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Advanced Review

Hyperspectral microscopy as an
analytical tool for nanomaterials
Gary A. Roth, Sahil Tahiliani, Nicole M. Neu-Baker and
Sara A. Brenner∗

Hyperspectral microscopy is an advanced visualization technique that combines
hyperspectral imagingwith state-of-the-art optics and computer software to enable
the rapid identification of materials at the micro- and nanoscales. Achieving this
level of resolution has traditionally required time-consuming and costly electron
microscopy techniques. While hyperspectral microscopy has already been applied
to the analysis of bulk materials and biologicals, it shows extraordinary promise
as an analytical tool to locate individual nanoparticles and aggregates in complex
samples through rapid optical and spectroscopic identification. This technique can
be used to not only screen for the presence of nanomaterials, but also to locate,
identify, and characterize them. It could also be used to identify a subset of samples
that would then move on for further analysis via other advanced metrology.
This review will describe the science and origins of hyperspectral microscopy,
examine current and emerging applications in life science, and examine potential
applications of this technology that could improve research efficiency or lead to
novel discoveries. © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Nanotechnology is becoming ubiquitous in daily
life as applications of advanced materials engi-

neered at the nanoscale range from computers and cell
phones to clothing and sporting goods. Nanotechnol-
ogy involves the use or creation of engineered nano-
materials, including nanoparticles (NPs), which are
structures with at least one spatial dimension less
than 100 nanometers. The properties of nanomate-
rials vary considerably with only minor changes in
characteristics such as size and concentration, which
implies a need for precise and accurate measurement
of these properties. The unique characteristics of engi-
neered nanomaterials present several analytical chal-
lenges: their small size makes them difficult to locate,
characterize, and quantify. Existing methods, such
as transmission electron microscopy (TEM), often
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require considerable time and resources, where prepa-
ration and analysis of a single sample may require
several hours. Other methods, such as inductively cou-
pled plasma-mass spectrometry (ICP-MS), result in the
loss of information regarding certain characteristics
in order to precisely and accurately quantify others;
e.g., information on size and morphology is sacri-
ficed to measure mass concentration. Unfortunately,
in fields where large numbers of samples must be ana-
lyzed (such as environmental monitoring and toxic-
ity screening), the use of such intensive techniques
is cost-prohibitive. Consequently, new techniques are
needed that can either replace the more burdensome
methods or act as screening techniques to minimize
more resource-intensive analysis.

Hyperspectral microscopy is one technique that
is being developed and explored to address current
analytical challenges for nanoscale materials. This
technique combines hyperspectral imaging (HSI) with
advanced optics, typically focusing on specialized
dark-field reflectance systems. Numerous publications
have demonstrated the technique’s effectiveness in
a wide range of applications, including fabricating
materials and analysis of biological and environmental
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samples. HSI has also been performed on certain sam-
ples as a potential method for detecting NP state in
biological systems. HSI collects characteristic spec-
tral profile data (analogous to that provided by typ-
ical spectrophotometry) of infrared and visible light
reflected by samples that uniquely identify materials
of interest.

To date, no comprehensive review of the lit-
erature has been published regarding the use of
hyperspectral microscopy for the analysis of nano-
materials. This review provides an overview of the
current applications of this technology as an analytical
tool or advanced screening method for nanomaterials.

THE SCIENCE OF HSI

HSI is a technique that was first fully realized and
implemented in NASA’s airborne visible/infrared
imaging spectrometer. The principle is to combine
spectrophotometry and imaging: instead of taking a
single photograph with a single dominant wavelength
per pixel, advanced optics and algorithms allow the
capture of an entire spectrum per pixel. Since this adds
another dimension to an otherwise two-dimensional
image, a hyperspectral image is sometimes referred to
as a data cube. By collecting spectra of reference mate-
rials, it is possible to correlate these reference spectra
to a hyperspectral image to identify specific materials
of interest in the image. This forms the basis of the
technique and its primary advantage: the ability to
simultaneously image diverse and heterogeneous sam-
ples and identify materials present.1 The term ‘hyper-
spectral’, rather than just ‘spectral’, refers to the range
of wavelengths measured, which typically includes
near-infrared, visible, and sometimes near-ultraviolet
spectra. The use of dark-field imaging enhances the
effectiveness of the technique since it decreases the
background signal and emphasizes materials that
scatter the most light, and such scattering spectra are
more uniquely characteristic of a given material.2–5

Other early uses of HSI focused on long-range,
large-scale applications for geologically oriented agen-
cies, including surveyors, mineral, and oil industries.
While previous forms of correlating spectroscopic and
photographic data existed, narrow bands of collection
meant the techniques were only suitable for certain
compounds. The introduction of HSI significantly
broadened the potential number of materials the
system could identify and locate, including, but not
limited to, clays, sulfates, carbonates, oxides, and
silica, which had been otherwise impossible before.6

HSI conducted from instruments mounted on orbiting
satellites has provided a wealth of data for analysis
for these industries.

