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Abstract: Modern imaging strategies are paramount to studying living systems such as cells, bacteria, and
fungi and their response to pathogens, toxicants, and nanomaterials as modulated by exposure and
environmental factors. The need to understand the processes and mechanisms of damage, healing and cell
survivability of living systems continues to motivate the development of alternative imaging strategies. Of
particular interest is the use of label-free techniques that minimize interference of biological processes by
foreign marking substances and reduce intense light exposure and potential photo-toxicity effects. This review
focus on the potential synergic capabilities of atomic force microscopy (AFM) as a well-developed and robust
imaging strategy with demonstrated applications to unravel intimate details in biomedical applications, with
the label-free, fast, and enduring Holotomographic Microscopy (HT) strategy. We first review the operating
principles that form the basis for the complementary details provided by these techniques regarding the surface
and internal information provided by HT and AFM is essential and complimentary for the development of
several biomedical areas studying the interaction mechanisms of nanomaterials with living organisms. First,
AFM can provide superb resolution on surface morphology and biomechanical characterization. Second, the
quantitative phase capabilities of HT enable superb modeling and quantification of the volume, surface area,
protein content, and mass density of the main components of cells and microorganisms, including morphology
of cells in microbiological systems. These capabilities result from directly quantifying refractive index changes
without requiring fluorescent markers or chemicals. As such, HT is ideally suited for long-term monitoring of
living organisms in conditions close to their natural settings. We present a case-based review of the principal
uses of both techniques and their essential contributions to nanomedicine and nanotoxicology, emphasizing
cancer and infectious disease control. The synergic impact of the sequential use of these complementary
strategies provides a clear drive for adopting these techniques as interdependent fundamental tools.

Keywords: Holotomography; Atomic force microscopy; Lable-free; Nanomedicine; Nanotoxicology; Refractive
index.
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1. Introduction

Nowadays, studying cell biology requires multiple procedures, chemicals, and imaging
equipment for retrieving essential information on cell biology and biochemistry. Imaging methods
range from complexity and cost depending on their ability to recover specific data [1], [2]. For
example, light microscopy is widely used. Still, it only shows a low-resolution 2D perspective of cells
and microorganisms. On the other hand, electron microscopies (i.e., scanning electron microscopy,
SEM) render a more detailed view of the cell morphology [3], [4]. However, this technique requires
sample fixation and a conductive cover for imaging and is not suitable for analyzing living cells [3].

Furthermore, confocal microscopy allows the distinction of cell organelles through fluorescent
marker staining [1]. However, fluorescent molecules can cause a certain degree of phototoxicity,
photobleaching, and intervention in cell mechanisms due to fluorescent markers aggregation, not to
mention their high-cost [5], [6]. New developments in imaging techniques are required in biological
sciences to access precious information without requiring complicated sample preparation
procedures or reagents that can alter different ranges of cell biology [7].

Techniques such as holotomography (HT) rely on the interaction of light with different media
within cells. HT (also known as Optical Diffraction Tomography, ODT) is a versatile alternative for
cell imaging that overcomes the disadvantages that the techniques mentioned above have [3]. HT
pieces of equipment make use of refractive index (RI) for cell investigation at fast analysis rates [3],
including the possibility of adopting other techniques such as fluorescence for more precise
identification of the molecular composition present in the cells [7], [8]. Besides the visualization of
cells in 3D, HT microscopy analysis allow the measurement of data like dry mass, sphericity, lipid
content, protein content, and organelle identification [9]. HT microscopy and AFM are
complementary techniques since the first focuses on internal visualizing cell characteristics, whereas
the second conducts high-resolution surface analysis.

Atomic force microscopy can be an accompanying technique to study cell morphology and
mechanical properties [10]. Recent AFM microscopes have had significant modifications and
advancements for their use in biological research [11]. Nowadays, AFM performs diverse analyses
such as topographical imaging of cells, bacteria, and fungi, measurement of the mechanical and
functional properties, recognition of molecules in organisms' structures, manipulation of cells, and
imaging of dynamic biological processes [11], [12]. Combining data generated by HT (3D and internal
view of cells) and AFM (high-resolution surface analysis, mechanical properties) is essential for
developing fields like cell pathology, cancer research, microbiology, nanotoxicology, and many
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others. Thus, this review briefly describes these techniques and recent works related to cancer,
microbiology, and nanotoxicology using AFM and HT.

2. Holotomography Principle

The principles of holotomography are based on the developments achieved in quantitative
phase microscopy, where multiple imaging techniques such as microscopy, holography, and light
scattering are combined. A more detailed review of the physical principles of microscopy of the
quantitative phase has already been carried out by Park et al., 2018 [13]. In this way, this work will
focus on the fundamental aspects of the equipment's operation and its most recent applications in
areas such as cancer research, microbiology ,and nanotoxicology.

In the last years, optical microscopy surpassed the diffraction limit of light, resulting in super-
resolution fluorescence microscopy. Because of the super-resolution of this technique, some authors
call it nanoscopy. The use of fluorescence nanoscopy (FN) helped researchers discover the structural
details of subdiffraction cellular architectures [14]. Furthermore, by multi-batch labeling, researchers
can monitor the dynamic changes of cells and exogenous agents due to their interaction. Super-
resolution imaging has become a non-invasive method for nanoparticle biodistribution assessment
with applications for understanding and optimizing nanomedicine performance [15] [16].
Nowadays, FN provides a graphic description of the complex interactions of nanomaterials and cells,
helping researchers with a more rational design of nanomaterials for biomedical applications.
However, Confocal fluorescence microscopy has limitations for application in living cells. Within the
protocol of this technique, there is the need to use fluorescent markers, which results in cell damage
[[5], [6]-

Recently, HT has emerged as a powerful label-free three-dimensional (3D) technique for imaging
cell components without requiring cell staining and label-free NPs inside cells [17].Modern HT
microscopes offer advantages like no label requirements, low phototoxicity, quick analysis,
acquisition of quantitative data such as refractive index, dry mass, and protein content [18], which in
most samples, the protein concentration is linearly proportional with RI values [19], [20]. HT analysis
permits the distinction of organelles without the necessity of fluorescent markers. Analysis of the
expression of biomolecules present in organisms still requires labels if the organisms do not possess
fluorescent nature. Figure 1 illustrates the main features of HT microscopy.
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Figure 1. Main features of holotomography microscopy. HT microscopy is an emerging technique
suitable for the fast 3D visualization of living cells and tissues. Imaging of living cells by HT is
conducted without using any preparation (fixation, staining). The technique also provides
quantitative information (i.e., lipid content) of cells and oganelles.

Measuring the differences in the RI of cell components in living organisms to construct a 3D
image of the cell is a complex task due to the light refraction in media with different refractive
indexes, causing multiple light scattering effects. As a laser passes through a cell, the soft wavefront
acquires distortion or phase information that can be converted into intensity [1], a feature that can be
further measured and converted into qualitative data. For a 3D view of the cell, the microscope
acquires multiple 2D holograms at various angles for image reconstruction [1]. HT microscopy
reconstructs the phase difference image of cells and provides the 3D RI and volume information of
living and fixed cells. Because the RI value is proportional to molecular density is used for imaging
cells (whole cells or intracellular organelles) and determining the molecular density of each organelle.
For example, some applications of ODT include the classification of leukocytes, sperms, and red
blood cells. It is also a valuable tool for investigating pathological characteristics of diverse cells [2].
It is also a powerful technique to monitor cell changes after exposure to different agents (chemicals,
microorganisms, nanomaterials); for example, a recent study reports observing the morphological
changes during apoptosis of C6 rat glial cells after exposure to methamphetamine hydrochloride [3].
This microscopy technique is complementary due to limitations on molecular-related information
and the uncertainties of the structural reliability of organelles expressed only by RI.

