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While engineered nanomaterials (ENMs) are increasingly incorporated into

industrial processes and consumer products, the potential biological effects and health outcomes
of exposure remain unknown. Novel advanced direct visualization techniques that require less
time, cost, and resource investment than electron microscopy (EM) are needed for identifying
and locating ENMs in biological samples. Hyperspectral imaging (HSI) combines spectrophotom-
etry and imaging, using advanced optics and algorithms to capture a spectrum from 400 to
1000 nm at each pixel in an enhanced dark-field microscopic (EDFM) image. HSI-EDFM can be
used to confirm the identity of the materials of interest in a sample and generate an image
“mapping” their presence and location in a sample. Hyperspectral mapping is particularly impor-
tant for biological samples, where ENM morphology is visually indistinct from surrounding tis-
sue structures. While use of HSI (without mapping) is increasing, no studies to date have
compared results from hyperspectral mapping with conventional methods. Thus, the objective of
this study was to utilize EDFM-HSI to locate, identify, and map metal oxide ENMs in ex vivo his-
tological porcine skin tissues, a toxicological model of cutaneous exposure, and compare findings
with those of Raman spectroscopy (RS), energy-dispersive X-ray spectroscopy (EDS), and scan-
ning electron microscopy (SEM). Results demonstrate that EDFM-HSI mapping is capable of
locating and identifying ENMs in tissue, as confirmed by conventional methods. This study
serves as initial confirmation of EDFM-HSI mapping as a novel and higher throughput tech-
nique for ENM identification in biological samples, and serves as the basis for further protocol
development utilizing EDFM-HSI for semiquantitation of ENMs. Microsc. Res. Tech. 79:349—

358, 2016. ©2016 Wiley Periodicals, Inc.

INTRODUCTION

Engineered nanomaterials (ENMs) are increasingly
incorporated into manufacturing processes and prod-
ucts in a variety of industries. Meanwhile, the nano-
technology workforce is also growing: 2 million
nanotechnology workers are projected to work in the
US by 2020, part of a global nanotechnology workforce
of 6 million (Roco et al., 2010). Currently, the physio-
logical effects and potential health impacts of occupa-
tional exposures to ENMs are not fully understood.

The semiconductor industry utilizes ENMs in silicon
wafer fabrication during wafer polishing processes.
Two of the most common metal oxide nanoparticle
abrasives used in this manner include cerium oxide
(CeOg; ceria) and aluminum oxide (Al,Os; alumina)
(Brenner et al., 2015; Brenner and Neu-Baker, 2014;
Roth et al., 2015a). Semiconductor workers who han-
dle these ENMs may be exposed via inhalation or cuta-
neous contact (Brenner et al., 2015; Brenner and Neu-
Baker, 2015; Shepard and Brenner, 2014a,b). While
occupational exposure assessment seeks to define and
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quantify worker exposures, the use of complementary
animal models seeks to define the toxicological profiles
(hazard) of the ENMs in use. In this way, investigators
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will be positioned to better understand and address
the overall risk to workers who handle industrial
ENMs (Risk = Exposure X Hazard).

As histological samples are commonly used for toxi-
cology studies, an efficient visualization technique
that allows for the detection and characterization of
ENMs in a fast and an inexpensive way while preserv-
ing the tissue structure is greatly needed. Hyperspec-
tral imaging (HSI) has emerged as a new technology
for analysis of nanoscale materials that combines spec-
trophotometry and imaging using advanced optics and
algorithms to capture spectral data in the visible and
near-infrared (VNIR) wavelengths for each pixel in an
enhanced dark-field microscopic (EDFM) image. Spec-
tral profiles can be collected for known materials and
used as a spectral library (SL) for comparison of mate-
rials found in other samples through a mapping pro-
cess, which, although crucial to identify
nonmorphologically distinct particles, is not univer-
sally used in HSI studies. EDFM allows for increased
contrast, facilitating visualization of nanoscale materi-
als in a variety of matrices (Roth et al., 2015b). Proto-
cols for EDFM and HSI as well as potential
applications for this imaging modality have previously
been presented in detail by Roth et al. (2015a,b,c).
While EDFM-HSI for visualization and identification
of ENMs in histological tissue samples has been
reported (Husain et al., 2013; Kwok et al., 2012; Ma
et al., 2012; Mercer et al., 2013; Roth et al., 2015b; Vet-
ten et al., 2013), only some have utilized the HSI spec-
tral mapping capabilities for compositional analysis
(Husain et al., 2015; Ilves et al., 2014; Roth et al.,
2015b; Vetten et al., 2013) and, to the best of our
knowledge, none have reported a systematic confirma-
tion of the technique.

