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The biological effects associated with the unique properties of engineered nanoparticles (ENPs) remain largely
unknown. Animal models of exposure are valuable for assessing potential toxicity and adverse health effects.
This study presents a method to determine relative quantitation of nanoparticle (NP) abundance in histological
samples in an ex vivo model of cutaneous exposure to metal oxide NPs using enhanced darkfield microscopy
(EDFM) with hyperspectral imaging (HSI) and mapping. Porcine skin tissue was topically exposed to alumina,
ceria, and silica NPs using a modified Franz diffusion chamber and histologically prepared for imaging. EDFM
allowed for rapid direct visualization of NPs, while hyperspectral mapping confirmed the composition of NPs
throughout the tissue, based on positive matching of pixels to reference spectral libraries (RSLs). Relative quan-
titation of NPs was achieved based on calculating the percentage of mapped pixels per field of view (FOV). The
greatest abundance of mapped NPs was found in the ceria-exposed group regardless of tissue layer, relative to
the other groups. Fewer NPs were found in the dermis compared to the stratum corneum in both the alumina-
and ceria-exposed groups. This study demonstrated EDFM-HSI as a valuablemethod to determine relative quan-
titation of NPs in histological samples. The methods put forth in this study could be adapted for application to
other NP types as well as other biological or environmental matrices.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The rapid incorporation of engineered nanoparticles (ENPs) into
consumer products and manufacturing processes necessitates invest-
ment in safe development, as the potential health effects associated
with the unique properties of ENPs remain largely unknown
(European Academies Science Advisory Council (EASAC), 2011; U.S.
CDC-NIOSH, 2009; Oberdörster et al., 2005). In response, environmental
and human health and safety research for nanotechnology is gaining
momentum, investigating toxicity and biological effects that ENPs may
have on living organisms and on ecosystems (Nel et al., 2015). It is im-
perative to proactively investigate the potential human health effects of
occupational and/or consumer exposure to ENPs in order to guide their
safe use, handling, and disposal (Contado, 2015; Shepard and Brenner,
k (SUNY) Polytechnic Institute,
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).
2014a; Brenner and Neu-Baker, 2014; Singh and Nanda, 2014; Kessler,
2011).

Occupational settings present scenarios for potential worker expo-
sure to nanoparticles (NPs) via inhalation and/or skin contact. The
nanotechnology workforce is growing, with an estimated total of 2 mil-
lion workers in the U.S. by 2020, with 6 million workers globally (Roco
et al., 2010). Metal oxide and metal-based ENPs are increasingly used
for industrial purposes and in consumer products: Research and Mar-
kets estimates over 1.6 million tons of metal oxide NPs will be incorpo-
rated into industries and technologies by 2020 (Global Industry
Analysts, 2010). As such, developing direct visualization methods to as-
sess NP location and abundance in skin tissue, aswell as other biological
and environmental models, is critical. Such methods development for
nanoscale materials will aid in and facilitate related research efforts, in-
cluding toxicology and exposures science.

Routes of potential human exposure to ENPs include inhalation, in-
gestion, injection, and cutaneous (skin) exposure (Oberdörster et al.,
2005). Researchers are working to assess biological effects resulting
from ENP exposure, and numerous studies utilizing different models
for toxicological assessment of diverse NPs are underway (Krishnaraj
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et al., 2016; Adamcakova-Dodd et al., 2014; da Silva et al., 2014; Fröhlich
and Salar-Behzadi, 2014). Studies in the last decade have investigated
the effects of cutaneous exposure to NPs (Schneider et al., 2009; Sykes
et al., 2014; Baroli et al., 2007; Sonavane et al., 2008), primarily regard-
ing exposure to zinc oxide (Zvyagin et al., 2008) and titanium dioxide
(Adachi et al., 2013), which are commonly used in cosmetics and sun-
screens. Other metal oxide NPs, such as aluminum oxide (Al2O3; alumi-
na), cerium oxide (CeO2; ceria), and silicon dioxide (SiO2; silica), are
commonly used by the semiconductor industry as abrasives during
chemical mechanical planarization (CMP) polishing processes and
may be accessible for worker inhalation or cutaneous exposure
(Shepard and Brenner, 2014a, 2014b; Brenner and Neu-Baker, 2014;
Brenner et al., 2016; Roth et al., 2015a).

In order to facilitate risk assessment for those who may be exposed
to NPs, there is urgent need for faster, less expensive analytical methods
that can identify, characterize, and quantify NPs in biological samples,
while preserving the sample itself. ENPs in biological samples are com-
monly characterized and quantified through conventional methods,
such as electron microscopy (EM) and spectrometry. These methods,
while capable of providing valuable information in terms of identifica-
tion, characterization, and quantitation, are typically costly, time-con-
suming, and destructive to the sample (Roth et al., 2015b; Vanhecke
et al., 2014). The limitations of EM for analysis of NPs in biological sam-
ples, such as it being expensive and time consuming, have been
discussed by Sosa Peña et al., (2016). While various spectrometry
methods provide valuable quantitative information, other questions re-
main unanswered, such as the distribution of NPs within a specimen
and the biological responses to NPs, which are more easily visually
assessed in a histological sample. In contrast to spectrometry methods,
enhanced darkfield microscopy with hyperspectral imaging (EDFM-
HSI) can address these questions simultaneously, without requiring
special markers or destruction of the sample.

