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N o a

Abstract: Many researchers and scientists have contributed significantly to provide structural and
molecular characterizations of biochemical interactions using microscopic techniques in the recent
decade, as these biochemical interactions play a crucial role in the production of diverse biomaterials
and the organization of biological systems. The properties, activities, and functionalities of the
biomaterials and biological systems need to be identified and modified for different purposes in both
the material and life sciences. The present study aimed to review the advantages and disadvantages of
three main branches of microscopy techniques (optical microscopy, electron microscopy, and scanning
probe microscopy) developed for the characterization of these interactions. First, we explain the
basic concepts of microscopy and then the breadth of their applicability to different fields of research.
This work could be useful for future research works on biochemical self-assembly, biochemical
aggregation and localization, biological functionalities, cell viability, live-cell imaging, material
stability, and membrane permeability, among others. This understanding is of high importance in

rapid, inexpensive, and accurate analysis of biochemical interactions.

Keywords: biochemical interactions; fluorescence; material and biological sciences; microscopy;
structural and molecular characteristics; resolution scale

1. Introduction

Biochemical interactions result in biological structures in both intra- and extra-cellular
environments. Structural and molecular characterizations of these interactions are crucial
for discovering the underlying science behind biochemical assemblies. Moreover, it is
essential to identify the physicochemical properties, activities, and functionalities of bioma-
terials, as well as tailor them for specific purposes. Given this importance, numerous tools
and analytical techniques have been developed to characterize the interactions over the
last few decades.

Each tool offers a range of analytical capabilities and can be used for the study of bio-
chemical interactions under specific conditions. Microscopic techniques are powerful tools
that can be used to comprehensively characterize the biochemical interactions in different
situations [1-5]. These techniques were also integrated with other techniques, such as
Raman and IR microscopy, for 3D imaging in biological research with nanometer resolution
and high sensitivity (to a single-molecule level) [6-11]. For example, IR spectroscopy was
used in conjunction with imaging using pixelated IR detectors, e.g., a focal plane array
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detector, where spectra can be collected from each pixel, resulting in a spectral image with
an enormous amount of spatially resolved spectral data.

Optical microscopic techniques allow us to observe biological structures in intact
samples, such as living cells [12,13]. A variety of fluorescent labeling plus a plethora of
sophisticated optical microscopy techniques were developed for live-cell imaging [14]:
for example, the use of total internal reflection microscopy together with the technique
of single-molecule fluorescence resonance energy transfer for real-time observation of
biochemical dynamics and interactions [15]. The technique of single-molecule fluorescence
microscopy was applied to achieve super-resolution and the visualization of cellular struc-
tures in the range of 2 nm [16]. The complex and myriad interactions of biochemicals in
cellular membranes were studied using super-resolution microscopy to understand the
self-assembly and dynamics of plasma membrane components [17]. Considering the strong
sensitivity of biochemical interactions to environmental conditions, light-sheet microscopy
was introduced for live 3D imaging [18]. The biological processes can now be observed
in their native environments through significant advancements in spatial resolution and
the development of novel image processing strategies. The recent advances in microscopy
enable us to accurately characterize biochemical interactions down to the molecular level.

Electron microscopes are efficient tools for gaining the structural and chemical infor-
mation of matter at nano- and atomic-scale resolutions (~0.5 A) [19-21]. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) are the most prominent
microscopic techniques used for the investigation and characterization of objects at the
nanoscale with higher accuracy. A focused electron beam is used to scan a sample’s surface
with SEM to obtain photographs of the sample [22], whereas TEM is a crucial technique
for characterizing one-dimensional (1D) nanostructures because it uses imaging, diffrac-
tion, and spectroscopic analysis to reveal details about their shape, crystal structure, and
chemical make-up [23]. The recent progress in these tools allows for the study of chemical
reactions in liquid media [24]. Furthermore, these tools can complement the study of crystal
structures conducted using X-ray crystallography [25].

Scanning probe microscopes provide us with structural and functional insights into
biomaterial and cell surfaces [26]. In addition to visualizing morphological features at the
molecular level and nanoscale, this analytical tool can be used for the direct measurement,
manipulation, and sensing of matter in its native environment [27]. Compared with
analytical tools with similar capabilities, such as surface plasmon resonance (SPR), the
measurements based on atomic force microscopy are not limited to metallic substrates or
sensitive to molecular size [28]. Different analytical techniques for the characterization of
biochemical interactions are summarized in Table 1.