The flexibility of HSI meant it also became a
mainstay of other forms of surveying and large-scale
analysis. It proved able to distinguish things such
as water levels, flooding, plant populations, and
indicators of health.7 It was also an excellent tool
for coordinating all the material information with
mapping data. However, the technique did not remain
solely in the hands of large-scale surveyors. The
food industries have seen tremendous benefit from
this technology, employing it as a screening tool.
The detail of information, combined with its map-
ping format, enables quick assessment of issues such
as batch-to-batch consistency, ripeness, defects, or
contamination.5 Yet for many years, the focus of
this technology has been on large-scale questions.
Only recently have the ideal optics been developed to
translate the technology down to the nanoscale.

By comparison, conventional imaging tech-
niques such as red/green/blue (RGB) imaging lacked
spectral information whereas near-infrared (NIR)
spectroscopy was unable to provide spatial infor-
mation. Multispectral imaging was a leap forward
from the conventional techniques, however, still had
limitations. These challenges were overcome with
HSI, as shown in Table 1.

HYPERSPECTRAL IMAGING TOOLS

One example of a relatively new tool with this capa-
bility at the nanoscale is the CytoViva® nanoscale
microscope and HSI system (Auburn, Alabama,
USA). Mounted on an Olympus BX-41 optical
microscope (Melville, New York, USA), it employs
a novel dark-field-based illuminator that focuses
a highly collimated light at oblique angles on the
sample. Resulting images have better contrast and
higher signal-to-noise ratio when compared to images
obtained via conventional dark-field microscopy.
This is achieved by using the intrinsic light scattering
properties of objects, materials, and biologicals so
that prior staining of the sample is not necessary

TABLE 1 Comparison of RGB Imaging, NIR Spectroscopy (NIRS),
Multispectral Imaging (MSI) and Hyperspectral Imaging (HSI) (Reprinted
with permission from Ref 5. Copyright 2007 Elsevier)

Feature RGB Imaging NIRS MSI HSI

Spatial information
√ √ √

Spectral information
√

Limited
√

Multi-constituent
information

Limited
√

Limited
√

Sensitivity to minor
components

Limited
√

Advantages and limitations of imaging modalities.
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FIGURE 1 | Example of CytoViva® application for visualization of nanoparticle internalization into the cells of Caenorhabditis elegans. AgNPs
are ingested and internalized into the cells of C. elegans. (a) CIT10 AgNPs are taken up along with food by C. elegans. (b) Some CIT10 AgNPs are also
taken up into the cells of the nematodes, and are transferred to the offspring. AgNP identity was confirmed by hyperspectral analysis. (c)
Hyperspectral image (HSI) showing the presences of PVPS AgNPs inside and outside C. elegans after exposure; colored rectangles correspond to the
pixel areas [regions of interest (ROI)] in HSI where spectral profiles are collected. (d) The spectral profiles of AgNPs and hypodermis region of C.
elegans; green, red, and dark blue represent internal AgNPs clusters, yellow, cyan, and maroon external AgNP clusters, and magenta background. (e
and f) Very little signal is detected in nonexposed nematodes; note that y-axis values are much lower in (f) than (d); higher contrast was used in (e)
than (c) for visualization. Images taken using CytoViva hyperspectral imaging technology with dark-field microscopy at 100× (panels a, b and e) or
40× (panel c) total magnification. The color of spectral profile corresponds to color of the rectangle in the image and each profile represents the
average of all the pixels present in each square. (Reprinted with permission from Ref 8. Copyright 2010 Elsevier)

for visualization. Spectral information about the
sample can be obtained upon resolution of both
the visible and near-infrared wavelengths (VNIR;
400 –1000 nm) of scattered light with the HSI sys-
tem and the Environment for Visualization software
(ENVI 4.4 version).8 The dark-field HSI system ana-
lyzes particles in solution or other matrices in such a
way that it ignores artifacts that could lead to impre-
cise particle sizing if other advanced techniques, such
as electron microscopy (EM), were used instead.9,10

An example of images and spectral profiles that can
be obtained with CytoViva is shown in Figure 1.

