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Since its invention, atomic force microscopy (AFM) has come forth as a powerful member
of the “scanning probe microscopy” (SPM) family and an unparallel platform for high-
resolution imaging and characterization for inorganic and organic samples, especially
biomolecules, biosensors, proteins, DNA, and live cells. AFM characterizes any sample by
measuring interaction force between the AFM cantilever tip (the probe) and the sample
surface, and it is advantageous over other SPM and electron micron microscopy
techniques as it can visualize and characterize samples in liquid, ambient air, and
vacuum. Therefore, it permits visualization of three-dimensional surface profiles of
biological specimens in the near-physiological environment without sacrificing their
native structures and functions and without using laborious sample preparation
protocols such as freeze-drying, staining, metal coating, staining, or labeling.
Biosensors are devices comprising a biological or biologically extracted material
(assimilated in a physicochemical transducer) that are utilized to yield electronic signal
proportional to the specific analyte concentration. These devices utilize particular
biochemical reactions moderated by isolated tissues, enzymes, organelles, and
immune system for detecting chemical compounds via thermal, optical, or electrical
signals. Other than performing high-resolution imaging and nanomechanical
characterization (e.g., determining Young’s modulus, adhesion, and deformation) of
biosensors, AFM cantilever (with a ligand functionalized tip) can be transformed into a
biosensor (microcantilever-based biosensors) to probe interactions with a particular
receptors of choice on live cells at a single-molecule level (using AFM-based single-
molecule force spectroscopy techniques) and determine interaction forces and binding
kinetics of ligand receptor interactions. Targeted drug delivery systems or vehicles
composed of nanoparticles are crucial in novel therapeutics. These systems leverage
the idea of targeted delivery of the drug to the desired locations to reduce side effects. AFM
is becoming an extremely useful tool in figuring out the topographical and nanomechanical
properties of these nanoparticles and other drug delivery carriers. AFM also helps
determine binding probabilities and interaction forces of these drug delivery carriers
with the targeted receptors and choose the better agent for drug delivery vehicle by
introducing competitive binding. In this review, we summarize contributions made by us
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and other researchers so far that showcase AFM as biosensors, to characterize other
sensors, to improve drug delivery approaches, and to discuss future possibilities.
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INTRODUCTION

Understanding the process of biosensing, characterizing
biosensors (Pontinha et al., 2011; Kim et al., 2015; Chiorcea-
Paquim et al., 2018; Chiorcea-Paquim et al., 2018), measuring
interaction forces between ligand–receptor pairs (Sarkar et al.,
2019), and utilizing self-assembled nanoparticles and other drug
delivery carriers to improve drug delivery approaches are of
utmost importance in the field of biomedicine,
nanotechnology (Goldsbury and Scheuring 2002; Wu et al.,
2002; Kreplak 2016), and biophysics. Atomic force microscopy
(AFM) (Lal and John 1994; Parot et al., 2007), with its unique
capability to perform high-resolution imaging and characterize
organic and inorganic samples in ambient air, liquid, and
vacuum, is advantageous over other scanning probe
microscopy (SPM) techniques to investigate all the scenarios
mentioned above. Other than topographical imaging, AFM

(Cuellar et al., 2013; Senapati et al., 2013; Vahabi et al., 2013)
offers the opportunity to measure nanomechanical properties like
elastic modulus, adhesion, deformation, and dissipation of any
substate, and AFM cantilever tip acts a nanoindenter in that case.
In addition, AFM probe might be transformed into a specific
biosensor to measure piconewton (pN) range interaction forces
with particular cellular receptor on live cells with high specificity
and high signal-to-noise ratio. AFM-based force spectroscopy
(AFM-FS) (Guo et al., 2016) is an outstanding way of
understanding the interaction forces and binding kinetics of
protein–protein and ligand–receptor interactions on live cells
at single-molecule level using protein or ligand functionalized tip.
In this review, we summarize how AFM has been utilized to
understand the topographical and nanomechanical properties of
multiple drug delivery carriers/vehicles as well as to learn about
the binding dynamics of the targeted receptor/tissue/organ with
these carriers. AFM can also help in selecting a better candidate

FIGURE 1 | (A) Schematic diagram of bio–atomic forcemicroscopy (AFM) setup sitting inside a vibration isolation hood. (B)Basic working principle of AFM showing
the major components like flexible cantilever with a sharp tip at the end, piezoelectric scanner, and cantilever deflection detection system, i.e., split photodiode and
position sensitive detector, AFM electronics, feedback loop, cantilever, and sample holder. (C) Two basic modes of operation: contact mode (continuous contact of tip
and sample) and tappingmode (intermittent tapping by the tip on sample). (D) Applications of bio-AFM to (1) improve nanoparticle-based drug delivery approaches
(i.e., measuring the size, shape, and morphology of the drug delivery carriers and finding a suitable carrier by measuring the most probable unbinding force and binding
probability (Jones et al., 2017); (2) serve as a biosensor (for example, biosensing of DNA via AFM by measuring most probable unbinding forces between matched and
mismatched pairs of dsDNA) (Wei et al., 2013); and (3) characterize the morphology, roughness, and nanomechanical properties of the biosensors (for example,
characterization of G-quadruplex electrochemical biosensor was performed using AFM as shown here) (Chiorcea-Paquim et al., 2015).
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for drug delivery vehicle by introducing competitive binding. We
also shed some light on how AFM has not only been used as a
biosensor but also to characterize the biosensors.

Atomic force microscope (AFM) as shown in Figure 1A is a
member of SPM family, and it was invented by Binning et al. in
1986 (Binnig et al., 1986). AFM has the capability to yield three-
dimensional topographical images of conducting and
nonconducting samples in any environment without using
costly and time-consuming sample preparation techniques
including freezing, drying, tagging the sample with dyes, or
using metal coating on the sample like electron microscopy
(EM). AFM consists of a probe (flexible cantilever with a
sharp tip at the end), piezoelectric scanner, cantilever
deflection detecting system or a spilt photodiode, AFM
electronics and feedback loop, and cantilever and sample
holders (shown in Figure 1B). The characterization of any
substrate by AFM (Koehler et al., 2017; Li et al., 2017) is done
by measuring the force of interaction between the cantilever tip
and sample surface (obtained via measurement of cantilever
deflection). The probe is first approached toward the substrate
manually, and this is followed by a fine motion of the cantilever
tip, controlled by the piezoelectric scanner, and it depends on the
force set point chosen by the user. A laser beam is focused at the
reflective coating on the back of the cantilever and the beam
reflects off to a position sensitive detector (PSD) or split
photodiode. When the cantilever tip moves over the hills and
valleys of the sample topography, a constant force (chosen by the
user) of interaction is maintained between the tip and substrate in
AFM contact mode by keeping the cantilever deflection constant.
This process is performed by the feedback loop that negotiates the
piezoelectric scanner height, recorded by a computer. This
information is used to create the topographical image of the
sample. As the cantilever tip comes very close to the sample
surface, the cantilever deflects due to interaction forces between
the cantilever tip and the sample. As a result, the laser spot
deviates to a different position on the photodiode, creating
voltage difference between four sections of the split
photodiode. The voltage difference is used to find out the
interaction force acting on the cantilever tip. Obtaining
topography data via measuring cantilever deflection is only
specific to AFM contact mode. Tapping mode of AFM
performs sample topography mapping by gently tapping the
substrate with an oscillating AFM cantilever tip, and the
oscillation amplitude varies with substrate topography. The
topographical information is achieved by measuring these
amplitude variations and terminating the z feedback loop to
reduce these changes. Because of the several advantages over
other contemporary techniques, AFM is an ideal characterization
tool to promote a better understanding of the characterization of
drug delivery vehicles.