As previously stated, many organelles possess different ranges of RI, permitting their
identification by HT. However, digital organelle staining requires selecting a range of RI so that
knowing the refractive index values of various organelles is necessary for correct identification and
digital coloring [4]. Table 1 presents a brief list of typical cell organelles and their RI values based on
the literature. As can be noticed from Figure 2, which includes the refractive indexes of cell organelles,
many share RI values, so care must be taken when processing data to avoid confusing elements that
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can have similar RI values. HT microscopy limitations rely upon low molecular specificity due to
shared RI values among several proteins [1].

Table 1. Refractive index values of several cell organelles as reported in the literature.

Organelle RI value Ref
Cell membrane 1.46-1.54 [5]
Cytoplasm 1.36-1.38 [6,7]
Nuclei Nucleolus 1.375-1.385 [8]
Nucleus 1.355-1.39 [6,8]
Extracelullalr fluids 1.35 [6]
Mitochondria 1.40-1.42 [6,8]
Cytosol 1.360-1.390 18]
Lysosome 1.6 [8]
DNA, RNA and ribonucleoprotein 1.530-1.560 [7]
Ribosome 1.330-1.340 [7]
Refractive Index (RI)
13 135 14 145 15 155 1.6
| 1 : 1 3 1 I
I | | I | I !
. DI
Ribosome DNA and RNA
1.33-1.34 Cytosol 1.53-1.56 Lysosome
1.39 % 1.6
Mitochondria
1.4-142
Nucleous
1.355-1.39
“/’\} Cellgfl)embrane
N
Nucleolus 1.46-1.54

Cytoplasm

1.35-1.38
Figure 2. Esquematic representation of organelle refractive index. Cell organelles possess
different refractive (RI) values. HT microscopy relies upon this property (RI) for the 3D

label-free imaging of living cells. As illustrated, some organelles have similar Rl values, so
care is needed for 3D image construction.

Nowadays, HT microscopes are commercially available. HT microscopes differ in design,
although modern equipment uses low energy wavelength for measurements, reducing its
phototoxicity [9,10]. Figure 3a illustrates a basic structure of an HT microscope. A low-energy laser
splits into two beams, one serves as a reference pattern, and the second interacts with the sample.
The interference between the two beams is then used to construct a hologram [11]. The construction
of a 3D hologram requires multiple analyses at different angles. Depending on the equipment, one
can find different approaches to obtain multiple points of view in the samples (by using a moving
mirror that deflects the laser in several spots to construct the image or by usinga digital micromirror
device) [12] [13]. Figure 3b shows a cell undergoing sequential angle scanning by HTM. HTM
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generates a refractive index (RI) distribution by putting together the RI range of images acquired
from 201 sequential angles scanned from two-dimensional holograms [14].
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Figure 3. Holotomography microscopy principle. a) Structure of an holotomographic microscope.
The sample is situated between the objective and condenser lens and radiated with a laser beam. The
laser beam splits to follow different paths (sample and reference). The sample and the reference beam
combine to generate a 2D hologram. b) holotomography mechanisms for 3D image construction. The
imaging laser beam radiates the sample with a specific incident angle, then the beam is rotated
through 360 to the optical axis. From the overlapping taken holograms, the 3D (RI) tomogram of the
sample is constructed [14]. .

As an emerging technique, HT microscopy (also known as quantitative phase imaging, QPI)
faces numerous challenges to becoming a routine technique for biomedical research. For example,
there is the unavailability of a standard protocol to improve image acquisition [15], a lack of accuracy
in 3D RI image reconstruction, limitations for imaging thick biological specimens [16,17] , and the
need for standardized 3D QPI metrology. Researchers in the field; work on developing techniques to
differentiate specific organelles in a cell and to distinguish single cells from neighboring cells. Modern
HT equipment includes software for 3D image processing; however, its algorithm can not
discriminate precisely among the different cell organelles. Currently, researchers explore diverse
strategies to provide a robust and general method to precisely and accurately segment cells during
3D reconstruction. Among these strategies are; computational models (machine learning techniques)
[18][19], the use of non-toxic RI matching media (iodixanol) [17], noise suppression techniques [20],
and the standardization of image assessment metrics [21].

Thanks to holotomography, many cells and organisms can be analyzed in great detail in record
time due to its ease of preparation compared to techniques that need staining, which can take hours
to prepare. Besides, the HT microscope can be operated under different conditions a characteristic
that allows for the analysis of living cells (adherent or suspended), or living cells interacting with
exogeneous agents (Figure 4). Manipulation of the HT microscope is simpler than other electronic
microscopes and its price is lower. HT microscopy offers numerous advantages to advance live cell
imaging: a) high resolution (nanoscale), b) label-free, c) real-time, d) quantitative phase imaging, e)
fluorescence. Figure 4 shows examples of HT images of different kind of cells or organisms.
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Figure 4. Examples of HT images of different kinds of cells or organisms. A1) 3D representation of
Candida parapsilosis (C.parapsilosis); A2) 3D representation of C. parapsilosis exposed to NMs. NMs
represented as red dots. Ala) 2D representation of C. parapsilosis based on differences of refractive
index; A2a) 2D representation of C. parapsilosis exposed to NMs; B1) 3D representation of a human
erythrocyte; B2) 3D lateral view of human erytrhocyte exposed to NMs. Blue dots represent NMs;
Bla) 2D representation of human erythrocyte based on differences of refractive index; B2a) 2D
representation of human erythrocyte exposed to NMs. Brigthest dots correspond to NMs; C1) 3D
representation of A549 cell; C2) 3D representation of A549 cell exposed to NMs. NMs represented in
red dots; Cla) 2D representation of A549 cell based on differences of refractive index; C2a) 2D
representation of A549 cell exposed to NMs.

The versatility of HTM allows the combination of the microscope with other analytical
techniques to increase the capabilities of this technique. A recent study by Ryu et al., 2021, reports on
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combining a microfluidic device and HT microscopy for red blood cell histopathological analysis.
The microfluidic device was attached to the HT microscope to obtain biochemical (hemoglobin
content) and morphological properties (corpuscular volume) [22].1t is also possible to couple the HT
microscope with mass spectrometry for a more precise location and identification of organelles'
composition. Using live single-cell mass spectrometry coupled to HT microscopy renders an
improved 3D spatial resolution (X-Y-axis 0.18 pm and Z-axis 0.33 um) and more accurate quantitative
cell analysis [23].As previously stated aquiring molecular specificity by HTM is still a challenge. A
late study reports the construction of a computational mid-infrared photothermal microscope, which
is able to obtain infrared spectra and bond-selective 3D refractive index maps [24].