There are several additional HSI tools currently
in use for a variety of applications and analyses that
are reporting nanoscale imaging capabilities. Resonon
(Bozeman, MT) offers benchtop HSI systems that
can be used not only for laboratory research but also
for outdoor field analysis.11 Its hyperspectral camera
has a spectrometric range of 400–1700 nm. SPECIM,
a Finland-based company, offers several cameras
and scanners for HSI that are suitable for a variety
of purposes, including laboratory-based research,
industry, environmental, and defense applications.12

Norsk Elektro Optikk (NEO; Lørenskog, Norway)
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TABLE 2 Features and Capabilities of Selected HSI Systems

HSI System

Spectral

Range

Spectral

Resolution

Spatial

Resolution

Signal-to-Noise

Ratio Light Source

Imaging

Software

Resonon11 350–1700 nm 2.1 nm — 1935:1 Halogen SpectrononPro

SPECIM12 400–1000 nm 2.8 nm 0.19 nm 600–1000:1 Varies by application SpecSensor SDK

Norsk Elektro Optikk13 400–2500 nm 3.7 nm — — LED “dedicated software”

CytoViva10 400–1000 nm 2.0 nm — — High power halogen ENVI

P&P Optica14 350–2500 nm 0.1 nm — — Halogen PPO IRIS

Photon Etc.15 400–1000 nm 0.2 nm — — Tunable laser PHySpec

Surface Optics Corporation16 400–1000 nm 4.68 nm — — Halogen SRAnalysis

Gooch & Housego17 400–1000 nm 0.6 nm — — halogen μ-Manager

PARISS19 365–920 nm 1 nm 0.6 μm× 0.6 μm — Varies by application PARISS

The features and capabilities of the HSI systems discussed in this review are summarized in Table 2. The product specifications were obtained from the vendors’
websites and/or through direct communication with the vendors. Blanks (—) indicate information that was not available in the product information sheets. For
these systems, the vendors indicate these parameters are variable based on the specific system and HSI camera as well as experimental design.

offers turnkey hyperspectral systems for laboratory,
airborne, field, and industrial use, which incorporate
one of NEO’s line of HySpex cameras, each with a
different range.13 P&P Optica is an Ontario-based
company that manufactures hyperspectral spec-
trophotometers, including the PPO HyperChannel,
which can be coupled to imaging acquisition and
analysis software.14 Benchtop HSI systems are also
available from Photon Etc. (Montreal, Quebec,
Canada), whose imaging system is capable of select-
ing images with a 2 nm bandwidth from 400nm to
1000nm and is being used in nanotechnology-based
research.15 Another player in the HSI field is Surface
Optics Corporation (San Diego, CA), which provides
imaging systems with spectral ranges from ultraviolet
through infrared, primarily for laboratory research
applications.16 The HSi-440C Hyperspectral Imaging
System by Gooch & Housego (Orlando, FL) can
image and analyze multiple signals in fixed and living
cells at video rates.17,18 Lastly, PARISS® (Prism and
Reflector Imaging Spectroscopy System)Analytical
Hyperspectral Imaging System can be used for the
detection and analysis of metallic and nonmetallic
NPs and is based upon a prism and reflector system.19

The prism has several advantages, such as nearly
100% efficiency throughout the spectrum, higher
sensitivity and zero diffraction over the diffraction
grating system as compared to other similar systems.19

Table 2 summarizes the features and capabilities of
each HSI system discussed here.

IN VITRO APPLICATIONS
The difficulties of assessing nanomaterials in cells are
compelling; currently, the only tool amenable to bio-
logical sample preparation and direct visualization of

NPs is the electron microscope. Unfortunately, visu-
alization by TEM and scanning electron microscopy
(SEM) is an intensive process: analysis is slow and dif-
ficult to automate and nanomaterials may be present
in such low quantities that they prove impossible to
find. Worse still, sample preparation can sometimes
disrupt nanomaterials (whose states are always pre-
carious), resulting in artifacts that may give a false
impression (e.g., the observation of large agglomerates
which are formed by a wet sample drying, but are fun-
damentally indistinguishable from other agglomerates
that were present in the sample in that state before
preparation).

Hyperspectral microscopy as a complementary
imaging technique provides a potential solution to
some of these issues. An example is a study in which
human macrophage cell lines (U937) exposed to silver
nanoparticles (AgNPs) were fixed with formaldehyde
and imaged directly on glass slides using hyperspectral
microscopy. The microscope could successfully iden-
tify both intracellular and extracellular clusters of NPs
and map them to locations of interest (see Figure 2).20

Another study employed hyperspectral microscopy as
a validation method in order to determine that their
superparamagnetic iron oxide nanoparticles (SPIONs)
were successfully linked to the targeted cells. Map-
ping could distinguish the NPs and demonstrated this
correspondence, which is intended to be used in a
later labeling application.21 Another study focused on
the potential of synergistic toxic effects between car-
bon nanotubes (CNTs) and herbicides on photosyn-
thetic algae, and utilized hyperspectral microscopy as
a method to locate CNTs in solution. CNTs could
be clearly identified in clusters around the algae,
providing additional information regarding interac-
tions that may not have been otherwise apparent.22
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FIGURE 2 | Visualization of intra- and
extracellular clusters of nanoparticles.
Internalization of silver nanoparticles in U937
cells was examined with CytoViva URI system
2 h after silver nanoparticles treatment
(2.5 μg/mL). Silver nanoparticles of 100 nm
were detected inside the cells and presented as
multiple red spots. With 5 nm silver
nanoparticles treatment, several red spots
suggested internalization of 5 nm silver
nanoparticles, which was not detected in the
control. (Reprinted with permission from Ref
20. Copyright 2012 Elsevier)