AFM measurements can be performed in different modes
(Dufrene et al., 2017) such as contact mode and tapping/non-
contact mode (shown in Figure 1C). The cantilever tip scans
across the substrate and the probe is in continuous contact with
the sample in contact mode. Changes in the cantilever deflection
are tracked via the photodiode detector and a constant deflection
is preserved between the probe and the substrate by employing a

feedback loop and shifting the piezo scanner vertically. As a
result, tip–sample interaction force is also maintained at a
constant value in contact mode. Spring constant of the AFM
probe can be as low as 0.01 N/m. The force acting on the probe is
calculated from Hooke’s law as

F � −k.x (1)

where x � cantilever deflection, F � force, and k � cantilever
spring constant. AFM has the capacity to measure the deflection
of cantilever as low as 0.1 nm, leading to the lowest force
measured by AFM as 1 pN. AFM probe is oscillated
marginally below its resonance frequency with oscillation
amplitudes of approximately 20–100 nm in the tapping mode.
The cantilever only intermittently taps the sample at the very
bottom of each oscillation swing and the feedback loop maintains
a constant amplitude of oscillation in tapping mode. As tapping
mode reduces the tip–sample contact, it also reduces lateral
forces, preventing both tip and sample from getting damaged.
As described above, there are some differences between the two
major modes of AFM operation. AFM cantilever tip is in constant
contact with the sample in contact mode, whereas the tip is
brought close to the sample so that it lightly taps the sample at the
bottom end of cantilever oscillation in tapping mode. A constant
tip–sample interaction force is maintained in contact mode,
whereas a constant oscillation amplitude is maintained in
tapping mode. Contact mode is harsher on soft biological
samples like live cells and biomolecules due to the presence of
high lateral and frictional forces (causing damage to both tip and
sample) compared to tapping mode. The difference between
tapping mode and PeakForce tapping mode is that the latter is
an improved version that provides the user control over the
maximum force exerted on the tip and an opportunity to have a
turnkey solution for improved imaging and characterization
independent of the experience level of the user (by using
ScanAsyst auto control of the scanning parameters) (Liu et al.,
2018) As PeakForce tapping mode lowers the chances of sample
and tip wear significantly, it is an appropriate mode for extracting
the topographical information of biosensors, biomolecules, and
drug delivery carriers such as self-assembled nanoparticles.
Further development and improvement of peak force tapping
mode (Li et al., 2021) led to the invention of peak force QNM
mode (Sweers et al., 2011; Adamcik et al., 2012; Dokukin and
Sokolov 2012) that has the ability of capturing and analyzing
individual force curves at each contact point and performing the
necessary calculations “on the fly” to produce high-resolution
maps of nanomechanical properties of the substrate. For obvious
reasons, peak force QNMmode has revolutionized the process of
AFM characterization of biological specimens and made it
considerably high throughput. Figure 1D demonstrates
various applications of bio-AFM (Hoh and Hansma 1992;
Shao and Yang 1995; Czajkowsky et al., 2000; Hansma 2001;
Goldsbury and Scheuring 2002; Malkin et al., 2002; Alonso and
Goldmann 2003; Besch et al., 2003; Gadegaard 2006; Shahin and
Barrera 2008; Goldsbury et al., 2009; Ramachandran et al., 2011;
Kreplak 2016; Dufrene et al., 2017; Braet and Taatjes 2018; Gao
et al., 2018; Cheong et al., 2019; Nandi and Ainavarapu 2021), and
we are about to summarize these in this review. Unlike the AFM
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imaging modes where the probe is scanned over the surface of the
substrate, the cantilever tip is first approached toward the
substrate until tip–sample contact happens and then retracted
in AFM dynamic force spectroscopy (AFM-DFS) (Sulchek et al.,
2005; Neuert et al., 2006; Thormann et al., 2006; Diezemann and
Janshoff 2008; Alessandrini et al., 2012; Sengupta et al., 2014;
Sluysmans et al., 2018; Ju 2019; Reiter-Scherer et al., 2019;
Alhalhooly et al., 2021) and single-molecule force spectroscopy
(AFM-SMFS) experiments. These two are similar methods with
slight differences. AFM-DFS is a procedure utilized for the
measurement of binding properties and the force required for
manipulating biomolecular complex or biomolecules, whereas
AFM-SMFS is a method that provides an unparallel control and
sensitivity to manipulate and investigate the nanomechanical
properties of single molecules. The difference between the two
AFM force spectroscopy modes mentioned above and chemical
force microscopy (CFM) is that CFM employs a chemically
modified AFM cantilever tip to gauge the spatial distribution
of various chemical groups on the substrate. Recognition AFM is
quite different from the modes mentioned so far as it utilizes a
magnetic cantilever that is regulated by an external magnetic field
and oscillated in liquid. All these modes will be described in more
details in the following sections of this review paper.

“Recognition AFM” or recognition imaging has facilitated
usage of AFM (Stroh et al., 2004; Ebner et al., 2005;
Hinterdorfer and Dufrene 2006; Tang et al., 2007; Dufrene

and Hinterdorfer 2008; Takahashi et al., 2009; Chtcheglova
and Hinterdorfer 2018; Koehler et al., 2019) as biosensor and
enhanced its performance as a “characterization and detection
tool” of biomolecules. A magnetic cantilever, stimulated by an
external magnetic field, is oscillated in liquid in topography and
recognition imaging (TREC) as shown in Figures 2A–B (Ebner
et al., 2005). Loss of energy from the downswing to the upswing
and back and hydrodynamic drag on the AFM probe make the
quality factor of the oscillation quite low. As a result, the force due
to magnetic field on the cantilever becomes the major force.
Generally, an antibody or aptamer attached to the cantilever tip
via a bifunctional PEG linker is used as the recognition element.
The PEG linkers with long length are chosen for this purpose to
reduce non-specific adhesion and increase degree of accessibility
to the ligand. The amplitude of oscillation on the downswing
decreases when the antibody or aptamer functionalized tip
interacts with the sample features. This reduced amplitude is
not carried over to the upswing. On the other hand, recognition
events cause a reduction of the upswing, and the downswing
remains unaffected. Therefore, the resulting signal vs. time plot
can be divided in half and converted in an image with the upper
part disclosing locations of recognition events and the lower part
yielding the topographical image as demonstrated clearly in
Figures 2C–D (Ebner et al., 2005).

This review comprises of five major sections including this one
(Section 1: introduction). Section 2 summarizes how AFM can

FIGURE 2 | (A–B) Amplitude–distance and force–distance cycle demonstrating a single rupture of avidin–biotin bond. (A) A single rupture event was observed at
14 nm in the amplitude-distance cycle causing amplitude to decrease by ≈ 1 nm. (B) The same rupture event was simultaneously observed in the force–distance cycle
with rupture force of ≈80 pN. (C) Principle of TREC imaging: The cantilever oscillation comprises of lower and upper parts, yielding topography and recognition images
simultaneously. (D)Mica substrate was functionalized with Avidin and imagedwith a biotin functionalized AFM cantilever tip. Bright dots in the left topography image
is well correlated with dark spots in right recognition image; scan size, 500 nm; spots within the dashed circle in the topographical image represent structural
components and devoid of specific interaction (Ebner et al., 2005).
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be utilized to improve drug delivery approaches. Section 3
focuses on how AFM itself can act as a biosensor for sensing
DNA, RNA, drug molecules, proteins, and so on. Section 4
explains the working principle of peak force QNM mode of
AFM that has improved the nanomechanical characterization
of biomolecules. This section also summarizes the
characterization of biosensors, explored using AFM. In
Section 5, we discuss the possible improvements and future
steps that can make bio-AFM more effective and high
throughput.