As an emerging technique, HT still faces challenges for reproducibility with data generated
across research groups. To alleviate this problem, researchers must establish standard protocols for
sample preparation and libraries with data regarding the RI values of organelles within different cell
lines. Moreover, recent studies discuss that cell fixation can alter the refractive index of cells and
cellular compartments, reducing the accuracy and reproducibility of HT morphology analysis [25].
Despite the current practical limitations of the HT technique, as outlined above, the growth ability of
HT depends on the user’s needs and technological advances. In this regard, the latest HT microscopes
are suitable for analyzing organoids or tick specimens [26]. We want to remark that HT microscopy
is a versatile technique to image and analyze the dynamics of biological events because of its label-
free and quantitative imaging capabilities. = Among optical cell nanoscopy techniques, the
advantages of HT are its non-invasive nature, simplicity, and fast acquisition times. HT renders
images with high precision and high resolution (differences in the refractive index within the cell
give the contrast for imaging different organelles). HT provides a 4D examination of living cells under
varying conditions (external stimuli or exogeneous agents —drugs, toxins, nanomaterials-) [27] [28].

3. Atomic Force Microscopy Principle and Imaging Modes

AFM has become one of the most versatile techniques for analyzing samples with many surface
characteristics. Its main principle relies on deflecting a cantilever caused by the interacting forces
between a tip attached to it and the sample. In most AFM, a laser is reflected on the cantilever surface
to detect the cantilever deflections and know its position along the z-axis [29], as shown in Figure 5.

Laser Photo diode

- RN N Y
‘ _Q@‘w ?‘ 20 oy

Figure 5. In the primary function mechanism of atomic force microscopy, a cantilever with a tip is
dragged through the surface of a material. The motion along the z-axis is measured through a
photodiode which analyses the position of a deflected laser on the surface of the cantilever.
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AFM has multiple image modes that adapt to different characteristics of the sample and allow
obtaining diverse types of information based on the properties of the specimen and the AFM mode
of operation [30]. In the beginning, AFM was not attractive to conduct research in the biological field
due to the complex nature of the technique (setup, alignment, and adjustment of system parameters
were cumbersome). Also, there were the limitations of the low Spatio-temporal resolution, mode of
operation, and small scan area of the AFM types of equipment. The first commercial AFM
microscopes operated under contact mode. Under these operation conditions, it becomes difficult the
analysis of heterogeneous surfaces or soft samples. Numerous technological advances allow the
implementation of different types of interaction of the AFM probe with the analytes, broadening the
applications of this technique.

Application of AMF in biological research.

Modern AFM types of equipment operate under different modes offering researchers multiple
possibilities for analysis. As previously mentioned, the contact mode was the pioneering form of
operation in AFM however, this way of interaction between the probe and the sample is not ideal in
biomedical research. We refer the reader to a review by [31] that exhaustively describes the
breakthrough discoveries that position AFM as a valuable tool for life sciences and bio-medical
research. Applications of AFM in the biomedical field increased with the development of tapping
mode since the analysis of soft samples using intermitted contact (tapping mode) minimizes sample
deformation. There are numerous examples of AFM application in the tapping mode to study
microorganisms, tissues, or cells [32] [33] [34][35]. There are also examples of AFM sudies regarding
the interaction of antimicrobial agents and microorganisms [36].

Our research group is interested in establishing AFM as a routine technique to study the bio-
interactions of nanomaterials with different cell lines and microorganisms [37], [38], [36],[39]. Our
results demonstrate the high resolution of AFM to elucidate the morphology and morphology
changes of cells (or microorganisms) due to the interaction with nanomaterials. However, since AFM
is a microscopy technique for high-resolution surface images, the AFM data does not demonstrate
the entry of NMs in cells (or microorganisms). Figure 6 depicts AFM images of cells or
microorganisms before and after treatment with NMs. Figures 6A (A549 cells control group) and 6A1
(A549 cells treated with Au NMs) illustrate the changes in the morphology of the cells resulting from
cell-NMs interaction. Figures 6B and 6B1 show the damage exerted by CuFe204 NMs in Staphylococcus
Aureus. White arrows indicate the presence of NMs in the bacterial cells. Figures 6C and 6C1 show
the effects of the interaction of ZnO-Al** NMs and SHSY-5Y cells. The control group (Figure 6C)
presents a typical morphology and connections with neighboring cells; on the contrary, treated cells
(Figure 6C1) exhibit changes in the morphology and damaged neighboring cell connections (white
arrows).
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Figure 6. AFM analysis of the bio-interactions of NMs with cell lines and microorganisms. A) A549
cell (control). Al) A549 cell treated with Au NMs. B) Staphylococcus Aureus (Control). Bl)
Staphylococcus Aureus treated with CuFe204 NMs. C) SHSY-5Y cell (Control). C1) SHSY-5Y cell treated

with ZnO-Al** NMs.
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In the past decade, the AFM has emerged as a powerful tool for acquiring structural and
mechanical properties of biological samples at the atomic level [40]. Nowadays, it is possible to use
different strategies (tip shape, tip functionalization, tip-sample interaction) to apply and measure a
broad range of forces (within the cell, chemical, biological, or electrostatic interactions) from pico to
nano Newtons; these measurements provide invaluable insights into how molecular recognition or
biomolecular interactions contribute to the regulation of biological systems [41]. Besides, coated
cantilevers (conductive or magnetic coating) are suitable to measure electrostatic or magnetic forces
and image electrical (local surface capacitance, local conductance, surface charge distribution) or
magnetic (magnetic domains) properties of the sample .

With the advent of tapping mode, AFM became a dynamic tool to acquire the structural (micro
or nanoscale) details and mechanical properties of cells or biomolecules (Figure 7). Numerous
developments aid the complexity of AFM biological applications; for example, by modification of the
AFM tip, it is possible to measure different surface properties, such as adhesion forces, friction,
viscoelastic properties, mechanical properties (Young modulus) or electrostatic and magnetic
properties (Figure 7B). It is also possible to attach the tip to a microelectrode (conductive tips) to
combine tapping mode with a different scanning probe microscopy (SPM) technique to study at once
distinct surface properties (i.e., structural and electrochemical imaging) (Figure 7C). Using this
hybrid technique allow researchers to relate topography with conductivity maps, reveal the presence
of specific molecules on the cell's surface, or monitor its metabolic rate. The combination of scanning
electrochemical microscopy (SECM) with AFM in tapping mode (SECM-AFM) allows the
investigation of the activity of numerous molecules. Furthermore, AFM microscopy provides
endles possibilities for tip functionalization (molecules, viruses, cells) to react selectively with a target
molecule (receptor) to investigate specific biomolecular interactions.
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Figure 7. The use of AFM to examine (BIO)Chemical properties of biological systems (cells, cellular
components, living tissues). A) Dynamic Atomic Force Micorscopy is a suitable technique for
biomedical research. B) Biological functionalization of AFM tips can be used to examine topographic
and biomechanical properties (binding —unnfolding proteins- and rupture —to pull apart single
receptor-ligand complexes- forces). Chemically functionalized tips can be used to probe hydrophobic,
hydrophilic domains or electrostatic interactions. C) D) SFMS (Single molecule Force Spectroscopy)
uses tips derivatized with biomolecules, drugs, viruses (SVFS; Single Virus Force Spectroscopy) or
cells (SCFS; Single Cell Force Spectroscopy) to study ligand receptor interactions.