EDFM with hyperspectral mapping has emerged as a method with
high utility for rapidly identifyingmetal oxide and other NPs in complex
matrices, including biological and environmental sample types (Sosa
Peña et al., 2016; Roth et al., 2015c; Mortimer et al., 2014; Grabinski et
al., 2013; England et al., 2015; Badireddy et al., 2012). While EDFM al-
lows for simple and rapid direct visualization of high contrast structures
in biological samples, the spectral angle mapper (SAM) feature of the
HSI software (ENVI 4.8) offers automated spectral identification of the
NPs of interest by mapping against a reference spectral library (RSL)
created from a positive control sample. A spectral signature from the
material of interest is created and used to identify the same material
in other (experimental) samples. Once identification of the NPs is ob-
tained through hyperspectral mapping, relative quantitative analysis is
possible by calculating the pixels per area of interest or per field of
view (FOV) that is occupied by the NPs of interest (Mortimer et al.,
2014).

HSI has been widely utilized for clinical applications: for example, it
has been used to discern between different types of carcinomas and
other pathological conditions using histological samples obtained
through biopsy (Darwiche et al., 2013). In these cases, the first step is
to confirm the diagnosis through rigorous visual assessment by a pa-
thologist in order to create an RSL to thenmap to other similar samples.
The difference with NP-exposed tissues is that, up to now, there is no
consensus on whether tissues present changes that are characteristic
of a certain exposure; thus, the “pathologist-based diagnosis method”
would not be a viable option. Moreover, and probably more important-
ly, when dealing with NPs, unless those NPs have a characteristic shape
(e.g., multi-walled carbon nanotubes) or are an obvious addition to the
sample (e.g., clear presence of NPs within the cell membrane limits and
that are not present in an unexposed sample), their presence in a deter-
mined sample should be confirmed by an additional method in order to
confidently create an RSL to further assess other samples (Sosa Peña et
al., 2016). The case of metal oxide NP-exposed tissues is a particular one
and its analysis challenges should be considered; for example, in
histological samples, spherical metal oxide NPs have no uniform or dis-
tinctive shape (and may be present in aggregates/agglomerates, clus-
ters, or dispersed as single NPs), and are often indistinguishable from
common sample artifacts (Sosa Peña et al., 2016; Husain et al.,
2015), thereby making the method based on a “visual determina-
tion” of NPs for the creation of RSLs an unsuitable one for this type
of specimen. While the importance of utilizing a third method to
confirm the presence of the material of interest for an accurate and
reliable RSL for histological samples has been recently emphasized
by Sosa Peña et al. (2016), this method is still rarely utilized by the
HSI scientific community dealing with uncharacteristically shaped
NPs in histological tissues.

Moreover, HSI has been utilized as both a semi-quantitative
(Mortimer et al., 2014; Badireddy et al., 2012) and a quantitative tool
(Klein et al., 2008; Aalderink et al., 2009) in both biological samples at
a single cell level (e.g., protozoa) and in environmental samples (e.g.,
wastewater), as well as in non-biological samples (e.g., physical docu-
ments, such as 17th-century historical maps), respectively. While
EDFM was utilized by Mercer et al., (2013) to quantify multi-walled
carbon nanotubes (MWCNTs) in histological samples, their study
neither utilized nor required HSI or mapping to achieve reliable re-
sults, since the characteristic shape of the MWCNTs permitted direct
visualization and subsequent counting of structure; this, for in-
stance, differs greatly from the uncharacteristic shape of metal
oxide NPs that impedes the utilization of the same quantitation
method based on visualization alone. Thus, when working with mor-
phologically indistinct NPs, it is imperative to use both EDFM and
hyperspectral mapping for identification and quantitation purposes.
While “semi-quantitation” of spherical or morphologically indistinct
NPs utilizing EDFM-HSI has been achieved at the cellular level as re-
ported by Mortimer et al., (2014) where the NPs can be easily iden-
tified as dispersed high-contrast particles found enclosed within
the cellular membrane, a similar quantitation of NP abundance in
histological samples has not yet been achieved, as challenges arise
when the NPs are found either in clusters or dispersed form, and
when they do not respect cellular limits. Similarly, the methods
used for complex waters (Badireddy et al., 2012), where the dis-
persed nature of the NPs makes it easier to identify their size and
number, fail to be useful for histological samples for the reasons
mentioned above. In contrast, the term “relative quantitation” is
used to describe the methods presented in this study, as we compare
higher or lower abundance between different groups.

