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Introduction 

 
For decades, visualization of cell and tissue structures by chemical staining developed for optical 
microscopy was the only option for a clinical histopathological diagnosis or biomedical research in a 
tissue context. A cardinal breakthrough was later achieved by the introduction of antibody-based 
techniques that provided spatial resolution and antigen specificity at the cellular and sub-cellular levels. 
Presently, classical methods of tissue analysis are complemented with various instrumental methods to 
provide global information on tissue architecture, reflecting the chemical composition of the tissue, 
including spatial distribution of metabolites, regional structural differences of the extracellular matrix 
or secreted proteins and other large molecules. These techniques include Raman spectroscopy (RS), 
magnetic resonance imaging (MRI), ultrasonography (US), computed tomography (CT) or positron 
emission tomography (PET), single-photon emission CT (SPECT) or mass spectrometry (MS). In this 
review, we provide a brief overview of the application of nanotechnology in histology methods, 
particularly in bioanalytical tissue MS imaging. 
 
 

From tissue staining to tissue imaging 
 
Tissue staining is an established histological technique that reveals structural patterns that are not 
clear or sufficiently visible to be observed directly. The first dyes used for staining of tissue structures 
were colored substances isolated from natural resources—e.g., indigo, saffron, hematoxylin, 
azocarmine, and orcein. These dyes were commonly used for dyeing textile fibers and later found wide 
application in histology. The onset of synthetic dyes further enhanced histopathological analyses since 
the invention and application of aniline dyes in 1856 [1]. However, various tissues, including neural or 
lymphatic tissue, resisted staining using large molecular dyes. When the impregnation by silver salts 
and other non-classical-dyes was introduced to histological analysis [2], fine molecular structures of 
complex organs were revealed—e.g., reticulin networks in the spleen or the architecture of the brain 
isocortex (Fig. 19.1A). Decades later, the application of fluorescent dyes or enzymes linked to specific 
antibodies, together with confocal microscopy, shifted histological analysis from subjective 
morphological evaluation to the analysis of particular molecular patterns or epitopes even in an 
automated manner [3]. Advances in analytical chemistry, particularly in MS, and its orientation in 
complex biological problems, contributed to the development of techniques for the direct analysis of 
chemical tissue composition, thereby enhancing the potential of current diagnostics in cancer [4] or 
pharmaceutical research [5]. Mass spectra with individual peaks corresponding to molecules of a 
particular molecular weight and charge (i.e., the m/z ratio) provide individual tissues with their unique 
spectral fingerprint (Fig. 19.1B) and an input for “bottom-up” proteomics. The progress of 
micromanipulation techniques, such as laser-captured microdissection allowed topologically highly 
correlated MS-based proteomic analysis on very small but precisely defined cell populations [6]. 
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FIGURE 19.1  
(A) Architecture of the mouse isocortex and adjacent cerebral white matter, visualized by classical histological 
techniques. Brain tissue was fixed in formalin and embedded in paraffin (FFPE). Sections of the isocortex were 
stained with hematoxylin and eosin, azocarmine and silver impregnation according to standard protocols [7]. 
Roman numerals correspond to individual layers in the isocortex (I: Lamina zonalis; II: L. granulairs externa; III: L. 
pyramidalis; IV: L. granularis interna; V: L. ganglionaris; VI: L. multiformis). Deposition of silver nanocrystals within 
neural structures and neurons reveals structural patterns that are poorly distinguished by standard staining. (B) A 
unique molecular fingerprint of mouse brain tissue. The spectral profile of the digested surface proteins was 
generated by matrix-assisted laser desorption/ionization-time-of-flight (MALDI TOF) MS (blue). Brain tissue in the 
form of FFPE sections was deparaffinized and trypsinized (red) prior to MS 
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Presently, the term “tissue imaging” is dedicated to advanced methods of visualizing tissue structures 
ranging from in vivo imaging of whole organs to high-resolution cell tracking or revealing the chemical 
composition and metabolomic profiles. For decades, classical histological methods have been based on 
specific chemical staining of tissue sections, selective for proteins, peptides, lipids, metabolites or other 
biomolecules or drugs. Despite precise positional information within a tissue, standard topological dyes 
have provided only limited information concerning chemical composition or structural specificity. 
However, antibody-based techniques developed for visualization of fixed structures are generally not 
compatible with imaging in vivo due to protein degradation or limited penetration into tissues. 
Nanoparticles containing a metallic core and a functionalized shell that were recently introduced to 
bioimaging technology showed surprisingly effective capability to migrate to the desired site, interact 
with the target tissue and deposit in specific sites. 
 