High-speed AFM (HS-AFM).

Despite the numerous advantages of AFM imaging, acquisition time was an obstacle to study
biochemical or conformational changes of biomolecules in real-time. HS-AFM notably increases the
image acquisition speed becoming suitable for studying biological processes in real-time and
analyzing the dynamics of cellular processes [42]. One limitation of HS-AFM is the scanning area;
however, during the last decade, the advances in electronics, cantilever and piezoelectric scanner
design, allow to extend the available scan range (in air and in liquids). A recent study, remarks the
importance on the innovations of modern AFM equipments, that operate at high speed, are stable in
liquids, with large field of view and image with high spatial and temporal resolution. These
characteristisc allow for imaging at high-speed under physiological environments to investigate and
record the activity (dynamics) of different biomolecules (i.e., mithocondrial DNA replication) or live
cells in real-time and at the single-molecule or single-cell level [43].

Fluid AFM and FluidFM (Fluidic force microscopy).

The possibility of AFM imaging in liquids allows the study of living cells under different
conditions. The capability of AFM to image and interact with the surfaces of living cells or tissues
under physiological conditions gives researchers endless possibilities to develop new methodologies
for more realistic and accurate biomedical applications [44]. Initially, researchers used a liquid cell
for AFM imaging in a confined physiological environment. Unfortunately, the volume of the liquid
cell is an obstacle for many AFM biological applications since many biomolecules become diluted
[45]. Later, by combining microfluidics technology and redesigning cantilever and cell liquid
chambers, Fluid AFM imaging improved considerably.

The fabrication of hollow cantilevers, whose design is application-dependent, made possible the
fluid force-controlled manipulation of single cells (Fluidic Force Microscopy -FluidFM-). Numerous
biological processes can be investigated at the single-cell level using FluidFM [46]. For example, cell
adhesion is essential for several functions of microbial (biofilm formation, survival, pathogenesis)
and mammalian (embryonic development, tissue morphogenesis, inflammation) cells. FluidFM
enables the quantification of living cell adhesion forces in a physiological environment. Recent
reviews highlight the biological applications of the FluidFM technique.

IR-AFM

Traditional AFM cannot discriminate the materials composition of the sampled surface unless
several properties like elasticity, electronic and magnetic properties are studied [47]. With the
coupling of infrared spectroscopy, AFM opened doors for specific molecular analysis along the
surface. When irradiated with light, the sample suffers thermal expansion that the tip can measure,
relating the tip response with the excitation wavelength IR patterns can be obtained for acquiring
chemical structural information [47].

AFM-IR nano spectroscopy is a sensitive technique that allows direct visualization of the drug
loading of single biomolecule carriers, aiding in optimizing the protocol of biomolecule drug loading.
Hanke et al. successfully applied AFM-IR to investigate the loading of DNA origami nanostructures
with the photosensitizer methylene blue. AFM-IR finds application to study molecular changes in
living bacteria .A recent review describes the application of AFM-Ir for drug delivery systems
(polymer-based, lipid-contained, and metal-based) characterization. For more information regarding
the recent technological AFM-IR developmente, the reader is reffered to [48].

Correlative Microscopy
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AFM is nowadays a robust and multifunctional technique for manipulating and detecting bio-
interactions at nanometer resolution. However, as previously discussed (AFM-IR), AFM cannot
provide information regarding chemical composition or internal structures. To solve these
limitations, AFM can be combined with other microscopy techniques. For example, super-resolution
optical microscopy can simultaneously identify several cell components (or exogenous agents) and
visualize inside the cell. Advanced AFM equipment for life sciences combines optical and AMF
techniques to avoid the inherent limitations of single microscopy techniques. Utilizing correlative
data facilitates understanding the complex relationship between structure, composition, and function
by picturing functional information in the contact of structural and compositional details in biological
research [49]. For more information on the advances in correlative AFM and optical microscopy, we
refer the reader to[50], [51], [52].

Different AFM types of equipment exist nowadays commercially. Of utmost importance is that
these pieces of equipment are user-friendly since they can operate under automated conditions
(setup, alignment, and re-adjustment of system parameters). Furthermore, these microscopes offer a
high Spatio-temporal resolution, large scan area, and fast scanning of corrugated samples becoming,
very attractive for biomedical applications. AFM is not just an imaging technique; it also allows the
determination of the analytes' different nano-mechanical properties (stiffness, elasticity, dissipation,
viscoelastic properties, hardness, among others). Latest generation microscopes can also operate
under numerous conditions (temperature, air, in fluids). Data analysis is simple, accurate, and
versatile (it is even possible to overlay AFM data with data generated with another advanced optical
microscopy). For example, the combination of confocal microscopy and AFM indentation allowed
the study of cell mechanics in 3D environments, demonstrating the change in the mechanical
properties of metastatic cancer cells during invasion into collagen I matrices [53].

4. Atomic Force and Holotomography Microscopy in Cancer, Microbiology, Nanotoxicology and
Nanomedicine Research.

4.1. Cancer Research

Microscopy techniques are versatile strategies that contribute to widening our understanding of
molecular processes, including the biology of numerous diseases [51]. For example, cancer biology is
very complex, and it is necessary to use different approaches to comprehend its growth mechanism
and offer solutions to cure this disease. Microscopy can efficiently complement the data generated by
conventional techniques (immunoblotting, PCR, flow cytometry) to study and diagnose cancer. In
particular, AFM and HTM allow the visualization of living cancer cells and the changes they undergo
during their growth or while interacting with exogenous agents. One of the main advantages of using
AFM and HT for biomedical studies is the no-labeling analysis, avoiding damage from the dye
(composition or upon excitation). In the last decade, AFM has become a flexible tool for studying the
biophysical properties of native and modified cells. On the other hand, HTM (as an emerging
technique) faithfully reproduces the 3D morphology of living cells and portrays the morphological
changes of cells interacting with an exogenous agent (drug, pathogen, nanomaterial). These
microscopy techniques offer numerous opportunities to widen the type of In vitro studies that can
bring more opportunities to find solutions to cure infectious or chronic diseases (i.e., cancer).

Cancer is the second leading cause of death in the world. Despite the research efforts to find
efficient treatments to cure this disease, the current cancer treatment methods are not selective
cancer therapies, resulting in adverse effects in no target organs [54]. Furthermore, present diagnostic
techniques for metastatic cancer cells are invasive and complex (identification of metastatic cells in
lymph nodes can be difficult, increasing the probability of inaccurate results); this fact highlights the
need for alternative and complementary strategies to support physicians with a metastatic cancer
diagnosis since an early cancer diagnosis favor appropriate treatment and patient survival.

AFM is useful for studying the mechanics of cells to differentiate cell physiological and
pathological states. It can also perform a high-resolution analysis of the ultrastructure of cells
remarking differences between cancer and normal cells . For example, white blood cells from
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leukemia patients have a cell roughness higher than healthy white blood cells because they present
needle-like structures on their surface. In general, cancerous cells experience physical changes in
elasticity and adhesion [55]. In addition, Force spectroscopy AFM examination gives information on
cells' hardness, adhesivity, and Young modulus. The knowledge of these properties aid researchers
in determining if the cells are cancerous, invasive, or metastasic. They also help to elucidate the effects
of drugs on cancer cells [56].

