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ABSTRACT: In marine industries, severe economic losses are caused by accumulating
organisms on surfaces in biofouling processes. Establishing a universal and nontoxic protocol

to eliminate biofouling has been a notoriously difficult task due to the complexity of the marine
organisms’ interactions with surfaces and the chemical, mechanical, and morphological
diversity of the surfaces involved. The tremendous variety of environmental parameters in
marine environments further complicates this field. For efficient surface engineering to combat
fouling, secretion, chemical structure, and properties of biobased adhesives and adhesion
mechanisms must be understood. Advanced characterization techniques, like Atomic Force
Microscopy (AFM), now allow one to study the three parameters determining surface
adhesion and, eventually, fouling, i.e., morphology, chemistry, and surface mechanical modulus.

By AFM, characterization can now be performed across length scales from nanometers to
hundreds of micrometers. This review provides an up-to-date account of the most promising
AFM-based approaches for imaging and characterizing natural adhesives provided by marine
organisms. We summarize the current understanding of the molecular basis and the related relevant processes of marine fouling. We
focus on applications of AFM “beyond imaging”, i.e., to study interactions between adhesives and the surfaces involved. Additionally,
we discuss the performance enhancement of polymer antifouling coatings using information derived from AFM. Knowledge and
control of marine adhesion can be applied to prevent marine fouling, as well as to design bioadhesives to enhance potential medical
applications. We present some milestone results and conclude with an outlook discussing novel possibilities for designing antifouling
coatings and medical bioadhesives.
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Bl INTRODUCTION Macrofouling
Marine fouling refers to the undesirable attachment, growth, Microfauling s s
and accumulation of marine organisms on submerged surfaces Primary film @

in marine environments, including ship hulls, jetties, and other Conditioning film .~ SPofeS  Bamade Uy
marine facilities." ™ In general, marine fouling occurs during P"iteif’s a"i?m"'m 6 Distom %8 || Museel

steps in succession, in which surface-adsorbed organic 3 ¥ M. 5 & o,

molecules attract bacteria, creating a biofilm. This is followed : =

in time by the subsequent settlement of micro and macro-
foulers within several weeks (Figure 1).>° However, some
organisms, like barnacle cypris larvae and spores of seaweeds,
are capable of settling on pristine surfaces without biofilm.”*
Marine fouling inevitably occurs on the surface of almost any
material immersed in seawater.”” ">

To prevent marine fouling, several strategies have been
devised, including the use of (toxic) agents, surface engineering
(patterning), and surface modulus engineering for fouling
release. Currently, antifouling coatings generally employ three
major strategies, ie., the use of biocides, the engineering of
antifouling surfaces, and the application of fouling release
coatings. These aim at preventing the attachment of marine
organisms, or weakening the adhesion of fouling organisms for
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Figure 1. Schematic illustration of the typical marine fouling
organisms and marine biofouling process timeline. Schematics not
drawn to scale.
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Figure 2. (a) Fluorescence microscopy image of adjacent MCF10A (healthy) and MCF10CA1 (malignant) cells and correlated adhesion, height,
and elasticity maps. Reproduced from ref 41. Available under a Creative Commons CC-BY License. Copyright 2020 The Authors. Published by
Wiley-VCH GmbH. (b) The adhesion force histogram plot of single-molecule force spectroscopy data as recorded on a living bacterium, inset:
each colored pixel represents an adhesin-ligand binding event.”® (c) A rupture length histogram plot of single-molecule force spectroscopy data in
(b), inset: the representative force curves. Reproduced with permission from ref 35. Copyright 2021 Springer Nature.

easy removal."” Biocides, including coatings such as tributyltin
(TBT) have been efficient and broad-spectrum antifouling
methods. However, TBTs were banned in 2008 due to their
deleterious effects on nontarget organisms.14 Since then,
alternatives containing other metal compounds (e.g., copper-
based and zinc-based) have been applied, facing increasingly
rigorous scrutiny due to potential threats to marine
ecosystems." Inspired by the resistance of natural organisms
to fouling, a series of microtopographical surfaces with
different shapes and sizes have been fabricated for marine
antifouling, including the textured surface, hierarchical
structure, dynamic surface, and PEGylated coatings.'”"*
Although these approaches promise eco-friendly antifouling,
they face some practical restrictions such as high cost, short
lifetime, and narrow biological spectrum of efficiency. The
currently employed antifouling approaches have been well
summarized, along with their strengths and limitations."*'?™*!

There are over 4000 fouling species in the oceans.””
However, the marine environmental conditions in different
regions are complex and varied in terms of salinity,
temperature, pH, flow rates, biosphere, etc., which also
makes the dominant fouling organisms different.””*” There-
fore, designing a universal coating has been a tremendous
challenge (and likely impossible), as different fouling
organisms rely on different adhesion mechanisms, have
different affinities to various surfaces, and respond differently
to the antifouling strategies chosen. Yet, at least different types
of foulants can be arranged in groups, and group-specific
prevention could be achieved. For example, Flammang et al.
found that the composition of adhesives secreted by various
marine fouling organisms is complex but predominantly made
up of proteins.”* In mussels, for instance, adhesion proteins,
including catechols (dopamine segments), have been validated
as key substances for strong surface adhesion.”> These studies
suggest that in such cases, inhibiting the adsorption of
adhesives can prevent biofouling attachment, as adhesives
mediate the adhesion behavior of the fouling organisms.
However, it should be remembered that this applies to only a
specific group of foulants.
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As mentioned, three basic parameters govern the fouling
attachment: surface morphology, mechanical properties, and
chemical composition. Exploration of the nanomechanical
properties of the adhesive and its interaction with the surface,
of course, would be one of the pivotal points for understanding
the first steps of the fouling process and facilitating the design
of more effective antifouling coatings. Surface morphology
patterning and control of chemical composition are the two
other key parameters, and all these could be efliciently studied
across the length scales by different types of imaging using
Atomic Force Microscopy (AFM) by adjusting the surface
chemical and physicochemical properties. As mentioned,
understanding, design, and synthesis of biobased proteinaceous
adhesives also hold great promise in bioadhesives, e.g., for
surgical applications, medical implants, and bioelectronics.

Over the past three decades, AFM has proven to be a
versatile tool for qualitative and quantitative characterization of
biomolecular/interface interactions.””>” AFM-based force
spectroscopy allows mechanical, chemical, electrostatic, and
biological properties of surfaces to be efficiently explored with
high accuracy.”® As exemplified in Figure 2(a), the adhesive,
height, and elastic properties of both healthy and malignant
cells can be distinctly characterized by AFM. When probing
materials, the AFM tip probe is in the close vicinity of the
sample or even in contact with it. The contact can be stable (in
contact modes) or intermittent (in tapping mode operations).
AFM cantilever deflection measurements quantify interaction
forces between the AFM tip probe and surfaces. Data obtained
is converted using various calibration approaches into force—
distance (FD) curves, such as AFM-based force spectrosco-
py."¥*” Force distance data can be used to characterize surface
mechanical properties (e.g., by quantitative nanomechanics).*’
Various force spectroscopy approaches have also been pivotal
to understanding molecular interactions between various
targets, including specific functional groups to small organic
molecules, macromolecules (such as proteins, DNA, poly-
saccharides, enzymes, etc.),sl’32 bacteria,*>** cells,®® and other
colloidal sized targets. As a common method for studying
interactions, one of the targets is attached to the AFM probe,
while the other is located on the substrate. For single-molecule
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Figure 3. Two marine organisms secreting underwater adhesive. (a) The life cycle of a barnacle and the adhesives secreted at different stages. (b)
schematic of the mussel byssal thread adhesive mechanism. Reproduced with permission from refs 59 and 60. Copyright 2018 and 2021 Royal

Society of Chemistry.

force spectroscopy, there is ideally only one pair of molecules
in effective contact between the tip and the sample, which can
be achieved by adjusting the target surface molecular density. If
macromolecules are studied, statistical analyses are employed
to derive forces at the single molecule level (stretching or
rupture and forming of bonds).*® Figure 2(b) illustrates the
adhesion force histogram plot of single-molecule force
spectroscopy data recorded on a living bacterium, with ~2
nN force characteristic of single molecular interaction. In
Figure 2(c), the corresponding rupture length histogram plot
further elucidates the data from Figure 2(b), with its inset
presenting representative force curves, further demonstrating
the power of AFM in characterizing molecular interactions
with high precision.

