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Abstract

Assessing the potential health risks for newly developed nanoparticles poses a significant challenge. Nanometer-sized particles are
not generally detectable with the light microscope. Electron microscopy typically requires high-level doses, above the physiologic
range, for particle examination in tissues. Enhanced dark-field microscopy (EDM) is an adaption of the light microscope that images
scattered light. Nanoparticles scatter light with high efficiency while normal tissues do not. EDM has the potential to identify the
critical target sites for nanoparticle deposition and injury in the lungs and other organs. This study describes the methods for EDM
imaging of nanoparticles and applications. Examples of EDM application include measurement of deposition and clearance patterns.
Imaging of a wide variety of nanoparticles demonstrated frequent situations where nanoparticles detected by EDM were not visible
by light microscopy. EDM examination of colloidal gold nanospheres (10—100 nm diameter) demonstrated a detection size limit of
approximately 15 nm in tissue sections. EDM determined nanoparticle volume density was directly proportional to total lung
burden of exposed animals. The results confirm that EDM can determine nanoparticle distribution, clearance, transport to lymph
nodes, and accumulation in extrapulmonary organs. Thus, EDM substantially improves the qualitative and quantitative microscopic

evaluation of inhaled nanoparticles.
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In recent years, there has been a dramatic development in new
forms of engineered materials, which measure nanometers in at
least 1 dimension. These nanomaterials have new and unique
properties. For instance, carbon nanotubes are composed of one
or more cylindrical sheet(s) of carbon atoms and range from 4
to 100 nm in diameter. This unique nanostructure has the
strength of steel and is ultralight in weight compared to alumi-
num. When carbon nanotubes are added to a mixture of epoxy
or plastics, the resulting composite material is stronger than the
equivalent steel or aluminum structure and weighs significantly
less. Parts made by this process can be used to make automo-
biles significantly lighter and thus allow car manufacturers to
meet future United States Environmental Protection Agency
gas mileage standards. There are numerous applications for
other nanoparticles being researched or applied to commercial
products. For instance, many current sunscreen products con-
tain nanometer-sized titanium dioxide, as it is a much more
efficient sunscreen than prior formulations. Determining the
health risks due to inhalation of these new products poses a
significant challenge. Because of the small size of

nanoparticles and their unique physical-chemical structures,
there is a concern that inhalation of nanoparticles may have
unique toxic effects in the lungs and/or move from the lung to
other organs of the body. Thus, detection and measurement of
nanoparticles in the lungs and extrapulmonary organs is fun-
damental to investigating their potential toxic effects.
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Traditionally, micron-dimensioned particles in the lungs of
exposed animals are easily detected and measured. This is due
to the efficient phagocytosis of these particles in the lungs by
alveolar macrophages. In these conditions, detection and study
of the particles is reduced to detection of the alveolar macro-
phages that concentrate and potentially clear the particles from
the lungs. Sampling of alveolar macrophages with a light
microscope is relatively simple, as alveolar profiles typically
also contain the profile of an alveolar macrophage. For
instance, there are 4.2 million alveoli in a mouse lung (Mercer,
Russell, and Crapo 1994a) and 3.9 million alveolar macro-
phages (Stone et al. 1992) or roughly 1 alveolar macrophage
per alveolus. A typical 5-pm thick paraffin section used in light
microscopy samples approximately 10% of the average alveo-
lar diameter of the mouse lung (Mercer, Russell, and Crapo
1994a) and is likely to contain the profile of an alveolar macro-
phage. Thus, when the lungs are sectioned for light micro-
scopy, the numerous alveolar profiles will frequently contain
an alveolar macrophage profile and particles for study.

Nanoparticles deposited in the lungs are not necessarily
concentrated within alveolar macrophages. The huge increase
in numbers of free nanoparticles (nonmacrophage associated)
observed in the lung following a typical nanoparticle exposure
may result from incomplete phagocytosis. Study of these free
nanoparticles can be difficult because the individual nanopar-
ticles are below the limits of both detection and resolution by
the light microscope. Free nanoparticles may gain entry into
the alveolar interstitium, stimulate fibrogenic responses, and/or
enter into the lymphatic drainage of the lungs as singlet parti-
cles (Choi et al. 2010; Mercer et al. 2013b). Detection of these
individual particles is critical to identification of potential
mechanism(s) of injury. However, as will be demonstrated in
this work, traditional light microscopy is not capable of detect-
ing individual nanoparticles in the lungs or other tissues. Other
imaging methods such as the transmission electron microscopy
(TEM) or scanning electron microscopy (SEM) have the requi-
site resolution to detect nanoparticles at high magnification
(typically 5,000 or greater). However, sampling statistics for
the small field of view in TEM and SEM are much less favor-
able for detection of particles even in the case where the par-
ticles are concentrated in alveolar macrophages. A TEM
section may contain 100 or more alveolar profiles, but it is
typically only 60- to 100-nm thick, so the number of alveolar
macrophage profiles per alveolus is dramatically reduced. This
sampling problem is compounded in the case of nanoparticles,
which escape phagocytosis and must be examined in tissue
sections of experimental animals following exposures relevant
to humans.

Enhanced dark-field microscopy (EDM) is a light micro-
scope adaptation that is well suited to detect, image, and mea-
sure the distribution of nanoparticles in the lungs and
extrapulmonary tissues. A number of studies have reported the
use of EDM to study specific cases of nanoparticles following
exposure in the lungs (Ma et al. 2014, 2015; McKinney et al.
2012; Mercer et al. 2013b; Roberts et al. 2016; Shvedova et al.
2008; Sisler et al. 2016a; Barry et al. 1988; Roberts et al. 2013).

With the exception of Roth et al. (2015) who examined a range
of metal oxide nanoparticles, these studies have been limited to
detection and imaging of nanoparticles in the lungs. We have
used EDM to study the accumulation of several different nano-
particles in the tracheobronchial lymph nodes which drain the
lungs (Ma et al. 2014; McKinney et al. 2012; Mercer et al.
2013b; Shvedova et al. 2008; Sisler et al. 2016a) and in the
case of multiwalled carbon nanotubes (MWCNTSs) measured
their accumulation in extrapulmonary organs (Mercer et al.
2013b).

The objective of this work is to further describe how the
EDM can be used to (1) detect individual nanoparticles in
tissue sections and (2) make quantitative measurements of the
distribution of the nanoparticles in tissue sections. The study
provides representative images of a variety of nanoparticles
using this new form of microscopy, gives a general description
of optical properties that make nanoparticles optimal targets for
imaging by EDM, describes the necessary methods of tissue
preparation, illustrates the factors important for efficient tissue
sampling, describes common problems encountered in imaging
nanoparticles by EDM, and provides examples where this tech-
nique has been used to study nanoparticle distribution and
dynamics in the body.

Background

The selection of scattered light for use in imaging of nanopar-
ticles is based on a number of inherent optical properties of
nanoparticles, which results in significantly greater scattering
of light by nanoparticles than by tissues. These properties
include the characteristic dimension of the particle (d), the
wavelength of light (1), and the differences between the refrac-
tive index of the particle versus the tissue/embedding media
refractive indexes (Npariicie aNd Myissuea). These characteristics
are given in the Rayleigh light scattering approximation, which
describes the scattering of light by spheres that are much
smaller than the wavelength of light. A proportionality for this
relationship, given in equation (1), shows the relative contri-
butions of each factor to the (van de Hulst 1957) ratio of scatter
light (/) versus incident light (/;). Where the constant k reflects
the distance of the source from the tissue section and the angle
of incident. The Rayleigh light scattering approximation is not
accurate for particles greater than approximately 10% of the
wavelength of light and thus is not strictly applicable to nano-
particles greater than approximately 50 nm (van de Hulst
1957). However, it can serve as a guide in assessing the suit-
ability of EDM for a newly developed nanoparticle and in
optimizing the conditions for examination.
I do
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As indicated in equation (1), the relative ratio of refractive
index of the particle to the tissue/media is a key element in
determining the intensity of scattered light. The refractive
index of the tissue and embedding medium in a light micro-
scope are closely matched being 1.55 for tissue and 1.52 for a

n particle ( 1 )
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Figure |. Comparison of light paths in traditional transmission light microscope and enhanced dark-field microscopy (EDM). The green arrows in
the image of the left figure illustrate the light path for a traditional transmission light microscope. In the optics of the EDM, illustrated on the right
side of the image, the substage light source is reflected by a cardioid annular condenser mirror to focus the illumination at a high angle of incidence
on the tissue section. At this high angle of incidence, transmitted light passing through the tissue section is blocked by the direct illumination stop.
The light reaching the eyepiece or camera is restricted. Only light which is scattered due to passage through a submicron particle, whose refractive
index differs significantly from the refractive index of the tissue section, will be imaged.

typical embedding medium. The refractive index of nano-
particles is generally much higher. For instance, the refrac-
tive index of graphite (the base material of carbon
nanotubes) is 2.25 at A = 550 nm (Wang 2004). On the
other hand, the refractive index of 1.59 at A = 550 nm for
polystyrene beads (Ma et al. 2003) is not significantly dif-
ferent from that of the embedded tissue section. Due to the
closer matching of refractive index to that of tissue, the
lower refractive index of polystyrene beads produces signif-
icantly dimmer images. The refractive index given in equa-
tion (1) is generally wavelength dependent. However, over a
narrow visible range of wavelengths (400-1,000 nm), the
changes in refractive index are minor compared to the dif-
ference between the particle and tissue refractive index.
Further, substantial differences in light intensity between
wavelengths are required over this narrow range to produce
difference in perceived color. Thus, most nanoparticles
observed by EDM appear white. Notable exceptions are
diesel exhaust particles (DEPs) and welding fumes, which
demonstrate a varied range of particle color, and the mix of
white and black regions for graphene nanoparticles, which
has an anisotropic refractive index.