AFM can become a powerful strategy for early cancer diagnosis. For instance, AFM can point
out differences between single cells, helping to identify cancerous and non-cancerous cells at early
disease development. Besides, for some types of cancer (brain cancer, for example), tissue biopsies
are risky for the patient. Liquid biopsies are an alternative for the early diagnosis of these pathologies.
However, the analysis of these biofluids by traditional techniques can be cumbersome. The
composition of the biofluids is heterogeneous, but some of its components can be cancer-specific
material, and their identification contributes to early cancer diagnosis. In biofluids, exosomes are
important cancer biomarkers. These molecules participate in cancer advancement and metastasis by
transferring bioactive molecules between cancerous and non-cancerous cells. Using AFM
(nanoindentation) is possible to determine the mechanical properties of these molecules and correlate
them with the cancer stage [57].

AFM also finds applications in determining the effectiveness of cancer drugs. The study of the
mechanical properties of cells found application in identifying cancerous cells since cancer cells
(thyroid, ovarian, breast, prostate, bladder, pancreas) have a lower Young's modulus than healthy
cells. This knowledge now applies to investigating the efficacy of cancer drugs. For example, a recent
review summarizes the use of AFM to examine the efficiency of cancer drugs directed to the cancer
cell cytoskeleton [58]. Another study describes using a microfluidic device to study the interaction of
living cancer cells (A549, MDA-MB-231, and MDA-MB-231/BRMS1) with doxorubicin; monitoring
the effects of the drug by Raman spectroscopy and AFM [59]. Cancer multidrug resistance is a
biomedical challenge . Numerous research efforts seek a better understanding of the molecular
mechanisms that result in cancer multidrug resistance, then apply this knowledge to develop
solutions to this medical problem. AFM and single live-cell imaging are suitable for identifying
multidrug resistance phenotypes in cancer biological specimens. They are also appropriate to
monitor the fate and behavior of an individual cancerous cell in complex cancer models [60].

Holotomography microscopy is also a versatile tool to study the conformational changes of
cancer cells, their composition, or the effect (chemical or morphological changes) of anti-cancer drugs.
Because of the emerging nature of this technique, the number of reports using HT to study cancer
cells is smaller than in AFM studies. However, some literature reports demonstrate the feasibility of
using HT to aid cancer research. For example, recent research uses HT microscopy to monitor
morphological changes in cancerous cells that received photodynamic therapy (PDT). They evaluate
the effect of curcumin in cancerous cells at different doses and under radiation. Curcumin acts
efficiently as a photosensitizer to inhibit the growth of melanotic melanoma cells. After treatment,
they evaluate the viability and conformational changes of treated cells. PDT using curcumin as a
sensitizer induce cytoskeleton reorganization in melanotic melanoma cells (A375) [61]. HT is also
helpful in evaluating the efficacy of electrochemotherapy and the influence of 17B-estradiol on the
treatment of ovarian cancer. Assessment of morphological changes in MDAH-2774 cells by HT
microscopy, contributes to determining treatment efficacy [62][63].

HT is advantageous in supporting automated cancer screening. Overall, cancerous cells have a
higher average RI than their healthy counterparts. They also have morphological changes like
increased nuclear size, irregular shape (cellular and nuclear), and increased chromatin content.
Furthermore, monitoring of apoptotic cell death is possible by HT. Evaluation of apoptotic changes
in suspended and adherent culture cells is possible using HT. Several examples show that HT
microscopy accomplishes detecting structural changes in cells and thin tissues undergoing apoptosis.
In particular, a recent study shows a comparison of the results of different microscopy techniques
(SEM, TEM, and HT) to image the effects of camptothecin in U937 (human myelomonocytic
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lymphoma cell line) [64]. Although the morphological analysis is similar, the simplicity and speed of
image acquisition of HT are advantageous over the other techniques.

Intensive research is undergoing for the early detection of metastatic cells. A recent investigation
searches for morphological and molecular differences between isogenic cell lines (P231, CTC, and
LM) with diverse metastatic potential using HT and Raman spectroscopy. HT analysis acknowledges
the morphological and molecular differences among cell lines. Raman maps assist in analyzing the
metastatic potential of these cells [65]. Another research uses a combination of imaging phase
microscope and machine learning strategies for cell analysis and classification during cell flow (cells
flowing in a microfluidic channel). This approach is adequate for identifying circulating tumor cells
of colorectal adenocarcinoma in liquid biopsies [66].

Recent reports hallmark the applicability of HT for the study of the efficiency of cancer drugs.
For example, D'Brant et al. demonstrate that glial cells suffer apoptosis upon methamphetamine
treatment. Palacios-Acevedo et al. studied the effect of clopidogrel as an adjuvant treatment that
avoids cancer-associated thrombosis and tumor growth in pancreatic cancers. They use HT
microscopy to investigate morphological and dry mass changes in pancreatic cancer cells treated with
ticagrelor [67]. HT is also appropriate to visualize the effect of ablation techniques (irreversible
electroporation) in cancer cells [68]. Another study describes the apoptosis of HeLa cells mediated by
AS-DK143-loaded mPEG-PL NPs. HT microscopy shows the formation of apoptotic bodies and lipid
accumulation that occurs in a time-dependent manner [69].

Of utmost importance is finding solutions to cancer multi-resistance and cancer relapse. The
determination of cancer-drug resistance using traditional approaches is expensive and time-
consuming. Thus, there is a need to create new strategies to evaluate cancer-drug sensitivity. Novel
approaches can help to solve this problem. Confocal fluorescence microscopy is a suitable strategy to
assess the drug resistance of cancer cells. Unfortunately, for some cancer types (epithelial ovarian
cancer, EOC, for example), the clinical protein markers still do not exist. To overcome this problem,
investigating changes in the morphology of cancer cells helps to determine cancer drug sensitivity
[70]. For instance, [71] shows how to assess cancer-drug resistance in epithelial ovarian cancer (EOC)
cells using a microfluidic flow cytometer adapted to an HT microscope strengthened by machine
learning. A different study deciphers the biological mechanisms of simultaneous resistance to several
chemically diverse cancer drugs. HT microscopy effectively identifies cancer markers responsible for
multi-resistance [72].

Latest studies reveal that advanced microscopy techniques contribute to understanding the
behavior of cancer cells and their interactions with therapeutic agents [55]. They also apply to study
multidrug resistance of cancer cells avoiding inappropriate treatment of patients [60]. HT and AFM
microscopy are inovative tools that can be used for non-invasive simultaneous monitoring of
morphological, mechanical and chemical changes in cells during disease development (ie.,
apoptosis) and can also be used to monitor other dynamic cell processes.

4.2. Microbiology

There is an intense battle to find efficient solutions to the cure of infectious diseases. Resistance
to antimicrobials is a serious concern since the number of resistant species and multidrug resistance
increases. Recent advances in microscopy techniques can contribute to the research on the discovery
of new antimicrobial agents. For example, AFM analysis reveals morphological and mechanical
changes in microorganisms (MOs) after exposure to antimicrobial agents [34]. HS-AFM can measure
structural changes in time frames of milliseconds, allowing real-time studies of the interaction of MOs
and drugs. Furthermore, by using AFM, it is possible to study the interactions of bacteria with
surfaces (evaluation of the adhesion properties at the molecular level) for the design of anti-adhesive
therapies [73][74]. A recent review highlights the applications of AFM in cellular and molecular
microbiology [44].

