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Abstract: Nanomedicine has revolutionized cancer treatment by the development of nanoparticles (NPs) that offer targeted therapeutic 
delivery and reduced side effects. NPs research in nanomedicine significantly focuses on understanding their cellular interactions and 
intracellular mechanisms. A precise understanding of nanoparticle interactions at the subcellular level is crucial for their effective 
application in cancer therapy. Electron microscopy has proven essential, offering high-resolution insights into nanoparticle behavior within 
biological systems. This article reviews the role of electron microscopy in elucidating the cellular uptake and intracellular interactions of 
NPs. Transmission electron microscopy (TEM) provides imaging capabilities, such as cryo three-dimensional tomography, which offer in- 
depth insights into nanoparticle localization, endocytosis pathways, and subcellular interactions, while high resolution-TEM is primarily 
used for studying the atomic structure of isolated NPs rather than nanoparticles within cells or tissues. On the other hand, scanning electron 
microscopy (SEM) is ideal for examining larger surface areas and provides a broader perspective on the morphology and topography of the 
samples. The review highlights the advantages of electron microscopy in visualizing nanoparticle interactions with cellular structures and 
tracking their mechanisms of action. It also addresses the challenges associated with electron microscopy characterization, such as tedious 
sample preparation, static imaging limitations, and a restricted field of view. By examining various nanoparticle uptake pathways, and 
cellular destination of NPs with examples, the article emphasizes the importance of these pathways to optimize nanoparticle design and 
enhance therapeutic efficacy. This review underscores the need for continued advancement in electron microscopy techniques to improve the 
effectiveness of nanomedicine and address existing challenges. In summary, electron microscopy is a key tool for advancing our under
standing of nanoparticle behavior in biological contexts, aiding in the design and optimization of nanomedicines by providing insights into 
nanoparticle cellular dynamics, uptake mechanisms, and therapeutic applications. 

Plain Language Summary: Cancer remains one of the leading causes of death worldwide, with incidence and mortality rates projected to 
rise significantly in the coming years. In recent years, tiny-objects known as nanoparticles are widely utilized in therapeutic applications to 
improve treatment outcomes and effectiveness in combating cancer. This article explores how electron microscopy is transforming cancer 
treatment using nanoparticles. Nanoparticles are designed to deliver drugs directly to cancer cells, improving treatment options while reducing 
side effects. A detailed information is crucial in order to understand how these nanoparticles interact with cells. Electron microscopy techniques 
such as transmission electron microscopy and scanning electron microscopy play a key role in obtaining such information. Electron microscopes 
enables scientists to visualize nanoparticles and cells with enhanced clarity and magnification. This capability is helping to understand how 
nanoparticles enter the cells, transport in specific locations, and interact with various cellular components. Moreover, it allows the examination of 
the larger surface areas of the treated cells, revealing the overall morphology and topography of the nanoparticles and their interactions with cell 
structures. 

The objective of this study is to investigate the role of electron microscopy in understanding the cellular uptake, intracellular 
interactions, and subcellular localization of nanoparticles used in cancer nanomedicine. It aims to highlight how advanced electron 
microscopy techniques like transmission electron microscopy and scanning electron microscopy provide critical insights into 
nanoparticle behavior within biological systems, while addressing challenges such as sample preparation and imaging limitations. 
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The study underscores the need for continued innovation in electron microscopy technologies to optimize nanoparticle-based 
therapeutic design and improve cancer treatment outcomes. 

This review outlines studies evaluating the use of electron microscopy techniques in nanoparticle applications for cancer research, 
highlighting their advantages and limitations. It focuses on nanoparticle uptake pathways, cellular destinations, and recent examples of 
nanoparticle interactions with cancer cells. Electron microscopy, particularly transmission electron microscopy, plays a vital role in 
visualizing nanoparticle behavior within cells, revealing ultrastructural changes such as nanoparticle aggregation, shape, and interac
tions with cellular membranes and organelles. Transmission electron microscopy offers precise insights into nanoparticle uptake, 
transport, and exit, while three-dimensional (3D) tomography provides detailed reconstructions of nanoparticle localization. However, 
challenges like sample preparation and artifacts persist, with rapid freezing methods, such as plunge-freezing particularly, high- 
pressure freezing, proving effective in preserving native cellular structures. Combining electron microscopy with techniques like flow 
cytometry improves the study of nanoparticle interactions by offering both ultrastructural and quantitative data, enabling accurate 
analysis of nanoparticle uptake and behavior in cancer cells. 

Keywords: cancer cells, ultrastructural analysis, uptake pathways, challenges, nanomedicine

Introduction
Cancer remains one of the leading global causes of death, with an estimated 19 million new cases and 10 million deaths 
in 2020 alone, representing about one death in six worldwide. This trend is expected to rise due to environmental 
pollutants, increased risk factors, and demographic changes.1 The American Cancer Society predicts over 600,000 cancer 
deaths and about 2 million new cases in 2024. Though breast cancer has a higher incidence rate, Lung cancer, in 
particular, is the deadliest form among both males and females.2,3 Traditional cancer treatments, including surgery, 
chemotherapy, and radiotherapy, have been effective for some cancers but they have limitations, especially with 
metastatic cancers. These treatments often result in severe side effects by damaging normal cells.4,5 Consequently, 
there has been significant interest in developing drug delivery systems that specifically target cancer cells to minimize 
side effects and improve therapeutic outcomes.6

NPs have emerged as promising tools in cancer therapy due to their ability to deliver drugs more precisely.7 

Nanotechnology-based diagnostics and therapies are rapidly advancing, offering potential improvements in cancer 
treatment.8 NPs are categorized based on their properties, shape, and size, including fullerene, metallic, ceramic, and 
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polymeric NPs.9,10 Targeted therapies using NPs are often more effective than traditional chemotherapeutics because they 
can deliver drugs more accurately, reducing side effects.11 Various types of NPs have been developed for drug delivery, 
including lipid-based NPs,12 polymeric NPs,13 semiconductor-based NPs,14 inorganic NPs15 nucleic acid therapeutic,16 

chemotherapy,17 and immunotherapy.18,19

As the field of cancer nanomedicine grows, understanding of NP interaction with biological systems becomes 
increasingly important.20 NPs are used in various applications, such as drug delivery,21 biosensing,22 imaging,23 sort 
systems,24 and scaffolding.25,26 In vivo and in vitro imaging techniques are crucial for confirming NP targeting, 
distribution, and elimination.27–30 Given the diverse properties of NPs, it is essential to assess their toxic potential and 
side effects through rigorous microscopic monitoring. This includes observing undesirable reactions like necrosis, 
inflammation, fibrosis, or tumor progression.31

No imaging technique is ideal; each has its limitations. Optical imaging (OM), magnetic resonance imaging (MRI), 
and positron emission tomography, for instance, offer lower resolution (hundreds of micrometres), making subcellular 
visualization challenging. Techniques such as fluorescence microscopy provide better cellular detail but still struggle with 
individual NPs detection due to resolution limits.32–34 Electron microscopy (EM), such as TEM and SEM, offers high- 
resolution analysis, making it suitable for detailed NP studies.35–39

TEM, with its high spatial resolution (down to 0.1 nm), is beneficial for visualizing single NPs and their localization within 
cellular structures.40 It also aids in toxicological assessments by revealing structural changes in organelles affected by NPs.41 

However, TEM has limitations, including tedious sample preparation and time-consuming imaging processes.31,42 

Nonetheless, Ostrowski et al, 2015 claimed that TEM is a practical addition to other microscopic techniques, instead of 
being the preferred imaging technique for studying NPs in a cellular environment.31 Moreover, TEM is limited by the 
thickness of samples, typically around 300 nm, as thicker samples result in fewer transmitted electrons and noisier images due 
to overlapping elastic and inelastic electron scattering. Scanning transmission electron microscopy (STEM) offers an 
alternative, allowing imaging of thicker samples (up to 1 μm) by spatially separating elastic and inelastic electron, making 
it less sensitive to sample thickness and improving composition analysis. However, both methods often involve embedding 
samples in resin and heavy metal staining, which can denature structures and hinder high-resolution studies of delicate cellular 
components.43 Recent advancements, such as TEM/STEM electron tomography on plastic-embedded cells and tissues, have 
significantly improved 3D visualization of NP localization and cellular ultrastructure, providing high-quality imaging data. 
Additionally, energy-dispersive X-ray spectroscopy (EDX)-based chemical mapping in TEM projection images enables the 
identification of NP composition and their distribution within cellular environments.44

On the other hand, SEM provides high-resolution images (3–20 nm) of the specimen’s surface and is valuable for 
studying NP interactions with cell surfaces and morphological changes45–48 Despite its surface sensitivity, SEM’s 
capability to visualize surface morphology helps in understanding NP distribution. Furthermore, advanced SEM 
techniques, such as serial block-face scanning electron microscopy (SBFSEM), allow for the imaging of large tissue 
volumes at nanoscale resolution in an automated manner. By coupling SEM with a built-in ultramicrotome or focused ion 
beam (FIB-SEM), researchers can achieve 3D reconstructions of cellular structures and tissue morphology, providing 
comprehensive insights into NP interactions within complex biological environments.49–51

Correlative Light Electron Microscopy (CLEM) is an advanced imaging approach that combines the strengths of light 
microscopy (LM) and EM to study biological specimens at multiple scales. CLEM allows researchers to first locate and 
analyze regions of interest with fluorescence microscopy, such as proteins or specific cellular structures, and then 
examine those same areas at high resolution using EM to reveal ultrastructural details. This method is particularly 
valuable for studying dynamic cellular processes, such as nanoparticle uptake or protein localization.52,53