 

Nanoparticles as visualization agents 
 
A nanoparticle (NP) is defined as a single unit with a size varying between ~1 and 100 nm and showing 
uniform parameters and properties that are not present on a larger scale [8]. Recent advances in 
nanotechnology brought NPs to the broad interest of the scientific community due to their unique 
chemical, optical, electronic, magnetic and structural properties. NPs have found wide applications in 
biomedicine, ranging from research to diagnostics, prediction or therapeutics [9]. Because the size of 
NPs reaches cellular or sub-cellular levels while maintaining their capability to directly interact with 
molecular structures, NPs are greatly attractive in fluorescent microscopy as quantum dots [10, 11] or 
contrasting agents for tissue in vivo imaging (MRI), particularly regarding the labeling and tracking of 
migrating cancer or stem cells [12] or enhancing other types of analysis—e.g., MS. NPs can be 
synthesized from various materials ranging from carbon to metals and functionalized according to the 
desired function or visualization techniques. Functionalization of NPs covers a broad range of 
modifications of the NP core or engineering of an NP shell. Properties of NPs can be further tuned to a 
particular task by the composition of different biocompatible compounds that allow use in living cells. 
This is particularly true for many cancers that preferentially uptake various metabolites or biomolecules 
compared with normal tissue. Iron oxide NPs coated with the heavy chain of human ferritin (M-HFn) 
were found to interact with the transferrin receptor that is predominantly expressed on cancer cells. 
The iron core possesses catalytic activity and allows the oxidation of standard peroxidase substrates—
e.g., tetramethylbenzidine or diazoaminobenzene. The deposition of M-HFn NPs in cultured cancer 
cells or within a fixed tissue allowed for precise identification of malignant cells in histological sections 
[13]. Recently, fluorescent nanodiamonds were applied to track implanted lung progenitor cells during 
engraftment from intravenous administration to final homing into terminal bronchioles [14]. Therefore, 
simple administration of such biospecific NPs provides an analytical output without any further 
targeting ligand of contrasting substrate. Specific interaction of engineered NPs with cellular or tissue 
structures opens a possibility to detect bound para- or supermagnetic NPs in vivo—e.g., using MRI or 
other multimodal imaging techniques such as CT, SPECT or fluorescence-based techniques. In a breast 
cancer cell line study, Tietz and colleagues encapsulated an iron oxide core in an epichlorohydrin cross-
linked dextran polymer, conjugated with a cyclopentapeptide with high affinity to a CXCR4 chemokine 
receptor. Breast cancer MDA-MB-231 cells overexpressing CXCR4 preferentially bound CXCR4-specific 
NPs and provided a negative contrast MRI image [15]. Iron oxide NPs were used for MRI tracking of 
implanted mouse embryonic stem cells into the site of the lesion where the labeled cells provide a 
hypointense MRI signal [16]. The superparamagnetic iron oxide NPs are generally safe and well-
tolerated compounds [17] currently approved for administration in patients using various modalities. 
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Lanthanide core NPs specifically influence the relaxation times of protons in their close proximity and, 
compared with iron oxide NPs, provide a positive MRI contrast. Contrasting agents based on 
gadolinium (Gd3+) chelates, however, may induce adverse reaction in some patients—e.g., nephrogenic 
systemic fibrosis [18]. To overcome this obstacle, modification of the structures coating the Gd core has 
been described—e.g., polyethylenglycol/polyethylenimine [19], silica coating [20], various metal-
organic frameworks (MOFs) [21] or nanocarbon (nanodiamonds) [22]. Due to their molecular structure, 
MOFs are highly attractive as drug-delivery vehicles or imaging agents (Fig. 19.2). Targeted complex Gd 
