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Tracing engineered nanomaterials in biological tissues using coherent
anti-Stokes Raman scattering (CARS) microscopy - A critical review
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'Environment and Evolution Research Group, College of Life and Environmental Sciences, University of Exeter, Exeter, UK and *School of Physics,

University of Exeter, Exeter, UK

Abstract

Nanomaterials (NMs) are used in an extremely diverse range of products and are increasingly
entering the environment, driving a need to better understand their potential health effects in
both humans and wildlife. A major challenge in nanoparticle (eco)toxicology is the ability to
localise NMs post exposure, to enable more targeted biological effects analyses. A range of
imaging techniques have been applied to do so, but they are limited, requiring either extensive
processing of the material, staining or use of high intensity illumination that can lead to photo
damage and/or have limited tissue penetration. Coherent anti-Stokes Raman scattering (CARS)
microscopy is a label-free imaging technique, providing contrast based on the intrinsic
molecular vibrations of a specimen, circumventing the need for chemical perturbation by
exogenous labels. CARS uses near infra-red excitation wavelengths which allow microscopy at
depths of several hundred microns in intact tissues and minimises photo-damage to live and
delicate samples. Here we provide an overview of the CARS process and present a series of
illustrative examples demonstrating its application for detecting NMs within biological tissues,
ranging from isolated cells to whole organisms and including materials spanning metals to
polymers. We highlight the advantages of this technique which include chemically selective live
imaging and substantial depth penetration, but we also discuss its limitations when applied to
nanotoxicology, which most notably include the lack of resolution for studies on single

Keywords

Biodistribution, imaging, nanotoxicology,
non-linear, uptake

History

Received 22 July 2014
Revised 20 November 2014
Accepted 20 November 2014
Published online 11 May 2015

nanoparticles.

Introduction

The potential health effects associated with exposure to
nanomaterials (NMs) are now of major international concern.
With the rapid expansion in NM applications (global sales
topping €450 billion in 2010; Grieger et al., 2010), precautionary
approaches have been called for until the desirable properties
these materials offer to medicine and industrial applications are
better defined in terms of their potential health risks (Oberdorster,
2010). As a consequence, there are extensive research pro-
grammes internationally to investigate the potential hazards
associated with exposure to NMs. Exposure studies have been
conducted in many organisms and systems, however, most have
been acute in nature and at regimes that far exceed the levels of
NMs present (or predicted) in almost all compartments of the
environment. Findings from these studies have also been variable
and often lack consensus for any one NM. For some NMs such as
silver (Ag) there appears to be cause for concern (Schrand et al.,
2010) whereas for others, the predominant data would suggest
may be less concern (e.g. titanium dioxide, TiO,, reviewed in
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Menard et al., 2011). Even for TiO, as a NM, however, a recent
study suggests that this material may induce oxidative stress in
fish when exposed in the presence of ultra-violet light (Bar-Ilan
et al., 2013). It should be recognised that there are extremely few
studies that have considered chronic health effects and relatively
few NMs have been tested thoroughly, or in any standardised
manner. Many of the reported eco(toxicology) studies have
provided limited information on the associated NM characteristics
within the exposure system and this in turn has made it difficult to
draw comparisons across studies and to establish, with precision,
the nature of the exposure material. Among the plethora of
emerging exposure data, even less attention has been directed
towards establishing the target sites for NM in the exposed
animals, and this is fundamental for advancing our understanding
on what the (likely) associated health outcome(s) might be.
An exception to this is for airborne exposures to selected NMs
(e.g. carbon nanotubes), some of the earliest particles studied
(Tantra & Cumpson, 2007), which can contribute to pulmonary
diseases, inflammation and fibrosis, including by novel mechan-
isms (reviewed in Lam et al., 2006).

There are a number of techniques that have been applied
to quantify and visualise NM uptake in biological systems and
a brief overview on these and their advantages and disadvantages
are given in Table 1. These methods have included induct-
ively coupled plasma mass spectroscopy (ICP-MS) and single
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Table 1. Advantages and disadvantages of common techniques used to quantify and localise NMs within biological samples.

Technique

Advantages

Disadvantages

ICP-MS
Electron microscopy

Excellent quantification.

Dark-field single optical microscopy

Confocal microscopy

Very high imaging resolution.

Real time imaging with nanometre resolution.
Ability to count individual particles.

Thin optical sectioning capabilities.
Quantification is possible, but limited to

Poor localisation ability.

Terminal sampling of the organism and extensive
sample preparation are required.
Quantification tedious and analysis practically
confined to part of the tissue or cell.

High intensity illumination can lead to
photodamage. Minimal tissue penetrance.