Imaging this difference in scattered light between tissue and
nanoparticles is generally accomplished by significant altera-
tions in the optical components of a traditional transmission
light microscope. The EDM contains optical components,
which specifically select scattered light components from the
illuminated tissue sample, while blocking the light observed in
a traditional transmission light microscope. The diagram of the
light path of a traditional transmission light microscope (on the
left side of Figure 1) illustrates how light is focused by a
substage condenser on a tissue section and then imaged by
the upper stage optics (objective and eyepiece). Scattered light
deviates from this straight-line trajectory in traditional
light microscopy. In a traditional light microscope, scattered
light blurs the contrast between elements in the tissue section,
and its minimization is one of the design goals in the develop-
ment of a traditional microscope system. For instance, light is
scattered when the rays of light pass from one region of refrac-
tive index to another. To minimize this source of light scatter-
ing in a traditional microscope, the tissue section is infiltrated
in a coverslipping medium with a refractive index closely
matching that of tissue. In addition, the optical elements may
include low dispersion optical glasses, and the entire interior of
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the optical mounting surfaces is coated with a light absorbing
material in order to prevent scattered light reflections from
entering the image plane.

EDM essentially flips the roles by using only scattered light
in the image formation process and efficiently eliminates trans-
mitted or straight-line trajectory light from entering into the
image formation process. As illustrated in Figure 1, this is
accomplished by a special substage mirrored surface that proj-
ects the illumination light source at such an oblique angle that
the direct rays passing through the specimen are completely
blocked by the adjustable aperture of the objective lens. We
note that earlier dark-field microscopes used a simple substage
illumination system with a central disk to block the direct
illumination and an above stage annular ring. While these sys-
tems work on the same general principle as the EDM, the
elimination of transmitted straight-line trajectory light is not
as efficient as the EDM. In addition, the EDM optical light
source uses a high intensity coherent light source that enhances
the resolution and eliminates the problem of low light intensity
noted in the earlier dark-field microscopes. Further, the EDM is
set up to focus the substage light on a narrow plane, which
corresponds to the same plane as the above stage optics. Thus,
the EDM has a narrow focal plane, which gives it optical sec-
tion properties similar to that of a confocal microscope.

An illustration of the difference in image brightness
between tissue and nanoparticles is given in Figure 2. This
figure contains the graph of the EDM image intensity along a
line (red line in B) that intersects an area of tissue and a tita-
nium dioxide nanoparticle in a lung tissue section (left and
right arrows, respectively). The upper plot (A) plots image
intensity and demonstrates an approximately 20-fold difference
between the intensity of light scattered by the nanoparticles
(double arrow on the right) and the much weaker level of light
scattered by the lung tissue (double arrow on the left). As
illustrated by the lower micrograph (C), it is necessary to add
transmitted light to the image in order to make the tissue of the
section visible in EDM micrographs.

The EDM is uniquely capable of detecting nanoparticles.
When the individual nanoparticles are visible, details associ-
ated with the tissue sampling necessary for observation must
also be considered. The organ particle burden, tissue area to be
sampled, and section thickness must be considered, to provide
an optimal number of nanoparticles in each slide or tissue
section. For general analysis and particularly for quantitative
analysis such as counting the number particles per area of
interest, nanoparticle number must be in an optimal range. If
there are too few particles, the average specimens will contain
many zero values, have a large variance, and may deviate from
an otherwise normal distribution. Likewise, if there are too
many particles, then the time to analyze each specimen may
greatly increase and increases the likelihood for selection bias.

The issue of sampling is further complicated by the fact that
aerosol exposures of nanoparticles typically involve a range of
particle size due to variation in the degree of agglomeration of
the nanoparticles. For instance, only 3-5% of the mass of an
MWCNT aerosol generated by a fluidized bed is composed of

OrayValue

Figure 2. Differences in image intensity between nanoparticles and
tissue for enhanced dark-field microscopy (EDM). The graph in the
upper plot (A) shows the image intensity corresponding to the pixels
of the red line in the EDM micrograph that goes through lung tissue
and a TiO, nanoparticle. (B) This graph of image intensity demon-
strates the approximately 20-fold difference between the intensity
of light scattered by the nanoparticles (double arrow on the right)
and the much weaker level of light scattered by the lung tissue (double
arrow on the left). The lower micrograph (C) is of the same area. In
this micrograph, the tissue adjacent to the nanoparticles has been
made visible by addition of transmitted light. As shown in the lower
micrograph, unstained tissue typically has a slight green tint (autofluor-
escence). Magnification bar is 5 pm.

singlet MWCNT (Chen et al. 2012). The bulk of the aerosol
consists of a much larger agglomerates with a volume equiva-
lent diameter of approximately 8 pm. An example of the result-
ing distribution in the lungs is shown in the EDM micrograph
of Figure 3. This figure shows the typical distribution 1 day
after a 12-day inhalation exposure to MWCNT in mice with the
large arrow indicating a large agglomerate of MWCNT and the
numerous singlet and small number clusters of MWCNT indi-
cated by the small arrows. As indicated, only 3—5% of the
MWCNT aerosol generated in these exposures was composed
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Figure 3. Enhanced dark-field microscopy image of multiwalled car-
bon nanotube (MWCNT) in the region of the junction of the terminal
bronchiole to the alveolar ducts at | day after a 12-day inhalation
exposure to MWCNT in mice. The large arrow points to a cluster
of MWCNT located at the first alveolar duct junction. This cluster
would typically be visible in a traditional light microscope image. How-
ever, singlet or doublet MWCNT, indicated by the small arrows,
would generally not be detected by a traditional light microscope
examination of this region. Magnification bar is 20 um.

of singlet or small clusters of MWCNT. The frequent appear-
ance of these small MWCNT in comparison to the single,
larger agglomerate demonstrates how smaller particles can
appear significantly more frequent even though the smaller
particles account for only a fraction of the total lung burden.
The potential for large numbers of smaller nanoparticles in an
aerosol exposure may dramatically alter the apparent distribu-
tion in tissue sections.

To adequately appreciate this relationship between particle
size, number, and lung burden and to optimize the number of
particles in a section for study, a basic morphometric relation-
ship between the number of particle profiles per unit area in a
tissue section and the number of objects per unit volume will be
used. This relationship can be used to estimate the density of
nanoparticles in a tissue section, or in morphometric terms the
number of particle profiles per unit area in a tissue section, and
thus optimize the sampling as described in equation (2; Hillard
1962). In this equation, N, is the number of particles that could
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Figure 4. Calculation of nanoparticle numbers in enhanced dark-field
microscopy (EDM) and transmission electron microscopy (TEM) tis-
sue sections for different nanoparticles exposures to a constant level
of lung burden. This graph shows the estimates of the number of
nanoparticles in EDM and TEM tissue sections (see equation [I] in
text) that would be counted in various applications for a 10-ug dose in
a mouse lung. The filled circle curves correspond to the number of
particles in an EDM paraffin section (section thickness of 5 um and
area of | em?). The unfilled circles give the average number of particles
in a TEM section (section thickness of 0.06 um and area of 0.04 cm?).
Example nanoparticle indicated on the X-axis correspond to D values
of 504 nm for singlet single-wall carbon nanotube (SWCNT), 1,750
nm for an SWCNT nanotangle, a grouping of several poorly organized
nanotubes (Mercer et al. 2008), 4,182 nm for singlet multiwalled car-
bon nanotube (MWCNT), and 8,000 nm for the MWCNT agglomer-
ates. For the example nanoparticles indicated, the |0-1g dose in the
mouse lung would be equivalent to a total lung number burden of |5
million agglomerate MWCNT, 230 million singlet MWCNT, or 790
million nanotangle SWCNT, or 1,770 million singlet SWCNT.

be counted or observed per unit area of the section, N, is the
number per unit volume, D is the mean caliper diameter (a
measurement of the average outside diameter of the particle
in all possible sectioned orientations; Woody, Woody, and
Crapo 1980), and ¢ is the section thickness.