The identification of morphologically distinct ENMs
by EDFM and/or HSI is relatively straightforward, as
in the case of carbon nanotubes (CNTs). Confident
identification of CNTs can be made by direct visualiza-
tion with EDFM without the need for elemental confir-
mation by hyperspectral mapping (Mercer et al.,
2013). However, other ENMs with indistinctive
shapes, such as the spherical metal oxide ENMs used
in this study, can either remain isolated or cluster
together. These ENMs are much more difficult, if not
impossible, to distinguish from native biological struc-
tures or artifacts on the basis of direct visualization
alone. In these cases, confirmation of the ENM’s iden-
tity requires the creation of reference SLs (RSLs) from
positive and negative controls that is used for subse-
quent ENM mapping in experimental samples. The
creation of the RSLs, which is the basis for the map-
ping process, requires an initial visual detection of
high contrast elements in the EDFM image, which
could represent not only the suspected ENMs of inter-
est (Roth et al., 2015b), but also other objects in the tis-
sue, such as debris and artifacts, as reported by
Husain et al. (2015). Therefore, it is imperative that
the RSLs created are based on spectral profiles from
the true ENMs of interest (positive controls) and from
samples completely free of the ENMs of interest (nega-
tive controls). Accurate RSLs are the key to sensitive
and specific mapping of ENMs in experimental sam-
ples. The crucial initial step of generating an SL from
a positive control is initially based on a visual detec-
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tion of ENMs in the sample by the microscopist/
researcher; therefore, positive identification of the ele-
ment of interest by other conventional methods not
only improves mapping accuracy but also provides nec-
essary confirmation of ENM identity. Such validation
of this novel EDFM-HSI approach has been achieved
through comparison to traditional methods. The gold
standard for ENM imaging is electron microscopy
(EM)—either transmission electron microscopy (TEM)
or scanning electron microscopy (SEM)—which uses a
beam of accelerated electrons to create an image of a
sample with nanoscale resolution. EM can be com-
bined with energy-dispersive X-ray spectroscopy
(EDS) to determine solid surface elemental composi-
tion and visualization of nanoscale materials (Zheng
et al., 2011). While EM is capable of much higher mag-
nification and has greater resolving power than light
microscopy, the time-to-knowledge and cost-of-
ownership of EM are also much greater. Another well-
known method is Raman spectroscopy (RS), which is
based on phonon-assisted inelastic scattering of inci-
dent monochromatic light. This provides information
about the vibrational energy levels within a molecule,
creating a sharp and characteristic shift or peak spe-
cific to the molecule, thus providing a molecular finger-
print of the sample (Edwards, 2005; Jestel, 2010).
While RS is a robust technique for nanoparticle identi-
fication, it is far more time-consuming and limiting in
terms of sample preparation than HSI.

In this study, we explore the utility of EDFM-HSI
with spectral mapping for localization and composi-
tional identification of ENMs in exposed histological
porcine skin tissue, which serves as a toxicological
model for real-world cutaneous exposures to metal
oxide ENMs. Furthermore, to confirm EDFM-HSI find-
ings, its performance is compared alongside traditional
methods—RS and SEM with EDS—used for advanced
nanoscale visualization.

MATERIALS AND METHODS
Metal Oxide Nanoparticle Suspensions

Commercially available metal oxide nanoparticle
suspensions used for semiconductor wafer polishing
were utilized in this study. These suspensions com-
prised ceria or alumina nanoparticles, dispersants,
surfactants, and acids or bases in deionized water. The
alumina and ceria ENMs are approximately 56—
100 nm in diameter, according to dynamic light scat-
tering (DLS) analysis (Roth et al., 2015d). The nano-
particle slurry suspensions have been characterized in
detail and reported by Roth et al. (2015d) (see Support-
ing Information for characterization data).

