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Material-specific binding peptides empower
sustainable innovations in plant health,
biocatalysis, medicine and microplastic
quantification
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Material-binding peptides (MBPs) have emerged as a diverse and innovation-enabling class of peptides in
applications such as plant-/human health, immobilization of catalysts, bioactive coatings, accelerated
polymer degradation and analytics for micro-/nanoplastics quantification. Progress has been fuelled by
recent advancements in protein engineering methodologies and advances in computational and analytical
methodologies, which allow the design of, for instance, material-specific MBPs with fine-tuned binding
strength for numerous demands in material science applications. A genetic or chemical conjugation of
second (biological, chemical or physical property-changing) functionality to MBPs empowers the design of
advanced (hybrid) materials, bioactive coatings and analytical tools. In this review, we provide a
comprehensive overview comprising naturally occurring MBPs and their function in nature, binding
properties of short man-made MBPs (<20 amino acids) mainly obtained from phage-display libraries, and
medium-sized binding peptides (20—-100 amino acids) that have been reported to bind to metals, polymers
or other industrially produced materials. The goal of this review is to provide an in-depth understanding of
molecular interactions between materials and material-specific binding peptides, and thereby empower the
use of MBPs in material science applications. Protein engineering methodologies and selected examples to
tailor MBPs toward applications in agriculture with a focus on plant health, biocatalysis, medicine and
environmental monitoring serve as examples of the transformative power of MBPs for various industrial
applications. An emphasis will be given to MBPs’ role in detecting and quantifying microplastics in high
throughput, distinguishing microplastics from other environmental particles, and thereby assisting to close
an analytical gap in food safety and monitoring of environmental plastic pollution. In essence, this review
aims to provide an overview among researchers from diverse disciplines in respect to material-(specific)
binding of MBPs, protein engineering methodologies to tailor their properties to application demands, re-
engineering for material science applications using MBPs, and thereby inspire researchers to employ MBPs
in their research.

Naturally occurring binding peptides have evolved over millions
of years and are mainly designed to bind to carbohydrates,

Material-binding peptides (MBPs) are amino acid sequences
that possess a unique ability for material(-specific) binding.
Based on their origin, MBPs can be divided into two categories:
(a) naturally occurring binding peptides (nMBPs) and (b) man-
made or engineered binding peptides (eMBPs; see Fig. 1).
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proteins and minerals. Carbohydrate-binding MBPs target nat-
ural carbohydrate polymers, and in this review, we focus on the
main abundant ones, namely cellulose, chitin, xylan, starch,
hyaluronic acid, polysialic acid, heparin, amylose, alginate.
Discussed mineral-binding peptides target calcium carbonates,
hydroxyapatite and silica, which are the most abundant bio-
genic minerals. Reported protein-binding peptides target silk,
collagen and keratin. Naturally occurring binding protein
domains, such as carbohydrate-binding modules (CBMs) have
a defined 3-D structure in common, sizes that range from 30 to
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200 amino acids, and their binding motifs as well as material-
(-specific) binding interactions are well-studied and understood
on the molecular level. In the case of mineral and protein-binding
peptides, shorter peptide sequences are embedded within larger
proteins; if not embedded the short sequences are by themselves
usually unstructured. The latter nMBPs govern essential natural
processes, from biomineralization, host-pathogen interactions,
self-assembly to cell adhesion, and degradation of natural
polymers.

Man-made binding peptides can be divided into two classes
depending on their size. Class I are short peptides (<20 amino
acids), usually derived from phage display libraries or designed
rationally, and often do not have a stable secondary structure.
Class II eMBPs are very diverse depending on the addressed
materials (metals, polymers, metal oxides or nanomaterials)
and sizes range often between 20 and 100 amino acids. Class II
eMBPs have, similarly to natural binding domains, and in
contrast to most class I eMBPs, often a defined 3-D structure,
especially after material binding. In this review, we refer to
peptides with amino acid sequences <100 amino acids, and to
proteins (including binding domains) according to a size of
>100 amino acids.

Binding strength and material-specific binding to the tar-
geted material surfaces are achieved through a precise arrange-
ment of amino acid side chains in MBPs, and are usually
governed by non-covalent interactions comprising hydrogen
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Fig. 1 Overview of material-binding peptides (MBPs) divided in natural
MBPs (nMBPs), engineering MBPs (eMBPs) and emerging applications in
agriculture (plant health, biocatalysis, medicine and microplastic analytics).
An understanding of molecular interactions governing material-specific
binding is crucial for innovating applications of material-binding peptides,
particularly in the context of microplastics analytics.

bonding, electrostatic interactions, van der Waals forces and/
or hydrophobic interactions. Design of material-specific bind-
ing proteins/peptides requires a comprehensive understanding
of interactions that govern material-specific binding, and takes
into account differences in recognition and structures. Inter-
estingly, recurring binding motifs in nMBPs and eMBPs have
been reported. Binding strength and material-specific binding
can be altered by protein engineering methodologies to tailor
MBP properties to different application conditions (see Section
“Engineering of binding peptides and proteins”).'”

MBPs show great promise as a technology platform for
microplastics (MP) analytics due to their inherent ability to
material-specifically bind different types of common polymers
and distinguish microplastics from other particles in complex
environmental samples, and thereby enabling accurate quanti-
fication and characterization of microplastics (see Section
“Advances in nano- and microplastics analytics”).* This com-
prehensive review aims to provide a thorough understanding of
MBPs by focusing on the molecular interactions responsible for
their material-specific binding properties, and emerging appli-
cations of MBPs in plant health, biocatalysis and medicine (see
Section “Emerging applications of material-binding peptides”)
will provide examples of MBPs offering sustainable solutions
for a circular bioeconomy and healthcare.

A discussion on lessons learned in respect to molecular
interactions, that govern binding strength and material-specific
binding of nMBPs and eMBPs, will provide a condensed
summary of knowledge, advancements, and limitations/chal-
lenges. The discussion part focuses on forces and structural
features that govern the initial and/or material-specific binding
of MBPs, especially to man-made polymers, including chal-
lenges in discriminating chemically similar polymers and
challenges that arise from different polymer morphologies.

This journal is © The Royal Society of Chemistry 2024
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A gain in fundamental molecular understanding and trans-
ferable knowledge enables in part, already today, a time-efficient
design of MBPs. Emerging applications of MBPs in plant health,
biocatalysis, medicine and microplastic quantification, as well
as challenges that impede their widespread adoption, illustrate
how MBPs can be used in sustainable materials and can
contribute to climate-neutral circular economy.

Furthermore, we propose a roadmap that combines experi-
mental and computational methods (including Al/machine learn-
ing) to overcome the combinatorial complexity of the protein
sequence space, and ultimately achieve a computational supremacy
in which material-specific MBPs can fully be designed in silico.

In summary, we intent that this review provides a comprehen-
sive overview on MBPs, their application potential and challenges,
and that interdisciplinarity inspires researches and spreads their
use; the latter especially in monitoring, as well as in removing MP-
particles from the environment, food and drinking water, and
thereby mitigate the risks to human, animal and environmental
health.

Material-binding peptides, their
material-specific interactions and
protein engineering campaigns to
tailor binding properties

Naturally occurring binding peptides (nMBPs) that bind to
natural polymers and naturally occurring inorganic materials

Natural material-binding peptides (nMBPs) play a crucial role in
nature, where nature has developed for a few compound classes,
namely carbohydrates, proteins and minerals, a broad array of
structurally and functionally diverse proteins for material-specific
binding (Fig. 2).” In the following sections, the nMBPs for the
most abundant carbohydrates (alginate, cellulose, chitin, chito-
san, heparin, hyaluronic acid, polysialic acid, starch, xylan),
proteins (collagen, keratin, silk) and minerals (calcium carbonate,
hydroxyapatite, silica) are introduced. The structures of nMBPs, as
well as reported binding motifs and interactions, are summar-
ized. nMBPs, as CBMs, have a defined 3-D structure and common
secondary structure elements. Mineral- and protein-binding pro-
teins contain binding motifs ranging from 3 to 12 amino acids.®
Electrostatic interactions are driven by amino acids with charged
side chains (Asp, Glu, Lys, Arg and His). Amino acids, such as Ser,
Asn, Thr and Glu, provide hydrogen bonds. Amino acids with
nonpolar side chains govern van der Waals interactions, and can
provide hydrophobic interactions. In addition, amino acids con-
taining aromatic groups can engage in n-7 interactions or stack-
ing interactions. The binding of peptides to a solid material
surface usually involves an initial binding event through an initial
contact interface mediated by a few amino acids, followed by a
main binding event over a larger contact, involving a combination
of diverse molecular interactions. Understanding these interac-
tions is essential for designing and engineering peptides with
tailored binding properties that match diverse application
demands. General design trends and common interaction motifs

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Overview of most common materials in nature. Natural materials
can be divided into three main types: carbohydrates, minerals, and
proteins. All materials have further subtypes ranging from cellulose to
chitin for carbohydrates, from calcium carbonate to hydroxyapatite for
minerals and from collagen to keratin for proteins. Nature evolved struc-
turally diverse nMBPs to perform complex tasks in recognition and
material(-specific) binding. All listed natural polymers plus polysialic and
hyaluronic acid are introduced and interactions with their corresponding
nMBPs and eMBPs are discussed.

are summarized at the end of the section to provide a basis for the
comparison with phage display-derived peptides.

nMBP for carbohydrates

Naturally occurring carbohydrate polymers are abundant in
plants, animals, bacteria, and algae.” Polysaccharides, the most
predominant form of carbohydrates, account for 90% of all
sugars and contain functional groups such as hydroxyl-,
carboxyl-, aldehyde- or ketone-groups, with the general formula
C,C(HZO)H.S'9 Mono- or disaccharide units are connected through
a- or P-glycosidic bonds, which determine the linear and
branched forms of polysaccharides.’® Regular repeating units
in polysaccharides often have highly ordered helical and ribbon-
like secondary structures.'" Functional groups on monosacchar-
ide rings, such as hydroxyl-, carboxyl-, amine-, sulphate- and
acetyl-moieties, contribute to material-specific interactions and/
or polysaccharide recognition.">** The latter variability in inter-
actions results in a broad use of carbohydrates as structural
support, for energy storage, immune system recognition and
several other biological functions.’>"” Polysaccharides can struc-
turally be linear/non-charged (cellulose and chitin), branched/
non-charged (starch and xylan) or linear/charged (chitosan,
positively charged; alginate, hyaluronic acid, heparin and poly-
sialic acid, negatively charged).

Their huge abundance in nature has made carbohydrates
industrially attractive for the synthesis of platform chemicals

Chem. Soc. Rev,, 2024, 53, 6445-6510 | 6447


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00991a

Open Access Article. Published on 15 May 2024. Downloaded on 4/2/2026 7:23:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

such as polymer building blocks,'® biobased polymers™ or
bioethanol production.*® Nature has evolved specific binding
proteins (carbohydrate-binding modules; CBMs), which are
usually through a flexible linker connected to the hydrolytic
enzymes on one polypeptide chain.> CBMs are grouped into
100 families,”® of which can diversly bind to carbohydrate
polymers. CBMs are, except the carbohydrate-activated
enzymes (CAZymes;>* chitin-binding protein CBP21 of Serratia
marcescens from CBM33 family>*) binding domains, without a
catalytic function.”® The catalytic activity of CAZymes can be
enhanced on the polysaccharide surface through direct binding
of CBMs or disruption of the crystalline polysaccharide form by
CBMs.*®

CBMs typically have a B-sandwich fold, in which two over-
lapping B-sheets are composed of six to twelve antiparallel f-
strands.”” Depending on the binding mode toward carbohydrate
moieties, three main types of CBMs are designed by nature: type
A, B and C. Type A CBMs bind in a ‘flat’ binding mode to planar
crystalline cellulose, chitin and xylan surfaces via a planar plat-
form composed of amino acids involved in binding. Type B CBMs
have an ‘internal’ binding mode, in which binding sites that are
shaped like extended grooves or clefts, accommodating longer
sugar chains. Type C CBMs employ a ‘termini’ binding mode
with small binding pockets to identify moieties composed of one
to three monosaccharide units from the reducing/non-reducing
ends of the polysaccharide.