Optical microscopy, electron microscopy, and scanning probe microscopy have made
significant progress in recent years. A couple of review articles discussed the principles
and applications of each one of these microscopic techniques. However, it is essential to
figure out the pros and cons of these three main branches of microscopy as a function of
the resolution scale (from 250 pym down to 0.05 nm) and the breadth of their applicability.
To this end, the microscopy-based characterization of biochemical interactions was studied
in the context of material and life sciences in the present work. The findings of this work
can be useful to find out the capability of each tool to reach the best solution at the earliest
possible time in future works.
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Table 1. Different analytical techniques for the characterization of biochemical interactions.

Analytical Technique Applications Ref.
Circular dichroism Determination of protein secondary structures; kinetics and thermodynamics of biochemical interactions; the stability of protein [29,30]
spectroscopy (CD) complexes; determination of protein—protein structures ”

Interferometry Diagnostic assays; study of protein—protein interactions; kinetic binding measurements; [31,32]
Dynamic light scattering (DLS) The size distribution of biomaterials and cells [33]
Enzyme—hnked(EIE;EX?osorbent assay Detection and quantification of the antigens and antibodies in biological samples [34]
Molecular dynamics in solution, such as conformation changes during protein-substrate interactions; molecular configurations
Infrared and Raman spectroscopy ) : . . [11]
in cellular environments; biosensing
Nuclear magnetic Study of weak biochemical interactions, such as protein—protein and protein-ligand interactions; drug design and discovery; [35-37]
resonance spectroscopy (NMR) identification of structure-activity relationships; identification of key interaction sites of macromolecules
Resonance light Study of biochemical assemblies, e.g., porphyrins, in different environments; design of functional supramolecular structures; [38,39]
scattering (RLS) designation of aggregating species; development of analytical methods "
Quartz crystal Recognition of biochemicals; characterization of enzymatic activities based on biochemical interactions with a chemically
, e [40]
microbalance (QCM) modified substrate
Surface plasmon Monitoring the affinity-based interaction of biochemicals in different environments; the label-free and real-time detection of [41-43]
resonance pesticides, explosives, bacteria, viruses, toxins, allergens, and biomedical analytes
Spectroscopic ellipsometry Bio-sensing; surface and physical properties of thin-film materials [44,45]
Study of crystal structures at the level of atomic resolution; identification of the binding modes of biochemical interactions, e.g.,
X-ray crystallography .. . L . [46]
protein-ligand interactions; structure-based drug design
. . Structural and chemical characterization, extravasation, and subcellular distribution of particles at the nanoscale with a
Transmission electron microscopy (TEM) . [47,48]
resolution of 2 nm
. FCS can monitor the interactions between biomolecules and nanoparticles, e.g., FCS was used to quantify the functionalization
Fluorescence correlation spectroscopy (FCS) .. . . 1 . L . [49,50]
efficiency of ligands (for example, avidin and antibody binding fragments (Fabs)) on the surface of nanoparticles
Confocal laser scanning microscopy (CLSM) CLSM allows optical shcmg through tissues, fchus enabling precise real-time imaging .of liver cells, 01.*gane11es, and intracellular [51]
trafficking of nanoparticles, such as the endosomal escape ability of nanoparticles
Quantitation of biochemicals, such as H;O, and GSH in tissues; extravasation of biomaterials and nanoparticles out of the
Intravital real-time CLSM (IVRT-CLSM) blood vessels into the tumor area directly in the living animals; IVRT-CLSM is also valuable for understanding the nano-bio [47,52,53]

interactions, such as sequestration and fate of biomaterials and nanoparticles in the reticuloendothelial system organs, such as
biliary excretion
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2. General and Basics Concepts in Microscopy

The light incidence with matter results in the occurrence of five phenomena: reflection,
transmission, refraction, diffraction, and the absorption and consequent excitation of
fluorescence. The elastically scattered light helps us to distinguish the presence of matter.
The latter phenomenon is the absorption of light and consequent emission with a longer
wavelength, which can also guide us to the presence of matter by the naked or aided eye.