Porcine Skin Exposure Model

Porcine skin was obtained from the dorsolateral
region of 14 freshly euthanized adult male pigs through
a tissue-sharing program at Stony Brook University
(Stony Brook, NY). Each experimental sample was cut
into 1.5 cm long X 1.5 cm wide X 0.5 cm thick speci-
mens to ensure that epidermis, dermis and subcutane-
ous layers were present. A modified Franz cell chamber
with a diffusional area of 0.785 cm? was used to expose
the porcine skin to ENM suspensions of interest. Ten
porcine models were divided into two experimental
groups, where five models were topically exposed to
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ceria and five models to alumina nanoparticles in sus-
pension, respectively. Two porcine models were exposed
to a nanoparticle-free aqueous suspension to serve as
negative controls, and two porcine models were injected
(200 pm depth, through the stratum corneum) with the
ceria and alumina nanoparticle-containing suspensions
to serve as positive controls. Each specimen was
exposed to 75 uL of nanoparticle suspension for 24 h.
The total exposure was 0.0623 pg for ceria and 0.0758 pg
for alumina, respectively, based on the NP concentra-
tions in the commercial slurries. The porcine skin was
placed with the epidermis facing the donor compartment
and the subcutaneous tissue facing the receptor com-
partment. The epidermal surface was exposed to the
aqueous suspensions of metal oxide nanoparticles while
the receptor compartment was filled with phosphate buf-
fered saline. All exposures were performed within a
chemical fume hood, with room temperature maintained
at 23-25°C at 50-60% humidity.

Histological Preparation

Following exposure, skin tissues were fixed via
immersion in 10% formalin and stored in the fixative
until histological preparation by the Albert Einstein
College of Medicine (AECOM) Histology and Compara-
tive Pathology Facility (Bronx, NY). Briefly, fixed tis-
sues were processed through solvents and embedded
in paraffin using a Leica Tissue Processor (Leica; Wet-
zlar, Germany). Paraffin-embedded tissues were sec-
tioned to a 6 um thickness using a rotary microtome.
The tissues were sectioned directionally from subcuta-
neous to epidermal layer, using a clean blade for each
cut, as to minimize risk of artificially trafficking par-
ticles in the direction of potential penetration, and
mounted onto glass microscopy slides. Deparaffinized
and rehydrated tissue sections were stained with
hematoxylin and eosin (H&E), and then dehydrated
through graded alcohols to xylene and coverslipped
(Kumar et al., 2010; Titford, 2009). For the positive
control samples, the fixed tissue was sectioned to gen-
erate three serial sections: one section was H&E
stained and coverslipped for dark-field and bright-field
microscopy; the other two sections remained unstained
and mounted onto glass microscopy slides for RS and
SEM-EDS. No coverslip was applied to these samples
for RS, and SEM-EDS analysis; only a layer of paraffin
remained on the sample for tissue preservation until
use. To remove the remaining paraffin layer from the
tissue, the noncoverslipped slides were warmed at
50°C for 30 min followed by immersion in xylene for
5 min. While H&E or other histological stains are not
necessary for HSI, this provided the opportunity to
also examine these tissues in bright-field, where the
stained tissues would be more easily visualized.
Regardless of the sample preparation method, any
sample for HSI must be coverslipped to protect the
specimen from the objective lens, especially when
using an oil immersion 100X objective lens.

Enhanced Dark-Field Microscopy (EDFM) and
Hyperspectral Imaging (HSI)

A total of 14 samples (5 exposed to ceria; 5 exposed
to alumina; 2 positive controls; 2 negative controls)
were visualized at SUNY Polytechnic Institute