Cellulose

Cellulose is a main component of plant cell walls and the most
abundant renewable resource on earth, with an annual produc-
tion of over 70 billion tons.*® Cellulose is a linear and non-
charged polysaccharide consisting of B-p-glucopyranose units
(C6H1¢0s), linked through B(1 — 4) glycosidic bonds with a
non-reducing hydroxyl group and a reducing hemiacetal group at
both ends (Fig. 3b).>**" Notably, each glucose unit contains three
hydroxyl groups, which leads to the formation of extensive intra-
and interchain hydrogen bonds.*>** Cellulosic materials contain
highly ordered long-chain regions (crystalline) that are inter-
rupted by disordered short-chain regions (amorphous). Crystal-
line cellulose has a stacked arrangement, while short chains of
amorphous cellulose form random coils. Amorphous cellulose
chains, consisting of at least one cellulosic unit, are linked by
hydroxyl groups at the C-2 and C-3 positions to form isotropic
intermolecular hydrogen bonds.**™® The water solubility of
polysaccharides depends, apart from their chemical composition,
on the number of repeating monomeric or dimeric units. Cello-
dextrins with up to 6 repeating units are highly soluble whereas
those with 7-8 become less soluble.*® Crystalline and amorphous
cellulose are markedly recalcitrant to dissolve in water, which can
be attributed to the presence of numerous hydrogen bonds.*’
Members of CBM superfamily have in general a 8-sandwich fold
structure.*’ Depending on the conformation of cellulose chains,
all three types of CBMs bind to the cellulose surface (Fig. 3b).
CH-r interactions between CH moiety from sugar ring and
aromatic ring from CBM™* as well as polar hydrogen-bonding
are the main driving forces for binding.
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Type A cellulose-binding domains have a planar binding
mode generated by two to four aromatic amino acid residues
(e.g. Trp and Tyr) that interact with the pyranose ring of
crystalline cellulose through face-to-face stacking, while the
polar amino acids on the flat surface form hydrogen bonds
with hydroxyl groups on the ligand to reinforce the binding.*”**
Owing to the release of constrained water molecules from CBM
and water-layer around the cellulose surfaces, the binding of type
A CBMs on crystalline cellulose is supposed to be entropically
driven.*>*° For example, CBM1 from Trichoderma reesei cellobio-
hydrolase I contains two conserved Tyr residues that interact with
pyranose ring structure through CH/r interactions as well as GIn
and Asn forming hydrogen bonds with the carbohydrate hydroxyl
groups. The variants from Ala scanning, in which Tyr was
substituted by Ala in position 5 (Y5A), showed reduced binding
affinity towards crystalline cellulose, for instance at positions
Y32A, Y31A, Q34A, and N29A (Fig. 4a).”" Interestingly, EXLX1, a
bacterial expansin from Bacillus subtilis, which shows strong
binding to crystalline cellulose, possesses a CBM63 binding
domain with type A CBM characteristics, in which a flat contact
surface is composed of three linearly arranged aromatic amino
acids (Trp in position 125 (Trp125), Trp126, and Trp157) that
interacts with cellohexaose (Fig. 4a).’>>>> Interestingly, the
reduced binding affinity in the Y157A variant is less than that
in W125A and W126A variants.’>** The latter demonstrates the
importance of matching distances between aromatic rings in the
side chains to bridge the 5.5-A distance gap to pyranose moieties
of cellohexaose.

Type B cellulose-binding domain employs a binding site
shaped like a cleft, an open groove or an open tunnel to
accommodate individual amorphous cellulose chains. A com-
mon feature is that aromatic residues located in the central zone
of the binding site with polar residues in close proximity jointly
interact with the amorphous cellulose.>* CBM4 from Clostridium
thermocellum CbhA has three aromatic residues (Trp68, Tyr110
and Trp118) surrounding the deep groove, which, together with
polar amino acids (Arg73 and Arg75) specifically recognize
single chains of amorphous cellulose. The considerably
decreased binding affinity of variants W68A, W110A, R73A
and R75A confirms the importance of aromatic and polar
residues for cellodextrins binding (Fig. 4b).>® Similarly, alanine
scanning in polar amino acids (Asn52, Asp54, Arg92, GIn129,
Asn185 and Asn137) and aromatic amino acids (Trp88 and
Trp135) located on the shallow binding cleft of CBM17 from
Clostridium cellulovorans Cel5A resulted in a reduced binding
affinity towards non-crystalline cellulose, indicating the impor-
tance of hydrogen bond formation between polar amino acids
and cellulose as well as stacking interactions between aromatic
amino acids and pyranose moieties of cellulose (Fig. 4b).>°

Type C cellulose-binding domains possess a small binding
pocket to accommodate the termini of cellulose polymer chains
through interactions with aromatic amino acids (e.g. Trp and
Tyr) at the entrance of the pocket for interactions with pyranose
moieties of cellulose and polar amino acids at the end of the
pocket that form hydrogen bonds with cellulose.®® CBM9-2
from Thermotoga maritima xylanase 10A adopting a B-barrel

This journal is © The Royal Society of Chemistry 2024
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fold binds to crystalline and amorphous cellulose at termini of
polymer chain moieties of cellulose. The Trp residues at Trp71
and Trp175 provide with the polar amino acids Arg161 and
Asn172 the required interacts, as described for type A and B, for
cello-oligosaccharide binding (Fig. 4c).>”*°

Chitin
Chitin is a carbohydrate primarily found in the exoskeleton of
crustaceans, insects, and fungi cell walls, with a worldwide

This journal is © The Royal Society of Chemistry 2024

—1.6L62 1t i5 an unbranched

production of 8-10 billion tons year
and non-charged amino-polysaccharide composed of repeating
N-acetyl p-glucosamine (GlcNAc) units with a general formula
(CgH;305N),, linked through B(1 — 4) glycosidic bonds; each
repeating GlcNAc unit contains four hydroxyl groups and two
acetamide groups (Fig. 3b).°>®* Chitin adopts a semi-crystalline
structure, similar to cellulose, which is comprised of crystalline
and amorphous regions.®>®® Interestingly, the crystalline
conformation is predominant in chitin with usually more than

Chem. Soc. Rev., 2024, 53, 6445-6510 | 6449
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90% degree of acetylation. Acetamide residues near the hydro-
xyl groups in the ¢trans conformation drive the formation of a
large number of hydrogen bonds within and between linear
chitin chains.®” According to the orientation of the crystalline
form, chitin is classified into o-, -, and y-types. a-chitin is the
most abundant and stable form with anti-parallel conforma-
tion, B-chitin has parallel sugar strand conformation which
induces a high flexibility, and y-chitin is a mixed form of - and
B-chitin.®®®® Regarding water solubility, N-acetyl chitooligo-
saccharides are well soluble with a range of 1-5 repeating units,
while larger oligosaccharides from hexamer to octamer become
less and less soluble.”®”* Based on the excellent biocompat-
ibility, biodegradability, and antimicrobial activity of chitin, it
is widely used for food and biomedical applications, like
controlled drug release and wound dressing.”>”*
Chitin-binding domains have similar driving forces for
chitin binding compared to CBM domains for cellulose; again,
aromatic and polar amino acids are the key binding forces.
Interestingly, some of the type A CBMs have binding promis-
cuity to crystalline chitin and cellulose, due to structural
similarities. For instance, the chitin-binding domain from
Clostridium paraputrificum chitinase can bind cellulose, while
the cellulose-binding domain CbpA (CBM3) from Clostridium
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cellulovorans also binds to chitin.”*’> ChBD2 (CBM2) from
Pyrococcus furiosus binds only to chitin but not cellulose, because
the recognition of cellobiose units is blocked by negatively
charged amino acids, Glu279 and Asp281 (Fig. 5a).”° Interest-
ingly, nature has designed some chitin-binding proteins that
bind material-specifically to a chitin allomorphs; for instance,
CHBI1 from Streptomyces olivaceoviridis binds only to o-chitin and
neither to B-chitin, nor to cellulose.”””® First reports suggest that
W57 and two pairs of disulfide bonds are important for specific-
binding to a chitin allomorph.”®”°

Chitin-binding domain CBM50, also known as LysM, possesses
CBM type B binding characteristics with a big groove binding site.*?
It typically has a Poof fold, which is composed of two antiparallel
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Fig. 5 Structures and key amino acids in chitin-binding modules. (a) Type
A chitin-binding module that bind to crystalline chitin. Representative CBM
is ChBD2 (CBM2) from Pyrococcus furiosus,”® which has a planar-shaped
binding site. (b) Type B chitin-binding module that binds to (GlcNAC)s.
Representative CBM is LysM (CBM50) from Pteris ryukyuensis chitinase-
AB% which has a groove-shaped binding site. (c) Type C chitin-binding
module that bind to (GlcNAc)s and B-chitin. Representative CBM is CBM14
from Homo sapiens chitotriosidase-1,%* which has a small binding pocket.
Key residues in CBMs for chitin binding interactions are highlighted in red.
The CBM structures are predicted with AlphaFold2.%® Protein models are
visualized and coloured by ChimeraX 1.4.4¢
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B-strands. The LysM domain from Pteris ryukyuensis chitinase-A
binds to (GleNAc)s through the key aromatic amino acid Tyr72; the
latter is substantiated by a Y72A substitution which disrupts chitin-
binding properties (Fig. 5b).%° The interactions between (GlcNAc);
and LysM from Arabidopsis chitin receptor kinase 1 suggest that the
N-acetyl moieties can be specifically recognized, for example, by the
formation of hydrogen bonds between N-acetyl moiety and Glu110/
e141.* Type C chitin-binding domain CBM14, with a small
binding pocket to accommodate the termini of chitin moieties,
has a hevein-like fold consisting of three antiparallel B-strands
linked to two small antiparallel B-strands.** CBM14 from Homo
sapiens chitotriosidase-1 binds to (GlcNAc); and B-chitin with a flat
interaction surface composed of Trp465 and Asn466 via face-to-face
stacking and hydrogen bonding, respectively. Interesting, L454A
impairs the binding interactions through an indirect alteration of
Trp465 conformation that results in a less productive orientation

(Fig. 5¢).*!
Starch

Starch is the energy storage polysaccharide compound in
plants. It is produced in plastids of leaves, seeds, and storage
organs and contributes to 80% of the world’s caloric intake.®>®
It is a semi-crystalline and granular polysaccharide consisting of
linear amylose and branched amylopectin made of p-glucosyl
units (C¢H10s),->” Amylose with a chain length of approximately
100-10 000 glucosyl units is by weight present in up to 28% in
starch. Amylose is primarily composed of monomeric glucose
unit that linked by a(1 — 4) glycosidic bonds, interspersed by a
few branches of o(1 — 6) glycosidic linkages.***° With increased
numbers of a(1 — 6) linkages and long chain length of ranging
from 10 000-100 000 glucosyl units, the glucan is referred to as
amylopectin (Fig. 3b).*® The branch-chain length and molecular
arrangement of amylopectin is related to the granule size of
strach.’® Starch is classified into three types according to the
crystal form, packing density of its helical structures, and water
content. A-type allomorph (e.g. from maize), which is composed
of compactly packed left-handed helices, is a large disk-shaped
granule with a diameter of 10 to 35 pm. It crystallizes in an
orthogonal unit cell with eight water molecules.”’** B-type
allomorph (e.g. from potato), which is 1 to 10 um in diameter,
is spherical and less compact. It is hexagonal and contains 36
water molecules per unit cell.”>® C-type allomorph (e.g. from
legume) is the mixture of type A and type B starch with a size of
3.1 to 50 pm and has an oval to irregular shape.’® Maltodextrins
linked by o(1 — 4) glycosidic bonds with less than 20 p-glucosyl
units are well water soluble.”” Starch is the most common
carbohydrate polymer in the human diet and is widely used in
industry. It is employed for the production of biohydrogen,®®
ethanol,”® as well as for the synthesis of bioplastics'®® and many
other products.

The starch-binding domain from the CBMs superfamily has
a B-sandwich fold with characteristics of B-type CBMs; i.e. at
least one carbohydrate-binding site has a cleft- or groove-like
shape, in which aromatic amino acids are located on either side
of the binding pocket. The convex angles formed between
aromatic residues match the helical spacing of the amylose
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amylase has a single carbohydrate-binding site where the pairs
of Trp469/Trp418 and Trp416/Lys460/Asp477 contribute to CH-
n interactions and formation of hydrogen bonds, respectively
(Fig. 6).'°> CBM20 from Aspergillus niger GH15 glucoamylase has
two binding sites that can work cooperatively to bind on f-
cyclodextrin and maltoheptose.'®>'* In detail, site 1 has a
shallow and solvent-exposed binding area composed of
Trp543 and Trp590 for stacking interaction, as well as Lys578
for potential hydrogen bonding.'®* Interestingly, Lys578 under-
goes a slight structural change during the binding process and
might have an essential role in the initial recognition of mal-
tooligosaccharides moieties.'”® Binding site 2 consists of three
important aromatic residues, in which Trp527 and Tyr556 are
key for stacking interactions with glucose moieties of starch,
and buried Trp563 is involved in making contact of the neigh-
bouring residues Thr526 and Ile531 with starch moieties
(Fig. 6)."°* A large conformational rearrangement occurs upon
binding and may guide maltodextrin molecules to the active
site.’®® Regarding the binding of CBM20 to maltoheptaose, the
mutational analysis resulted in W590K (binding site 1 variant)
with a dissociation constant (Kg) of 0.95 uM and W563K (bind-
ing site 2 variant) with a K4 of 17 pM, compared to the wild type
with a Ky of 23 pM."°%'%” The binding affinity of site 2 is around
18-fold stronger than that of site 1. In addition, the binding
affinity of each binding site alone is stronger than that of the
two binding sites acting together. Interestingly, only when both
binding sites are involved in the binding, the binding of CBM20
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Fig. 6 Structure and key amino acids of type B starch-binding modules.
Representative CBMs are CBM41 from Eubacterium rectale o-amylase
(PDB: 6AZ5)°2 and CBM20 from Aspergillus niger GH15 glucoamylase
(PDB: 1ACO0),*°* which have one or two binding sites respectively. Key
residues of CBMs for starch binding are highlighted in red. Protein models
are visualized and coloured by ChimeraX 1.4.4¢
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to amylose can form a novel structure of a two-turn amylose
complex, which can accelerate the enzymatic degradation of
crystalline starch.'?®1%8

Xylan

Xylan is the major hemicellulose component of plant cell walls
and is found in grasses, grains, and trees. Xylan is the third most
abundant biopolymer on earth after cellulose and chitin.'®
Xylan is a diverse group of polysaccharides consisting of a linear
backbone of xylose residues connected by B(1 — 4) glycosidic
bonds with various branching residues attached to the backbone
depending on tissues and species."'® Grass xylan (GAX) usually
contains arabinofuranose (Araf) monomeric units linked by
o(1 — 2) and a(1 — 3) glycosidic bonds with a low number of
glucuronosyl (GlcA) and (4-O-methyl)-glucuronosyl (MeGlcA)
building blocks, which are connected through o(1 — 2) glycosi-
dic bonds.""""""* Xylan is acetylated at the O-2 and O-3 positions
on the backbone or at the branch of the arabinosyl residue at the
0O-2 position and esterified with hydroxycinnamic acid (ie.,
ferulic acid and p-coumaric acid) at the O-5 or O-3 position of
arabinosyl branches (Fig. 3b).""*''* Xylan exists in mainly two
conformations. The first conformation consists of a two-fold
screw with a flatribbon-shaped even pattern, in which the
branching residues are located on the same side of the back-
bone, or a three-fold screw with a helical shape."> Most xylans
adopt a three-fold screw, which shifts to a two-fold screw when
tightly bound to cellulose microfibrils."'® Xylo-oligosaccharides
shorter chains up to DP10 are well soluble in water, while those
of DP11-20 are becoming less and less soluble in water.""” Xylan
is used in various applications, such as food products,**®
packaging,'*® and drug formulations."*

Xylan-binding domains from the CBMs superfamily have
type A, B, and C binding modes, in which the main driving forces
are, as reported for the other carbohydrates before, CH/r inter-
actions between aromatic residues and C-H in xylose residues as
well as the hydrogen bonds between the polar residues and
hydroxyl groups in xylose residues. Type A xylan-binding modules
bind to xylo-oligosaccharide via exposed flat binding sites, where
CH/n interactions contribute stronger to the binding specificity
and affinity than hydrogen bonds."”" CBM2b-1 from Cellulomo-
nas fimi xylanase 11 A adopts a B-sandwich fold with a flat
binding site composed of two aromatic (Trp259 and Trp291)
and six polar residues (Glu257, Asp261, Asn265, GIn288, Asn292
and Thr316) (Fig. 7a)."** Alanine-substitutions at hydrogen bonding
residues Asn292, GIn288 and Glu257 have only a slight effect on the
binding strength (binding energy of <0.3 keal mol ™). The loss of
at least 2.5 keal mol ' in binding energy is observed when either
Trp259 or Trp291 is mutated to the corresponding Ala variants.*!