For the analysis of histological samples exposed to metal oxide NPs
with EDFM-HSI, we propose a method for HSI visualization, mapping,
and relative quantitation of NPs that combines several approaches in
an effort to strive for consistency and accuracy in sample analysis that
could potentially become a much-needed standard for NP-containing
histological tissue analysis. The combined approaches and techniques:
1) are similar to the traditional methods used in pathology for histolog-
ical sample assessment, where the load of particles in multiple frames
within a sample is averaged; 2) utilize the known methods for visual
NP identification with EDFM where the properties of metal oxide NPs
provide high contrast allowing for easier identification, without the
need for markers or tissue destruction; 3) include confirmation of
EDFM findings by assessing the presence of the NPs of interest by a
thirdmethod (in this study, Raman spectroscopy and energy-dispersive
X-ray spectroscopy) to create an accurate RSL (a step typically absent in
other studies); 4) combine HSI and mapping of multiple samples based
on an accurate and confirmed RSL; and 5) establish a method for rela-
tive quantitation of NPs in tissue samples based on mapped pixels per
FOV.

While EDFM-HSI may not be in a position at present to usurp EM in
terms of resolution, or spectrometry in terms of quantitation, it is capa-
ble – as a single tool – of providing a wealth of information from an in-
tact biological sample, which could then be used for additional
investigation by other methods. Additionally, it allows for faster image
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Fig. 1.Modified Franz diffusion chamber for ex vivo porcine skin exposures. Schematic of onemodified Franz diffusion chamber. The inset photographs (taken at an angle to show depth)
show the actual lower and upper chambers. Concentric holes provided the deeper donor compartment and shallower skin compartment in the lower Plexiglas® plate. Amatching shallow
compartment in the upper plate provided space for saline plus the remainder of the subcutaneous portion of the skin. On a single plate, 20 chamberswere spaced 5 cm (rim to rim) apart.
This spacing eliminated cross-contamination. By retaining the donor compartment below the skin, any diffusion occurring into the skinwas not seepage, and against gravity. By using only
the central part of the skin exposed to the donor compartment, and trimming away all skin not exposed, wicking of fluids around the skin to artificially place NP, was reduced.
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acquisition, preservation of tissue integrity, reduced costs, and non-de-
structive sample preparation compared to conventional methods (Sosa
Peña et al., 2016; Roth et al., 2015c; Mortimer et al., 2014).

The goal of this study is to present a non-destructive method
for relative quantitative analysis of NPs in biological samples by
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Fig. 2. Positive and negative controlsmapped against RSLs. Rows correspond to the positive and
alumina, and silicaNPs inpositive control tissues. A diagramof the skin layers is provided to the
correspond to positive control samples imaged with EDFM (40× magnification) and HSI mapp
sample (HSI positive mapping shown in yellow), dermis of an alumina-exposed sample (HSI p
positive mapping shown in aqua). The third and fourth columns correspond to negativ
magnification), respectively. They correspond to the s. corneum, dermis, and subcutaneous tis
negative control samples. (Ceria images reprinted with permission (Sosa Peña et al., 2016, Wil
combining EDFM and hyperspectral mapping, while also assessing
biodistribution of metal oxide NPs within histological samples. This
study also demonstrates the ease of visualizing NPs in histological
samples using EDFM compared to conventional brightfield (BF)
microscopy.
ol HSI 
ed - Control EDFM

- Control HSI 
mapped

negative controls of H&E stained skin samples mapped against the RSL created from ceria,
far left on anH&E stained sample,where brackets indicate each layer. Thefirst two columns
ing (100× magnification), respectively. From top to bottom, s. corneum of a ceria-exposed
ositive mapping shown in blue) and subcutaneous tissue of a silica-exposed sample (HSI
e control samples images with EDFM (40× magnification) and HSI mapping (100×
sue of a sample exposed to a solution with no NPs. No positive mapping is shown in the
ey.)
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2. Materials and methods

2.1. Metal oxide nanoparticles

Industrial metal oxideNP suspensions used for semiconductorwafer
polishingwere utilized in this study. These suspensionswere comprised
of alumina, ceria, or silicaNPs,with dispersants, surfactants, and acids or
bases in deionized water. Based on scanning electron microscopy anal-
ysis, the alumina NPs were approximately 71.5 nm in diameter; the
ceria NPs were approximately 35 nm in diameter; and the silica NPs
were approximately 49.5 nm in diameter (Badireddy et al., 2012). The
NPs used in this study were further characterized, as previously report-
ed, by scanning electronmicroscopywith energy-dispersive X-ray spec-
troscopy (EDX), dynamic light scattering (DLS), scanning mobility
particle sizing (SMPS), inductively coupled plasma-optical emission
spectrometry (ICP-OES), and single-particle inductively coupled plas-
ma-mass spectrometry (SP-ICP-MS) (Roth et al., 2015d) (see Supple-
mentary material Table S1).