Sample needs modification by contrast agent.
Low spatial resolution.

certain probes (e.g. fluorescence) which is an

indirect measurement.
CARS microscopy

Label free, IR wavelengths reduce photodamage
and allow deep tissue penetration. Provides

~200 nm resolution. Information derived is not
easily quantified.

complementary chemical information.

nanoparticle (SN ICP-MS) on tissue extracts (Ferry et al., 2009;
Scown et al., 2009), the use of radioactively labelled NMs to trace
NM transport and tissue localisation (Lu et al., 2010; Sumner et al.,
2010), and more recently, stable isotope tracing for the detection of
metal based NMs in samples with high natural background levels
of the respective elements (Larner et al., 2012). Although these
techniques potentially enable quantification of NM distribution in
an exposed organism, they do so only to the tissue or organ level.
Direct imaging techniques on the other hand offer powerful
methods for visualising NMs within tissues, at cellular and even
sub-cellular levels. There are few well-defined techniques, how-
ever, for accurately imaging or characterising nanoparticles within
a biological matrix. Electron microscopy (EM) has sufficient
resolution to determine nanoparticle localisation within in a tissue
(Cheng et al., 2007; Mouchet et al., 2008; Soto et al., 2005), and
high-resolution transmission electron microscopy (TEM) can
provide detailed information on the structure of individual
nanoparticles (Petri-Fink et al., 2008). EM techniques can also
be combined with energy-dispersive X-ray spectroscopy (EDX)
analysis to identify the nature of any metal constituents of the NMs.
However, samples for both TEM and scanning electron microscopy
(SEM) require preparation methods and imaging conditions which
can create artefacts within the sample, such as NM aggregation,
that do not have an exposure-related aetiology. These techniques
also do not allow for imaging of live tissues. Furthermore, TEM
can generally only be used for metallic particles that are electron
dense as non-metal coatings or shells lacks adequate contrast (Fan
et al., 2007). An exception to this is energy filtered transmission
electron microscopy with electron energy loss spectrum imaging
that has been used successfully to image single-walled carbon
nanotubes (SWCNTSs) in cells (Porter et al., 2007a,b).

Dark-field single optical microscopy has been applied suc-
cessfully to track uptake of Ag NMs in real time into zebrafish
embryos (Lee et al., 2007) and into nematodes (Roh et al., 2009)
and this technique has nanometre resolution. However, the need
for high intensity illumination can lead to photodamage, and the
sample has to be extremely pure as contaminants can cause major
interference. Furthermore, this technique has minimal tissue
penetrance.

Confocal microscopy, a linear optical technique has been
applied successfully to visualise the bio-distribution multi-walled
carbon nanotubes (MWCNTS) in zebrafish (Danio rerio) embryos
(Cheng et al., 2009b) and polystyrene nanoparticles in hepatocytes
(Johnston et al., 2010b). The disadvantage of standard confocal
microscopy, however, is the requirement to stain the sample to
provide contrast or, fluorescently label the nanoparticles (as in the
studies of Cheng et al., 2009a; Johnston et al., 2010b), which may

change the nature of the particle (including their toxicity).
Confocal techniques also lack spatial resolution (approximately
0.5um) and although they have sufficient depth penetration for
studies on cultured cells, they are limited in depth penetration for
most applications on whole tissues and in vivo imaging.

Some of the most recent techniques for visualising NMs utilise
the specific intrinsic properties of the nanoparticles themselves to
assist visualisation. Examples of these properties include the
plasma oscillations resonating within the electromagnetic spec-
trum for gold nanoparticles (Murphy et al., 2008), and low
activation energy from the valence to the conductance band and
subsequent high quantum yield for quantum dots (Gonda et al.,
2010; Jia et al., 2010). Of course, these methods are limited to
specific types of nanoparticles with conductive properties.

In theory, CARS microscopy offers all of the desired features
for imaging uptake and fate of engineered nanoparticles,
including high selectivity (or contrast) and high sensitivity for
NMs, the ability to image whole and sectioned cells, an ability to
visualise cell structure, label-free detection, non-invasive, yield
complimentary chemical information, high accuracy, reproduci-
bility and high throughput. The strength of the CARS technique is
its ability to detect, within a diverse range of complex biological
matrices, a wide variety of nano-sized structures, such as those
composed from ceria, titania and zinc oxides, silicon, gold, silver,
carbon, diamond and polymer materials. Not all NM types have
been investigated thoroughly using CARS and the list given is for
materials for which there is published research and that provide
positive image targets. Further research on other, including novel
NMs, will likely yield a much wider compliment of materials
suited for CARS detection methods. Although CARS can often
differentiate between particle types, it cannot discern precise
particle size (for further details and references see section on
Detecting NMs using CARS). In this review, we first provide
technical details to describe how CARS works, we then critically
discuss applications for localising NMs in a variety of biological
tissues, spanning isolated cells, excised tissue samples and whole
live organisms, and finally we investigate future prospects for this
technique as applied to the field of nanotoxicology.

CARS microscopy

Microscopy techniques based on vibrational spectroscopy offer
intrinsic chemical selectivity, as different molecules have specific
vibrational frequencies. Infrared microscopy has seen widespread
development for biological applications (Rodriguez et al., 2006),
but is limited by poor sensitivity due to water absorption and low
spatial resolution associated with the long infrared wavelengths.
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Figure 1. The four wave mixing process of pump (w,)
CARS utilises a pump beam, of frequency w,
and a Stokes beam, w,. When the beat
frequency (wp—w) is tuned to match that of a
Raman active vibrational mode, 2, this
generates a strong anti-Stokes signal at

Was = 2Wp—Ws.