IMPROVING DRUG DELIVERY
APPROACHES WITH AFM

Any novel therapeutic strategy to treat and cure diseases faces a
significant challenge due to lack of appropriate drug delivery
systems (DDSs) and improper delivery of the drug/therapeutics
(Garg and Kokkoli, 2005; Parot et al., 2007; Lamprecht et al.,
2014) to the organ or tissue of interest. An ideal DDS should be
able to maintain desired drug levels for long time, and protect
biologically active DDSs’ constituents (proteins and peptides)
from degrading. Using a smaller amount of drugs with a reduced
number of dosages is also another quality, an ideal DDS should
possess. The type of DDS is usually chosen depending on the
target cell surface receptor or organ or tissue and the structure of
the therapeutics being delivered. The categories of carriers for
these systems include cellular carriers (live cell and virus), particle
carriers (microspheres, polymeric micelles, nanoparticles,
liposomes, solid lipid particles, and polymeric systems), and
soluble carriers like peptides, proteins, and polysaccharides
(Smith et al., 2018). Among these abovementioned carriers,
particle-based carriers have great potential. These are more
efficient than the other ones due to the perfect incorporation
of the drug within these carriers maintaining the drug’s efficiency
and stability. A wide variety of nanocarriers like polymeric
system, micelleplexes, carbon nanospheres, porous silica, and
graphene are crucial in delivering drugs to designated places even
with poor solubility and permeability. The release mechanism of
these carriers varies from rapid, slow, and local to targeted
delivery. Targeted drug delivery approaches are in the
spotlight when it comes to novel therapeutic strategies. These
targeted strategies have leverage over other medical strategies as
these can prevent side effects and toxicity of chemotherapeutics
by avoiding drug release to unaffected or healthy cells. Targeted
drug delivery can significantly enhance the drug concentration
reaching the target tissue or cell and increasing therapeutic
response and therapeutic index. We summarize the research
studies that employ AFM to properly characterize drug
delivery carriers for optimal usage of carriers in specific scenarios.

Morphology of the Drug Delivery Vehicles
Measurement of the particle size involved in drug delivery can be
performed by AFM more accurately as it enables high-speed and
high-resolution (in nanometer range) imaging of the drug
delivery vehicles (Garg and Kokkoli 2005) in its native liquid
environment. A lot of improvement has been done to make AFM

high speed. High-speed AFM (HS-AFM) (Ando 2019) can
visualize dynamic events of soft biological samples occurring
in liquid microenvironments and identify morphological
variations occurring inside live cells. In HS-AFM, all components
are optimized for their prompt response and vibrations caused by
the fast scanning of the AFM sample stage are efficiently decreased.
Among HS-AFM components, z piezo scanner and the cantilever
have a slower response as these are mechanical devices.
Commercially available short cantilevers are chosen for
shortening the response time of the cantilevers to make AFM
high speed. AFM does not require the usage of fitting functions
or complicated prolonged sample preparation techniques. AFM
modes such as tapping mode, and Peak Force QNM modes are
nondestructive to the sample as they reduce the lateral forces
significantly by intermittently tapping the samples. Liposomes
(Storrs et al., 1995), one of particle type carriers of DDSs
appeared as flat ellipsoids in AFM imaging performed by Storrs
et al. and size of the liposomes (Spyratou et al., 2009), determined
using AFM aligned with the results obtained via transmission EM
(TEM). The size and diameter of the liposomes (Kanno et al., 2002)
conjugated with a transmembrane protein (vesicles) were accurately
determined by Kanno et al. using AFM (diameters: 550–1,500 nm
and height: 1.8–2.5 nm) as demonstrated in Figures 3A–D (Kanno
et al., 2002). AFM topographical imaging also revealed flattened
shape of these vesicles upon their physical adsorption on the freshly
cleaved mica substrate. Solid lipid nanoparticles (SLNs), another
particle type carrier of DDSs, were successfully imaged using AFM
showing flattened nanoparticles (Shahgaldian et al., 2003a). Dubes
et al. showed via AFM imaging that SLNs (Dubes et al., 2003)
derived from amphiphilic cyclodextrins were circular in shape and
found in clusters of 15–30 particles (diameter: 359 ± 50 nm, height:
140 ± 27 nm) as demonstrated in Figure 3E–G (Dubes et al., 2003).
AFMmeasurements of size and diameter of these nanoparticles were
reported by Montasser et al. and proved to be more accurate than
DLS and TEMmeasurements, revealing bimodal distribution of the
nanoparticle population (Montasser et al., 2002) in terms of size and
diameter. Limitations of AFM characterization include cantilever tip
induced activation of cytoskeleton proteins such as talin, vinculin,
and a resolution limit of 50 nm of the nanoparticles inside live cells.

AFM is not only helpful for accurate size measurement but
also important to reveal the structure and shape of these
nanoparticles. Characterizing particle shape is crucial as it can
affect carrier degradation and transport pathways to deliver
drugs. Zhang et al., Gupta et al., and Dong et al. demonstrated
that SLNs had spherical shape as individual particles and existed
as clusters (Dong and Feng 2004; Gupta and Wells 2004; Zhang
et al., 2004) when they formed complexes. The effect of shell
cross-linking on the structure and shape of the nanoparticles was
demonstrated by Qi et al., and the nanoparticles demonstrated
less deformation upon cross-linking (Qi et al., 2004). Cationic
liposomes or SLNs (promising gene delivery vehicle) formed
bonds with DNA and Almofti et al. investigated the
morphology of these complexes by varying liposome: DNA
charge ratio to observe the proper encapsulation of DNA
(Almofti et al., 2003). Efficiency of DDSs employing
nanoparticles as carriers was investigated using both
experimental (via AFM) and computational approaches by
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Ramezanpour et al. (Ramezanpour et al., 2016). Viscosity-
independent diameter measurement of an antimycotic
nanomedicine (AmBisome) was performed by Watanabe et al.
using AFM (Watanabe et al., 2018). AFM tapping mode imaging
by Zhang et al. revealed that intestinal mucous-penetrating
core–shell nanocomplexes were spherical in shape and
diameter varied in the range of 100–300 nm (Zhang et al.,
2018). Masarudin et al. performed AFM imaging of the
chitosan nanoparticles (CNPs) to yield the morphological
information of shape, size, and diameter. Diameter of these
particles was measured to be 45 nm (Masarudin et al., 2015).
Loaded SLNs with anticancer drug and empty SLNs were imaged
using AFM, and their sizes (Akanda et al., 2015) were determined
as 169.8 ± 21.0 and 117.8 ± 11.0 nm, respectively, by Akanda et al.
AFMmeasurements (Cai et al., 2016) of size, shape, and diameter
of these particles turned out to be more accurate than results from
the other contemporary techniques as AFM sample preparation
was less time consuming, samples were not dehydrated, and the
results did not suffer from inaccurate or higher values due to
metal coating on samples.

Nanoparticles such as nanocapsules, nanosized emulsions,
and nanospheres, used for drug delivery are generally less than
200–500 nm in size. Their multiple traits, i.e., porosity, surface
roughness, and shape, make them ideal candidates for precise

delivery. Eaton et al. performed a direct comparison of AFM,
TEM, and SEM results regarding nanoparticle shape, size, and
diameter (Eaton et al., 2017). Tapping mode AFM imaging was
used by Bazylińska et al. to pursue characterization of PEG-ylated
nanocarriers, encapsulating both hydrophobic thiazole dye and
hydrophilic DNA (Bazylinska et al., 2017). Successful
encapsulation of a P13K inhibitor, buparlisib, in nanoparticles
for treating leukomina was observed using AFM (Bousmail et al.,
2017). Through these studies, nanoparticles in size range of
100–200 nm were found to be efficient in encapsulating
hydrophilic drugs to hinder tumor growth (Arora et al., 2017).
The size, shape, and structures of black phosphorus nanoparticles
were explored with AFM revealing the fact that these
nanoparticles possessed a platelet-like structure with sizes
varying in the range of 100–500 nm. For drug delivery in
ovarian cancer cells, these nanoparticles were functionalized
with oxaliplatin and cisplatin (Caporali et al., 2017).