In this contribution, we summarize only the most promising
AFM-based techniques that can be used to better understand
the interactions between marine fouling organisms and
surfaces in a subsequent section. We begin by introducing
major marine fouling organisms and their associated fouling
mechanisms, then continue exploring how AFM aids in
studying the morphology and mechanical properties of natural
adhesives. Starting with mesoscale studies using colloidal
probes, which offer insights into protein—surface adhesion
forces at the mesoscale, we delve into molecular-scale
interactions, including single-molecule force spectroscopy and
modifications of AFM probes. Subsequently, we present
applications of AFM in characterizing antifouling coatings
and bioadhesives. Finally, artificial intelligence-assisted AFM
data analysis and material design are summarized. Each section
starts with a discussion of relevant theoretical concepts before
transitioning to examples of practical applications. We note
that there is a very large number of review papers and even
books, have been published in the literature, providing the

physical foundations needed to tackle the applications of our
focus 272937=40

B MAJOR MARINE FOULING ORGANISMS AND
RELATED FOULING MECHANISMS

Marine fouling organisms have evolved sophisticated adhesion
strategies to thrive in the dynamic marine environment,
particularly in tidal and intertidal zones. Biofilms consist of
adsorbed molecules such as proteins, attached remnants of

marine species, bacteria, diverse microorganisms, and their
extracellular polymeric constituents (EPS).*”** The EPS
matrix, formed by a combination of proteins, polysaccharides,
nucleic acids, and lipids, provides structural integrity and a
protective environment for the biofilm community.** To this
layer complex, heterogeneous communities of fouling species
become attached in the next stage of the process. These
communities consist of a diverse array of microorganisms,
diatoms, spores, and microscopic foulants and form the
microfouling stage in the process. Finally, larger soft and
hard species develop to form the macrofouled surface (see
Figure 1). The bacteria within the biofilm are often the initial
colonizers, utilizing flagella or secreted EPS to bridge the gap
between the bacteria and the surface, leading to irreversible
adhesion.”” Diatoms, a significant group of unicellular
microalgae within biofilms, are notable for their robust
adhesion to submerged surfaces, including antifouling coatings.
They play a crucial role in the adhesion process through the
secretion of EPS, which typically exhibit higher concentrations
of sulfates and glucose than those produced by bacteria.***’
For raphid diatoms, their movement and adhesion are
facilitated by secreting EPS through specialized structures
like the raphe.”® Apart from diatoms, some species of green
seaweeds (e.g, Ulva) are prevalent algal biofoulers in the
ocean. Ulva spores are pear-shaped, 7—8 ym in size, forming a
bulge called the apical papilla between the four flagella (see
Figure 1).*® Swimming spores utilize their apical papilla for
surface contact during localized searching. At this stage, they
may rotate and temporarily attach to the surface by releasing a
thin layer of elastic material.” Once a suitable surface is
identified, the spores permanently anchor themselves by
deploying glycoprotein adhesives, and the settled spores
germinate into new adult plants within 24 h.>° This process,
from settlement to adhesion, is rapid, lasting only seconds to
minutes, ensuring the spores’ capacity for swift and robust
attachment to a favorable surface.

Barnacles, notorious as hard macrofoulers, have been widely
investigated.”>" Following six nauplius stages in the planktonic
phase, the cyprids are capable of temporary attachment and
site exploration for finding ultimate settlement positions
(Figure 3(a)). During surface exploration, the discs on the
third segment of the antennules secrete temporary proteina-
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ceous adhesives known as “footprints,” enabling cyprids to
reversibly adhere to hard substrates.”” Once a suitable site for
adult development has been identified, the cyprid secretes
permanent adhesives and undergoes metamorphosis into an
adult barnacle.’® Another hard fouler, mussels that belong to
the class of bivalve mollusks, can adhere to a rigid substrate by
producing a bundle of elastic byssus threads (Figure 3(b)).>*
Each byssus thread (typically ranging from 2 to 4 cm in length
and 0.10 to 0.15 mm in diameter)®” is produced from the
ventral groove of the foot. It forms an expanded plaque at the
distal end, which mediates adhesion to the substrate inter-
face.”* Before attaching a new thread, the mussel’s foot
protrudes from the shell and explores the surfaces with a radius
of approximately 5—6 cm.”® Upon finding a suitable area, the
mucous material is transferred to the substrate for adhesion,
yet mussels retain the capability to change anchoring positions
by detaching their foot and generating new byssus threads.”*
The mussel adhesive composition comprises special proteins
and is well-characterized. The most essential units for
adsorption feature catechols, with 3, 4-dihydroxyphenylalanine
(DOPA) being a common feature in the byssal plaques.’”**
DOPA not only mediates physicochemical interactions with
the surface but also acts as a cross—linkin% agent, enhancing the
cohesive strength of the foot proteins.”® As shown in Figure
3(b), mussel adhesion is a dynamic process with time-
regulated secretion,” and the foot first releases fatty acids at
the interface to repel water from the surface in preparation for
subsequent adhesive secretion and adhesion.>”

B THE USE OF AFM TO STUDY THE MORPHOLOGY
OF THE NATURAL ADHESIVES OF FOULING
ORGANISMS

We first focus our attention on the morphology of natural
adhesives and the possibility of obtaining unique information
about them through AFM. Here we refer to the morphology of
an adhesive to its physical structure, which can include the
shape, size, and arrangement of the adhesive components at
the micro or nanoscale. Understanding the morphology of
natural adhesives is essential as it plays a vital role in anchorage
for an organism’s entire lifespan. When studying this
morphology, the characterization method mustn’t alter or
damage the intrinsic features of the morphology. AFM with
“gentle” imaging modes (e.g, tapping) offers such possibilities
and allows one to directly visualize the morphology of the
adhesives across the length scales, providing insights into the
design principles of nature’s adhesion strategies. Natural
adhesives secreted by the fouling organisms can exhibit a
variety of structures, such as nanopillars, nano- or microfibers,
or gel-like matrices. AFM is a reliable tool for high-resolution
imaging of soft biomaterials under physiological conditions
without sample fixation, dehydration, or staining. Below, we
discuss some representative examples to illustrate the employ-
ment of AFM in visualizing morphology.

Dufréne et al. demonstrated the utility of AFM in directly
visualizing the surface ultrastructure of living microbial cells,
revealing distinct morphological features such as the uniform
rodlets coverage on dormant spores and the smooth surface on
germinating spores.’’ Rittschof et al. focused on imaging the
topography of barnacle cement, discovering closely inter-
locking fibers with a diameter range of 2 to 25 nm on the
barnacle baseplate in air.”> As shown in Figure 4(a), the mesh
appearance when the cement is scanned over a large area in
seawater was reported by Walker et al.”* A rod-like structure
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Figure 4. AFM morphological images of the natural adhesives. (a)
Mesh morphology of the barnacle cement in seawater. (b) A larger,
more regular rod-shaped structure comprising the mesh. (c) Smaller
rod-like and smaller globular features. (a—c) Adapted with permission
from ref 63. Copyright 2009 Taylor and Francis Ltd. (d) Morphology
of cyprid footprints deposited on a hydrophilic surface. Reprinted
from ref 65. Copyright 2014 American Chemical Society. (e) The
deposited footprint material is fibrillar in appearance, and nanofibrils
vary in height between 7 and 150 nm. Reprinted with permission from
ref 67. Copyright 2008 Royal Society. (f) Cyprid footprint deposited
on -NH, surface. A micrograph imaged in the air indicates that the
footprint protein exhibits an aggregated fibrillar structure. Reprinted
with permission from ref 68. Copyright 2009 Taylor and Francis Ltd.
(g) AFM images of the natural marine bacterial community. Adapted
with permission from ref 70. Copyright 2010 Oxford University Press.
(h) A settled zoospore showing the adhesive pad (ap) surrounding
the original spore (s). Reprinted with permission from ref 71.
Copyright 2000 Springer Nature. (i) AFM images of mussel adhesive
proteins (Pvfp-S) on mica. Reprinted from ref 25. Available under a
Creative Commons CC-BY License. Copyright 2015 The Authors.
Published by Springer Nature.

can be observed by further enlarging the mesh structure
(Figure 4(b)). Figure(c) presents a diminutive rod-like feature
with a diameter of 11 nm and a length of 300 nm. Berglin and
Gatenholm revealed that different substrate properties strongly
affect the morphology of the barnacle adhesive plaque.”* They
found that on the polydimethylsiloxane (PDMS) substrate
with low modulus and surface energy, the synthesized adhesive
plaque of barnacle exhibited a completely granular morphol-
ogy, whereas a continuous film-like appearance with a few
fused granules was observed on poly(methyl methacrylate)
(PMMA) with high modulus.

As mentioned above, temporary adhesion is fundamental to
the settlement of cyprids and their subsequent metamorphosis
into adult barnacles. Understanding the temporary adhesion
mechanism is, therefore, crucial for effectively preventing
barnacle adhesion. Researchers have suggested that footprints
facilitate temporary adhesion and serve as a settlement cue in
cyprids.” However, due to the small distribution and optical
transparency of footprint proteins, obtaining their morpho-
logical information has been challenging for a long time. AFM
can image the surface morphology of soft materials that span
nanometers to hundreds of microns, making it an ideal tool for
studying cyprid footprints.

Guo et al. obtained the entire morphology of footprints
under physiological conditions using QI (quantitative imaging)
mode, which records the FD curve at each pixel, making it
possible to obtain information on the morphology and
mechanical properties simultaneously.”*° As depicted in
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Figure 4(d), the footprint is oval-shaped with protein depletion
in the central region, and the entire footprint is approximately
20—40 ym in diameter. Vancso’s team utilized AFM to observe
the footprints left by cyprids walking on two modified surfaces
(R-NH,- and R—CHj-terminated glass surfaces).”” They
suggested that the deposited footprints had a fibrous
appearance (Figure 4(e)), which may provide mechanical
toughness to enhance the adhesive’s ability to resist
deformation under seawater shear forces. Furthermore, they
obtained a more microscopic high-resolution image of the
footprint, revealing isolated chains and bundles of protein
aggregates within the network structure of the footprints (as
shown in Figure 4(f).*® Additionally, this group found that the
footprint size and the microsized fiber thickness on CH;-glass
were larger than those on NH,-glass, indicating different
conformations of footprint proteins via reorganization and self-
assembly.”” As for marine bacteria, Malfatti et al. studied the
shapes, surface morphology, and size distribution of pelagic
bacteria using AFM (Figure 4(g)).”” In another study, the
swelling gel-like structure of adhesives secreted by green algae
spores was observed in contact mode, revealing the natural
hydrated state of the adhesive pads (see Figure 4(h)).”" Lastly,
the mussel adhesive protein deposited on mica, as shown in
Figure 4(i),” exhibits a homogeneous distribution. This
distribution attests to its strong adhesive properties and
provides a reliable foundation for subsequent adhesion
measurements. These examples highlight the significant role
that AFM plays in elucidating the intricate morphologies of
bioadhesives across various fouling organisms.

