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Abstract

The increasing interest and recent developments in nanotechnology pose previously unparalleled challenges in understanding the
effects of nanoparticles on living tissues. Despite significant progress in in vitro cell and tissue culture technologies, observations
on particle distribution and tissue responses in whole organisms are still indispensable. In addition to a thorough understanding of
complex tissue responses which is the domain of expert pathologists, the localization of particles at their sites of interaction with
living structures is essential to complete the picture. In this review we will describe and compare different imaging techniques for
localizing inorganic as well as organic nanoparticles in tissues, cells and subcellular compartments. The visualization techniques
include well-established methods, such as standard light, fluorescence, transmission electron and scanning electron microscopy as
well as more recent developments, such as light and electron microscopic autoradiography, fluorescence lifetime imaging, spectral
imaging and linear unmixing, superresolution structured illumination, Raman microspectroscopy and X-ray microscopy. Impor-
tantly, all methodologies described allow for the simultaneous visualization of nanoparticles and evaluation of cell and tissue
changes that are of prime interest for toxicopathologic studies. However, the different approaches vary in terms of applicability for
specific particles, sensitivity, optical resolution, technical requirements and thus availability, and effects of labeling on particle
properties. Specific bottle necks of each technology are discussed in detail. Interpretation of particle localization data from any of

these techniques should therefore respect their specific merits and limitations as no single approach combines all desired properties.
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Introduction

In the rapidly growing field of nanotechnology, recent develop-
ments have yielded a plethora of different nanoparticles (NP)
with novel size-dependent properties that are very distinct from
those of their bulk material [1,2]. On the one hand, the poten-
tial advantages of NP in biomedical research are manifold. For
example, nanomaterials find application in surgical implants to
improve tissue formation or due to their antibacterial action,
they may be useful for gene or drug delivery systems as well as
diagnostic imaging tools [3-7]. On the other hand, due to the
entirely new properties of NP, the risk of adverse and even toxic
side effects as well as accumulation of NP in the body has to be
considered [1,5]. Clearly, the mentioning of all current medical
applications, developments and future visions on NP tech-
nology is by far beyond the scope of this review and excellent
review articles are available on NP pharmacology and toxi-
cology in humans and animals [8,9]. However, despite all
advancements in in vitro testing including permanent or prima-
ry cell lines and ex vivo organ cultures, the complexity of a
living organism cannot be modeled in a test tube or culture dish.
In this regard, similar to the assessment of effects of bulk ma-
terial compounds, the microscopic assessment of expert pathol-
ogists is indispensable for the identification and characteriza-
tion of target cells and structures as well as for the effects on
and responses by these structures. For example, unfavorable
tissue reactions directly induced by NP have to be monitored,
such as degeneration and necrosis of target structures,
NP-induced inflammation with influx and activation of immune
cells, tissue fibrosis or even the induction of tumor growth
[2,10,11]. Moreover, if the NP are destined for diagnostic or
therapeutic applications in diseased tissue, the disease environ-
ment needs to be taken into account, either in terms of the
effects of NP on the course of the disease or in terms of effects
of the disease on the distribution and behavior of NP. For
example, several studies have suggested an aggravation of
allergic disease models following exposure with silica nanopar-
ticles (SiO,-NP) [12-14]. Inorganic SiO,-NP hold great poten-
tial for several biomedical applications, including the selective
targeting of cancer cells as well as drug or gene delivery
systems due to their favorable biocompatibility and modifica-
tion possibilities [15,16]. However, other authors have failed to
see an aggravation of disease. In some cases, they even reported
an alleviation of skin lesions following exposure with SiO,-NP
or zinc oxide NP (ZnO-NP) [17,18]. ZnO-NP and titanium
dioxide NP (TiO,-NP) are major ingredients of sunscreens [19]
and their toxicity is of prime interest in the safety evaluation of
NP. Importantly, for a precise understanding of the biological
and toxicological effects of complex NP it is important to
understand which part of the NP induces the observed effects,
e.g., the inorganic core, the ligand shell, the protein corona or

even the drug or label inside or associated with the particle.
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Therefore, more sophisticated imaging methods are needed that
allow one to distinguish different parts of a NP within tissues or
cells. Furthermore, the expertise of specially trained toxicolog-
ical pathologists is essential in any multidisciplinary team
involved in the development, characterization, and risk assess-
ment of novel NP [20]. For this purpose, professional training
and standardized certification of toxicological pathologists are
firmly established, for example, by the European or American
Colleges of Veterinary Pathologists [21-23] and specialization
as well as continuing professional development are embedded
in professional organizations such as the Society of Toxico-
logic Pathology (STP) in Europe, ESTP, or its US counterpart
[21,24]. Today, the assessment of tissue and whole organisms
through expert pathologists is essentially involved in the entire
process of NP research and development, ultimately culmi-
nating in preclinical and clinical studies requested by regula-
tory authorities [25-27].

For a comprehensive understanding of the effects of NP in
normal and diseased tissues, knowledge about their target struc-
tures, local and systemic NP distribution after administration
and their final destination is indispensable. For an optimal
pathological assessment, it is thus desirable to combine imaging
techniques for the visualization of NP with techniques that are
classically used for pathological examination of tissue sections
from single organs and entire organisms. For this purpose, the
light microscopic examination of approximately 5 pm thick
sections of formalin-fixed and paraffin embedded (FFPE) tissue
samples has proven indispensable for many decades [28-30].
However, many methodologies that have been used to localize
or quantify NP, including elemental analyses by methods such
as inductively coupled plasma atomic emission spectroscopy
(ICP-AES) or atom absorption spectroscopy (AAS), require
lysis, separation or homogenization of the cells and tissues
[28,31,32]. The resulting consequence is a complete and irre-
versible loss of information about the association with or reac-
tions by adjoining vital structures, making such approaches
unfavorable for the purpose of concomitant pathological tissue
assessment. Moreover, using antibody-based methods, the
molecular phenotype in certain tissues can be interpreted within
the biological context [33].