Recently, hydroxyapatite has found a wide range of applications in medicine; mainly to
regenerate bone or to fix bone defects in orthopedic, maxillofacial, and dentistry procedures. It is also
suitable to coat prostheses to improve their biological properties [75][76] . A worrisome problem with
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implant materials is the development of post-surgical infections. Recent studies demonstrate that
Ag-hydroxyapatite nanocomposites prevent post-surgical infections. Stanic and collaborators
investigated the antimicrobial activity of Ag-Hydroxyapatite against microorganisms responsible for
implant-related biofilms. The AFM analysis shows the morphological changes of the fungal or
bacterial cells due to Ag-Hydroxyapatite activity [77]. A more recent study investigates the nano-
interactions of Cul-TiO2 NMs and fungal cells [78]. As with previous reports, AFM gives a high-
resolution image illustrating the morphological changes of the fungal cells exposed to nanomaterials.
However, it is not precise to conclude about the entry of the NMs in the fungal cells; thus, the use of
HTM permits visualization of the NMs inside the cells, demonstrating the complementarity of these
microscopy techniques .

The study of non-pathogenic MOs is environmentally relevant. Cyanobacteria and microalgae
are important primary organisms in aquatic environments. A recent AFM (force-distance curves)
study reveals the mechanical heterogeneity of the external layers of these MOs. This study gives a
better understanding of the biophysical mechanism that helps these MOs to adapt to turbulency [79].
In another investigation, red algae, Porphyridium cruentum was subjected to nitrogen starvation and
analyzed using AFM (tapping) to investigate if photosynthetic membranes are prone to alterations.
As aresult of nitrogen starvation, the photosynthetic membrane exhibit morphological and structural
changes: a) a slight increase in thylakoid vesicles, b) the density and size of the phycobilisomes
decreased gradually with time, c) the presence of holes in the thylakoid membranes, possibly due to
the loss of phycobilisomes, membrane rupture, or sample preparation [80].

High-speed AFM has been of great help in elucidating the dynamic phenomena of biomolecules
and structures present on the surface or below the cell membrane. For example, Kobayashi et al.
investigated the sliding mechanisms in the mycoplasma mobile parasite. The results obtained by HS-
AFM showed spatial and temporal characteristics of the groups of particles present on the cell
surface, showing particles with movements of up to 9nm in times of 330 ms; these movements derived
from ATP hydrolysis reactions result in cell movement [81] . In a different research, the HS-AFM
(phase imaging) examination of nanometer-scale extracellular membrane vesicles (MVs) shows the
differences in the properties of MVs among bacterial species [82]. On the other hand, the use of AFM
to study microalgae has been increasing. However, it only represents about 0.17% of the research
related to the study of microalgae; just like bacteria, studies on this type of microorganisms have
focused on obtaining morphological characteristics, topography, mechanical and adhesion
properties. Nevertheless, it has also been possible to study substances produced by microalgae, such
as exopolysaccharides. Techniques such as Fluid-AFM can evaluate parameters such as lipid profiles
to make the cultivation processes more efficient [83].

Some bacteria possess pili in their cells envelopes. These pili have numerous biological
functions: adhesion, gene transfer, virulence and biofilm formation. Pili are also responsible of
bacterial motion or endothelial cell invasion. A recent report describes on using AFM-based force-
clamp spectroscopy to study pilus motility in Caulobacter crescentus. In this AFM modality, force is
applied and kept at a constant level by continuosly adapting the position of the piezoelectric device.
The results of this research demonstrate that force-clamp AFM is a novel tool to monitor pilus
retraction. This knowledge can be applied to the treatment or prevention of bacterial infections [84].
AFM is also a powerful tool to study the interaction of MOs and host cells [85][86]. By using single-
molecule AFM analysis [86] demostrates the affinity of S. aureus (adhesins) to endothelial cell
integrins under different conditions (Low or high stress; 100 pN or 1000 — 2000 pN). S aureus uses
these proteins to invade epithelial and endothelial cells. They observe that structural changes occur
under high stress favoring the integrins affinity to bacterial adhesins. Knowing the conditions that
favor MOs infection facilitate the implementation of strategies to fight staphyloccocal infections.

Several microbial-related cases can benefit from holotomography studies (or studies combining
HTs with other techniques). In recent research, they addressed the problem regarding the lack of
facile and fast procedures for microbial identification. Modern technologies like mass spectroscopy
are expensive and time-consuming. To solve this, the combination of holotomography and machine
learning can lead to a method for the rapid identification of pathogens and diagnosis of patients with
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infectious diseases [87]. As previously discussed for AFM microscopy, HT microscopy is also a potent
tool to measure alteration in bacteria upon antibiotic treatment. Recent research shows HT studies of
the in-situ interaction of Escherichia coli and Bacillus subtilis to different concentrations of ampicillin.
Their results include morphological (3D) and biochemical alterations of bacterial cells, which are
ampicillin dose-dependent. They can also evaluate bacterial cell lysis due to changes in cell volume
or cellular dry mass [79].

Kim et al. investigated the antimicrobial efficiency and mechanism of action of antimicrobial
peptides (AMPs) using HT for Real-Time monitoring (Figure 8) . The fast and high-resolution
imaging of HTM allows the investigation of real-time interactions between AMPs and bacteria. Their
results clearly illustrate the antimicrobial mechanism (membrane disruptive compound) of AMP and
the morphological alterations of bacterial cells [88]. As previously mentioned, the versatility of HT
allows its combination with other techniques to improve its applications. For example, combining
HT and deep learning results in the prompt optical screening of anthrax spores. The fast detection of
anthrax spores demonstrates the suitability of HT as a sensor in realistic settings of biological warfare
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Figure 8. Comparison of Electronic Microscopy (SEM, TEM) imaging of E coli with ODT (HT) [88].

Although more HT studies focus on bacteria or fungi, parasites (such as protozoans) are also
suitable for HT microscopy identification. Larrazabal et al. investigated the antiparasitic effect of
ezetimibe in human and veterinary parasites (Toxoplasma gondii, Neospora caninum, and Besnoitia
besnoiti). These parasites have many consequences in humans and animals, provoking several
diseases. During asexual reproduction, they affect host cells. Through HT, they observe that
ezetimibe led to reduced meront sizes in the three parasites with no alteration of morphology of non-
infected cells [90]. It is important to remark that HT microscopy can overcome the limitations present
in other microscopy techniques. For example, investigations on sporogony are scarce in literature
since the commonly used fluorescent dyes do not penetrate resistant oocyst bi-layered walls. HT
microscopy is appropriate to study sporogonial oocysts and their alterations (time-dependent or anti-
coccidial drug-derived effects) [91].