While cryo-TEM offers significant advantages, including the ability to determine two-dimensional (2D) structures, it 
also faces challenges in obtaining high-information 2D images.54 Room temperature electron tomography of thick cells 
or tissue slices (200–500 nm) is a powerful technique for obtaining detailed three-dimensional (3D) structural informa
tion. This method involves collecting a series of 2D projections at various tilt angles, which are then computationally 
reconstructed into a 3D model, providing insights into cellular architecture and the spatial relationships of subcellular 
components.55 Electron tomography, particularly cryo-electron tomography (cryo-ET), enables the determination of 3D 
structures at nanometer resolution and provides nearly native shape visualization of biological specimens, such as 
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proteins and cellular components. However, the achievable resolution for biological samples in cryo-ET is typically 
limited to a range of 1–2 nm due to constraints like beam damage and sample quality. These techniques, which involve 
samples preserved in a frozen state with vitreous ice, enhance our understanding of protein structures and cellular 
interactions, including ribosomes and chemoreceptor arrays.56 Cryo-ET thus remains an indispensable tool for elucidat
ing the spatial organization of complex biological specimens while maintaining their near-native states.57 This review 
aims to outline studies evaluating the use of electron microscopy techniques in various NP applications for cancer 
research. It will highlight the advantages and limitations of these techniques, focusing on NP uptake pathways and 
cellular destinations, and providing examples from recent literature on NP interactions with cancer cells.

Significance of Subcellular Morphology in Advancing Nanomedicine Research
In nanomedicine, precise delivery of NPs to specific subcellular targets is crucial for effective treatment and minimal side 
effects.58 The successful nanomedicine relies on the ability to control and track NP transport within the body while addressing 
safety concerns related to cellular interactions.59–61 Achieving such precision remains a significant challenge in the field.62,63 

Understanding the interactions between NPs and the biological systems is essential for overcoming these challenges and 
improving therapeutic outcomes.64 While conventional optical microscopy is widely used,65 it has limitations in distinguish
ing the exact localization of NPs within cells and detecting subcellular changes associated with NP interactions.66 Optical 
microscopy cannot analyze cell stress such as nuclear fragmentation, cell membrane blebbing, membrane protrusions, 
reformation of the endoplasmic reticulum, chromatin condensation, mitochondrial deterioration, generating apoptotic bodies, 
or necrotic alterations.67–69 EM plays a crucial role in addressing these limitations. TEM provides high-resolution images that 
allow detailed visualization of NP interactions with cellular structures and mechanisms of action. It can track NP localization, 
distribution, and intracellular degradation with exceptional clarity, making it a powerful tool for understanding how NPs affect 
cellular environments and contribute to their therapeutic effects.

Nanoparticle Cellular Interaction Mechanisms
TEM offers substantial advantages for studying NPs’ interactions with biological systems, thereby enhancing our 
understanding of their mechanisms of action. TEM enables detailed examination of NP uptake and intracellular fate, 
revealing critical insights into how NPs interact with and affect cells.70 The physiochemical properties of NPs—such as 
charge, size, shape, and hydrophobicity—play a significant role in their cellular uptake via active or passive uptake.71 

Achieving safe cellular entry is crucial for the efficacy of nanomedicines, dictating a thorough understanding of uptake 
mechanisms to design effective and targeted therapies.72 Cellular uptake of NPs involves complex processes and 
biomolecular interactions that facilitate crossing the plasma membrane.73 The plasma membrane, a thin layer surrounding 
cells, separates intracellular components from the external environment and is composed of lipids and proteins.74 Lipids 
form a negatively charged bilayer that serves as a barrier, while proteins mediate substance exchange and cellular 
signaling.75 Understanding how NPs traverse the plasma membrane is essential for elucidating their role, intracellular 
fate, and responses within the cell.76 NPs can enter cells through several pathways, which are generally classified into 
two categories: (1) endocytosis-based uptake (active uptake) and (2) direct cellular entry (passive uptake). These 
pathways are crucial for optimizing NP design and functionality. The endocytosis uptake further includes various 
pathways (Figure 1):

● Clathrin-mediated Endocytosis (CDE).
● Caveolae-mediated Endocytosis (CADE).
● Clathrin- and Caveolae-independent Endocytosis (CCIE).
● Phagocytosis (PGC).
● Macropinocytosis (MPC).

Each pathway is regulated by specific lipids and transport proteins, and NPs are encapsulated into vesicles such as 
endosomes, phagosomes, or macropinosomes after endocytosis. These vesicles do not directly fuse with the cytoplasm or 
organelles.77 Endocytosis routes are categorized based on the size of NPs: larger particles (>500 nm) are typically 
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internalized via phagocytosis or macropinocytosis, while smaller particles utilize CDE, CADE, or CCIE.78 Figure 1 
illustrates the various uptake mechanisms emphasizing the characteristics of the membrane-related specific uptake 
mechanism.

Clathrin-Dependent Endocytosis (CDE)
CDE is a widely studied cellular uptake mechanism characterized by membrane invaginations about 100 nm in size, 
coated with the protein clathrin. This pathway facilitates the internalization of NPs and the uptake of essential 
nutrients and membrane components like cholesterol and iron. CDE begins when NP surface ligands bind to cell 
membrane receptors, leading to the formation of a clathrin-coated pit. This pit is visible across various cell types 
and is crucial for receptor-mediated endocytosis.79 Recent studies have shown that pathogens such as SARS-CoV-2 
utilize CDE for cell entry, highlighting its role in viral infectivity.80 The process involves several stages: (a) 
nucleation of cytosolic proteins to form a clathrin-coated pit, (b) membrane invagination and budding, (c) vesicle 
formation and separation from the plasma membrane, and (d) vesicle decapsulation and protein restoration.81 

Research indicates that the surface charge of NPs influences their uptake pathway. For instance, positively charged 
NPs have been observed to enter HeLa cervical cancer cells via CDE, leading to higher internalization and 
accumulation compared to negatively charged NPs.82

Caveolin-Dependent Endocytosis (CADE)
CADE is another critical uptake pathway involving caveolae, small membrane invaginations coated with caveolin. This 
pathway plays a key role in various biological processes, including cell signaling, transcytosis, and regulation of lipids 

Figure 1 Cellular uptake processes that are likely to be observed through TEM. (a) A schematic representation of the cancer cell, before treatment of NPs. (b) The various 
cellular uptake pathways are illustrated (after treatment of NPs), which include: 1) Clathrin-mediated endocytosis, 2) Clathrin- and Caveolin-independent endocytosis, 3) 
Caveolin-mediated endocytosis, 4) Phagocytosis, 5) Non-vesicle related secretion, 6) Macropinocytosis, 7) Vesicle-related secretion, 8) Exocytosis, and 9) Membrane rupture 
or lysosomal escape.
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and proteins. Caveolin-coated vesicles are typically transported to intracellular locations such as the Golgi apparatus 
(GA) and endoplasmic reticulum (ER).83 CADE is significant for NP research, especially for those targeting intracellular 
organelles. Engineered NPs often utilize surface ligands such as cholesterol, albumin, and folate to exploit this pathway 
for cellular internalization.84

Clathrin/Caveolin Independent Endocytosis (CCIE)
CCIE describes an uptake mechanism that operates in the absence of clathrin and caveolin. This pathway allows viruses 
and NPs to cross the plasma membrane through a specific lipid composition, often involving cholesterol. CCIE is 
responsible for internalizing substances such as interleukin-2, growth hormones, and folic acid.78 Given that cancer cells 
have a heightened demand for folic acid, NPs modified with folic acid are particularly effective in targeting folate 
receptors on tumor cells. Folate-functionalized NPs can thus achieve successful delivery into the cytoplasm via this 
pathway.85

Macropinocytosis (MPC)
MPC is a cellular uptake mechanism characterized by the extension of the plasma membrane to enclose extracellular 
fluids, forming large vesicles known as macropinosomes. This process is facilitated by actin-driven membrane ruffling 
and does not rely on lipid rafts or specific membrane proteins.86 NPs and other particles are internalized within these 
large vesicles.87 Macropinosomes are generally larger than vesicles formed through other endocytic pathways and have 
been observed to be leaky vesicles, which can lead to premature escape of NPs before reaching lysosomal degradation 
compartments.62

Phagocytosis
The plasma membrane extends around the particle to form a phagosome, which subsequently fuses with lysosomes for 
degradation. Phagocytosis of smaller particles, including NPs, is less well understood but does occur. The efficiency of 
phagocytosis can be influenced by the size and morphology of NPs, as well as the specific type of phagocytic receptor 
involved. For instance, Fc receptor-mediated phagocytosis can initiate pro-inflammatory responses, whereas complement 
receptor-mediated phagocytosis is typically noninflammatory.88–91

Phagocytosis is an uptake mechanism that occurs by bending the plasma membrane and swallowing the particles. It is 
used primarily by professional phagocytes—such as neutrophils, macrophages, dendritic cells, and monocytes—as well 
as some nonprofessional phagocytes. This process involves the engulfing of larger particles, generally greater than 0.5 
micrometers in diameter, including microorganisms, apoptotic cells, and foreign materials.84,92,93 The plasma membrane 
extends around the particle to form a phagosome, which subsequently fuses with lysosomes for degradation. 
Phagocytosis of smaller particles is less understood. The efficiency of phagocytosis can be influenced by the size and 
morphology of NPs, as well as the specific type of phagocytic receptor involved. For instance, Fc receptor-mediated 
phagocytosis can initiate pro-inflammatory responses, whereas complement receptor-mediated phagocytosis is typically 
noninflammatory.68,80,82,83,85,88,89,93

Intracellular Trafficking and Action of Nanoparticles
Several studies have employed electron microscopy to investigate the cellular uptake and intracellular interaction of various 
types of nanoparticles, revealing important insights into their applications and mechanisms, as detailed in Table 1. This 
overview highlights the diverse roles and imaging approaches used to discuss NPs’ interactions with cancer cells.