In this overview, we introduce and compare different imaging
techniques for localizing inorganic NP like silica and iron oxide
NP as well as organic NP such as polymer dendritic poly-
glycerol sulfates (dPGS) and chitosan NP. Importantly, all tech-
niques described can be used for the simultaneous visualization
of NP and toxicopathological assessment of the putative
uptaking cells and adjacent tissues. All methodologies presented

here should fulfill the following criteria: The techniques should
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be applicable for a pathologist in a more or less high-throughput
manner, they should allow for a visualization of NP with
concurrent evaluation of medically relevant tissue changes and
they should be economic and practical for many samples. We
describe well-established and widely used techniques, such as
light, fluorescence, transmission electron and scanning electron
microscopy which have already been reviewed by others from a
different angle [20,34,35]. Furthermore, we will highlight and
introduce new and more advanced techniques including light
and electron microscopic autoradiography, fluorescence life-
time imaging, spectral imaging and linear unmixing, superreso-
lution structured illumination, Raman microspectroscopy and
X-ray microscopy.

Review

Light microscopy

Light microscopic examination has become the gold standard of
pathologic evaluation and risk assessment of drugs and
nanoparticles during the past 50 years. This technology uses
sections of 3 to 8 um thickness from FFPE or cryosectioned
tissue samples, usually stained with hematoxylin and eosin
(HE). As a required but well accepted simplification, two-
dimensional (2D) images of a complex three-dimensional (3D)
biologic structure are analyzed. Standardized trimming proto-
cols help to reduce interregional variations and increase the
reproducibility and comparability of toxicopathologic studies
[25,36-38]. Light microscopy thus allows for a sensitive, effi-
cient, and cost-effective evaluation of large amounts of micro-
scopic information and largely satisfies demands by regulatory
authorities [25]. In the past years, this technology has also
proven useful in characterizing toxicological effects of various
NP by histopathological examinations of large numbers of

diverse tissues and organ systems [39-42].

The ideal setup would allow for NP detection and evaluation of
surrounding tissue at the same time. Nevertheless, a certain
magnification must be achieved for the detection of nanoparti-
cles in the tissue due to their size of, by definition, less than
100 nm [20]. Single particles thus cannot be resolved due to the
maximal diffraction limited resolution of 200 to 500 nm at
highest light microscopic magnification. Thus, only NP that
cluster or form aggregates of more than 200 nm in size in the
tissue of interest can be visualized directly. In addition, these
aggregates have to be able to attenuate visible light to be
detectable by using light microscopy. For example, carbon
nanotubes (CNT) used in medical or electronic devices that are
known to induce granuloma formation and fibrosis in the lung
following intratracheal exposure appear as grey structures when
forming aggregates in tissue sections stained according to stan-
dard protocols [43,44]. Aggregated iron oxide nanoparticles are
visible as brown deposits in HE-stained sections of glioblas-

Beilstein J. Nanotechnol. 2015, 6, 263-280.

tomas (Figure 1a), a common brain tumor with high clinical
relevance [45]. Such particles have similarly been visualized
after targeting prostate cancer cells in humans [46]. Iron oxide
nanoparticles have been introduced as diagnostic tool or for the
treatment of various cancers [45-48]. In several applications,
they have proven to possess excellent tumor-targeting efficacy
[49]. Likewise, titanium dioxide nanoparticles, essential compo-
nents of sunscreens, were visualized as yellow-brown particles
on superficial stratum corneum layers in HE-stained skin

samples following topical application [29].

In addition, specific characteristics of some NP may be used to
visualize them through so-called special stains that have been
developed by pathologists over many decades. Aggregates of
the above mentioned iron oxide NP, for example, may be
stained by several special stains for iron (Figure 1b), including
Turnbull blue and Prussian blue [45,48,50], which are usually
used to label pigments containing biogenic iron, such as hemo-
siderin [51]. Alcian blue is a histologic stain for the detection of
negatively charged sulfate groups that occur, for example, in
mucins [52,53]. The organic dendritic polyglycerol sulfate
(dPGS) NP possess a complex, branching structure of poly-
glycerol residues with such negatively charged sulfate groups in
their shells [54]. Several studies have suggested promising ther-
apeutic and diagnostic potential for dPGS, including anti-
inflammatory effects with rather specific accumulation in
inflamed tissues [55-57]. Due to their sulfate groups and the
specific staining properties of Alcian blue, this method has been
used successfully, for example, for the detection of dPGS amine
accumulated in Kupffer cells in the liver of mice following
intravenous injection (Figure 1c) [56,58]. As a third example of
NP detectability in tissues, single-walled CNT labeled by cova-
lent binding of colloidal gold can be visualized through light
microscopy by using silver enhancement [59]. In this method,
the colloidal gold serves as a nucleation core for metallic silver.
The silver layer formed around the gold core increases the
particle size dramatically and imparts a black color when
viewed by light microscopy [60]. However, any labeling of NP
may possess the risk of changing their physicochemical charac-
teristics and their bioreactivity [20]. Accordingly, previous
studies have shown that surface modifications by additional
molecular labels may significantly influence the physical and
chemical properties of NP, thereby also altering their behavior
in cells and tissues as well as toxicologically relevant responses

[35], an effect that will be discussed in more detail below.

Light and electron microscopic

autoradiography
Autoradiography is based on the spatiotemporal recording of
radioisotopic decay in the context of surrounding tissues. It has

been used to provide an overall picture of the systemic distribu-
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Figure 1: Nanoparticles may be detected through light microscopy by
using chemical staining protocols that are conventionally employed in
histopathology. For example, clusters of iron oxide nanoparticles can
be visualized in HE-stained tissue sections as a finely granular brown
material within the cells of a glioblastoma tumor (a, with kind approval
of MagForce AG, Berlin, Germany). When serial sections from the
same tissue were stained with a canonical stain for iron, Turnbull blue,
the particles appear dark blue (b). As a second example, Alcian blue
stain may be used to stain dendritic polyglycerol sulfates (dPGS) due
to their negatively charged, sulfate rich shell. Organic dPGS amine
accumulated in the cytoplasm of hepatic Kupffer cells (c, arrow). These
liver specific macrophages are identified by their comma-shaped nuclei
and their lining of hepatic sinusoids. Adjacent hepatocytes (c, aster-
isks) appear as light pink cells with finely stippled cytoplasm whereas
erythrocytes within sinusoids can be identified by their intensely pink
color.
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tion of radiolabeled drugs or NP and even allows for a semi-
quantitative assessment of NP in tissues [61,62]. Various
radioisotopes, including those of silver (1'OMAg), carbon (14C)
or indium (!!1) have been used to label NP and to study their
distribution throughout the whole body [63-65]. Radiation from
these isotopes is usually detected and quantified by a gamma
counter, micro imager, phosphoimager plates or autoradio-
graphic films that are commonly used for X-ray exposures.
However, such autoradiographs performed on cross sections of
whole bodies or total organs of animals (Figure 2a and
Figure 2b) [62,63,66-68] possess optical resolution limited to
around one millimeter and fail to provide information on the
cell or tissue levels [61].