B HOW DOES AFM HELP TO CHARACTERIZE AND
UNDERSTAND THE MECHANICAL PROPERTIES OF
NATURAL ADHESIVES?

We briefly mentioned earlier that forces operating between the
AFM probe tip and samples can be quantitatively obtained for
contact and noncontact situations. Measuring the forces acting
on adhesive layers and their impact on adhesive performance is
pivotal for understanding binding. As mentioned, AFM can
characterize the structure and properties of materials across the
length scales. So, the question arises: how can one utilize this
characterization potential for bioadhesives? We also mentioned
that we shall not introduce or describe the various imaging and
probing modes of AFM, as there are excellent reviews on this
subject in the literature. Here, we just summarize some major
conclusions relevant to our subject.

When in contact, the AFM tip can function as a
nanoindentation probe. During experimental cycles, the AFM
probe indents into the sample surface with controlled force,
generating a force—distance (FD) curve reflecting the sample’s
deformation response (see Figure 5). Various nanomechanical
properties can be elucidated through the analysis of such FD
curves, which provide insights into the indentation, elastic
modulus, adhesion, and energy dissipation, as shown in Figure
5.” Indentation refers to the depth to which the AFM tip
penetrates the sample surface, which can be used to assess the
hardness and compressibility of the sample. Young’s modulus
is calculated from the initial linear region of the retraction
curve by fitting it to a suitable model (e.g,, Hertz, DMT, and
JKR models).”” The adhesion force can be measured as the
maximum force in the retraction curve.”” The energy
dissipation (which represents the energy loss caused by an
irreversible process) is determined by the hysteresis between
approach and retraction (yellow shaded area in Figure 5).”*
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Figure 5. Schematic of AFM indentation on a soft cell and the
corresponding FD curves. Cartoons depict the relative positions of the
probe and the cell during different critical stages of the measurement
process, as follows: (1) noncontact, (2) initial contact, (3) probe
indentation into the cell, (4) adhesion in the retraction process, and
(5) complete separation. Young’s modulus, adhesion force, and
energy dissipation can be extracted from the retraction curve.

By employing FD experiments, understanding the nano-
mechanical properties of fouling organisms and their adhesive
characteristics has been significantly enhanced. For example,
Callow et al., through AFM indentation experiments, measured
the adhesion strength (~173 mN/m) and Young’s modulus
(~0.54 X 10° N/m?) of the freshly released adhesive from the
green algal spore.”’ They observed a decrease in adhesion
strength and an increase in Young’s modulus as the adhesive
cured, as these changes could be directly observed over time in
the FD curves. These changes reflect the adhesive’s transition
from a viscous state to a harder, more solid material, providing
evidence of cross-linking and hardening of the adhesive.
Similar trends in barnacle cement and mussel adhesive plaques
suggest a common strategy among marine biofoulers to secure
long-term adhesion through adhesive hardening.s‘?”73

Wetherbee et al. identified two unique mucilage layers on
live diatom surfaces. The superficial mucilage layer displayed
an adhesive force of 3.5 nN, while adhesive strands secreting
from the raphe could withstand rupture forces up to 60 nN.”
These changes are considered pivotal to both adhesion and
motility. Walker’s team investigated Young’s modulus of
barnacle cement in air and discovered that the modulus
increased from the outer layer to the inner layer.”> Similarly,
Ulva adhesive exhibited a multilayered structure in its elastic
and viscoelastic properties, with Young’s modulus increasing
from the outer to the inner layers.”® The softer outer layers
potentially provide the necessary flexibility for initial adhesion,
enabling adaptation to irregular surfaces and filling of minute
gaps. In contrast, the cross-linking internal layers enhance
cohesive strength and resistance to shear forces, thereby
contributin% to improved durability and stability of the
attachment.”®
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Figure 6. Schematic of measuring the adhesion force between proteins and various surfaces using colloidal probes. (a) Measurement of adhesion
between cyprid footprints and surfaces with different wettability. (I) SEM image of the colloidal probe. (II) Probe modification with footprint
proteins. (III) Probe-substrate interaction during force curve measurements. (IV) Force curve of footprints with low contact angle surface (40°),
(V) with medium contact angle surface (65°), and (VI) with high contact angle surface (95°). Adapted from ref 65. Copyright 2014 American
Chemical Society. (b) Measurement of adhesion between Bovine Serum Albumin (BSA) and LbL films with negative, zero, and positive potential,
respectively. Reprinted from ref 90. Copyright 2016 American Chemical Society. (c) Measurement of the interaction of cyprid footprint-modified
probe and charged surface under different pH conditions. The red star represents a significant change in adhesion force and indicates the pI of
proteins. Adapted with permission from ref 92. Copyright 2016 Springer Nature.

Poddar et al. further underscored the environmental
sensitivity of bioadhesive mechanics by conducting real-time
monitoring of a marine bacterium exposed to Co** ions. They
demonstrated how bacteria can dynamically adjust their

adhesion strength in response to changing chemical environ-
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ments.”” Additionally, Abu-Lail and Camesano found that the
adhesion force between bacterial surface biopolymers and the
AFM tip increases with high salt concentrations, likely due to a
conformational change in the biopolymers that enhances their

. . 78
adhesive properties.
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In summary, AFM-derived insights provide a profound
understanding of marine biofouling’s complex, adaptive
mechanisms. The curing behaviors, multilayered structures,
and environmental sensitivity exhibited by natural adhesives
are a testament to their sophisticated evolution in the
challenging marine environment, which enables robust
adhesion even amidst variable conditions. The ability of
AFM to reveal such intricate details contributes to the design
of biomimetic adhesives and effectively informs strategies for
combat biofouling.

With the advancement of the method, AFM has become an
enabling tool for high-resolution quantification and mapping of
mechanical properties through arrays of FD curves or
parametric methods.”” Initially, mechanical mapping featured
limitations, such as slow imaging speeds, arbitrary modulation
frequencies, and difficulty mapping heterogeneous surface
elasticity.”” To overcome these obstacles, parametric nano-
mechanical methods such as bimodal AFM and contact
resonance AFM have been developed for the in situ detection
of various components of soft matter, including proteins, cells,
and polymers.*”®" For example, Galluzzi et al. recently
advanced the development of nanomechanical characterization
of heterogeneous soft matter using finite element simulations
based on AFM data.*” It is conceivable that with further
advancement of the technique, the use of various mechanical
mapping may open the way to further understanding the links
among mechanical response, morphology, and function of
natural adhesives.

B MEASUREMENTS OF ADHESIVE FORCES BY AFM
COLLOIDAL PROBES: MESOSCALE STUDIES

AFM Colloidal Probes. AFM colloidal probes are
invaluable for mesoscale studies, offering a complementary
advantage over traditional probes for measuring adhesive
forces. Colloidal probes consist of a spherical particle attached
to the apex of a tipless cantilever, which typically has a radius
of curvature in the micrometer to tens of micrometers range.**
The well-defined spherical tip of the colloidal probe provides a
consistent interaction area that can be characterized,
facilitating more accurate modeling and analysis.** The larger
tip radius results in a higher signal-to-noise ratio, which is
beneficial for studies where subtle interactions are interesting.
On the other hand, averaging interactions over a larger area
means that ensemble averages are determined instead of
isolated molecular events. Additionally, colloidal probes take
into account the average interaction forces across multiple
asperities on rough surfaces, providing a more comprehensive
understanding of the adhesive behavior at the ensemble level.*®

Several methodologies have emerged for securely attaching
smooth microspheres to the tip-free end of the cantilever.
Typically, a trace amount of glue (e.g., epoxy resin, UV-curable
glue) is placed on the cantilever to fix the microsphere. This
process can be realized by dipping a cantilever in glue and then
attaching a microsphere.*® Alternatively, high-temperature
sintering has been implemented to mitigate potential
contamination from adhesive dissolution in liquids.”> In this
procedure, a microsphere is initially adhered to a glycerol-
coated cantilever. Upon heating, the glycerol evaporates,
resulting in the microsphere being firmly attached after
annealing. This technique is suitable for materials with melting
temperatures below the melting of the cantilever, such as
polystyrene and borosilicate glass, compared to silicon nitride
or silicon cantilevers (1200—1900 °C). Finally, Vorholt et al.
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introduced a modular AFM method that enables the reversible
immobilization of functionalized silica beads by applying
negative pressure to a microchanneled cantilever.”” Given a
recent review discussing the applications of colloidal probes to
image and study marine fouling,88 we focus primarily on AFM-
related research, i.e. probing surfaces at the nanometer scale.
However, in the subsequent subsection, we provide a brief
account of some studies using colloidal probes, to complement
AFM results.