Surface Roughness of the Drug Delivery
Carriers
Roughness of the substrate is an important aspect of drug delivery
carriers’ characterization as it can shed light on the drug release
mechanism. AFM provides a trustworthy measurement (Smith

FIGURE 3 | AFM images for the of HBsAg L particles plated onmica surfaces. (A)With scale of 10,000 × 10,000 × 5 nm and (B)with scale of 2,000 × 2,000 × 4 nm.
The section analysis of AFM demonstrates a flattened disc shaped vesicle comprising of a lipid monolayer with height of 1.8–2.5 nm. The central white dot represents
HBsAg L protein with height of 4–18 nm. (C)Histogram of the diameters of the flattened structures measured from AFM images. (D)Histogram of the size of the vesicles
calculated from the diameters of the flattened disc structures (Kanno et al., 2002). (E–G) Non-contact mode AFM images of the SLNs (β-CD21C6 derived) at scan
ranges of (E) 50 μm, (F) 25 μm, and (G) 5 μm (Dubes et al., 2003).
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et al., 2003) of the surface roughness as the measurement is
usually performed in tapping mode or PeakForce QNM mode
where the probe is not in continuous contact with the sample,
preventing and lowering any chance of damage, modification,
and degradation of the sample due to lateral shear forces.
Roughness expressed as arithmetic roughness average (Ra) is
quantified via calculating the deviation of height from a mean
height by drawing a line across the AFM images. Masking of any
significant traits of the sample surface can also be avoided in AFM
by using simpler sample preparation steps devoid of coating with
metal, freezing, and tagging with dyes used in other microscopy
techniques. For example, polymeric nanoparticles have been
imaged by SEM, showing a smooth surface of these particles,
whereas AFM imaging with smaller length scale showed cracks
and caves on the surface (Kumar et al., 2015; Crucho and Barros
2017). These features are clear indications of diffusive drug
release mechanism. The roughness of both silver nanoparticles
coated with anticoagulant and stabilizing agent (chitosan) and
uncoated silver nanoparticles were simultaneously investigated
with AFM yielding particle diameters of 160 and 30 nm,
respectively (Kim et al., 2015). Reduction in roughness values
was observed with higher chitosan concentration, possibly due to
smooth coating formation. Silver nanoparticles used as drug
delivery carriers to target A549 lung cancer cells were
successfully investigated using both AFM and TEM (Shimpi
and Jha 2017). Roughness measurement of silk nanoparticles,
used for drug delivery was performed by Kumar and Singh et al.
with AFM (Kumar and Singh 2017). Shahgaldian et al. performed
surface roughness measurements of gel dispersed SLNs (used for
topical medicine) and discovered the existence of SLNs as non-
aggregated structures (Shahgaldian et al., 2003b). AFM has also
been utilized to study the effects of ionization radiation on surface
roughness of microsphere (particle type drug delivery carrier)
and non-irradiated microspheres appeared to be smoother in
AFM images (Montanari et al., 2003).

Quantitative Nanomechanical Property
Characterization of Drug Delivery Carriers
PeakForce QNM mode is based on peak force tapping mode of
AFM and has unprecedented power to determine quantitative
nanomechanical properties like adhesion, stiffness or elastic
modulus, deformation, and dissipation of conducting as well
nonconducting samples specially biomolecules, live cells, and
so on. PeakForce QNM mode can help with the
characterization of biological samples like tracking particles of
interest via adhesion mapping, diagnosing cancer using stiffness
values of live cells, and fathoming cellular responses to drugs and
quantifying it. Reggente et al. successfully examined and
identified stiffer magnetic nanoparticles embedded inside soft
tissue, facilitating improvement in drug delivery approaches, and
nanotoxicology (Reggente et al., 2017). AFMhas also been used to
perform nanomechanical property characterization of platelets
on carbon nanocoating to demonstrate the variation of
nanomechanical properties of platelets on nanomaterials
(Karagkiozaki et al., 2010).

Understanding the Binding Dynamics
Between the Targeted Receptor and Drug
Delivery Vehicle
Other than high-resolution imaging, roughness measurement,
and nanomechanical property characterization, AFM is also
extremely advantageous for the measurement of interaction
forces, and important parameters of binding kinetics (binding
probability, most probable rupture force, association and
dissociation rates, and affinity) for protein–protein or
ligand–receptor interactions on live cells at single-molecule
level. For force measurements in protein–protein interactions,
AFM cantilever tip (functionalized with one of the proteins) is
initially brought close to the substrate (functionalized with the
other protein) so that the proteins have the opportunity to bind to
each other. Afterward, the cantilever is retracted with constant
speed to observe the minimum force (unbinding or rupture force)
that is required to break the complex bond. Keeping in mind that
unbinding force is a stochastic variable (due to thermally
activated process of dissociation of the complex bond),
experimentalists have to perform multiple sets of a large
number (e.g., 1,000) of force curves on varying locations to
obtain statistically sound results. Any set of these (e.g., 1,000)
force curves performed with functionalized cantilever tip on live
cells/functionalized substrate will contain single rupture events,
double rupture events, multiple rupture events, and no rupture
events. The most probable rupture force is determined from the
peak of the distribution or histogram of the specific single rupture
events. By dividing the number of force curves showing at least
one bond rupture event by the total number of force
measurement trials in a set, binding probability is obtained.

AFM-FS (Stroh et al., 2004; Hinterdorfer and Dufrene 2006;
Tang et al., 2007; Dufrene and Hinterdorfer 2008; Takahashi
et al., 2009) is crucial due to its wide range of applications
(Mayyas et al., 2010). Other than determining the binding
kinetics and interaction forces, AFM-FS has also been utilized
to understand the unfolding and folding of nucleic acids with
multiple repeated units and single proteins, as well as to study
molecule–material interface and molecule–molecule interactions.
AFM-FS has also been helpful to understand the cellular
mechanics. Quantitative analysis and detection have also been
possible using AFM-SMFS techniques (Mayyas et al., 2010).
Polyproteins were first investigated by the Dougan group
(Hughes and Dougan 2016) using AFM-SMFS techniques
(employing both force-clamp and force-extension modes).
Schönherr et al. (Schönherr et al., 2000) investigated
supramolecular host–guest interactions using AFM-SMFS
technique in liquid and measured unbinding forces between
ferrocene moiety functionalized cantilever tip and β-
cyclodextrin receptor functionalized self-assembled monolayers
coated on gold substrate. Recent research studies to characterize
G protein–coupled receptors were also executed using AFM-
SMFS by the Muller group (Sapra et al., 2019). The function and
structure of cellular membranes, explored with AFM-SMFS
techniques was reported by the Wang group (Shi et al., 2018).
Furthermore, AFM-SMFS has also been utilized to imagine
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proteins, live cells, DNA, antibodies, bacteria, and multiple drug
delivery carriers.