In contrast, the optical resolution of light microscopic autoradi-
ography (LMA) using photoemulsion-covered histological
slides is limited by the optical resolving power of the light
microscope (0.2 um) and the grain size of the emulsion [69].
This technique has previously been used, for example, for the
localization of specific nucleic acid sequence, e.g., chromo-
somes or viral infections, by in situ hybridization employing
radiolabeled nucleic acid probes [70]. We reasoned that this ap-
proach could also be useful in detecting radiolabeled NP at light
microscopic resolution and established a method for the visual-
ization of dPG3°S amine NP in pathohistologic slides
(Figure 2c) [56,58]. The 3S-labeling of dPGS amine appears
particularly suitable since the radioisotope replaces “cold”
sulfur atoms in the outer shell of the NP, without changing its
size, molecular weight or other biologically relevant physical or
chemical properties [58]. Following intravenous application of
dPG?*3S amine into mice, HE-stained FFPE tissue sections from
various organs were covered with an autoradiographic emul-
sion. The slides were exposed for several days and finally fixed
with a commercially available fixator for photographic films
[56]. Autoradiography can also be adjusted for electron
microscopy, EMA, by selecting emulsions with more appro-
priate grain diameter, tracking characteristics and sensitivities
[71]. Both LMA and EMA offer high sensitivity due to the
possibility of long exposure times with even small amounts of
radioactive decay being detectable [56,58,72]. Importantly, after
counterstaining the same slides with standard histostains,
such as HE, routine pathohistologic examination of the same
tissue is possible in direct context of the autoradiographic NP
signals [56].

Fluorescence microscopy

Conventional fluorescence microscopy is an essential tool in
countless biomedical research applications and possesses a
resolution similar to that of bright-field light microscopy
[35,73]. As a consequence, NP can only be detected when they
are closely clustered in aggregates or densely packed, for
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Figure 2: Autoradiographic detection of radiolabeled dPG3°S amine in
organs and tissues. (a) Semiquantitative micro imager analysis
detected different amounts of dPG3%S amine in mouse organs,
decreasing from the kidney over the liver and the spleen to the heart
one hour after intravenous injection (top panel: counting rates with
regions of interest (indicated by red lines); bottom panel: combination
of optical image and counting rates). (b) Single organ autoradiography
of mouse kidney (left panel) and spleen sections (right panel) on X-ray
film following dPG35S amine application identified distribution patterns
of the radiolabeled NP in accordance with organ specific functional
structure. In the kidney, NP were localized within the renal cortex
(outer rim) whereas in the spleen they were clearly associated with the
red pulp but not within lymphoid follicles (spared dots). (c) Light micro-
scopic autoradiography with numerous radioactive decay-induced
signals over Kupffer cells (arrows) in the liver of a mouse (left panel).
Signals were sparse in adjacent hepatocytes with larger, more round
nuclei. No signals were observed when unlabeled dPGS amine was
used under otherwise identical experimental conditions (right panel).
Hematoxylin and eosin-stained FFPE tissue sections.
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example, in phagocytic vacuoles. Pathologists routinely employ
methods of fluorescent labeling for immunofluorescence, i.e.,
antibody-based identification of specific cell types, cell acti-
vation statuses, and apoptotic or degenerative changes [74]. In
addition, fluorescence microscopy has been widely used in
studies on the biodistribution of nanoparticles [28,48,75-78].

For fluorescence microscopic detection, NP are usually labeled
with fluorescent dyes, such as fluorescein isothiocyanate (FITC)
and indocarbocyanine. Several classes of NP have been local-
ized after addition of such tags, including silica nanoparticles
(SiO,-NP, Figure 3a) [28,75,79-81] and dPGS [82]. Inorganic
Si0,-NP hold great potential for several biomedical applica-
tions, including the selective targeting of cancer cells as well as
drug or gene delivery systems due to their favorable biocompat-
ibility and modification possibilities [15,16]. However, labeling
of NP always possesses the risk of changing their bioreactivity
[20]. Thus, the site of labeling and the properties of the fluo-

Figure 3: Aggregates of FITC-labeled SiO,-NP (green, 55 + 6 nm in
diameter) were visualized by fluorescence microscopy in macrophages
following subcutaneous injection (a). Nuclei were counterstained with
DAPI (blue). Subsequent immunofluorescent labeling (red) for the
macrophage marker F4/80 identified macrophages as uptaking

cells (b).
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rochrome may have to be considered when predicting the
altered physicochemical properties of the labeled NP, including
its charge, size, molecular weight, and overall structure [35].
For example, integrating indocarbocyanine-3 with a molecular
weight of 767 Da into nanoscaled macromolecules such as
dPGS with a molecular weight of 1,300 Da [56] can be
expected to drastically alter its physicochemical properties [56].
Consequently, if fluorochromes are integrated into the shell or
bound to the surface of a NP, the properties of the new struc-
ture are hard to predict and may even alter its behavior in cells
and tissues when compared to unlabeled particles [35]. In
contrast, incorporation of the dye into the core of an otherwise
unaltered surface of a NP may leave its overall properties
unchanged, especially when an unlabeled shell can be grown
around this core. In addition, the potential of additional specific
surface functionalization and binding of other molecules of
interest may remain completely similar to that of unlabeled
particles [79,83,84].