Xylan-binding domain CBM15 from Pseudomonas cellulosa
xylanase Xyn10C employs a classic B-jelly roll fold with an
extended groove as binding pocket. The concave surface con-
tains two Trp residues (Trp181 and Trp176) at an orientation
angle of 240°, complementing the three-fold helical conforma-
tion of xylan moieties which rotate at 120°. The other polar
residues, Asn106, Ser108, Gln167, GIn171, GIn217, GIn221 and
Lys223, are responsible for the formation of a hydrogen bond
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Fig. 7 Structure and key amino acids of xylan-binding modules. (a) Type A
xylan-binding module that binds to xylohexaose. A representative CBM is
CBM2b-1 from Cellulomonas fimi xylanase 11 A (PDB: 2XBD) 2 which has a
planar-shaped binding site. (b) Type B xylan-binding modules that bind to
Xylopentaose and xylotetraose respectively. Representative CBMs are
CBM15 from Pseudomonas cellulosa xylanase Xyn10C*?® and CBM22 from
Clostridium thermocellum xylanase Xyn10B (PDB: 1H6XY),2%12% which have
groove-shaped binding sites. Variant R25A changes the orientation of aro-
matic residues. (c) Type C xylan-binding module that binds to xylobiose.
Representative CBM is CBM13 from Streptomyces lividanse endo-f-1,4-
xylanase 10A,*2° which has three binding pockets. Key residues of CBMs for
xylan binding interactions are highlighted in red. The CBM structures without
specified PDB IDs are predicted with AlphaFold2.>® Protein models are
visualized and coloured by ChimeraX 1.4.4¢

network (Fig. 7b)."** Variant R25A of CBM22 from Clostridium
thermocellum xylanase Xyn10B suggests the importance of a
productive orientation of aromatic residues, in which Arg25
plays a decisive structural role in Tyr103 and Tyr136 orientation
(Fig. 7b)."** Interestingly, the distance between two Trp residues for
face-to-face stacking interactions with the rings of xylan moieties
determines the minimum distance required for binding, ie.,
CBM15 requires a minimum of three xylan building units, whereas
CBM22 with adjacent stacking residues requires two,">*">®

Type C xylan-binding domain CBM13 from Streptomyces
lividanse endo-B-1,4-xylanase 10 A has a B-trefoil fold with three
subdomains (o, B, and y) to accommodate short xylooligosac-
charides. Aromatic residues Trp34 from o-site, Tyr74 and Trp77
from B-site as well as Tyr117 from vy-site are key for the stacking
interactions (Fig. 7c). Polar residues Asp19, Asp22, Gln32,
His37, Asn41 and GIn42 in the a-site, Asp61, GIn72, Asn81
and GIn82 in the B-site and Asp102, Asn106, Gln115, Ser120,
Asn124 and GIn125 in the y-site are responsible for binding
through a hydrogen bond network. Each site involved in bind-
ing accommodates four xylose units.'*®

Chitosan

Chitosan is the only bulk polycationic carbohydrate in nature; it
is found for instance in the cell walls of filamentous fungi and the
exoskeleton of crustaceans.'”” Chitosan is a linear and positively
charged (amine group) polysaccharide derived from the partial
deacetylation of chitin by p-glucosamine (GlcN) units linked to N-
acetyl p-glucosamine building blocks via (1 — 4) glycosidic bonds
(Fig. 3b).** Chitooligosaccharides (COS) with a DP value of less
than 10 are typically well water soluble; chitosan water solubility
with DP values above 10 can be increased with increased

This journal is © The Royal Society of Chemistry 2024
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acetylation and at decreased pH.'”® Deacetylation of chitin by
chemical methods employs alkali treatment and results in a
random acetylation pattern; recently developed enzymatic meth-
ods (chitin deacetylases (CDAs)) in chitin treatment yielded
defined acetylation degrees with defined patterns.’”*'*° The enzy-
matic methods for controlled deacetylation are important since
the physicochemical properties and biological activities of chito-
sans are affected by the DP, degree of acetylation, and its acetyla-
tion patterns.'*" The cationic charge and the presence of a reactive
functional group make chitosan a versatile biopolymer. Chitosan
products are used in many biomedical applications like controlled
drug delivery,"** wound healing,"** tissue regeneration,”** or in
wastewater treatment,”® food packaging,'*® cosmetics,"*” and
agriculture.'*®

Chitosan-binding domains from the CBMs superfamily
adopt a canonical B-sandwich fold. For instance, CBM32 from
Paenibacillus sp. IK-5 chitosanase is regarded as a member of
type C CBM with a small binding pocket to accommodate the
non-reducing end of a (GleN); molecule.”*® The two CBMs
discoidin domains 1 and 2 (DD1 and DD2; 70% amino acid
sequence identity), which belong to the CBM32 family are highly
specific in binding to chitosan."*® Aromatic residues like Tyr119
from DD1 as well as Tyr36 and Tyr120 from DD2 contribute to
CH/n stacking interaction with (GlecN); moieties. Conserved
negatively charged amino acids (Glu14, Glu36 and Glu61 from
DD1, Glu14 and Glu61 from DD2) are involved in the interac-
tions with the positively charged amino groups in (GlcN);
molecules through electrostatic interactions and a hydrogen
bond network (Fig. 8a)."*'*! Notably, DD1 with three negatively
charged Glu residues exhibits a 1.5-fold higher binding affinity
towards (GleN), than DD2 with only two Glu residues."*”

Interestingly, most of the chitosanases with efficient cataly-
tical properties lack a chitosan-binding domain in contrast to
cellulases. The extended catalytic grooves with both ends open
take over the role of binding to long COS.'** A typical example
is GH8 chitosanase from Bacillus sp. K17 with an (a/a)s fold
formed by six repeating helix-loop-helix motifs. Like the CBMs
binding driving forces, aromatic residues Trp235, Trp166,
Phe413 and Tyr318 located in the binding groove interact
through face-to-face stacking. Negatively charged residues
Asp179, Glu309, Asp183 and Glu107 are through electrostatic
interactions part of chitosan recognition (Fig. 8b).**
Alginic acid
Alginic acid is a naturally occurring anionic polysaccharide
mainly found in algae and bacteria."**'** Alginic acid is a
linear and negatively charged (carboxyl group) polysaccharide
composed of B-p-mannuronic acid (M block) and o-1-guluronic
acid (G block) connected by (1 — 4) glycosidic bonds. The
building blocks of alginic acid can be either homogeneous or
heterogeneous. The M block features a flexible chain with a *C;
(equatorial chair) conformation, while the G block adopts a
rigid 'C, (axial chair) conformation, attributed to steric hin-
drance around the carboxyl groups (Fig. 3b).®* Physical proper-
ties of alginate vary considerably depending on the composition
ratio, polymer length, and connection mode between M- and
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Fig. 8 Structures and key amino acids of chitosan-binding proteins. (a)
Type C chitosan-binding modules that bind to (GlcN)s. Representative
CBMs are two domains of CBM32 from Paenibacillus sp. IK-5 chitosanase
(PDB: 4ZY9 for DD1, and PDB: 4ZZ8 for DD2),**° which have a narrow
binding pocket. (b) Chitosanase. A representative chitosanase is GH8
chitosanase from Bacillus sp. K17 (PDB: 1V5C),**2 which harbours a
groove-shaped catalytic binding pocket. Key residues for CBM binding
interactions to chitosan moieties are highlighted in red (see main text).
Protein models are visualized and coloured by ChimeraX 1.4.46

G-blocks.'*® Besides, the G block is reported to chelate with Ca",
which results in gelation.” Alginate oligosaccharides with DP of 2
to 25 are well water-soluble oligomers/products generated through
enzymatic hydrolysis."*®* As a general trend, the water solubility
increases with higher GG building block content.'*® Alginate has
broad applications in tissue engineering,"® wound dressing,'*"
and drug formulations'**'>* due to its biocompatibility, low toxi-
city, and mild gelation process.

Alginate-binding domains from the CBMs superfamily gen-
erally adopt type B and C binding modes, in which aromatic
residues are as for other carbohydrates involved in CH/n
interactions, polar residues take part in the formation of a
hydrogen bond network, and additionally positively charged
residues provide electrostatic interactions with carboxylate
groups in alginate. CBM96 from Defluviitalea phaphyphila algi-
nate lyase, a recent member of carbohydrate-binding modules,
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Fig. 9 Structures and key amino acids for alginate-binding modules. (a)
Type B alginate-binding module that binds to alginate pentasaccharide.
Representative CBM is CBM96 from Defluviitalea phaphyphila alginate
lyase (PDB: 7VBO),*** which has a groove-shaped binding site. (b) Type
C alginate-binding module that binds to alginate trisaccharide. Represen-
tative CBM is CBM32 AlyQg from Persicobacter sp. CCB-QB2 alginate
lyase (PDB: 7D2A),***> which has a narrow binding pocket. Key residues
for alginate binding interactions are highlighted in red. Protein models are
visualized and coloured by ChimeraX 1.4.4°

has type B CBM characteristics with a -sandwich fold; it binds
to alginate through a shallow and wide binding cavity/site, in
which positively charged residues (Lys10, Lys22, Lys25, Lys27,
Lys31 and Arg36) and an aromatic residue (Tyr159) mediate
CBM-ligand recognition (Fig. 9a). The key roles of these resi-
dues in alginate recognition/binding has been verified by site-
directed mutagenesis studies."*

CBM32s with a typical B-sandwich fold and a highly flexible
pocket have been reported for binding to the non-reducing
ends of oligosaccharides ranging from simple galactose to
complex N-acetylgalactosamine.'>>"*® CBM32 AlyQg from Per-
sicobacter sp. CCB-QB2 alginate lyase, with a type C binding
mode, specifically binds to 4,5-unsaturated mannuronic acid.
Aromatic residue Trp303 plays again a role for stacking inter-
action with the unsaturated mannuronic acid ring. Polar resi-
dues Asn301 and Ser305 interact with the carboxyl group of 4,5-
unsaturated mannuronic acid, Asp200 and Arg215 are reported
to contribute by hydrogen bond formation with the C3-OH
group, and finally the positively charged residue Arg248 forms a
salt bridge with the carboxylate group (Fig. 9b)."*

Hyaluronic acid

Hyaluronic acid (HA) is an anionic polysaccharide that forms
water-flexible hydrogels and is found throughout the human
body from the skin to the extracellular matrix (ECM) of
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connective and epithelial tissues.
(carboxyl group) and water-soluble polysaccharide composed of
repeating disaccharide units of p-glucuronic acid (GlcA) and
GlcNAc linked by alternating f(1 — 4) and (1 — 3) glycosidic
bonds (Fig. 3b)."*® The H-bonds formation between water
molecules and functional groups of HA (carboxyl and aceta-
mido group) stabilizes the secondary structure and enhances
water solubility.’*® Based on its biodegradability, biocompat-
ibility, non-immunoactivity, and moisture-retaining properties,
HA is broadly used in wound dressing,'*” tissue engineering,"®°
drug delivery"®" and cosmetics.'®