Ny
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An example of this relationship for a number of typical
cases in a mouse lung exposed to 10 pg of particles is given
in Figure 4. The Y-axis shows the number of particle that would
be observed for various cases. The filled circle curves corre-
spond to the number of particles that would be observed in a
typical EDM section (1 cm? and 5-pm thick). The unfilled
circles correspond to the average number of particles that
would be observed in a TEM section (2 x 2 mm and 60-nm
thick). The X-axis corresponds to different D values. For con-
venience, these are labeled in terms of various nanoparticle and

particle structures.
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Figure 4 demonstrates that the range between lung burden
and particle number resulting in the lungs is so extreme that the
sampling method, which results for a given lung burden in
either EDM or TEM sections, must be considered. For a given
lung burden, a significantly greater number of particles will be
found, as the particle size is decreased. At the same time, there
is a large range between the volume of tissue observed with the
EDM and the TEM. As illustrated in Figure 4, a 10-p1g dose of
singlet MWCNT would yield approximately 12,000 particle
profiles in an EDM section. As many as 12,000 particles in
an EDM section is entirely too numerous for any measurements
and unlikely to correspond to any physiologic exposure. Obser-
vation of the same tissue in the narrow field, thin section of the
TEM would yield 6 particle profiles of singlet MWCNT. In
TEM observation, 6 particle profiles is likely too few to be
useful in practical observation. For the case of a larger
MWCNT agglomerate, there would be approximately 700
agglomerates in EDM tissue sectioned examined and less than
1 agglomerate in every 3 TEM sections.

Material and Method

Materials

This study provides a variety of examples of nanoparticle
visualizations. Their characterizations are listed below with
source, values for the particle dimensions, and reference(s).
Agricultural dust was obtained from a high volume air sampler
in a grape field in Central Valley of California in 2007 and had
a mean diameter of 2.22 um and geometric mean diameter of
1.87 pum. Physical and chemical characterization was previ-
ously reported (Vallyathan et al. 2007). Briefly, organic carbon
was 84.8/100 mg, inorganic carbon was 15.2/100 mg, crystal-
line silica was 12.67/100 mg, endotoxin was 37 EU/100 mg,
and iron was 31.7 pg/100 mg. Crystalline silica (Min-U-Sil-5)
was obtained from U.S. Silica (Berkeley Springs, WV) with a
mean geometric diameter of 2.2 pm (Porter et al. 2004). The
MWCNTs used in this study were obtained from Hodogaya
Chemical Company (MWCNT-7, lot #061220-31) and were
manufactured using a floating reactant catalytic chemical vapor
deposition method followed by high thermal treatment in argon
at 2,500°C furnace. MWCNT trace metal contamination was
1.32%, with iron (1.06%) being the major metal contaminants
(Porter et al. 2010). For the aerosol exposure in this report, the
mass mean aerodynamic diameter was 1.3 pm, with a count
mean aerodynamic diameter of 0.42 um (Porter et al. 2013).
Single-wall carbon nanotubes (SWCNTs; CNI, Houston, TX)
were produced by the high-pressure CO disproportionation
technique and were then purified by acid treatment to remove
metal contaminates for use in this study. Elemental analysis of
the SWCNT by nitric acid digestion and inductively coupled
plasma-atomic emission spectrometry (ICP-AES, NMAM
#7300) showed that the SWCNTs were 99% elemental carbon
and 0.23% iron (Mercer et al. 2008). Silver nanoparticles, used
in an intratracheal exposure study, were 20 nm in diameter
(Roberts et al. 2011). Vapor grown carbon nanofibers

(VGCNFs) have been described previously in a comparative
study to MWCNT (Porter et al. 2017). The count median length
and width of VGCNF were 2.46 pm and 146 nm, respectively.
VGCNF trace metal contamination was 0.03%. CeO, and
DEPs have been previously characterized (Ma et al. 2014,
Ma et al. 2015). CeO, primary particle diameter determined
by TEM was 10.1 nm with less than 0.2% total contaminating
metals as determined by ICP-MS analysis. DEP particles
(NIST SRM 1650 DEP standard) containing 98% carbon were
typically clumps of material with a diameter of 38 nm. CoO
nanoparticles (53.5 nm diameter) were purchased from Sky-
Spring Nanomaterials (Houston, TX), and La,O3 nanoparticles
(134.2 nm diameter) were purchased from Nanostructured &
Amorphouse Materials, Inc. (Houston, TX) with characteriza-
tion reported in detail (Sisler et al. 2016a, 2016b).

Experimental Animals and Exposure Conditions

Studies used either mice (male C57BL/6 J, 7-weeks old) from
Jackson Laboratories (Bar Harbor, ME) or rats (specific
pathogen-free male Sprague-Dawley (Hla: SD-CVF; ~250
g) obtained from Hilltop Laboratories (Scottdale, PA). Animals
were housed 1 per cage in polycarbonate-ventilated cages,
which provided HEPA-filtered air, and were illuminated with
fluorescent lighting from 0700 to 1900 hr. Autoclaved Alpha-
Dri virgin cellulose chips and hardwood Beta-chips were used
as bedding. Animals were monitored to be free of endogenous
viral pathogens, parasites, mycoplasms, helicobacter, and CAR
bacillus. Animals were used after a 1-week acclimatization
period. All animals used in this study were housed in an AAA-
LAC International accredited, specific pathogen-free, environ-
mentally controlled facility. All animal procedures were
approved by the National Institute for Occupational Safety and
Health ACUC.

Details of the inhalation exposure methods and exposure
conditions have previously been reported for cerium oxide/
DEPs (Ma et al. 2014), cobalt monoxide and lanthanum oxide
(Sisler et al. 2016a), SWCNT (Mercer et al. 2008), and
MWCNTs (Porter et al. 2013).

Tissue Fixation

For tissue fixation, the lungs were preserved either by intratra-
cheal instillation of fixative or by vascular perfusion of fixa-
tive, and details of both methods are described in the references
given earlier in the Materials subsection for each particle. A
brief description of the method of vascular perfusion, used in
the case of MWCNT studies, follows (Mercer et al. 2010).
For whole body perfusion of the mouse, the trachea was
cannulated, the lungs inflated with 1 ml of air, and a midline
incision of the chest was made to expose the heart and lungs.
The left ventricle of the heart was punctured with a large bore
needle connected to a reservoir 100 cm above the chest wall of
the animal. In quick succession, the right atrium was cut to
allow outflow and the reservoir valve was opened to allow
perfusion of the whole body with clearing solution (heparinized
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saline). After the clearing tracheobronchial solution was passed
(2-5 ml), the reservoir was switched to paraformaldehyde and
the whole body perfusion fixed (~25-50 ml). Following fixa-
tion, the lymph nodes were taken from the lungs by blunt dis-
section, the heart and esophagus were removed, and the fixed
lung volume determined by volume displacement (Scherle
1970).

Field-emission Scanning Microscopy

For SEM, sections of the lung were cut at 8 um thickness,
placed on carbon planchets, deparaffinized, and sputter coated.
After coating, the specimens were examined with a Hitachi
Model S-4800 field emission scanning electron microscope
(FESEM) at 5-20 kV. Use of thin sections from paraffin-
embedded tissue was found to be preferable to large, unevenly
cut blocks because it provided a uniform thickness of organic
material on the carbon planchet. The 8-um sections were thick
enough to convey 3-dimensional information but were also less
likely to charge or undergo shifts when examined at the high
magnifications necessary to study nanomaterials.

Embedding, Sectioning, and Staining for EDM

A number of steps must be taken to avoid contaminating par-
ticle sources in processing fixative preserved tissues for EDM
slides. Typically, fixed tissue samples use an automated pro-
cessor for paraffin embedding of multiple samples in the same
batch. Separate batches may be run of high and low burden-
level tissues to avoid potential cross contamination between the
high levels of particles present in lung tissue and other samples
or negative control tissues. However, to date, this source of
contamination has not been observed based on clean air con-
trols run concurrently with lung tissues. On the other hand,
contamination by other processes is known to be an issue, such
as silica particles from the ground glass edges in traditional
slides and coverslips. Clean room prepared and laser cut slides
and coverslips (Schott North America, Inc., Elmsford, NY
10523) must be used to prevent contamination by silica parti-
cles that are present in normal histology slides.