Another disadvantage when using fluorescent dyes is their time-
dependent photobleaching, which results in a more or less rapid
fading of the fluorescent yield [85]. In this regard, the increased
brightness and photostability of a fluorescent dye when incorpo-
rated into the core of SiO,-NP are particularly welcome [83].
Of note, some specifically engineered NP may hold inherent
fluorescent properties, such as inorganic quantum dots (QD)
[76]. QD used in bioapplications are typically composed of a
semiconductor core (e.g., cadmium sulfide), an outer shell of a
higher band semiconducting material (e.g., zinc sulfide) and a
surface functionalization which may consist of various hydro-
philic organic molecules including biomolecules or polymers
[86]. QD with their size-dependent optical properties possess
great potential as probe for biomedical imaging applications, as
previously shown for the mapping of lymph node structures
[87]. Their superior photostability, their broad excitation and
narrow emission spectra offer additional advantages [85] that
even allow for the detection of mixed QD populations with a
single excitatory wavelength [86]. Furthermore, the impact of
toxic ions released by QD on biological matter has been mini-
mized by embedding QD into silica nanoparticles [88] without
influencing the optical properties [89]. Unlike fluorescent dyes
that undergo photobleaching, photoactivation is a remarkable
property of QD enhancing their quantum yield over time [90].

Another group of highly photostable NP are lanthanide-doped
upconversion NP (UCNP). Upconversion is an optical process
in which the sequential absorption of two or more photons leads
to the emission of light at shorter wavelength than the excita-
tion wavelength [91]. UCNP feature a reduced cytotoxicity
compared to QD and are, in contrast to fluorescent dyes or QD,

excited by near infrared (NIR) light. By using long-wavelength
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NIR instead of ultra violet (UV) light, background autofluores-
cence typically caused by collagen and other autofluorescent
structures of tissues is dramatically reduced [92]. NIR light
penetrates deeper into biological tissue and thus in vivo tracking
of UCNP holds promising applications [93]. The properties,
synthesis as well as options of modifications and applications of
UCNP have been reviewed recently [92,93]. Due to the low
autofluorescence of tissues in NIR imaging, it has been success-
fully used for in vivo visualization of various other NP [94,95].
However, in vivo imaging may demonstrate the dynamic
process of NP distribution but suffers from a poor spatial reso-
lution [96]. Alternatively, high-resolution in vivo imaging of
NP commonly requires more invasive methods [20,97].

One important drawback of fluorescence microscopy is the lack
of visibility of other structures without fluorescent properties
such as normal cells, membranes, and nuclei. The concurrent
counterstain of nuclei with the blue fluorescent dye 4',6-
diamidino-2-phenylindole (DAPI), for example, may overcome
this disadvantage by allowing a view of all nucleated cells
within the tissue. However, the selective counterstaining of
nuclei only provides information on nuclear size, shape, and
location which is insufficient for a complete histological assess-
ment by a pathologist. Another approach is to compare and
merge images of fluorescence microscopy and bright field
microscopy by illuminating the same slide and location used for

fluorescence microscopy with transmitted light [20,77].

As a further methodological option, fluorescent detection of NP
can easily be combined with the immunofluorescent labeling of
marker proteins which, for example, enable simultaneous iden-
tification of specific cell types, tumor markers, and even infec-
tious agents [20]. In this combination, nanoparticles can even be
spatially co-localized with marker proteins that help to identify
both the uptaking cell type and its activation status (Figure 3b)
[50,75,83]. Optical resolution of such co-localizations may be
increased by various technical refinements, including confocal
laser scanning microscopy which allows for serial 2D optical
sectioning of the slide and even 3D reconstructions of complex
tissues and single cells [98].

Fluorescence lifetime imaging microscopy
(FLIM)

Fluorescence lifetime imaging microscopy (FLIM) is a highly
innovative and promising method which has been recently used
in various biomedical and life science applications but not in
routine toxicopathology so far. FLIM setups usually combine
conventional laser scanning confocal microscopy with time-
correlated single photon counting, thus, enabling the recording
of fluorescence lifetime decay traces for each pixel. The fluo-

rescence lifetime decay curve represents the excited-state decay
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behavior of a fluorochrome, usually decaying within the
nanosecond range [99], and can be approximated by a single or
a sum of several exponential functions [100,101]. A major
advantage of FLIM is that the influence of the local environ-
ment of the fluorochrome can be monitored independently of
the fluorochrome concentration [102].

FLIM gains its information from the fluorescence decay curves
and applications of this technique include environmental
sensing of, amongst others, polarity, local pH, and calcium
concentrations, as well as the study of protein interactions in
living cells [102]. FLIM image analysis allows for a fast and
reliable localization of target molecules, e.g., fluorochromes,
against autofluorescent background [82,103]. FFPE tissue
sample analysis in standard histopathologic examinations is
often complicated by autofluorescence. The phenomenon of
autofluorescence by endogenous fluorophores, e.g., NAD(P)H,
collagen, melanin, and keratin [104] or due to tissue prepar-
ation artifacts may result in difficulties to distinguish a fluores-
cent signal yielded by fluorochromes from autofluorescence
with conventional color cameras [105]. The discrimination of
NP against the background has recently been shown for zinc
oxide NP [106] as well as indocarbocyanine (ICC)-labeled
core—multishell nanoparticles [107] in the skin, indocarbocya-
nine-labeled dPGS in the liver [82] and for subcutaneously
injected silica-based NP (Figure 4) [81]. Recent developments
of both hard- and software have further contributed to the
advancement of FLIM [102] that seems to hold great potential
for its use in a number of biomedical applications, for example,
as diagnostic tool for histopathology [99].

Spectral imaging and linear unmixing
Spectral imaging combined with linear unmixing is another

technique that is not commonly used by pathologists to date but

+ Si0,-NP

- Si0,-NP
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widely used in biomedical research. Similar to FLIM, it can be
used on FFPE tissue sections to distinguish a fluorescent signal

of fluorochromes from autofluorescence.