Microscopy Research and Technique

351

(Albany, NY) with a CytoViva HSI system (Auburn,
AL) mounted on an Olympus BX-43 microscope with
an EDFM condenser to locate and identify ENMs.
Images were obtained with a DAGE optical camera
system for EDFM, and with a Pixelfly camera system
for HSI that captures spectral data per pixel in the
VNIR region. Consistent exposure settings were main-
tained for scanning and imaging purposes for all sam-
ples (for DAGE EDFM camera: gain 3.0 dB, shutter
35 ms, 75% brightness; for Pixelfly HSI camera: 720
lines, 0.25 s exposure time). Lamp correction was con-
sidered unnecessary for the samples investigated in
this study as initial comparison between lamp-
corrected and non-lamp-corrected datacubes produced
no differences in mapping (Roth et al., 2015b; direct
communication with CytoViva, Inc. on May 27-28,
2015). However, this may not be the case for other
samples, which may require lamp correction. For the
injected positive control samples, different areas with
the highest load of ENMs were imaged by EDFM and
HSI in each skin layer (epidermis, dermis, and subcu-
taneous tissue). EDFM was first performed to detect
areas of high contrast to identify them as areas of
interest. Using the HSI camera, datacubes (HSI
images) were captured and analyzed for each sample
using the ENVI 4.8 HSI software and following the
method described by Roth et al. (2015b). Once the
areas of interest were captured with HSI, the findings
were confirmed with RS and SEM-EDS as described
below, and then followed by the creation of a prelimi-
nary spectral library (SL), obtained from the positive
control datacubes for each ENM type via the ENVI
particle filter function. For the negative vehicle control
samples, areas without high-contrast elements were
selected for imaging and analysis. Utilizing the prelim-
inary SL from the positive control, a reference spectral
library (RSL) was generated for HSI experimental
sample mapping. For the creation of each RSL, the
preliminary positive control SLs were filtered against
the negative control datacubes to subtract all duplica-
tive spectra, thus increasing specificity (Roth et al.,
2015b). This filtering process utilizes data from both
the positive and negative controls to create the RSL,
which is then used for mapping. Next, experimental
samples exposed topically to ENMs in solution were
imaged with EDFM. HSI datacubes from these experi-
mental samples were captured, analyzed, and mapped
against their respective RSL.

While it is known that spectral data is highly depend-
ent on the sample matrix and microenvironment (Roth
et al., 2015b), an SL was created from the raw ENMs in
solution for comparison to the SLs of the injected posi-
tive control samples to determine which SL was appro-
priate for creation of the RSL for mapping.

HSI Mapping

Following the identification of ENMs and their cap-
ture in datacubes for each experimental sample, each
datacube was mapped against its respective RSL using
the ENVI spectral angle mapper (SAM) function, as
specified in Roth et al. (2015b), to create an image that
showed the areas where nanoparticles were present in
a particular color overlaid on the original datacube. The
default SAM threshold (0.10) was used for this study.
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Fig. 1. Positive control porcine skin tissue viewed by bright-field
microscopy, EDFM, and HSI with mapping. Rows correspond to the
stratum corneum of porcine skin tissue injected with ceria and alu-
mina nanoparticles. Each column shows the same field of view
imaged with different techniques. The first column corresponds to the
bright-field view of H&E stained stratum corneum (40X magnifica-
tion). The area enclosed in a red square is magnified to 100X and

Raman Spectroscopy (RS)

An HORIBA Jobin Yvon’s LabRAM 800HR Raman
spectrometer was used to validate the HSI findings.
The positive control samples that had been imaged
with EDFM and HSI for the localization of ENMs were
analyzed with RS to verify the presence of the charac-
teristic spectral peak that is produced for each specific
element. First, each of the concentrated ENM-
containing solutions (ceria, alumina) was drop-cast on
a silicon substrate and was characterized using a
532 nm (2.33 eV) and 633 nm laser (1.96 eV). For ceria,
acquisition time was 5 s averaged 20 times at 2.25 mW
laser power, using 532 nm laser. For alumina, acquisi-
tion time was 10 s averaged 10 times at 5.5 mW laser
power, using 633 nm laser. Spectral peaks were
recorded for further comparison. This characterization
was performed in duplicate to confirm the specific
peaks obtained.