Self-assembled nanoparticles or polymeric nanomaterials have
been heavily employed to transport drug molecules or agents
securely to specific locations. Apprehending the binding
dynamics of these nanoparticle-based carriers with targeted
receptors on live cells at single-molecule level is significantly
challenging. AFM, with its capacity to image with sub-nanometer
resolution and probe these nanoparticles and cellular receptors
with pN resolution, can be a great tool in drug design and drug
delivery. AFM cantilever tip can be coated with the particular
targeted cellular receptor, and the substrate can be plated with
polymeric nanoparticles (used as drug delivery carrier) or vice
versa. AFM is a convenient tool to monitor the response of live
cells to drugs molecules and to find out a better drug delivery
agent by implementing competitive binding. Jones et al. (Jones
et al., 2017) measured interaction forces between folate receptor
alpha or FRα and polymeric nanoparticles linked to its ligand,
folic acid (FA) as demonstrated in the schematic diagram in
Figure 4A. FRα is an overexpressed receptor in most diseases like
fibrosis and cancer. Thus, it appears as a promising target for the
targeted drug delivery approach. In this study (Jones et al., 2017),
the nanoparticles consisted of micelles linked to FA and attached

with triblock copolymer: PEI-g-PCL-b-PEG-FA, and these
nanaoparticles were imaged using tapping mode (Figures
4B–C). The interaction forces and binding kinetics between
these small interfering RNA–tagged nanoparticles and FRα
were explored using bio-AFM in comparison with free FA.
The binding probability was 0.462 and 0.573 for FA
functionalized substrate and the micelleplexes functionalized
substrates, respectively, whereas the cantilever was coated with
folate receptors. The most probable rupture force was 78.6 and
215.8 pN for those two cases, respectively, as evident from
Figures 4D–E. The significant difference in most probable
rupture forces was caused by the formation of multiple bonds
on the folate-decorated micelleplexes. By combining the results of
AFM and flow cytometry, this study concluded that multivalent
micelleplexes formed bonds with FRαwith a greater binding force
and binding probability than monovalent FA. To observe if free
FA addition can outcompete the binding of FRα to micelleplexes,
free FA was injected repeatedly in the flow cell. Figure 4F
demonstrates the binding probability vs. the concentration of
injected FA. The results of this study strongly supported the
notion that multivalent nanoparticles had a greater receptor
binding and high concentration of monovalent ligand could
not outcompete that. This study concluded that injection of

FIGURE 4 | Atomic forcemicroscopy in understanding the binding dynamics of the folate receptor alpha (FRα) with self-assembled nanoparticles (micelleplexes) vs.
free folic acid. (A) Graphical abstract representing interaction between AFM cantilever tip functionalized with FRα and substrate functionalized with folic acid conjugated
nanoparticles. (B) Tappingmode AFM images of micelleplexes: topographical image of micelleplexes on a glass coverslip of 25 × 25 mm; scan size, 10 μm. (C) Zoomed
in version of the topographical image shown in (B); scan size, 2 μm. (D) Rupture force histogram plotted for substrate functionalized with free folic acid and tip
functionalized with folate receptor. (E) Rupture force histogram for substrate functionalized with folate-decorated nanoparticles and tip functionalized with folate
receptor. (F) Binding probability versus concentration of folic acid after injecting folic acid in the flow cell with the substrate, functionalized with folate-decorated
nanoparticles and cantilever tip functionalized with folate receptor (Jones et al., 2017).
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high concentration of competing ligand (FA) disrupted the
stability of micelleplexes.

AFM AS BIOSENSOR

Biosensors (Caballero et al., 2003) have three constituents: a
delivery system for sample, a sensor device implementing
various optical and physical principles, and a substrate for the
sensor (for immobilization of one of the interaction partners).
AFM-SMFS has been utilized in biosensors (based on molecular
recognition) meant for RNA, protein, DNA, drug molecules,
enzyme, and antibody–antigen. Implementation of HS-AFM
scanning, high-resolution imaging, and force spectroscopy
techniques provide opportunities to image biomolecules and
bionanostructures (Parot et al., 2007) like antibody, protein,
DNA, RNA, virus, and live cell, as well as to study molecular
interactions and develop label-free biosensors (Li et al., 2016).
Although AFM is advantageous as a label-free technique, the
combination of AFM and fluorescence microscopy is sometimes
employed to investigate specific interactions like protein–DNA
interactions. While AFM is excellent in shedding light on
structural details of biomolecules and similar substrates, it
faces challenges to differentiate among particles of similar sizes
in a complex system. Fluorescence imaging techniques can
readily access this information using site-specific fluorescent
tags, enabling detection of multiple constituents
simultaneously. A combination of these two techniques may
be useful in these cases. Fluorescence microscopy has been
successfully combined with AFM-SMFS (Steffens et al., 2012)
to detect molecules of interest on the cantilever tip and substrate,
study biomolecular interaction on the cellular surface, and to
detect drug and measure the density of receptors in
ligand–receptor interactions at single-molecule level on live cells.

Because of its high-resolution, specificity, and non-destructive
nature, Recognition AFM has been successfully applied as a
biosensor to investigate and detect proteins, DNA, RNA, and
live cell membrane proteins. Detection of the toxin and ricin
attached to a gold substrate at single-molecule level was
performed by Chen et al. using an anti-ricin antibody–coated
cantilever tip (Chen et al., 2009) and implementing the
Recognition AFM approach. The binding strength of
antibody-ricin interaction was measured as 64.89 ± 1.67 pN
using DFS. On the basis of the binding strength and koff
values measured by AFM, DNA aptamer was proved to be a
more efficient sensing molecule than the antibody in a follow-up
study (Wang et al., 2012) conducted by Wang et al. AFM-based
biosensing is advantageous for many reasons such as obtaining
data with single-molecule specificity. For AFM-based biosensors,
reducing non-specific interactions is critical as these interactions
can result in false positives. Prior to modification, coating the
substrate with an anti-fouling layer (Sharma et al., 2004) has also
been performed by Sharma et al. to reduce non-specific
adhesions.

CFM is an advanced variant in the AFM family that has the
objective to study multiple aspects of chemical and structural
details of molecules and polymers and their effect on the chemical

reactions between the substrate and AFM probe. In CFM (Clear
and Nealey 1999; Takano et al., 1999; Okabe et al., 2000; Fiorini
et al., 2001; Kreller et al., 2002; Brewer and Leggett 2004;
Gourianova et al., 2005; Cameron et al., 2006; Dague et al.,
2007; Dufrene 2008; Foster et al., 2009; Sirghi et al., 2009;
Barattin and Voyer 2011; Teobaldi et al., 2011; Alsteens et al.,
2012; Picas et al., 2012; Beaussart et al., 2014; Hibino andNakano-
Nishida 2014), cantilever tips are chemically functionalized with
particular functional groups for performing specific functions in a
system. CFM relies on two approaches: microcantilever-based
biosensors (MC-B) (Subramanian and Catchmark 2007; Lang
and Gerber 2008; Gruber et al., 2011; Johnson and Mutharasan
2012; Peiner and Wasisto 2019; Bennett et al., 2020; Lee and Lee
2020; Mamou et al., 2021) and nanomechanical cantilever sensors
(NCS) to achieve these goals of characterizing and understanding
the system at single-molecule level with high reproducibility and
repeatability. The microcantilever-based biosensing utilizes the
specific binding of biomolecules for analytical sensing. These
biosensors are advantageous due to their capability of label-free
detection and small sizes (dimensions are roughly 100 × 30 ×
0.6 μm). MC-Bs (Zhang et al., 2018; Zhao et al., 2019) are physical
sensors made of silicon that react to the variation in surface stress
as a result of biological or chemical processes. If manufactured
with small force constants, then these sensors can yield high
sensitivity while measuring surface stress and forces. Assimilation
of molecules on any surface of these MC-Bs causes a differential
surface stress as the adsorption-induced forces change cantilever
deflection. The resonant frequency of the cantilever also varies
due to mass loading. Adsorption-induced change in cantilever
bending and variation in resonant frequency can both be
monitored simultaneously through these sensors. As explained
in the introduction of this review, the cantilever deflection is
usually measured by laser spot movement in PSD and voltage
difference among sections of the diode caused by that. As MC-Bs
require accurate measurement of the surface deflections, the
cantilever bending may be measured via a deflection sensor
embedded into the cantilever. MC-Bs have been applied in
titration-AFM to obtain adhesive forces and apparent elastic
modulus, to detect different chemical groups, and to study
specific interactions.