Applications of Probing Protein—Surface Adhesion
Forces at the Mesoscale Employing Colloidal Probes. In
addition to being used for high-resolution nanomechanical and
topo§raphical imaging of biological materials such as living
cells,”® colloidal probes are also extensively used in interfacial
force measurements. In marine fouling studies, colloidal probes
covalently attached by cyprid footprints using glutaraldehyde
have been effectively employed to detect the adhesive strength
between footprint proteins and various surfaces in seawater.
Guo et al. demonstrated that the adhesion forces of footprints
on hydrophobic surfaces were higher than on hydrophilic
surfaces by creating a series of surfaces where wettability was
the sole variable (see Figure 6(a)), suggesting that hydrogen
bonding plays a less significant role in adhesion compared to
hydrophobic interactions.”® Expanding on this methodology,
they further investigated the adhesion forces between adsorbed
proteins and layer-by-layer assembled films with varying
surface potentials. As shown in Figure 6(b), the results
indicated the strong adhesion between the protein and the
surface with an opposite charge, suggesting that the electro-
static interaction was the driving force for protein adsorption.”
Most recently, the authors reported the adhesive strength
between footprint proteins and zwitterionic polymer films,
attributing the low adhesion force of the methacrylamide-based
brushes to enhanced hydration.”" Colloidal probes have also
been applied to measure the adhesion between proteins and
charged surfaces under varying pH conditions (Figure 6(c)).”
More importantly, these measured proteins’ isoelectric point
(pI) values can be estimated from the FD curves. With this
method, the pI of footprint protein was determined to be in
the range of 9.6 to 9.7, demonstrating the feasibility of
measuring pl values even for trace amounts of protein. Using
colloidal probes, Hu et al. reported the self-assembly behavior
and adhesion properties of rBalcp19k, a recombinant barnacle
cement protein.’’ Bremmell et al. employed colloidal probes to
study the interactions between fibrinogen and PEG-like plasma
polymer surfaces.”” They observed that the adhesion
disappeared when the measurement medium was changed
from buffer to water, suggesting a transition in molecular
conformation from extended in the buffer to more compact in
water. Additionally, by attaching native bacterial cells to glass
beads, Lower et al. measured their interfacial and adhesion
forces with the mineral surfaces in situ, contributing to
elucidating the interactive dynamics between living bacteria
and mineral surfaces.”* We note that beyond AFM colloidal
probes, the surface force apparatus (SFA) has also been
utilized to measure the adhesion of mussel adhesive proteins to
interfaces and the cohesion between proteins.”>”>”° A detailed
technical description of this method was reported by
Israelachvili et al”” Recent studies have highlighted the
complementary nature of SFA and AFM in probing
bioadhesive interactions.”®”” Let us comment once more on
the role of the interaction area in the information delivered.
Both SFA and colloidal probes offer insights at the mesoscale
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Figure 7. Schematic representation of AFM tip chemical functionalization approaches. (a) Examples of attachment strategies. (b, c) Schematic
showing the coupling of proteins to a silicon tip using (b) NHS-PEG-NHS and (c) NHS-PEG-PDP linkers.

level, in which the contact area in SFA measurements is usually
107> mm? and that of a colloidal probe is about 107> mm?2.'"
Thus, clearly, ensemble properties are delivered. Measurement
at such mesoscale levels helps understand the adhesion of
various adhesive proteins, but it is insufficient to elucidate the
molecular mechanism of adhesion.'”" One of the significant
advantages of AFM (as opposed to SFA and colloid probes) is
that in addition to structure imaging with a resolution down to
the nanoscale (including images of proteins), it can also be
used to measure forces at the single molecule level and perform
force spectroscopy measurements.”® More specific details of
using AFM to explore molecular adhesives are covered in the
following paragraphs.

B EXPANDING THE HORIZONS OF AFM FOR
INTERACTION STUDIES AT THE MOLECULAR
SCALE

AFM-Based Single Molecule Force Spectroscopy. For
many years, studies of the adhesion of marine fouling
organisms have encompassed primarily ensemble-level inves-
tigations. Thus, the underlying physical and chemical
molecular principles that govern the interaction of adhesion
proteins with specific surfaces remained elusive. At the
molecular level, however, active proteins are anticipated to
regulate the adhesion behavior since many proteins can sense
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the external environment and change conformation accord-
ingly.'”” Therefore, a molecular-level understanding of how
surface properties affect the kinetics of protein adsorption and
protein conformation changes will further guide the under-
standing and the design of effective and nontoxic marine
antifouling coatings. The advent of AFM-based single-molecule
force spectroscopy provides new possibilities for the analysis of
intermolecular interactions, includin§ protein—protein and
protein—substrate interactions,'*”'®* and of single-chain
synthetic polymers.'®’

Before we move on to discussing the results of AFM single
molecule force spectroscopy (AFM-SMFS), we briefly make a
few comments about some technical details. In short, isolated
molecules are attached to the probe tip, and their interactions,
including adhesion to the substrate or another molecule
immobilized on the substrate, are monitored.'*®'®” This
approach allows quantitative measurements of the forces
required to separate a molecule from a specific surface,
providing valuable information for exploring the interactions of
adhesion proteins with different surfaces and bond strength.
Protein unfolding processes also carry a characteristic finger-
print to the conformational changes that occur during
stretching. Mechanical denaturing and unfolding pathways
can thus be studied in molecular detail.'""

Modification of AFM Probes. In the realm of single-
molecule studies, the chemical modification of AFM probes
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has emerged as a pivotal technique, providing unprecedented
access to measuring the elasticity of single polymer chains,
conformational changes, desorption kinetics of surface-bound
macromolecules, host—guest interactions, and even the
manipulation and delivery of single molecules.'”™ """ We
provide a schematic in Figure 7, to illustrate representative
examples of tip-functionalization approaches, and then discuss
these in the subsequent section.

In single-molecule force spectroscopy experiments, bio-
molecules are typically immobilized on AFM tips or substrates
using physical adsorption or chemical bonding. Gaub et al.
exemplify the utilization of physical adsorption by attaching
avidin to the silicon nitride surface of the AFM tip to explore
its interaction with biotin."” Despite its simplicity, physical
adsorption often leads to nonspecific and multiple attach-
ments, precluding the observation of unambiguous single-
molecule behavior and accurate measurement of binding
strengths.26 To overcome this limitation, alternative covalent
bonding methods are adopted, using flexible bifunctional cross-
linkers. In this process, one end of the cross-linker is first
anchored to a functionalized tip or substrate, followed by the
attachment of the target molecule to the other end. Commonly
employed linkers include short polyethylene glycol (PEG) and
oligomers, with PEG being the most widely used due to its
versatile synthesis, tunable chain lengths, and functionalizable
termini.' %

The prevalent approach for modifying AFM probes involves
the chemical treatment of commercially available tip-cantilever
systems, often by creating self-assembled monolayers (SAMs).
Silicon or silicon nitride probes are initially activated in a
piranha solution (H,SO,: 30% H,0, = 7:3, v/v) to expose the
silanol group (Si—OH) for subsequent modifications."'” As
shown in Figure 7(a), after activation, further chemical
modifications of these exposed silanol functionalities can be
achieved through silanization, etherification, and hydro-
silylation. Alternatively, leveraging the strong affinity between
gold and thiol groups (Au—S), alkanethiols can spontaneously
assemble into a closely packed, well-ordered monolayer on the
gold surface.'' Silanization is a popular surface modification
method involving the reaction of silanol groups with silane
solutions (e.g., alkylchlorosilanes or alkylalkoxysilanes) to form
an organosilane monolayer.''* However, employing multifunc-
tional silanes, especially those with three reactive ends, poses
the risk of undesirable polymerization reactions and hydrolytic
instability.115 Etherification, an alternative method, uses
ethanolamine to react with silanol groups, resulting in an
amino-terminated (—NH,) organic monolayer.116 During
hydrosilylation treatment, the activated silicon surface is
treated with hydrofluoric acid (HF) to generate hydrogen-
terminated silicon (Si—H) sites. This is followed by a reaction
with 1-alkenes to form alkane monolayers via robust covalent
Si—C bonds.'"” Regarding gold-coated AFM tips, a common
practice is depositing a thin chromium (Cr) layer before gold
coating to enhance adhesion, followed by direct thiolation for
functionalization.”

Following the modification process described above, AFM
probes are often subjected to further cross-linking with flexible
cross-linkers to enhance their functionality for single-molecule
studies. As an illustrative example, Figure 7(b) depicts the
coupling of proteins to an amino-functionalized tip using
bifunctional PEG. Initially, the probe’s surface is functionalized
with amino groups, which are then immersed in a solution
containing N-hydroxysuccinimide (NHS) activated PEG
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derivatives (NHS-PEG-NHS and methyl-PEG-NHS). The
NHS ester groups react with the surface-bound amino groups,
forming stable amide bonds that tether PEG chains to the
probe’s surface. This step effectively bridges the probe with
PEG linkers, which act as adaptable spacers that can
accommodate a wide range of biomolecules while preserving
their native conformation.” Following the PEGylation process,
the probe is immersed in a solution containing the target
protein molecules. The NHS ester termini present on the
NHS-PEG-NHS linker can again react with the amine groups
of the proteins, thus facilitating the covalent attachment of
proteins to the probe’s surface. Additionally, as shown in
Figure 7(c), proteins can also be irreversibly bound to the
probe via disulfide bond formation between the reactive 2-
pyridyldithiopropionyl (PDP) group and the free thiols
presented by cysteines in the protein. This conjugation
technique allows for controlled and oriented immobilization
of proteins.”® Furthermore, methyl-terminated PEG segments
serve as an additional layer of protection. The methyl group
provides steric hindrance that minimizes nonspecific inter-
actions between the probe and the sample. Ultimately, this
dual-functionalization strategy enhances the probability of
detecting single molecular events by reducing background
noise caused by nonspecific binding, thus improving the
sensitivity and specificity of AFM-based studies in biofouling
research and related applications. Comprehensive method-
ologies for AFM tip modification are detailed in ref.''®
Single-Molecule Recognition. AFM-SMFS is a technique
that enables the specific identification and detection of
individual molecules (Figure 8(a)). The adhesion force
observed in FD curves is a critical metric that reflects the
unbinding force between complementary receptor and ligand
molecules, which is central to molecular recognition (Figure
8(b)). However, interpreting these curves is not straightfor-
ward, as they can exhibit complex behavior due to the interplay
of various factors. In FD curves, the initial force peak often
corresponds to the rupture of nonspecific adhesion, which can
occur when the AFM tip contacts the sample surface.
Following this, if the interacting molecular pairs are stiff and
provide a stable contact, subsequent force peaks may represent
the rupture of these specific interactions. The presence of
flexible molecules, such as long biomolecules or cross-linkers,
introduces an additional layer of complexity. These molecules
can undergo elongation before the unbinding event, leading to
a force curve with multiple peaks.”® Upon further extension,
stretching these flexible molecules (which could involve more
than one interaction) leads to the breaking of the weakest
point of contact.' "’ Moreover, the rupture forces can be
influenced by the force loading speed that the molecule
experiences, which is the rate at which the cantilever is
retracted from the sample.”® Measuring the rupture forces at
different unloading speeds can provide information about a
bond’s kinetic properties and potential energy landscape.'*’
Ideally, the contact area of the AFM tip or surface could be
assigned to a single molecule, thereby avoiding the stretching
of multiple bonds. However, achieving precise control over the
modification of a single molecule on a surface and assuring that
there is only one single connecting molecule remains a
significant technical challenge. One strategy to minimize the
multiple molecule interactions during single-molecule meas-
urements is to graft in a dilute molecular solution, which
ensures a low surface density of molecules on the tip
surface."'® In such cases, clustering should be considered as
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Figure 8. Schematic diagram of molecular recognition. (a) The
specific recognition and detection of the molecule related to cell death
by single-molecule force spectroscopy technique. Reprinted from ref
121. Available under a Creative Commons CC-BY 4.0 License.
Copyright 2024 The Authors. Published by Walter de Gruyter
GmbH. (b) Measurement of molecular recognition interaction forces.
Reprinted with permission from ref 26. Copyright 2006 Springer
Nature.