Whole emission spectra of the fluorescent signals are generated
from a slide by using a multidetector array (Figure 5) [108]. In
this approach, the generated emission spectrum of a certain dye
used as label for NP differs unequivocally from the emission
spectra generated by autofluorescent signals [109] and can be
identified by using spectral libraries [33]. Moreover, this tech-
nique allows for the use of multiple fluorescent labels that
cannot be distinguished in conventional fluorescence micro-
scopic setups due to overlapping emission spectra [110]. Thus,
multiple fluorescent labels may be used in a single slide to
study interactions of cells and subcellular constituents in detail
[110]. Spectral imaging and unmixing offers substantial
improvement in signal-to-noise ratio and image contrast
compared to the use of monochrome band-pass emission filters
as employed in conventional fluorescence microscopes [111].
This approach also facilitates the detection of signals that are
otherwise masked by autofluorescence [33]. For example,
recent developments in the immunotherapy of tumor cells
require a multimarker-based phenotyping and spectral imaging
with subsequent unmixing appears to be valuable for the identi-
fication of tumor phenotypes within a single FFPE tissue slide
[111,112]. Such data can even be analyzed automatically by
using specialized software [112].

So far, spectral imaging with linear unmixing has only been
used for the localization of QD as advanced fluorescent label
with a narrow emission bandwidth [109,113]. However, for
biodistribution and subcellular localization studies of fluores-
cently labeled NP, the spectral imaging and linear unmixing
technique may become valuable in future work on the biodistri-

10°4 C
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14}
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Figure 4: Discrimination of fluorescein isothiocyanate (FITC) labeled SiO2-NP (55 + 6 nm in diameter) from the autofluorescent background of skin
and subcutaneous tissue using fluorescence lifetime imaging microscopy (FLIM). False color coded sections of mouse skin including subcutis
following subcutaneous particle injection from the site of injection (+SiO,-NP, (a)) and from the contralateral without NP (b) are presented. Cyan
colored areas represent the autofluorescent background, while the yellow colored areas indicate a different lifetime species, which was identified as
FITC-SiO2-NP. Scale bar = 50 ym. (c) Fluorescence lifetime curves of the tissue autofluorescence (mean lifetime curve) and of the FITC-SiO,-NP.
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500 550 600
Emission wavelength (nm)

Figure 5: Spectral imaging and linear unmixing detection of green fluorescent SiO,-NP (55 + 6 nm in diameter) in the subcutis of a mouse, indicated
by the red cross (a), revealed an emission curve (b) which is highly specific for FITC with an emission maximum between 520 and 530 nm

wavelength.

bution of NP in the context of entire tissues. So far, one study
reported the in vivo distribution of QD following various appli-

cation routes and sites but more data are required [114].

Despite the huge potential of spectral imaging in the patholog-
ical examination, it would be desirable that advances in soft-
ware and hardware as well as reagents will lead to a wider use
of this technique in routine toxicopathologic examinations [33].

Superresolution structured illumination
microscopy (SR-SIM)

The optical resolution of fluorescence microscopy of approxi-
mately 200 nm has recently been increased twofold by superres-
olution structured illumination microscopy (SR-SIM)
[115,116]. By rotating an optical grating and multiplication of
the obtained pattern, so-called moiré fringes can be seen as
stripes in the overlapping regions. These moiré fringes contain
information about the unknown structure and the observer gains
access to normally unresolvable information in the sample
[115]. Thus, multiple images with different phases and orienta-
tions of the patterned light are recorded and reconstructed to
obtain the SR-SIM image [117]. A detailed description on the
principles of this technique was recently published elsewhere
[118]. Moreover, the out-of-focus light is rejected computation-
ally [119]. However, SR-SIM has not yet become a standard
technique for histopathological examinations. It is primarily
used for detailed analysis of subcellular structures, such as the
cytoskeleton [115]. Importantly, this technique also allows for
3D reconstructions of information within the cell at a higher
resolution level with all additional advantages described for
confocal laser scanning microscopy [119,120].

Of note, conventionally prepared slides can be used for SR-SIM
and no special preparation is required [121]. We used this tech-

nique to localize FITC-labeled SiO,-NP in FFPE tissue sections
of mice that were sliced and dewaxed according to standard
protocols. The dewaxed, unstained slides were covered with
Roti-Mount FluorCare (Carl Roth GmbH, Karlsruhe, Germany)
and examined with the ELYRA PS.1 inverted microscope
combined with a confocal laser scanning microscope LSM 780
(both microscopes from Carl Zeiss, Jena, Germany). A z-stack
over a distance of 4.49 um consisting of 42 images was scanned
on an area of 970 x 970 pixels. The images were subsequently
processed by using a ZEN system 2012 (Carl Zeiss) and
exported by using the ZEN lite software. When the images were
compared with images obtained by wide-field fluorescence
microscopy SR-SIM images were clearly superior due to higher
resolution and less blurry appearance (Figure 6).

Of note, SR-SIM requires highly stable fluorochromes to
achieve high quality images. Photobleaching of the fluo-
rochrome after prolonged excitation time and high laser inten-
sity necessary for SR-SIM may thus cause limitations in the
reconstruction of the images [122,123]. However, the SR-SIM
requires up to 10°-fold lower illumination intensities compared
to single-molecule imaging or other superresolution approaches
[119]. Other superresolution techniques including structured
illumination have been used to study NP, such as QD due to
their favored optical properties [122,124,125] and in investi-
gations on the architecture of specific NP [117].

Raman microspectroscopy

Raman microspectroscopy provides high-resolution imaging
combined with chemical analysis without destruction of the bio-
logical sample and the use of labels [126-128]. Intrinsic chem-
ical bond vibrations can be visualized and characterized
combined with optical sectioning with diffraction-limited

spatial resolution that can be approximated to 1 um [129,130].
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Figure 6: FITC-labeled SiO2-NP (55 + 6 nm in diameter) within a
single SiO,-containing cell of the subcutaneous tissue visualized by
conventional widefield (a) versus superresolution structured illumina-
tion microscopy (b). Red circles indicate nuclei, white outlines indicate
outer cell borders. FFPE subcutaneous tissue sections from mice
following subcutanous injection of FITC-labeled SiO»-NP were sliced
and dewaxed according to standard protocols. The dewaxed,
unstained slides were covered and observed with the ELYRA inverted
microscope (Carl Zeiss, Jena, Germany). The comparison of the
conventional wide field image (a) and superresolution structured illumi-
nation image (b) yields a clearer and less blurry image of clustered
FITC-labeled SiO,-NP.