Hui et al (2024) studied the effect of silica nanocapsules (SNCs) with varying elasticity on macrophage cells 
(RAW264.7) and ovarian adenocarcinoma cells (SKOV3). They used TEM to show that the elasticity of NPs signifi
cantly affects their cellular uptake. Stiff NPs retained their shape, whereas soft NPs deformed during receptor-dependent 
binding, reducing their uptake efficiency. RAW264.7 cells internalized NPs via phagocytosis and macropinocytosis, 
while SKOV3 cells used receptor-mediated endocytosis (see Figures 2 and 3).94
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Table 1 Summary of Various Nanoparticle Applications in Cancer Therapy and Their Characterization Using Electron Microscopy Techniques

NPs Compound 
Name/ 
Application

Morphology/ 
Size (nm)

Preparation Method Incubation 
Time

Cancer cell 
Line

Mechanism of Action Sample Prep for EM EM analysis Instrument Ref

Silica nano-capsules 

(SNCs)

Spherical 

(~150 nm) 

with shell 

(~10 nm)

Nano-emulsion, bio- 

silicification, and 

templated technology

12 h for 

TEM

RAW264.7 and 

SKOV3

– The cells were fixed with 

glutaraldehyde and OsO4, stained, 

dehydrated in a graded acetone 

series, infiltrated with Durcupan 

resin, and incubated at 60°C for 

48 h. The embedded cells were 

then sliced into ~50 nm sections 

for TEM.

TEM showed that the stiff SNCs 

maintained their spherical shape 

during cellular uptake. The forces 

resulting from the ligand-receptor 

interaction and membrane 

wrapping deformed the soft 

SNCs, decreasing their rate of 

cellular binding and endocytosis. 

This work highlights the critical 

role that NP elasticity plays a role 

in controlling the uptake by 

macrophages and receptor- 

mediated cancer cells, which may 

provide insight into the 

development of more effective 

drug delivery vectors.

[94]

A NP system based 

on a pre-treatment 

regimen that can be 

matched with a 

range of SA-enabled 

FPs.

Spherical 

>20 nm, mean 

core diameter 

of ~7 nm

Chemical 

co-precipitation method

24 h Lymphoma/ 

(Ramos) and 

leukemia/Jurkat

– Ramos cells were pretreated with 

FP and then incubated with NPB- 

AF647. The cells were 

subsequently immersed in ice-cold 

Karnovsky’s fixative for 24 hrs. 

After chemical fixation, the cells 

were palletized, and stained with 

lead citrate, uranyl acetate, and 

OsO4 to enhance TEM contrast.

According to TEM analysis, a large 

no. of NPs was endocytosed by 

adhering to the non-internalizing 

CD20 epitope. Moreover, TEM 

showed that the NPs were evenly 

distributed throughout the 

endosomes.

[95]

(Continued)
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Table 1 (Continued). 

NPs Compound 
Name/ 
Application

Morphology/ 
Size (nm)

Preparation Method Incubation 
Time

Cancer cell 
Line

Mechanism of Action Sample Prep for EM EM analysis Instrument Ref

Unmodified 

Pr3+: LaF3 NPs 

(Nanoplates & 

nanospheres)

Pr3+: LaF3 

nanoplates/ 

64.0 ± 1.0 nm 

and 

Pr3+: LaF3 

nanospheres/ 

13.0 ± 0.4 nm  

Chemical 

co-precipitation method  

2, 10, 24 h Lung carcinoma/ 

A-549

– The samples were fixed in 2.5% 

glutaraldehyde and post-fixed by 

incubation in 1% OsO4. Gradually 

adding ethanol to the samples led 

them to become dehydrated. The 

samples were immersed in Epon 

resin and embedded in pure Epon 

resin. Sections were made as thin 

as 100 nm.

TEM showed that the A-549 

cells internalized both nanoplates 

and nanospheres with ease 

through the process of 

micropinocytosis. NPs were not 

detected in the cell nuclei or other 

organelles. Large vesicles (0.2–5 

μm) were made during 

macropinocytosis. Cell organelles 

do not accumulate NPs and can 

eventually be released into the 

extracellular space.

[68]

Resveratrol–bovine 

serum albumin NPs 

(RES-BSANP)

Smooth and 

round with 

mean 

diameter 400 

to 500 nm.

Biological – Ovarian cancer 

cell line (SKOV3)

Western blot analysis of protein 

expression profiles showed 

activation of the mitochondrial 

apoptotic pathway. This was 

indicated by the release of 

cytochrome c from the 

intermembrane space and the 

upregulation of caspase-9 and 

caspase-3.

Tumor samples were sectioned, 

fixed in 4% glutaraldehyde, 

immersed in Epon, and embedded. 

Cells were sectioned into ultrathin 

slices (60 nm) and stained with 

uranyl acetate and lead citrate.

Apoptotic and necrotic 

morphological alterations were 

observed in the tumor tissues of 

the treated mice using EM. Cells in 

the control groups exhibited 

normal structures, while some 

cells in the therapeutic groups 

showed apoptotic characteristics 

such as chromatin condensation, 

chromatin crescents, nuclear 

fragmentation, and apoptotic 

bodies. Contrary, some cells 

exhibited necrotic morphological 

changes, including cytoplasmic 

degeneration and molten cell 

nuclei.

[69]
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Iron oxide magnetic 

NPs (Fe3O4MNPs)

Rod-shaped 

MNPs (rMNP, 

length of 200 

± 50, 

diameter 50 

to 120 nm 

Spherical 

MNPs 

(sMNPs, 

diameter 200 

± 50 nm)

Chemical 20 h Human cervical 

cancer cells line 

(HeLa)

Destroying the cytoplasm and cell 

membranes, and reducing the cell 

viability.

Graded ethanol was used to 

dehydrate the cells. The acetone- 

infiltrated cells were embedded in 

resin, and the blocks containing 

the cells were then sliced into thin 

sections by a diamond knife. The 

ultramicrocuts (50 nm) were 

placed into a copper grid to do a 

TEM analysis of the internal cell 

structure. The dehydrated cells 

were conductively coated and 

viewed their surfaces under SEM 

(5 kV).

TEM images of the cell 

ultramicrocuts showed that some 

of the MNPs were uniformly 

distributed and integrated into the 

cytoplasm of the cell. 

SEM images illustrated HeLa cell 

membranes with loaded MNPs.

[96]

CS-TPP NPs were 

used to load soluble 

molecules and 

drugs, ferulic acid 

(FA/CS-TPP NPs)

Smooth and 

spherical with 

diameter of 

125 nm

Chemical 24 h Cervical cancer 

cell lines ME-180

FA-loaded chitosan-TPP NPs 

exhibited strong antiproliferative 

action, as demonstrated by 

morphological studies and the 

MTT experiment, which is 

attributed to apoptotic induction.

Cancer cells were fixed with 

glutaraldehyde PBS solution on a 

glass slide and observed for FE- 

SEM investigation.

Using SEM, apoptotic 

morphological alterations in ME- 

180 cells were observed, including 

cytoplasmic remains and damaged, 

wrinkled cells. The FE-SEM 

micrographs of the cells treated 

with FA/CS-TPP NPs showed a 

notable decrease in the number 

and growth of cancer cells.

[66]

Functionalized 

magnetic NPs (f- 

MNPs)

Spherical, 

(100–400 nm)

Chemical and physical 

methods

48 h Colorectal 

cancer cells 

(HCT-116)

Colorimetric analysis and laser 

confocal microscopy combined 

show that cell viability is a dose- 

dependent phenomena, with the 

maximum destruction of cancer 

cells observed in specimens 

containing 50 μg/mL when 

compared to other dosages.

The NP-treated cells were 

prepared by chemical fixation and 

sectioned using an 

ultramicrotome, electron- 

transparent pieces about 200×200 

μm2. Each specimen’s pellet was 

fixed using 4% glutaraldehyde and 

2.5% paraformaldehyde buffered 

with 0.1 M PIPES. Then preserved 

using buffered OsO4. The cells 

were dehydrated using a series of 

graded ethanol solutions. The 

fixed cells were transferred to a 

transitional solvent, propylene 

oxide, and then infiltrated with a 

resin mixture containing 

propylene oxide. The cells were 

embedded in a mixture of pure 

resin.

The findings demonstrated the 

deep cell penetration, 

encapsulation, transportation, and 

exocytosis of NPs. The findings 

demonstrated that NPs were 

successfully able to enter cells 

through the production of 

vesicles. Most of the particles 

were discovered in the cytoplasm 

of the lysosome vesicles. 

The NPs that escaped from the 

lysosome attacked the nucleus, 

leading to its disintegration and 

fragmentation, ultimately resulting 

in cell death.

[97]

(Continued)
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Table 1 (Continued). 