this could perturb the required even distribution of the surface-
attached molecules.

Investigators have also utilized statistical methods to extract
meaningful data from large data sets of FD curves. By
constructing histograms of pull-off force values from hundreds
to thousands of FD curves, they can apply Gaussian statistics
to identify the most probable force corresponding to a specific
molecule interaction. This then allows the determination of
single molecule bonding strength values and other parameters
of the bond interaction energy landscape, such as energy
barrier and unbinding distance.'“>'** Furthermore, the analysis
of histograms of rupture forces has enabled the separation of
specific binding interactions from nonspecific interactions,
providin% a clearer picture of the molecular recognition
process. " We can conclude that advances in AFM probe
preparation and functionalization techniques continue to refine
our ability to interrogate molecular recognition at the highest
resolution, thereby expanding the horizons of AFM for
interaction studies down to the molecular level.

AFM-Based Force Spectroscopy of Natural Adhe-
sives. AFM-based force spectroscopy was introduced in the
previous section, which discusses tip functionalization
approaches and the lessons one can learn from such
measurements. Now, we shall focus on applications to enhance
the understanding and applications of molecular adhesion
relevant to marine fouling.
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Significant strides have been taken in harnessing AFM-based
force spectroscopy to elucidate the nanomechanical attributes
and adhesion mechanisms of natural adhesives, offering novel
perspectives on their functionality.'°>'** Early pioneering work
by Smith et al. in 1999 unveiled a hallmark characteristic in the
force—extension profiles of natural adhesives—a distinctive
sawtooth pattern.'>® Notably, further research by Hongbin Li
et al. focused on the extensibility of the protein titin, which
similarly exhibited this characteristic sawtooth pattern in
force—extension measurements.'”” This pattern was ascribed
to the ordered, sequential unfolding of titin’s constituent
immunoglobulin domains under tensile force, providing
valuable insights into the protein’s complex elasticity. As
depicted in (Figure 9(a)), this sawtooth pattern is emblematic
of the step-by-step unfolding and unbinding of compactly
folded protein fibers when subjected to tensile stress. Each
tooth in the sawtooth profile symbolizes the unfolding of a
single protein domain, leading to a stair-step reduction in the
applied force as the protein progressively unfolds. This
modular unbinding mechanism confers remarkable toughness
and elasticity to the adhesive material, as each unfolding event
dissipates energy, enabling the material to withstand
substantial deformation before reaching a critical failure
threshold. Subsequent research has observed analogous
mechanical signatures in the adhesive secretions produced by
diverse marine fouling species, such as diatom,"?® green
algae,”” and barnacle cyprids.”” The toughness of these
materials has been attributed to the hidden length and
sacrificial bonds, which consumed extra energy during the
unfolding of the tertiary structure of the proteins and the
breaking of sacrificial bonds.'*”

When a polymer chain undergoes stretching, it encounters
the influence of entropic and enthalpic forces that define its
mechanical response. Entropic elasticity prevails at modest
extensions, driven by the reduction in the chain’s configura-
tional entropy as the unconstrained random coil conformation
is constrained. This effect is primarily due to the restricted
freedom of the chain segments to adopt multiple conforma-
tions upon elongation.l*0 However, enthalpic contributions
become significant as the extension increases beyond a certain
threshold relative to the chain’s contour length."”' The
covalent bonds and secondary structures within the polymer
backbone experience direct tension, leading to a rise in
enthalpic elasticity that results from the deformation and
potential rupture of these chemical bonds. Statistical
mechanical models, such as the Freely Jointed Chain (FJC)
and the Worm-Like Chain (WLC) models, are pivotal tools for
interpreting the complex force—extension data acquired during
stretching experiments. The WLC model has proven
remarkably versatile, accounting for the elastic restoring force
exerted by a polymer chain in response to the diminishment of
its conformational space.”® This model has been extensively
adopted for fitting the characteristic sawtooth force—extension
profiles observed in experimental data, which reflect the
stepwise unfolding and unbinding events along the polymer
chain. The WLC model is suitable for single-chain stretching
and for stretching parallel-chain segments, which is the most
commonly encountered situation in experiments. Despite its
widespread and successful application, it is crucial to note that
a critical aspect of the analysis involves accurately determining
the “zero point” in the force curves. Accurate zero point
determination is essential for the reliable interpretation of the
force—extension data and the subsequent extraction of
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Figure 9. Schematic of polyprotein unfolding force spectroscopy and
WLC model fitting. (a) Upper: The process of the AFM tip stretching
the polyprotein at a constant velocity. The protein here has three
domains. Lower: The corresponding force—extension line tracing of
the stretching process. The red arrow represents the tip approaching
the substrate, and the black arrow indicates the retraction of the tip.
(0) ~ (VI) represents typical states of the stretched protein and the
related force spectroscopy data. Reprinted with permission from ref
132. Copyright 2016 IOP Publishing Ltd. (b) Description of sawtooth
unfolding peaks using the WLC model (orange lines) and the
obtained contour length (L, circles) plot versus persistence length
(Lp)- Reprinted with permission from ref 52. Copyright 2010 Royal
Society.

meaningful parameters. As shown in Figure 9(b), using the
WLC model, two parameters, i.e.values of contour length and
persistence length can be obtained. The former represents the
maximum extension length of the polymer, and the latter
characterizes the stiffness of the molecular chain.'** These
parameters afford valuable insights into the nanoscale
mechanics of natural adhesives and contribute to a
comprehensive understanding of their formidable adhesion
capabilities.

Sawtooth-like AFM force curves obtained on diatom
(Toxarium undulatum) adhesives (“mucilage pad”) were
obtained and fitted by Wetherbee et al. using the “wormlike
chain” model."** The numerical evaluation resulted in average
rupture force values of 794 pN and a persistence length of
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about 0.026 nm. Notably, they employed a technique
metaphorically called “fly fishing,” wherein the AFM tip is
raised and lowered like a fisherman casting a line, hoping to
engage and manipulate a single polymer chain selectively. The
rupture force value obtained through this “fly-fishing”
technique is notably larger than that reported for the
previously studied species Craspedostauros australis (197
pN),"*® which may be attributed to the diatom adhesive
studied here being a cohesive unit composed of a series of
modular protein molecules that form connecting nanofibers
being stretched. Furthermore, when the adhesive nanofibers
were subjected to repeated stretching and relaxation (up to
several hundred consecutive cycles), accurate overlapping
sawtooth curves were obtained, demonstrating the bond
rupture’s reversible nature.'>’ Regarding the footprint secreted
by barnacle cyprids, Vancso’s team proposed that when
“sacrificial bonds” are broken during stretching, the hidden
polypeptide chain of the protein unfolds, dissipating energy
and resulting in a sharp drop in force (Figure 10(a)).>* We
note that the concept of “sacrificial bonds” has been
introduced by Hansma et al. to interpret the fracture toughness
of biomaterials, particularly emphasizing its role in bone, where
sacrificial chains provide a reversible energy-dissipation
mechanism, enhancing their toughness.129

The authors determined that the rupture forces of the
sacrificial bonds from 220 to 580 pN, and the energy required
to break the sacrificial bonds is about 120 X 107'® J. Repeated
unfolding peaks observed during the stretching experiment
manifested that the footprint protein domains can be reformed
within S s in the relaxed-stage (Figure 10(b), (c)). This
behavior provides a dynamic binding mechanism that helps
resist hydrodynamic shear in the ocean, e.g, experienced by
the impact of periodic waves in shore regions. While this work
provides a valuable model for studying the properties and
function of reversible adhesion of footprint proteins, several
protein chains were inevitably stretched simultaneously in the
AFM experiments. Additionally, to investigate the effect of
wettability on the nanomechanical properties of natural
adhesives, AFM tips were modified with different functional
groups (either hydrophilic or hydrophobic), and used in the
tensile test. With this method, Vancso’s team reported that
fooggrint proteins exhibit a greater affinity to the hydrophobic
tip.