2.2. Porcine skin exposure model

Porcine skin samples were topically exposed to industrial metal
oxide NPs suspended in an aqueous solution in doses that are relevant
to potential cutaneous occupational exposures in the semiconductor in-
dustry. Ex vivo skin sampleswere obtained from the dorsolateral region
of 20 adult pigs, obtained through a tissue-sharing program at Stony
Brook University (Stony Brook, NY) and approved by the Institutional
Animal Care and Use Committee (IACUC) at Stony Brook University.
Samples were cut into 1.5 cm long × 1.5 cmwide × 0.5 cm thick pieces
to ensure visualization from the stratum corneum to the subcutaneous
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Fig. 3. Alumina nanoparticles in porcine skin. Alumina NPs are found in H&E stained skin sampl
overlay). From top to bottom, images correspond to s. corneum, dermis, and subcutaneous tissu
column (40×magnification), while NPs are evident in the s. corneum they are not in the dermis
HSI (100×magnification).White/pinkhigh contrast areas (arrows) corresponding to theNPs ar
HSI mapped images.
tissue. The samples were deposited within a modified Franz diffusion
chamber (Fig. 1) designed by the Frame Lab specifically for these
small volume exposures with a diffusional area of 0.785cm2 where the
epidermis, facing the donor compartment, was exposed to 75 μL of
NP-containing solution for 24 h. The system was constructed of thick
Plexiglas®plateswith recessed donor and skin compartments. Afterfill-
ing the donor compartment with NP-containing solution, the skin was
placed epidermis side down, and saline was dripped onto the subcuta-
neous surface. The matching compartment was laid over the skin and
the two plates locked in place, with the donor compartment remaining
below. The subcutaneous tissue faced a receptor compartment contain-
ing phosphate buffered saline (PBS) solution. The skin itself provided an
adequate “gasket” to prevent drying out; only the central region of the
skin exposed to the donor compartmentwas used for histology and im-
aging. The total exposure was 0.758 μg for alumina, 0.623 μg for ceria,
and 8.858 μg for silica. The NP solutions used in this study were at the
same concentration and the same composition as the commercial prod-
ucts used in the industry. A chemical fume hood was used for the expo-
sures and room conditions were maintained at 23–25 °C and 50–60%
humidity. From the 20 porcine models, multiple tissue samples were
tested per pig. Experimental samples for topical exposure to NPs using
the modified Franz chamber were collected from 15 pigs (5 alumina, 5
ceria, and 5 silica); 2 pigs were used as negative controls and were ex-
posed to an aqueous solution without NPs in the donor compartment
and PBS in the receptor compartment of the modified Franz chamber;
the remaining 3 pigs were used as positive controls, each injected
with the NP-containing solution (1 alumina, 1 ceria, and 1 silica). Injec-
tion of 10 μL volume at the same concentrations as exposed samples
was via a tuberculin syringe placed 100 μm subcutaneous; these posi-
tive controls were used to create RSLs for hyperspectral mapping.
HSI HSI Mapped

es and imagedwith differentmodalities (from left to right: BF, EDFM, HSI, and HSImapped
e of different samples in the alumina exposure group, respectively. In the brightfield (BF)
and subcutaneous tissue. The areas enclosed in a red square were imaged with EDFM and
e shown inEDFMandHSI,while positivemapping is represented by the blue overlay on the
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2.3. Histological preparation

After exposure, the skin tissues were fixed by formalin immersion
and histologically prepared by the Albert Einstein College of Medicine
Histology and Comparative Pathology Facility (Bronx, NY) following
commonly used methods (Roth et al., 2015b; Kumar & Kiernan, 2010;
Titford, 2009). In short, formalin fixed tissueswere processed to paraffin
as described previously (Roth et al., 2015b) and were sectioned to a
6 μm thickness and directionally from subcutaneous to epidermal
layer, using a cleanblade for each cut, tominimize risk of artificially traf-
ficking NPs in the direction of potential penetration. Samples were
mounted onto glass microscopy slides, deparaffinized, rehydrated, and
stained with hematoxylin and eosin (H&E) for visualization via BF mi-
croscopy for comparison to EDFM (Roth et al., 2015b; Kumar &
Kiernan, 2010; Titford, 2009). While the histological H&E stain may
have an effect on the spectral profile when compared to unstained sam-
ples when analyzed with EDFM-HSI, as long as the RSL is created from a
positive control under the same preparation and staining conditions (as
is the case in this study), it should not compromise themapping results,
while allowing for easier identification of structureswith all the imaging
modalities we utilized.

2.4. Enhanced darkfield microscopy (EDFM) and hyperspectral imaging
(HSI)

A hyperspectral imaging system (CytoViva, Auburn, AL)mounted on
an Olympus BX-43 microscope with an enhanced darkfield condenser
was used for NP visualization in the skin samples. A DAGE optical cam-
era and Exponent7 software were used for EDFM and a Pixelfly camera
systemand ENVI 4.8 softwarewere used for HSI. Exposure settingswere
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Fig. 4. Ceria nanoparticles in porcine skin. Ceria NPs are found in H&E stained skin samples a
overlay). From top to bottom, images correspond to s. corneum, dermis, and subcutaneous tiss
magnification), NPs are evident over the s. corneum, but they are not evident in the dermis or
(100× magnification). White/pink/purple high contrast areas (arrows) corresponding to the N
yellow overlay in the HSI mapped images.
evaluated to determine which settings would provide with the best
high contrast images under EDFM; a gain of 3.0 dB, shutter of 35 ms,
and light source brightness of 75% were consistently used to examine
the samples. After scanning the entirety of each sample, images of the
highest NP-loaded areas were captured with EDFM and HSI in each cu-
taneous layer and in the subcutaneous tissue. Under EDFM, suspected
NPs of interest were detected as high contrast areas within the tissue.
In each cutaneous layer and subcutaneous tissue, 4 different areas
with the highest load of suspected NPs were captured with EDFM and
hyperspectral datacubes (hyperspectral images that can be analyzed
with SAM) were captured of the same areas for mapping purposes. A
total of 20 datacubes were obtained per tissue layer per exposure
group. Positive and negative control samples were imaged following
the same steps. EDFM images were taken at 10× (air), 40× (air) and
100× (oil immersion) magnification, while hyperspectral datacubes
were captured at 100× (oil immersion), using 0.25 s exposure time,
720 lines, and high spatial resolution to create datacubes with a total
of 1,000,848 pixels (64 nm2 each) for a total FOV area of 0.004 mm2.