The versatility of HT microscopy and its suitability to study living cells allows the study of
parasites' life cycles. For example, by using 3D HT microscopy, it was possible the analysis of
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differing sporozoite egress [92]. Another study demonstrates the application of HT microscopy to
conduct pathophysiological research. HT microscopy is appropriate to discriminate morphological
and biochemical changes in the parasite (tachyzoite) and its infected cells [93]. A different study
demonstrates the application of HT microscopy to differentiate the alterations in the host cellular cell
cycle ( bovine umbilical vein endothelial cells (BUVEC)) induced by different parasites (Besnoitia
besnoiti and Toxoplasma gondii) [94]. HT has recently been employed to investigate the Toxoplasma lytic
cycle and to demonstrate alterations in volume, surface area and dry mass of genetically enginereed
Toxoplasma mutant cells [95].

The application of HT to study the interaction of pathogenic MOs with cells or exogenous agents
can be numerous and depends on the user’s needs. For example, by using HT, it was possible to
observe the reaction of polymorphonuclear neutrophils to Besnoitia besnoiti bradyzoites infection [96].
A previous study from the same research group reports an increase in the production of lipid droplets
(LDs) in Besnoitia besnoiti infected BUVEC cells [97]. Recent studies report the involvement of LDs in
the cellular stress response (detoxification events or responses to different diseases in several cell
lines) [98]. LDs can serve as bio-indicators of cell stress since they are dynamic organelles that regulate
lipid uptake, metabolism, trafficking, and signaling in the cell. HT can easily visualize and quantify
LDs due to its elevated refractive index.

One of the first views of phytoplankton through 3D holotomography was achieved by Lee et al.
(2014), demonstrating the capabilities of this technology for distinguishing organisms and obtaining
parameters such as dry mass, volume, and cytoplasmic density [99]. Today, microscopy analysis of
algae and phytoplankton can render distinction of cell parts, frustules, protoplasm, vacuoles, and
chloroplasts using their RI [100], as well as the quantitative study of compounds of interest such as
lipids present in microalgae for their use. in the production of biofuels [101].

4.3. Nanotoxicology and Nanomedicine

Nanotoxicology and nanomedicine are emerging disciplines; the first is responsible for
evaluating the toxic effects of materials whose sizes (at least one dimension) do not exceed 100 nm
[102]; the second seeks innovative solutions in the biomedical field by using nanomaterials (NMs).
Numerous research efforts aim to implement standard protocols to evaluate NMs” bio-activity since
these materials might enter living organisms accidentally or deliberately. Nanotoxicology seeks to
provide protocols and model materials for the systematic evaluation of the adverse effects of
nanomaterials on cells, organs, or various more complex organisms such as plants or animals [103].
Nanomaterials possess unique physicochemical properties that differentiate their toxicological
activities from their bulk counterparts. Morphology and ion leaching are considered inherent
properties of nanomaterials that affect their toxicity [102,104]. Modern microscopy techniques are
versatile tools that can aid to elucidate the mechanism of interaction of NMs with living organisms
(from entry to the final destination).

Traditional toxicological assays are not always suitable to evaluate NMs toxicity due to the
inherent properties of the NMs, composition of the exposure medium, or the response of the living
organisms to NMs. For example, ion leaching from NMs can interfere with colorimetric assays,
whereas protein corona formation might mask the biological activity of NMs [105], [106]. Lately,
molecular spectroscopy and microscopy techniques have become potent tools to study the physical
and molecular interactions of NMs and cells, offering alternatives for understanding NMs activity
(or toxicity). These techniques can measure morphological changes and observation of the spatial
disposition of the materials inside and outside the cells [107,108].

As mentioned before, nanomaterials tend to interact with multiple components in a system
depending on their physicochemical characteristics. Protein corona forms in protein-rich media,
which gives new surface characteristics to NMs. A study reports the measurement of protein corona
through AFM in graphene nanomaterials exposed to proteins present in commonly used culture
media such as DMEM. The AFM (topographical) analysis of graphene shows significant
accumulations of fetal bovine serum proteins along the surface of the nanomaterial. Protein adhesion
increases the roughness and thickness of the graphene sheets. These changes in the material
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characteristics imply modifications in their toxicological behavior [109]. In a similar study, TiO2 and
ZnO NPs were subjected to food matrices (sucrose, protein powder, and corn oil) to evaluate their
interaction with the media. AFM revealed that surface adhesion was decreased in both particles when
interacting with proteins due to the protein corona formation. On the other hand, corn oil caused an
increase in surface adhesion related to high oil viscosity due to the long carbon chains [110].

To better address the challenges of nanotoxicology assessment, it is necessary to use multiple
biological models (from simple to complex organisms) to avoid misleading results regarding the
entry, transformation, and final destination of NMs in living beings. The use of eukaryotic cells or
bacteria as model organisms is widely explored due to their simplicity; however, more complex
organisms such as nematodes are necessary. NMs can alter the structure of the nematode cuticle,
affecting its movement and protection from the environment. AFM is a versatile strategy to evaluate
cuticle integrity (morphology and mechanical properties) after exposition to NMs [111]. For a more
detailed toxicity mechanism of NMs, In vitro and In vivo studies should be performed. For example,
on eukaryotic models such as HEK293T embryonic kidney cells, results showed that nanoparticle
toxicity could be evaluated through biomechanical measurements and complement these results by
biological assays for a more detailed toxicity mechanism [112].

HT microscopy aids in nanoparticle detection inside cells since nanoparticles are solid objects
with RI values higher than most cellular components [113]. However, to avoid false interpretations
on the entry of NMs in cells, special attention is needed to cellular structures (like chromatin which
can surpass Rl values higher than 1.39) with refractive indexes similar to NPs. For example, Liu et al.
propose setting a limit for refractive index intensity, high enough for eliminating false-positive NPs
interacting cells. However, this condition avoids visualizing cells with low amounts of NPs
aggregates. Superparamagnetic iron oxides (SPIOs) have numerous biomedical applications, such as
cancer treatment via hyperthermia [114]. To improve the outcome of this treatment, SPIOs need to be
targeted into the cancer cells for further incorporation or fixing on the surface. As demonstrated by
Frederich et al.,, HT microscopy is a suitable technique to study the incorporation of (SPIOs) into
pancreatic cell lines, making simple the distinction between NPs bound to the cell membrane and
fully incorporated NPs [108].

The application of NMs in the biomedical field arouses awareness to increase the efforts to
evaluate NMs toxicity before their practical implementation. The application of NMs in the
biomedical field is diverse. For instance, some NMs must be cytotoxic to cancerous cells, keeping
specificity to avoid side effects in non-target cells. I vitro studies are fast and simple but sometimes
not accurate to represent the interaction of NMs in a living organism. Due to their simplicity, it is
desirable to implement in vitro models that mimic biological models more accurately and enable high
throughput assessment. Searching for more representative in vitro models, a research group
fabricated a 3D mini liver to reproduce closely physiological conditions. After, they evaluated the
exposure of this model to different concentrations of nanodiamonds (NDs). They conducted toxicity
assessment of NDs using traditional toxicological techniques and label-free microscopy (AFM and
HT). Holotomography results showed the internalization of the NDs inside cells. AFM analysis
remarks changes in cell stiffness and cell membrane integrity.. Holotomography and other cell
viability assays demonstrated that NDs caused cytotoxicity and altered membrane integrity [115].

