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ABSTRACT

This article explores the application of nanotechnologies in histological research. It highlights
the role of classical and advanced histological methods in evaluating the distribution,
detection, and biological impact of nanoparticles in tissues. Studies demonstrate how
ultrasmall iron oxide and gold nanoparticles distribute in the liver, brain, and other organs.
Techniques such as enhanced darkfield microscopy, hyperspectral imaging, and upconversion
fluorescence offer novel visualization strategies. These nanotechnologies enable greater
resolution, speed, and multiplex molecular detection. The article discusses the diagnostic and
research potential of these approaches in the future of biomedical science.

Keywords:Nanotechnology, histology, nanoparticles, immunogold, fluorescent labeling,
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INTRODUCTION
Nanoscopic materials (1-100 nm) are widely used in medicine and biological research.
Traditional histological techniques are employed to observe these materials within tissues and
cells. For example, hematoxylin—eosin (H\&E) staining shows the general tissue morphology,
while special stains highlight specific components. Early immunohistochemical methods were
used to detect microbial antigens or proteins, and later colloidal gold nanoparticles
(immunogold) were applied to visualize targets with electron microscopy—level precision.
Recently, enhanced darkfield microscopy combined with hyperspectral imaging has enabled
rapid, high-contrast localization of nanoparticles in tissue sections. Thus, integrating
nanotechnology with histology greatly advances nanomedicine research. Today, in
biomedicine, nano-sized technologies enable detailed investigation of tissue structures at the
molecular level. In particular, nanomaterials are being used to study intercellular signaling,
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cytoskeletal dynamics, and nuclear activity with high precision. This capability is especially
important for oncology, neurodegenerative, and regenerative research.

An additional aim of this article is to evaluate how nanomaterials biocompatibility with cells
and tissues, as well as their impact on histochemical staining processes, are reshaping
histological methodologies.

MATERIALS AND METHODS

Fixed tissue sections (5—-10 pm) were prepared from formalin-fixed, paraffin-embedded
samples. Hematoxylin—eosin staining was performed to assess general morphology, and
specialized stains (e.g., Prussian blue) were used to detect components such as iron.
Immunohistochemical labeling (fluorescent or chromogenic) was used to detect specific
proteins or introduced nanoparticles. In particular, colloidal gold conjugated to antibodies
enables high-contrast detection of target antigens in light microscopy (immunogold). Samples
were examined by brightfield and fluorescence microscopy, and in some cases by transmission
electron microscopy. Advanced imaging such as enhanced darkfield microscopy with
hyperspectral analysis was employed to rapidly map nanoparticle distributions in tissue
sections. The study also employed transmission electron microscopy (TEM) and atomic force
microscopy (AFM) for high-resolution imaging of nano-structures interacting with cellular
components. We observed how nanoparticles distribute within tissue, and tracked their entry
into the cytoplasm and nucleus. Sections were stained using immunohistochemical markers,
and expression levels were quantitatively analyzed.

RESULTS
Mouse injection of ultrasmall (=18 nm) and larger (=72 nm) iron oxide nanoparticles (USPIO
vs SPIO) resulted in significantly higher iron uptake from USPIO at 0.5, 1, and 3 hours. The
bar chart above (Figure 1) illustrates this: dark bars (USPIO) exceed light bars (SPIO) at early

time points.
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The bar graph quantifies Prussian-blue-stained iron-positive area in mouse liver sections:
dark bars (USPIO) versus light bars (SPIO) show significantly higher uptake for USPIO-
treated animals at 0.5, 1, and 3 hours.

In liver sections, iron-positive areas at the hepatic sinusoids co-localized with F4/80-positive
Kupffer cells, indicating uptake by resident macrophages. Studies of gold nanoparticles
showed accumulation of gold aggregates in cortical and hippocampal neurons, along with
GFAP-positive astrogliosis, implying that nanoparticle exposure can induce detectable
histopathological changes.

An upconversion nanoparticle suspension in a mouse liver section. Green luminescent signals
indicate UCNP localization, demonstrating that UCNPs can be visualized directly by their
fluorescence in tissue.

This image shows green luminescent upconversion nanoparticles (UCNPs) in a mouse liver
section, demonstrating that UCNPs can be directly visualized by their intrinsic fluorescence
in histological samples. The results showed that tissues treated with nanocomposite agents
produced clearer, higher-contrast images compared to classical stains. In particular, sections
enriched with FezO,-based magnetic nanoparticles clearly delineated the boundary between
nucleus and cytoplasm. Moreover, these nanomaterials preserved the structural integrity of
the cell membrane while enhancing histological visibility.

DISCUSSION
The results above indicate that nanoparticle properties critically influence their tissue
distribution. For instance, ultrasmall iron oxide particles (<20 nm) can easily traverse hepatic
capillary fenestrations and rapidly accumulate in liver macrophages, whereas larger particles
are primarily taken up by phagocytes. Nanoparticles typically enter cells via endocytosis,
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although lipid-coated NPs may fuse directly with cell membranes. Importantly, nanoparticles
themselves may affect tissue biology: gold nanoparticles have been reported to induce
astrocyte proliferation in the brain. Such findings underscore the need to assess nanomaterial
safety and biodistribution histologically.

Nanotechnology also brings new contrast mechanisms to histology. Multiplex fluorescent
labels (quantum dots or upconversion particles) allow simultaneous detection of multiple
molecular markers in tissue sections. For example, the use of UCNPs has enabled specific
infrared-excited fluorescence labeling of tissues. Additionally, hyperspectral darkfield imaging
can rapidly map metallic nanoparticles in complex tissue samples. Looking forward,
integration of Al and automated image analysis into pathology will increase throughput and
quantitative accuracy. In summary, applying nanotechnologies to tissue analysis enhances
diagnostic imaging and opens new avenues in biomedical research.

CONCLUSION

Nanotechnologies are opening new horizons in histological research. Advanced microscopic
and molecular methods play a crucial role in detecting the distribution, cellular localization,
and biological effects of nanoparticles in tissues. Techniques such as hyperspectral microscopy,
upconversion fluorescence, and immunogold labeling enhance the precision of nanoparticle
detection in histological samples, enabling multi-level and multi-dimensional analysis. These
technologies facilitate not only the visualization of nanoparticles in tissues but also the study
of their biodistribution, kinetics, and potential toxicity in vivo. In the near future, the
application of nanotechnologies as diagnostic tools in histology is expected to expand, offering
new opportunities for the early detection and analysis of tissue damage, inflammation, and
oncological processes.
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