The basic concepts in microscopy could well be understood by illustrating the image
formation in an early optical microscope. Consider an object O’-O’ (Figure 1a) placed at
a distance from us, where the light interacts with it and scatters out. The scattered light
makes an image on the eye as it falls on the photoreceptor cells in the retina. Two points of
the object can be distinguished as distinct if the light from them is separated by at least one
cell. The angle formed by the points in the eye is ~1 arcmin. Two points can be resolved
only if the viewing angle is increased. To this end, the object must move closer (O-O in
Figure 1a) if it is not already at the nearest distance of distinct vision, conventionally taken
as 250 mm, or a magnifier should be used (Figure 1b). The object is placed at the focus of a

convex lens with a focal length of f. The viewing angle increases to 3 with a larger retinal
image (I-I).
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Figure 1. (a) Image formation at the eye from a distant object O’-O” and the one O-O at the nearest
distance of distinct vision; (b) ray diagram showing the principle of a simple magnifier for increasing
the viewing angle of the object O-O and the image of the object on the retina (I-I) formed from the
virtual image O”-O” at the nearest distance; (c) ray diagram of the zero-order direct light (0) and the
1st-order reflected light (1) from two points separated by 7; (d) the relationship between the radius of
the airy spot and the magnification (M ) by a lens for a point light source.

To make a microscopic object visible, the magnification alone would not be sufficient,
but instead, it is crucial to resolve fine details and create sufficient contrast. The resolving
power can be improved by a suitable choice of objective and the correct setting of a mi-
croscope. Sufficient contrast can be created via illumination of the specimen or suitable
preparation of the object. Visualization of the object can be done using reflected or transmit-
ted light. The minimum resolved distance is a characteristic of the imaging system. Herein,
this Abbe limit of the resolution was calculated for the examination of an object using
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reflected light [54]. To resolve two points separated by a distance r, the zero-order and at
least the first-order diffracted beam must enter the objective lens (Figure 1c). The angle by
which the first-order beam is diffracted is indicated by « and the path difference between
the zero-order direct light and the first-order diffracted light is the distance O’X, which is
equal to 7. sina. This first-order diffracted light must have a constructive interference with
direct light. This path difference that gives the first-order constructive interference is equal
to 1.A. Thus, the minimum resolved distance is r = ﬁ

The condenser in a microscope illuminates the specimen in the form of a cone of
light with a half angle of « and the space between the lens and the specimen can be any
medium with a refractive index n. Under these conditions, the path difference would be
2.r.n.sina and the limit of resolution is r = ﬁ Accordingly, the light source with
longer wavelengths is diffracted more, leading to a lower resolution. An objective with a
higher numerical aperture (with maximum angle alpha of 70-75°) accepts the higher-order
diffracted light, leading to improved resolution.

The maximum spatial resolution of a diffraction-limited optical microscope is ~200 nm
in the plane and about 400 nm along the optical axis [55]. The Abbe limit of resolution for
the examination of an object using transmitted light is like the one using reflected light.

The specific components in an object can be detected using fluorescent microscopes.
In these instruments, the components absorb radiated light, become excited, and emit
radiation with lower energy. In contemporary fluorescence microscopes, epifluorescence,
which is the fluorescence emitted light, is separated from unabsorbed reflected light,
which makes the detection of specific components in matter possible that would not be
distinguished by an optical microscope due to the low resolving power. To improve the
resolving power of a microscope, electron microscopes were introduced with a much lower
wavelength from the illuminating source. However, four categories of optical microscopy
methods, including confocal microscopy, interference, non-linear, and surface methods,
were developed in the past three decades and improved the spatial resolution down
to ~2 nm.

3. Biochemical Interactions in Material Sciences
3.1. Physicochemical Stability of Nanostructures

The chemical stability of nanostructures in a solution can be characterized using an
optical microscopy technique with a low resolution of ~250 um. The constituents of a mi-
crostructure interacting with the solvent molecules can begin to dissolve if the free energy
of the solvated biochemicals is less than those of their respective components in their pure
state. The chemical stability of self-assembled biochemicals in phosphate buffer [56] and
many other solvents [57,58] were scrutinized using an optical microscope. To this end,
the structural changes of the microstructures were directly monitored under an optical
microscope. Moreover, a sample can be observed indirectly via snapshot imaging with
scanning electron microscopy (SEM). The preservation of the morphological features after
chemical treatment indicates chemical stability, while nanostructure disintegration and
morphological changes are the reasons for chemical instability [59]. These changes at
the three-dimensional microscale can be well understood using these microscopy tech-
niques, even at low resolution. For example, the dissolution of diphenylalanine (FF)
micro/nanostructures in phosphate buffer solution and methanol are discussed below
(Figure 2). The optical images were taken at fixed time intervals during the dissolution
of the structures in a phosphate buffer (Figure 2A—C). The SEM images of the nanostruc-
tures were also taken in the buffer (Figure 2D) and methanol (Figure 2E). The dissolution
mechanism was confirmed by analyzing the images. Different solvents would dissolve
nanostructures in a chain-type reaction or as power-law nucleation with a consequent
interface advance. The former reaction caused the crack development and separation of
the nanostructures into pieces (Figure 2E), while the latter led to their thinning (Figure 2D).
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Figure 2. (A-C) Optical microscopy images of diphenylalanine (FF) micromaterials in the phosphate
buffer solution at regular time intervals. Reprinted with permission from [56]. SEM images of the
micromaterials after incubation in the buffer solution (D) and in methanol (E) for a few minutes
(reprinted with permission from [58]). Copyright (2015) American Chemical Society. Green arrows
indicate completely dissolved nanostructures. Scale bar corresponds to 200 pm.