The working principle of a NCS relies on the adsorption of
analytes on the cantilever surface (coated with a sensing layer).
This absorption results in induced surface stress that causes an
increase in the apparent mass of the cantilever. Upon
functionalization of the cantilever with sensitive materials like
polymers, metal, and enzymes, the specific interactions
(reversible or irreversible) between the sensitive coating and
analyte molecules of interest transform the cantilever into a
sensitive biosensor. For reversible interactions, the interaction
of the analyte with the sensor surface yields a response and sensor
retains its original state when the analyte molecules are
withdrawn. In case of irreversible interactions, the sensor
materials catalyze the chemical reaction between the analyte
and sensor surface, and the analyte gets internalized. Major
controllers of sensitivity (produced by irreversible interactions)
are the degree of uniformity of the sensor surface coating and
external stimuli affecting the molecular reorganization. Few
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studies where NCS (Fagan et al., 2000; Mertens et al., 2019; Peiner
and Wasisto 2019) was used efficiently to achieve this goal are
mentioned here. For example, adsorption of gas can cause
bending and deflection of functionalized cantilever. Thundat
et al. (Thundat et al., 1994a; Thundat et al., 1995) investigated
the absorption of water vapor in an inorganic sensing layer by
functionalizing one side of silicon cantilever with a various
hygroscopic thin films. This study demonstrated that
cantilevers coated with phosphoric acid (H3PO4) caused a
reduction of resonant frequency with reduction of relative
humidity, but usage of cantilevers functionalized with gelatin
film increased the resonant frequency. Detection of several gases
and volatile organic compounds can be achieved by
functionalizing cantilevers with polymer coatings. The study
by Then et al. (Then et al., 2006) showed that these polymeric
coatings on the probe surface absorbed the analyte molecules
causing the polymer matrix to swell up and yielding varied
cantilever stress. Electrochemical AFM (EC-AFM) (Dos Ramos
et al., 2015; Zhang et al., 2015; Ma et al., 2020) is another crucial
mode that enables AFM measurement using a non-conducting
cantilever tip during electrochemical reactions, whereas AFM
does not take part in electrochemical reactions. The oxidation
reactions occurring at the anode and the reduction reactions
occurring at the cathode can both be studied using a special
electrochemical cell with EC-AFM. Real-time effects of electric
fields on the chemical performance and interaction forces of the
target biochemical system have been effectively explored using
EC-AFM–based DFS (Zhang et al., 2015) in multiple studies.

Sensing of RNA
It is crucial to implement efficient methods for RNA detection as
RNA is critically important in decoding, expression, and
regulation of genes. Hepatitis C virus (HCV) RNA was
successfully detected by Jung et al. (Jung et al., 2013) using
AFM-SMFS techniques. In this study, the detection DNA was
covalently conjugated to the top of the dendron (already
immobilized on the AFM cantilever tip), and the capture
probe DNA was covalently conjugated to the top of the
dendron, immobilized to the glass slide. Following proper
hybridization of HCV RNAs to the capture DNA, the
interaction forces were measured between the detection DNA
connected to the AFM tip and captured RNAs using AFM. By
utilizing AFM-SMFS–based force mapping and analyzing
force–distance curves, RNA sample was detected with a
concentration of even 5 fM.

Sensing of DNA
As DNA (Thundat et al., 1992a; Thundat et al., 1992b; Thundat
et al., 1994b) matching and mismatching will result in different
unbinding/rupture forces, AFM-SMFS may be adopted as a DNA
sensor. Albrecht et al. (Albrecht et al., 2003) established a force-
based programmable biosensor for the first time using this
approach by substituting the cantilever spring with a
polymeric anchor and a known fluorescently labeled molecular
bond. Once the cantilever was retracted from the substrate, the
two surfaces were separated causing extension of the polymeric
anchor, rupture of the complex bond, and release of the

fluorescent label. This technique identified single-stranded
DNA (ssDNA) match and mismatch with enhanced sensitivity.
Interaction forces between pyrene functionalized cantilever tip and
matched or mismatched double-stranded DNA (dsDNA) (attached
to gold substrate) were measured by Jiang et al. (Jiang et al., 2010).
This study clearly demonstrated that rupture/unbinding forces were
reduced due to the occurrence of mismatched sites during
pyridine–dsDNA interaction, leading to new pathways to identify
dsDNA mismatch. In another study conducted by Wei et al. (Wei
et al., 2013), a particular ssDNA oligomer sequence was successfully
detected using the label-free, force-based sensing mentioned above
and by comparing rupture force between ssDNA with
complementary ssDNA vs. the rupture force between ssDNA and
graphite substrate as evident from Figures 5A–G (Wei et al., 2013).
As a control experiment, AFM cantilever tip was functionalized with
a particular sequence of ssDNA (D1) and the rupture/unbinding
force was measured between the modified tip and graphite substrate
in DI water. D1-decorated cantilever tip was incubated in 1 nM
complementary sequences of target ssDNA (cD1) and amismatched
ssDNA (mD1), leading to hybridization and mis-hybridization,
respectively. The results of this study showed that average values
of plateau force for the hybridized DNA (D1 + cD1) reduce to
approximately 35.5% with no significant variation of plateau force of
the mis-hybridized DNA (D1 + mD1) compared to that of D1.

Sensing of Protein
Detection of proteins is an important function of AFM-based
biosensors. A force-based protein biochip was invented by Blank
and co-workers (Blank et al., 2003). Single-molecule binding forces
were quantified using an assay. The assay was based on the
measurement of differential unbinding forces by comparing
interaction forces of DNA hybrids with ligand–receptor
interactions. DNA zippers allowed to differentiate between non-
specific and specific interactions and detect antibodies and proteins
with high sensitivity. AFM-SMFS was also efficiently used by Wei
et al. (Wei et al., 2013) for the identification of lysozyme with high
sensitivity. In this study, anti-lysozyme aptamer (D2) was fixed to
the cantilever tip, and the unbinding forces between a SiO2
substrate and lysozyme modified AFM probe (500 pN) were
much higher compared to the forces between SiO2 substrate
and D2-conjugated AFM probe (70 pN). This significant
difference in unbinding forces served as the identification
markers of lysozymes. Sarkar et al. (Sarkar et al., 2019) isolated
DDR1–collagen interactions on live cells and quantified
dissociation and association rates of the protein complex. DDR
is an overexpressed cell surface receptor in many types of cancers.
This study estimated different binding probabilities for collagen
I–DDR binding and collagen I–integrin binding and determined
the density of receptors on live cells using AFM.

Sensing of Antibody–Antigen Interaction
Identification and recognition of antigen–antibody (Willemsen
et al., 1998) and their interactions are of primary importance for
biosensing platforms. High-resolution AFM-FS and
topographical imaging were combined in the force–volume
mode by Kienberger et al. (Kienberger et al., 2006) to measure
interaction forces between lysozyme functionalized mica and
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anti-lysozyme antibody functionalized tip. This study displayed
entirely different images when the tip was functionalized with
antibody versus when the experiment was performed with
nonfunctionalized tip and the binding sites on the lysozyme
were identified. The binding probability decreased noticeably
as the antibody was blocked in the solution. Casalini and co-
workers (Casalini et al., 2015) functionalized cantilever tip with
antigen IL-4 (interleukin-4) and the substrate with anti–IL-4 for
the measurement of antigen–antibody interaction forces and
binding kinetics like unbinding length, binding probability,
and adhesion energy, as demonstrated in Figures 6A–J
(Casalini et al., 2015).

Sensing of Enzyme and Its Activity
Various biochemical reactions are catalyzed by enzymes, and
AFM-SMFS can be instrumental to understand the mechanism of
enzymes. The catalytic activity of the enzyme was explored by
Ditzler et al. by creating stable active E. coli dihydrofolate
reductase (ecDHFR) monolayer on gold coated substrate

(Ditzler et al., 2011). The interaction forces were measured in
this study at single-molecule level between methotrexate
(binding inhibitor) functionalized cantilever tip and enzyme
functionalized gold substrate. Binding kinetics of enzymatic
dextran elongations were studied by Mori et al. using AFM-
SMFS in another study using DSase functionalized mica
substrate and dextran-immobilized cantilever tip (Mori et al.,
2011). The reaction dynamics and the real-time enzymatic
activity were monitored by obtaining continuous force
distance curves on a particular DSase every second. The
results of this study conveyed the shift in the rupture force
peak by nanometer range due to tip–sample contact time of few
seconds and the catalytic elongation rate constant was
calculated as 2.7 s−1.