For examination by EDM, tissue sections are microtomed at
5 um thickness and collected on laser cut slides. To enhance the
contrast between tissue and MWCNT, sections are stained with
Sirius Red. Sirius Red staining consists of immersion of the
slides in 0.1% picrosirius solution (100 mg of Sirius Red F3BA
in 100 ml of saturated aqueous picric acid, pH 2) for 1 hr
followed by washing for 1 min in 0.01-N HCI. Sections are
then briefly counterstained in freshly filtered Mayer’s hema-
toxylin for 2 min and destained as desired. At this stage, 1 of
the 2 different methods have been found practical without
introducing contaminating particles. In the xylene-Permount
method, the slides are dehydrated in xylene as usual and
mounted in Permount (Fisher Scientific Co., Pittsburgh, PA)
with 5%, by volume xylene. Just before mounting, the xylene-
Permount is centrifuged at 10,000x g for 10 min (a slight red
precipitate of contaminating particles will be produced in the

centrifuge tube). Alternatively, Canadian Balsam, which is dis-
solved in xylene, may be used. This method typically produces
a few contaminating particles but has the advantage of being
compatible with typical laboratory stains and is a permanent
mount. In the second method, a water-soluble embedding
medium (Prolong Gold, Fisher Scientific, Pittsburgh, PA) is
used. For this method, sections need not be dehydrated and can
be directly coverslipped after staining. This method has the
least and sometimes zero contamination, but inconsistent pre-
servation of staining has been found with different lots of Pro-
long Gold.

Microscopes/Photography, Alignment of the EDM
Alignment, and Confirmation of Nanoparticle Identity

Microscope/Photography. The optical microscopes consist of a
transmitted light microscope (Olympus B63 with motorized
condenser, controller, and reflected light system) and a Cyto-
Viva EDM (CytoViva, Auburn, AL 36830). The CytoViva
EDM has a high signal-to-noise, dark-field-based illumination
optics adapted to an Olympus BX41 microscope, which also
includes a hyperspectral imaging camera with ENVI 4.8 anal-
ysis software and the CytoViva 3-D positioning and analysis
software for serial section reconstruction. Both transmission
light microscope and EDM were equipped with an Olympus
DP73 digital camera with cellSens Dimension camera control
and measurement software (Olympus America Inc., Center
Valley, PA 18034). Images for both systems were taken at
either high resolution 4,800 x 3,600 pixels or 2,400 x 1,800
pixels.

Alignment of the EDM. Alignment of the EDM requires (1) cen-
tering the substage illumination in the field of view, (2) make
the substage illumination coplanar with the above stage objec-
tive focal plane, and (3) placing the coplanar focal plane of the
substage illumination optics and above stage objective focal
plane in the tissue section. The process of alignment is difficult,
as the field of view is generally dark (black) until some region
of illuminated tissue is roughly illuminated. This alignment
must be repeated for each individual slide. Alignment is gen-
erally done using the low magnification objective (10x). One
or two drops of immersion oil are placed on the top lens of the
substage illumination optics, and the slide for study is then
placed on the stage with the tissue approximately centered
under the 10x above stage objective. (It is helpful if the 10x
above stage objective is roughly in a position of focus on the
tissue section before starting.) The substage illumination optics
are then slowly raised until the oil on the top lens makes slight
contact with the underside of the tissue slide. At this point,
some degree of illuminated tissue will be visible in the field
of view, and the above stage optics are focused on the tissue.
The substage optics are then adjusted to obtain as small and
bright an illuminated field on the tissue as possible. The illu-
minated field is then centered using screws on the substage
optics. The alignment mode then changes to the fine adjust-
ment mode where the above stage optics is refocused. Fine
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Figure 5. Comparison of hyperspectral images of vapor grown car-
bon nanofiber (VGCNF), single-wall carbon nanotube, and multiwalled
carbon nanotube. Graph shows screen image captures of the results
for hyperspectral analysis of three related nanomaterials. Each image
shows the intensity of scattered light for the pixels (points) of 20 to 30
nanoparticles versus wavelength from 400 to 1,000 nm. Multiple
curves are shown for the scan to demonstrate the mean, range, and
maximum and minimum at each wavelength. The white scan curve in
each image is the mean of all pixels (points). The green curves are the
2 standard deviation range of pixel values. The red top and bottom
curves of each nanoparticles scan correspond to the maximum and
minimum pixels values encountered in the nanoparticles. The flat top
of the VGCNF maximum scan (red curve) demonstrates that some
pixels were saturated in that scan and would need to be repeated in
normal operation. The three mean and range curves of these

iterative adjustments are made to the substage illumination
optics and the above stage objective. The above stage is then
switched to the 20 and 40 air objectives or the 60 or 100 oil
objectives, and the sample is refocused for observation.

Confirmation of nanoparticle identity in tissue sections. Due to the
significant difference in image intensity between tissue and
nanoparticles in EDM sections, the first step in verification
of the nanoparticles identity in tissue sections is relatively easy.
Specifically, if there are structures in the tissue section which
are significantly greater in intensity than the adjacent tissue,
these are counted as nanoparticles. In studies where animals are
housed in filtered, barrier facilities, exogenous nanoparticle
exposure is not likely to be an issue. However, sections from
clean air—exposed or sham-exposed animals should be exam-
ined to exclude the possibility of an unexpected exposure of the
experimental animals. We have not identified any native forms
of secretory granules or pathologic precipitation that mimic
nanoparticle light scattering in our studies, but this case needs
to be considered as well. Generally, the problem is determining
whether the nanoparticle is from a contamination source during
processing or is the specific nanoparticle of the exposure. This
problem is best resolved by starting with contamination-free
slides from the clean air—exposed/sham-exposed animals. If
EDM analysis of tissue sections from organs/regions is found
to have high levels of nanoparticle accumulation, FESEM
examination can then be used to provide confirmatory images
of the nanoparticles. In addition to imaging the nanoparticles, it
is possible to use the X-ray energy dispersion capability of the
FESEM to verify the chemical identity of the nanoparticles.
Identification of nanoparticles in tissue sections can also
potentially be done with hyperspectral scanning. In hyperspec-
tral scanning, the intensity of scattered light is determined for
each pixel in the tissue section at wavelengths which typically
range from 400 to 1,000 nm. A hyperspectral scan is similar to
a “fingerprint” of the nanoparticles and has been used as a
means of particle identification (Badireddy, Wiesner, and Liu
2012; Roth et al. 2015; Verebes et al. 2013). The hyperspectral
scans of Figure 5 illustrate the differences, which can be
visually identified in comparing scans between known nano-
particles. Comparison of VGCNF, SWCNT, and MWCNT in
this image demonstrates that there are differences in the wave-
length of peak-scattered light as well as the number and breadth
of the peaks. Software to automate the process of identification
may use a mapping technique based on a library of standard
particle scans. For identification, the library is searched to find
the nearest matching intensity profile to the spectral scan of the
particle of interest. While this process of identification is still in
development, some of the necessary elements for useful

Figure 5. (continued). nanoparticle scans show significant differences
in the peak wavelength of the scattered light and general shape, which
can be used to identify each nanoparticle in a tissue section containing
a mixture of the three nanomaterials.
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applications have been recently described (Roth et al. 2015;
Dillon et al. 2017).

Morphometric Measurements of EDM Images

To make morphometric measurements from the nanoparticle-
exposed lungs and organs, a number of morphometric measure-
ments may be applied. Fundamentally, these measurements are
of the number, volume, and surface area of an object within a
reference volume. These are typically referred to as number
density, volume density, and surface area density. There are a
wide range of methods for making these and other measure-
ments, and only a brief description of the particle counting and
volume density measurements which are most relevant to EDM
studies is described here. General descriptions of morpho-
metric methods may be found in standard references of the
subject (Elias and Hyde 1983; Russ and Dehoff 2000; Weibel
1979). A complete description of various methods applied to
the lungs can be found in the original description by Weibel
(1963), general considerations of sampling issues in the study
of the lungs (Gunderson 1977; Hyde, Tyler, and Plopper 2007),
a detailed description of TEM methods for study of focal and
diffuse injury in the lungs (Barry and Crapo 1985; Crapo et al.
1984), counting of alveolar number and measurement of alveo-
lar region fibrillar collagen/elastin content (Mercer, Russell,
and Crapo 1994a), and vertical section measurement of
airway surface area and airway cell number in the lungs (Mer-
cer et al. 1994b).