Up to date, CBM70 is the only reported CBM from the
superfamily that specifically binds to HA. CBM70 from Strepto-
coccus pneumoniae hyaluronate lyase has a f-sandwich fold with
type B binding mode. The binding cavity harbours with several
positively charged amino acids Arg112, Arg145, Lys143, Lys185
and His116, and a highly conserved aromatic residue Trp82
(Fig. 10a). The critical role of these residues is confirmed by
alanine-substitution. For instance, in H116A and K143A, the
binding constant was reduced by around 10-fold, and in W82A
and K185A by 50-fold, while the variants R112A and R145 lost the
ability to bind to a hyaluronan 7-mer."®® The main driving forces
are again CH/r interactions, hydrogen bonds, and electrostatic
interactions. On top of CBM70, cell surface receptors composed
of glycoproteins also show specific binding to HA. HA can
interact with inflammation- and cancer-associated receptors
(CD44 and the receptor for hyaluronic acid-mediated motility
(RHAMM)) on cell surfaces and trigger signalling processes."'**"*
The specific recognition of HA is as for the previously discussed
carbohydrates achieved by CH/r interactions between aromatic
residues and both GlcA and GlecNAc rings, electrostatic interac-
tions, and formation of a hydrogen bond network. In detail,
positively charged amino acids (Lys38, Arg41, Lys68 and Arg78),
aromatic amino acids (Tyr42, Tyr79 and Tyr105), and the polar
amino acids (Asn100 and Asn101) of the human cell surface
receptor CD44 are considered to be the key residues for HA-
specific binding (Fig. 10b)."®*'%%'%” Interestingly, the RHAMM
receptor protein has a different BX;B binding motif, in which B
stands for either Lys or Arg and X contains no negatively charged
residues and at least one positively charged residue.'®® The
reduced binding affinity of the variants K785N and R793S for
HA indicates the importance of these two positively residues on
either side of the binding cavity."®

HA synthases are a family of membrane-associated glycosyl-
transferases or transmembrane enzyme complexes that catalyse
the synthesis of HA from uridine diphosphate-activated pre-
cursors and translocation through the membrane."”’ HA
synthases have no corresponding CBMs and specifically recog-
nize HA moieties through a transmembrane channel by face-to-
face stacking, electrostatic interactions and a hydrogen bond
network. For HA synthase from Paramecium bursaria chlorella
virus, positively charged residues Arg303, Arg256, Arg247 and
Arg442 interact with the negatively charged carboxylates of
GlcA. Aromatic residues Tyr248 and Trp346 coordinate the ring
of GlcNAc, but not GlcA (Fig. 14c). Variants R247A/K, R256K or
Y346L confirm their functional importance by reduced HA

This journal is © The Royal Society of Chemistry 2024
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Fig. 10 Structure and key amino acids for HA-binding proteins. (a) Type B
HA-binding module that binds to hyaluronan 7-mer. Representative CBM
is CBM70 from Streptococcus pneumoniae hyaluronate lyase (PDB:
4D0Q),”>®* which has a grooved-shaped binding site. (b) Sugar receptor
human is of human origin (PDB: 1UUH),*%® which specifically recognizes
HA moieties. (c) HA synthase from the Paramecium bursaria chlorella
virus,Y’? in which the transmembrane channel synthesizes and translocates
poly-HA through the transmembrane channel protein. Key residues for HA
binding interactions are highlighted in red. The CBM structures without
specified PDB IDs are predicted with AlphaFold2.°® Protein models are
visualized and coloured by ChimeraX 1.4.4°

synthease activity; interestingly, the variant W248A causes a
80% activity drop when compared to the wild type.'”®

Heparin

Heparin is the most negatively charged polysaccharide since it
is highly sulphated. It can be found for instance in the liver,
intestine, lungs, and mast cells."’>'”®> Heparin is a linear and
water-soluble polysaccharide consisting of repeating disacchar-
ide units of uronic acid (10% B-GlcA and 90% o-L-iduronic acid
(IdoA)) and GIeN/GleNAc linked by o,B(1 — 4) glycosidic
bonds.®* Sulphated positions are O-2 of either IdoA or GlcA,
0O-3 and O-6 of N-sulphated GlcN (GlcNS), as well as O-6 of
GlcNAc (Fig. 3a). The one negative charge per sulphate
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molecule and the carboxyl group of uronic acid make heparin
a highly negatively charged polymer (max. 4 neg. charges per
repeating disaccharide unit).’”>'”* Heparin has been used for
antithrombotic and anticoagulant medication, specifically to
treat heart attacks and angina pectoris.'”®

There are no CBMs from any superfamily reported for the
specific binding to heparin. Activity of heparin is mediated
through direct interactions with various proteins involving char-
acteristic motifs responsible for heparin-protein binding, that
have been excellently summarized in previous reviews."”®”” The
reported general principles involve electrostatic interactions
between basic residues and negatively charged sulphate/carboxyl
groups, formation of hydrogen bonds between polar residues and
heparin disaccharide side chains (sulphate, carboxyl and hydro-
xyl groups) and the sulfation patterns (2-O-sulphate, 6-O-sulphate
and N-sulphate). Understood highlights comprise interactions
between 8-mer heparin and thrombin, as well as the 5-mer
heparin and antithrombin. In detail, thrombin is a protease that
can break down soluble fibrinogen finally resulting in the
formation of the fibrin polymer. Specific recognition between
thrombin and 8-mer heparin is achieved through ionic interac-
tions between positively charged residues (Arg93, Lys236, Lys240,
Argl101, His91, Arg126 and Argl65) and carboxylate/sulphate
groups, hydrogen bonding formation between polar residues
(Arg233, His230 and Trp237) and sugar moieties with an impor-
tant role of water molecules (Fig. 11a)."”® Antithrombin is a 464
amino acids protein that acts as serum protein protease inhibitor
(binding protein) and plays a major role as physiological regu-
lator of vertebrate blood coagulation proteases. Positively charged
residues (Lys114, Lys125 and Arg129) mediate the binding
between antithrombin and 5-mer heparin via electrostatic inter-
action and hydrogen bonding formation (Fig. 11b)."”° The spe-
cific recognition between Lys114 residue and the 3-O-sulphate
group contributes around 60% of the binding free energy. The
deletion of the sulphate group at the 3-O position reduces the
binding affinity by 10* to 10°-fold."?

Polysialic acid

Polysialic acid (PSA) is a nine-carbon sugar homopolymer
widely present in bacteria and vertebrates. PSA is an important
posttranslational modification to cell adhesion molecules, such
as neural cell adhesion molecule (NCAM), and has important
roles in intercellular adhesion and cell migration."* %> PSA is a
linear, water-soluble and negatively charged polysaccharide
consisting of at least eight units of 5-N-acetylneuraminic acid
(Neu5Ac), 5-N-glycolylneuraminic acid (Neu5Gc) or deaminated-
neuraminic acid (KDN) residues linked by o(2 — 8) (predomi-
nantly), o(2 — 9) or o(2 — 8)/a(2 — 9) alternating glycosidic
bonds depending on the origin (Fig. 3a)."**"'®* For instance, the
human PSA is (2 — 8) linked Neu5Ac that is mainly found in
embryos and infants.'®’ It is often used in drug delivery systems
due to its non-immunogenicity, biodegradation, hydrophilicity,
softness, and properties similar to poly(ethylene glycol).'*%*8”
Regarding carbohydrate-binding protein from the CBMs
superfamily, CBM40 from Ruminococcus gnavus trans-sialidase
is reported to bind a(2 — 3)- or (2 — 6)-sialyllactose with high
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Antithrombin

SR

Human antithrombin

Fig. 11 Structure and key amino acids for heparin-binding proteins. (a)
Thrombin. Representative is a-thrombin from human.'’® (b) Antithrombin.
Representative is antithrombin from human.'’® Key residues for heparin
binding interactions are highlighted in red. All the protein structures are
predicted by AlphaFold2.%® Protein models are visualized and coloured by
ChimeraX 1.4.4¢

affinity; again hydrophobic, H-bonds, and electrostatic interac-
tions are the main driving forces. Specifically, Tyr210 and Ile95
form a hydrophobic pocket that interacts with the N-acetyl
group. Positively charged residues Arg204 and Arg128 interact
electrostatically with the carboxyl group of Neu5Ac. Polar
residues Lys135 and Glu126 form hydrogen bonds with the
C4 hydroxyl group, and Glu126 as well as Tyr210 interact with
the nitrogen of the N-acetyl group (Fig. 12a). Notably, no CBMs
have yet been reported to bind to PSA linked by a(2 — 8)
glycosidic bonds."®®

Human adenoviruses are nonenveloped viruses associated
with gastrointestinal, ocular, and respiratory infections. Inter-
estingly, the knob domain from the short fibre of adenovirus
type 52 (52SFK) has a specific binding towards PSA, with a
binding pocket that can accommodate only one sialic acid
moiety and has a positively charged rim (Gln320, Arg321,
Arg316 and Lys349) around its binding site. The complete loss
of cell binding affinity for R316A, R321Q and K349A variants
indicate the importance of these basic residues (Fig. 12b); the
binding affinity in the variants R321Q/E348Q, compared to the
variant R321Q, is somehow restored, due to an overall
reduction of negative charges in the binding site.'’

In summary, nMBPs for polysaccharides can be divided into
three categories, based on the polysaccharide properties. In
non-charged polysaccharides (cellulose, chitin, starch and
xylan), the main binding driving forces are CH/r interactions
and hydrogen bonding. Aromatic amino acids (Tyr, Trp and
Phe) and polar amino acids (Glu, Asn, Arg, Asp, Glu, Tyr and
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Fig. 12 Structure and key amino acids of sialic acid oligosaccharide-
binding proteins. (a) Type C a(2 — 3)- or (2 — 6)-sialyllactose-binding
modules that bind to Neu5Ac. Representative CBM is CBM40 from
Ruminococcus gnavus trans-sialidase (PDB: 6ER2),*%8 which has a narrow
binding pocket to accommodate a(2 — 3)- or (2 — 6) linked Neu5Ac. (b) A
representative adenovirus for HA binding is 52SFK from human (PDB:
4XL8).18° Key residues for sialic acid—oligosaccharide binding interactions
are highlighted in red. Protein models are visualized and coloured by
ChimeraX 1.4.4¢

Lys) are important for carbohydrate-specific recognition.
Cellulose-, chitin- and xylan-binding modules from the CBMs
superfamily adopt type A, B, and C binding modes, while starch-
binding modules only adopt the type B binding mode. The
alignment of aromatic amino acids and spatial control of
distance between pyranose rings in oligosaccharides is key for
carbohydrate-specific binding; especially in the case of crystal-
line cellulose and xylan.>>"*° In general, a productive conforma-
tion and precise positioning of aromatic residues that align with
the conformation of carbohydrate moieties (cellulose and chitin
moieties are planar, and three-fold screw xylan moieties rotate
120°) is crucial for face-to-face stacking interactions.®*?3124190
Starch-binding domains utilize a cooperative mechanism invol-
ving two binding sites—one for initial recognition and the
second one for tight/precise binding."*

In the case of the positively charged chitosan, and the
negatively charged polysaccharides HA, alginate, PSA, and
heparin, CH/r interactions, hydrogen bonding, and additionally
electrostatic interactions are involved in carbohydrate-specific
binding. In case of chitosan, the positive charges generally
contribute to the binding interactions between chitosan CBMs
and COS moieties. CBM32 (type B binding mode) is the only
binding module identified from CBMs superfamily for chitosan-
binding up to date.'* The binding affinity increases with
additional negatively charged residues involved in binding.
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In case of HA, alginate, PSA, and heparin, the negative
charges range from 1 to 4 per repeating unit. In general, the
negative charges are mainly used to electrostatically interact with
the positively charged amino acid residues. CBM96 (type B
binding mode) and CBM32 (type C binding mode) from CBMs
superfamily are reported binding modules for alginate.'*'**
CBM?70 (type B binding B) is the only CBM from the superfamily
reported to bind HA up to date.®® Heparin and PSA do not
employ CBM binding module. For the binding proteins other
than CBMs, such as RHAMM for HA, thrombin for heparin and
52SFK for PSA, aromatic residues are not essential for carbohy-
drate specific recognition.'*®'®® In summary, the CBM super-
family is the most successful found in nature for binding of
cellulose, chitin, starch, xylan, chitosan, alginate and HA. Coevo-
lution occurred and has yielded, as reported for chitosan and HA,
enzymes such as chitosanases and HA synthases."**'”° Interest-
ingly, the binding sites of chitosanases and HA synthases, found
similar molecular solutions for specific carbohydrate-binding.
For example, chitosanases adopt type B-like catalytic binding
grooves, in which aromatic residues interact with GIcN or N-
acetyl GleN ring through face-to-face stacking and negatively
charged residues interact with positively charged amino groups
of chitosan moieties via electrostatic interaction.**

Binding promiscuity is common for CBMs. Crystalline cel-
lulose, chitin, and xylan have type A binding mode with a
planar binding interface in common. In detail, the promiscu-
ous CBM3 binds to cellulose and chitin.”* The promiscuous
CBM29, which is not mentioned in detail above, has a type B
binding mode with a groove-shaped binding site and binds to
soluble glucomannan, galactomannan, p-glucan, hydroxyethyl-
cellulose, as well as insoluble forms of cellulose and mannan.
CBM32 has a type C binding mode with a narrow and flexible
binding pocket and promiscuously binds to various oligosac-
charides including galactose and N-acetylgalactosamine that
are for instance found in chitosan and alginate.**%°

Interestingly, material-specific binding to allomorphs (e.g. o-
and B-chitin) as well as crystalline and amorphous cellulose could
be achieved in the CBM superfamily evolved by nature.>*”®

nMBP for minerals

Calcium carbonate-, calcium phosphate- and silica-based com-
posites are the main minerals found in nature often with
structural functions to support and/or protect biological tis-
sues. Invertebrates use calcium carbonate (CC) to assemble
shells, while vertebrates employ hydroxyapatite (HAP) to form
teeth and bones."®" Silica-based composite materials are part of
the skeleton in diatoms and sponges. Biomineralization follows
a general principle starting with the accumulation of precursor
ions, which are deposited in a highly organized manner
through sophisticated biomineralization processes. Examples
of biomineralization processes are summarized in several well-
written reviews'*>'%® and will not be further discussed in this
review. Impressively, organisms can in general control the
composition and morphology from the nanometre scale to
the macroscopic level, while fine-tuning properties of the
produced materials with exceptional precision. All these are
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achieved under mild conditions in terms of temperature, pH,
and pressure.’®” "% Mineral-binding proteins serve in several
functions to direct the nucleation and growth of minerals,
controlling the formation of minerals into specific shapes.
The focuses in the following paragraphs are some prominent
biomineralization composites and their interactions with
mineral-binding peptides. In general, electrostatic interactions
are often the main driving force for protein binding to minerals
that occur mainly as calcium carbonate-, calcium phosphate-
and silica-based composites with different morphologies.