The paraffin layer was removed from the positive
control unstained noncoverslipped slides created from
serial tissue sections for RS and SEM-EDS analysis by
heating the slide on a hot plate for 30 min at 50°C fol-
lowed by a 5 min immersion in 100% xylene. Using RS,
areas of interest were localized, imaged at 100X mag-
nification, and analyzed to compare their spectral
peaks with the spectral peaks expected for the specific
nanomaterial to which they had been exposed. The
spectral peaks obtained from the concentrated ENM-
containing solutions and the spectral peaks obtained
from the positive control samples were analyzed and
compared.
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HSI

HSI Mapped

viewed using EDFM (column 2) and HSI (column 3), where ENMs
appear as high-contrast elements, indicated by arrows. Column 4
shows the HSI image mapped against the RSL, where the ENMs with
positive matching are shown in yellow for ceria (arrows) and in
magenta for alumina (arrows). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Scanning Electron Microscopy (SEM) and
Energy-Dispersive X-Ray Spectroscopy (EDS)

Zeiss 1550 FE-SEM with in-lens and secondary elec-
tron detector integrated with a Bruker Quantax
energy-dispersive X-ray spectrometer was used to
identify the nanoparticles in the skin tissue samples.
The microscopy slides with deparaffinized tissue were
attached to sample pin stub mounts for SEM imaging.
The images were captured using secondary electron
(Everhart-Thornley) detector using acceleration volt-
age of 20 kV, at a working distance of 15-15.2 mm. A
Bruker Quantax energy-dispersive X-ray spectrometer
was used to confirm the elemental composition of
nanoparticle-exposed tissue. EDS-based elemental dis-
tribution maps of the regions of interest (ROI) were
obtained and overlaid on the corresponding SEM
images.

RESULTS
Nanoparticle Identification with EDFM and HSI
and Spectral Mapping

High-contrast elements (suspected nanoparticles)
were identified in the positive control (injected tissue)
samples, while they show as dark spots in the bright-
field view as shown in Figure 1. Because the shape of
the high-contrast elements was indistinctive, and no
spectral reference library exists for comparison, the
presence of the ENMs of interest was confirmed with
RS (Fig. 2), and SEM-EDS (Figs. 3 and 4). Once the
three methods confirmed the presence of the expected
ENMs, the creation of an SL from the positive control
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Fig. 2. Raman spectra of metal oxide nanoparticles in aqueous solu-
tion compared to metal oxide nanoparticles embedded in porcine skin
tissue. A spectral profile was obtained from the ENM-containing solu-
tion (top row) and from the porcine skin tissue injected (positive con-
trol) with the same solution (bottom row). Columns show ceria and
alumina Raman shifts, respectively. The presence of ceria in both
aqueous solution and skin tissue created a Raman peak at 464 cm ™!

to produce an RSL (SL filtered against the negative tis-
sue control sample) was justified. The possibility of cre-
ating the RSL from the ENMs suspended in an
aqueous solution was explored and compared to that of
the ENM-injected tissue positive control, as shown in
Figure 5, where the spectral signature for the ENMs
embedded in skin tissue was different from the spec-
tral signature for the ENMs suspended in aqueous
solution, creating different mapping results. This
result was expected since the spectral profiles of ENMs
are matrix- and microenvironment-dependent (Roth
et al., 2015b).

One RSL was created for ceria and alumina, respec-
tively, by removing the background spectra created by
the skin tissue itself. Figure 1 shows the positive con-
trol samples mapped against the RSL.

Presence of ENMs in Porcine Skin
Validated by RS

ENM-containing solutions used to create the posi-
tive control porcine skin samples were analyzed with
RS using 532 nm for ceria and 633 nm for alumina
laser beams, obtaining spectral peaks at 465 cm ™! for
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as seen in the red dotted triangle, while alumina created peaks at
1369 and 1399 cm ™! in both solution and tissue. The bottom row
shows the overlay of the spectral shifts created from the skin tissue
without ENMs (green) and from the skin tissue with ENMs (blue for
ceria; red for alumina). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

ceria, and two peaks at 1369 and 1399 cm ! for alu-
mina. The positive control skin samples were then
analyzed with RS using the same respective laser
beams for each element, and spectral peaks at
465 cm ™ !in the case of ceria particles, and at 1369 and
1399 cm ! for alumina particles were also obtained as
expected, confirming the presence of the same particles
for ceria and alumina in both the solution and skin
samples (Fig. 2).

