lungs. To examine the ultrastructure of the lungs of the 3-
day-old, 7-day-old, and 21-day-old rats exposed to 5 and 100 nm AuNPs the lungs were
fixed at 80% TLC with 2.5% glutaraldehyde. Small pieces (1-2 mm cubes) of tissue from a
perfusion fixed animal were postfixed for at least 2 h at room temperature in 2.5%
glutaraldehyde, 1.25% paraformaldehyde, and 0.03% picric acid in 0.1 M sodium cacodylate
buffer (pH 7.4), washed in 0.1 M cacodylate buffer, treated with 1% osmium tetroxide
(0s04)/1.5% potassium ferrocyanide (KFeCNg) for 1 h, washed in water twice, then in 50
mM maleate buffer pH 5.15 (MB), and incubated in 1% uranyl acetate in MB for 1 h
followed by one wash in MB, two washes in water, and subsequent dehydration in graded
alcohol dilutions (10 min each; 50%, 70%, 90%, 2 x 10 min 100%). The samples were then
put in propylene oxide for 1 h and infiltrated overnight in a 1:1 mixture of propylene oxide
and TAAB Epon (TAAB Laboratories Equipment Ltd., https://taab.co.uk). The following
day the samples were embedded in TAAB Epon and polymerized at 60 °C for 48 h.
Ultrathin sections (about 80 nm) were cut on a Reichert Ultracut-S microtome, picked up
onto copper grids stained with lead citrate, and examined in a JEOL 1200EX transmission
electron microscope or a TecnaiG? Spirit BioTWIN. Images were recorded with an AMT 2k
CCD camera.

Statistical Analyses.

The small symbols in Figure 2 represent individual data; the large symbols represent the
average + one standard deviation of translocation measurement (vertical variation) and lung
surface area calculations (horizontal variation) for each age group. Statistical significance
was determined by ANOVA, and Pvalues of 0.01 or 0.05 are indicated. Segmented
regressionl41 shows the lack of difference in translocation of 5 nm vs 100 nm AuNPs in
the developing lungs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental setup. Gold nanoparticles (AuNPs) of 5 and 100 nm in size in suspension

(water) were purchased from hanoComposix (San Diego, CA, USA). (a, b) Morphology of 5
and 100 nm polyvinylpyrrolidone (PVP)-coated BioPure AuNPs by TEM. PVP is a water-
soluble polymer, and coating AuNPs with PVP prevents aggregation.10 (c) Size distribution
of 5 nm AuNPs measured by disc centrifuge (CPS Instruments, Prairieville, LA, USA). The
hydrodynamic diameter (afy) was 5.7 + 1.247 nm. (d) Intensity (crimson line) and size
distribution (green line) of 100 nm AuNPs in water solution measured by dynamic light
scattering (Zetasizer Nano ZS, Malvern, UK.). The ay was 128.3 = 0.4 nm (PDI = 0.031

+ 0.004). Zeta-potentials of PVVP-coated AuNPs were also measured as —15.1 £ 5.81 mV
(for 5 nm AuNPs) and —26.1 + 3.0 mV (for 100 nm AuNPs). (e) Trachea of rats above
fenestration was ligated before exposure to NPs to avoid mucociliary clearance. (f) AUNPs
were instilled during inspiration. (g) Translocation was allowed to occur for 3 h.
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Figure2.
CytoViva dark-field microscopy of AuNPs (100 nm) in the lung of a 3-day-old rat following

instillation exposure. NPs localize throughout the terminal bronchiole (TB) and alveolar duct
(AD). (A) Overview of region of terminal bronchiole alveolar duct junction. Regions with
stars are presented at 60x magnification in B-D. (B) Epithelium lining the transitional
region between the end of a terminal bronchiole and the beginning of the alveolar duct
contains abundant NPs visible as yellow dots and agglomerates both on the cell surface and
within the epithelium (yellow arrow). (C) NPs in the alveoli (blue arrows). An alveolar
macrophage (mp) in the upper right corner of the image contains abundant NPs. (D) NPs on
the surface and penetrating into the epithelium of the terminal bronchiole (yellow arrows)
and the alveolus (blue arrow). Control tissues did not have particles. Particles were
confirmed to be AuNPs using hyperspectral imaging (data not shown) of AuNPs to provide
reference spectra, which were then mapped onto the image and colocalized with the
particles. In support of the hypothesis, penetration of the tissue with NPs is greater in the
alveolar regions than in the terminal bronchiolar regions. Clearly, though, the NPs are not
uniformly distributed in alveoli but are more heavily localized in the acinar region near the
TB.
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Figure 3.
Enhanced NP translocation from air to blood in the developing lungs. The amounts of gold

in the lungs and in extrapulmonary tissues were measured by inductively coupled plasma
mass spectrometry (ICP-MS), and from the ratio of these two values, the translocation
efficiency was calculated and plotted against lung surface area. Red symbols are data from
3-day-old rats, blue symbols from 7-day-old rats, and green symbols from 21-day-old rats.
The closed symbols represent treatment with 5 nm AuNPs; open symbols represent
treatment with 100 nm AuNPs. At least five animals were studied for each age group and
each treatment. Three adult animals (gray) were studied to document that the fraction of NPs
translocating in adult animals is very small compared to that in neonates. We did not aim to
repeat previous studies on NP translocation in adult animals,812:13 which reported size
dependency. The large symbols represent the average of each age group with translocation
and lung surface area variation (standard deviation). Statistical significance was determined
by ANOVA. Asterisk shows statistical significance compared to translocation in adult rats;
double asterisks represent £< 0.01; a single asterisk represents £ < 0.05. Pairwise
comparisons were performed as needed by Tukey’s test. Segmented regression415 shows
the lack of difference in the translocation between 5 nm versus 100 nm AuNPs in the
developing lungs.
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NP exposure by instillation does not cause lung injuries. (a) Histopathology (HE staining) of
the lung parenchyma of 5 nm NP-exposed (upper left) and unexposed (upper right) 3-day-
old rats. (b) After 3 h of exposure to either 5 nm AuNPs, 100 nm AuNPs, or no NPs
(control), 3-day-old, 7-day-old, and 21-day-old rats were sacrificed, and lactate
dehydrogenase (LDH) was measured in lung lavage fluid as a readout of epithelial tissue
damage. The bars show average (+) SD LDH activity, 7= 5. No significant differences in
LDH release are seen between the groups.

ACS Nano. Author manuscript; available in PMC 2019 December 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Tsuda et al. Page 17

MW (kDa)

220 4 z0-1

94 4 E-cadherin

80

42

{ B-actin

ey oy
S5 58
[ g =

Figureb.
Representative Western blot of excised lung tissue from adult rats and from 7-day-old rats.

Left: E-cadherin-specific antibodies visualize the proE-cadherin precursor protein (94 kDa)
and the functionally active mature E-cadherin polypeptide (80 kDa). Right: Expression of
zonula occludens-1 (ZO-1) protein. The 43 kDa bands at the bottom show beta actin
expression.
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