Calcium carbonate

Calcium carbonates (CCs) are one of the most abundant
minerals in biological systems. CCs can be found as mineral
components in the shells of invertebrates as well as in avian
eggshells; these structures can consist of up to 95% inorganic
minerals with a few percentage of organic components.**°
Calcium carbonates can be categorized into three crystalline
and amorphous forms."”*°**> Amorphous calcium carbonate
(ACC) plays a key role during the early stage of biomineral
formation as a transient phase and precursor towards the more
stable calcium carbonates.?®® The crystal structures of different
polymorphs are depicted in Fig. 13. Following Ostwald’s rule,***
which states that the less stable polymorph crystallizes first,
vaterite is formed followed by a transformation into more stable
polymorphs over time (first aragonite followed by calcite, the
most stable polymorph).

CC polymorph formation is influenced by abiotic factors like
temperature or the ratio of Mg-/Ca-ions.”*® Polymorph specific
calcium carbonate structures can be stabilized independent of the
surrounding conditions with the help of binding proteins.**’
Calcium carbonate biominerals are composed of three main
components, being CC as the mineral component, chitin as a
scaffold for the formation of the mineral, and proteins functioning
as binding crosslinkers for the framework and mineral
respectively.>'® Calcium carbonate binding domains, nMNPs, have
highly conserved binding regions, to construct organized and
complex composite structures.*'* Looking at the shells of mol-
luscs, two different layers can be differentiated, the prismatic or

Vaterite

Aragonite

B8°1
| ok
© %, Oc
lal | O o
00° %D ° Ca
" o
Calcite ‘ Aragonite [ Vaterite
Crystal system trigonal orthorhombic hexagonal
a=499A a=4,95A a=4,13A
Lattice parameters c=17,00A b=7,96A c=849A
v =120° c=5,74° y=120°

Fig. 13 Crystal structure of calcium carbonate polymorphs. Coordination
of atoms within one crystal cell of the CC polymorphs calcite,2°°
aragonite,?°® and vaterite.?®” Carbon (C) shown in green, xxygen (O) in
grey and calcium (Ca) in red. Structures were generated with VESTA.2%8
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outer shell, in which the polymorph calcite is predominant and
the nacreous or inner shell, which is composed of the polymorph
aragonite. A comparison of the terminal sequences of associated
proteins found in the prismatic and the nacre layer showed some
significant differences.”’> Nacre associated proteins are charac-
terized by clusters of anionic, cationic, and hydrogen bond
forming residues, which results in a heterogeneous surface.
Within this group of proteins associated with the inner shell
the amino acid composition can vary as net charges range from
—7 to +6. Defined spatial distribution of charged and hydrogen
bond forming residues is critical for function within the biomi-
neralization process.”"? Interestingly, terminal sequences of pro-
teins associated with the prismatic layer of shells have a high
content of anionic residues, which can vary from 10% to 80%
within the approximately 50 amino acid-long binding sequences,
generally resulting in a net negative charge in CCs binding
proteins. Notably, Asp is up to 6 times more common than Glu in
nMNPs.”"? Positively charged amino acids are only found rarely
in prismatic binding sequences. Interestingly, they are separated
from anionic residues, or occur as single positively charged
residues close to an anionic residue, which has been reported
as a unique trait of prismatic-associated CCs binding proteins.>*>

Eggshell is another material that utilizes CC in the form of
the polymorph calcite, which functions as a protective layer.>%*
Eggshells consist of around 95% of the mineral with 3.5% of
organic components, which include hundreds of proteins that
play a certain role in the formation of the mineral.>*> A family
of eggshell matrix proteins that bind to the surface of mineral
crystals have been identified in avian species.”’* In general,
electrostatic interactions are the main driving force of binding
CC in eggshells. Interestingly several solutions have been found
by nature to interact with the mineral CC during eggshell
formation; some proteins rely on acidic residues Glu and Asp,
similar to the calcite-binding proteins described above, while
others have a higher content of the basic amino acid residues
Arg and Lys.*'*21®

Hydroxyapatite

Hydroxyapatite (HAP) belongs to the group of calcium ortho-
phosphates and is the main mineral in teeth and bones of
vertebrates consisting of calcium-phosphate and calcium-
hydroxide, with the general formula Cas(PO,4);(OH). Properties,
formation processes, and occurrences of calcium orthopho-
sphates have been reviewed in several excellent reports.>*®>"°
HAP is produced from amorphous calcium phosphate (ACP)
precursor which forms first,>*® and which is subsequently
converted into the crystalline form HAP.>*' In non-biological
processes, the precipitation of the mineral occurs within hours
at optimal temperature and pH.>** Biological HAP formation
processes that utilize nMBPs generally take longer as, devel-
oped structures have to be highly organized in order to ensure
the structural integrity of the biomineral.>**

Depending on the biological tissue, the mass percentage of
the mineral component can vary from 60% to 95%.>>*>** In
bones and dentin, the mass percentage of the mineral compo-
nent reaches often 65% to 70%, respectively;**® the most
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prevalent protein in HAP-composite materials is collagen,
which functions as a scaffold for the mineralization. HAP is
also the main mineral component of dental enamel; here, the
proteins amelogenin and enamelin act as scaffolds for miner-
alization. The inorganic phase in enamel is with 95% signifi-
cantly higher than in other HAP-containing materials in the
human body. The latter is the hardest human composite
material and functions as a protection against mechanical,
chemical, and thermal forces.>*

The mineralization process in bone, dentin, and enamel is
further assisted by various non-collagenous proteins, which
modulate the growth of HAP crystals. Osteocalcin (OC) is after
collagen the most abundant protein in the organic phase of
bones. OC’s structure is highly conserved and contains three
y-carboxylated Glu residues. The interaction of OC and calcium
ions was investigated by NMR analysis and molecular docking
simulations, revealing that the negatively charged protein sur-
face coordinates calcium ions complementary to the position of
calcium within a hydroxyapatite crystal.>*’

Another group of non-collagenous proteins are phosphoproteins
from the small integrin-binding ligand, N-linked glycoprotein family
(SIBLING),”*® namely osteopontin (OPN), bone sialoprotein (BSP),
dentin matrix protein 1 (DMP1), dentin sialophosphoprotein
(DSPP), and matrix extracellular phosphoglycoprotein (MEPE). The
latter proteins are essential in the modulation of the HAP miner-
alization process and have been extensively reviewed.*'***%**° All
SIBLING binding proteins bind to HAP through negatively charged
amino acids, namely Glu and Asp. The acidic, Ser- and Asp-rich
motif, referred to as ASARM-peptide, is a fingerprint sequence
(RDDSSESSDSGSSSESDGD), that is commonly found within pro-
teins of the SIBLING family and facilitates binding on HAP.
Common and repetitive sequences found in these proteins are
DSS or ESS in which serin residues are often phosphorylated.””® A
common feature of proteins of the SIBLING family is the transition
from random coils to structured forms in the presence of HAP.**%23!
Posttranslational modifications in the form of phosphorylation are
a vital part in tuning the binding affinity towards HAP, as addition-
ally introduced negative charges can strengthen the interaction with
the mineral surface.”* A study from Addison et al.>*> examined the
binding of the phosphorylated and non-phosphorylated MEPE-
ASARM motif on HAP. The binding on the mineral was greatly
enhanced when the Ser residues 12, 14, and 16 were phosphory-
lated, proving that posttranslational modifications and negatively
charged residues are essential for binding on the HAP mineral.

Statherin is another notable protein associated with the
growth and regulation of HAP biomineralization, especially in
tooth enamel.*** Statherin contains the acidic motif (DSSEE) at
its N-terminus, which is remarkably similar to those found in
SIBLING proteins. While statherin is disordered in aqueous
solutions,>** it adopts, after binding to HAP, an alpha helix
structure in its N-terminal HAP-binding domain as proven by
solid-state NMR.>3*233

Silica

Silica or silicon dioxide (SiO,) is a biomineral produced
through the polymerization of orthosilicates (Si(OH),) and
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can be found in the cell walls of diatoms, sponges, and plants.**®
The yearly production of biogenic silica has been estimated to be
in the range of 10-40 Gt.>*” Enrichment, formation, and deposi-
tion of silica for different organisms has been described in
several reviews.>*®**®?3° In contrast to carbonate and apatite,
biomineralized silica occurs only in its amorphous form. In
aqueous solutions silica is hydrated, which results in the for-
mation of silanol groups. The surface of the silica is negatively
charged under neutral or basic conditions, due to the deprotona-
tion of the silanol groups.>*® Crystalline silica can be found for
example as quartz in rocks or sand. The following paragraphs
summarize key proteins and molecular principles that govern the
silification process. In diatoms silaffins play a key role in the
biomineralization of silica and are characterized by highly repe-
titive sequences, rich in Ser, Tyr, and basic amino acid
residues.>*! Silaffin-1 from Cylindrotheca fusiformis was the first
isolated protein associated with the mineralization of silica; it
consists of seven highly homologous repeats (R1-R7) at its C-
terminus with Lys-Lys and Arg-Arg clusters, as well as Thr and
Ser residues.”*' The latter repeats are proteolytically cleaved
resulting in the release of seven individual peptides (R1-7).

Peptide R1 consists of 33 amino acids and includes the
sequence of silaffin-1B (SSKKSGSYYSYGT). The sequence of
silaffin-1A (SSKKSGSYSGS) is identical to the first 11 amino acids
of the repeats R2 and R3-7, which are 22 and 19 amino acids
long, respectively. The latter peptides undergo posttranslational
modifications, and every Ser residue is phosphorylated. In addi-
tion, Lys residues in silaffins are widely modified with long chain
polyamines (LCPA), which consist of linear oligopropyleneimide
chains connected with propylenediamine, putrescine or
spermidine.**> These modifications enable a combination of
cationic and hydrogen bonding interactions to silica particles.
In combination with the negatively charged phosphate residues,
these proteins exhibit a zwitterionic character, which has been
deemed to be essential for the self-assembly process during silica
formation.>** A fully modified peptide from the silaffin-1A frac-
tion contains 8 phosphate groups and a high number of positive
charges, which are highly dependent on the specific LCPA that
are added.>* The effects of these modifications on the silification
process were further investigated through simulations of the R5
peptide*® and precipitation experiments®*® leading to the con-
clusion that the main driving forces of biosilification are electro-
static interactions.>**> Another group of proteins associated with
the formation of silica in diatoms are silacidins, which are in
contrast to the rather positively charged silaffins, rich in Ser and
negatively charged amino acids. Silacidins also contain R-X-L
motifs indicating endoproteolytic cleavage, as well as a high
degree of phosphorylation at Ser residues of more than 60%.**
Comparing silaffin-like proteins from different diatom species
showed no sequence homology, but it could be observed that Lys
and Ser residues are highly abundant.?**2*8

The biosilification in sponges is catalysed by the enzyme
silicatein, which forms proteinaceous filaments.>*° Silicatein is
the mayor silicifying enzyme in sponges with a catalytic triad
consisting of Ser, His, and Asn. The proposed mechanism relies
on hydrogen bonding between the imidazole of the His residue
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and the Ser in the active site.?*°

Silicatein is hypothesized to use
orthosilicic acid as a substrate to form cyclic silicic acid species
which are more reactive and, therefore, greatly accelerating the
process of silica polycondensation.?*!

Aside from silicateins, sponges also possess other proteins
involved in biomineralization processes. The protein glassin
from the marine sponge Euplectella aspergillum, is another
example of a silica-binding nMBP. Glassin consists of three
distinct domains and has a high His content of about 30%. The
first domain is rich in His and Asp residues (HD-domain), the
second is characterized by Pro residues (P-domain), while the
third is again rich in His and Thr residues (HT-domain).>*” In
contrast to other biosilica associated proteins, it was observed
that glassin is not dependent on posttranslational modifica-
tions to facilitate its silica-forming activity.>>® Further research
by Arima et al.>®* showed that the HD-domain is the primary
compound in facilitating the silica formation. It was hypothe-
sized that the proximity of His and Asp residues results in the
constant protonation of the imidazole groups through a charge
relay effect.”>® The condensation of silica is then accelerated
through the formation of hydrogen bonds and electrostatic
interactions between the mineral and protein.>>®

While diatoms and sponges are the main sources of bio-
genic silica, other organisms also use silica biomineralization
processes to facilitate specific tasks. One example is the spores
of the bacterium Bacillus cereus, where the protein CotB1 was
identified to be responsible for the interaction with silica. The
protein contains a silacidin-like sequence in the C-terminal
region followed by 14 amino acid sequence rich in Arg, which
results in a protein with a zwitterionic character.>*®

In addition, a silica precipitating protein called siliplantl
was also reported in plants (Sorghum bicolour).*®” Siliplant1
contains seven repeating units, which can be divided into the
domains A, B, and C. Domain B contains Pro, Lys, and Glu
residues, which results in the formation of a zwitterionic
structure. Domains A and C flank the domain B in certain
repeats of the protein. Domain A is rich in His and Asp residues
resulting in a negatively charge at physiological pH. High
occurrences of Pro, Thr and Tyr are a characteristic of domain
C. At the end of the repeats 1, 3, and 5 R-X-L motifs can be
found, which indicate cleavage. Kumar et al.>®’ suggested,
based on Raman and NMR spectroscopy results, that the
interactions occur between the carboxyl groups of the protein
and the hydroxyl groups of the mineral.

nMBP protein-based materials

Proteins are diverse macromolecules with extraordinary proper-
ties including catalytical and structural functions. The latter
can be attributed to ~20 genetic encoded amino acid building
blocks, the corresponding tremendous protein sequence space
(20"; n number of amino acids; for n =100 ~ 1.268 x 10"*°) and
two defined secondary structure elements (helices, B-strand),
which jointly enable to generate a defined three-dimensional
structure with diverse interaction possibilities.”>®>>°

In the following paragraphs, three abundant and broadly
used protein-based materials (collagen, keratin and silk) that
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form strong fibre-type structures based on self-assembly will be
presented. Emphasis will be given on specific MBPs and
hydrophobic, H-bond and charged interactions that drive the
self-assembly process. Properties of collagen and their applica-
tion in food, medicine and skin care are summarized in several
reviews.>®*>%* Collagen showed a worldwide market value of
720 million US$ in 2017, and it is expected to rise to 1.453
billion US$ in 2025. Properties of keratin and their biomedical
applications are summarized in several other reviews.>®> 2%
The market size value of keratin was shown to be 1.47 billion
US$ in 2022, and it is estimated to be 2.4 billion US$ in 2023.
Properties of silk and its application in common and specia-
lized textiles, such as biomedical and healthcare textiles, are
summarized in additional other reviews.>”°>"? Silk possessed a
market valued of 15.6 billion USS$ in 2021, with a projection of
34.1 billion US$ by 2031.