This technique has been used, for example, in in vivo and diag-
nostic imaging of various cancers in humans [131]. Margins
between normal and pathological tissue can be determined
based on biochemical spectra [132]. Furthermore, Raman
microscopy can be used to track NP inside cells and at the same
time provides information on biochemical interactions within
the cell [126]. However, one disadvantage is that only low
signal intensities are emitted by biomolecules themselves [132].

Advanced Raman techniques, such as surface-enhanced Raman
spectroscopy (SERS), coherent anti-Stokes Raman spec-
troscopy (CARS), and stimulated Raman spectroscopy (SRS)
have been used in the past along with microscopy approaches
for studying biological matter along with nanoscopic systems
[133-136]. Moreover, NP may be used as specific SERS-label
which was coupled to the primary antibody for the immunohis-
tochemical detection of proteins in tissue sections. Thus, it is
possible to detect multiple proteins (up to 30 different labels) in
the same tissue slide based on the different spectra yielded by
each label and even a quantification of a target molecules
becomes possible [137]. However, these more advanced Raman
techniques require a careful preparation [132] but they are supe-
rior compared to conventional Raman approaches due to their

enhanced sensitivity and selectivity.
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Raman microspectroscopy enables the penetration into bio-
logical tissue up to several hundred microns in depth and
CARS, for example, has been successfully used to track metal
oxide and deuterated quaternary ammonium palmitoyl glycol
chitosan (dGCPQ) nanoparticles in fish and mice, respectively
[127,138]. Raman microscopy provides a valuable tool for
future applications in toxicopathological evaluation of NP due
to the independence of additional labels, the ease of quantifica-
tion of NP and the wide applicability on unstained tissue slides
as well as for bulk samples with no or only minimal sample
preparation [132,139]. However, Raman microspectroscopy has
several drawbacks. First, it is challenging to interpret the com-
plex and overlapping bands of Raman spectroscopy into mean-
ingful, biological information [140]. Another limitation is that
individual NP cannot be identified but they can only be local-
ized in their cellular context [138] due to the limited spatial
resolution of about 1 um [130]. A further disadvantage is the
long time required for the acquisition of images covering larger
tissue areas [141]. For example, a typical scan area of Raman
microspectrometry is quite small with about 300 x 100 um in
size. In order to acquire images with thousands of spectra, it
takes several hours to expose such a sample [132]. Moreover,
weak Raman signals may be overwhelmed by stronger autofluo-
rescent signals from the tissue sample itself. This can be
reduced by using NIR excitation light but the speed of data
acquisition is reduced and weak signals may be lost due to a
reduced sensitivity of NIR signals [141]. For a wider applica-
tion of label-free Raman microspectroscopy, it is desirable to
shorten the image acquisition. However, enhanced signal inten-
sities would be required for this [132]. To address these issues,
more advanced Raman techniques, including CARS, SERS and
SRS have been developed [140]. CARS imaging is faster
compared to the spontaneous Raman microspectroscopy but
special lasers as well as further processing tools are required to
translate the CARS spectrum to a Raman spectrum due to the
more complex CARS spectra. However, as a drawback of
CARS spectroscopy, a non-resonant background is usually
present [141]. SRS overcomes the latter two limitations of
CARS [140]. Furthermore, the accessibility of biological
samples for CARS is also limited due to high laser powers that
might destroy the sample as well as a high concentration of
certain molecules that are required [141].

Soft X-ray microscopy and spectromi-

croscopy

Soft X-ray microscopy techniques combine high spatial resolu-
tion in the few-nanometer range with chemical selectivity by
specific excitation processes and deep penetration into tissues.
A further advantage is that aqueous samples such as tissues can
be used without previous chemical fixation or other pretreat-

ment. Most frequently used is the so called water window above
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the carbon K-edge and below the O K-edge in which C and N
strongly absorb, whereas water is almost transparent. Conse-
quently, organic materials have an excellent contrast within this
range [142,143]. These requirements can be fulfilled by full-
field transmission X-ray microscopic techniques in the soft
regime and even tomographic analyses of biological samples of
up to 10 pm thickness are possible [143]. Besides high contrast
and penetration depth, synchrotron radiation in the soft X-ray
regime may be tuned for spectromicroscopy and chemical iden-
tification of the X-ray absorbing elements in biological samples
[143]. Soft X-ray spectromicroscopy techniques have been used
for probing protein interactions with model biomaterial surface
[142] and various quantitative analyses. At the C 1s edge the
detection limit of this technique is in the part per thousand
range [142] with a spatial resolution down to 10 nm [144].

The various capabilities of full-field transmission X-ray
microscopy (TXM) include 3D tomography, quantification of
absorption, and chemical identification through X-ray fluores-
cence and X-ray absorption near edge structure imaging [143].
Gold NP were visualized in mice by using full-field high-reso-
lution transmission X-ray microscopy combined with a potas-
sium permanganate staining of FFPE-tissue sections of the cere-
bellum and the liver [145]. Soft X-ray microscopy has been
successfully applied for 3D imaging of vitrified cells without
any further staining [146]. That study identified subcellular
compartments in adenocarcinoma cells in a significantly faster
and less laborious manner compared to 3D cryo-electron
tomography [146]. In addition, this approach may also be
applied for plunge-vitrified tissue in the future.

High-brilliance synchrotron radiation is tightly focused on a
sample in scanning transmission X-ray microscopy (STXM)
[147-149]. The sample is then raster-scanned while the inten-
sity of the transmitted X-rays is recorded, thus, a 2D image is
obtained. STXM has been used, for example, for studying cells
in vitro [144,150]. We used STXM for a penetration study on
gold core particles with silica shells with two sizes as well as
silica particles with a gold shell in excised human skin
(Figure 7) [151]. Following topical particle application, ultrami-
crotome sections of these samples were analyzed with light
microscopy and STXM (Figure 7). High resolution STXM
image analysis revealed single particles within the superficial
layer of the stratum corneum [151].