3.2. Self-Assembly of Biochemicals into Nanostructures

The self-assembly of biochemicals can be characterized using SEM with resolutions
<100 pm. For example, the self-assembly of biochemicals, such as FF, in different solvents
was monitored to find out the formation of nanostructures for diverse applications [60].
The morphological evolution of the FF into a particular structure is a complex combination
of nucleation, growth, habit modification, agglomeration, and aging. These processes are
influenced by dominant parameters, such as the degree of super-saturation, the level of
active impurities, and the solvent pH. To study the morphological evolution of the FF
into a particular nanostructure, an SEM technique was successfully used to find a suitable
structure for the correct function (Figure 3a).

For a second example, the self-assembly of biochemicals into nanoparticles was studied
using SEM at a resolution of ~100 nm. These types of studies are usually necessary to
increase the stability of bioactive nutrients under unfavorable environmental conditions,
during the processing and storage of foods, and optimize the release kinetics of the drugs
in the body. The shelf life of bioactive nutrients, such as vitamin C [61] and crocin [62], and
the delivery of drugs, such as 5-fluorouracil [63], were increased through encapsulation
in biodegradable biopolymers via self-assembly. The stability and delivery performance
depend on the particle size and morphology. The study of such characteristics of the
nanoparticles can all be done via three-dimensional imaging of the structures using electron
microscopy techniques. For example, the chitosan molecular weight was associated with
the size of the self-assembled nanoparticles of chitosan-sodium tripolyphosphate/vitamin
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C. The higher the molecular weight, the higher the particle size. The maximum loading
efficiency was found to occur at 110 kDa (Figure 3b).

(@)

Figure 3. (a) Scanning electron micrographs of the diphenylalanine (FF) nanostructures at various
degrees of super-saturations; (b) SEM images of chitosan-sodium tripolyphosphate/vitamin C
nanoparticles at different chitosan molecular weights of 450 (A), 110 (B), and 65 kDa (C), scale bar
corresponds to 200 nm; reprinted with permission from [64].

To study the self-assembly of many other biochemicals, it is necessary to equip
ourselves with microscopes with higher resolutions of ~10 nm. For example, through
the self-assembly of triphenylalanine peptide [65]; diphenylglycine [66]; methyl meta-,
ortho-, and para-aminobenzoate [67]; N-fluorenylmethoxycarbonyl-diphenylalanine (Fmoc-
FF) [68]; and viral capsid proteins with nucleic acids [69] in different media into nanorods,
nanospheres, vesicles, and nanofibers, virus-based platforms were found to have possible
applications in electronics, tissue engineering, sensing, composites, and drug delivery
systems, as shown using transmission electron microscopy (TEM) techniques. Furthermore,
TEM was successfully applied to confirm the self-assembly of Fmoc-FF and arginine-
glycine-aspartate into nanofibrous hydrogel as a 3D scaffold for anchorage-dependent
cells [70].

To reach a much higher resolution of ~1 nm, atomic force microscopy (AFM) was
suggested for the study of surface properties. Nezammahalleh et al. [71] used the AFM
technique to characterize the surface properties of dipicolinic-acid-imprinted and non-
imprinted polymers. The imprinted polymers were found to have surface cavities, while
the non-imprinted ones had no significant surface sites for specific binding (Figure 4).
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Figure 4. The AFM images of the dipicolinic-acid-imprinted polymers (a) and the non-imprinted
ones (b). The surface topography was elucidated using curves of the density profiles along the red
dotted lines. Reprinted with permission from [71].