Presence of ENMs in Porcine Skin Validated by
SEM-EDS

The tissue positive controls were analyzed using
SEM-EDS. SEM images indicate the presence of ceria
and alumina nanoparticles contouring the adipocytes
in exposed subcutaneous tissue, as expected. The EDS
elemental analysis also shows clear peaks of cerium
and oxygen (Fig. 3) and aluminum and oxygen (Fig. 4)
within the sample. Elemental mapping based on the
relative abundance of elements also indicates the pres-
ence of silicon dioxide (from the glass slide on which
the sample sits) and demonstrates the biodistribution
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Fig. 3. SEM images indicating the presence of ceria nanoparticles
in porcine subcutaneous tissue. (a) In this SEM image of a porcine tis-
sue section, ceria nanoparticles can be seen as small specks (green)
along the border of the adipocytes in the subcutaneous tissue layer.
(b) The characteristic EDS peak of ceria indicated by an arrow con-
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of ceria and alumina nanoparticles within the subcuta-
neous tissue.

HSI Mapping for Experimental Samples

Identification of high-contrast elements in experi-
mental samples that were topically exposed to ENMs
in solution was achieved by EDFM-HSI. Each data-
cube was mapped against its corresponding RSL using
the SAM function, where the areas with ENMs are
shown in a distinctive color, overlaid on the original
datacube (Fig. 6). The images correspond to different
skin layers of different porcine samples. Some high-
contrast areas did not show one-to-one mapping to
RSLs, which determined that not all of the high-
contrast areas were occupied by the ENM of interest.
The lack of one-to-one mapping in some areas shows
that not everything that is high contrast in an EDFM
image corresponds to the ENMs of interest, and it is
particularly difficult to distinguish them from any
other material with an irregular shape that may be
bright under EDFM, thus the need to confirm these
findings with other methods and the need to utilize
EDFM always in conjunction with HSI mapping to
determine the accurate location of the ENMs in the
sample.
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firms its presence in the tissue. (c) EDS elemental mapping overlay of
all the elements found in the region. (d) Individual panel represent-
ing oxides in sky blue, silicon in dark blue, carbon in red, and ceria in
green. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

DISCUSSION

Both EDFM and HSI are effective tools for identify-
ing high-contrast elements in porcine histological sam-
ples that have been processed for regular bright-field
microscopy, and through its SAM feature, the tools are
able to determine the presence of the nanoparticles of
interest within the tissue. Since HSI is a relatively
new technology for the detection of nanoparticles in
different sample types, the confirmation of its findings
with other traditional methods (RS and SEM-EDS) is
necessary. Furthermore, morphologically indistinctive
ENMs, such as the metal oxides in this study, could be
mistaken for other components in the sample, necessi-
tating confirmation with other methods (Husain et al.,
2015). RS detected the presence of the characteristic
spectral peaks for ceria (465 cm™ 1) and alumina (1369
and 1399 cm™!), as shown in Figure 2, while SEM-
EDS validated the presence of ENMs in the samples,
providing elemental composition and biodistribution of
the nanoparticles of interest. Under RS, the same spec-
tral peaks that were found in the EMN-containing sol-
utions were expected to be found in the skin samples
exposed to each particular solution and not to be found
in nonexposed skin samples. As seen in Figure 2, the
peaks found in the ENMs in aqueous solution for both
ceria and alumina were found in their respective
exposed skin tissue samples and were absent in
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Fig. 4. SEM images indicating the presence of alumina nanopar-
ticles in porcine subcutaneous tissue. (a) In this SEM image of a por-
cine tissue section, alumina nanoparticles can be seen as small
specks (green) along the border of the adipocytes in the subcutaneous
tissue layer. (b) The characteristic EDS peak of alumina, indicated by

nonexposed samples. It is important to note that for
the characterization of the ceria and alumina nanopar-
ticles in the ENM-containing solution using RS, a sili-
con substrate was used as a platform for the sample
since using a regular microscopy glass slide as a plat-
form produced such a strong Si signal that it overpow-
ered the signals for the ENMs of interest. This
explains the difference in the peak intensity for ceria
when analyzed in aqueous solution versus skin tissue.
While the ceria peak was strong in the aqueous solu-
tion, its intensity decreased in the skin tissue sample
although it was still perceptible. Even though the con-
firmation of EDFM-HSI findings with another method
is required to create an accurate RSL, once this first
step is accomplished, the use of the rapid HSI mapping
method can then be used alone to detect and localize
the ENMs of interest in a high volume of experimental
biological samples.