Sensing of Drug Molecules
AFM-SMFS is also in the spotlight for detection of numerous
drug molecules like adenosine using molecular recognition events
between drug molecules and ssDNA aptamers. Detection of

FIGURE 5 | (A) Schematic diagrams of the process of interaction force measurement between dsDNA and pyrene using AFM single-molecule force spectroscopy
(SMFS). The red arrow represents the mismatched site. All the oligonucleotide sequences utilized in the assay are mentioned at the bottom the red underlining represents
the mismatched bases. (B) Force curves produced with pyrene functionalized cantilever tip and FM-dsDNA functionalized Au substrate at room temperature. (C)M-FJC
model fitting was performed with the force curve. (D) All the rupture lengths of force curves were accumulated to generate a histogram and yield the most probable
rupture length as 73 (±30) nm. (E) The most probable rupture force was calculated from the peak of rupture force histogram as 54.3 (±12) pN. (F) Logarithm of the most
probable rupture forces for interactions between pyrene–FM dsDNA and pyrene–Mis1 dsDNA vs. loading rates are plotted here. (G) Rupture force histograms of the
interaction forces and corresponding Gaussian fits between pyrene and the four different types of dsDNA: Mis1–TT dsDNA (solid), FM dsDNA (short dashed), Mis1–TC
dsDNA (dashed), and Mis1–TG dsDNA (dotted) (Jiang et al., 2010).
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adenosine monophosphate (AMP) was performed by Nguyen
et al. by measuring single small-molecule unbinding forces of a
split aptamer using AFM-FS (Nguyen et al., 2011). The sample
preparation for this study was performed by using a split
bipartite aptamer: The cantilever tip was functionalized with
one portion of it, and the sample surface was functionalized
with the other portion. This study showed an enhancement in
rupture forces between two oligos in the presence of AMP in
the solution vs. control experiments when AMP was absent.
The detection method demonstrated in this study showed
immense potential to develop more drug sensors. In
another recent study, AFM force–based sensor was
developed (Li J et al., 2015) for the detection of adenosine
with higher sensitivity and probe the molecular recognition
events between DNA aptamer and adenosine. This label-free
detection procedure provides an easier and less time-
consuming way of identification of other similar chemical
molecules.

Sensing of Metallic Ions
AFM-SMFS can also be used for the detection of metallic ions that
are dangerous to human health. An AFM-SMFS–based
aptasensor was recently developed (Li Q et al., 2015) for
detecting mercury ions with high sensitivity. Unbinding forces

were measured between graphite substrate and ssDNA (specific
to Hg2+) functionalized cantilever tip for this study and an
increase in unbinding forces was noticed due to addition of
Hg2+ in the flow cell with water. This detection technique can
be similarly used for other metal ions that are harmful to the
environment and the human body. Crown–metal–crown
complexations were studied by Kuo et al. In this study (Kuo
et al., 2015), the cantilever tip and the substrate were
functionalized with two crowns creating
crown–metal–crown assembly upon addition of metallic
ions during AFM force spectroscopy measurements.
Through the measurement of the unbinding force of this
complex during AFM-SMFS peeling experiments, crucial
parameters of binding kinetics like binding probability,
energy barrier, and dissociation rate were also determined
using the Bell–Evans model. In Bell–Evans model (Evans
2001), survival probability or S(t) of a complex bond means
the fraction of complex molecular bonds that has not
experienced rupture/dissociation, and it is represented as

dS(t)
dt

� −koff(f)S(t) (2)

According to Bell–Evans model, the probability distribution of
rupture forces is represented as

FIGURE 6 | (A) (Left) Schematic diagram of a force–distance curve: With the cantilever tip approaching toward the substrate, tip–sample contact occurs. The
cantilever tip bends upward due to repulsive forces and the probe is retracted. When the recognition event occurs, the cantilever tip is bent downward due to adhesion.
The cantilever tip jumps out of contact when force gradient becomes greater than the cantilever spring constant. The maximum adhesion force, calculated as the
difference between the baseline and the minimum during retraction, is the rupture/unbinding force. (Right) L4–PEG linker complex is adhered to an amino-
decorated AFM cantilever tip. (B) Force–distance curve demonstrates a specific rupture event. (C) AFM image of just gold. (D) AFM image of protein G (PG)–decorated
gold. (E) AFM image of anti-IL4 + PG–plated gold. (F) Roughness measurements of the samples shown in (C–E) were performed in air and in PBS solution with AFM.
Roughness decreases upon PG deposition but increases following the antibody coating in both air and PBS. (G–H)Histograms of the unbinding distance and unbinding
force in two dimensions using the HSC6NH2-based protocol PG-based protocol, respectively. (I–J) Force vs. tip sample separating distance plots corresponding to the
hexagons marked with stars in (G) and (H), respectively (Casalini et al., 2015)
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P(f) � koff(f)
_f

exp⎛⎜⎜⎜⎜⎜⎝ − ∫f
0

koff(f′)
_f′

df′⎞⎟⎟⎟⎟⎟⎠ (3)

where Koff is the dissociation rate constant, f is the force, and df/dt
� _f � rf is the load rate.

CHARACTERIZATION OF BIOMOLECULES
AND BIOSENSORS USING AFM

AFM was initially developed for generating three-dimensional
surface profile of organic and inorganic samples. AFM has been
used for monitoring and reporting the topographical changes and
the variation in substrate roughness of multiple biosensors.
Development of PeakForce QNM mode (Sweers et al., 2011;
Adamcik et al., 2012; Dokukin and Sokolov 2012; Nakajima et al.,
2014) of AFM has revolutionized the process of characterization
by allowing users to obtain maps of nanomechanical properties
such as adhesion, Young’s modulus, and deformation with high
resolution and acquisition speed. This mode was developed on
the basis of tapping mode that regulates the maximum or peak

force on the sample and lowers friction and shear forces
significantly by intermittent contact of AFM probe and the
sample surface. Peak force QNM mode analyzes the
force–distance curve for each tapping of the probe on the fly,
and all the nanomechanical properties are mapped with the same
resolution as AFM height image. Figure 7A demonstrates force
applied on the cantilever and Z-position versus time for one full
cycle of probe motion, and the dashed line shows Z-position of
the modulation. The force applied on the probe is represented by
solid blue and solid read while approaching toward the substrate
and retracting from the substrate, respectively. The cantilever tip
is away from the substrate, resulting in the absence of any
significant force on the cantilever at point A. With the
approach of the cantilever tip, attractive forces like capillary
forces, van der Waals force, and electrostatic force pull the
cantilever tip toward the substrate, as shown by the negative
force at point B. The tip–sample contact occurs following that,
and the force increases until peak force occurs at point C (peak
force set point was chosen by the user). The probe is then
retracted from the substrate, and the force decreases until it
reaches a minimum at point D, representing the adhesion force.
Point E represents the pull-off point where long-range forces

FIGURE 7 | (A) Plot of applied force on the AFM probe and Z position of the piezoelectric scanner vs. time: point B represents the beginning of tip–sample contact,
point C represents the peak force, and point D represents adhesion (courtesy: Application note # 128, Bruker). (B) Applied force vs. tip–sample separation plot where the
sum of cantilever deflection and z piezo position represents the tip–sample separation (courtesy: Application note # 128, Bruker). (C–E) AFM images of poly(G) in pH 7.0
(5 µg/ml) when K+ ions were present in the solution with incubation time of (C) 0 h, (D) 24 h, and (E) 21 days. (F) DP voltammograms baseline of 100 µg ml−1 poly
(G) with different durations of incubation (Chiorcea-Paquim et al., 2018).
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acting on the probe reduce to a minimum value. Adhesion force is
the minimum force mentioned in Figure 7B. The probable source
of adhesion force can be the attractive forces (van der Waals,
capillary, and electrostatic forces) acting between the sample and
tip surface. Adhesion force enhances with higher values of
cantilever tip radius. The area above the withdrawing curve
and beneath the zero-force reference is mentioned as work of
adhesion. Integration of (force * velocity) represented by the
yellow area between “retract” and “approach” curve in Figure 7B
over one period of vibration is considered as dissipation.