4. Biochemical Interactions in Life Sciences
4.1. Cyto-Histochemical Studies

The characterization of biochemical interactions is of paramount importance in biolog-
ical sciences, especially for live-cell imaging. An optical microscope with a low resolution
was effectively used for the localization and interaction of biochemicals in a cell using
fluorescent biomarkers. To mention a few examples, diphenyl-1-pyrenylphosphine was
proposed as the labeling dye for the visualization of lipid and protein hydroperoxides in
cells [72]. The cellular lipids can be visualized upon interaction with Nile red dye and
the consequent fluorescent emission with variable intensities depends on the surrounding
medium (Figure 5). Aqueous media completely quenches fluorescence, while hydrophobic
media, e.g., acetone and dimethyl sulfoxide, enhances the fluorescence intensity. The Nile
red fluorescence emission can be observed under interaction with plasma membrane lipids
and triglyceride lipid globules at 630 nm and 575 nm, respectively [73]. The lipid droplets
with yellow fluorescence near the cell wall helped us find the accumulation of lipid globules
next to the cell membrane (Figure 5b). The lipid droplets could also be clearly observed
in intercellular substances surrounding the cells. This knowledge is very important for
in situ lipid extraction from algal species. Unstained C. vulgaris cells under a fluorescent
microscope show the characteristic red fluorescence from chlorophyll molecules (Figure 5c).
The histochemical localization of flavonoids and chlorophylls were successfully observed
in microalgal species using an optical microscope with 40X magnification. The flavonoids
were known to exist in plants and green algal species [74]. The histochemical examinations
of three algal species, including C. vulgaris, Spirulina sp., and Fischerella sp., were carried
out using Neu's reagent. The flavonoid staining with this reagent resulted in bright orange
fluorescence under UV light [75]. Histological studies are important in the treatment of
living cell species. Table 2 presents a review of different reagents used for the localization
of cellular components.
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Figure 5. (a) Intact Chlorella vulgaris cells before staining under an optical microscope. (b) Histochem-
ical localization of lipid bodies in the cells after staining with Nile red under a fluorescent microscope.
(c) The unstained algae under a fluorescent microscope with the characteristic red fluorescence. Red
arrows indicate the stained lipid globules emitting fluorescence at 575 nm. Reprinted with permission
from [76]. (d) Light microscopy images of live versus dead microalgae Haematococcus pluvialis. Scale
bar corresponds to 20 um.

Table 2. Histological observation of living cells under different environmental conditions.

Biochemical Reagent Remarks Ref.

The luciferase oxidizes D-luciferin in the presence of ATP and
magnesium to enzyme-bound luciferil-adenylate. The
luciferil-adenylate complex is subsequently oxidized to oxyluciferine.
The light emission is a consequence of the rapid loss of energy of the [77,78]
oxyluciferine molecule from an excited state to a stable one such that
yellow-green photons are emitted. The amount of emitted light is
proportional to the ATP content.

The reagent stains the callose in plant cell walls blue, which can be

Adenosine D-
triphosphate (ATP) luciferin/luciferase

Callose Aniline blue R . . [79]
visualized under a light microscope.
L Phloroglucinol + The reagent stains lignin purple-red, which can be visualized under a
Lignin . . [80]
HCI light microscope.
The resorufin ester has no fluorescence, while its cleavage via lipase
Lipase Resorufin ester enzymatic action releases resorufin, which emits fluorescence under [81]
visible light excitation at 570 nm in protoplast.
Lipid bodies Nile red The reagent sp§c1f1cally stains lipid globule.s red, which can be 176]
visualized under a fluorescence microscope.
Protein reserves Naphthol Blue Black The reagent spec1f{callyt stains protelr} reserves dark blue, which can be 182]
visualized under a light microscope.
The reagent stains the nuclei blue, which is observable under a light
- . microscope. This staining procedure is followed by counterstaining
Nucleic acids Alum hematoxylin with an alcoholic solution of eosin Y, which stains other cellular (831
structures red, pink, and orange.
Starch reserves Periodic acid—Schiff The reagent stains starch reserves Pmk, which can be visualized under [74]
a light microscope.
Suberin Toluidine blue O The reagent stains the aliphatic domains of suberin yellow, which can [84]

be visualized with an optical microscope using white light.
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In addition, the optical microscope was effectively used for cell viability assays. One
of the main causes of cell death is the irreversible permeability of cellular membranes. The
cellular plasma membrane is an active interface for accurate control of metabolic activities
and interaction of the cells with the environment. The membrane permeability can be
investigated using Evans Blue dye, where dead cells are stained blue after interaction
with the dye. This technique was used to determine the number of cells with a disrupted
membrane after some physicochemical pretreatment (Figure 5d).