NPs Compound 
Name/ 
Application

Morphology/ 
Size (nm)

Preparation Method Incubation 
Time

Cancer cell 
Line

Mechanism of Action Sample Prep for EM EM analysis Instrument Ref

Tamoxifen-loaded 

chitosan (CH) NPs 

smart pH- 

responsive drug 

delivery system 

(DDS) based on 

chitosan (CH) NPs  

Spherical, 

(100–150 nm)

Chemical 48 h Human breast 

cancer cells 

(MCF-7)

Tamoxifen-loaded CH NPs elevate 

the intracellular concentration of 

Tamoxifen, boosting its anticancer 

efficacy through caspase- 

dependent apoptosis induction. 

This suggests that drug-loaded 

NPs could serve as an effective 

drug delivery system, delivering 

Tamoxifen into targeted cancer 

cells.  

The cells were initially fixed with 

glutaraldehyde and subsequently 

dehydrated using progressively 

increasing concentrations of 

acetone. After dehydration, the 

cells were treated with Spurr’s 

low-viscosity resin. Ultrathin 

sections, 60 nm thick were then 

cut using ultra-microtome. The 

microtome sections were stained 

with 0.5% uranyl acetate and 

examined under TEM at 120 kV.

The cellular uptake efficiency of 

Tamoxifen-loaded chitosan NPs by 

cancerous cells was observed 

using TEM. The internalization of 

chitosan NPs by cells was 

observed after incubation. The cell 

sections were examined under 

TEM to observe the distribution 

of NPs within the cells, facilitated 

by NPs-mediated endocytosis. In 

MCF-7 breast cancer cells, NPs 

were observed to be evenly 

distributed in both the cytoplasm 

and the nucleus. Both the cell 

membrane and the nuclear 

membrane appeared fragmented 

due to the NPs.

[98]

Zinc oxide NPs 

(ZnO-NPs)    

ZnO-NPs: 

a) spheres 

(45–60 nm) 

b) rod-like 

shape up to 

70 nm width 

and up to 170 

nm length 

c) aggregates 

(100–600 nm)

Commercially purchased 

materials from Sigma 

Aldrich

24 h Human colon 

carcinoma LoVo

Treatment with ZnO-NPs 

significantly decreased cell viability 

in LoVo cells, increased H2O2/OH• 

levels, reduced O2
−• and GSH 

levels, induced depolarization of 

inner mitochondrial membranes, 

triggered apoptosis, and promoted 

IL-8 release. Higher doses resulted 

in ~ 98% cytotoxic effect within 24 

hrs of treatment. The 

experimental data indicate that 

oxidative stress may play a crucial 

role in inducing the cytotoxic 

effects of ZnO-NPs LoVo cells.

After centrifugation, the pellet was 

fixed in 2.5% glutaraldehyde in 0.1 

M cacodylate buffer. The cells 

were then dehydrated with 

increasing concentrations of 

ethanol and embedded in epoxy 

resin. Ultrathin sections were 

obtained using an LKB Nova 

Ultramicrotome.

Initial observations using TEM did 

not reveal intracellular uptake of 

ZnO-NPs. Therefore, it was 

assumed that the cytotoxic effects 

induced by ZnO-NPs could be 

attributed to both intracellular 

signalling activated by NP-cell 

interactions and the release of Zn 

ions. The treatment resulted in 

noticeable nuclear alterations 

characterized by condensed 

chromatin as well as changes in 

mitochondria that appeared 

swollen and shrunken.

[99]
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Acetylated 

dendrimer- 

entrapped gold NPs 

(Au- DENPs) for in 

vitro and in vivo 

computed 

tomography (CT) 

imaging of cancer 

cells

Spherical with 

uniform size 

distribution 

displaying a 

mean 

diameter of 

2.6 nm

Not mentioned 4 h Human lung 

adenocarcinoma 

cell line 

(SPC-A1 cells)

Micro-CT images demonstrated 

that SPC-A1 cells are detectable 

under X-ray after incubation with 

acetylated Au- DENPs in vitro. 

Additionally, the xenograft tumor 

model can be imaged following 

both intratumoral and 

intraperitoneal administration of 

the particles. TEM data confirmed 

that NPs are predominantly taken 

up in the lysosomes of the cells. 

Flow cytometric analysis of the cell 

cycle shows that NPs do not 

significantly affect cell morphology, 

viability, or cell cycle progression, 

indicating their good 

biocompatibility within the tested 

concentration range.

The cells were initially fixed with 

2.5% glutaraldehyde in 0.2 M 

phosphate buffer (pH 7.2) for 12 

hours at 4°C and then post-fixed 

with 1% OsO4. Subsequently, the 

cells were dehydrated using a 

series of ethanol solutions. The 

cell samples were subsequently 

embedded in Epon 812 (Shell 

Chemical, UK) and polymerized. 

Therefore, the embedded cells 

were sectioned using a Reichert 

Ultramicrotome. The sections of 

75 nm thick were mounted onto 

200-mesh copper grids and 

counterstained with uranyl acetate 

and lead citrate before TEM 

examination.

TEM imaging of cells was 

conducted, revealing that after 

incubation with Au-DENPs (2000 

nM), numerous high electron- 

staining particles were observed in 

the cytoplasm of the cells. Higher 

magnification images further 

illustrate that acetylated Au- 

DENPs are primarily taken up in 

the lysosomes. Conversely, there 

are no electron-staining particles 

present in the cytoplasm of the 

untreated control SPC-A1 cells. 

The TEM results confirmed that 

the NPs were taken up by the cells 

rather than adhering to the cell 

surface. The internalization of the 

NPs likely involves two distinct 

mechanisms: phagocytosis and 

diffusion through cell walls.

[100]

Dimercaptosuccinic 

acid- coated 

superparamagnetic 

iron oxide NPs 

(DMSA-SPION)

Spherical 

shaped NPs 

with average 

diameter of 

15 nm

Not mentioned The cells 

were 

incubated 

for 24, 48, 

and 72 

hours. 

For TEM, 

the cells 

were 

incubated 

for 0.5 to 72 

hours.

Breast cancer 

cells 

(MCF-7)

The internalization of these NPs 

was efficient, but their removal 

was comparatively slow. After 

being incubated for 24 hours, 

time-dependent uptake 

experiments showed that the 

accumulation of DMSA-SPION 

reached its maximum, and they 

were then gradually eliminated 

from the cells. Superparamagnetic 

iron oxide NPs were found inside 

endosomes after being internalized 

through energy-dependent 

endocytosis.

MCF-7 cells were treated with a 

mixture of 2% formaldehyde and 

2.5% glutaraldehyde. After 

fixation, they were post-fixed for 

45 minutes with 1% OsO4. The 

cells were then treated with 1% 

aqueous uranyl acetate, washed 

again, and dehydrated with 

increasing ethanol concentrations. 

Epoxy resin was used to finally 

embed the samples. Using an 

Ultracut UCT ultramicrotome, 

ultrathin slices were created and 

stained with 3% aqueous uranyl 

acetate and lead citrate stain

According to TEM studies, 

depending on the aggregate size of 

the NPs, there was clathrin- 

mediated internalization and 

macropinocytosis uptake. MCF-7 

cells accumulated these NPs and 

behaved similarly to untreated 

control cells in terms of cell shape, 

cytoskeleton structure, cell cycle 

distribution, formation of reactive 

oxygen species, and cell viability.

[101]
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Table 1 (Continued). 

NPs Compound 
Name/ 
Application

Morphology/ 
Size (nm)

Preparation Method Incubation 
Time

Cancer cell 
Line

Mechanism of Action Sample Prep for EM EM analysis Instrument Ref

Silver nanoparticles 

(AgNPs)

Spherical 

shape with 

high 

uniformity and 

10 nm in size

Biological 

(Green synthesis)

– Cancerous 

human 

myeloblastic 

leukemic cells 

(HL60) and 

cervical cancer 

cells (HeLa)

The annexin V marker 

fluorescence-activated cell sorting 

(FACS) analysis and DNA 

fragmentation investigation 

demonstrated that apoptosis is the 

mechanism by which AgNP causes 

cell death. AgNPs inhibited the 

generation of ROS induced by lipid 

peroxidation, thereby preventing 

irradiation-related carcinogenesis.

The pelleted cells were suspended 

in 4% OsO4. After removing the 

OsO4, the cells were washed once 

with 70% ethanol and three times 

with 100% ethanol. After that, the 

cells were placed within a beam 

capsule, LR White was added, and 

the capsule was incubated 

overnight at 60°C to allow the 

polymer to solidify. Sections were 

cut with a diamond knife using a 

Leica ultramicrotome, and then 

they were placed onto carbon 

coated copper TEM grids.

TEM showed the endocytosis of 

AgNPs into the nucleus. The 

primary ultrastructural features of 

apoptosis are cell shrinkage, 

chromatin condensation, nuclear 

disintegration, leakage of the cell 

membrane, and finally, the 

fragmentation of the cell into 

apoptotic bodies that are taken up 

by phagocytes. AgNPs were found 

to be inserted into HL60 cells by 

EDX quantitative chemical 

analysis. AgNPs were endocytosed 

by the cells, and TEM micrographs 

showed that they were deposited 

in the nucleus and mitochondria.

[102]

MgNPs-Fe3O4 or 

MgNPs-Fe3O4 

combined with 

DTX. 

“Targeted drug 

carrier”

Spherical with 

diameter 

60–100 nm

Physical 24 h Prostate cancer/ 

LNCaP, DU145, 

and PC-3

Apoptosis induction suppressed 

nuclear transcription factor κB 

expression

The samples were postfixed with 

2% OsO4 at 4°C for 2 hours, 

dehydrated, and embedded in 

epoxy resin. Ultrathin sections (80 

nm) were then stained with uranyl 

acetate and lead citrate for TEM.