2.5. Hyperspectral mapping

For spectral mapping analysis, spectral libraries (SLs) containing
spectra for NPs were obtained from the positive control datacubes and
then filtered against negative control datacubes to remove duplicative
spectra, creating a RSL for each type of NP (alumina, ceria, and silica).
The RSL for each NP was used to map the positive and negative control
samples to verify either presence or absence of the NPs of interest, and
subsequently, all the experimental samples. Three datacubes were ob-
tained for each of the positive control samples. From these datacubes,
three SLs were produced for each type of NP. The three SLs for a specific
HSI HSI Mapped

nd imaged with different modalities (from left to right: BF, EDFM, HSI, and HSI mapped
ue of different samples in the ceria exposure group, respectively. In the BF column (40×
subcutaneous tissue. The areas enclosed in a red square were imaged with EDFM and HSI
Ps are shown in the EDFM and HSI images, while positive mapping is represented by the
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NP were combined together to create a more robust SL for each type of
NP, following the method by Sosa Peña et al., (2016), where the pres-
ence of the NP of interest was confirmed by Raman spectroscopy (RS),
scanning electron microscopy, and EDX (data reported previously
(Sosa Peña et al., 2016)). The “particle filter” tool in the HSI software
(ENVI 4.8) was used to create each SL from the regions of interest con-
taining confirmed NPs of interest (Roth et al., 2015c). Each of the com-
bined positive control SLs for each NP type was filtered against several
datacubes of the negative controls where no NPs were visualized (NP-
free datacubes of epidermis, dermis, and subcutaneous tissue) for the
creation of a RSL. This filtering process removes duplicative spectra
that are found in both the positive and negative control datacubes;
once these duplicative spectra are removed, the RSL contains only the
unique spectra found in the positive controls and increases the specific-
ity of the RSL (Roth et al., 2015c). This process was followed for each of
the NP types to create a specific RSL for each NP of interest (alumina,
ceria, and silica). The RSL for each NP type was used to map against all
the datacubes obtained from the experimental samples exposed to the
same NP to detect the areas with the same spectral profile as the RSL
using the SAM function in the ENVI 4.8 software. The mapped areas
were merged together in one classification color and overlaid on the
original datacube to observe where the NPs of interest were located
within each sample.

2.6. Relative quantitation and statistical analysis

For each datacube, the number of pixels with positive mapping to
the NP of interest was obtained using the class distribution tool in
ENVI 4.8. The number of mapped pixels per total FOV areawas obtained
for each datacube. In a FOV area of 0.004 mm2 (1 datacube viewed at
100× magnification, with eyepiece lens of 15×), there was a total of
S
. C

o
rn

eu
m

BF

D
er

m
is

S
u

b
cu

ta
n

eo
u

s

EDFM

Fig. 5. Silica nanoparticles in porcine skin. Silica NPs are found in H&E stained skin samples a
overlay). From top to bottom, images correspond to s. corneum, dermis, and subcutaneous tiss
magnification), NPs are slightly evident over the s. corneum and dermis, but are not evident
and HSI (100× magnification). Very small white/blue high contrast areas (arrows) corresp
represented by the aqua overlay in the HSI mapped images.
1,000,848 pixels with an area of 4,096 nm2 each (64 nm × 64 nm).
Themapping resultswere obtained in both visual (false coloration over-
lay on the datacube) and numerical forms (percentage ofmapped pixels
per datacube).

Statistical analysis was performed using analysis of variance
(ANOVA). Calculations were performed with GraphPad Prism version
6.0 statistical software. For each exposure group, 20 samples were ana-
lyzed (n = 20), and the mean values ± standard error of the mean
(SEM) were plotted.

3. Results

Use of EDFM-HSI with its SAM feature resulted in identification of
NPs in all layers of the skin in all exposed samples. The number of
mapped pixels per FOV varied according to the experimental groups.
Positive and negative controls were imaged and mapped as shown in
Fig. 2. Thefirst column shows the EDFM image of a positive control sam-
ple exposed to a NP suspension via injection,where the keratinocytes of
the s. corneum appear as golden structures (top row). The dermis has a
more homogeneous and dense golden coloration and the subcutaneous
tissue has amesh-like light golden appearance. In all cases, NPs are visu-
alized as bright pink/purple specks over the skin tissue (arrows). In
some cases, including some EDFM panels in Figs. 2–6, the bright NPs
are far more visible in high-resolution images captured at the scope
and previewed on the connected computer screen than in smaller, pub-
lication-formatted images; larger, higher-resolution images can be
found in the Supplementary material (Figs. S2–S6). Even in these
cases, the NPs illuminate more clearly in HSI and subsequently appear
throughmapping,which can be appreciated in these figures. The second
column shows same area in the positive control sample viewed under
HSI at a higher magnification (100×) and mapped against the RSL for
HSI HSI Mapped