Counting of nanoparticles in tissue sections. There are 2 principal
methods for counting nanoparticles in tissue section. In the first
method, sometimes referred to as the “D bar method,” counting
of nanoparticles in single sections is done and the number per
unit volume calculated from equation (2). For this method,
sections of a known thickness (#) are prepared for the organs
of interest, counts of nanoparticles per unit area of tissue sec-
tion (N,) are taken, either historical or direct measures of the
organ volumes (Voran) are made, and either a shape-based
(Weibel 1979) or directly measured mean caliper diameter
(D) of the nanoparticles is obtained (Loud et al. 1978; Woody,
Woody, and Crapo 1980). The number of nanoparticles per unit
volume (,) and the number per organ (Noran) are then calcu-
lated as given in equations (2) and (3). This method is appro-
priate when counting of infrequent or rare nanoparticles, as is
the case when counting nanoparticles transported from the lung
to the extrapulmonary organs (Mercer et al. 2013b). It is also
the most efficient method for determination of the number
of cells in lungs based on counting of cell nuclei (Stone
et al. 1992).

organ X Nv- (3)

As demonstrated in equation (2), efforts to determine the
number per unit volume from counts in a tissue section requires
measurement of both the size of the object (D) and the section
thickness (¢) as well as counts of the object’s profile in sections.
The second method, referred to as a dissector, is most

N, organ —

applicable in determination of the number per unit volume in
tissues where the structure to be counted is sufficiently uniform
and densely distributed to be frequently sectioned in adjacent
serial sections (Sterio 1984). The method essentially reduces
the objects to be counted into 2 infinitely small points, a top
point and a bottom point, located somewhere within the bounds
of the 2 serial sections. Objects that are continuous in the 2
serial sections, that is, have neither a top nor bottom and are not
counted. A top or bottom of an object between 2 serial sections
is a point of zero size. In counting, identification of an object
profile in one section and the object’s absence in the adjacent
serial section is used to detect that somewhere between the 2
serial sections the top or bottom of the object occurs. Thus,
counts of “tops” and “bottoms” made in a counting frame of
area A in adjacent serial sections of thickness ¢ provide 2,
independent, direct measurements of the number of objects per
unit volume that do not depend on the size of the object. For
efficiency reasons, the counting is usually done in the larger
volume of 3 to 5 serial sections rather than just 2 serial sections.
One additional detail that should be used concerns how to
count, in an unbiased fashion, structures which cross the
bounding counting frame of each section. These rules, referred
to as Gunderson’s unbiased counting rules, are relatively
straightforward and described elsewhere (Gunderson 1977).

The dissector using a limited series of sections is simpler
than the aforementioned method using counts in single sections
and D, as no assumptions or measurements of D are needed.
However, objects, which are rare or widely spaced in the tissue
section, make it difficult, if not impossible, to produce an ade-
quate number of top or bottom counts to achieve meaningful
results in any technically achievable set of serial sections. This
frequently occurs in attempts to apply the dissector to the lungs
where the high proportion of air in the tissue section makes the
dissector impractical and is also an issue when counting nano-
particles transported to extrapulmonary organs.

It should be noted that the dissector method is a general,
unbiased selector of objects in a tissue. Once the cost of
“selecting” the object or nanoparticle(s) is made in serial sec-
tions, other properties may be determined on the selection, such
as the number/size of nanoparticles/fibers in the structure,
which cell type/tissue region contains the object or the distance
of the object from a boundary. This unbiased sampling strategy
can be used to obtain the size distribution of objects such as the
diameter, volume, and surface area distributions of alveoli at
different levels of lung inflation and deflation (Mercer, Laco,
and Crapo 1987).

Lung clearance determination from volume density measurement.
For lung clearance of nanoparticles, 3 basic measurements are
needed. These are the fixed lung volume at each time point
(day) postexposure (FLV4ay «), the volume density of the nano-
particles at each time point (day) postexposure (V) 4ay x LUng),
and a chemical-based determination of the absolute lung bur-
den at 1 day postexposure (LBgay 1).

Point counting categories are typically subdivided into
points over nanoparticles in the airway region, points over
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nanoparticles in the alveolar regions, and points over nanopar-
ticles in the subpleural tissue region. Airway regions are
defined as those containing airway tissue (airway epithelial
cells-basement membrane and tissues of the bronchovascular
cuff), airway lumen, and associated blood vessels greater than
25 um. Alveolar regions are those containing alveolar tissue
and alveolar air space. The subpleura tissue region includes
nanoparticles in the subpleural tissue and nanoparticles in the
visceral pleural surface. The subpleural tissue region includes
the immediately subpleural alveolar interstitial-epithelium
layer and subpleural lymphatics but does not include any por-
tion of alveolar walls not directly in contact with the visceral
pleural cells. Points in airway and alveolar regions are further
subdivided into points over nanoparticles that are in the air-
space, points over nanoparticles that are in tissue of the region,
and points over nanoparticles that are partially or completely
within macrophages.

For each time, a total is tabulated for all points over nano-
particles and divided by the total for all point categories at the
time point to obtain the volume density of nanoparticles (V,qay
»)- To express the volume density results in terms of the weight
of lung burden measured at day 1 postexposure, the conversion
factor K is computed as given in equation (4) and applied to
each subsequent day (day ) postexposure (equation 5).

LBday 1

K= (4)

(FLVday 1 X Py day lLung) ’

LBuay n=K X FLVay 4 X Vi day nLung. (5)

The burden of nanoparticles in each compartment is then
found by multiplying the total lung burden (LBgay ,,) times the
ratio of the points over nanoparticles in the compartment at that
time (day) divided by the total points over nanoparticles on that
time (day).

Statistics

Data were analyzed using analysis of variance (STATGRAF
Version 7.1). Bartlett’s test was used to test for homogeneity of
variances between groups. Statistical differences were deter-
mined using one-way analysis of variance with significance set
at p <.05. When significant F' values were obtained, individual
means were compared to control using Duncan’s multiple
range test (Duncan 1955), and p < .05 was considered to be
significant. Data are given as mean + SE.

Results

Representative EDM images of particles deposited in the lungs
are shown in Figure 6. As illustrated in this figure, large
micron-sized particles such as agricultural dust or silica are
typically phagocytized by alveolar macrophages and easily
visualized by EDM. Smaller nanoparticles such as DEP or
cerium oxide generally are phagocytized into dense aggrega-
tions by alveolar macrophages, but numerous singlet and small

clusters of free particles (indicated by arrows) are also detected
by the EDM. EDM micrographs of SWCNT and MWCNT, in
the bottom row of Figure 6, show carbon nanotubes in alveolar
macrophages. Two cell-free MWCNT are indicated by arrows.
The SWCNT micrograph does not show an example of a cell-
free SWCNT. However, cell-free SWCNTSs are present in
SWCNT-exposed lungs, but the extent varies dependent on the
dispersion SWCNT used in the exposure (Mercer et al. 2008).

Colloidal gold nanoparticles of known sizes were examined
to estimate the detection limits when using EDM. Figure 7A
shows the examples of colloidal gold ranging from 15 to 100
nm in diameter, suspended in water, embedded, and cover-
slipped. As shown in this figure, the images of colloidal gold
particles (white spherical patches) are generally well defined.
Particles whose edges are blurred were found to be located at a
slightly different level of focus in the slide. Two cases of mul-
tiple 15-nm-diameter colloidal gold particles in contact with
each other are shown by arrows. As illustrated in Figure 7B, the
images of the 10-nm colloidal gold nanoparticles in lung tissue
sections are less well defined but still detectable and distinct
from the significantly dimmer alveolar tissue. The white to
brown color of the colloidal gold nanoparticles in this image
is slightly tinted compared to the image observed at the micro-
scope. This illustrates a common problem associated with
obtaining a white balance in the generally black images of
tissue sections in EDM. A large white area of pixels is needed
to set the correct white balance of these CCD images. Unfor-
tunately, only the small, white nanoparticles embedded in tis-
sue provide the white area of pixels needed for setting the white
balance. Setting the white balance from these small groups of
pixels frequently includes some coloration due to the adjacent
tissue pixels.

Observations illustrated in the preceding figures and images
of other nanoparticles evaluated by our lab, but not shown,
clearly demonstrate the utility of the EDM to detect nanopar-
ticles in tissue sections. Figure 8 gives a direct side-by-side
comparison of spherical silver, 20-nm-diameter, nanoparticles
in a bronchioalveolar lavage sample from an exposed rat
(Roberts et al. 2011) imaged by transmission light microscopy
and EDM. The oil immersion image taken with a 100x objec-
tive from a transmission light microscope shows a small num-
ber (on the order of 10) of black particles in the image. These
10 or so large particles are also visible in the EDM. However,
the EDM shows an additional (approximately 100) number of
smaller nanoparticles in the image. This result demonstrates the
increased sensitivity of EDM to detect nanoparticles and the
potential for incorrect conclusions based on traditional light
microscope observation of nanoparticles.