A combination of STXM with X-ray fluorescence (XRF) micro-
probe has been used to study the fate of zinc oxide nanoparti-
cles in vitro. Thereby, microfocused XRF elemental mapping
yielded the local distribution of zinc in the cells and micro-X-
ray absorption near-edge structure (XANES) spectroscopy
allowed for the identification of different zinc species present in
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Figure 7: Light microscopy image (a) and scanning transmission X-ray
microscopy (STXM) image (b) of a hair follicle opening with a central
hair (H) at 270 eV of a 350 nm ultramicrotome section of human facial
skin incubated with silica particles (161 + 13 nm) with a 42 + 3 nm gold
core. Higher magnification of the STXM image visualized single parti-
cles (arrows) in an infundibulum on the surface and between corneo-
cytes (pound sign) of the stratum corneum (c).

the sample [144]. Others used STXM and compact source trans-
mission X-ray microscopy for subcellular imaging of vascular
smooth muscle cells and characterized the local calcium
distribution by using spectromicroscopy at the calcium L3
edges [150].

Despite the advantages of soft X-ray microscopy compared with
fluorescence or electron microscopy techniques, it has only
been applied for few biomedical samples so far due to the small
number of synchrotron radiation facilities worldwide.

Transmission electron microscopy (TEM)

To use an electron beam transmitting a sample can provide
significantly higher spatial resolution (down to 0.1 nm) and
higher magnifications by transmission electron microscopy
compared to all light microscopic methods described above. On
the one hand, TEM is still an important technique in the toxico-
logical assessment by pathologists. It provides detailed informa-
tion on subcellular structures regarding potentially toxicolog-
ical changes, for example, changes in size, structure or number
of cellular organelles highly responsive to all stress [152]. On
the other hand, the sample preparation is more laborious
and prone to artifacts compared to other microscopic
methods [152,153]. The time intensive tissue preparation and
analysis limit the analytical throughput of samples and result
in a small volume of 1 to 10 pm3 that is usually analyzed
[20,29,35,153,154]. Scanning transmission electron microscopy
(STEM) has been presented recently as an elegant approach to
overcome this limitation [154]. The authors simultaneously
recorded bright and dark field STEM images of gold NP in
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murine liver tissue using optimized contrast setting and thus
were able to analyze 243,000 pm? of liver tissue in a single
setting [154].

Furthermore, the image interpretation of TEM is more chal-
lenging than that of light microscopic techniques [20,152].
Tissue responses to NP, such as inflammation, fibrosis or
necrosis [39,43,155] and endogenous structures, such as
collagen fibers or immune cell granules must be distinguished
from NP, requiring a deep understanding of normal and
diseased cellular ultrastructure which is the typical domain of a
pathologist [20].

Due to its high resolution, TEM is typically employed to visu-
alize single NP (Figure 8). However, a certain electron density
of the NP is required for this purpose. For example, organic NP
provide only low contrast in tissues, so that in general other
techniques are necessary to study these [56]. For the visualiza-

Figure 8: Transmission electron microscopic detection of single elec-
tron-dense SiO,-NP (55 + 6 nm in diameter) between corneocytes
(asterisks) of the mouse skin (a). Higher magnification of the same
region (b) reveals single spherical nanoparticles (arrows). Sections
were prepared without uranyl acetate and lead citrate staining.
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tion of electron-dense inorganic NP, for example, titanium
dioxide, SiO,-NP or QD, TEM has been widely used to charac-
terize the morphology and size of NP as well as their location in
tissues [28,35,39,113,156-158]. It has to be kept in mind,
however, that artifacts due to staining with lead citrate and
uranyl acetate can easily be misinterpreted as NP. To avoid or at
least reduce this risk, some authors preferred not to stain the
sample or used uranyl acetate only [29,159]. NP with a low
electron density, such as Raman-active-SiO,-NP or CNT, can
be labeled, for example, by synthesizing NP around a gold core
[154] or covalent binding of colloidal gold prior to their
employment in vivo [59] which increases their visibility in
TEM by enhanced contrast.

As a well-known artifact, the cell volume shrinks dramatically
during the standard preparation of electron microscopy samples,
mostly due to chemical fixation [160,161]. In addition, dehydra-
tion effects may deleteriously affect the ultrastructure of tissues
[162]. Therefore, cryogenic approaches in which chemical fixa-
tion is avoided and the normal hydration state is maintained
may be advantageous for a more life-like preservation of bio-
logical samples [163]. Cryo-TEM has been used to study skin
on the ultrastructural level [164], to characterize NP [165] and
for localizing NP in vitro [166].

As an additional technical refinement, qualitative elemental
analysis techniques can be performed on biological samples
following NP exposure by coupling a microanalysis system to
the electron microscope [35]. Energy dispersive X-ray (EDX)
analysis and electron energy loss spectroscopy (EELS) allow
one to identify the elemental composition of a sample
[167,168]. An elemental analysis may be of prime interest to
distinguish NP in the tissue from artifacts that may be produced
by staining procedures [35]. EDX analysis and EELS can be
combined with TEM as well as scanning electron microscopy
(SEM) and have been used for the detection of, for example,
titanium dioxide NP, QD, and silver NP [167,169-172]. In addi-
tion, a combination of EDX analysis with a scanning method
(STEM or SEM) allows for 2D-mapping of tissues or cells. As a
result, the distribution of specific elements such as phosphorus,
calcium and iron can be identified [173] and conclusions about
toxic effects induced by NP may be drawn.

In summary, TEM is thus regarded as a useful addition to a
series of microscopic tools, rather than a first-choice high-
throughput imaging technique for NP in tissues [20].