W � ∫ F
.
.dZ
. � ∫T

0

F
.
. v
.
dt (4)

where F
.

is the interaction force vector, dZ
.

is the displacement
vector, andW is the amount of energy dissipated during one cycle
of interaction. The retract curve is fit using the
Derjaguin–Muller–Toporov model to obtain Young’s modulus.

(F − Fadh) � 4
3
Ep


R(d − d0)3

√
(5)

Ep � [1 − γ2s
Es

+ 1 − γ2tip
Etip

]−1
(6)

where (d − d0) is the substrate deformation, R is the end radius of
the cantilever tip, and (F − Fadh) is the force acting on the probe
w.r.t. adhesion. E* is the reduced modulus that depends on the
passion ratio (γ). Etip is assumed to be infinite to obtain substrate
modulus. The maximum deformation is the indentation of the
cantilever tip into the surface at the peak force. With the
increasing load on the substrate, deformation values become
higher and reaches a maximum value at the peak force.

Chiorcea et al. demonstrated successful characterization of
electrochemical DNA-biosensor that was used for rapid DNA
detection and evaluation of nucleic acid damage (Chiorcea-
Paquim et al., 2015; Chiorcea-Paquim, et al., 2018). Various
protocols for immobilizing dsDNA at the HOPG electrode
surface were validated via AFM imaging and nanomechanical
property measurements. This study showed that a thin dsDNA
film (thickness measured via section analysis of AFM as 0.94 ±
0.2 nm and roughness value as 0.36 nm) appeared as a network
with holes, uncovering many areas of the HOPG electrode
surface, whereas the thick dsDNA film produced a uniform
layer (height: 3–50 nm) of increased roughness (RMS value of
roughness was measured as 3.41 nm) on electrode surface
without gaps. Therefore, the thick layer of the dsDNA film
turned out to be more effective through AFM measurements
as it blocks nonspecific binding of the HOPG substrate and drug
molecules by forming a uniform layer. High-resolution AFM
images were utilized by Oliveira et al. for characterizing various
protocols to immobilize DNA films on the surface of carbon
electrodes before and after exposure to hazardous compounds
(Oliveira and Oliveira-Brett 2010). Synthetic 10-mer homo- and
hetero-oligodeoxynucleotides (10-mer ODNs) of familiar base
sequences were absorbed on the HOPG surface. Their
morphology and mechanical properties were explored using
AFM to obtain a better understanding of the interaction

mechanism of the HOPG surface with a specific nucleic acid.
AFM imaging performed in air demonstrated various degrees of
coverage and adsorption patterns on the HOPG substrate for the
ODNs, correlated with different base sequences and structures of
the specific ODNs. Chiorcea-Paquim et al. explored the
characterization of G-Quadruplex electrochemical biosensors
using AFM. G-quadruplex electrochemical biosensors
(Chiorcea-Paquim, et al., 2018) are becoming increasingly
important because of their highly sensitive electrochemical
response to the structural changes of DNA from ssDNA,
dsDNA, and hairpin DNA. Enhanced specific binding and of
G-quadruplex with the aptamer provides these biosensors the
leverage of higher sensitivity to detect and evaluate live cells, proteins,
metal ions, ligands, and small organic molecules. Existence of long-
chain polynucleotides: poly (dG) and poly(G) in human and other
genomes at both RNA and DNA levels, are obvious, and these
polynucleotides are used as constituents of DNA-electrochemical
biosensors to detect interaction between of G-rich sections of DNA
with drug molecules. This study showed that the poly(G) single
strands formed self-assembly into small GQ regions for short
incubation times when monovalent Na+ or K+ ions were
present, whereas longer incubation periods led to formation of
large poly(G) GQ aggregates with low adsorption (shown in
Figure 7C–E (Chiorcea-Paquim et al., 2015). Voltammograms of
freshly prepared poly(G) solutions in Figure 7F (Braet and Taatjes
2018) showed only oxidation peak of the G residues that reduced
with longer incubation times. The maximum value of GQ oxidation
peak current was observed following incubation of 10 days and
plateaued after 17 days. The combination of AFM-DFS (Strunz et al.,
1999), theory of stochastic system, and steered molecular dynamics
(Zhang et al., 2010;Wong 2018; Spiriti andWong 2021) have created
a new research area that explores mechanical aspects of
ligand–receptor interactions (unbinding/binding) and muscle
proteins as they stretch. This hybrid method has been utilized in
generating information about the energy landscape that regulates
mechanical functions and the multiple components of proteins that
carry forces.

DISCUSSION

Bio-AFM continues to be successfully and heavily utilized for
high-resolution imaging, measuring shapes, sizes, roughness, and
nanomechanical characterization of drug delivery vehicles. AFM
results of these measurements have also been compared to similar
techniques (DLS and TEM/SEM) for validation in multiple
research studies conducted till date, and AFM seemed to
produce more accurate measurements than these techniques.
The applications of AFM-FS and AFM-SMFS techniques
presented in this review paper clearly demonstrate their
advantage over other characterization techniques as AFM can
image biomolecules, bio-nanostructures, biosensors, and live cells
in their native physiological environment with resolution in the
sub-nanometer range. AFM-SMFS technique is a powerful
approach to monitor molecular recognition and molecular
interactions and to build biosensor architectures for dye-free
and label-free biosensing of protein, DNA, enzyme, drug
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molecules, and other analytes. It still remains a promising
approach and will attract more interest in the coming years
for biosensing and characterization of biosensors, encouraging
and facilitating new developments in the area of biomedical
engineering and nanotechnology. However, the following
scopes of improvement should be taken into consideration to
make this technique more efficient and high throughput. Only
experimentalists with extensive training in bio-AFM and
particular skill sets can operate it. It also requires continuous
human supervision. Breaking of cantilever tip after long period of
functionalization and damaging live cell samples due to lack of
optimization of the loading forces are major problems that make
this method low throughput (Xie and Ren 2019a; Xie and Ren
2019b). Over the past couple of years, researchers in the material
science community have begun to combine artificial intelligence
(AI) and machine learning approaches (Huang et al., 2018;
Müller et al., 2019; Alldritt et al., 2020; Gordon and Moriarty
2020; Krull et al., 2020) with AFM for various pattern recognition
and data post-processing tasks. Also, some initial research
happened to select appropriate AFM scanning areas and data
modeling using deep learning. However, the potential of AI-AFM

approaches in characterization of live cells is mostly unexplored.
For example, AI-driven automation opportunity can help with
sample specific loading forces to protect both tip and sample and
auto-select appropriate live cell samples to improve the quality of
data for nanomechanical property measurements. Other than this
possible improvement, AFM probes should be developed that are
already functionalized with specific biomolecules to exhibit
increased activity in case of molecular recognition events.
Other than extracting roughness and topographical
information of different biosensors, nanomechanical properties
(adhesion and Young’s modulus) of these biosensors need to be
characterized too using AFM to increase their efficacy. Also, bio-
AFM setup may be combined with fluorescence microscopy more
to obtain a better understanding of the locations of the molecule
of interest.
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