Cellular uptake of MgNPs-Fe3O4 

was evident from TEM 

microphotographs. MgNPs-Fe3O4 

were localized within intracellular 

vesicles.

[103]
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Titanium dioxide 

nanoparticles 

(TiO2 NPs)

The mean size 

of the 

nanoparticles 

is about 5 nm

TiO2 NPs (anatase, purity: 

99.9%; APS: <5 nm; SSA: 

200 m2/g; colour: white; 

morphology: needle-like; 

true density: 4.23 g/cm3) 

were purchased from 

Beijing DK Nano S&T Ltd.

24, 48, and 

72 h for cell 

viability

A549 cells MTT experiments demonstrated 

the cytotoxic effects of TiO2 NPs 

in a concentration range of 50 to 

200 μg/mL, which were dependent 

on both time and concentration. 

The cells treated with TiO2 NPs at 

doses of 100 and 200 μg/mL 

exhibited a considerable G2/M 

phase arrest and a significantly 

higher no. of apoptotic cells. 

Additionally, rhodamine 123 

staining revealed that TiO2 NPs 

impacted with the potential of the 

mitochondrial membrane. 

Subsequent quantitative real-time 

PCR (qRT-PCR) analysis revealed a 

significant increase in caspase-3 

and caspase-9 messenger RNA 

(mRNA) expression at doses of 

100 and 200 μg/mL TiO2 NPs for a 

48 hours period.

A549 cells were seeded on the 

coverslips in six-well plates and 

treated with TiO2 NPs at different 

concentrations (0, 50, 100, and 

200 μg/mL for 48 h. The changes 

in cell morphology were observed 

using a SEM (SEM, Hitachi, Tokyo, 

Japan).

SEM was used to detect typical 

apoptotic morphological features 

and apoptotic bodies in A549 cells 

generated by TiO2 NPs. Using 

SEM, the authors examined the 

morphology of A549 cells that 

were either treated with or 

without TiO2 NPs. The control 

cells had an intact cell membrane 

and were spherical and large. The 

control cells had dense microvilli 

with minor protrusions on their 

surface. However, in the presence 

of 50 and 100 μg/mL TiO2 NPs, 

the cells became flattened with 

rough cell membranes, the size 

and number of protrusions 

increased significantly, and the 

microvilli became thinner. In the 

presence of 200 μg/mL TiO2 NPs, 

wrinkles developed on and around 

the spherical cells. A549 cells 

exhibited typical apoptotic 

morphological changes, including 

cell shrinkage, in response to TiO2 

NP treatment in a concentration- 

dependent manner.

[104]
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Table 1 (Continued). 

NPs Compound 
Name/ 
Application

Morphology/ 
Size (nm)

Preparation Method Incubation 
Time

Cancer cell 
Line

Mechanism of Action Sample Prep for EM EM analysis Instrument Ref

Gold-labelled 

fibroblast growth 

factor FGF21 

(AuNPs-FGF21)

The size of 

the AuNPs is 

under 10 nm 

(Figure 1 - 

figure 

supplement 1 

and 2)

Bioconjugation 

A 144-gold atom 

nanoparticle (AuNP) was 

conjugated with an FGF21 

variant bearing a surface- 

exposed cysteine residue.

– Human 

adipocytes

Micrographs of vesicles from 

parental CHO cells 

membrane preparations treated 

with AuNP-FGF21 showed no 

associated AuNPs, whereas 

micrographs of vesicles 

from primary adipocytes 

membrane preparations treated 

with AuNP-FGF21 showed pairs of 

AuNPs. 

cryo-ET observations clearly 

indicate clathrin-dependent 

endocytosis. Moreover, sub- 

tomogram averaging and helical 

reconstruction unveiled structures 

of other crucial components, such 

as putative AAA+ ATPases, actin 

filaments, and microtubules, 

offering a comprehensive 3D view 

of the entire pathway.

Vitrification, plunge-freezing 

Interaction in ternary complexes 

was assessed using membrane 

preparations from three cell 

sources. Vesicles were treated at 

4°C with either AuNP-FGF21 or a 

AuNP-scFv that binds βKlotho, 

and washed to remove unbound 

gold conjugate. Grids for cryo-EM 

were prepared by plunge-freezing.

Cryo-electron tomography (cryo- 

ET) 

Most AuNPs were found in pairs 

approximately 80 Å apart on the 

outer cell surface. Pairs of AuNPs 

were also abundantly found inside 

the cells, specifically within 

clathrin-coated vesicles and 

endosomes. In multivesicular 

bodies, AuNPs were present but 

no longer paired. This allowed 

FGF21 to be tracked along the 

endocytic pathway. Using AuNP- 

FGF21 and cryo-ET, the authors 

captured various states of 

activation, internalization, and 

trafficking of the FGF21-FGFR1c- 

bKlotho ternary complex. This 

process was observed from initial 

binding and complex formation at 

the cell surface, through coated 

pits and coated vesicles, to 

endosomes, and ultimately to 

multivesicular bodies, where the 

complexes were disrupted.

[105]
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Gunn et al (2011) developed a nanoparticle system for targeted cancer cell labeling using fusion proteins and 
biotinylated magnetic nanoparticles (FeO-NPs). TEM analysis revealed effective endocytosis of large NPs into Ramos 
cells via anti-CD20 fusion proteins, demonstrating successful targeting of lymphoma cells (see Figure 4).95

M. S. Pudovkin et al (2021) investigated the uptake of Pr3+: LaF3 nanoplates and nanospheres by A-549 lung 
carcinoma cells using TEM and flow cytometry. They found that nanomaterials were internalized via macropinocytosis 

Figure 2 Endocytosis paths and distortion of silica nanocapsules (SNCs). (a) Ratios for cellular uptake of SNCs in (ovarian adenocarcinoma) SKOV3 cells. (b) TEM images 
illustrating the changes in the morphology of the SNCs with the greatest stiffness (top) and softness (bottom) during receptor-dependent binding to SKOV3 cells. (c) Scheme 
demonstrating the alteration of the soft SNCs along with receptor-dependent uptake. (d) Substantial extent of SKOV3 cell surface can be surrounded with numerous stuck 
SNCs. (e) Ratios for cellular uptake of SNCs in macrophage (RAW264.7) cells. (f) TEM images illustrating the changes in the morphology of the soft SNCs while interacting 
with RAW264.7 cells. All scale bars ae 200 nm. The uptake ratio refers to the uptake of SNCs in cells exposed to endocytic inhibitors (cytochalasin D (CytD), Nystatin, and 
chlorpromazine (CPZ)), expressed relative to the uptake in untreated cells. Results are reported as mean ± standard deviation (n = 3), with statistical significance denoted as 
*P < 0.05, **P < 0.01, #P < 0.001, and N.S. indicating no significance. Reproduced from Hui Y, Yi X, Wibowo D, Yang G, Middelberg APJ, Gao H, Zhao CX. Nanoparticle 
elasticity regulates phagocytosis and cancer cell uptake. Sci Adv. 2020 Apr 17;6(16):eaaz4316. Copyright © 2020 The Authors, some rights reserved; exclusive licensee 
American Association for the Advancement of Science. No claim to original US Government Works. Distributed under a Creative Commons Attribution Non-Commercial 
License 4.0 (CC BY-NC).94
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and were not found in the nucleus or other organelles. Macropinocytosis was shown to be dynamic, with macropino
somes shifting within the cytoplasm. TEM and flow cytometry analysis revealed that both nanospheres and nanoplates 
have the same action against lung carcinoma cells.68

Guo et al (2010) investigated the anticancer potential of resveratrol-bovine serum albumin nanoparticles (BSA-NPs) 
on SKOV3 cancer cells in a murine model. The study focused on the in vivo effects of these NPs by measuring tumor 
volume and examining tissue morphology using TEM. The results indicated that the BSA-NPs exhibited enhanced 
dispersity and solubility in water, which notably influenced their distribution within tissues and organs. Treatment with 
the NPs led to a significant reduction in tumor growth. TEM analysis of the tumor tissues revealed morphological 
changes, including apoptotic and necrotic bodies, suggesting the NPs induced cell death. Additionally, protein expression 
analysis pointed to the activation of the mitochondrial apoptotic pathway, highlighting the potential of these NPs in 
cancer therapy.69

Cheng et al (2014) explored the in vitro anticancer activity of round and rod-shaped iron oxide magnetic nanoparticles 
(MNPs) on human cervical cancer cells (HeLa). The study compared the effects of these differently shaped NPs on cell 
viability and observed their interactions with cancer cells using optical microscopy, SEM, and TEM. The findings 
revealed that exposure to the NPs led to significant damage to cell membranes and cytoplasm, resulting in decreased cell 
viability. The study concluded that rod-shaped NPs, influenced by an oscillating magnetic field, were more effective at 
damaging cancer cells compared to spherical NPs. SEM images showed NP accumulation on cell membranes, while 
TEM revealed their distribution within the cell cytoplasm, demonstrating the superior efficiency of rod-shaped NPs in 
cancer treatment as illustrated in Figure 5.96