nd imaged with different modalities (from left to right: BF, EDFM, HSI, and HSI mapped
ue of different samples in the silica exposure group, respectively. In the BF column (40×
in the subcutaneous tissue. The areas enclosed in a red square were imaged with EDFM
onding to the NPs are shown in the EDFM and HSI images, while positive mapping is
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HSI mapped overlay). Top andmiddle rows correspond to hair follicles found in the dermis of ceria-exposed samples; bottom row corresponds to a sweat gland found in a silica-exposed
sample. In the BF images (40×magnification), NPs are either barely evident as dark specks, or not evident at all in the areas enclosed in a red square. Those areas were imagedwith EDFM
andHSI (100×magnification). In EDFM andHSI very smallwhite/purple/pink high contrast areas (arrows) correspond to theNPs of interest, while positivemapping is represented by the
yellow (ceria) and aqua (silica) overlays in the HSI mapped images.
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its respective NP group, where themapped NPs are seen in a distinctive
color overlay: ceria is shown in yellow; alumina in blue; and silica in
aqua. The third column shows the EDFM image of the negative control
for each NP group, where no bright NPs are visualized. The fourth col-
umn shows the same negative control sample, imaged with HSI and
mapped against the RSL for its respective NP group, where no mapping
is present. As expected, positive mapping was observed in the positive
control sample and no mapping was observed in the negative control
sample.

Positive mapping was observed in all layers of all samples in the ex-
perimental groups, as shown in Figs. 3, 4, and 5. Fig. 3 shows images
from the alumina exposure group: each row corresponds to a specific
layer from different skin samples exposed to the same dose of alumina
NPs for the same amount of time. In the s. corneum, NPs are seen as
white structures over the keratinocytes. In the middle layer, multiple
white/pinkNPs are agglomerated over the connective tissue in the retic-
ular dermis. In the subcutaneous tissue, the bright pink NPs appear to
follow a linear distribution along the dermal/subcutaneous junction. In
the third column, the same area was visualized with HSI at 100× mag-
nification, where the NPs are also shown as high contrast areas over the
skin tissue (green and red background). The last column shows the HSI
image mapped against the alumina RSL, where the mapped areas are
shown in a blue overlay. These mapped blue areas represent the alumi-
na NPs found in the tissue that matched the RSL created from the same
NPs in the positive control samples.

Tissues from the ceria exposure group are shown in Fig. 4; all the im-
ages in thisfigure correspond to different locationswithin the same skin
sample. In the s. corneum, NPs are seen as white structures over the
keratinocytes. In the middle layer, a small cluster of white/pink NPs
are present over the connective tissue in the reticular dermis. In the
bottom subcutaneous tissue, the bright purple NPs follow a linear distri-
bution along the dermal/subcutaneous junction. In the third column,
the HSI image also shows the NPs as high contrast areas over the skin
tissue (green, red, and purple background). Positive mapping results
utilizing the ceria RSL are shown in a yellow overlay in the HSI mapped
column. These mapped yellow areas represent the ceria NPs found in
the tissue that matched the RSL created from the same NPs in the posi-
tive control samples.



Table 1
Relative quantitation of NPs in all exposure groups per tissue layer.

Exposure group S. corneum (%) Dermis (%) Subcutaneous tissue (%)

Alumina 7.42 0.77 1.83
Ceria 6.11 2.77 6.14
Silica 0.13 0.23 0.99

A relative quantitation analysiswas performed in all the samples of the alumina, ceria, and
silica exposure groups. Results are tabulated according to the skin tissue layers, from su-
perficial to deepest layer: s. corneum, dermis, and subcutaneous tissue. Results are
expressed as percentage of pixels mapped per FOV, using each NP RSL. The data displayed
in this table is graphed and statistical significance shown in Fig. 7.

19M.P.S. Idelchik et al. / NanoImpact 3–4 (2016) 12–21
Fig. 5 shows images from the silica exposure group; each row corre-
sponds to different skin samples. With EDFM, in the s. corneum, NPs are
seen as white granules lying on top of the keratinocytes. In the middle
layer, a small agglomeration ofwhite/pinkNPs are present over the con-
nective tissue in the reticular dermis. In the subcutaneous tissue, awhite
cluster of NPs is seen among adipocytes, below the dermal/subcutane-
ous junction. In the HSI images, NPs are also shown as high contrast
areas over the skin tissue. The last column shows theHSI imagemapped
against the silica RSL, where the mapped areas are shown in an aqua
overlay, representing the silica NPs found in the tissue that matched
the RSL created from the same NPs in the positive control samples.

Generally, in Figs. 3–5, the NPs found over the s. corneum appear to
concentrate over the most external layers of the epidermis. The higher
concentration of NPs here enables proper standardization of the HSI
cataloging of the specific NPs, thereby enabling identification of smaller
quantities in other areas of the tissue.