Even though these characterizations are very useful for engineering purposes, they are
not applicable to scientific analysis. For example, the study of protein—protein interactions
needs much higher resolutions to understand the binding affinity and the kinetics of
binding measurements.

4.2. Design of Probes for Live Cell Imaging

Over the past few decades, there were significant advances in image processing, as
well as in optical instruments that helped us use fluorescent biomarkers for the direct
characterization of biochemical interactions down to the molecular level. Compared with
non-targeted visualization techniques for engineering purposes (Section 4.1), the target vi-
sualization was effective in the characterization of biochemical interactions at much higher
resolutions (<50 nm). Lukinavicius et al. [85] designed fluorogenic probes for live-cell
imaging of a cytoskeleton in which they develop far-red fluorogenic probes for actin and
tubulin fluorescence imaging in living cells that have low cytotoxicity and high brightness
and photostability. With a resolution unheard of for visualizing cytoskeletal structures in
living cells, they were used in stimulated emission depletion (STED) microscopy to show
the ninefold symmetry of the centrosome and the spatial organization of actin in the axon
of cultured rat neurons. Similarly, Xu et al. [86] designed a series of aggregation-induced
emission-based probes with different electron-donating and electron-withdrawing sub-
stituents for hypochlorite detection in real water samples and live-cell imaging. Therefore,
designing probes for live-cell imaging plays a crucial role in the detection of cells with a
possible lowest limit of detection in multiple diseases.

As a first example, super-resolution microscopy techniques were used to characterize
antibody-antigen interactions in cells and whole organisms. This target visualization of dif-
ferent biochemical components is very effective and useful, as there is no interference with
protein functions or the cell behavior in response to external stimuli. Recently, nanobodies
were also introduced as versatile toolkits for microscopic imaging [87]. The nanobodies
were composed of an epitope tag coupled with a fluorescent label using different cross-
linking agents. The N-hydroxysuccinimide ester labeling derivates are widely available for
designing diverse fluorescent probes. A decrease in the size of the fluorescent biomarkers
reduced the distance between the antigen and the fluorescent label and resulted in a much
higher resolution. This technique also obviated the need for the over-expression of the
proteins and the possibility of interference with normal cell behavior. However, there are
several drawbacks to the effective use of these techniques for the characterization of bio-
chemical interactions in live cells. One of the main difficulties is the traversal of nanobodies
through the cell membrane without adversely affecting the nanobody functionality or
cell behavior.

As a second example, we can mention the design of sequence-specific RNA probes
for imaging the target RNAs in both living cells and extracellular environments. This
characterization is very important for our understanding of cellular RNA metabolism
and its functionality. The techniques based on fluorescently labeled RNAs are valuable
tools for plant research [88], as well as for many other instances of cell and developmental
biology research [89]. For example, molecular beacons (MBs), which are short hairpin-
structured nucleic acids with a fluorophore molecule in one end and a quencher one in
the other, take two different forms in solutions. In the presence of target RNA, these
biochemicals bind with each other and the hairpin stem separates them from the quencher.
This hybridization technique was applied for the visualization of the target RNAs under
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a fluorescence microscope. In a solution without target RNAs, the molecular beacon’s
fluorophore group is in proximity to the quencher molecule. This unbounded form of the
probe has no fluorescence. Figure 6 shows the introduction of a gene-specific molecular
beacon and a control one with no cellular target in an Arabidopsis protoplast. The green
fluorescent image of the protoplast was because of the specific interaction of MBs with
target RNAs. In this state, the quencher and fluorophore groups were not in proximity,
as schematically shown in the inset of Figure 6A. No fluorescence could be observed
in the control protoplast (Figure 6B), which was because the MB stem loop brought the
fluorophore and quencher groups into proximity, as schematically shown in the inset
of Figure 6B.

Figure 6. In vivo RNA imaging of Arabidopsis protoplast. Sequence-specific molecular beacons
(A) and control ones (B) were electroporated into the protoplast; I, nuclear region; II, cytoplasm;
III, vacuole. Reprinted with permission from [88].

5. Biochemical Interactions at the Interface between Material and Life Sciences
5.1. Cell-Nanoparticle Interactions

The electron microscopy techniques can provide us with high-resolution images of
cell-material interactions. These techniques do not lead to real-time characterization, but
still provide useful information for many scientific and engineering investigations.