Intricate physicochemical interactions, such as van der Waals
forces, hydrophobic interactions, electrostatic interactions,
hydrogen bonding, and specific binding, drive the adhesion
of microbes, live cells, and biomolecules. Single-molecule force
spectroscopy has been successfully exploited to determine how
these factors act on biological materials, making them adhere
to each other or to a solid substrate. DOPA, the key adhesion
protein in mussels, was previously introduced in part 2. Using
PEG as a linker, Messersmith et al. decorated DOPA onto a
Si3N, probe to investigate the interactions of single-molecule
DOPA residues and oxidized DOPA with organic and
inorganic surfaces.””* They reported that the DOPA-Ti
interaction is very strong reversible binding, reaching 800 pN
(Figure 11(a)). However, the oxidation of DOPA dramatically
reduced adhesion to Ti, while it can form covalent bonds to
enhance adhesion to the organic surface. In a subsequent
study, this team explored the adhesion of DOPA-containing
peptides to organic and inorganic substrates. The results
showed that increasing the peptide length enhances the
adhesion strength, which indicates a promising avenue for
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Figure 10. Nanomechanical properties of cyprid footprints by AFM force spectroscopy. (a) Left: The pickup of footprint molecules interconnected
sacrificial bonds (represented by crosses) by an AFM tip. Right: Force spectra recorded from a footprint of a barnacle cyprid. The mechanical
unfolding of footprint nanofibrils shows a sawtooth characteristic with multiple progressive unfolding peaks and monotonic entropic elasticity in the
relaxation curve. (b) The refolding dynamics of nanofibrils allowed different relaxation times (delay time from 0 to 10 s). (c) The dissipation and
hysteresis length were calculated from the force—extension curves with varying delay times. Adapted with permission from ref 52. Copyright 2010
Royal Society.

(@) 50
D - 40
g a, =2 3 a0
o = 5 B
\ 8 T 20
~ I i
\o¢ 10
HO/_<G"
-6 ‘ 0 —
0.05 000 -0.05 -0.10 -0.15 -0.20 200 400 600 800 1000 1200
Piezo movement (um) Force (pN)
(b) Photodiode ~__———
oo Gold
detector ! \ % e
<\ Laser \ g
R ( o o oM J 3
wa 0 = ®
A= Ol / %_ =
\"U on > V = § 1 T ! T
- 5 < Alumina
S \Robnt o / N=294
5 I \aoa 3 ]
] I ’ pproach g '
\ T o it | [100pN Y e b4
Surtace (== ._,.. T T T T T 5 400 150 200
Extension 0 20 40 60 80 100 120 140
Extension [nm] Force [pN]

Figure 11. Typical application of force spectroscopy in measuring adhesion force. (a) Left: DOPA adheres firmly and reversibly to Ti surfaces.
Middle: The four different force curves were produced from the same DOPA-functionalized tip and are displaced vertically for clarity. Right:
Histogram (n = 147) of pull-off force values for DOPA-Ti obtained with a single AFM tip at a loading rate of 60 nN/s. Adapted with permission
from ref 134. Copyright 2006 National Academy of Sciences, U.S.A. (b) Left: Scheme of single molecule AFM experiments on DOPA-surface
interactions using the “multi-fishhook” approach. DOPA molecules (highlighted in red) were conjugated to hyaluronan (HA, colored in cyan)
polymer through amide bonds. The sawtooth-like curve in blue indicates rupture events between DOPA and the surface. Each peak in the curve
corresponds to one such event. The middle panel shows representative force—distance curves for HA-DOPA rupture with different substrates at a
pulling speed of 1000 nm/s. The histograms for rupture forces for the same substrates are shown in the right panel. Adapted from ref 135.
Copyright 2014 American Chemical Society.

optimizing the adhesive performance of bioinspired materi- where multiple DOPA molecules were conjugated to a single
als."”" Cao’s team introduced a “multi-fishhook” method, hyaluronan (HA) polymer, enabling the rupture of numerous
8007 https://doi.org/10.1021/acs.langmuir.5c00450
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Figure 12. Schematic representation of the swollen brushes and examples of using AFM to study polymer brushes. (a) Swollen polymer brushes
exhibit an antifouling property. Reprinted from ref 147. Copyright 2011 American Chemical Society. (b) Measurement of brush thickness.
Reprinted from ref 144. Copyright 2004 American Chemical Society. (c) Statistical histograms of Young’s modulus of PNIPAM brushes in water
(filled) and in water/methanol (50% v/v; patterned). Reprinted with permission from ref 150. Copyright 2011 Wiley-VCH Verlag GmbH & Co.
KGaA. (d) Height images from tapping-mode AFM measurements of the thermoresponsive poly(NMEP) brushes in water at 27 °C (upper) and
60 °C (middle). The respective cross sections are displayed in the bottom image. Reprinted with permission from ref 152. Copyright 2022 John
Wiley & Sons. (e) Sectional height analysis of a collapsing PMAA brush as the pH is switched from pH 10.5 to pH 3. Reprinted with permission
from ref 153. Copyright 2009 Royal Society of Chemistry. (f) High-resolution tapping mode AFM topography images represented in 3D. Y2 in
toluene (upper) and water (bottom) are shown here. Corresponding molecular models are shown as well. Reprinted with permission from ref 155.

Copyright 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

DOPA-surface bonds with each HA-DOPA pull (Figure
11(b))."*> This method facilitated high-throughput quantita-
tive measurements of the interactions between DOPA and
various wet surfaces. Subsequently, the authors quantitatively
predicted the relationship between DOPA contents and
binding strength based on the measured rupture kinetics. In
recent work, this team quantified the cation-z interaction in
mussel foot proteins-S using single-molecular force spectros-
copy. The results showed that individual cation-z interaction
ruptures at about 70 pN, a strength comparable to that of other
noncovalent interactions.”*® Xu and Siedlecki evaluated the
effect of surface wettability on protein adhesion to the surface
of polymeric biomaterial by covalently cross-linking the
proteins to the probes."”” Higher adhesion forces were
observed on the hydrophobic surfaces compared to the
hydrophilic surfaces. Reches et al. measured the interactions
of five different amino acid residues with inorganic surfaces
based on single molecule force spectroscopy and concluded
that the electrostatic and hydrophobic interactions together
determine the adsorption strength among amino acids and
inorganic surfaces.'”

In conclusion, AFM-based force spectroscopy played a
pivotal role in elucidating the fundamental principles governing
natural adhesives and in guiding the development of next-
generation, bioinspired adhesive technologies.
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Bl AFM APPLICATIONS ON ANTIFOULING
COATINGS: TOWARD KNOWLEDGE
TRANSFORMATION

Design of Antifouling Coatings Inspired by Adhesion
Mechanism. Among various antifouling methods, the
application of polymer brushes as antifouling materials shows
excellent potential and attracts increasing attention to studying
how different brush characteristics affect the interactions with
biofoulers. As a powerful tool for nanoscale imaging and
mechanical characterization, it is not surprising that AFM has
been widely exploited to investigate polymer brushes, including
the imaging of surface morphology, the measurement of brush
thickness, the estimation of grafting density, the observation of
stimuli-responsive behavior, and evaluation of antifouling
properties.>®"*” In short, polymer brushes are composed of
densely packed polymer chains that extend from a surface to
create a brush-like conformation (see Figure 12 (a))."*’ The
preferred method for preparing polymer brushes is the
“grafting from” technique, which allows for synthesizing thick
and stable brushes with high grafting density.'*' The physical
and chemical characteristics of polymer brushes significantly
influence their antifouling efficacy. Factors such as the length,
density, and flexibility of the polymer chains and the surface
morphology play crucial roles in determining the brush’s
performance. Consequently, a thorough understanding of these
structural parameters is essential for designing effective
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antifouling coatings. We believe that while brushes provide
very useful platforms for understanding the relationships
between marine fouling and surface characteristics, their
large-scale technological application is challenged by the
scalability issues of their preparation methods.

Applications of AFM in the Characterization of
Antifouling Coatings Utilizing Polymer Brushes. Many
studies have compared the surface morphology and roughness
of various polymer brushes before and after grafting. As an
example, Chen et al. utilized surface-initiated atom transfer
radical polymerization (SI-ATRP) to graft polymer brushes
from poly(vinylidene fluoride) (PVDF), which showed
enhanced resistance to protein adsorption.'*” The authors
observed that the root-mean-square surface roughness of the
PVDF surface was reduced after modification, indicating the
presence of a smooth polymer brush layer. This modification
effectively increased the PVDF surface hydrophilicity, which
diminished nonspecific protein adsorption. Guo et al.
compared the morphology of five zwitterionic polymeric
brushes and found that one of them showed slightly larger
clusters."*> Nevertheless, all the polymer brush coatings have
similar surface roughness values, all less than 1 nm. Using AFM
to measure the thickness of the brush, a mainstream method is
to analyze the cross-sectional difference of the height image
taken at the boundary between brushed and brushless areas, as
shown in Figure 12(b). In order to remove the brush layer, one
approach is to carefully scrape the brush with a blade tip until
the substrate is exposed,'*" while another alternative is to
directly prepare a surface with patterned brushes.'*> Takahara
et al. investigated the effects of salt concentration on the
dimensions and properties of superhydrophilic polymer
brushes with zwitterion side groups, specifically poly(2-
methacryloyloxyethylphosphorylcholine) (PMPC) and poly-
[3-(N-2-methacryloyloxyethyl-N,N-dimethyl)-
ammonatopropanesulfonate] (PMAPS).'* They used AFM to
determine the swollen thickness of the brushes and found that
PMPC brush thickness was independent of salt concentration,
while PMAPS brush thickness significantly increased with salt
concentration. Yu et al. have reported a strong correlation
between brush thickness and antifouling performance.'*” The
authors observed topological differences between thin and
thick polymer brushes and found that the thickness of an
effective antifouling brush was around 20—45 nm. This is
attributed to the fact that the longer polymer chains reduce
hydrogen-bonding interactions due to entanglement, leading to
a less hydrated surface to resist protein adsorption. However,
the shorter polymer chains may not form a dense hydration
layer and, thus, more protein adsorption.