Richa Panwar et al (2016) investigated the use of chitosan-tripolyphosphate pentasodium (CS-TPP) NPs as carriers 
for drug delivery, focusing on the encapsulation of ferulic acid to enhance its therapeutic efficacy. The study specifically 
examined the anticancer activity of spherical ferulic acid-loaded NPs, which had an average size of 125 nm, against the 
human cervical cancer cell line ME-180. SEM images revealed significant morphological changes in the cancer cells, 
including apoptotic bodies, cytoplasmic fragments, and wrinkled, destructed cells as illustrated in Figure 6. A notable 

Figure 3 (a) Ratios for cellular uptake of PEG-modified SNCs within SKOV3 cells. (b) TEM images illustrating changes in the morphology of the soft PEG-SNCs while 
interacting with SKOV3 cells; scale bars are 200 nm. (c) A scheme demonstrating the proteins involved in the different designs of SNCs-cell interactions. Reproduced from 
Hui Y, Yi X, Wibowo D, Yang G, Middelberg APJ, Gao H, Zhao CX. Nanoparticle elasticity regulates phagocytosis and cancer cell uptake. Sci Adv. 2020 Apr 17;6(16): 
eaaz4316. Copyright © 2020 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim to original US 
Government Works. Distributed under a Creative Commons Attribution Non-Commercial License 4.0 (CC BY-NC).94
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reduction in cancer cell proliferation was observed. Fluorescence microscopy further distinguished dead and viable cells 
and confirmed the induction of apoptosis.66

S. Akhtar et al (2019) investigated the cytotoxic effects of functionalized magnetic nanoparticles (f-MNPs) on colorectal 
cancer cells (HCT-116). The study employed TEM to analyze the morphology of cancer cells both before and after treatment 
with NPs. TEM micrographs revealed that spherical NPs, ranging from 100 to 400 nm in size, were successfully endocytosed 
by the cells and internalized within vesicles, as depicted in Figure 7. Within these vesicles, 3–12 NPs were typically observed, 
indicating that the morphology and distribution of NPs are crucial for understanding their cellular interactions. The study noted 
an irregular distribution of NPs within the cells, with some cells showing a high accumulation of NPs while others had little to 
none. Clusters of NPs were visible in the cytoplasm, and those within vesicles were distinguished by their light contrast. 
Notably, TEM images showed free NPs located near the nucleus, suggesting that these particles had escaped from lysosomes 
and reached the nucleus, where they may induce cell death.97

R. Vivek et al (2013) developed a pH-responsive drug delivery system (DDS) using chitosan nanoparticles (NPs) to 
enhance the efficacy of Tamoxifen, a common chemotherapeutic agent. In this research, they synthesized the Tamoxifen- 
loaded chitosan NPs by lowering the pH from 7.4 to 4.0, exploiting the acidic environment typical of tumor tissues. This 
pH-sensitive approach aims to improve drug release specifically within the tumor site, thereby potentially increasing the 
therapeutic impact. The effectiveness of this DDS was tested using MCF-7 cancer cells, a common breast cancer cell 
line. The results indicated that the inhibition rate of cancer cell growth increased with higher concentrations of 

Figure 4 The internalization of NPs by cells. (a) TEM image of the Ramos cell line after the treatment of anti-CD20 fusion protein as well as exposure to NPB-AF647. The image 
showed a great number of NPs (black spots) within endosomes (rounded white zones with black spots). The white box indicates the area in the endosome illustrating the distribution of 
NPs within endosome. (b) The analysis of TEM with higher magnification illustrating the feature lattice planes of NP crystal (rounded zones) obtained from endosomes encompassing 
NPs. (c) Ramos cells without anti-CD20 fusion protein pretreatment, indicating no NP uptake post-treatment with NPB-AF647. Reproduced from Gunn J, Park SI, Veiseh O, Press OW, 
Zhang M. A pretargeted nanoparticle system for tumor cell labeling. Mol BioSyst. 2011;7(3):742–748. Copyright 2011 ROYAL SOCIETY OF CHEMISTRY.95
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Tamoxifen-loaded chitosan NPs, suggesting enhanced cytotoxicity. TEM analysis revealed that Tamoxifen-loaded 
chitosan NPs had a more effective cellular uptake compared to Tamoxifen alone, highlighting the potential of this pH- 
responsive system in improving drug delivery and therapeutic efficacy in cancer treatment.98

Figure 5 Anticancer activity of iron oxide magnetic nanoparticles (MNPs) on human cervical cancer cells (HeLa). (a and b) SEM micrographs displaying MNPs-loaded HeLa cell 
membranes. The nanoparticles either spherical or rod-shaped are marked with yellow arrows. (c and d) Optical microscopy images of semi-thin slices of HeLa cells. The cells are 
indicated with black arrows. (e and f) TEM images demonstrating ultra-thin slices of HeLa cells; arrows in (f) indicate rod-like NPs that have been cut during ultramicrotomy preparation. 
The cell membrane is marked by a black arrow (panel e) while mitochondria with a white arrow and possibly lysosome or endosome with a yellow arrow (panel f). Reproduced from 
Cheng D, Li X, Zhang G, Shi H. Morphological effect of oscillating magnetic nanoparticles in killing tumor cells. Nanoscale Res Lett. 2014 Apr 28;9(1):195. Copyright © 2014 Cheng et al; 
licensee Springer. Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0.96
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B. De Berardis et al (2010) conducted a study to investigate the effects of zinc oxide nanoparticles (ZnO-NPs) on colon 
cancer LoVo cells, focusing on cytotoxicity, oxidative stress, and apoptosis induction. Their findings revealed that exposure to 
ZnNPs significantly reduced cell viability, caused depolarization of mitochondrial membranes, and triggered apoptosis. 
Additionally, there was an increase in interleukin-8 (IL-8) release, which is often associated with inflammatory responses 
in cancer. The study showed that high concentrations of ZnO-NPs achieved up to 98% anticancer activity within 24 hours of 
treatment, indicating a potent effect. The authors suggested that oxidative stress is likely a key mechanism driving the 
cytotoxicity observed in the cancer cells. After 48 h of treatment with high concentrations of the NPs, the LoVo cells exhibited 
pronounced morphological changes, including shrinkage and severe damage, as depicted in Figure 8 of the study. This 
morphological damage further supports the potential of ZnO-NPs as a therapeutic agent in targeting cancer cells.99

Wang et al (2011) explored the use of acetylated dendrimer-entrapped gold nanoparticles (ADE@ AuNPs) for computed 
tomographic (CT) imaging of cancer cells. Their study involved both in vitro and in vivo applications of AuNPs using the SPC- 
A1 cell line (human lung cancer cell line), a model for lung cancer. The research demonstrated that after incubating SPC-A1 cells 
with acetylated dendrimer-entrapped AuNPs, the cells could be effectively visualized using micro-CT. This capability extended 
to visualizing tumor models through both intratumoral and intraperitoneal administration of the NPs. This observation suggests 
that AuNPs can serve as effective contrast agents for CT imaging in cancer diagnostics. The study also assessed the cytotoxicity 

Figure 6 Chitosan-tripolyphosphate pentasodium (CS-TPP) NPs as carriers for drug delivery, ME-180 cell line demonstrating changes in the morphology as observed by SEM: (a) 
untreated control cells, (b) cells exposed to 40 µM native ferulic acid, (c) cells exposed to CS-TPP NPs, (d) cells exposed to 40 µM ferulic acid-loaded CS-TPP NPs after 24 hours of 
incubation. The cell death features are highlighted with white arrow. (SEM magnification: ×10,000). Reproduced from Panwar, (R), Sharma, (A) K. Kaloti, (M) et al. Characterization and 
anticancer potential of ferulic acid-loaded chitosan nanoparticles against ME-180 human cervical cancer cell lines. Appl Nanosci 6, 803–813 (2016) Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/).66
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of the AuNPs. MTT viability assays and cell cycle analyses using flow cytometry revealed that the NPs were non-cytotoxic, 
indicating their safety for imaging applications. TEM analysis showed a high accumulation of ADE@AuNPs in the cytoplasm, 
with a predominant presence in the lysosomes within the cells, as illustrated in Figure 9. This distribution supports their potential 
use in imaging applications while maintaining cellular safety.100

Calero et al (2015) explored the anticancer potential of dimercaptosuccinic acid-coated superparamagnetic iron oxide 
nanoparticles (DMSA-SPION) with a diameter of 15 nm in breast cancer cells (MCF-7). The study demonstrated that these 
DMSA-SPION were successfully internalized by the cells through endocytosis, specifically via macropinocytosis and clathrin- 
dependent pathways, as confirmed by TEM analysis. Only a few nanoparticles were observed at short exposure time. The 
maximum accumulation of DMSA-SPION occurred after 24 h of incubation. During this time, the nanoparticles were 
predominantly localized in endosomes and accumulated near the nuclei as the vesicle count and size of nanoparticle aggregates 
increased. These results highlight the effective cellular uptake and prolonged intracellular retention of DMSA-SPION, suggesting 
their potential for targeted cancer therapy (Figure 10). Furthermore, TEM identified specific endocytosis pathways utilized by 
DMSA-SPION in MCF-7 breast cancer cells (see Figure 11). The strong contrast of the magnetic particles enabled clear 
visualization of their internalization and distribution. Smaller nanoparticle aggregates, less than 200 nm, were observed near 
clathrin-coated pits, indicating clathrin-mediated endocytosis (Figure 11a–d). In contrast, larger nanoparticle aggregates were 
found near the cell periphery, often engulfed by membrane extensions, suggesting micropinocytosis (Figure 11e–f). After a brief 
incubation, nanoparticles were detected near the plasma membrane within vesicles resembling early endosomes. 
Ultrastructurally, the early endosomes are characterized by complex and dynamic morphology, often appearing as tubulovesi
cular structures with a combination of vesicles and interconnected tubules. These compartments are typically about 500–1000 
nanometers in diameter and possess a mildly acidic lumen.106 Despite the notable internalization and accumulation of 
nanoparticles, there was no significant impact on cell morphology, cytoskeleton structure, cell cycle, cell viability, or reactive 