Scanning electron microscopy (SEM)

Imaging through scanning electron microscopy (SEM) is based
on a raster scan of an electron beam over a surface and the
detection of the backscattered electrons and the ejected second-
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ary electrons [174]. SEM can be combined with a transmission
electron detector for STEM or analytical methods, for example,
EDX or EELS as described for TEM. For example, SEM with
EDX analysis has been used to study the fate of silver NP and
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ions in an in vitro human gastrointestinal digestion model [175].
Chemically or cryo-fixed tissue sections are often sputter-
coated, i.e., covered with a thin layer of conductive material, for

example, gold [176], to enhance the electrical conductivity of

Table 1: Comparison of analytical methods for the visualization of nanoparticles in the context of adjacent tissues.

method

light microscopy in
FFPE tissues

need for labeling

depends on NP used

major advantages

easy, low cost, excellent evaluation of
pathomorpholgic effects in context of NP
detection

highly sensitive and specific, excellent
evaluation of pathomorphologic changes

easy, low cost, immunofluorescent

identification of target cells and subcellular

compartments possible, high specificity

high selectivity, differentiation of fluorescent
NP from autofluorescence, immunofluorescent

major disadvantages

limited resolution (above 200 nm),
only for few NP species available as
imaging technique, staining
artifacts, specificity of staining
protocols

long exposure time of the sample,
expensive, radioactive labeling,
radiation safety requirements

limited resolution (above 200 nm),
evaluation of pathomorphologic
changes impossible without
immunolabeling of cells,
autofluorescence

limited resolution (above 200 nm)

light and electron yes

microscopic

autoradiography

fluorescence yes, except for QD
microscopy and UCNP
fluorescence yes, except for QD
lifetime imaging and UCNP
microscopy

labeling of cells and compartments possible

with high numbers of different markers on one

slide

spectral unmixing yes, except for QD

and UCNP

easy, immunofluorescent labeling of cells and
compartments possible with high numbers of

limited resolution (above 200 nm)

different markers on one slide, high specificity,
differentiation of fluorescent NP from

autofluorescence

superresolution yes, except for QD

easy, immunofluorescent identification of
target cells and subcellular compartments
possible, high selectivity, improved resolution

autofluorescence, photobleaching of
fluorochrome

(~100 nm), 3D reconstructions possible

highly selective for chemical bonds within
tissue and cells, interactions of cells and NP
including chemical changes can be studied, no challenging spectra analysis,

limited resolution (1 pm), time
consuming imaging process,

autofluorescence

structured and UCNP
illumination

Raman no

microspectral

imaging

scanning depends on X-ray
transmission X-ray  absorption contrast
microscopy relative to tissue,

cryo-3D-X-ray
microscopy

sufficient for most
inorganic NP

depends on X-ray
absorption contrast

or minimal sample preparation required

increased resolution compared to
fluorescence microscopy, high spatial

resolution (=10 nm), element and site specific

method, no staining necessary, in situ

evaluation of changes of chemical composition
of NP, imaging of fully hydrated samples of up

to 10 um thickness possible, correlated
imaging with CLSM and other light
microscopic techniques possible

high resolution (=20 nm), 3D imaging,

evaluation of complete shock-frozen cells and

significant technical effort required,
limited number of expertimental
facilities, limited evaluation of
pathomorphological changes

technically demanding, limited
number of experimental facilities

relative to tissue,
sufficient for most

inorganic NP contrasting
transmission depends on electron
electron microscopy density

including cryo-TEM

scanning electron
microscopy
including cryo-SEM

depends on electron
density

high resolution (down to 0.1 nm); detailed
information on subcellular changes and NP
structure, visualization of single NP,
combination with EDX or EELS allows for
elemental analysis within sample

high resolution (down to 1 nm), detailed
information of NP—cell interactions,
combination with EDX or EELS allows for

thick tissues samples, no changes of cells and
tissue due to embedding, slicing and

only for electron-dense NP, time
intensive sample preparation and
analysis, staining and shrinking
artifacts (no shrinking in cryo-TEM),
only thin tissue sections (70 nm)
can be studied

complex sample preparation,
technically demanding

elemental analysis within sample
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the specimen [177]. As an alternative, no coating of the spec-
imen is required when working with low-voltage SEM setups
[178]. High resolution SEM with a spatial resolution down to
1.3 nm [179] provides 3D images of nanoscale materials within
biological specimens [20]. Interactions between NP and the
surrounding cells can be well visualized and have been demon-
strated, for example, in lung sections following NP exposure
[34]. Here, it was possible to detect single multi-walled CNT
within alveolar macrophages and even when penetrating
through the mesothelial surface of the pleura following inhala-
tion in mice [180].

Chemical tissue fixation for SEM may have the same unfavor-
able shrinkage effects on cells and tissues as described for
TEM. To overcome this problem, a combination of fast-freezing
techniques such as high-pressure and plunge freezing has been
used for the ultrastructural examination of skin and other organs
without such artifacts [161,181,182]. In addition, cryo-SEM
has also been used for the concomitant localization of NP in
cells [183].

Conclusion

A toxicopathological evaluation of tissues is indispensable for
any risk assessment and hazard identification of NP [20]. Each
of the microscopic techniques reviewed here has its advantages
and limitations, as summarized in Table 1.

A single technique is often insufficient to address all questions
regarding the distribution of NP within the body, the cellular
uptake, and the target cells and organs. But a combination of
different detection methods may provide reliable information on
the NP biodistribution and associated histomorphologic
changes. Most of the techniques fail to detect single NP due to
limited resolution and thus may possess limited sensitivity.
Instead, many of these techniques may be more suitable for
toxicopathologic evaluations of the tissues.

Importantly, due to their limited resolution, the majority of
imaging techniques preferably used for localizing NP in tissue
context do not allow for an exact quantitative determination of
the number of nanoparticles in the tissues investigated. As a
simple approach, semiquantitative estimation of NP numbers in
tissues can be achieved by counting fluorescent spots or through
a pixel analysis [184,185]. For a precise quantification of NP,
however, spectroscopic or scintillation analyses may be
employed, as recently demonstrated [71]. For example, while
the authors failed to detect SiO,-NP in the liver and spleen by
fluorescence microscopy and TEM, elemental analysis by
inductively coupled plasma optical emission spectrometry (ICP-
OES) revealed elevated silica content in the organs compared to

a control group [28].
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Taken together, for virtually all techniques described here, a
compromise has to be made between optical resolution and thus
sensitivity of NP detection and suitability for toxicological eval-
uation in a larger tissue context. The advantages and disadvan-
tages of each detection method must be weighed against each
other with regard to the study goal, nature of particles to be
detected, need for reliable histopathology, technical expertise

and equipment available.
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