The grafting density, defined as the number of polymer
chains per unit surface area, has also been shown to influence
the antifouling performance of films."*® To precisely quantify
this grafting density or deduce Young’s modulus of such brush
coatings, researchers employ the steric interaction model, an
analytical framework developed for polymeric brushes, to
analyze FD curves.'*” This model provides valuable insights
into the nanoscale mechanical behavior and structural
organization of the brush layers, directly relevant to their
antifouling capabilities. Additionally, with the help of the
colloidal probe, Young’s modulus of polymer brush can also be
estimated from FD curves based on the Hertz model (Figure
12(c))."** However, these methods become imprecise when
polymer brushes are covered on a deformable substrate since
the FD curves obtained provide information about both the

8009

brushes and substrate deformations. In a recent work by
Sokolov et al., a model considering both brushes and substrate
deformations was developed, enabling quantitative character-
ization of the grafting density, brush thickness, and Young’s
modulus of the substrate.'”' In a recent study, Guo et al.
prepared zwitterionic polymer brushes exhibiting antifouling
properties through SI-ATRP.”' The grafting density and
nanomechanical properties of the brush were characterized
by colloidal AFM-based force spectroscopy, which validated
the feasibility of using a colloidal probe to study marine
antifouling polymer brush.

The morphology and nanomechanical properties of some
polymer films can be significantly altered by changing external
stimuli such as temperature, pH, or ionic strength. AFM can
monitor responsive behavior in situ. An example was given by
Zuilhof et al, who synthesized tunable thermoresponsive
poly(NMEP) brushes and examined the reversible changes in
the morphology of the brushes with AFM.">* It was discovered
that when the temperature was below the lower critical
solution temperature (LCST), the polymer brush immersed in
water adopted a highly swollen conformation, and the average
height of the polymeric features exhibited a sharp increase as
compared with a dry state, from 42 to 91 nm. By contrast, as
shown in Figure 12 (d), above the LCST, the thermores-
ponsive conformational change of the brushes from extended
to collapsed states reduced the brush thickness. The temper-
ature-induced alterations in brush conformation directly
impact the material’s antifouling performance. In the swollen
state, the increased volume of the polymer chains creates a
steric barrier that hinders the approach of biofouler to the
substrate, thereby preventing their adhesion. Moreover, the
hydrophilicity of the extended polymer chains further impedes
the adsorption of macromolecules and microorganisms by
reducing the attractive interactions. Zauscher et al. observed
the pH- and ionic-induced changes in the height of
polyelectrolyte brushes, providing insights into their tunable
responsiveness.'*> The average brush height could be
repeatable and reversibly switched between 9 nm at pH 4
and 112 nm at pH 9, underscoring the potential for creating
dynamic, environmentally sensitive antifouling coatings.
Furthermore, Parnell et al. directly visualized the real-time
swelling and collapse of polyelectrolyte brushes as the pH
changed (Figure 12(e)).'”’ These findings highlight the
capacity of polyelectrolyte brushes to adapt their conformation
in response to changing marine conditions, thereby impeding
the attachment of biofoulers. In a recent work by Wanless et
al,, the response of hydrophobic polyelectrolyte brushes to
varying solution ionic strength and specific anion was revealed
using colloidal AFM-based force spectroscopy, highlighting the
importance of ionic interactions in marine fouling resist-
ance."”* Tsukruk and co-workers obtained, by using in situ
AFM measurements, the morphology and nanomechanical
properties of amphiphilic polymer brushes, revealing their
varying friction and wear properties upon exposure to different
solvents, which is crucial for their performance in marine
environments (Figure 12(f)).">> These studies provide
valuable insights into the rational design of tunable responsive
surfaces, directly relevant to developing effective marine
antifouling polymer coatings.

AFM Applications on Other Typical Antifouling
Coatings: Advancing Material Development. AFM has
proven instrumental in unraveling the intricacies of various
antifouling coatings beyond those based on polymer brushes
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by providing comprehensive insights into their surface
morphology, mechanical properties, self-healing behaviors,
assembly process, and bonding strength. This section delves
into AFM’s diverse roles and contributions in understanding
and enhancing the performance of other typical antifouling
coatings.

Callow et al. characterized the surface morphology and
roughness of coatings derived from amphiphilic block
copolymers with hydrophobic and hydrophilic segments.'*®
The AFM imaging revealed nanostructured domains of
discrete polystyrene embedded in an amphiphilic polystyrene
matrix, with domain sizes and periodicity dependent on the
block copolymer composition (Figure 13(a), left panel). Upon
immersion in seawater, AFM imaging revealed a marked
transformation toward a more heterogeneous surface archi-
tecture accompanied by heightened roughness (Figure 13(a),
right panel). The researchers postulated that the molecular and
nanoscale ambiguity of the amphiphilic coating diminishes the
driving forces for the adsorption of adhesive macromolecules,
thereby decreasing the adhesive strength of the organisms.

Walker et al. synthesized nanostructured triblock copolymer
films with promising potential as marine antifouling coatings
capable of deterring zoospores, barnacles, and tubeworms for a
duration of up to one month."”” To quantify the adhesive
interactions, AFM force spectroscopy was utilized to measure
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the adhesion forces between bovine serum albumin (BSA)-
coated AFM tips and the film surfaces. The significantly
reduced adhesion forces observed on the films, in comparison
to uncoated surfaces, indicated the coating’s efficacy in
resisting protein adsorption. This remarkable property is
largely attributed to the steric repulsion generated by the
poly(ethylene oxide) (PEO) corona chains that extend in an
aqueous environment, overpowering the typically dominant
van der Waals attraction between the surface and proteins.

Zhang’s team studied the surface elastic modulus of
poly(dimethylsiloxane) (PDMS)-based coatings, leveraging
AFM to demonstrate that a low elastic modulus is a critical
determinant of the fouling-release potential of silicone
elastomers.”>® Such a low modulus facilitates the generation
of a dynamically responsive surface that effectively hampers the
tenacious attachment of microorganisms.

Zwitterionic coatings, characterized by their electrostatically
induced hydration, exhibit remarkable resistance to nonspecific
protein adsorption, bacterial adhesion, and biofilm forma-
tion.">” This attribute renders zwitterionic coatings especially
desirable for antifouling applications. Shaoyi Jiang, a leading
expert in the field of zwitterionic materials, and his group
extensively investigated the properties and applications of these
coatings, contributing significantly to our understanding of
their antifouling mechanisms and potential uses. Singha et al.
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developed a zwitterionic block copolymer hydrogel as an
antifouling coating, which exhibited antifouling properties
while simultaneously incorporating self-healing functionalities
through a synergistic interplay of disulfide metathesis reactions
and zwitterionic interactions.'®” AFM analysis provided
quantitative measurements of the notch depth before and
after UV exposure, which accurately determined healing
efficiency. As shown in Figure 13(b), the coating integrating
both disulfide cross-links and zwitterionic segments exhibited
the highest healing efficiency (88%), substantiating the
complementary effect of these dual healing mechanisms in
preserving the coating’s integrity and prolonging its antifouling
efficacy.

Zeng et al. addressed the challenge of poor adhesion
between antifouling coatings and substrates by tightly
anchoring superhydrophilic antifouling cellulose nanocrystals
(CNCs) coatings to various substrates via an intermediate
adhesive layer composed of tannic acid (TA)/polyethyleni-
mine (PEI)/vanadium(V)."® The TA/PEI/V intermediate
adhesive layer morphology and the corresponding CNCs
coatings were investigated at different V3 concentrations using
AFM (Figure 13(c)). The experimental findings revealed that
V3" inhibits the reaction between TA and PEI through
coordination reactions, thereby controlling the structure of the
TA/PEI/V coating. At low V3 concentrations, the TA/PEIL/V
coating was rough, resulting in an aggregated CNCs coating.
Conversely, upon judiciously escalating the V*>* concentration,
a marked transition to a smoother TA/PEI/V coating was
observed, facilitating the dense and uniform deposition of
CNCs. This optimized morphology was found to significantly
enhance the antifouling properties of the coating, underlining
the importance of fine-tuning the V*' content in achieving
optimal performance. Moreover, the colloidal probe technique
was employed to quantitatively assess the adhesive strength
between the TA/PEI/V intermediate layer immobilized on a
silica probe and CNCs coating. A strong adhesion force (F/R
~ 0.62 mN/m) was detected, which could be attributed to the
synergistic interplay of multiple noncovalent interactions,
including electrostatic interaction, hydrogen bonding, and
coordination reaction. These strong interfacial interactions not
only ensured the high density and structural stability of the
CNC:s coating but also contributed to its enhanced adhesion to
the substrate. Hence, AFM emerges as an indispensable
instrument in understanding the assembly process of coatings
and elucidating the fundamental reaction mechanisms.