Figure 7 Localization of penetrated magnetic nanoparticles (MNPs) within cancer cells at varying magnifications. (a) MNPs are entering the cell in a streaming manner, with 
a black arrow indicating the cell and a white arrow pointing to the MNPs. (b) MNPs are observed within the cytoplasm and inside vesicles, marked by white arrows. (c) A 
lower number of MNPs are located inside vesicles, while (d) shows a higher number of MNPs clustered together within the vesicles, as indicated by white arrows. “Nu” 
denotes nucleus, “Cy” indicates cytoplasm, and “CW” refers to the cell wall. Reproduced from Akhtar S, Khan FA, Buhaimed A. Functionalized magnetic nanoparticles 
attenuate cancer cells proliferation: transmission electron microscopy analysis. Microsc Res Tech. 2019;82(7):983–992. © 2019 Wiley Periodicals, Inc.97
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oxygen species (ROS) production, suggesting that the DMSA-SPION did not adversely affect the overall cell health compared to 
untreated control cells.101

Kasivelu Govindaraju et al (2015) investigated the anticancer effects of green synthesized silver nanoparticles 
(AgNPs) with a size of 10 nm on HL60 and HeLa cancer cell lines, as well as on normal peripheral blood mononuclear 
cells. In that study, they found that AgNPs induced cell death characterized by the formation of apoptotic bodies. The 
NPs were effective in preventing lipid peroxidation-induced reactive oxygen species (ROS) generation, thereby inhibiting 
carcinogenesis related to irradiation. TEM examination revealed that AgNPs were internalized by cells and localized 
within the nucleus and mitochondria as observed by Kasivelu Govindaraju et al (2015). The study observed several 
apoptotic indicators, including cellular shrinkage, chromatin compaction, nuclear damage, membrane leakage, and the 
breakdown of cells into apoptotic bodies. The structural damage to mitochondria caused by the accumulation of NPs was 
suggested to contribute to the observed mitochondrial destruction and subsequent cell death.102 Sato et al (2013) 
examined the effects of magnetic nanoparticles (MNPs) of Fe3O4, docetaxel (DTX), and their combination (DTX@ 
MNPs) on prostate cancer cells (DU145) in vitro. Their findings revealed that Fe3O4 NPs induced a dose-dependent 
increase in ROS and 8-hydroxydeoxyguanosine levels, which are markers of oxidative stress and DNA damage. The 
study suggested that combining MNPs with a low dose of DTX could be an effective strategy for treating prostate cancer, 

Figure 8 TEM images of untreated control cell (a) and cells exposed to 10 μg/cm2 ZnO-NPs (b–d). Treatment caused noticeable nuclear changes characterized by 
condensed chromatin (b) and alterations in the mitochondria, which showed signs of swelling and shrinkage (c and d). The scale bare are 2 µm (a and b) and 1 µm (c and d). 
Reproduced from De Berardis B, Civitelli G, Condello M, et al. Exposure to ZnO nanoparticles induces oxidative stress and cytotoxicity in human colon carcinoma cells. 
Toxicol Appl Pharmacol. 2010;246(3):116–127. Copyright © 2011 Elsevier Ltd. All rights reserved.99
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Figure 10 TEM analysis of uptake kinetics. Thin-section images of MCF-7 cell line treated with DMSA-SPION. Cells incubated for (a) 0.5 h, (b) 1 h, (c) 3 h, (d) 6 h, (e) 12 h and (f) 24 h. 
The overall cell morphology and shape are displayed in (f) inset. The small squares are the areas where the insets are taken and zoomed in. The scale bars are 1 μm for images (a–f); 200 
nm insets (a–e) and 2 μm for the inset (f). Reproduced from Calero M, Chiappi M, Lazaro-Carrillo A, Rodríguez MJ, Chichón FJ, Crosbie-Staunton K, Prina-Mello A, Volkov Y, Villanueva 
A, Carrascosa JL. Characterization of interaction of magnetic nanoparticles with breast cancer cells. J Nanobiotechnology. 2015 Feb 26;13:16. © Calero et al; licensee BioMed Central. 
2015. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0.101

Figure 9 TEM visualization of SPC-A1 cell: (a) cells in the untreated negative control group, (b) cells treated for 12 h with ADE@ AuNPs, and (c) high magnification image 
of the highlighted section in (b) to display the AuNPs in the cytoplasm (arrowhead) and cell nucleus (arrow) with clearness. The scale bare are 2.5 µm (a and b) and 1 µm 
(c). Reproduced from Wang H, Zheng L, Peng C, et al. Computed tomography imaging of cancer cells using acetylated dendrimer-entrapped gold nanoparticles. Biomaterials. 
2011;32(11):2979–2988. Copyright © 2011 Elsevier Ltd. All rights reserved.100
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potentially reducing adverse effects compared to higher doses of DTX alone. TEM images demonstrated the uptake of 
Fe3O4 NPs by the cells and their localization within cellular vesicles (Figure 12), supporting the internalization and 
distribution of these NPs in the cancer cells.103

Wang et al (2019) investigated the cytotoxicity, DNA damage, and apoptosis induction of 5 nm titanium dioxide 
nanoparticles (TiO2 NPs) on the A549 cell line (isolated from the lung tissue). The MTT viability assay demonstrated 
that the NPs caused time- and concentration-dependent cytotoxicity. After 48 h of exposure, significant DNA damage 
was observed in the treated cells. Flow cytometry revealed a notable arrest in the G2/M phase of the cell cycle and a 
substantial increase in apoptotic cells. The NPs also impaired mitochondrial membrane potential. SEM showed distinct 
morphological changes: control cells exhibited a large, spherical shape with a smooth surface covered in dense microvilli 
and small protrusions. In contrast, cells exposed to 50 and 100 µg/mL of NPs became flattened, with roughened 
membranes and an increase in the extent and number of protrusions, along with thinner microvilli. At a 200 µg/mL 
concentration, cells showed wrinkling on their surface and pronounced apoptotic features, including cellular shrinkage. 

Figure 11 TEM analysis of SPION interaction and cellular uptake. (a–d) Thin sections of cells interacting with DMSA-SPION via clathrin-mediated endocytosis, resulting in 
aggregates less than 200 nm in diameter. (e and f) Two TEM images of thin cell sections demonstrating macropinocytosis associated with DMSA-SPION uptake, aggregates with size 
greater than 200 nm. (g–j) TEM images of various endosome types that contain SPION aggregates: Early endosome (g). (h) A multivesicular body with intraluminal vesicles inside of 
it. (i) A multilamellar morphology identifies a late endosome. (j) Late endosomes and lysosomes exhibit a multivesicular structure with extensive electron-dense zones. All scale 
bars correspond to 200 nm. Reproduced from Calero M, Chiappi M, Lazaro-Carrillo A, Rodríguez MJ, Chichón FJ, Crosbie-Staunton K, Prina-Mello A, Volkov Y, Villanueva A, 
Carrascosa JL. Characterization of interaction of magnetic nanoparticles with breast cancer cells. J Nanobiotechnology. 2015 Feb 26;13:16. © Calero et al; licensee BioMed Central. 
2015. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0.101
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These results indicate that TiO2 NPs induce apoptosis in A549 cells, with the extent of damage correlating with the 
concentration of NPs.104

Preparation of Cellular Samples for Electron Microscopy Analysis
One of the challenges in visualizing cells using electron microscopy (EM) is managing the inherent water content of 
biological specimens. To address this, samples must be prepared before being placed in the vacuum of the EM 
column. For accurate preservation of the biological matrix at around 10 nm and the physicochemical properties of 
NPs within cellular compartments, standard room temperature preparation techniques can be applied to cells and 
tissues.107 Another major challenge is the intrinsic low contrast of biological samples under the electron beam, as 
they are primarily composed of light elements that scatter electrons poorly. To enhance contrast, heavy metal 
solutions such as osmium tetroxide, uranyl acetate, and lead citrate are commonly used during the TEM chemical 
preparation process. These staining agents bind to cellular structures, improving electron scattering and enabling 
detailed visualization of ultrastructural components of the biological specimens.97,108 The choice of specimen 
preparation method depends on the desired resolution and preservation of cellular ultrastructure, whether detailed 
localization of specific organelles or merely confirming NP uptake is required. Proper specimen preparation is 
crucial, as the mobility or dissolution of NPs can complicate uptake analysis.109 Conventional sample preparation 
techniques, commonly used for TEM, include chemical fixation to preserve cellular ultrastructure, producing thin 
sections (typically 50–150 nm) through embedding and slicing, and enhancing contrast through staining agent.110 

The chemical fixation methods vary based on sample size and type and include the following: (1) in-situ fixation for 
cell cultures, (2) immersion fixation for tissue samples, (3) vascular perfusion for animals, and (4) vapor fixation for 
small samples like membranes. These methods ensure that the specimen maintains its nearly native structure, 
allowing for detailed visualization and accurate analysis of cellular and nanoparticle interactions. Notable, the 
chemical fixation method, using fixatives, specific buffer osmolarity, solvents, and contrasting agents, might alter 
the original structure of the sample to some extent.111