NPs then show high specificity to the investigated tissue—e.g., cancer-lesioned liver [23] or melanin-
containing melanoma cells [24]. Replacement of the coated core metal with an inert element—e.g., 
gold—and building up a scaffold with similar structural properties to the extracellular matrix or a cell 
membrane have decreased the toxicity of MRI-contrasting NPs, enhanced the imaging properties [25] 
and also allowed for multiple analysis using, for example, fluorescence sorting, MS profiling, antibody-
based techniques, magnetic labeling or electron microscopy [22, 26, 27]. The mesoporous silica-coated 
hollow manganese oxide demonstrated low cellular and systemic toxicity when electroporated into the 
mesenchymal stem cells (MSCs) and tracked by MRI after stereotactic injection into the putamen of the 
mouse. Moreover, MSCs containing silica-coated manganese NPs retained their viability, and their 
differentiation potential was uncompromised. Importantly, the architecture of mesoporous silica shell 
NPs provided access of water molecules to the manganese core and enhanced the positive contrast of 
the MR image. Deposition of labeled MSCs in hyperintense MRI loci allowed stable tracking with high 
spatial resolution over prolonged time periods [28].  
Recently, nanoscale metal-organic frameworks (NMOFs) emerged as promising biomedical or 
bioengineering tools for imaging and drug delivery [29-31]. NMOFs are a new class of hybrid materials 
in nanometer size consisting of metal ions and organic bridging ligands (Fig. 19.2). The chemical 
properties of these materials, such as their structural and molecular diversity, type of metallic core 
(e.g., Yb, Gd, Mn, or Fe), high loading capacity, and intrinsic biodegradability make them suitable for 
direct in vivo imaging using near-infrared microscopy [32] or MRI [33]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 19.2  
Molecular structure of an MOF NP 
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Gold NPs (AuNPs) are a promising class of NPs with a lower frequency of adverse effects of lanthanide 
NPs in vivo and a longer life-time than iron NPs. Individual AuNPs (Fig. 19.3) or their clusters (Fig. 19.4) 
can be directly modified by various structures that either improve a detection method, enhance 
specificity or reduce toxicity and improve clearance. For example, nanoflares are highly functionalized 
NPs that bring extreme detection specificity to the level of single molecules of nucleic acids. Thus, the 
conjugation of specific oligonucleotides to AuNPs combines very high specificity with a potent 
fluorescence activity and low toxicity to the cell. Standard techniques for mRNA detection are based on 
the detection of an interaction event between a fluorophore-labeled oligonucleotide with its target 
sequence. However, major obstacles lie in the delivery method into cells, a high background 
compromising the specificity of the assay and enzymatic degradation of the reporters. AuNP-based 
nanoflares possess the unique capability of detecting individual mRNAs in living cells without enzymatic 
degradation of the vehicles or the need for transfection reagents for delivery [34, 35]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 19.3  
Example of direct modifications of AuNPs. AuNPs can be stabilized using citric acid or gallic acid. Derivatization by 
introducing various functional groups or even biomolecules (e.g., thiol, amino, antibody, and oligonucleotides) can 
enhance the binding specificity to particular tissue structures, antigens or even individual sequences of DNA or 
RNA. Dashed or full lines indicate non-covalent or covalent bonds, respectively 
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FIGURE 19.4  
AuNPs form clusters of various sizes and complexity. Gold clusters up to Au10 are known to be planar, higher Au 
clusters possess three-dimensional structure, and some of them (Aum, where m=16,17,18) might be empty, 
representing gold fullerenes, which are hollow gold cages that can form endohedral complexes—e.g., M@Au16, 
where M is a foreign metal inside the cage 
 