In summary, the studies highlighted in this section
demonstrate the versatility of AFM in probing the complexities
of various antifouling coatings. The detailed insights AFM
provides into surface morphology, mechanical properties, and
interfacial interactions are critical for understanding the
mechanisms behind antifouling performance and guiding the
design of novel coatings with improved resistance to
biofouling. Thus, AFM plays a pivotal role in advancing the
field of antifouling coatings by enabling the translation of
molecular-level insights into macroscopic properties and
performance.

Application of Bioadhesives. Following research into the
bioadhesion mechanisms of marine fouling, more and more
bioinspired adhesives are being developed and used in a wide
range of applications, including surgical applications, medical
implants, and bioelectronics. Inspired by the mussel adhesive
proteins, polymers with catechol pendant groups have shown
excellent hemostatic properties and wound healing capabilities,
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making them valuable for surgical applications (Figure
14(a))."**'** The immune response and new tissue formation

(a) Wound healing

(b) Bone implant

(c) Self-Adhesive Bioelectronics

Conductive and self-adhesive Ay
hydrogel-electrode sua

Figure 14. Applications of marine adhesive-inspired materials. (a)
Bioadhesives are applied at the outside of wounds for accelerated
healing. Reproduced from ref 168 Available under a Creative
Commons CC-BY License. Copyright 2021 The Authors. Published
by Frontiers Media S.A. (b) A split-depression fracture of the lateral
tibial plateau and screw implantation fixation employing bioadhesives.
Reproduced with permission from ref 169. Copyright 2001 British
Editorial Society of Bone & Joint Surgery. (c) A mussel-inspired
conductive, self-adhesive, and self-healable tough hydrogel for use in
bioelectronics. Reproduced with permission from ref 170. Copyright
2017 Wiley-VCH Verlag GmbH.

are important design factors for medical implants. Most
recently, implant surfaces have been developed via mussel
adhesion-mediated ion coordination and molecular clicking,
which can synergistically modulate the osteoimmune micro-
environment at the bone-implant interface to promote bone
regeneration and facilitate implant success (Figure 14(b))."**
Wearable bioelectronic devices face the challenge of achieving
adequate and long-term self-adhesion on soft and wet
biological tissues. Mussel-inspired hydrogels have emerged as
promising materials for self-adhesive bioelectronics, and their
latest progress has been summarized (Figure 14(c)).'*>'%°
Additionally, reviews on the versatility of catechol-containing
polymers in various fields, such as tissue engineering and drug
delivery, highlight their significant role in developing advanced
biomaterials."

In summary of this section, bioinspired adhesives are
revolutionizing the field of adhesion by drawing inspiration
from natural mechanisms and translating them into practical
applications. Their unique properties and biocompatibility
make them invaluable for a wide range of applications,
including surgery, medical implants, and bioelectronics. As our
understanding of bioadhesion mechanisms continues to grow,
the potential for innovative applications of these adhesives is
vast.

Artificial Intelligence Empowering AFM Data Anal-
ysis and Material Design. The integration of artificial
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intelligence (AI) with AFM has opened new avenues for
advanced data analysis and material design, significantly
enhancing the capabilities of this powerful characterization
tool.'”" This section explores how Al techniques have been
applied to AFM data analysis and how they are influencing the
future of materials science.

Machine learning (ML) algorithms have proven very
effective in automating the laborious and often subjective
task of AFM image analysis. Convolutional Neural Networks
(CNNs) have been employed to evaluate probe conditions and
automatically recondition degraded tigs, significantly improv-
ing tip quality assessment accuracy.'’* Additionally, Kocur et
al. utilized a ResU-Net architecture to remove artifacts from
AFM images, improvin% topography reconstruction without
manual postprocessing.' > Miiller’s group has leveraged ML
techniques to automate the processing of indentation data
acquired via AFM.'”* By correlating subjective human ratings
with predefined features extracted from force curves, they
accurately classified force curve quality with a precision rate of
87%. Zhou et al. employed Principal Component Analysis
(PCA) for dimensionality reduction of single-molecule force
spectroscopy data and classification using Support Vector
Machines (SVM). This approach enabled precise categoriza-
tion of force curves into specific, and nonspecific binding, and
no interaction scenarios between proteins and ligands.'”
Furthermore, Ilieva et al. developed an automated clustering
method tailored for single-molecule force curves obtained from
heterogeneous samples.'’® These advancements reduce the
need for expert intervention and increase the reliability of
experimental data. Sokolov et al. developed a novel diagnostic
imaging approach for bladder cancer detection by combining
AFM with ML.'”” Moreover, ML was used to analyze AFM
force spectroscopy data to predict bacterial viability
accurately.'”®

The combination of AFM and Al can be extended to the
design of eco-friendly antifouling coatings. Researchers can
simulate and predict material behavior under different
conditions by leveraging ML’s ability to identify patterns and
features within vast data sets. This predictive power facilitates
the discovery of new materials with desired properties,
optimizing their performance for specific applications. For
example, Al can predict the optimal composition and structure
of polymer-based coatings with low adhesion and high fouling-
release properties.'”” We note here that integration of Al to
marine antifouling studies by AFM has just begun, and besides
a few references, there is very little in the literature about this
methodological combination. However, this approach not only
accelerates the development of new coatings but also ensures
that they are environmentally benign, addressing the growing
concerns over the ecological impact of traditional antifouling
methods.

B CONCLUSIONS AND OUTLOOK

Natural biological adhesives have attracted considerable
attention due to their crucial role in controlling the adhesion
of biofouling organisms. The many related, still unsolved
questions require new approaches to characterize and elucidate
the hitherto unsolved challenges. AFM has emerged as a
versatile platform for analyzing these adhesives, providing
fundamentally novel insights into foulant-substrate character-
istics, including morphology, nanomechanical properties,
interactions with interfaces of different properties, as well as
insights into processes across the length scales. At the
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mesoscale, AFM-related methods provide comprehensive and
quantitative assessments of the physical, chemical, and surface-
active properties of biological adhesives, which play a central
role in marine fouling. At the molecular level, AFM-SMES is a
developing area that promises to yield invaluable insights into
the adhesive forces of biofouling-related proteins. It can reveal
the impact of surface-induced conformational changes on
adhesion dynamics, elucidating how specific surface properties,
such as chemistry, morphology, as well as surface mechanical
properties influence the conformation and adhesive strength of
the adhesives.

Developing “smart”, stimuli-responsive coatings that can
adapt to changing environmental conditions is an exciting
direction for future research. AFM can play a crucial role in
characterizing the dynamic behavior of these coatings,
including their response to temperature, pH, and mechanical
stress. For example, by monitoring real-time changes in surface
properties, researchers can optimize the design of coatings that
release antifouling agents or change their surface energy in
response to fouling pressure. This adaptive behavior can
significantly enhance the longevity and effectiveness of
antifouling coatings, reducing the need for frequent reap-
plication and minimizing environmental impact. Future
research could focus on developing coatings that respond to
multiple environmental cues, such as light, salinity, and
biological signals, to further improve their performance.
Finally, translating laboratory findings to practical applications
remains a critical challenge. To bridge this gap, it is essential to
conduct long-term field studies to validate the performance of
new antifouling coatings under real-world conditions. AFM can
be used to monitor the aging and degradation of coatings over
time, providing valuable insights into their durability and
efficacy.

Emerging challenges in bioadhesive research necessitate the
development of methodologies that can address the complex
interplay between bioadhesives and their substrates, especially
in marine environments where conditions are highly variable.
One significant challenge is understanding the multifaceted
nature of marine organism attachment, which involves both
biochemical and physical and mechanical interactions. To
tackle this challenge, interdisciplinary collaborations between
biologists, chemists, engineers, material scientists, and
computational experts are indispensable. For instance,
integrating AFM with other imaging techniques, like electron
microscopy or optical microscopy, can provide complementary
information about bioadhesives’ structural and functional
aspects. Combining AFM with spectroscopic methods can
offer deeper insights into adhesives’ chemical composition and
interaction mechanisms. Furthermore, the synergy between
AFM and computational modeling can accelerate the discovery
of novel adhesives by predicting their performance under
diverse conditions.

In conclusion, AFM has become a pivotal platform in
comprehending and mitigating marine biofouling, surpassing
traditional analytical barriers and promoting multidisciplinary
progress. The prospect of employing Al-driven AFM
technologies is promising for deciphering the complexities of
biofouling attachment in unprecedented detail. This advance-
ment will aid in developing next-generation antifouling
strategies and bioadhesives, ensuring they are both effective
and environmentally friendly. Future research should focus on
the practical application of these advanced techniques and the
development of “smart”, stimuli-responsive coatings, paving
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the way for more sustainable and robust solutions to protect
marine infrastructure and ecosystems.
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B VOCABULARY

Marine biofouling: The unwanted accumulation of micro-
organisms, plants, and animals on surfaces immersed in
seawater, causing structural damage, efficiency loss, and
economic impacts.

Adhesive proteins: Adhesive proteins are specialized
proteins secreted by marine organisms that enable them to
attach to surfaces. Key components like DOPA play a vital
role in adhesion.

Single-molecule force spectroscopy (SMFS): SMFS uses
AFM to measure the forces required to stretch or pull apart
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single molecules, providing insights into molecular inter-
actions and conformations.

Sacrificial bonds: Supramolecular and adhesive bonds within
biomaterials, like adhesives, that are designed to break
preferentially under stress, dissipating energy and increasing
material toughness. They allow for reversible adhesion and
self-healing properties.

Polymer brushes: Polymer brushes are dense arrays of
polymer chains grafted to a surface, with their chemical
composition, thickness, density, and flexibility influencing
their antifouling performance.
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