Collagen

Collagen can be divided into 20 collagen subtypes.”®® In gen-
eral, collagen proteins structurally form triple helices, in which
three helices intertwine (Fig. 14a). Collagen can be found in all
types of connective tissues as skin, bones, and cartilage. It can
either be fibril forming or network forming. While one
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tropocollagen protein (basic unit) is 3000 A long and 13-15 A
wide (~300 kDa),>”>”® the higher formed fibrils can range
from 10 to 100 pm in length.>’® On a molecular level, the two
most abundant motifs are G-G-X and G-X-hydroxyproline
(HyP), whereby X could be any amino acid.>”” Found binding
peptides often mimic a collagen motif with the above-
mentioned sequences to achieve the same molecular interac-
tions as self-assembly. Self-assembly refers to the spontaneous
and non-covalent assembly of protein molecules into higher-
order structures, and it is used in synthesized cyclic and
branched peptides for collagen detection.”’® Gly usually intro-
duces flexibility, and HyP with its hydrophobic character above
neutral pH-values supports through hydrophobic interaction a
triple helix formation. Kar et al. reported that aromatic amino
acids and their interactions with Pro and HyP promote the self-
assembly of collagen.?”®

In addition to the self-assembly motifs (G-G-X, G-X-HyP),
sequence motifs have been reported from different collagen-
binding proteins as fibronectin®®*? or the glycoprotein “bone
sialoprotein” (BSP),”®* which do not show any similarity
to the G-G-X motif; identified binding sequences are e.g.
“CQDSETRTFY” or “NGVFKYRPRYYLYKHAYFYPHLKRFPVQ”,
respectively. The latter 28 amino acids peptide sequence has a

a Collagen amino acid sequence
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high content of aromatic amino acids including Tyr (6x Tyr),
Phe (3x Phe), and Pro (3x Pro), as well as positively charged Arg
(3x Arg). BSP binds to collagen with a dissociation constant of
5 x 10”7 M. The main binding interactions were reported to be
with sialic acids or N-acetylneuraminic acids (Neu5Ac), which
are added to collagen in post-translational steps. In one study,
Neu5Ac was removed by treatment with neuraminidases, which
decreased the binding affinity of BSP.*** Different studies
discussed the binding of acidic non-collagenous proteins to
the 40 nm hole zones of native type I collagen (Fig. 14a).”%*2%"
Therefore, it can be concluded that the hole zones in collagen
type I are potential target interfaces with acidic or negatively
charged amino acids. Interestingly, the latter charged interac-
tions in collagen hole zones differ from the self-assembly
interactions in the G-G-X and G-X-HyP motifs of helices, which
are driven by hydrophobic interactions and hydrogen bonds.

Keratin

Keratin is another important structural protein that can be
found in nails, feathers, reptile scales, epidermis and in any
form of animal hair. Keratin derived from human hair naturally
consists of 7.6% Cys.”®® The high Cys content leads the for-
mation of many intra- and intermolecular disulphide bonds.
Keratin forms fibres by self-assembly (see collagen) that often
range in length between 100 pm and a few cm (Fig. 14b).>¢72%8
Keratin can be grouped into hard and soft keratin, whereby
hard keratin has more Cys, and therefore, also disulphide
bonds between the helices. The latest studies suggest that hard
a-keratin forms coil-coil helices, which are further assembled
into oligomers (tetrameric oligomers) (Fig. 14b).>*° A high Cys
content could also be found in their corresponding binding
peptides. In the case of keratin, no consensus binding motif
has to the best of our knowledge been reported. All reported
peptides, which were found to bind to keratin have a 20-45%
content of Cys.>*® In a study investigating the use of keratin-
binding peptides as biological hair straightening modulators,
eight keratin-binding peptides have been reported.>®' The three
peptides PepE, PepG and KP (CLPCLPAASC, CQCSCCKPYCS,
GGVCGPSPPCITT) were found to straighten the hair by binding
to keratin as chemical hair modulators. PepG was found in MD
simulations to have a predisposition to form intramolecular
disulphide bonds because of its five Cys. Binding of PepE, PepG
and KP to a hair model until 120 °C confirmed disulphide bond
formation, or rearrangements during the process.”*° In sum-
mary, disulphide bonds are part of the self-assembly process of
keratin substructures, which can also be supported by designed
keratin-binding peptides.

Silk

Silk fibres obtained from silkworms have been used since
ancient times for manufacturing fabrics due to beneficial
properties as high strength and durability, without compromis-
ing shine and lustre. The latter resulted in its use as surgical
meshes, biosensors, and even in drug delivery.”*>>°* The
unique strength properties of the natural silk fibre from
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silkworms can be explained by its structure and composition
with two main protein components: fibroin and sericin
(Fig. 14c).

Fibroin forms the core of silk fibres and consists of three
subunits: a heavy chain (H-fibroin), a light chain (L-fibroin) and
the glycoprotein fibrohexamerin (Fhx, previously known as
P25). H- and L-Fibroin are connected through covalent disul-
phide bonds, while Fhx interacts with H- and L-fibroin through
non-covalent interactions.**> H-Fibroin is mainly made of the
repeating motif G-A-G-A-G-X, in which X can be Ser, Tyr or
Ala. The repeating motifs interact with each other through
hydrophobic interactions and hydrogen bonds, consequently
enabling the self-assembly of the protein through a hydropho-
bic core with a B-sheet structure (Fig. 14).>%° Similar to collagen,
described peptides that bind to silk fibres comprise the basic
fibroin repeating motif G-A-G-A-G-X.**” L-Fibroin represents
the hydrophilic part of fibroin with a heterogeneous amino acid
composition and no repetitive sequences;**® binding of
L-fibroin to H-fibroin is achieved through disulphide bonds.
In addition, Fhx has a bridging function that connects H/L-
fibroin dimers through hydrophobic interactions, although,
until now, modes of binding have not been elucidated.

Sericin is a water-soluble glycoprotein with a molecular
weight ranging from 20 to 400kDa, and it acts as an adhesive
coat for fibroin chains. In the textile industry, it is estimated
that more than 400000 tons of dry cocoons are harvested
worldwide annually, from which 50000 tons of sericin are
discarded after a degumming process.”®® Degumming is the
process of removing sericin from the silk fibres by incubating
them in hot water (50-60 °C) or in an alkaline solution, in
which sericin is degraded and separated from the hydrophobic
fibroin fibres.>®® Sericin is mainly composed of Ser (>30
mol%), Gly (~15 mol%) and Asp (~ 13 mol%), depending on
the origin organism and the analysed sericin fraction.*** The
main conformation of sericin is a random coil, ensured
through the high number of Gly residues, while charged
residues such as Asp contribute to the hydrophilicity of the
protein. The gluing properties of sericin have been explained by
an interplay between Gly of fibroin and Ser of sericin.>* In the
interaction, mainly driven by hydrogen bonding, Gly and Ser
form a highly dynamic fibroin-sericin complex.*** Still, macro-
molecular protein conformations that provide a comprehensive
understanding of interactions between fibroin and sericin have
not been reported yet.

Binding promiscuity of naturally occurring binding peptides

Synthetic polymers have been introduced into our daily lives
since the second half of the 19th century, with larger scale
production starting in the 1950s. Today, the renouncement of
plastics would not be devisable, since it is found in many daily
life goods and consumables as for packaging or consumer
electronics. Six polymers account for the vast majority (95%)
of all plastics (polyethylene (PE), polypropylene (PP), polyvinyl
chloride (PVC), polystyrene (PS), polyethylene terephthalate
(PET) and polyurethane (PUR)). Approximately 77% of all
produced plastics are non-functional polymers, that present a
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Table 1 Sequences that bind to naturally occurring polymer materials. Sequence properties are based on amino acid characteristics like charge,
hydrophobicity, and aromatic structures

Material Sequence Charge Hydrophobicity Aromatic Ref.
Silica SSKKSGSYSGYSTKKSGS 4 —26.5 2 242
Silica SGRARAQRQSSRGR 5 —29.1 0 256
Hydroxyapatite DSSEE -3 —12.1 0 303
Hydroxyapatite ESQES -2 —12.1 0 304
Hydroxyapatite QESQSEQDS -3 —23.4 0 304
Hydroxyapatite PLEPRRREVCELNP 0 —18.0 0 227
Hydroxyapatite DDEDDDD -7 —24.5 0 219
Hydroxyapatite DDDDDDDDD -9 —31.5 0 219
Hydroxyapatite EETEEE -5 —18.2 0 305
Hydroxyapatite EEEGEEEE -7 —24.9 0 306
Hydroxyapatite EEEEEEEEEE —10 —35.0 0 306
Hydroxyapatite DDSSESSDSGSSSESDGD -7 —32.5 0 307
Hydroxyapatite DDSWDTNDANVVCRQLGA -3 —13.5 1 308
Calcite EEAQTELPQAR -2 —16.9 0 309
Calcite YRGPIARPRSSRYLAKYLKQGRSGKRLQKP 10 —42.4 3 310
Calcite GKGASYDTDADSGSCNRSPGYLPG -1 —24.2 2 310
Aragonite DEADEADADEADADEAD —-11 —27.7 0 311
Aragonite DDEDDDDDDDD —-11 —38.5 0 312
Collagen CQDSETRTFY -1 —13.2 1 282
Collagen NGVFKYRPRYYLYKHAYFYPHLKRFPVQ 8 —25.4 6 283
Collagen LRELHLNNN 1 —10.3 0 313
Keratin CCQSSCCKPSC 1 1.1 0 290
Keratin CVSSCCKPSCC 1 8.8 0 290
Keratin PIVCRRTCYH 3 —-2.1 1 290
Keratin DCKLPCNPCA 0 —-1.0 0 290
Keratin CLPCLPAASC 0 14.7 0 290
Keratin CEPAICEPSC -2 2.8 0 290
Keratin CQCSCCKPYCS 1 0.6 1 290
Keratin GGVCGPSPPCITT 0 5.5 0 290

pure carbon backbone (PP, PP, PVC, PS). Polymers with func-
tional bonds such as in PET or PUR constitute for ~18% of
global production, and over 400 additional man-made poly-
mers account for ~5% of the total plastics production.*'*?*
‘Fibre plastics’ are mainly based on polyester polymers, like
PET.*!*

In contrast to the numerous examples, that were presented
above, nature does not provide peptides to interact with synthetic
polymers. This is mainly caused by the fact, that nature has not
been exposed to these polymers long enough to develop binders.
Additionally, man-made polymers do not present easily utilizable
growth substrates, since non-functional polymers can hardly be
broken enzymatically. The absence of proprietary binders for
man-made polymers, however, does not imply that there are no
proteins which bind to these polymers. In this section, we
summarize the research on binding peptides for man-made
polymers with a focus on the most abundant ones.

Polypropylene and Polyethylene

Polypropylene (PP) and polyethylene (PE) are hydrocarbon
polymers with excellent chemical resistance, stiffness and
processability.>'® PP is therefore vastly used including automo-
tive parts®'” and textiles as carpets or clothing.’*® The polymer
was first identified in 1954 and accounted for 16% of the
worldwide plastic market in 2020. Riibsam et al. identified
the peptide LCI (47 amino acids) as a PP-binding peptide that
forms a dense and stable monolayer at ambient temperature
from an aqueous solution with prior PP surface activation and

1 g was reported to be sufficient to cover a surface of >600 m**"
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The LCI peptide originates from Bacillus subtilis, and it is
composed of four antiparallel B-strands with a hand-shaped
structure.**® Only the hydrogen bonds between the f-strands
are responsible for the LCI structures, which enables to flexibly
engineer the interface above and below the f{3-stands. The
antimicrobial peptide Cecropin A was identified as a PP binder
in the same study. Cecropin A (37 amino acids) originates from
Hyalophora cecropia and has a random coil structure in solutions,
which changes into a defined helical structure in bacterial
membranes.*>’ More recently, the peptide Tachystatin A2
(44 amino acids) was reported to efficiently bind to PP.>**> The
peptide originated from Limulus polyphemus.*** 1t is structurally
composed of three antiparallel B-strands and stabilized by intra-
molecular disulphide bonds.*** In addition, adsorption of proteins
like hexokinases and lipases to PP was previously reported,*>>*%¢
however, the region that governs the enzyme surface interactions
were not described. Besides, all the reported enzymes do not have
a natural binding domain for PP. In case of PE, no interacting
peptides or domains were identified so far.