 
Therefore, NP engineering defines physical parameters that are critical for the particular imaging 
method but also determines biological properties, such as target specificity, migration through the 
tissue environment, retention in the vascular system, renal excretion or the efficacy of the cellular 
uptake, which can dramatically influence the information value of the diagnostic or analytical output 
(Fig. 19.5). 
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FIGURE 19.5  
Engineering of the core and shell determines performance in various imaging techniques and targeting specificity, 
and prevents degradation or adverse effects in vivo 
 
 

Tissue imaging by MS 

MS allows the rapid detection, localization and identification of many molecules from the very simple 
to the most complex (e.g., biomolecules). Tissue MS is a label-free technique that can provide detailed 
understanding of biological processes in a broad cellular context and whole biological systems. A 
principle of MS techniques is demonstrated in the MALDI-TOF MS example summarized in Fig. 19.6. 
The development of imaging MS (IMS) provided the unique ability to analyze hundreds of analytes in a 
one experiment without prior knowledge of the tissue composition or the use of antibodies or staining 
reagents. Another advantage of this technique is the maintenance of spatial molecular patterns 
because tissue samples are analyzed without prior homogenization (mechanical disruption of tissue, 
creating a homogenous mixture) or fractionation (division of homogeneous mixture into individual 
fractions) [36, 37]. Homogenization and fractionation belong to classical approaches of sample 
preparation; however, these techniques affect the distribution of particular molecules (spatial 
information) and destroy morphological structures. Moreover, the IMS approach can visualize the 
global biochemical heterogeneity of individual cell populations and tissue structures at the single-cell 
level [38]. IMS can be applied in a wide area of “omics” research such as proteomics, lipidomics, 
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metabolomics, metallomics, and drug discovery, and is a topic that was reviewed in detail recently [39]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 19.6  
Principle of MALDI-TOF MS. Tissue molecules co-crystallized with a matrix (defined below) are desorbed by a laser 
beam from a sample surface. Ions enter into the flight tube towards a detector. The time of flight and intensity of 
the signal are recorded; next the ratio of the molecular weight (m/z) to charge is determined 
 
 
Depending on the experimental design, the output is either a single mass profile of a nonspecific tissue 
region or a homogeneous cell population, or a panel of mass spectra recorded in high resolution from 
defined coordinates and containing spatial information [40]. The IMS approach efficiently combines the 
analysis of molecular species and their distribution together with morphological and histopathological 
information. Moreover, fixed tissues prepared for routine histology are compatible with IMS or other 
various modifications of MS, enabling analysis of various samples stored at medical facilities [41]. 
However, IMS requires modifications of virtually all steps of the standard “profiling” MS protocol. To 
achieve a desired resolution, the sample preparation and application retrieving the surface molecules 
for ionization, instrumental setup, data acquisition and mass spectra analysis in parallel with 
histological assessment need to be optimized [42-45]. A scheme depicting the difference between MS 
profiling and MS imaging is shown in Fig. 19.7. 
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FIGURE 19.6  
Principle of mass spectrometry profiling and imaging on intact tissue sections 
 
Ionization methods for IMS 
 
Ionization is a critical step in the entire process of IMS, determining the quality of recorded spectra, 
spatial resolution and content of biologically relevant information. Presently, there is a broad range of 
surface ionization methods adopted for IMS from bioanalytical MS; however, MALDI MS, secondary ion 
MS ﴾SIMS﴿ and desorption electrospray ionization ﴾DESI﴿ are the most common. 
 
MALDI MS 
 
MALDI is a soft ionization technique based on mixing a sample with an excessive amount of a matrix 
and subsequent desorption and ionization of the sample molecules by a short (~ns) laser pulse usually 
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in a high vacuum (about 10-4 Pa) [46]. The matrix plays a key role in the absorption of laser energy of a 
certain wavelength, which is then passed to the analyte, causing a transition of the analyte from the 
solid phase into the gas phase and preventing fragmentation molecules of the sample by using a direct 
laser beam. The matrix is at the same time a donor or acceptor of protons to the sample molecules in 
the positive or negative mode. The mechanism of proton transfer from the matrix to the analyte 
remains unclear. This technique preferentially provides pseudomolecular [M ± H]± ions of the analyte 
but sometimes can be observed in the spectra of other ions, such as [M + 2H]2+, [M + 3H]3+ ions or 
dimers [2M + H]+, and others. MALDI enables the ionization of biomolecules over a wide mass range, 
including DNA, peptides, proteins, lipids and many other substances. MALDI MS is often the chosen 
bioanalytical method because of its sensitivity, its tolerance to impurities and simple preparation of the 
sample [38].  
The correct choice of matrix is one of the most important steps in MALDI IMS. As the matrix, organic 
aromatic acids are usually used. Each matrix is suitable for different analytes. For example, the most 
commonly used matrix in MALDI-TOF of cellular or tissue samples is sinapinic acid suitable for the 
detection of higher molecular weight proteins, α-cyano-4-hydroxycinnamic acid for the detection of 
lipids and lower molecular weight peptides and 2,5-dihydrobenzoic acid or 2,6-dihydroxyacetophenone 
for the ionization of phospholipids and drugs [47]. Various matrices differently affect desorption and, 
thus, ionization of the analyte. The interaction of the analyte with the matrix might also improve the 
ionization efficiency. The application of a MALDI matrix on the sample of tissue section affects 
substantially the assay output. In MALDI IMS of a tissue section, the matrix solution needs to be 
homogeneously deposited over the sample—e.g., by spraying the matrix over the entire surface of the 
tissue. However, the regions desired for single profiling can be defined by simple deposition of matrix 
droplets to particular regions of the tissue section [48].   
Manual methods of matrix deposition such as airbrush spraying or dipping the tissue sections into a 
matrix-containing solution usually suffer from poor reproducibility [49]. Automated deposition allows 
the deployment of a very thin layer of matrix with an IMS quality suitable also for high-throughput 
preparations [50]. The most common mass analyzer in combination with the MALDI technique is the 
TOF, which provides high mass resolution, excellent mass accuracy, and a rapid acquisition rate over a 
large mass range [51]. 
 