The standard fixation method using glutaraldehyde and osmium tetroxide (OsO4) is a widely adopted approach 
in conventional electron microscopy sample preparation (see Figure 13).69,97,112 This method begins with an 
initial fixation step using glutaraldehyde, which forms protein cross-links and deactivates enzymatic activity, 
thereby preserving the cellular structure. Subsequently, the second fixative, OsO4 is employed as a post-fixation 
agent. OsO4 interacts with unsaturated lipids in cellular membranes and other structures, undergoing reduction in 
the process. This step not only initiates staining by binding heavy osmium atoms but also enhances contrast by 
highlighting components with unsaturated carbon bonds, including NPs within the cellular matrix. The combined 

Figure 12 TEM visualization of DU145 cell line exposed to 10 μg/mL of MNPs of Fe3O4. Arrow: extracellular MNPs; arrowhead: intracellular MNPs. Abbreviation: N, 
nucleus. The scale bars correspond to 10 µm. Reproduced from Sato A, Itcho N, Ishiguro H, et al. Magnetic nanoparticles of Fe3O4 enhance docetaxel-induced prostate 
cancer cell death. Int J Nanomed. 2013;8:3151–3160. © 2013 The Author(s). This work is published and licensed by Dove Medical Press Limited.103
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use of these fixatives: glutaraldehyde and OsO4 ensures the fixation and stabilization of both proteins and lipids, 
crucial for detailed ultrastructural analysis. However, it is important to note that this fixation process can affect 
the structural integrity and functionality of these biomolecules, potentially altering their morphology to some 
extent.

After chemical fixation, the crucial step is embedding samples in a polymeric resin network. The preparation process involves 
several key steps: first, the specimens undergo dehydration to remove water, followed by infiltration with reactive monomers. 
These monomers are then polymerized at temperatures typically 60–70 °C to form a solid resin with a three-dimensional 
network. This resin embedding preserves the sample’s structural integrity and allows for the creation of thin sections. Once 
embedded, the resin blocks (resin capsule) are sliced either into semithin (for light microscopy) or ultrathin sections (for TEM) 
using ultramicrotomy, and these slices are then mounted onto glass slides or electron microscopy copper grids. Thereafter, the 
staining is performed to further enhance the contrast of the sample and its constituents. OsO4 is commonly used to bind to 
unsaturated lipids, but other stains are employed to highlight different cellular structures. For instance, uranyl acetate and lead 
citrate are effective stains for accentuating various membrane structures and cellular components. Uranyl acetate binds to 
phosphates in DNA and RNA, as well as to amino groups in proteins, while lead citrate interacts with carboxyl groups and other 
functional groups. This differential staining enhances the contrast of ultrastructural features, such as membrane morphology and 
organelles, facilitating detailed visualization in TEM.

In addition to traditional chemical fixation methods, which can be harsh and may alter the sample’s original state, 
alternative approaches such as cryo-electron microscopy (cryo-EM) have been developed to better preserve the native 
state of hydrated, organic-rich samples (see Figure 14).104 Cryo-EM techniques involve fast-freezing methods to 
immobilize lipids and proteins without forming damaging ice crystals. One common technique is plunge-freezing 
where a small sample is rapidly immersed in liquid nitrogen or ethane to achieve vitrification, thereby preserving the 

Figure 13 Schematic representation of the conventional preparation method for cellular samples for electron microscopy. The process involves the use of chemicals 
(glutaraldehyde & osmium tetroxide) to preserve the nearly native structures, graded ethanol for dehydration, and resin for embedding the sample, followed by 
polymerization to harden the resin in the form of solid capsule. The sample capsule is then sectioned into ultrathin sections using a diamond knife under an ultramicrotome 
instrument. These ultrathin sections are then transferred onto copper grid for TEM analysis, ensuring high-resolution imaging of cellular structures.
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sample’s original structure. However, plunge-freezing is generally limited to thin samples due to its slower cooling rates. 
An alternative approach involves freezing under high pressure, which combines ultra-low temperatures with increased 
pressures to prevent ice crystal formation in thicker samples. This method allows for the visualization of larger sample 
volumes under cryogenic conditions using cryo-EM; however, the signal-to-noise ratio remains low due to factors such 
as phase contrast, direct imaging of unstained samples, and the low electron dose required to minimize radiation damage. 
Alternatively, the frozen samples could be pre-stained in order to enhance the signal-to-noise ratio as followed by S. 
Rubino et al (2012).113 In cryo-FIB/SEM, the frozen samples are first protected by a thin layer of platinum coating, then 
prepared a small portion of the sample in a rectangular shape (known as a lamella), lamella is lifted-out from the holder, 
and welded on TEM copper grid. Finally, the lamella is thinned up to an electron transparent level using ions of the FIB. 
The samples are then examined under either SEM in a continued process or transferred to cryo-TEM for detailed 
investigation. To obtain detailed 3D structural information, multiple images are captured from various tilt angles to create 
a tilt series, which is then used to reconstruct the 3D structure. Tokuyasu cryo sectioning is another reliable and sensitive 
method for preparing biological samples. This technique involves initial chemical fixation with low concentrations of 
aldehydes, followed by infiltration with gelatin and sucrose instead of organic solvents. The gelatin- and sucrose- 
infiltrated sample is then rapidly frozen in liquid nitrogen and sliced at low temperatures using a dry knife. The ultra- 
thin sections are collected on Formvar-coated grids and stained with methylcellulose and uranyl acetate to enhance 
contrast for imaging.114 This approach helps maintain the integrity of the biological material while preparing it for 
detailed electron microscopy analysis as illustrated in Figure 15, showing different features of the vesicle from human 
adipocytes membrane and an area close to the cell’s periphery.105

Figure 14 Schematic representation of an advanced sample preparation workflow for cellular examination using Cryo-FIB/SEM and Cryo-TEM. The process begins with the 
sample being rapidly frozen in liquid nitrogen. The sample is then transferred to the Cryo-FIB/SEM instrument, where a protective coating is applied to safeguard the cells. A 
small portion of the sample, known as a lamella is then prepared using focused ion beam (FIB) milling. Following lamella preparation, the sample undergoes a lift-out 
procedure for extraction, and is welded onto a copper grid (a grid is shown with a brown ring) and thinned to electron transparent level. Finally, the sample is transferred to 
the Cryo-TEM for detailed cellular examination.
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Conclusion
The application of NPs in biomedicine, particularly for cellular and tissue imaging, is an expanding field with significant 
advancements driven by nanomedicine and nanotoxicology research. Imaging techniques, often integrated with various 
methods, have become essential for understanding NPs’ behavior within cellular environments. Each imaging method offers 
unique, providing specific types of data that contribute to a comprehensive understanding of NPs interactions with cells. EM 
has proven indispensable for studying NP-cell interactions due to its ability to reveal detailed ultrastructural changes, including 
NPs aggregation, shape, and their interaction with cellular membranes and organelles. TEM allows the precise observation of 
these interactions, which are challenging to discern with other techniques. By collecting specimens at various time points, 
TEM can offer dynamic insights into NPs uptake, transport, and exit. Additionally, computed tomography can provide 3D 
reconstructions of NPs localization within tissues and cells. The sample preparation process of the biological specimens is 
always challenging and can alter NPs and cellular ultrastructure. Traditional chemical fixation methods, while useful for 
simpler tasks, may cause artifacts to the NPs or cellular components. However, the electron dose required for imaging 
primarily leads to radiation damage in vitrified specimens within the cryo-EM workflow, whereas chemically fixed, plastic- 
embedded samples are only marginally affected by this issue. Rapid freezing techniques, such as plunge-freezing, are highly 

Figure 15 Cryo-electron microscopy of a vesicle from human adipocytes membrane preparations, treated with AuNP-FGF21 conjugate. (a) Isosurface rendering of 
tomographic reconstruction, with membrane density (blue-grey), density on the outer surface of the membrane (brown), density on the inner surface of the membrane 
(red), and AuNPs (yellow). (b) Same as (a), with all membrane and membrane-associated density removed, with different colours to distinguish pairs of AuNPs, and with 
rotation of 45° from the view in (a) for better visualization of AuNPs. (c) A section of the cryo-electron microscopy tomogram displaying an area close to the cell’s 
periphery. (d) 3D tomographic data with the membrane shown (blue), isosurface rendering showing the coated vesicle membrane (cyan), clathrin (magenta), actin (red), and 
microtubules (green), hexameric rings (emerald), and AuNPs (yellow). Reproduced from Azubel M, Carter SD, Weiszmann J, et al. FGF21 trafficking in intact human cells 
revealed by cryo-electron tomography with gold nanoparticles. Elife. 2019;8:e43146. © 2019, Azubel et al. Creative Commons Attribution License.105
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effective for preserving isolated NPs and thin biological samples close to their native state by producing vitreous ice. However, 
for vitrifying thicker specimens such as cells or tissues, high-pressure freezing is required to ensure uniform vitrification and 
minimize artifacts, providing a more accurate representation of the cellular environment. Conversely, conventional chemical 
fixation remains suitable for certain applications, such as identifying NPs within cells and tissues.

To enhance the study of NP interactions and improve the quantification of NP uptake, combining electron microscopy with 
techniques like flow cytometry can be beneficial. EM allows for detailed ultrastructural analysis, while flow cytometry provides 
quantitative data on NP uptake. Utilizing rapid freezing methods for specimen preparation ensures that cellular structures are 
preserved as much as possible, facilitating accurate and meaningful analysis of NP behavior in the cellular context.
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