With Raman scattering a great deal of chemical information can
be obtained by examining light that is scattered by molecular
vibrations. Raman scattered light is emitted at a slightly shifted
wavelength with respect to the incident light; the shift in energy
corresponding to the vibrational frequency of a molecular bond
within the sample. The wavelength of the Raman scattered light
can either be longer (Stokes shifted) or shorter (anti-Stokes) than
the excitation wavelength. Recording the spectrum of Raman
scattered light excited by a single incident wavelength produces a
series of signal peaks each corresponding to a vibrational
frequency unique to specific chemical bonds within sample
molecules. Raman spectra provide a chemical finger-print of a
sample that can yield a wealth of information about the chemical
composition of a sample with regards to the chemical bonds
present. Raman microspectroscopy has been extensively explored
to map the chemical composition of biological samples and has
found a broad range of biomedical applications (Evans & Xie,
2008) including, tumour diagnostics, DNA detection, bone
mineral density and microendoscopy. The technique, however,
suffers from the fact that Raman scattering is extremely weak
(typical photon conversions for Raman scattering are lower than 1
in 10'®). Therefore, image acquisition times are long and often
high laser power is required. These factors have limited the
application of Raman microscopy in the study of living systems
due to the combined factors causing photo-damage.

Far stronger molecular vibrational signals derived from
chemical bonds can be obtained using coherent anti-Stokes
Raman scattering (CARS), first demonstrated by Maker &
Terhune (1965) for analysing the molecular vibrational spectra
of combustion gases. In 1999, developments in ultrafast infrared
lasers revived CARS microscopy as a tool for biological imaging
(Zumbusch et al., 1999) and its application in bio-imaging has
increased dramatically in the last ten years. However, CARS is
affected by an electronic, non-chemically specific background
such as those produced from solvents. This places limitation on
the sensitivity and chemical specificity of the technique as the
background signal can reduce the contrast from objects present at
a low concentration. Therefore, CARS is most successfully
applied to imaging cellular components where the chemical bond
species of interest exhibit at a high concentration such as
phospholipids, which contain a high CH bond density.

CARS microscopy derives its contrast from intrinsic molecular
vibrations in a sample. The CARS process involves two lasers
where the frequency of the first laser is constant, while the
frequency of the second one can be tuned in a way that the
frequency difference between the two lasers equals the frequency
of the Raman-active or vibrational mode of interest. A pump
beam at frequency wp and a Stokes beam at frequency ws interact
with a sample via a wave-mixing process so that when the beat
frequency w,—w, matches the frequency of a Raman active
molecular vibration, the resonant oscillators are coherently driven
by the excitation fields, thereby generating a strong anti-Stokes
signal at w,s=2w,—ws (Figure 1). Therefore, the molecules in
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resonance produce a larger signal than those off resonance,
providing a vibrational contrast in a CARS image. The non-linear
CARS process uses pulsed laser sources and is generated via four-
wave mixing (FWM) processes in which the signal intensity has
quadratic and linear dependence on pump and Stokes powers,
respectively.

However, the FWM signal of the CARS process is not the only
contribution to the signal generation. Without vibrational reson-
ances CARS can still occur through electronic motions which
produce a non-resonant background signal. This non-resonant
contribution is spectrally indistinguishable from the CARS signal.
The non-resonant components are related to the sample’s third-
order electronic susceptibility and are independent of the
frequency difference w,—w;s, therefore do not provide any
vibrational contrast and thus no chemical specificity. They are,
in essence, a map of the electronic polarisability and density of a
sample. For most biological imaging applications investigators
strive to minimise the non-resonant contributions, however, the
process that generates these non-resonant contributions can be
exploited to derive image contrast from sub-wavelength NM
which have enhanced non-linear electronic susceptibility, dis-
cussed later in more detail.

The problems associated with the non-resonant contribution in
a sample, namely the generation of a background to the image, has
driven the development of a number of methods to reduce this
effect. One of the most effective involves detecting the CARS
signal in the backwards direction, or epi-detected CARS (E-
CARS, Volkmer et al., 2001). This means that a small scatterer or
imaging target (with an axial length less than the anti-Stokes
wavelength, approximately 300 nm) has a backwards signal that is
comparable to the forwards signal (F-CARS, Cheng et al., 2001).
Therefore small scatterers have a significantly higher contrast in
the epi-direction than in the forwards direction. Conversely, only
the larger cellular structures appear in the F-CARS images. When
comparing the (identical) frames, the smaller scatterers present in
the epi-generated image relate to black-holes or they are not
present at corresponding locations in the forward-images, high-
lighting their complementary properties. An additional advantage
of detecting two signals (F- and E-CARS) is the elimination of
background noise present in the forward image that arises from
the non-resonant electronic contribution to the CARS signal
discussed earlier (Scown et al., 2010).