Fig. 6 shows mapped NPs in the dermis adnexa (hair follicles and
apocrine sweat glands) of ceria- and silica-exposed samples. To provide
visual orientation for these structures, corresponding 4× brightfield im-
ages are provided in the Supplementary materials (Figs. S6a, S6c, S6e).
In Fig. 6, the first two rows correspond to different hair follicles shown
in the same ceria-exposed skin sample, and the bottom row shows the
sweat gland of a silica-exposed sample. No NPs were found in the cuta-
neous adnexa of alumina-exposed samples. In the hair follicles, NPs are
seen as white/pink granules lining the junction between the fibro col-
lagenous follicle sheath and the connective tissue in the dermis. In the
bottom row,multiple small clusters ofwhite/pinkNPs are present lining
the connective tissue and adipocytes surrounding an apocrine sweat
gland. The last column shows the HSI imagemapped against the respec-
tive metal oxide RSL, where the mapped areas are shown in a yellow
overlay for the ceria and in aqua for silica. These mapped yellow and
aqua areas represent the ceria and silica NPs found in the tissue that
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Fig. 8. Relative quantitation of nanoparticles per experimental group expressed as
percentage of mapped pixels per FOV. Relative quantitation was obtained by mapping
the experimental samples of each group (alumina, ceria, and silica) against their
respective RSL. All groups were topically exposed to NPs in aqueous solution for 24 h.
An average of mapped pixels per FOV was obtained combining all tissue layers for each
exposure group. Values are given as mean ± SEM (n = 20). *p b 0.05, **p b 0.01,
***p b 0.001, ****p b 0.0001.
matched the RSL created from the same NPs in the positive control
samples.

In order to assess NP distribution throughout each sample, a per-
centage of mapped pixels per FOV was obtained per tissue layer, as
shown in Fig. 7. A relative quantitative analysis of the mapped pixels
per FOV found in all exposure groups per tissue layer is shown in
Table 1 and graphed in Fig. 7. The highest percentage of mapped pixels
over the s. corneumwas found in the alumina-exposed samples, follow-
ed by the ceria- then the silica-exposed samples. Lower percentages of
mapped pixels were found in the deeper layers in the alumina-exposed
group, compared to the superficial layer. In the dermis, ceria had the
highest load of NPs, compared to the alumina- and silica-exposed
groups. The deepest layer, the subcutaneous fat, had the highest con-
centration in the ceria-exposed group, compared to the other two
groups. From these data, statistically significant differences were
found when comparing the percentage of mapped pixels over the s.
corneum and the dermis (p b 0.01), andwhen comparing the s. corneum
and the subcutaneous tissue (p b 0.05) in the alumina group. No statis-
tically significant difference was found when comparing the different
layers within the ceria- and silica-exposed groups (Fig. 7).

Combining all tissue layers, the total percentage of mapped pixels
per FOV was obtained for all experimental groups (Fig. 8). The highest
percentage of mapped pixels (representing NPs) was seen in the
ceria-exposed samples, compared to the alumina- and silica-exposed
samples. Statistically significant difference was found when comparing
the alumina- and silica-exposed groups (p b 0.05), andwhen comparing
the ceria- and silica-exposed groups (p b 0.0001). On average, the per-
centage of mapped pixels per FOV for each NP, independent from tissue
layers,was as follows: 5.01% (SEM±0.80) for ceria, 3.34% (SEM±0.91)
for alumina and 0.45% (SEM± 0.08) for silica.

4. Discussion

It should be emphasized that this study successfully demonstrates a
non-destructive method for direct visualization and relative quantita-
tive analysis of NPs in biological samples by combining EDFM and
hyperspectral mapping; it does not lead to conclusions regarding the
toxicity of the specific NPs utilized for the purpose of demonstrating
the method. Traditional methods for NP quantitation in biological sam-
ples have been reviewed (Vanhecke et al., 2014; Sosa Peña et al., 2016;
Lopez-Serrano et al., 2014) These methods include inductively coupled
plasma mass spectrometry (ICP-MS), which has low detection limits
(below one part per trillion) and can analyze metal and non-metal ele-
ments and isotopes; however, it requires destructive sample prepara-
tion and does not allow for a visual assessment of NP distribution
within a given sample (Berezin, 2014). ICP-OES is similar and comple-
mentary to ICP-MS, with even lower detection limits, but cannot distin-
guish between particles that are bound or in free form due to the
digestion process for biological samples (Berezin, 2014). Laser-induced
breakdown spectroscopy (LIBS) determines elemental composition and
allows for a non-destructive and label-free compositional and quantita-
tive NP analysis using a pulsed laser, but it does not differentiate be-
tween different NP sizes or compositions, and its quantitative analysis
is affected by the changes in intensity emission caused by different ma-
trices (Anabitarte et al., 2012). Other quantitationmethods utilizing im-
aging tools have also been attempted at a single cell level by utilizing
confocal fluorescence with image analysis software (Torrano et al.,
2013), by combining stereological sampling techniques with transmis-
sion EM (Elsaesser et al., 2011) and by using different standard spectro-
photometers (Unciti-Broceta et al., 2015). These methods require more
intensive sample preparation than EDFM-HSI and do not provide better
quantitative data than the spectrometry methods.