5 nm 100 nmControl

Enhanced dark-field microscopy (EDFM) can
also be used to visualize cellular interactions with
NPs, including cellular uptake. One study assessed
the effects of gold and silver NPs on human ker-
atinocyte (HaCaT) and rat adrenal gland (PC-12)
cells and observed cellular uptake of these NPs via
CytoViva HSI. Cellular NP uptake was confirmed by
TEM.23 Another study was designed to investigate cel-
lular interactions of AgNPs (Ag-15 nm, Ag-30 nm, and
Ag-55 nm) with rat alveolar macrophages for their
potential role in initiating oxidative stress and inflam-
matory and immune responses. Hyperspectral images
showed brightly illuminated areas in the microphages,
suggesting uptake of silver NPs and agglomerates
inside the cells. This was likewise confirmed by TEM
analysis.24 Similarly, another study utilized the EDFM
capabilities of CytoViva to monitor uptake of aro-
matic thiol-modified gold nanoparticles (AuNPs) in a
human lung carcinoma cell line (A549).25

Hyperspectral microscopy has proven to be a
good tool for not only visualizing cellular uptake and
binding of NPs, but also for simultaneous composi-
tional identification of those same NPs in vitro. San-
tos et al.26 demonstrated the uptake of retinoic acid
(RA)+-NPs by neural stem cells of the subventricular
zone (SVZ) andmatched their spectral profiles to a ref-
erence spectral library, created by acquiring spectral
profiles of (RA)+-NPs in an aqueous suspension,
thereby confirming the identity of the NPs observed.

The CytoViva imaging system can allow for
relative determination of the size of NPs in solu-
tion through observation of Brownian motion: Chu-
makova et al.27 estimated the sizes of suspended NPs
based on the intensity of the Brownian motion in real
time (see Figure 3). The Brownian motion of the NPs

resulted in gray traces around the particles. The size
of these gray traces was inversely proportional to the
size and weight of the NPs: smaller, lighter NPs move
faster in solution and thus create larger ‘spots.’ While
this is not a quantitative method, it does allow for an
indirect assessment and relative estimation of particle
size. Others have utilized this system to visualize and
characterize NPs in solution prior to using the NPs in
experimental exposure models.28

It is evident from the literature that hyperspectral
microscopy is capable of finding and identifying many
different types of nanomaterials. Moreover, it is faster
and less expensive than EM. While it may not be
able to provide the precise sizing information that an
EM measurement would, it certainly provides a valid
tool for determining the location of nanomaterials in
a system as well as for detecting them in order to
then justify further investigation using more intensive
methods.

IN VIVO APPLICATIONS

The challenges for in vivo analysis of nanomateri-
als resemble those of in vitro, but with additional
complications. The largest complication arises from
the potential for nanomaterials to translocate to dis-
tant organs in the body, either by passing directly
through membranes or by uptake into circulatory or
other systems. This makes it difficult or impossible to
accurately predict in which organs nanomaterial will
concentrate since they may not remain at the initial
site of exposure. Additionally, if nanomaterials pref-
erentially localize to specific structures in a particular
organ, it is possible to section an organ for imaging

Volume 7, Ju ly/August 2015 © 2015 Wiley Per iodica ls, Inc. 569
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FIGURE 3 | Visualization of nanoparticles in suspension. Light scattering images of the nanoparticle suspensions obtained by Olympus
microscope BX51 with the CytoViva Adapter (100x oil objective): (a) 5% glucose, (b) PLGA, (c) PEI/DNA, and (d) complex PLGA/PEI/DNA. Bar= 5 μm.
(Reprinted with permission from Ref 27. Copyright 2008 Elsevier)

and fail to locate the nanomaterials. This is espe-
cially difficult for TEM due to the sample cross-section
thickness of a few hundred nanometers. Thus, there is
need for a solution that would eliminate or improve
the efficiency of EM analysis.

Two direct demonstrations of HSI in vivo include
a pair of studies on the uptake of ingested silver. In one,
Japanese medaka in a silver nanoparticle-containing
environment were examined, and the researchers were
able to definitively show that the silver was not only in
lung tissues but also found in brain, eye, gill, and gut
tissues.29 The second study was similar, in which the
hyperspectral microscope was successfully employed
to locate silver NPs in nematodes after ingestion.8

Similar to these studies, Kim et al.30 used HSI to
assess the interactions of citrate-coated AgNPs with
the surfaces of nematodes. Another study employed
similar techniques to examine the fate of gold NPs
injected into the nervous system of a cockroach and
their clearing time.31