The CARS technique requires specialist equipment and user
expertise, however, the practicalities of imaging samples using
CARS microscopy are relatively straightforward. Figure 2 shows a
schematic set-up of the equipment for CARS. Most of the
limitations placed upon imaging biological material with CARS
relate to fixing, storage and transport of the sample. CARS
microscopy is extremely sensitive to degradation of a sample, and
chemical modifications are detected before any physical changes
become apparent. Because of this for excised tissues, in some
instances, fixatives are requires. Use of fresh/live biological
samples avoids (or much reduces) issues that might relate to
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Figure 3. Chemically selective imaging of intracellular lipid bodies and extracellular PLGA particles by CARS microscopy. (a) CARS spectra of a
PLGA film and lipid bodies in KB cells. The two peaks at 2940 cm ' and 2840 cm ™" arise from CHj stretch vibration in PLGA and CH, symmetric
stretch vibration in lipid bodies, respectively. (b) CARS image at 2840 cm ! (c) CARS image at 2940 cm ! The CARS signals were detected in the
forward direction. The lipid bodies produced a stronger signal at 2840 cm ™', whereas the PLGA particles (in yellow circles) could only be seen at
2940 cm ™', These data show that PLGA NPs did not enter KB cells after 3h of incubation with NPs. Scale bars represent 10 um. Reprinted with

permission from Xu et al. Copyright 2008 American Chemical Society.

deterioration of the sample. Challenges when applying CARS
with live specimens revolve around specimen immobilisation,
arising either from mild convection currents that are generated
from localised thermal events in culture media or water, created
by the laser source or from an actively moving specimen. Various
protocols and customised slides have been designed for different
samples in attempt to circumvent these problems. For small
animals that are highly mobile and for which adherence options
onto a surface are not appropriate (as works for cell cultures) or
for which physical confinement does not work, use of a mild and
reversible anaesthetic in an immobilisation option.

Detecting NMs using CARS

Features of the CARS process can amplify various components of
NMs that facilitate specific imaging of the material. Although
some non-resonant contributions reduce image contrast some,
however, are useful. Materials with naturally large non-resonant
susceptibilities provide excellent contrast using CARS spectros-
copy. This is due to their strong electronic resonances which
generate extremely strong F- and E-CARS signals. This occurs for
metal oxide NMs, as demonstrated by Moger et al. (2008). In
addition to exhibiting markedly different chemical properties

from their bulk materials, NMs can also exhibit enhanced optical
properties that are often accompanied by an enhancement of the
non-linear optical properties (Wang et al., 2011). Moger et al.
(2008) showed that this enhancement can be exploited in metal
oxide NMs to produce large FWM signals, thus allowing excellent
visualisation of these materials. The heightened non-linear
response of some NMs allows for the location of particles far
smaller than the linear scaling of the signal from bulk material
would suggest.

For non-metallic NMs, detection using CARS works by tuning
the Stokes beam wavelength to match the frequency of a specific
Raman active vibration unique to the material under investigation.
Very recently single nanodiamonds were imaged using CARS
microscopy tuning into their specific diamond (sp®) vibrational
resonance (Pope et al., 2014). Some polymer NMs can also be
detected in this way; for example, poly(lactic-co-glycolic acid)
(PLGA) particles, can be chemically distinguished by tuning
into their CH; bonds away from the more ubiquitous CH,
vibrational mode (Xu et al., 2008, Figure 3). Similarly, polystyr-
ene nanoparticles can also be distinguished relatively easily by
exciting their aromatic C-H stretching vibration to provide
specific detection away from the typical lipid signal present in
most biological samples (Cole et al., 2013; Tong et al., 2007).
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Figure 4. (a) Imaging gold nanorods (98 nm with an aspect ratio of 3.6)
with FWM signal. (b) Energy schematic of FWM from gold nanopar-
ticles. When the plasmon resonance wavelength matches the pump,
Stokes or anti-Stokes wavelength, FWM is expected to be enhanced.
Reprinted with permission from Jung et al. Copyright 2009 American
Chemical Society.

However, some polymeric NMs that are typically fabricated to be
biocompatible are difficult to detect using CARS, due to their lack
of unique bonds from those in natural lipid sources that can be
resonantly targeted and exploited. Biological molecules such as
DNA have also been visualised with CARS at the nanoscale
through assigning the resonant frequency to the ring-breathing
mode of a diazole adenine molecule in the DNA (Ichimura et al.,
2004).

The quantum size effects of some NMs can also contribute
to an enhanced CARS response. Silicon, for example, has non-
linear susceptibilities that are among the highest known for solid
state materials (Wynne, 1969) thus nano-sized silicon has been
highlighted as a potential tool in imaging applications (Park et al.,
2009). Similarly, strong responses have also been established for
quantum dots (QDs, Jain & Lind, 1983). Although some
materials, such as gold, do not have any Raman active bands
and the FWM signal cannot be enhanced by vibrational reson-
ance, their optical properties are dictated by the presence of
surface plasmons and coherent electron oscillations that occur at
the material interfaces can facilitate their detection via CARS. As
exemplified by gold nanorods (98 nm in length, with an aspect
ratio of 3.6), FWM occurs strongly when the pump laser
wavelength is tuned to be resonant with the longitudinal plasmon
resonance wavelength (Jung et al., 2009, Figure 4) and the
coherent FWM signal arises from a plasmon-induced enhance-
ment of gold’s non-linear susceptibility. This leads to an intense
signal that can be readily isolated from any resonant CARS
signals in the surrounding medium. This is a property which

Nanotoxicology, 2015; 9(7): 928-939

makes gold very attractive as contrast agents in live biological
samples (Garrett et al., 2011).

CARS has also been applied to the imaging of carbon
nanotubes. These materials provide strong FWM (Lefrant et al.,
2008), which can be enhanced making a sensitive probe for the
non-linear electronic response of nanoscale objects such as
nanotubes. Strong signals are, therefore, expected from SWCNTs
which generate FWM when the excitation beams are resonant
with electronic transitions of the nanotube (Kim et al., 2009). In
contrast with SWCNTSs, the optical nonlinearity of graphene
means that it does not show resonant behaviour as a function of
excitation wavelength. It does, however, exhibit a very strong
optical nonlinearity from the interband electron transitions in the
near-infrared spectral region enabling its detection using CARS
(Hendry et al., 2010).