SIMS 
 
SIMS was the first ionization technique in MS used for chemical imaging [52]. The main advantage of 
SIMS is the spatial resolution level at the submicron level as low as 50 nm, making this approach 
suitable for investigating the chemical composition of single cells or even subcellular structures [38]. 
SIMS is based on irradiation of the sample surface by a primary beam of high energy containing metal 
ions (e.g. Ar+, Ge+, or In+). These primary ions generate the emission of secondary ions from the sample 
surface. The energy of the primary ion is much higher (range 5–25 keV) than the energy of the laser 
beam in MALDI experiments; thus, SIMS often leads to extensive fragmentation of surface molecules 
and is classified as a hard ionization technique. SIMS typically desorbs and ionizes elements and small 
molecules, such as lipids, metabolites, and small drugs, with an upper mass limit about 2 kDa. However, 
ion beams can be focused with a much higher spatial precision than laser beams. SIMS represents a 
unique tool for high-resolution IMS of single cells, their organelles and structures or to accurately 
define tissue regions [53]. This technique does not require any special sample preparation or a matrix. 
SIMS analyses are carried out in an ultrahigh vacuum (<10-7 Pa) to facilitate the transfer of ions after 
desorption from the sample surface.  



Nanomedicine  479 

SIMS is commonly combined with TOF, magnetic sector or Orbitrap analyzers [54]. According to the 
experimental design, SIMS works in either the static or dynamic mode. In the static mode, a primary ion 
beam is used at a dose less than 1012 primary ions/cm2 for desorption of the molecule from the surface 
and provides information about the composition of the surface. Static SIMS is mostly used for 
qualitative imaging. Dynamic SIMS is more destructive because a much larger primary ion dose (>1012 

primary ions/cm2) is applied on the sample, uncovering deep structures. Dynamic SIMS is mainly used 
for quantitative elemental imaging [55]. 
 
DESI MS 
 
The DESI ionization technique was developed by the Cooks group in 2004 [56] and was first used for MS 
imaging of biological tissues in 2005 [57]. The DESI principle is based on the concept of the combination 
of two MS ionization methods—electrospray ionization (ESI) and desorption ionization (DI). DESI occurs 
by the interaction of charged droplets of solvent (often a mixture of water and methanol at a ratio of 
1:1) produced by electrospray with the sample surface. By the collisions of drops with the sample 
surface, secondary charged droplets containing dissolved surface molecules of sample are generated. 
These secondary droplets are immediately converted on gaseous ions, which are directed at an 
appropriate angle into the inlet of the mass analyzer [58]. DESI provides several advantages compared 
with MALDI and SIMS. DESI is performed at atmospheric pressure and requires no additional sample 
preparation or addition of the organic matrix. DESI also induces very little fragmentation of the sample, 
making it suitable for analysis of complex molecules. DESI provides multiply charged ions in the form of 
[M + nH]n+ and [M – nH]n- but at a lower spatial resolution than MALDI or SIMS [53]. The rapid analysis 
time and its ability to be combined with various MS analyzers make this technique attractive for 
imaging all types of tissue [51] or particular structures, including polymers, drugs, and lipids [59]. 
 