The same advantages have also been demon-
strated in the analysis of mammalian tissues. One
mouse study demonstrated the time-dependent rela-
tionship of titanium dioxide NP burden in the
lung following intratracheal installation. This indi-
cates that the technique is not merely capable of
locating materials of interest (see Figure 4, which also
demonstrates the effectiveness of spectral mapping)

but is also capable of estimating relative levels those
materials.32 In a similar study, intratracheal instal-
lation of ceria NPs into rats was examined, and
particles were easily identifiable in both specific
lung cells and pulmonary fibroblasts, as indicated
in Figure 5.33 Another mouse study demonstrates
a similar, semi-quantitative approach to measuring
the gradual biological degradation of CNTs in lung
tissues.34 Another investigation of CNT degradation
employed enhanced dark-field imaging to demonstrate
that the majority of inhaled CNTs remain in the alve-
oli or are taken up by resident macrophages, and the
biochemical action of those macrophages likely plays
a role in associated pathology as well as nanotube
degradation.35 Visualization of MWCNT localiza-
tion was demonstrated in several studies, such as an
examination of lung tissues following a 56-day in
vivo rat exposure.36 Further demonstrating the utility
of this technique, HSI was employed to demonstrate
systemic transport of multi-walled carbon nanotubes
(MWCNTs) from the lungs to the liver, kidneys, and
heart of rats exposed via inhalation or intratracheal
instillation. Furthermore, the system was utilized to
generate MWCNT counts for each tissue examined.37

HSI has also shown utility for studying NP inter-
actions with viruses and other biological targets: HSI
was used to visualize fullerenes and viruses in a study
of bacteriophage and 1O2 generation inactivation
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FIGURE 4 | Identification of nano-TiO2 particles in lung tissues. Lung tissues from mice harvested 1 and 28 days following a single intratracheal
instillation of low (18 μg) and high (162 μg) doses of nano-TiO2 were subjected to VNIR hyperspectral imaging to identify particle retention in these
tissues. (a) Reference spectral library from nano-TiO2 exposed tissue. (b) Reference spectral library from control tissue. (c) Dark-field images from
nano-TiO2 exposed tissues (upper panel). Dark-field hyperspectral images from nano-TiO2 exposed tissues identifying these nanoparticles, which
appeared as aggregates of white inclusions (middle panel). Hyperspectral mapping of nano-TiO2 in these tissues appeared as red dots or aggregates
(bottom panel). (Reprinted with permission from Ref 32. Copyright 2013 Elsevier)

rates and surface functionalization-dependent antivi-
ral properties of fullerenes.38

These examples serve to demonstrate that hyper-
spectral microscopy may be useful for both in vivo and
in vitro studies. It can provide relative quantitation
of materials, detailed localization of nanomaterials,
and is capable of analyzing a wide range of poten-
tial analytes from noble metals, to metallic oxides, to
carbon nanotubes. This flexibility will certainly reduce
the need for EM and, in some cases, may eliminate it
entirely.

TOXICITY STUDIES

The HSI system is also useful for assessing toxic
effects of nanomaterials, including cellular uptake
and viability, as well as systemic transport. It has
been used to evaluate possible morphological changes
induced by single-walled carbon nanotubes (SWCNT)
or SWCNT-PEG (polyethylene glycol) in cell cul-
ture. A study in which PC-12 cells were incubated
with either SWCNTs or SWCNT-PEGs suggested the
SWCNTs appeared to be more toxic to PC-12 cells

than the SWCNT-PEGs. These results supported ear-
lier reports indicating that surface modification plays
a role in NP cellular uptake, bioactivity, and possible
toxic effects. EDFM enables the examination of sur-
face functionalization of these nanomaterials and their
biological interaction with cellular systems.39

Cellular internalization of nanoscale materials
in vitro was also studied by Grabinski et al.40 who
employed an EDFM system to observe uptake of
various functionalized gold nanorods (GNRs) in a
human keratinocyte cell line (HaCaT) and subsequent
changes in cellular morphology. TEM analysis con-
firmed GNR internalization. DeBrosse et al.41 con-
ducted a similar study in which they used fluorescence
microscopy to examine the interface between HaCaT
cells and GNRs. The images they obtained showed
strong cellular interactions with the GNRs as well as
the presence of GNR agglomerates.

In a study testing how various NP compositions,
shapes, and coatings affect microglia (immune cells
residing in the brain), HSI analysis was used to mon-
itor particle uptake. It was demonstrated that cetyl
trimethylammonium bromide (CTAB)-coated GNRs
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FIGURE 5 | Cerium oxide particles in lung tissue and pulmonary fibroblasts isolated from CeO2-exposed rats, at 28 days post-exposure. Cerium
oxide particles in lung tissue and pulmonary fibroblasts isolated from CeO2 (a single intratracheal dose of 7mg/kg)-exposed rats, at 28 days
post-exposure. Control lung tissues exhibit no particles under high resolution, dark-field illumination (a). Illuminated CeO2 particles, using
dark-field-based illumination, were clearly detected in macrophages (MAC), the interstitium (arrow), in acellular surfactant clumps (arrow head), in
the airspace as free particles (b). (c) Representative intensity versus wavelength spectra of points (pixels) of CeO2 particles in the cerium
oxide-exposed tissue section (upper panel) and spectra of control tissue. Each different colored curve represents a different point. Small arrow: MAC;
big arrow: interstitium; arrow head: acellular mass of surfactant-cerium oxide in the air space. (Reprinted with permission from Ref 33. Copyright
2012 Elsevier)

and PEG-coated urchins were taken up by microglial
cells without loss of viability. Furthermore, based on
the HSI analysis, the extent of internalization of gold
NPs appeared to be shape-dependent.42