A major challenge to the application of CARS microscopy in
nanotoxicology is the fact that its spatial resolution is ~200 nm
and many NMs of interest in nanotoxicology are less than 10 nm
in diameter, albeit that many NMs in biological tissue will be
present as aggregates. Despite this apparent limitation for using
CARS in nanotoxicology, particles smaller than 200 nm are still
imaged successfully due to the enhanced non-linear response
from NMs, compared to the same larger-sized material. Indeed
particles of 5nm Ag provide sufficient signal to be detected using
CARS. The limitation arises when trying to determine the size of
the smallest detectable NM or NM aggregate, which is not
possible, due to the point-spread-function of the imaging system
exceeding the size of an individual nanoparticle (Rodriguez et al.,
2006). This leads to variation in intensity of the signal which
manifests as a varying brightness in the image from particles
appearing to be of similar size, but that are below the resolution
limit. This complication could be alleviated if it were possible to
image a single nanoparticle with CARS and subsequently record
its brightness.

In summary, CARS can be applied to visualise a wide range of
particle types including, polymer, carbon and metallic NMs,
exploiting their innate properties. Some of the unique attributes of
NMs can be enhanced by the CARS process and consequently
provide excellent contrast and targets for visualisation and in turn
for the localisation of these materials within a biological matrix.

Imaging biological material with CARS

A fundamental requirement for the imaging of NMs within tissues
is the ability to identify the structures of the biological materials
themselves, the tissues, cells and cellular components. This
information is clearly required to localise the NMs within the
tissue matrix before any measurements, comparisons, aberrations
or diagnostic data can be drawn. Utilising the variation in intrinsic
biochemical properties of a tissue/cell, CARS enables visualisa-
tion of a range of structural features. As the contrast is provided
by the chemical composition of the biological sample (i.e. what
bonds are targeted), CARS images provide more information than
a corresponding transmitted light image. This range of chemical
selectivity is demonstrated with the excitation and identification
of phosphate groups, C—O bonds of DNA, C=C and C-H bonds,
and amide bonds (Cheng et al., 2002a,b; Hashimoto et al., 2000;
Volkmer et al., 2001). This enables imaging within a cell of the
cytoplasm or nucleus (Figures 3b, ¢ and 5a), without the need for
any non-native contrast agent or pre-processing of the sample
which could interfere with endogenous biological processes of
interest. An important point to note, however, is that when using
CARS to image a particular molecular species, these functional
groups will appear in a variety of different biomolecules, and the
image will thus require further information or interpretation to
clarify precise localisation.
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Figure 5. (a) Mouse liver tissue imaged with epi-CARS with contrast derived from the CH, resonances at 2845 cm ™~ !, Here the image is taken in the z-
plane that runs through the centre of the cell as the nucleus is in focus. Reproduced from Lalatsa et al. (2012). (b) A close up of a gill arch excised from
a rainbow trout reveals the resolving ability of the CARS technique to delineate structural differences within a tissue sample. The blood cells circulating
in the tissue are visualised in a blue false colour. Scale bar represents (a) 40 and (b) 50 um. Reproduced from Moger et al. (2008).

CARS is able to image with sufficient resolution at the
cellular level for discerning alterations in cellular features and
morphological aberrations in an exposed sample, particularly as
applied to cells in culture. The spatial resolution of CARS of
200 nm, however, clearly prevents imaging of the majority of
organelles within a cell, reducing the detail of the image.

Imaging at the cellular scale with CARS is not limited to cells
in culture and has been applied effectively also to characterise
structural and cellular features of an isolated tissue sample.
An example of this is portrayed in Figure 5(a and b) fish gill arch
from a rainbow trout showing blood cells circulating within
the capillaries of the tissue. This exemplifies CARS’s effect-
ive application to excised tissues and the potential for accur-
ate localisation of NM within organs after an exposure.
Recently, CARS has been applied to excised gill and foregut
tissue in shore crabs (Carcinus maenas) exposed via the diet
and via the water to assess the uptake of microplastic pollution
(Watts et al., 2014).

Imaging methods that require manipulation of the immediate
environmental conditions can impact adversely on biological
tissue and photo damage is of particular significance for a number
of microscopy techniques. The use of infrared excitation and the
fact that the CARS process produces large and directional signals,
however, not only gives CARS an increased depth penetration
over conventional optical microscopy (Helmchen & Denk, 2005),
but importantly, reduces both the average excitation power needed
and in turn the amount of photodamage to cells and tissues. The
wavelengths used in CARS are also less phototoxic because of the
lack of significant endogenous absorbers in most tissues (Svoboda
& Block, 1994). This minimises the risk of photobleaching
with CARSs that is common in fluorescence based microscopy,
and can affect the viability of live cells and tissues. Thus CARS
imaging has significant advantages over other many other
microscopy techniques for imaging tissues with minimum
biological effect.