The creation of SLs from the ENMs in different mat-
rices is of importance as the difference in spectral pro-
files for the same nanoparticle could be altered by its
microenvironment, as reported by Roth et al. (2015b).
Even though there are reports where the raw nanopar-
ticles were used to create an SL to map over biological
samples (Husain et al., 2013, 2015), the SL utilized in
this study was derived from the ENM-injected tissue
positive control samples as the difference between the
spectral profiles of the raw ENMs in solution versus
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an arrow, confirms its presence in the tissue. (¢) EDS elemental map-
ping overlay of all the elements found in the region. (d) Individual
panel representing oxides in sky blue, silicon in dark blue, carbon in
red, and alumina in green. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

the tissue positive control samples was evident, as
shown in Figure 5. This is a key consideration in appli-
cation of this technique, as the experimental design
must take into account how to generate the most sensi-
tive and specific RSL for the given research question.
Additionally, HSI can be a useful tool for studying how
spectral profiles for a given material change based on
their microenvironment, particle size, agglomeration
state, and/or surface characteristics (Shannahan et al.,
2015). An in-depth investigation of the spectral data
could provide more characterization information
regarding the ENMs of interest. For this study, as the
matrix of the positive controls was the same as the
matrix of the experimental samples, the positive con-
trols were more appropriate to use to create the RSLs.
Even though the raw ENMs generated fewer unique
spectra when compared to the spectral profile of the
ENMs in tissue, as shown in Figure 5, it is important
to consider that during the filtering process of each SL,
all redundant or background spectra are removed,
making the SL more efficient for mapping purposes
without compromising the mapping results, and thus
it cannot be responsible for the mapping differences.
Further, efficient mapping may be possible with the
identification of just a few unique spectra (Badireddy
et al., 2012). Last, mapping may be improved with the
adjustment of the SAM threshold; however, research-
ers must take caution in adjusting the SAM threshold
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Fig. 5. HSI spectral library of metal oxide nanoparticles in porcine
skin tissue compared to metal oxide nanoparticles in aqueous solu-
tion. Images correspond to the spectral profile of ceria and alumina
nanoparticles, respectively (column 1 and 2). The first row corre-
sponds to the spectral profile produced by the ENMs found in the pos-
itive controls. Bimodal peaks appear for both ceria and alumina in
positive control samples, whereas the peaks for the ENMs in aqueous

so that mapping remains specific to the ENMs of inter-
est and does not incorporate false positives.

While the EDFM-HSI system offers multiple advan-
tages over conventional methods, there are certain
limitations that should be considered. For example, in
this study, ENM translocation through the skin layers
could be affected by the processing, preparation, and
handling of the skin tissue, which could affect the
results of a quantitative evaluation. HSI also has a
lower spatial resolution than EM, as described by Roth
et al. (2015b,c). It is also important to note that certain
materials with high reflectance, such as noble metals,
are more amenable to EDFM-HSI analysis, whereas
other materials, such as semimetallic oxides and
carbon-based nanomaterials, may prove challenging
for SL creation and spectral mapping (Manolakis
et al., 2003; Mercer et al., 2013b; Roth et al., 2015b).

For both RS and SEM-EDS, unstained noncover-
slipped adjacent histological samples were obtained.
Since these samples were not coverslipped, they
remained embedded in paraffin, which was removed
by a heating process and subsequent immersion in
xylene. This deparaffinization process, which required
drying a liquid on a solid surface, could have induced a
coffee-ring effect which may have led to the deposition
of nanoparticles in a ring-like manner (Yunker et al.,
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solution appear at different wavelengths than their tissue counter-
parts. The importance of this finding is that an RSL for the purpose
of elemental mapping should be generated from a positive control,
wherein the element of interest is contained in the same matrix as
the experimental samples. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

2011), which could affect their distribution within the
sample, explaining the difference in biodistribution
seen in EDFM-HSI and SEM.

Choosing an appropriate sample to serve as the
basis for the creation of SLs is of great relevance when
developing a protocol to achieve good, reliable, and
adequate mapping results. Moreover, the creation of
an accurate SL that will ensure high specificity for the
identification of the ENMs of interest is highly depend-
ent on reliable negative controls. As the SL filtering
process involves the removal of redundant spectra
between the positive and negative controls, the result-
ing reference SL could be significantly altered if con-
tamination with the ENMs of interest was present in
the negative control (Roth et al., 2015b). Finally, the
HSI technique can only potentially serve as a semi-
quantitative tool as no z-axis is available to obtain the
total organ burden of a certain material.