Polystyrene

Polystyrene (PS) is a non-functional carbon-backbone polymer
with aromatic sidechains. The orientation of the rings deter-
mines the tacticity of the polymer. For isotactic PS, all aromatic
rings are oriented to the same direction, while syndiotactic PS
shows an alternating orientation of aromatic rings along the
chain. Atactic PS does not feature defined repetition schemes
with the rings being oriented randomly between two sides. This
is the standard tacticity found in PS tacticity influences the

This journal is © The Royal Society of Chemistry 2024
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melting temperature of the polymer as well as the possible
crystallinity.**” In 2018, the annual PS production was esti-
mated at 35 million tons with a growth rate of 5% per year.**®
The peptides Cecropin A, LCI, and Tachystatin A2 bind also to
PS surfaces.**® Binding was achieved in fusion proteins which
will be further discussed in the Section ‘“Emerging applications
of material-binding peptides”.

Tachystatin A2 showed a preferential binding in C-terminal
fusion while Cecropin A and LCI bound more efficiently in N-
terminal fusion. The two adhesive surface proteins RspA and
RspB from Erysipelothrix rhusiopathiae were found to bind PS
surfaces (83-92 amino acids). RspA and RspB proteins have a
key role in biofilm formation due to their binding to proteins of
the extracellular matrix. A C-terminal binding motive (LPXTG)
could be identified for both peptides, which is preceded by a
repeating consensus sequence.

AItE was identified as a prerequisite for biofilm formation of
Staphylococcus epidermis.®** Two domains from AItE, R2ab
domain and amidase domain were further analysed. It was
found that both domains were capable of binding PS nano-
particles, as well as macromolecular PS surfaces. Furthermore,
circular dichroism analysis showed that the binding process
induced a partial unfolding of the protein.**" Like for PP, the
attachment of several proteins to PS was observed. However,
this attachment can again be classified as unspecific, since no
exact domains for binding could be identified.***

Polyethylene terephthalate

Polyethylene terephthalate (PET) presents a more complex
structure than the previously mentioned hydrocarbons (PP
and PS). The polymer is formed by the esterification of ethylene
glycol and terephthalic acid, or by transesterification of ethy-
lene glycol and dimethyl terephthalate.*** PET may occur in two
states: amorphous and semi-crystalline. The crystallinity alters
transparency, as well as thermal and mechanical properties of
the polymer.>** PET is the most commonly used polymer in the
polyester family and it is mainly applied in the textile and food
industry.>** 56 million tons of PET were produced yearly by
2013, leading to extensive disposal of the polymer into the
environment, and an ever-increasing production of monomers
from raw petroleum.*®® Since PET is very common in daily life,
and the included bonds can be effectively broken enzymati-
cally, substantial research has been performed regarding the
degradation and binding to PET, using nMBPs with promiscu-
ous binding to this polymer as binding domain in protein
fusion constructs with PET depolymerases. Ribitisch et al
fused a cutinase from Thermomyces cellullosyliticia to two bind-
ing domains, originating from cellobiohydrolase I from Hypo-
crea jecorina (CBM), and polyhydroxyalkanoate depolymerase
from Alcaligenes faecalis (PBM). This cutinase represents one
example of an enzyme capable of degrading PET. The amount
of cutinase adsorbed to the PET surface was increased by 51%
for the CBM fusion, and almost doubled for the PBM fusion
when measured using quartz crystal microbalance coupled to
dissipation monitoring (QCM-D). The results were confirmed
by a chemiluminescent reaction using horseradish peroxidase.
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Finally, the fusion of the enzyme to the binding domains
resulted in enhanced polymer hydrolysis.**® In a similar
approach, the chitin-binding domain from Chitinolytichacter
meiyuanensis was fused to leaf-branch compost cutinase. The
fusion resulted in increase in degradation by 19.6%. After fusion
to the chitin-binding domain, PET depolymerization was even
possible for highly crystalline PET of 40% crystallinity.**”
Besides these larger domains derived from hydrolytic proteins,
smaller peptides that bind PET were reported. Within the study
by Dedisch et al, which was mentioned above, the peptide
Tachystatin A2 was identified as a potent binder to PET. The
amount of immobilized protein on the PET surface, as well as
the activity of proteins fused to TA2, could be enhanced for
three different fusion constructs. This increase was reported
higher as compared to the binding peptides LCI and Cecropin
A.**® Binding of smaller peptides to PET was used in a study by
Biischer et al. to facilitate the immobilization of phenolic acid
decarboxylase, which is described in more detail in Section
“Emerging applications of material-binding peptides”. The
peptide Dermaseptin S1 showed the best binding performance
in this investigation, increasing the ferulic acid conversion by
more than 100%. Dermaseptin S1 is an antimicrobial peptide,
originally identified from amphibian skin. It consists of 34
amino acids and it is proposed to have a 80% helical secondary
structure, in the form of one amphiphatic helix when exposed to
a hydrophobic milieu.**® Dermaseptin S1 was also used to
immobilize cutinase Tfuc2 on PET, as it was performed before
with CBM and PBM domains. This application resulted in a
22.7-fold increase in degradation, as compared to the Tfuc2
itself.

Polylactic acid

Polylactic acid (PLA) is another thermoplastic polyester, which
is obtained by the condensation of lactic acid monomers. The
morphology of PLA can range from amorphous to highly
crystalline polymers, with basic physical properties similar to
PS or PET. Since lactic acid is a chiral molecule, a number of
distinct polymers can be formed including poly-i-lactide
(PLLA), poly-p-lactide (PDLA) and poly-pi-lactide (PDLLA).
PDLLA results from the polymerization of racemic mixtures of
lactic acid monomers. PDLA typically occurs in amorphous
form, but the mixing ratio of p- and L-monomers can be used
to determine the degree of crystallinity. The mixture of PDLA
and PLLA results in a complex with high crystallinity.>*® In
contrast to the polymers that were previously mentioned, PLA is
a bio-based, as well as, a biologically degradable polymer. It
already takes up the biggest market share in biodegradable
plastics and it is expected to show further growth.>*' Besides
many applications in medicine as the fabrication of scaffolds
for tissue engineering,*** PLA is commonly used for packaging
of food and other daily-life goods.*** There is not much data on
peptides or proteins that bind to PLA. Lu et al. identified the
material-binding peptide Cg-Def to efficiently bind PLA, and
performed protein engineering to increase the peptides speci-
ficity to the polymer.*** More details on the engineering
campaign are given in the next section. Cg-Def is a defensin
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derived from Crassostrea gigas. The secondary structure was
reported to present a Cys-stabilized a-f motif, and the protein
weight was determined to be at 4.6 kDa. Investigation by
Gueguen et al. suggested that Cg-Def is crucial for the initial
repelling of pathogens, and that it is therefore continuously
expressed in the oyster mantle.>*> Using computational analy-
sis, the interaction between Cg-Def and the PLA polymer was
proposed to rely on non-charged amino acids in two turns of
the peptide structure.*** PUR and PVC represent additional
polymers, that are commonly used and produced in high
quantities. While PVC shows simple and similar structures,
the structure of PUR features organic units, that are joined by
urethane links.**® To the best of our knowledge there are no
reports on natural binding domains, that show binding pro-
miscuity to these three polymers.

In summary, no material-specific binding peptides for the
most common man-made polymers have been reported or
found in nature yet. Identified binding peptides show promis-
cuous binding to chemically similar polymers, however, a first
encouraging study on Cg-Def for improved material-specific
binding to PLA, and improvements in binding strength of the
LCI peptide for PP,**” demonstrated the potential to develop
the material-specific binding peptides by protein engineering.

Engineering of binding peptides and proteins

Protein engineering is a valuable tool that offers the possibility
to further evolve functions of proteins. In the realm of eMBPs,
this entails the binding strength or the material specificity.
eMBPs can be divided into class I (<20 amino acids) and class
II (20-100 amino acids). Furthermore, class II eMBPs often
possess, in contrast to eMBPs class I, a defined 3-D structure.
Depending on the class of eMBP, different engineering
approaches can be applied to tailor the properties of eMBPs
(Fig. 15). Phage display is the preferred method to obtain
eMBPs of class I. The phage display of peptides and antibodies
was awarded the Nobel Prize for chemistry in 2018, as it
represented a breakthrough that allowed for the directed
evolution of very short binding proteins via expression and
selection on the surface of phages, thereby achieving a physical
coupling between a phenotype and the respective genotype.**®
One limitation here is that the size of the displayed peptides is
often limited to <16 amino acids.

The key steps of phage display comprise the generation of
peptide libraries, the cloning of libraries into the phage gen-
ome, and finally the selection of binding sequences through
biopanning. Libraries that are generated for phage display
experiments can reach a diversity of up to 10! different
sequences, which are then fused with coat proteins of phages,
which enables the display on the surface.>*>**° Due to these
large library sizes, it is for instance possible to find antibody
variants with dissociation constants in the low nM range.>*!
The next step, after the generation of a phage display library is
the iterative process of biopanning. Here, the phages are
incubated on the material of interest, followed by several
washing steps to get rid of unspecifically or weakly bound
clones. The phages that are still bound on the material are
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eluted and amplified in Escherichia coli, which marks the
starting point for the next round of biopanning. After several
rounds, the best variants can be isolated and sequenced, as well
as further analysed, leading to the identification of high-affinity
binding motifs and the exploration of the underlying binding
mechanisms.**? Protein engineering methodologies can also be
used for the tailoring of eMBPs class II. Here, rational design,
directed evolution, as well as combined approaches can be
applied.

Rational design methodologies can be categorized in protein
sequenced based alignments/analysis, which are computation-
ally not demanding, or computationally more demanding
structure-based modelling approaches.**® Approaches, which
align or analyse sequences can help to find proteins with
related structure or function. A method called consensus
design can be used in this context to generate stable protein
variants from evolutionary related proteins by combining the
most frequent residues at every position. On the other hand,
structure based computational design evaluates protein proper-
ties and functionality based on structural traits. Structural
motifs can be retrieved in unrelated proteins and indicate the
protein functionality. QM/MM methods are typically used to
model protein-protein interactions or reaction mechanisms,
since they cover the smallest time and size scale.*** An applica-
tion of QM/MM methods for the engineering of material-
binding peptides has not been reported so far. In-depth,
analysis of specific residues and their interactions is possible
by applying substrate docking or molecular dynamics simula-
tion. This elucidates the interactions with binding partners or
other interacting molecules. A more detailed explanation in the
context of binding peptides can be found in the Section
“Discussion and general lessons learned from nMBPs and
eMBPs” on computationally assisted design. Furthermore,
coarse-grained modelling can be used to explore large scale
system more in depth, and analyse their behaviour over long-
time spans. Through the rational design of material-binding
peptides and proteins, it is possible to generate a more in depth
understanding of the biophysical properties during the binding
process.

Protein engineering by directed evolution has advanced into
a standard industrial “tool” to tailor naturally occurring pro-
teins to a variety of biotechnological applications. This includes
the sustainable enzymatic production of chemicals, pharma-
ceuticals, or tailored enzymes for food, feed, and laundry
industries (see Noble Prize Chemistry 2018).>*®3>° Directed
evolution comprises iterative rounds of diversity generation
(e.g. by random mutagenesis methods such as epPCR, on the
gene level) and screening the generated library on the protein
level to identify improved variants against the applied selection
pressure (e.g. improved specific activity, solvent or temperature
tolerance). The main challenge in directed evolution is to
efficiently explore the natural diversity of the theoretical protein
sequence, which has been addressed with smart protein engi-
neering strategies, such as KnowVolution,**® which combines
computational analysis and experimental directed evolution
results in order to minimize experimental workloads and
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Fig. 15 Overview on research fields and methodologies of protein engineering comprising phage display, rational design, and directed evolution that have been
employed in the engineering efforts of eMBPs, including outcomes and contributions to provide the experimental data and biophysical knowledge to efficiently
explore the gigantic protein sequence space. Phage display methodologies are till today mainly used to identify short peptides for diagnostic applications and are the
method of choice for engineering eMBPs of class |. Here, a genotype phenotype-linkage between the displayed peptide (phenotype) and the corresponding genetic
information (genotype) is achieved by fusing libraries, containing vast amounts of different DNA-sequences, to the capsule proteins of phages. Afterwards, the phages
can be employed in a high-throughput screening procedure referred to as biopanning. During biopanning the phages are first applied on the surface of interest,
followed by several washing steps to wash away weak and unspecific binders. Phages that are still attached on the surface display strong binding peptides and are
subsequently recovered and amplified in a bacterial host. The cycle can then be repeated several times leading to an enrichment of the strongest binding sequences.
eMBPs of class Il can be engineered by rational design and directed evolution or combined methods such as KnowVolution. Rational design of eMBPs aims to
simulate surface interactions based on structural data. Commonly used simulation methodologies can be performed on different time and system size scales; for
instance, quantum mechanics and molecular mechanics (QM/MM), which are typically used to model protein—protein interactions or reaction mechanisms,
molecular dynamics (MD) for the in depth analysis of specific residues and their interactions, and coarse-grained (CG) modeling, to generate a more in depth
understanding of larger scale systems and of the biophysical properties during the binding process. All rational design methodologies contribute, in combination with
directed evolution methodologies, to elucidate binding interactions between eMBPs and material surfaces. Directed evolution as a ‘blind” approach does not require
any structural information nor a molecular understanding or a hypothesis in contrast to computational methodologies. Key steps in directed evolution are random
mutagenesis of the gene of interest (gene level), high-throughput screening of encoded variants (one the protein level; usually 1000-3000 variants) to identify
beneficial variants, which are subsequently sequenced to determine beneficial amino acid substitutions. In traditional directed evolutions experiments the best variant
of each round is used as input for the next round of directed evolution; traditionally 4 to 6 rounds have been used to generate efficient enzymes.
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maximize property improvements. Sequence space, which is an
array of possible amino acid sequences, offers enormous diver-
sity of functionalities and tailored design possibility. For 50
amino acid peptides, the number of potential peptide
sequences would be 20°° which is a huge number (1.63 x
10°%). Large sequence space results in exploration complexity
with resource intensive laboratory work. A technical challenge
for directed evolution of peptides in the eMBP size range of 30
to 120 amino acids, which require a mutation frequency of 20
to 50 mutations per 1000 bp instead of the usually employed
mutation frequency of 3 to 5 mutation per 1000 bp. This was
solved by developing the cepPCR**” and PepEvo" mutagenesis
protocols in the group of Prof. Schwaneberg. In general, after
directed evolution improved variants of eMBPs class II are
obtained which bind stronger or more specific to the material
of interest and support the unravelling of the underlying
interactions.