Understanding of the CARS output is of vital importance for
image interpretation. Subsequent contrast superimposition to
understand the image, such as the biodistribution or penetrance
of NMs, requires intelligent processing by the user that is

sensitive to the original image. As both chemical and structural
detail are generated, visual information from biological structure
must be correlated to tissue or cell type and be relevant to the
tuned excitation wavelength.

CARS imaging of NMs in biological matrices

Precise localisation of NMs within a biological matrix is extremely
useful but demanding for the imaging technique. The first
challenge is having sufficient spatial resolution to locate particles
within a cell and is ideally combined with a 3-dimensional
sectioning capability. The CARS signal is sufficiently precise to be
able to allow this. Originating from a very small volume within the
sample, at the focal point where the excitation density is highest
(Cheng et al., 2002b), this precise signal facilitates the spatial
partitioning of biological structures with molecular details in 3D.
The second major challenge is that the imaging modality can detect
and derive sufficient contrast from both the biological matrix and
the NMs, which are highly varied targets. Important in this respect
is the accuracy of CARS imaging compared to tracing NM
localisation using fluorescent tags or markers. This is because
CARS directly images the particle itself and not the label attached
to aid its tracking, as some other microscopy methods require,
ensuring determination of the precise localisation of a NM.
Potentially where tracers/fluorescent markers are used, the label
can become dissociated from the particle giving a false positive. As
an example of this, in a study by Xu et al. (2008) a lipophilic dye
was shown to be released from nanoparticles into the surrounding
extracellular medium before the dye was taken up by cells. In this
instance confocal microscopy and data from a fluorescence
activated cell sorter (FACS) produced data that suggested
nanoparticle uptake, yet CARS assessment showed the absence
of particles within the cells, giving a different conclusion;
indicating a lack of nanoparticle uptake.

The FWM process of CARS is a key when imaging NMs within
abiological matrix, where the non-resonant susceptibilities of NMs
can be used to distinguish them from the stimulated vibrational
contrast from commonly targeted molecules such as lipids. Thus,
the ability to tune the excitation wavelength away from the natural
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Figure 6. Rainbow trout hepatocytes after exposure to 10 nm CeO, NMs. Imaging at the C—H exciting wavelength of 2840 cm ™' (a and b) lipid dense
structures are detected in both forwards (a) and backwards (b) directions as bright white spots. The same images at a wavelength of 2955 cm™! (c and d)
negatively contrast C—H bonds which appear black spots in the forwards direction (c) or not at all in the backwards direction (d). Thus, the bright spots
that are still generating a strong signal at both wavelengths are NM. These data can be combined to present an image where the lipid fluorescence and
the signal from the NMs are distinguished (e), here the yellow colouration represents the signal obtained from excited C-H bonds in lipid dense
structures, the green depicts the cellular structure and the blue is generated from strong E-CARS signal of the broad spectrum. Additionally uptake of
NMs is ascertained by the CARS signal being present in the same imaging plane as cellular structures such as the nucleus. Scale bar represents 20 um.

vibrational resonance of a sample (used for structural information),
allows for confirmation of the presence of NMs which produce a
strong signal across a broad wavelength spectrum. This is because
the C—H bonds will not produce non-resonant contributions in the
image (Akimov et al., 2009) and off resonance, in the biologically
silent region of the Raman spectrum, the only signal generation
will come from the NMs.

This ability to distinguish NM from biological material has
been demonstrated in the studies on the uptake of various NMs

into primary cultured trout hepatocytes by Scown et al. (2010),
where tuning the excitation wavelength off resonance for C-H
bonds was used to confirm the remaining signals were derived
from NMs. To illustrate this further, Figure 6 shows imaging at
two different Raman vibrational frequencies to detect nano-sized
cerium dioxide (CeO,, nominally 10nm) particles in primary
isolated rainbow trout hepatocytes. Imaging at the C—H exciting
wavelength of 2840 cm™! (Figure 6a and b) identifies lipid dense
structures in both forwards and backwards directions (seen as
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Figure 7. CARS images of (a) the gill arch of a rainbow trout, reproduced from Moger et al. (2008), (b) rainbow trout kidney tissue (Scown et al.,
unpublished) and (c) gut of Arenicola marina, reproduced from Galloway et al. (2010). All images taken at 2850 cm ™' (CH, stretching) showing the
presence of titanium dioxide nanoparticles [indicated by arrows; (a) 25-70 nm, (b) and (c) crystallite size 23.2 nm] associated with the tissue. Scale bar

represents 100 um.

white spots in the images presented). When imaging at a
wavelength of 2955cm™' (Figure 6¢ and d) this negatively
contrasts C—H bonds, which appear as black spots in the forwards
direction and are not present in the backwards direction. This
facilitates the ability to distinguish between endogenous scatterers
such as lipids and NMs where the strong excitation signal detected
in the system is generated across both wavelengths. These images
can be merged in ‘‘false colour’’ to highlight the different signals
and identify the presence of NM in the tissue (Figure 6e).

This tuning method of CARS removes the possibility of
confusion between native and non-native scatterers, such as lipids
and NMs, respectively, within the sample. This technique can be
applied for any NM within the system, although, particles that
require exploitation of their specific properties, will only be
visible at their particular stimulated wavelength. An example of
this is for gold nano-shells (Garrett et al., 2011).