The cell-nanoparticle interactions can be visualized using electron microscopy tech-
niques to understand the effects of material charge and size, ultrastructural alterations of
cells, and so on. To mention a few examples, Rothen et al. [90] studied the penetration
and localization of three different particle types (gold, TiO,, and polystyrene materials
uncharged or charged negatively and positively) into red blood cells. They concluded
that particle size is the most influential factor in the translocation of the particles into
the cells. The TEM images of the translocated particles were visualized as black dotted
spots. In this article, the LSM micrographs of the particles attached to or within cells were
viewed as different colors from the background autofluorescence of the cell. To design
efficient drug carriers, the surfaces of silica nanoparticles were modified with different
synthetic cell-penetrating peptides and the uptake efficiency by HeLa cells was analyzed
using SEM [91].

In another class of studies, the ultrastructural alterations of the treated cells were
characterized using TEM to find out the threshold limit of each treatment and the toxicity
mechanism. The uptake of metallic nanoparticles or solvent treatment of microorgan-
isms disrupts their normal cellular functions and changes their ultra-structures [92]. The
presence of metallic nanoparticles beyond the threshold limit can disrupt the plasma
membrane [93]; disorder grana lamella in photosynthetic cells [93]; and cause cytosol
leakage [94], mitochondrial damage [95], and structural organelle damage [92]. All these
effects cause cell death with or without inflammation or cell disruption. In situ extraction
capability of algal lipids by organic solvents was studied using TEM [96] to understand the
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structural variation of the cells in the absence or presence of organic solvents (Figure 7). The
objective of this study was to find out the possibility of lipid milking. The cell wall structure
of algae under lipid milking would be much looser than the control cells and the border
of cell walls would also be blurred; meanwhile, structural damage, plasma membrane
rupture, and cytosol leakage would occur in algal cells incapable of lipid milking [97].

Figure 7. Schematic representation of lipid milking process from Botryococcus braunii during treatment
with a biocompatible solvent, e.g., tetradecane (Ch: chloroplast; Py: pyrenoid; LB: lipid body; CW:
cell wall; CM: cell membrane; GOM: granular osmiophilic material). The upper panel shows the TEM
image of the microalgae. Adapted with permission from [96].

In addition, real-time imaging is one of the most valuable analytical tools that allow for
direct visualization of the journey and fate of biomaterials and nanoparticles within healthy
and diseased organs and cells. Intravital real-time CLSM (IVRT-CLSM) is one such real-
time imaging tool that can help to understand the nano-bio interactions in living animals.
For example, IVRT-CLSM was used to study the pharmacokinetics, interactions with liver
sinusoidal scavenger cells, and biliary elimination of biomaterials and nanoparticles [53].
The interaction of poly(ethylene glycol)-oligo(L-lysine) with liver sinusoidal wall and biliary
excretion using IVRT-CLSM is shown in Figure 8 and the trans-endothelial transport of
nanoparticles using TEM and intravital microscopy was explained by Sindhwani et al. [47].

5.2. Measurement of Biochemical Interaction Forces

The study of antibody-antigen interaction forces is of high importance for deciphering
the mechanisms underlying these biological processes. AFM in force spectroscopy mode is
a powerful tool to study such interactions down to the molecular level in an extracellular
environment. The microscope tip is functionalized with biochemicals (in single-molecule
force spectroscopy) or living cells (in single-cell force spectroscopy). Then, the interactive
forces including the adhesion and rupture ones between the functionalized tip and a
chemically modified substrate are measured during the attraction and retraction of the tip
to/from the surface. The structure and functionality of the biochemicals can be elucidated
through this quantitative microscopic technique [98,99], as schematically shown in Figure 9.
The states I to III on the curve occur during the tip’s approach toward the substrate. The
microscope tip deflects away due to repulsive forces; in state III, the deflection reaches
the maximum. The tip is then retracted away from the surface (states IV to VI) and the
attractive force decreases continuously. The adhesion bonds progressively loosen until full
detachment in state V, where the pulling force of the cantilever exceeds the tip—substrate
attractive force. Depending on the number of binding events between the tip and substrate,
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several characteristic jumps will be observed in the force—distance curve. In this scheme,
only one characteristic jump is shown. This technique maps out the distribution of single
proteins on a cell surface and provides an understanding of the assembly of surface-
associated proteins into functional micro/nano-domains. This characterization technique
not only provides us with valuable information on the binding affinity and functionality of
proteins but also helps us to discover cell responses under stress conditions [100].
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Figure 8. Schematic representation of the interaction of poly(ethylene glycol)-two-arm-PEG-oligo
(L-lysine) with liver sinusoidal wall and biliary excretion using IVRT-CLSM with real-time imaging
at multiple time intervals of 5 min, 1 h, 3 h, 6 h, and 9 h. Adapted with permission from [53].
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Figure 9. Schematic representation of the interaction between a functionalized AFM tip during attrac-

tion toward and retraction away from a chemically modified substrate, along with the corresponding
force—distance curves; adapted with permission from [99].