Application of MALDI-TOF MS in tissue analysis 
 
MALDI-TOF MS for tissue analysis has already demonstrated its applicability in clinical and biological 
problems [60-62]. The generation of tissue-specific molecular weight or m/z maps or images with high 
resolution and sensitivity provides a tool for pathology, chemotherapeutics, and discovery of disease 
biomarkers. MALDI-TOF MS allows the rapid detection of more than a thousand peptides and proteins 
from various tissues covering diverse fields of medicine, ranging from oncology, regenerative medicine, 
and neurology to pathology, tissue architecture or biomedical research [42, 45, 62-68]. MALDI MS or 
IMS, with laser capture microdissection, generates expression profiles from individual cells or 
clinicopathologically relevant regions of tissue. For example, the molecular profiles of tumor tissues can 
correctly predict tumor behavior, diagnosis, prognosis or response to therapy. Bottom-up proteomics 
based on complex patterns can lead to the discovery of novel biomarkers [42, 65]. 
MALDI-TOF MS/IMS has the potential to identify patient subpopulations that are not evident based on 
the cellular phenotype determined microscopically [58]. In surgical pathology, IMS allows the highly 
sensitive and rapid evaluation of surgical intraoperative margins [69]. The IMS spectra generated in 
high resolution from tumor lesions surrounded by healthy tissue requires sophisticated computational 
analysis to correctly discriminate and classify the samples. For this purpose, a new method was 
developed involving reconstructing the image from the raw mass-spectral data, preprocessing of IMS 
data and subsequent classification and identification of IMS data based on artificial neural networks 
(ANNs) [70]. ANNs are computational simulations of human neural networks for modeling highly 
nonlinear systems in which the relationship between the variables is unknown or very complex [71]. 
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Histological staining and IMS 
 
Histological staining remains a cornerstone in the routine diagnosis of cellular and tissue 
pathomorphology. Classical histological techniques require skilled clinical pathologists to diagnose 
tissue abnormalities. Spectral profiles or images can complement structural information and facilitate 
or specify a diagnosis [72]. Correct interpretation of MALDI MS/IMS information requires the 
correlation of specific ion images to histological information. The latter can be accomplished either 
using the same tissue section for both MALDI MS/IMS and histopathology or by analysis of two 
consecutive sections. The first approach is complicated by interference of the dye used for tissue 
staining with ionization during MS. Covalent binding of a dye—e.g., hematoxylin/eosin (H&E)—to the 
sample surface, reduces the quality of a mass spectrum. However, chemically distinct dyes, such as 
cresyl violet or methylene blue, are compatible [72]. Nevertheless, the staining pattern provided by 
these dyes is different than that provided by H&E, and pathological information does not need to be 
exhaustive. Recently, a staining protocol for tissue sections already analyzed by MS was introduced 
that allowed a clear correlation to MALDI IMS results [73]. Analysis of consecutive sections requires a 
precise alignment of neighboring structures. This is often complicated in complex samples, such as 
neural tissue samples, due to the different microarchitecture and molecular profiles of adjacent tissue 
sections [74].  
The data outlined above apply only to fresh-frozen tissue samples. As the commonly used stains, 
including H&E, are compatible with formalin-fixed paraffin-embedded tissues [36], the presence of a 
cross-linked surface due to formalin bridges introduced by fixation of FFPE tissues prevents analysis by 
MS. The peptide cross-links can be released using enzymatic treatment to make the surface available 
for MS analysis [75]. The availability of FFPE samples archived throughout the clinical facilities 
represents an enormously rich material for detailed MS/IMS studies with clear links to clinical practice 
[76]. 
 
 

NP-Mediated IMS 

Nanoscale materials have been widely introduced into bioanalytical MS and IMS research rather 
recently to overcome obstacles in MS analysis of complex or unstable biological samples. Although it 
has been demonstrated that classical organic chemical matrices in MALDI-TOF MS enable the detection 
of peptides, proteins and nucleic acids and other biomolecules [77], there are still unresolved problems 
in the adaptation of MALDI-TOF MS protocols to IMS:  
 

1) The co-crystallization of analytes with matrices does not produce homogeneous mixtures, 
which cause hot spots, thereby requiring sweet-spot searching [78].  

2) MALDI-TOF MS can hardly detect small molecules because of the high background signals 
coming from small organic matrices, which are present in the low-mass region (500 Da) [79]. 

3) The presence of salts in a sample solution increases the intensities of salt-adducted forms 
[80].  

4) Neutral molecules such as carbohydrates are poorly ionized by MALDI because of the absence 
of either a basic or an acidic group in their structures [81]. 