CARS has now been applied in a number of ecotoxicology
studies to trace the uptake of various NMs into biological tissues
with the potential to assess for the effects of material properties,
capping agents and environmental conditions on the mode of
uptake and biodistribution; information which is currently lacking
or difficult to attain from the current literature (Tantra & Knight,
2011). Examples of this include Moger et al. (2008) and Johnston
et al. (2010a) utilising CARS to localise TiO, NMs in the gills of
rainbow trout (Oncorhynchus mykiss) after a water borne expos-
ure. These studies established uptake and penetrance of the NM
on a cellular scale in a fragile sample (Figure 7a). CARS has also
been applied successfully to Arenicola marina (Galloway et al.,
2010, Figure 7b) and excised rainbow trout kidney tissue
(Figure 7c) to confirm TiO, nanoparticle presence, for particles
ranging between 23 and 70nm in size.

Medical research using CARS includes into nano-drug delivery
systems (e.g. Belsey et al., 2014). Visualising the distribution of the
particle within surrounding cellular structures allows for a greater
understanding of nano-drug delivery potential, with great potential
benefits for measuring the distribution, retention and depuration of
novel drug delivery systems. The critical aspect of the CARS
system that allows imaging deep into scattering tissue, as
exemplified above, are the excitation wavelengths being near
infra-red, which result in low scattering and thus an increased
penetration, up to several hundred microns, into the sample.
Importantly, from these examples, is the achievement of rapid, non-
invasive NM detection that can complement and reinforce concur-
rently run data sets on other toxicological end-points of interest.

It should be made clear that the CARS process is principally
qualitative and a notable drawback is that the CARS signal does
not scale linearly with compound concentration making quanti-
tative analysis problematic, although not impossible. Quantitative
capabilities of CARS are most limited with less abundant
scattering targets.

Ultimate identification of particle location within a bio-
logical matrix relies on the 3D sectioning capability of CARS. For
hepatocyte exposures (Scown et al., 2010), internalisation of
copper NMs was confirmed by taking a series of 2-dimensional
images through the x—y plane, each separated by 0.25 um in the
z-direction. By creating this ‘‘z-stack’ and 3D reconstructed
image, the origin of the NM signal was found to be centred within
the boundaries of the cell, confirming penetrance of the material
into the cell (Figure 8a). This method to ascertain internalisation
is not restricted to single cells. Moger et al. (2008) used this
technique with gill tissue and Fabrega and colleagues (unpub-
lished) made preliminary assessments on the retention of
zinc oxide (ZnO) bulk sized particles within the gut of a
Corophium volutator determined by a 3D reconstruction of
the gut and hepatopancreas (Figure 8b) before further study
(Fabrega et al., 2011).

CARS applied to the detection of NMs in whole
organisms

Live samples exhibit all the biological processes that interact with
or are stimulated by the presence of NMs. This makes real-time
imaging a perfect snap-shot of the true functionality and
behaviour of the NMs in situ. In addition to imaging of cells in
culture and excised tissue, CARS has now also been successfully
applied to imaging of NMs in live intact organisms. The technique
has been applied to organisms spanning bacteria to invertebrates
to fish. In work on bacteria CARS has been used to identify
anthrax spores in a sealed envelope, tuning in to dipicolinic acid
which is a major chemical component of bacterial endospores
(Arora et al., 2012). Host-pathogen interactions have also been
investigated using CARS, including the relationships between
hepatitis C virus RNA and alterations in host-cell lipid metab-
olism (Nan et al., 2006) as well as understanding the virulence
factors associated with host interaction such as the upregulation of
proviral genes (Blais et al., 2010).

A review on NM hazard assessment concluded, the fate and
behaviour of NMs that modulate their environmental impact is the
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Figure 8. Z-stacks of both cells and whole organisms can be reconstructed to provide 3-dimensional analysis of a sample which is a useful approach to
help establish nanoparticle localisation and biodistribution within biological tissue. Here; (a) Cu nanoparticles, indicated in red, are contained within
the cultured hepatocyte cells and (b) ZnO micron-sized particles are shown to be within the gut of a Corophium volutator from a 2D slice of a 3D
reconstruction. Animated versions of the 3D images are presented in the supplemental material.

Figure 9. CARS images demonstrating the ability to localise nanomaterials in exposed live organisms, and signals that are spectrally unassigned and
can complicate NM detection. (a) ZnO particles (crystallite diameter 41.5 nm) here depicted in red (arrowed), retained in the gut of a daphnia. (b) A
zebrafish embryo microinjected with 7nm Ag NMs at the one cell stage. Green components of the image are the Ag NMs dispersed throughout the
organism. The eye (i), yolk sac (ii) and ear (iii) are marked for orientation. (c and d) Signals derived from algae food source in fairy shrimp (c)
photosynthetic algae in the gut of a fed animal showing a strong non-resonant contribution (depicted in green) and (d) the overwhelming signal (here in
pink) from ingested algae in the hind gut. Scale bars represent 100 pm (a and b) and 50 um (c and d).