The measurement of biochemical interaction forces using AFM in single-molecule
force spectroscopy mode can provide reliable information about the biological activity of
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sensing systems [101]. The surface of the AFM tip was grafted with the complementary
species on the sensing surface. The AFM probes were then used to record the force—distance
curves for the two ligand-receptor pairs. The observance of rupture peaks at some tip-to-
surface distance can be associated with specific adhesive forces between complementary
ligand-receptor molecules [102]. The consistency of the measured forces to the rupture of
an antigen—antibody complex was confirmed by comparing the force—distance curves of
those recorded between the tip and a clean surface (they were not expected to interact with
each other). The main advantage of this technique for verification of the specificity and
biological activity of sensing systems is the possibility to carry it out on any substrate with
no restriction on size and geometry; in contrast, the study of biological processes using the
SPR technique requires a metallic substrate deposited as thin layers on glass [103].

The measurement of interaction forces between different biochemicals using AFM in
force spectroscopy mode can provide a wealth of information on cell surface functionali-
ties [104], which benefits drug delivery and cancer research [27,105,106]. These applications
of AFM are not discussed further due to brevity.

The AFM imaging technique enables the intact characterization of biochemical interac-
tions at the molecular level. The key benefit of AFM is that we do not need to stain, label,
or fix biomaterials or cells on a surface under physiological conditions [100]. However, it
is the best technique for visualizing biomaterial surface properties and gaining insights
into cell surface functionalities, but it is not applicable to live-cell imaging of intracellular
biochemical interactions. The analysis of AFM images was also introduced as a unique
tool to acquire valuable information about DN A—-protein interactions involved in DNA
mismatch repair, as this elucidation process requires purified proteins and no labeling
agents [107].

6. Conclusions and Future Outlook

Biochemical interactions were found to be of paramount importance in a myriad
of scientific research and engineering applications. The morphology of self-assembled
biochemicals, stability of nanostructures in different media, determination of binding
affinities, kinetics of biochemical interactions, localization of cellular organelles, design of
DNA imaging probes, study of cellular structures, and cellular membrane permeability are
all crucial research topics for emerging applications in biomedical, food, agricultural, and
electronic industries. To this end, microscopic techniques are powerful tools at our disposal.

A broad range of microscopic techniques was developed to conduct biological and
physicochemical characterizations. These powerful tools can be applied to confirm the
results of other techniques or to discover new facts. The microscopy techniques (such as
AFM, TEM, or SEM) can provide direct evidence of morphological features of materials;
meanwhile, other techniques (IR, LSR, DLS, and SPR) can provide some indirect evidence of
material surface properties. Microscopy is a powerful tool for quantitative and qualitative
surface studies in both material and life sciences.

The recent advances in super-resolution or fluorescence microscopy enabled us to run
live-cell imaging and improved our understanding of cellular dynamics. However, the high
sensitivity of biochemical reactions or cell metabolism to the chemical environments made
it impossible to perform accurate observations. It is highly important to find out strategies
for live-cell imaging without any external perturbation. In light of image processing
algorithms and advanced optical instruments, different fluorescent labels can be applied to
visualize several biological processes. However, all these live-cell imaging techniques utilize
external compounds, raising concerns about different cellular functions and metabolism
than the native intact ones. The external metabolites can induce different cellular pathways.
For example, it could lead to peroxide accumulation and different defense mechanism
induction, or the over-expression of some biochemicals will change the normal cell behavior.
Accordingly, it is necessary to test cellular bioactivity and growth prior to using a specific
fluorophore for microscopic analysis. The AFM techniques were successfully applied to
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live-cell imaging of external cell-material interactions without any need to stain, label, or
fix biomaterials or cells on a surface.

The significant advances in super-resolution microscopy allow for mapping out the
biochemical organization and self-assembly into different cellular components. However,
the application of electron microscopy is strongly suggested for scientific investigations in
material science because of the much higher resolution (~0.05 nm). The techniques based
on fluorescence microscopy are suggested for the direct observation of cellular dynamics
and biochemical functionalities in a different biological milieu. For studies at the interface
between the material and life sciences, it is better to rely on AFM techniques. The AFM
tips can be modified with different proteins, e.g., antibodies, to characterize biochemical
interactions at a high resolution.
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