A limitation of RS is the need for unstained, nonco-
verslipped adjacent tissue samples that requires an
extra drying process that could alter the biodistribu-
tion of the material of interest. Also, the use of a silicon
substrate for the detection of the elements of interest
in the aqueous solutions was required, and the avail-
ability of these substrates may become problematic.
The same unstained noncoverslipped tissue samples
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Fig. 6. Porcine skin tissue exposed to ENM-containing solution and
mapped against the reference spectral library (RSL). Rows corre-
spond to porcine skin tissue exposed to ceria and alumina ENMs,
respectively (experimental samples). Each column shows the same
field of view imaged with different techniques. The first column corre-
sponds to a bright-field image of an H&E stained sample (40 X magni-
fication). The area enclosed in a red square was magnified to 100X

were required for SEM-EDS, where the biodistribution
limitations and the high time and cost investments
apply to these tools as well.

CONCLUSIONS

The comparison of EDFM-HSI with known meth-
ods validates the findings of this novel method for the
localization and identification of ENMs in histological
samples, making it an attractive alternative to more
conventional techniques. This method confers several
advantages over the conventional gold standard of
EM in terms of time and cost reduction, despite
requiring confirmation with other methods to create
RSLs when analyzing indistinctively shaped ENMs.
Even though precise localization of ENMs in tissue
samples can be achieved with EM, its very small field
of view becomes a limitation for rapid scanning. For
instance, while it takes 15 min to scan a 1.5 cm X
1.5 cm skin tissue section at 10X magnification with
EDFM and an additional 15 min to obtain an HSI
datacube, it could take a minimum of 5 months (8 h/
day, 5 days/week) to scan the same sample with TEM
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HSI

and viewed using EDFM (column 2) and HSI (column 3), where
ENMs appear as high-contrast elements (arrows). Column 4 shows
the HSI image mapped against the RSL, where the positive matches
are shown in blue for ceria and in magenta for alumina. From top to
bottom, the rows correspond to stratum corneum, dermis, and subcu-
taneous tissue, respectively. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

at “low” 1,000X magnification. Moreover, while EM
must be operated by highly specialized and trained
personnel, EDFM-HSI can be performed by a rela-
tively inexperienced individual with a minimum of a
few days of intensive training, not to mention the sub-
stantial difference in the cost of the instruments and
potential availability of the tools in research laborato-
ries. The significant cost differential between an
EDFM-HSI system (~$155,000) and a TEM ($1-4 M)
or SEM [$500,000 (entry grade) to $1M (top-of-the-
line)] with EDS ($100,000) makes this an affordable
in-house analysis option for research teams. More-
over, EDFM-HSI is also capable of visualizing ENMs
in tissues that appear as is, without the use of a spe-
cial dye or marker that other techniques require.
Although not necessary for EDFM-HSI, we used H&E
stain in this study to facilitate bright-field visualiza-
tion, which demonstrated a much faster scanning of
the sample in combination with EDFM than with reg-
ular bright-field alone.

In conclusion, this study demonstrates the utility of
EDFM-HSI in identifying and localizing ENMs when
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confirmed by conventional methods in fixed porcine
skin tissue, which serves as a toxicological model for
real-world cutaneous exposure to metal oxide ENMs
associated with the semiconductor manufacturing
processes. The confirmation of this method by RS and
SEM-EDS supports the use of the EDFM-HSI system
as a valuable tool for this purpose, providing multiple
advantages over traditional EM or RS techniques,
including faster acquisition time, reduced costs, and
tissue structure preservation. Moreover, due to the
multiple analysis tools in the HSI software, a further
semiquantitative analysis of ENMs could be possible.
This paves the way not only for its use in further anal-
ysis, such as investigating the penetration and semi-
quantitation of ENMs through layers of skin tissue,
but also for efficient analysis of other nanoparticles in
biological samples. This technique may be an attrac-
tive option for investigators who require rapid results,
lack the expertise in conducting EM themselves, and/
or lack the necessary funds for extensive, high-
throughput commercial EM analysis of samples.
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