“‘one black box (that) remains to be opened and understood’’
(Kahru & Dubourguier, 2010). Subsequent to realistic exposure
routes, visualisation of NMs with CARS in live organisms can
elucidate cellular partitioning and excretion routes. Invertebrates
are ideal organisms to assess this and CARS has predominantly
been applied to work with model species such as Caenorhabditis
elegans (e.g. Hellerer et al., 2007) and with Daphnia and
Corophium for studies on NM biodistribution (Larner et al.,
2012). Figure 9(a) illustrates ZnO nanoparticles (crystallite
diameter 41.5 nm) uptaken and retained in the gut of a daphnid.
This image permitted viable assessment of further propagation of

these NMs from the gut into other tissues (Fabrega et al.
unpublished data). In a study by Larner et al. (2012) CARS
analyses showed Zn accumulated within both the alimentary tract
and the hepatopancreas from all 87n exposures, but not in control
organisms.

Some invertebrates provide a separate challenge by the way of
non-resonant signal contributions from their diet. Algae, which
contain the pigment chlorophyll, fluoresce and are a natural
optical absorber of light and as such disrupt the imaging of
invertebrates when algae are present within the gut. Figure 9(c)
and (d) demonstrate the overwhelming non-resonant signal of
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Figure 10. Zebrafish embryos microinjected at the one cell stage with (a) 5nm CeO; nanoparticles (i, contrasted blue), imaged at 3.5 hpf and, (b) 7nm

Ag nanoparticles (i, red) imaged 6 hpf. Both images are visualised at 2850 cm

and (iii) the yolk sac. Scale bars represent 100 um.

ingested photosynthetic matter in the gut of fairy shrimp
(Thamnocephalus platyurus). Here the signal generated from
algae residing in the digestive tract did not allow distinguishing of
any NM present. This difficulty can be overcome to allow
imaging of plant material containing photosynthetic pigments
(Mansfield et al., 2013) but is technically challenging. CARS has
recently been successfully been applied to a fixed algal sample to
visualise uptake of 106 nm Ag NM (Ribeiro et al., 2014).

In fish, species such as zebrafish are of particular interest due to
their wide use as a model species in nanotoxicology and
developmental research. The ability to image NMs in a live
zebrafish embryo or early stage larvae would add significantly to
studies on fate, transport and effects of NM in fish. Studies,
injecting various NMs into one cell stage zebrafish embryos have
shown that CARS can be applied to detect various metal based
NMs within fish embryos. Figures 9(b) and 10 illustrate the
distribution of Ag nanoparticles (7 nm) and CeO, NMs (5nm) in a
zebrafish embryo at 24 hours post fertilisation (hpf) after injection
of the NM at the one celled stage. For these injections, the cerium
was seen to associate with the chorion (Figure 10a) and was not
retained in the embryo, contrasting with that for. Ag particles
(Figure 10b), which were retained within the embryo and was
distributed throughout the dividing cells, CARS has also been
successfully employed to image embryos after aqueous exposures
to NMs (Osborne et al., 2013), where there was no evidence for Ag
particles crossing the chorionic membrane in exposed embryos. In
combination with other data the CARS images suggested that Ag
ions played a major role in the toxicity of Ag NMs.

Direct imaging data derived from CARS can facilitate more
intelligent interpretations on tissue fate and how this relates to any
biological effects seen and can also be used to gain greater
understanding of real-time NM kinetics. Whole organism imaging
with CARS allows for comprehensive assessment of nanoparticle
fate and behaviour for that exposed organism. Whole organism
imaging with CARS, however, is limited to animals of a relative
small size and also depends on the opacity of its surface. Some
organisms such as zebrafish pigment cells, including melano-
phores and iridophores that develop from 25 hpf generate signals
under CARS that are indistinguishable from the broad signal
wavelength from many metal NMs.

Collectively, the studies highlighted here show CARS has been
applied successfully to a number of different in vivo systems for
tracing material uptake and distribution within cellular and tissue

~! _ the CH, excitation frequency. (ii) Indicates a mass of dividing cells

matrices, including for real-time analyses. CARS is arguably best
applied in conjunction, however, with other techniques such as
radio labelled NMs (Larner et al., 2012) to provide both qualitative
and quantitative analysis of NM exposure and in turn produces a
more holistic understanding for those exposures.

Future applications

Since the re-emergence of CARS over 10 years ago, non-linear
label-free imaging based upon Raman scattering has been
developed further with stimulated Raman scattering (SRS). This
technique eliminates non-resonant background because, when the
Raman shift does not match any vibrational resonance, there is no
generated signal (Freudiger et al., 2008). This is in contrast to
CARS, which exhibits a strong spectral background independent
of the Raman shift. However, it is precisely this non-resonant
spectral background of CARS that provides the contrast for
imaging metal NMs. An ideal set-up for imaging NMs in exposed
cells and tissues is forwards detection of SRS with backwards
detection of E-CARS. Further applications of CARS include in
the area of nanotherapy and drug delivery that utilise the nano-
sized properties of the NMs to improve efficacy, safety and
targeting (reviewed in Caldorera-Moore et al., 2010). CARS
provides a system allowing for assessing the performance of drug
delivery particles in terms of uptake and distribution throughout a
tissue. CARS has the potential also to assess for markers of
toxicity, with the ability to detect chemical changes as a result of
NM exposure. These might include some common toxicological
endpoints measured subsequent to an NM challenge, such as
changes in protein concentrations in oxidative stress reactions or
as by-product of free radical generation. Thus, the CARS has
future prospects not only for the detection of NM taken up into
exposed organisms but also, in parallel, assessing for potential
harm caused by these materials.
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