 
To resolve these problems, the use of inorganic compounds with NP properties as matrices has been 
introduced for the determination of analytes ranging from small organic molecules to biopolymers [82-
85].  
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MALDI requires photon-absorbing matrix compounds to enhance desorption [86]. UV-absorbing 
materials can be used as energy mediators to transfer the photon energy from the laser source to the 
surrounding analytes for effective desorption and ionization with minimum fragmentation of analyte 
molecules. Cobalt NPs (30 nm in diameter) as matrices have been used by the pioneers in the MALDI 
field for the analysis of lysozyme [87]. The cobalt NPs possess a large surface area, show high 
photoabsorption, and a low heat capacity compared with those of microparticles. Inspired by Tanaka’s 
results, a series of inorganic micro- and nanomaterials have been investigated as potential inorganic 
matrices—e.g., graphite particles [88], AuNPs [89], silver NPs [90, 91], titanium dioxide NPs [82, 92], 
silicon NPs and nanorods [93, 94], Au nanorods [95], and carbon nanotubes [96].  
Nanomaterial matrices compared with organic matrices offer better sample homogeneity [82, 89, 90, 
92-99] and elimination of matrix ion interference. Flocculated and trapped mixtures can be detected 
using nanomaterials in various matrices [100-102]. AuNPs are suitable matrices for the determination 
of biomolecules in high-salt solutions, such as biological buffers, by MALDI-TOF MS [102]. AuNP-
assisted laser desorption/ionization (LDI) was used for the determination of neutral carbohydrates [81], 
where the ionization efficiency of neutral carbohydrates can be greatly amplified without derivatization 
steps. Bare, capped, and functionalized AuNPs are good candidates as new generation matrices for 
high-resolution imaging and profiling analysis [87]. As described elsewhere, AuNPs are particularly 
interesting because they do not (or seldom) ionize by laser irradiation; however, a local temperature 
increase occurs on the particle surface [103]. Heat produced by the laser beam is then rapidly 
transferred to the analyzed sample. As a result, molecules of the analyte are desorbed/ionized with 
minimal background signal coming from the matrix. Compared with a commonly used 2,5-
dihydrobenzoic acid matrix, the AuNPs showed the successful detection of small carbohydrates up to 
m/z 500 [101].  
AuNPs were demonstrated to mediate the ionization of several peptide systems and small proteins [89, 
97, 100-102, 104-108]. Additionally, the complexity and size of AuNPs influence the ionization of 
biomolecules in MALDI experiments. Russell and co-workers [106] published the detection of peptides 
with molecular weights of 500–2500 using 2- to 10-nm AuNPs. Moreover, coating AuNPs 
(functionalization) allows for selective extraction of desired substances from the complex solutions [89, 
109]. For example, polyethylene-modified magnetic NPs (Fe3O4) to extract phosphoproteins from 
complex protein digests for MS analysis were used (Chen et al. 2011). Interestingly, the deposition 
method—e.g., the order of the layout of reagents and sample—influences either the interaction of the 
AuNP matrix with the sample or exposition of the sample to the laser beam. Samples covered with 
AuNPs provided better detection sensitivity and sample homogeneity compared with either the 
deposition of a mixture of matrix and sample onto the target plate or deposition of AuNPs onto the 
target before the sample [110]. 
NPs is now widely applied in various fields of tissue visualization—e.g., immunohistochemistry [13], MS 
profiling and imaging [38, 42, 60], detection of individual biomolecules in living cells, delivery as vectors 
[34, 35, 111] or systemic tracking of defined cell populations in whole organisms [11, 22]. Modification 
and functionalization of their surface, selection of their physical properties and biological targeting 
make NPs highly attractive for diagnosis, targeted therapy and biomedical research. A brief overview of 
the use of NPs in tissue visualization is provided in Fig. 19.8. 
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FIGURE 19.8  
Brief overview of NP use in tissue visualization 
 
 

Conclusions 

Nanomaterials have wide applications in visualization strategies in cell and tissue biology. In particular, 
specifically engineered NPs can complement classical techniques of analysis on fixed tissues and 
enhance the performance of in vivo MRI. Biocompatible NPs provide a tool for in vivo cell tracking in 
regenerative medicine or cancer research and provide deep insight into tissue ultrastructure and 
chemical composition. IMS combines efficient analysis of chemical composition, spatial distribution and 
structural information, reflecting the complexity of the biological systems. Classical histological staining 
techniques are still indispensable particularly for daily clinical routine; however, the use of advanced 
methods such as NP-mediated IMS complement greatly the palette of available diagnostic approaches 
in the clinic and research.  
Bringing the bioanalytical MS analysis to the cellular and subcellular levels allows the identification of 
molecular composition related to precise spatial localization. The combination of structural 
visualization and bioanalytical analysis complements greatly and contributes to the entanglement of 
complex interactions and mechanistic phenomena in tissues. Therefore, nanomaterial-mediated 
visualization is an important tool in standard clinicopathological techniques and tissue engineering. 
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