The scattering of light from nanoparticles imaged by the
EDM does not stop at the outer boundary of the nanoparticles.
A halo of scattered light extends beyond the edges of the nano-
particles. This halo of scattered light is visualized at moderate
settings of image gain and contrast as illustrated by the insert of
a 2-pm particle in Figure 9. At higher settings of image gain
and contrast, where the central core of the nanoparticles is
saturated, nanoparticles less than approximately 100 nm will
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Diesel Exhaust
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Figure 6. Examples of particles in the lungs imaged by enhanced dark-field microscopy (EDM). The top row shows pulmonary deposition from
typical micron-sized particles (agricultural dust and silica). The second row shows the example images of diesel exhaust particles and cerium oxide
(a nanoparticle used as a diesel fuel catalyst). The bottom row shows the images of single-wall carbon nanotube and multiwalled carbon nanotube
(MWCNT). Arrows indicate particles outside of alveolar macrophages in the lungs (diesel exhaust particle, cerium oxide, and MWCNT). Particles
are white in these EDM micrographs. Cell nuclei in these micrographs are red to brown, while nonnuclear tissue is green in these picrosirius and
hematoxylin-stained sections. Calibration marker is 20 pm.
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Figure 7. Enhanced dark-field microscopy (EDM) imaging of colloidal
gold nanoparticles. (A) EDM images of 15-, 30-, 50-, and 100-nm
colloidal gold nanoparticle standards are shown. Doublet nanoparti-
cles of 15-nm colloidal gold are indicated by arrows. The EDM image
of B is a lung tissue section from a mouse exposed to 10-nm colloidal
gold nanoparticles (white to brown dots). Larger brown halos in (B)
correspond to groups of colloidal gold that are slightly out of focus in
the tissue section. Magnification bar is 5 pm in (A) and 10 pm in (B).

appear larger than their actual dimensions, as the transition
between the nanoparticles edge and the outer halo is lost. For
particles in the micron-sized region, the halo is relatively dim
and thin, but for nanoparticles less than approximately 100 nm,
the halo is brighter and larger relative to the core. This halo of
scattered light enhances the ability of the EDM to detect small
nanoparticles in tissue section but brings into question the
range over which the EDM may be accurate for measuring
particle dimensions. Figure 9 shows a graph of EDM, measured
diameter versus the diameter of a series of particle size stan-
dards between 0.75 and 6 um where the image gain and con-
trast are set such that the center of the particle is imaged below
saturation. As demonstrated in the graph of Figure 9, when the
EDM is appropriately adjusted to prevent image saturation,
particle dimensions greater than approximately 1 pum can be
accurately measured.

One of the goals for use of the EDM is to obtain various
morphometric measurements of nanoparticle distribution,
clearance, and potential transport outside the lungs. The per-
centage of volume, or volume density occupied by nanoparti-
cles, is a basic measurement upon which these determinations
are based. Figure 10 shows a direct comparison between
chemical-based determinations of lung burden and EDM mea-
surements of volume density for a spherical nanoparticle, silver
nanospheres (Roberts et al. 2013), and a fiber-like nanoparticle,
MWCNT (Porter et al. 2013). The results demonstrate that
EDM measurements are directly proportional to the chemical
measurements of lung burden for both spherical and fiber-like
nanoparticles.

As indicated in the legend of Figure 10, a correction for
overprojection was applied to the volume density measure-
ments of both particles. To calculate a volume density deter-
mination, in an ideal case, an infinitely thin tissue section is
prepared, an overlay pattern of points is placed on an image of
the section, and the percentage of volume occupied by the
structure of interest is determined based on the fraction of
points that overlay the structure of interest. In practice, an
overestimation of the volume density can occur due to a tissue
thickness effect referred to as the “Holmes effect” (Weibel
1979). Practical sections have a thickness in which the structure
being measured projects onto the image where the points will
be counted. The thicker the section, the greater the potential
projection, and overestimation, will be. An EDM takes an opti-
cal section of the tissue due to the focusing of the substage
illumination and above stage objective optics, which are
adjusted to be coplanar during the alignment. The thickness
of this optical tissue section for the CytoViva EDM is 60 nm
(the typical optical section thickness of a traditional transmis-
sion light microscope with 100x high NA oil immersion objec-
tive is 200 nm). For micron dimension nanoparticle
agglomerates and large cellular structures, such as cells and
cell nuclei, the Holmes effect is not likely to be significant in
the case of the EDM. On the other hand, singlet nanoparticles
have one or more dimensions, which are on the same order of
size as the optical tissue section thickness of the EDM, and
thus, the Holmes effect must be considered. The Holmes
effect can be neglected if preparation of tissue sections is
sufficiently thin. Typically, if the section thickness is 10%
or less than the diameter of the structure, the Holmes effect
can be neglected. Alternatively, the results can be corrected
based on additional morphometric measure of the degree of
over projection where the correction factor can be calculated
based on the section thickness and the shape/size of the nano-
particles (Weibel 1979).

Measurement of the lung burden of particles at different
times after an exposure is a much simpler process than the
corresponding morphometric analysis of volume density of
particles to follow the clearance pattern. There are a number
of reasons why this additional effort may be applied. The first is
the basic consideration of the accuracy of chemical elements in
the particles used to measure lung burden. Typically, lung
clearance curves are based on exposures to physiologically low
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Figure 8. Comparison of bronchioalveolar lavage (BAL) image from silver nanoparticles-exposed rats using a traditional light microscope (left)
versus an enhanced dark-field microscopy (EDM; right). Silver nanoparticles in the traditional light microscope on the left are black particles.
These nanoparticles appear as white to reddish brown particles in the EDM image on the right. The alveolar macrophages in the EDM image are
loaded with silver nanoparticles. The majority of silver nanoparticles contained in the alveolar macrophages are not visible in the traditional light
microscope image. Images are from BAL of rats | day postaspiration of silver nanoparticles (20 nm, NanoAmor, Inc.; Roberts et al. 201 I). BAL
images from sham-exposed rats (saline) were negative nanoparticles. The black arrow on the left image indicates the particle, which was used to

set focus for both images.

EDM Measured Diameter (pum)
I

0 1 2 3 A 5 6 7
Particle Diameter (pum)

Figure 9. Effect of scattered light halo on measurement of particle
diameter by enhanced dark-field microscopy (EDM). Graph shows the
particle diameter of polystyrene spheres versus the mean diameter
measured by the EDM with sizes of 6 to 0.75 pm (R® of .99). Insert is an
overexposed EDM micrograph of a 2-pm-diameter polystyrene
sphere with the outer scattered light halo. Measurements of physical
dimensions require lowered settings of the brightness and contrast to
eliminate interference by the outer scattered light halo of EDM. Below
diameters of approximately 0.5 pm, measurements of particle dia-
meter with an EDM are generally difficult and inaccurate, as the outer
scattered light halo is difficult to separate from the particle edge.

levels of exposure, which are appropriate to human health eva-
luations, and the curves of clearance are followed until the level
of burden in the lungs is near zero to insure there are no chronic
toxic effects from residual burden. Under these conditions, it is
frequently the case that the initial postexposure lung burden
(the highest burden in the clearance curve) is accurately mea-
sured by the chemical-based methods but may not be suffi-
ciently accurate, as the lung clears the burden of particles
below the level of detection for a given chemical assay or the
chemical method is not able to distinguish between the parti-
culate and the leached chemical element. Therefore, EDM
becomes an important method for clearance measurements.
Finally, the lung burden determined by chemical-based meth-
ods does not elucidate the dynamics of transport occurring in
the lungs, as particles may be phagocytized by alveolar macro-
phages and transported up the mucocilliary escalator of the
airways or enter into the alveolar interstitial space and trans-
ported to the lymph nodes. Unlike total lung burden determi-
nation, morphometric determination of nanoparticles lung
burden components by EDM can be made for these individual
components that reflect the dynamics of particle dispersion/
aggregation in the lungs, macrophage phagocytosis, and clear-
ance either through the lymphatics or airways.