Another example describes the evaluation of the toxicity of polystyrene (PS) NPs on alveolar
cells in breath-mimicked conditions. One limitation of the in-vitro studies of alveolar cells is that
cultured cells are static, missing the dynamic microenvironment of the human lungs. For more
precise human pulmonary conditions, alveolar cells (A549) were deposited in flexible substrates
(PDMS) and subjected to cyclic stretches under HT microscopy observations (Figure 9). Under these
conditions, the cells were exposed to PS-NPS (positively or negatively charged) to evaluate their
cytotoxicity. Positively charged nanoparticles are more cytotoxic, causing swelling of the plasma
membrane, further leading to apoptotic death. Also, more internalization of NPs occurs under cyclic
stretches. Morphological changes and PS-NPs internalization into the cells was demonstrated using
HT microscopy.
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Figure 9. Live cell imaging of internalization of PS-NPs into alveola cells. (A) Scheme of RI acquisition
via sequential angle scanning. (B) Integration of the amplitude and phase at 49 angles to reconstruct
3-D holograms. (C) 3-D RI tomographic images of nPS-NPs- and pPS-NPs-treated cells in two
different conditions: unstretched and 15% CS at defined time points. A dotted circle indicates the
nucleus (N) of a single cell. The blebbing phenotypes are marked with arrows. Scale bars: 100 um. All
experiments were performed in a TomoChamber (Tomocube) maintained at 37 °C and 5% CO2. (D,
E) The estimation of cell volume, surface area, and protein concentration of a single cell (n = 5) under
unstretched (US) and 15% CS, respectively. The color bar in the 3-D reconstruction images represents
the 3-D rendered RI range [116].
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A recent study evaluates the cytotoxicity and pro-inflammatory effects of WSz and MoS: in
human bronchial cells (BEAS-2B cells), using classical toxicology assays and HT microscopy.
Microscopy studies reveal changes in the size and shape of cells and loss of cell-cell contact due to
exposure to NMs. They also expose a higher degree of cytoplasmic vacuolization, changes in the
nucleus morphology, and intracellular location of mitochondria [117]. We previously discussed the
importance of coupling different techniques to increase the potentialities of HT microscopy.
Although 3D cell cultures reproduce more accurately in vivo physiological conditions, they are
difficult to visualize by HT microscopy due to their thickness. Suematsu et al. report the fabrication
of ultrathin porous polymeric substrates, suitable for the microscopic study of 3D cultures of cells
[118]. Nowadays, it si possible the use of HT microscopy for organoid imaging. Lately, NMs find a
use for controlled-drug delivery. The use of macrophages as drug delivery agents (Trojan horse) is
popular to avoid immune system activation. A recent study explores loading Au NPs into
macrophages for targeted drug delivery. HT microscopy reveals the distribution of Au NPs in the
cells [119]. Following this same approach, Kang et al. use HT microscopy to decipher the interaction
between NPs and immune cells. They observe an increase in lipid droplets and cell volume after NP
internalization (Figure 10). They also discuss that loading Au NPs into alveolar macrophages is
suitable strategy of drug delivery for asthma [120].
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Figure 10. (a) 3D holotomographic images of LPS-induced macrophages show significant changes
compared to RAW264.7 cell line. Cell size and morphological changes appeared after 48 h of
incubation with LPS. (b) The characteristics of RAW264.7 cells and macrophages were quantitatively
compared through numerical analysis. This analysis results exhibit the morphological and biological
changes using RAW264.7 cell (n = 320) and macrophage (RL; n = 262). Data are presented as a box-
and-whiskers plot, with 10-90 percentile of results. Additionally, all of the data show significant
differences (p < 0.001). (c) 3D RI tomograms (left) of each cell were reconstructed from multiple 2D
hologram images (right) [116].

Biological auto luminescence (BAL) serves as a reference to evaluate the healthiness of living
organisms. However, BAL luminescence intensity values are low. NPs are suitable for the
enhancement of BAL. Sardarabadi et al., 2020 designed mito-liposomal gold nanocarriers;
holotomography revealed no changes in cell morphology before cell internalization and an increased
affinity to the mitochondria, an essential organelle involved in BAL processes, thus helping to
increase BAL measurement in U20S cells [121]. To our knowledge, not many studies report on using
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AFM and HT as complementary techniques to monitor the entry, transformation, and final
destination of NMs in living cells. To this point, it is evident that due to their versatility, researchers
should consider these microscopies as a routine tool to study the complex interactions of NMs in
diverse cells or tissues (Figure 11). The data generated by these techniques is complementary because,
despite the high-resolution surface images rendered by AFM, it is limited the possibility of looking
inside the cell.; whereas HT imaging clearly illustrates the entry of NMs in the cells. Figure 11 shows
AFM (Figures 11A and 11A1) and HT (Figures HHB and 11B1) images that depict the changes in
Ab549 cells treated with AuNMs (Figures 11A and 11A1). In addition to the morphological changes
seen in HT images, it is also possible to see an increase in the lipid droplet production and
internalization of Au NMs in this organelle to clear NMs. This knowledge can contribute to safer

nanomedicine developments.
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Figure 11. Schematic describing the interaction of Au NPs with A549 cells. The changes in
morphology are consistent by imaging with AFM and HT microscopy. In addition, HT images show
an increase in lipid drop production and internalization of Au NMs in the organelle to detoxification
(Figure 11 B1).

5. Conclusions and Prospects.

This review highlights the versatility of AFM and HT microscopy as valuable tools in biomedical
research that provide real-time, label-free, and high-resolution images of living cells under different
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conditions. AFM and HT can generate data not just on the morphology of the cells but also on
mechanical, magnetic, electrochemical properties, or dry mass composition. Recent studies remark
on the advantages of using these techniques in biomedical-related fields. AFM microscopy offers
plenty of alternatives for the multiparametric and multifunctional characterization of biological
systems with improved performance: fast scanning, fast force spectroscopy analysis, sub-piconewton
force precision, thermal stability, ultra-low noise, and user-friendly for researchers at all levels of
experience. The integration of AFM with another microscopy (inverted optical microscope) or
spectroscopy techniques (Raman, IR) produces correlated measurements that offer a more
comprehensive understanding (dynamics, structural, mechanical, chemical, and functional
heterogeneity) of complex biological systems. Latest developments allow coupling AFM
microscope to a picobalance to monitor time-dependent mass measurements in physiological
conditions. Modern complex AFM systems ( AFM-picobalance-inverted optical microscope)
compute data to link cell mass dynamics to cell morphology and growth with application in the study
of a vast number of cellular processes: Cell mass or volume regulation, cell migration, cell nutrition,
cell division, cell cycle progression, fat cell storage, viral infection-related mechanisms, and new
therapies for cancer, among others. HT microscopy imaging is appropriate for distinguishing
neoplastic changes with sub-cell determination in vivo as a non-invasive technique (without the
requirement for biopsy). HT microscopy is a simple and robust strategy for the diagnosis, monitoring,
and elucidation of the mechanisms of disease development. It is also suitable for research studies in
cytotoxicity (phenotypic screening of living cells, cell responses to drug interaction, dose-dependent
cell death), and cell metabolism. AFM and HT microscopy as standard strategies in biological or
biomedical research enables researchers to obtain more precise information about cells, organelles,
and their interactions with exogenous agents. This knowledge is crucial to addressing challenging
burdens in biomedical research and drug discovery.
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