An examination of the distribution and clear-
ing of NPs by rats used dark-field illumination to
show the presence of fluorescently loaded NPs (20 nm,
100 nm, or 1000 nm latex fluorospheres) in tissue
homogenates. They were able to not only demonstrate
significant agglomeration, but also demonstrate that
the liver, spleen, and lung were the greatest reposito-
ries for all NPs following intravenous injection. The
lung was found to be the greatest repository for fluo-
rospheres of all sizes following either single or multiple
airway exposure (Figure 6).43

A study investigating the toxic effects of tetrahy-
drofuran (THF) and C60 NP aggregates on zebrafish
survival, behavior, and gene expression employed
the EDFM system to study the aggregation of C60
particles, demonstrating their propensity to form

aggregates up to three-times the size of the origi-
nal latex NPs of 100 nm. The use of the HSI system
allowed the researchers to avoid artifacts that might
arise from preparation of TEM samples, such as the
possibility of altering particle size or altering their level
of agglomeration.44

CLINICAL APPLICATIONS

There are additional promising applications aimed at
the development of medical diagnostics and therapeu-
tics. Such a technique would be useful for examining
nanomaterial fabrication, encapsulation, and simi-
lar processes, particularly when other analyses might
risk damaging fragile constructs. In one case, the
colocalization of a mesoporous-silicon-encapsulated
chemotherapeutic drug to the target organ was val-
idated by hyperspectral microscopy.45 Another diag-
nostic technique applied the technology in a similar
way: using hyperspectral microscopy as a means to
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FIGURE 6 | Dark-field imaging of nanospheres in lung homogenates. (a–c) Polystyrene spheres in lung homogenates (1 day post-exposure)
imaged by dark-field illumination (CytoViva). A sample of homogenate was allowed to dry on a slide. The lung tissue had a dull and spotty reflective
property while the spheres generate very bright, spherical images. There is a clear difference between the 1000 nm spheres (c) versus the 100 nm (b)
and 20 nm (a) spheres. The inserts show magnified areas of the spheres in tissue; some agglomeration of 20 nm and 100 nm spheres can be seen but
the 1000 nm spheres appear to be monodisperse. Owing to the resolution of the microscope there is no difference in the image of the 20 nm spheres
versus the 100 nm spheres. Arrows point to the spheres. (Reprinted with permission from Ref 43. Copyright 2009 Elsevier)

quantify the difference of scattering in tissues targeted
by the immuno-gold NP label.46

The technique is also amenable to characteri-
zation of single NPs and their interactions with or
in the presence of corresponding biomolecules. The
reflectance spectra of a material at the nanoscale is
dependent not only on the material properties but
on its electrical properties, including surface plas-
mon resonance. These effects can vary significantly
for differing locations on nonspherical particles or
in the presence of a microenvironment that affects
those electrical properties and, in conjunction with a
proper excitation source and high-resolution detector,
HSI may be used to note spectral changes indicating
differences in orientation or interactions in single
particles.47 In such a way, HSI may enable detec-
tion of trace amounts of specific ionic or molecular
analytes depending on their interactions with select,
well-characterized NPs.

In clinical applications, use of hyperspectral
microscopy has been employed to visualize and iden-
tify microscale materials as well as nanoscale materi-
als. A clinically relevant in vitro study investigated the
use of monitoring well-characterized microparticles
(those greater than 1000 nm) in the circulatory system

as a measure of propensity to premature coronary cal-
cification by employing a dual-mode fluorescence and
optical microscopy system in the analysis of freshly
isolated blood-borne, calcified microparticles.48

A study employed single molecule imaging in an
in vivo cell signaling by using signature NP clusters
to effectively label biomolecules of interest (in this
case, proteins) for HSI and spectroscopy. This enabled
in vitro visualization of the molecules during discrete
enzymatic steps. The change in intensity and color
of scattering light was studied and indicated the
trajectories of the single molecule in live cells.49

Another study employed time-dependent HSI of
AgNP uptake by bacterial cells. Uptake was found
to increase with incubation time. Also, the individual
NPs and single bacterial cell spectra were recorded
using HSI system. This is another good example
of using HSI to monitor single cell interactions
with NPs.50