An example of these components and the clearance of total
lung burden are shown in Figure 11 for up to 336 days after a
14-day inhalation exposure of mice. In this exposure, MWCNT
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Figure 10. Comparison of enhanced dark-field microscopy (EDM)
measurement of volume density to lung burden for spherical (Ag) and
fiber-like (multiwalled carbon nanotube [MWCNT]) nanomaterials.
Upper graph (A) shows the total lung burden of elemental Ag present
in lungs (X-axis) exposed to Ag nanospheres (20 nm) versus the EDM
determined volume density in lungs at | day after intratracheal instilla-
tion. The lung burden of Ag nanospheres was determined by neutron
activation analysis of Ag in the lungs. The lower graph (B) shows the
chemically measured lung burden of MWCNT present in the lungs (X-
axis) at | day after |, 4, 8, and 10 days of acute inhalation exposure
versus the EDM determined volume. The results demonstrate a direct
linear relationship between lung burden and EDM determined volume
density with near zero intercept and an R? of greater than .99 for both.
The Holmes effect correction (Weibel 1979) for overprojection of Ag
nanospheres and MWCNT was applied.

in the airways accounted for 16% of the initial distribution with
84% in the alveolar region (including 1.2% of MWCNT in the
subpleural tissue region). The MMAD of the inhaled MWCNT
in this exposure was 1.5 um, and the percentages of 16 and
84 in the airways and alveolar region are typical for what
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Figure |1. Distribution of inhaled multiwalled carbon nanotube

(MWCNTT) in specific anatomic regions of the lungs. This image shows
the changes in lung burden of MWCNT in different regions of the
lungs determined from morphometry of enhanced dark-field micro-
scopy images. The results demonstrate the slow clearance of
MWCNT from the lungs. There was a rapid decline in the airway
region over the first 14 days postexposure followed by a near con-
stant, low level of burden for the rest of the postexposure period. The
burden in alveolar macrophages slowly decreased over the study
period, while a proportional increase was observed for MWCNT
burden in alveolar tissue. Graph from Figure 3, Mercer et al.
(2013a), Part Fibre Toxicol 10, 33.

occurs for a spherical aerosol particle of that size range (Yeh,
Phalen, and Raabe 1976). At 168 days after inhalation expo-
sure, 4.2% of the initial lung burden was found in the airways
and 95.8% of the initial lung burden remained in the alveolar
region (including 4.8% in the subpleural tissue region). The
airway to alveolar distribution of MWCNT at the chronic time
point of 168 days is not typical of a persistent aerosol particle.
Traditionally, micron-sized particles are rapidly cleared from
the airways within the first 24 hr and are not found at appreci-
able levels at chronic time periods. For MWCNT, the airways
have an initial rapid decline between 1 and 14 days postexpo-
sure but then have a nearly constant, low level of burden
between day 14 and 168 days postexposure.

As shown in the clearance curve components of Figure 11,
alveolar macrophages initially contained nearly 3-fold the bur-
den present in the alveolar tissue and had a high clearance rate,
declining from 15.8 pg at 1 day postexposure to 10.2 pg at 168-
days postexposure. Over the same period, the content of
MWCNT in the alveolar tissue increased from 5.8 pg at 1 day
postexposure to 9.5 pg at 168-days postexposure. The decline
in alveolar macrophage burden with the nearly equal increase
in alveolar tissue burden suggests that migration of MWCNT
into the alveolar tissue was occurring. In a prior study (Mercer
et al. 2013a), a more detailed analysis suggested that the larger
agglomerates of MWCNT in the alveolar macrophages were
dispersing into smaller structures down to singlet MWCNT,
which were being incorporated into the alveolar tissues.
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The alveolar region of the lungs does not contain anatomic
lymphatics but is drained by fluid movement from the alveo-
lar interstitial spaces to the pleural region and the tissues
surrounding the terminal/respiratory airways. The incorpora-
tion of singlet MWCNT into the alveolar tissue and their
subsequent movement to the lymphatics could produce an
accumulation of MWCNT in the lymph nodes as has been
observed for silica and other traditionally studied particles
(Lauweryns and Baert 1974).

EDM of the tracheobronchial lymph nodes was used to
study this potential pathway for a number of nanoparticle-
exposed lungs. Our results have demonstrated a wide range
in the degree to which nanoparticles are cleared from the lungs
to the lymph nodes. In general, lymphatic migration of nano-
particles could be found for all nanoparticles that have been
examined. For example with CoO, a low level of lymphatic
migration was seen, and similar low levels of accumulation
have been found for SWCNT (Shvedova et al. 2008). Others,
such as MWCNT, demonstrated a progressive accumulation.
By 336 days postexposure, the concentration of MWCNT per
gram of tracheobronchial lymph nodes exceeded that in the
lungs (Mercer et al. 2013b). A greater concentration in the
lymph nodes is likely to produce adverse reactions and has
been reported previously after exposure of mice by aspiration
(Porter et al. 2010). As shown in the lower EDM micrograph of
Figure 12, La,O3 at 56 days after exposure demonstrates a
widely dispersed pattern in the tracheobronchial lymph nodes,
which is nearly 50% of the day 1 postexposure lung burden
(Sisler et al. 2016a). CeO, and DEP and the combined exposure
of CeO, and DEP have been found in prior EDM-based studies
to develop accumulation in the tracheobronchial lymph nodes
(Ma et al. 2014). However, a substantial percentage of the lung
burden remained chronically in the lungs with these two
nanoparticles.

Figure 13 illustrates the use of FESEM to confirm the iden-
tity of nanoparticles detected by EDM. The upper micrograph
(A) shows a cluster of La,O; nanoparticles in an alveolar
macrophage 1 day after the inhalation exposure. The image
in the lower panel (B) is the corresponding FESEM X-ray
energy analysis of the cluster, which demonstrates the presence
of La,Oj3 for the tissue section mounted on a pure carbon plan-
chet. The elemental peaks in the X-ray energy analysis confirm
the presence of lanthanum particles that were detected by EDM
in lungs and lymph nodes. A peak for phosphate (green labeled
peak P) was also detected in the lungs and lymph nodes. This
peak demonstrates the early chemical modification of depos-
ited lanthanum oxide from a water-soluble form (Zhang et al.
2012) with potential rapid clearance from the body to a water
insoluble form (LaPO,), which is persistent and accumulates in
the lymph nodes (Sisler et al. 2016a).

Figure 14 is an example of the results from using EDM to
detect and quantify the extrapulmonary transport of nanoparti-
cles, in this case MWCNT, to organs outside the lungs. The
study of MWCNT extrapulmonary transport, which was
described in detail elsewhere (Mercer et al. 2013b), used mor-
phometry of MWCNT fibers counts in tissue sections from

Figure 12. Example enhanced dark-field microscopy (EDM) images
of redistribution of nanoparticles from the lung to the tracheo-
bronchial lymph nodes following inhalation. These micrographs
illustrate the range of accumulation of nanoparticles in the tra-
cheobronchial lymph nodes. Some nanoparticles demonstrate a
low to moderate accumulation in the tracheobronchial lymph
nodes as illustrated in the top EDM micrograph (A) from a mouse
at 56 days after inhalation of CoO nanoparticles (Sisler et al.
2016a). The middle EDM micrograph (B), at 336 days after expo-
sure by multiwalled carbon nanotube (MWCNT) inhalation, illus-
trates an intermediate level of accumulation that was equivalent to
approximately 7% of the total | day postexposure lung burden
(Mercer et al. 2013b). Other nanoparticles, such as La,O3 shown
in (C,) have been found to demonstrate nearly complete transport
of the lung burden to the tracheobronchial lymph nodes by 56
days postexposure (Sisler et al. 2016a). Nanoparticles in these
figures are bright white, cell nuclei are brownish red, and other
tissue elements are green. Calibration marker is 10 pm.
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Figure 13. High magnification field-emission scanning electron micro-
scope (FESEM) image and X-ray analysis of La;Os3 in alveolar macro-
phage of exposed lung. The upper FESEM image (A) shows small
clusters of La;O3 nanospheres in an alveolar macrophage of the lungs.
The lower image (B) shows the X-ray analysis of a particle region
outlined by the black box in (A). Peaks indicated by lines in (B) confirm
the presence of lanthanum particles that were detected by enhanced
dark-field microscopy in lungs and lymph nodes. An additional unex-
pected element, the green labeled peak (P for phosphate), was also
detected. As demonstrated in our prior study of aerosol exposures
(Sisler et al. 201 6a), La,O3 a water-soluble nanoparticle is transformed
in the lungs to insoluble LaPO. The clusters of La,O3 nanospheres in
the alveolar macrophage, approximately |0, appear slightly lighter than
the adjacent cytoplasm of alveolar macrophage in the FESEM
micrograph.