Additionally, there are other methods for NP quantitation for envi-
ronmental sampling that take into account the specific properties of cer-
tain NPs. For example, near infrared fluorescence (NIRF) spectroscopy
has been used for single-walled carbon nanotubes (SWCNT) in
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sediment, biota, and aqueous solutions based on its fluorescence and
absorbance properties (Schierz et al., 2012), programmed thermal anal-
ysis for SWCNTs andMWCNTs in cyanobacteria and urban air based on
their thermal properties (Doudrick et al., 2012), and 14-C isotropic quan-
titation for few layer graphene (FLG) in aquatic organisms based on its
oxidation and reaction byproducts (Feng et al., 2015); however, none
of these methods are without their own limitations. For nanomaterials
with high reflectance properties, such as the metal oxides used in this
study, EDFM-HSI is a very valuable tool that enhances the natural prop-
erties of those NPs for facilitating detection while allowing for charac-
terization and relative quantitation.

While spectrometry methods provide reliable quantitation for NPs
in biological samples (e.g., total organ burden), it is also valuable, from
a toxicological standpoint, to knowwhere in the sample these NPs con-
centrate, what shape or form they acquire when in contact with the tis-
sue, and if there is a tendency for those NPs to concentrate around
systemic distribution routes, as opposed to a random distribution. This
information can be provided by direct visualization methods like
EDFM-HSI. While inferior to spectrometry for absolute quantitation,
EDFM-HSI offers added value by providing relative quantitative analysis
in combinationwith visual and anatomical information, including local-
ization of NPs within a sample. This method also allows for comparison
between different tissue layers within the same and different exposure
groups, thus enabling relative quantitation of NP abundance. It is impor-
tant to note that while the methods demonstrated in this study may be
applied and adapted to facilitate the investigation of toxicological end-
points as well as NP biodistribution, it was not designed to yield conclu-
sions regarding the toxicity of the specific NPs utilized to demonstrate
these methods.

Since the samples utilized for this study were prepared for conven-
tional light microscopy and thus can be further examined by a patholo-
gist to assess structural and other changes, the utility of this tool in the
diagnostic world may surpass other similar modalities. We used the
standard approach used by pathologists of adding multiple image
frames to obtain a relative quantitation of NPs as a percentage of
mapped pixels per FOV in immunohistochemistry (IHC) samples
(Rizzardi et al., 2012). One difference was that EDFM visualization
does not require IHC or any special staining, as the high contrast pro-
duced by the NPs of interest is clearly identified with EDFM; however,
staining may be necessary for additional analytical techniques, such as
the comparison to BF microscopy shown here. Also of note, EDFM re-
vealed NPs by direct visualization, which were not readily seen using
BF microscopy for the same sample. The potential for using the same
histological sample to easily identify NPs, assess NP biodistribution,
and provide a relative quantitation of NP abundance, while retaining
the option for further study by a trained pathologist, holds great prom-
ise for both toxicology and medicine.

While the primary goal of this paperwas to provide amethod for rel-
ative quantitation of NPs in histological samples in a non-destructive
manner, the methods presented here could be applied and adapted to
help answer questions in future toxicological skin penetration studies,
such as whether the s. corneum is an effective barrier for the transloca-
tion of NPs from the superficial to the deeper layers. Moreover, these
methods can be utilized to obtain relative quantitation for other expo-
sure models, allowing for non-damaging and dye-free tissue prepara-
tion techniques.

4.1. Limitations

While EDFM-HSI can rapidly detect NPs, a limitation is its inability to
obtain the absolute NP count, as its low spatial resolution cannot differ-
entiate between single NPs and agglomerates (Roth et al., 2015b,
2015c). Although there are various benefits from using EDFM-HSI over
EM, particularly in time- and cost-reduction, some challenges still
exist for these tools in terms of achieving a relative quantitative assess-
ment of the studied samples. While EM can detect, quantify and
characterize single NPs, the low spatial resolution of EDFM-HSI cannot
identify single particles and cannot determine the number of individual
NPs in an agglomerate. It may, however, allow for relative quantitation
of NP clusters or agglomerations in biological samples, including histo-
logical tissues,where agglomerations have been extensively and consis-
tently reported (Mercer et al., 2013; Anderson et al., 2015), or when a
relative quantitation based on the percentage of pixels mapped is
sufficient.

5. Conclusions

The methods presented here, utilizing EDFM-HSI, provided a relative
quantitative analysis and valuable information about biodistribution of
NPs in histological sampleswith no destruction of the tissue and no labels
required. In a skin penetration model specifically engineered for very
small volume exposures, relative quantitation of NPs with EDFM-HSI
has proven to be useful to compare NP abundance between different ex-
posure groups and between different tissue layers. Thismethod therefore
holds value for applications in toxicological, exposure, medical, and other
biological studies utilizing nanoscale materials. However, in order to
apply the method presented here to other NPs and/or to investigate tox-
icological or other biological endpoints, this relative quantitative analysis
may require adaptation and should be replicated with a greater number
of samples to generate significant statistical analysis. These methods
could be used for other classes and categories of NPs in a wide range of
biological and environmental matrices, thus broadening the impact and
utility of these methods across disciplines such as toxicology, pharmacol-
ogy, medicine, occupational health, and environmental science.
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