A group investigating the antimicrobial prop-
erties of NPs based on their interactions with Can-
dida albicans was frustrated in their attempts to
employ SEM by preparation artifacts leading to
improper observations of NP-Candida surface inter-
actions. The researchers then used an EDFM system
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FIGURE 7 | Comparison of nanoparticle binding via light and enhanced dark field microscopies. (a) Silver NP (MIC of 31.25 ppm) viewed via light
microscopy (bound NP not detectable). (c) Silver NP viewed via dark-field microscopy (NP easily detected). (b) Cobalt NPs (MIC of 0.24 ppm) viewed
via light microscopy (encrustation of cobalt NP visible even via light microscopy). (d) Binding of cobalt NP viewed via enhanced dark-field microscopy.
Inset shows detail of highlighted area, magnified 2.25×. (e) Copper NP (MIC of 15.63 ppm) demonstrating ‘bejeweled’ appearance. Inset shows
detail of highlighted area, magnified 2.5×. (f) ‘Bejeweled’ appearance of copper–silver alloy NP (MIC of 250 ppm). Scale bars for all panels 5 μm.
(Reprinted with permission from Ref 48. Copyright 2009 Elsevier)

as an alternative instrument with success, suggest-
ing implications for using this system for screening
NP antimicrobial properties based on visualization of
their interactions with cell surfaces (see Figure 7).51

Another example is the development of a
tumor-labeling approach using micelle-encapsulated
SPIONs. Hyperspectral microscopy was able to dif-
ferentiate both the makeup of the vesicles and the
NPs, and to show the presence of NP cores to vesicle
rings.28 A related application is the use of hyperspec-
tral microscopy as a method to roughly quantitate
particle abundance and the size of agglomerates, a

method that is particularly useful for mixed-materials
samples which typically cause light scattering tech-
niques to fail; this method was demonstrated in a
two-micelle system.52

In a cell targeting study conducted by Jayanna
et al.53 fluorescently stained mixtures of human bone
metastasis-derived prostatic adenocarcinoma (PC3)
and human embryonic kidney (HEK293) cells treated
with liposomes were visualized with HSI using flu-
orescent filters to determine the extent and location
of liposome binding. They demonstrated enhanced
cytotoxic effects of liposomes that were loaded with
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doxorubicin against PC3 cells, suggesting a potential
mechanism for targeted therapeutics in the treatment
of prostate tumors.

Enhanced dark-field and HSI were employed
to visualize uptake of AgNPs with and without sur-
face functionalization in the presence or absence
of natural organic matter (NOM) in Caenorhabdi-
tis elegans.54 Hyperspectral mapping confirmed gut
uptake of citrate-functionalized AgNPs and identified
AgNP-NOM interaction, which was shown to rescue
exposure-induced cellular damage. 54

Another study demonstrating the strength of
EDFMandHSI to locate and characterize NP involved
examining nanoceria in living C. elegans. In this case,
dark-field imaging was used to find particles ingested
by nematodes and then spectral mapping helped to
further distinguish the ingested ceria.55

The technique also found utility in the devel-
opment of therapeutic chemicals that act on NP
dispersion. Wang et al.56 studied the effect of
Survanta® (North Chicago, Illinois, USA) in vivo
and in vitro on SWCNT dispersion compared to pre-
viously studied sonication and acetone methods. The
hyperspectral images of dispersed and nondispersed
SWCNT yielded clear visualization of the effects of
the surfactant, demonstrating the usefulness of HSI as
a quick screening tool to study dispersions.

ENVIRONMENTAL APPLICATIONS

Environmental samples are difficult to characterize
owing primarily to two traits: enormous variation
in potential matrices in which they are collected (air,
water, soil, etc.) and significant heterogeneity between
samples (leading to high variance within in a set of
samples). The addition of nanoparticulates further
complicates analysis due to their unique properties,
which often include a propensity to agglomerate and
adhere to surfaces in complex matrices. Any sample
preparation that significantly modifies the matrix may
significantly alter the state of nanomaterials in the
system. Furthermore, EM may not be able to provide
enough specificity or contrast for adequate visualiza-
tion of nanomaterials in environmental matrices.57

Consequently, a system that offers high-contrast
visualization and is both adaptable and requires min-
imal sample modification is ideal for environmental
sampling.