tracheobronchial lymph nodes, diaphragm, chest wall, and
extrapulmonary organs to determine the organ burden at 1 and
336 days after inhalation exposure. The micrograph of Figure
14A shows two singlet MWCNT of the liver at 336 days after
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Figure 14. Transport of inhaled multiwalled carbon nanotube
(MWCNT) to extrapulmonary tissue determined by enhanced dark-
field microscopy (EDM) after a 12-day inhalation exposure. Top image
(A) is an example EDM micrograph of a liver section with two
MWCNT singlets in the field of view. Singlet MWCNT fibers in this
figure are bright white, cell nuclei are brownish red, and other tissue
elements are green. With rare exceptions, MWCNT fibers detected
in extrapulmonary organs were singlets. Normal (transmitted) light
was blended into the field and contrast adjusted to make the tissue
histology of the organ visible in this photograph. The lower graph (B)
gives the distribution of MWCNT as a percent of initial lung burden.
This was determined based on the measurements of MWCNT counts
at | day and 336 days postexposure. Results are expressed as a per-
centage of the lung burden present | day after the end of a |2-day
inhalation exposure. Categories of extrapulmonary tissues are
ordered relative to MWCNT concentration in the respective tissue.
Asterisks indicate significantly different between day | and 336 days
postexposure, p < .05. Magnification bar is 10 pm. Graph in (B) from
Figure 5, Mercer et al. (2013b), Part Fibre Toxicol 10, 38.

a 12-day inhalation exposure. Tissue sections of the liver con-
tained on average 8 and 65 fibers per section at 1 and 336 days
after the inhalation exposure, respectively. At 1 day
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postexposure, the content of MWCNT fibers in the tracheo-
bronchial lymph nodes was principally in the form of singlets
or a few fibers per MWCNT structure and accounted for 1.08%
of the lung burden 1 day postexposure. At 336 days after expo-
sure, the tracheobronchial lymph node had foci of dense accu-
mulations with a substantially increased total accumulation
which was equal to 7.34% of the lung burden 1 day postexpo-
sure. The high level of MWCNT burden delivered to the tra-
cheobronchial lymph nodes was approximately 300 times
greater than the burden delivered to the liver, which had the
highest burden observed in extrapulmonary organs. Total
MWCNT burden for diaphragm, chest wall, and extrapulmon-
ary organs was 0.009% and 0.037% of lung burden at 1 day and
336 days, respectively, after exposure. Over the 336 days post-
exposure period, there was a 6- to 7-fold increase in the burden
of MWCNT in extrapulmonary organs.

Discussion

As shown in Figure 14B, after nearly a year postexposure,
approximately 1% of the initial postexposure lung burden
redistributed to extrapulmonary organs. Given this relatively
low quantity, a number of physiological routes to account for
this accumulation are possible. An illustration of potential
routes following deposition in the lungs is illustrated in Figure
15. In that figure, the main route of deposition, alveolar macro-
phage phagocytosis/airway deposition, and transport by the
mucociliary escalator to the gastrointestinal tract and excretion
is shown by the gray-shaded arrows. We note that all of the
potential routes are not illustrated in Figure 15. For instance,
phagocytosis of MWCNT by circulating monocytes/macro-
phages and neutrophils which transiently passage into the
alveolar airspace via the circulation may provide, over this
chronic period, sufficient transport to account for accumulation
elsewhere in the body. However, no observation of MWCNT-
loaded circulating cells in the capillary bed of extrapulmonary
organs was found in this study. On the other hand, individual or
singlet MWCNT in capillary lumen of the extrapulmonary
organs was a frequent observation. The lacteal lymphatics and
gut-associated lymphoid tissue (GALT) are another potential
(Florence et al. 1995; Alexander et al. 2010) but undemon-
strated pathway. GALT is known to provide a high transport
of dietary lipid from the gut to the blood (Dixon 2010) and may
offer an efficient, high flow transport pathway for nanoparti-
cles as well.

The nearly exclusive transport of singlet MWCNT, as
opposed to aggregates to extrapulmonary organs, suggests that
large agglomerate transport systems such as the potential
chylomicron-like transport of GALT or the phagocytic trans-
port in the circulation by macrophages is not a significant route.
Alternatively, MWCNT cleared from the lungs via the macro-
phage—mucociliary escalator may be reabsorbed by the gastro-
intestinal tract. It is possible that these MWCNT could follow
hepatic transport to the liver and potentially pass across
the fenestrated endothelial cells of the hepatic sinusoid into the
liver. In whole-body inhalation exposures, which was the
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Figure 15. lllustration of potential pathways and target organs for
nanoparticles passage, potential accumulation, and excretion following
deposition in the lungs. The principal route for normal processing of
particles consisting of particle deposition in the airways and alveolar
region, alveolar macrophage phagocytosis, transport of airway-
deposited particles, and alveolar region—phagocytosed particles by the
mucociliary escalator to the Gl tract and ultimate excretion is shown
by the gray-shaded arrows. Dark arrows show other potential path-
ways which result in entry into the general circulation. These path-
ways include (1) transepithelial transport across the alveolar
epithelium through the interstitium/endothelium into the pulmonary
capillaries, (2) transepithelial transport into the interstitium or phago-
cytosis by alveolar macrophages and macrophage mediated transport
through the alveolar interstitium to the collecting lymphatics in the
bronchovascular cuff to the lymph nodes, (3) potential transport via
lacteals and gut-associated lymphoid tissue, and (4) absorption by the
Gl tract to the hepatic circulation where the nanoparticles may
directly accumulate in the liver by passage through the hepatic sinu-
soids or pass into the general circulation.

exposure method in this study, intestinal absorption of
MWCNT ingested during preening of fur would increase the
burden of this potential pathway during the exposure period. A
subsequent study of the small intestine from this study did
identify MWCNT in the lumen with low burdens at 1 and
336 days roughly equivalent to that of the diaphragm. No
MWCNT was observed in associated lymphatics. Specific
attempts were made to identify MWCNT in the hepatic sinu-
soids of the liver, but none was detected.

The tracheobronchial or pulmonary lymphatics are a major
route for fluid exchange and particle redistribution from the
lungs. Macrophage-mediated transport through the lymphatic
network has been shown to be important in particulate clear-
ance from the lungs (Harmsen et al. 1985). In addition,
macrophage-independent lymphatic clearance of some nano-
particles is suggested by measurements demonstrating very
rapid translocation to lung-associated lymph nodes (Choi
et al. 2010). The high lymphatic burdens observed initially and
at 336 days postexposure (Figure 14) indicate that the transport
of MWCNT through the lymphatics and ultimately into the
venous circulation may be a major route for the observed
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systemic delivery of MWCNT. Consistent with this role, dila-
tion of peribronchiolar lymphatics was noted in the chronic and
acute inhalation studies (Mercer et al. 2013a; Porter et al.
2013). The results of these observations suggest that the peri-
bronchiolar lymphatics are a likely route for transport of
MWCNT to extrapulmonary organs, but additional studies tar-
geted specifically at that issues will need to be done to con-
clusive demonstrate the route or routes by which MWCNT is
transported.

Conclusion

The nanoparticle’s ability to scatter light and thus provide a
means for detection in tissue sections at dimensions well
below that obtained by traditional microscopy made mea-
surement possible. With care in preparation, the detection
limit of EDM is on the order of a single nanoparticle per
tissue section. This limit of detection allows the simulta-
neous evaluation of the lung burden of nanoparticles, which
may number in the hundreds of billions of nanoparticles and
the potential detection of much lower numbers of particles
transported to organs outside the lungs. Such limits in EDM
analysis of sections are only achieved with avoidance of
contamination, which is the greatest challenge with the
technique. This is particularly important in low-level detec-
tion of nanoparticles, where correctly identifying contami-
nating nanoparticle can easily take more time than detecting
nanoparticles of interest.

The use of EDM to detect nanoparticles was a key factor in
the measurement of nanoparticles over the wide range of bur-
dens encountered during clearance of the inhaled MWCNT.
EDM measurements ranged from 1,320 million MWCNT in
the lung to single particles in tissue sections of extrapulmonary
organs. These results have demonstrated that:

1. EDM has greater resolution of small particles than
transmission light microscopy.

2. EDM has a greater field of view than TEM.

3. EDM requires significantly less sample preparation
than TEM.

4. Hyperspectal analysis of EDM has the potential to con-
firm the identity of particles in a mixed exposures.

5. EDM can visualize nanoparticles in air/cells/tissue
compartments of the lungs.

6. EDM is useful in determining the distribution of depos-
ited particles, lung clearance measurements, and in
identification of nanoparticles in extrapulmonary
tissues.
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