Use of HSI for nanoscale environmental appli-
cations is in its infancy, but shows great promise in
tackling complex samples. A method was developed
to use hyperspectral microscopy to examine environ-
mental water samples. In this case, simulated wet-
land ecosystem water was spiked with NPs, including

Ag, TiO2, CeO2, C60, and CNTs (both single- and
multi-walled as well as unmodified and carboxylated).
Small volumes of sample were dried on a slide and
spread as they dried to minimize agglomeration. From
these samples, NPs could be distinguished, relative lev-
els established, locations mapped, and even differen-
tiated in terms of whether particles of the same core
compound were coated or not (see Figure 8).58

A recent study tested an affordable filter-based
drinking water purification system that releases a
constant flow of silver ions into the water. HSI was
used to study the fate of NPs in this system by
checking for sustained release of silver ions into the
water and to confirm the antimicrobial activity of the
silver NP-coated aluminum oxyhydroxide-chitosan
composite.59

HSI has also been employed to study NP forma-
tion and interaction with bacteria in real-time model
environmental systems. One study used the system to
investigate different properties of the matrix and their
effects on silver-particle nucleation and growth, as
well as to study their interactions with Pseudomonas
aeruginosa, enabling investigation of the very mecha-
nisms pertaining to NP generation and stability in a
complex matrix.60 While this area has not yet been
thoroughly explored, this paper, in conjunction with
the established history of HSI being a tool for geologi-
cal investigation, indicates hyperspectral microscopy
could be a promising technology for environmen-
tal detection of NPs, especially those comprised of
uncommon or engineered materials.

LIMITATIONS

Hyperspectral microscopy is not without limitations
arising from its light-based mode of operation. Fore-
most, its spatial resolution is not great enough to dif-
ferentiate individual particles from their agglomerates,
and thus it is not likely to be able to differentiate the
two, which may limit its use for in vitro toxicology
studies or in examination of agglomeration potential
in fluid matrices. Attempting to differentiate differ-
ently sized particles will need to take the form of quan-
tifying either the change in illumination or spectral
profile of a few pixels, and as the response will differ
significantly by material, it may complicate the anal-
ysis if the size of agglomerates to be studied varies
significantly.

Additionally, the technique is highly dependent
on the material of interest. While in theory any
material will have a characteristic spectral profile,
reflectance spectra of some materials are more easily
detected and characterized than others. Specifically,
the spectral profile is a question of surface plasmon
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FIGURE 8 | Hyperspectral imaging of nanoparticles in complex waters. Hyperspectral image of Ag-PVP55 nanoparticles in mesocosm (a), 600×
zoom in of a portion of the sample image (a), (c) n-dimensional visualization analysis of endmembers, and (d) endmembers of Ag-PVP55 nanoparticles
of different sizes the sample. Images were acquired using 100× objective/1.3 oil iris. Scale: 2 cm= 200 μm. (Reprinted with permission from Ref 58.
Copyright 2012 Elsevier)

resonance, which is why noble metals such as silver
and gold figure prominently. Other metallic materi-
als can also be well-characterized. However, charac-
terizations of semi-metallic or organic materials may
prove more difficult. This is amplified by the diffi-
culty of selection for reference spectra, as for NPs,
the parameters that produce them will vary signifi-
cantly depending on their microenvironment. This can
be advantageous or disadvantageous for a particular
study, but will always complicate analysis.

More significantly is that while it enables the
detection of nanomaterials, no study has precisely
quantified the rate of false-positive identification or
assessed its efficacy in the presence of stains used in
histology or immunohistochemistry. The technique is
also sufficiently novel that there are few standardized
methods to be applied, with the result that each
lab may use differing source power, exposure time,
or other parameters which can result in significant

variance in spectra of similar materials analyzed
under different conditions. However, if hyperspectral
microscopy is treated as a screening tool or a method
of spatial location rather than a final quantification
method, it will still be significantly advantageous
both to research as well as biological sample analysis.
Moreover, as it gains more acceptance in medical or
research laboratories, it is likely that reference spectral
libraries designed for specified conditions will emerge
which will make it easier to apply the technique to
larger numbers of varied sample materials.

CONCLUSIONS

Despite its obvious promise, hyperspectral microscopy
is still a relatively new technology that has yet to carve
out its own niche or to enter those dominated by cur-
rent technologies. One area where this technology is
also being explored is for histological analyses, where
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it is uniquely suited to identify unlabeled nanomateri-
als in tissue samples. Removing the need for labeling
is also advantageous in cellular biology, where label-
ing may affect the NPs’ properties and the experiment
results. Hyperspectral microscopy allows for investi-
gation of materials in a more native state and truer to
conditions of biomedical relevance, which would also
benefit the emerging study of nanotoxicology where
mechanisms of action are still poorly understood.

Additionally, while some studies have applied
hyperspectral microscopy to the analysis of envi-
ronmental samples, there is clearly room for fur-
ther exploration in this field. Analysis of soil by this

method has obvious potential as the technique itself
found its earliest macroscopic applications in geologic
surveying. However, analysis of air or water samples
is hindered by the challenge of immobilizing particles
for analysis and generating relevant standards against
which to measure. Refinement of methods for analyz-
ing air and water samples is of great interest, not only
to environmental biologists and toxicologists, but also
to corporate entities who, as nanomaterials become
increasingly scrutinized, will desire less costly methods
of testing for thesematerials than the current standard:
electron microscopy.
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