Combining the knowledge gained from the engineering
efforts for eMBPs of class I and II (Fig. 15) enables the applica-
tion of machine learning or Al-based algorithms to maximise
improvements.*>*® A more detailed overview about the potential
of Al/machine learning approaches within the design of spe-
cific binding peptides can be found in Section ‘“Computation-
ally assisted design of polymer-binding peptides”.

The final goal within the field of engineering material-
binding peptides is the computational supremacy over protein
sequence space (Fig. 15), which would enable the design of
MBBPs in silico. However, there are still many challenges left that,
which will be addressed in Section “Discussion and outlook”.

In the following paragaphs engineering approaches to alter
natural binding proteins towards carbohydrate-, mineral- and
protein-materials, as well as synthethic polymers are presented
with a description of the engineering campaign that was per-
formed. Since these peptides (termed eMBPs, class II) are
structurally highly diverse, mostly non-systematic approaches
for engineering are reported. The application of these peptides
is further described in the Section “Emerging applications of
material-binding peptides.” Furthermore, advances in design-
ing and identifying man-made phage-display binding proteins
(termed eMBPs, class I) for the discussed carbohydrates, protein
materials, minerals as well as metals and synthetic polymer will
be presented and discussed in respect to their properties.

eMBP (class II) for carbohydrates

In the “Material-binding peptides, their material-specific inter-
actions, and protein engineering campaigns to tailor binding
properties” section, we introduced the main carbohydrates
found in nature (cellulose, chitin, xylan, starch, chitosan,
alginic acid, hyaluronic acid, heparin and polysialic acid) and
natural occurring MBPs. Protein engineering campaigns, such
as computational design combined with site-directed mutagen-
esis and directed evolution combined with phage display, have
been performed to shift the binding specificity of CBMs from
one carbohydrate moiety to another. The driving forces of
binding affinity and specificity between CBMs and naturally
occurring polymers have been further discussed.
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The binding specificity shifting from chitin to cellulose was
achieved by Nakamura et al. via combination of sequence align-
ment analysis and site-directed mutagenesis. As mentioned pre-
viously, ChBD2 from Pyrococcus furiosus shows specific binding to
chitin but not to cellulose. Based on sequence alignment between
ChBD2 and CBDc., from Cellulomonas fimi, the ChBD2">79TP?81N
variant introduces polar residues Thr and Asn in place of the
negatively charged Glu279 and Asp281 around the solvent-
exposed aromatic side chain. These substitutions alter the
chemical nature of the residues in the specified positions and
increase the binding affinity to cellulose without affecting chitin
binding. Intriguingly, the other variants ChBD2">7AP281A apnq
ChBD2"79T"P?%1S show significantly lower binding affinity to
cellulose than variant ChBD2F*7*T"P281N indicating specific inter-
actions between Thr/Asn residues and cellulose ligand.”®

Simpson et al. reported a transition in binding specificity
from xylan to cellulose by structural comparison of binding sites
from relevant CBMs and site-directed mutagenesis. CBM2b-1
from Cellulomonas fimi xylanase 11A binds specifically to xylan
in a three-fold helical conformation with a rotation angle of
approximately 120° between adjacent monosaccharides. The
pivotal aromatic residue Trp259, crucial for stacking interac-
tions, aligns with the three-fold helical conformation of xylan
moieties. The introduction of the R262G mutation induces a
Trp259 rotation of around 90°, causing a shift in binding
preference from xylan to cellulose. The substituted Gly residue
corresponds to G20 in CBM2a from Pseudomonas fluorescens
Xyn10A and serves to maintain the orientation of the cellulose-
binding aromatic residue Trp17."*° The xylan-to-cellulose bind-
ing shift emphasizes the importance of aromatic residues
orientation for xylan specific binding.

Strobel et al. combined rational design and site-directed
mutagenesis to investigate the binding specificity of cellulose-
binding domain to lignin. Polar, hydrophobic, positively charged
and negatively charged residues are introduced to cellulose-
binding module, CBM1 from Trichoderma reesei Cel7A, respec-
tively. It was found that the introduced hydrophobic residues
(Q2L, H4V and Y5W) or positively charged residues (V18R, L28K
and P30K) increased the binding specificity for lignin compared
to cellulose.*®® Lignin-binding driving forces are concluded as
potential hydrophobic interactions and electrostatic interactions.

Except for site-directed mutagenesis, directed evolution
combined with phage display also contributes to binding
specificity transition. Smith et al. established a combinatorial
phage display library for cellulose-binding module CBM1 from
Trichoderma reesei cellobiohydrolase I Cel7A. The variant AP1
(H4L, Y5G, N29R, Y31W, Y32F, and Q34M) shows binding to
glycoprotein bovine alkaline phosphatase, while maintaining
unaltered enzyme activity and abolishing its original affinity
towards cellulose. ELISA-based binding experiments with both
native and denatured glycoproteins reveal that the ligands are
proteins but not carbohydrate polymers. In addition, the var-
iant AP1 exhibits no binding affinity to alkaline phosphatase
when the residues Gln7, Arg29 and Trp31 are mutated to Ala,
suggesting the importance of these three amino acids for the
binding.**°
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The binding specificity of CBM1 shifting from cellulose to
porcine pancreatic a-amylase (PPA) was reported by Lehtio et al.
Two variants (CBDppa1.4 and CBDppay.5) are screened from the
CBM1 library mentioned above, which are able to bind PPA, but
not cellulose. The variant CBDppa1.4 (111M, S14P, P16E, T17L,
V18R, N29H, L28S, V27K, P30G, Y31L, and Y32V) competes with
inhibitor acarbose and binds to the active site.>**' The screening
outcomes of the CBM1 library, including AP1 and CBDppa;.4,
contain substitutions at residues Asn29, Tyr31, Tyr32, and
GIn34. The elimination of cellulose binding resulting from
these substitutions underscores the importance of aromatic
and polar residues for cellulose binding.

CBM4-2 from Rhodothermus marinus xylanase Xyn10A has
also attracted significant attention for CBM engineering com-
bined with phage display and directed evolution. Gunnarsson
et al. discovered multiple CBM4-2 variants with binding speci-
ficity towards birchwood xylan, Avicel, ivory nut mannan and
human monoclonal antibody IgG4, respectively.**>*** Through
the incorporation of mutants Q108R, D136G and E138A/G, the
variant can specifically recognize IgG4 without binding to xylan
and other carbohydrates. The unaltered binding affinity of the
single mutant variants for xylan and 1gG4 compared to the wild
type indicates the importance of the assembly of these single
mutations for developing binding specificity to 1gG4.*** The
variant XG-34 (W69Y, F110H, E72H, F76L, Q111D, E112D, and
Y149F) was identified through screening the same combinator-
ial library of CBM4-2 for its specific binding to non-glycosylated
xylan (XG) rather than xylan and B-glucan. The presence of
soluble xylan as a selection pressure is essential to ensure
successful screening of XG-specific binding variant.>*> From
the crystal structure analysis, the variant XG-34 maintains its
original folding and binding site. A notable reduction in the
distance between W69Y and F110H by 5.5 A results in a
significantly narrower binding cleft, thereby restricting xylan
binding.*®® It suggests that the steric hindrance within the
binding pocket can influence the specific recognition of xylan
moiety.

Gunnarsson et al. described an evolved CBM4-2 module, X-2,
(W69F, D70N, E72Q, F76L, W91R, F110L, Q111D and E118H),
with high binding specificity for xylans and no affinity for glucan-
containing polysaccharides.*®” Hydrogen bonds between E72 and
E118 in wild-type CBM4-2 and xylan are disrupted by mutations,
potentially altering the protein-ligand interactions.**® The muta-
tion of Phe110, one of the two aromatic binding residues, results
in the complete loss of wild-type binding to B-glucan, potentially
impacting X-2 variant similarly.>®” Interestingly, the X-2 variant,
with an L110F mutation, regained the binding capacity to xylo-
glucan and B-glucan.®® Additionally, the Trp69 residue is
deemed crucial for xylan ligand recognition, suggesting the
important role of Phe69 in the binding of X-2.%¢

In addition to CBM1 and 4, the phage library was also
established for RtCBM11 from Ruminoclostridium thermocellum
CelH to screen out a variant with binding specificity shifting
from linear B-glucan to branched xyloglucan. MD simulations
reveal that the H102L/Y152F variant generated a xylosyl binding
pocket within the binding cleft to accommodate polysaccharide
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branches. The hydrogen bond network between the protein and
the ligand is altered with less stability, resulting in a shift in
binding affinity towards xyloglucan.*>”°

eMBP (class II) for minerals (calcium carbonate,
hydroxyapatite, silica)

To our knowledge there are no protein engineering campaigns
by directed evolution focusing on improving already existing
binding peptides for binding on mineral. However, there are
some interesting approaches utilizing biomimetic molecules.
For example, non-natural polymers, called peptoids, can inter-
act with calcite more efficiently than natural binding peptides.
They have been engineered to include amphiphilic and anionic
parts which have been shown to be critical to produce calcite
in vivo.*”!

eMBP (class II) for protein-based materials

For protein-based based materials, such as collagen, keratin
and silk, no protein engineering campaigns by computational
methodologies and directed evolution have been performed to
improve binding strength or material-specific binding. Most
efforts are devoted to mimetically design and synthesize chi-
meric proteins, in which two different binding modules are
fused to give new binding properties to different materials. For
example, mimetic design and synthesis were performed for
collagen-like peptide to bind collagen.””® In the case of silk,
protein chimeras of silk consensus motif (GAGAGS), and bac-
terial collagen VCL, were generated to functionalize with col-
lagen a silk surface. Here, based on the self-assembly process of
silk (described in Section ‘“Naturally occurring binding pep-
tides (nMBPs) that bind to natural polymers and naturally
occurring inorganic materials’’), the GAGAGS sequence was
used as a binding motif for silk functionalization.?”* In general,
studies use the self-assembly properties of protein-based mate-
rials, as described for collagen, keratin and silk to design new
binding modules and functionalise surfaces.

eMBP (class II) for synthetic polymers

Even though nature has not been exposed to man-made plastics
for a long time, there are still some natural proteins that show
promiscuous binding affinities to synthetic polymers. Engi-
neered nMBPs capable of binding towards synthetic plastics
in a material-specific manner hold significant promise for
material-specific detection, and enhanced degradation of target
plastics in the plastics mixture. For synthetic polymers, such as
PET, PP, PS and PLA, protein engineering campaigns by com-
putational analysis and KnowVolution have been performed to
enhance the binding strength or shift the binding specificity
of nMBPs.

CBMs are fused to several PET-hydrolases (EC 3.1.1.101), to
increase the binding affinity towards PET substrates.?3¢:*737376
Rennison et al. conducted alanine scanning to unravel the
driving forces contributing to the robust binding affinity of
CBM2 from Bacillus anthracis to PET. Aromatic triplets (Trp9,
Trp44 and Trp63) and polar residues (Ser7 and Asn14), which
were previously recognized for their significance in chitin
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binding, also play key roles in PET binding. Additionally, Gly12
is recognized for regulating the planar conformation of the
aromatic residue Trp9. Mutant G12R abolishes CBM2 binding
affinity for PET, suggesting that a planar binding site is
required for PET recognition.”®?”®

Material-binding peptides LCI and Tachystatin A2 (TA2)
show binding towards polymers.**® To improve binding proper-
ties of such peptides for the functionalization of polymers, the
peptide-polymer evolution protocol (PePevo) was established. It
enabled the directed evolution of surface-binding peptides on
different polymers," which led to an improved PP-binding
variant of LCI, as well as a variant of the peptide TA2 exhibiting
stronger binding to PS. To discover the mechanism of how these
peptides interact with polymers, the binding of LCI towards PP
was further improved with a KnowVolution campaign,**® where
the binding strength in presence of the non-ionic surfactant
linear alkylbenzene sulfonate was enhanced.**® Eight positions
that influenced the binding towards PP were identified. It was
observed that predominantly residues with negatively charged
amino acids Glu and Asp were substituted. In addition, a trend
of substitutions towards hydrophobic amino acids was
described, indicating that hydrophobic interactions play an
important role in the binding to PP. The peptide variant that
showed the highest improvement in its binding capabilities was
LCIY29R/G35R, in which two residues were substituted with the
positively charged amino acid Arg. In another approach, the
binding of LCI to PP was improved using cell surface display in
Escherichia coli.” Here, the best binding variant (LCI E42V/
D45H) had two negatively charged residues substituted with a
hydrophobic and a positively charged residue, respectively.

KnowVolution campaign has also been used to engineer the
material-binding peptide Cg-Def, to improve its binding speci-
ficity towards PLA over PS/PP. Cg-Def was chosen as the engi-
neering model peptide, since Cg-Def shows the highest binding
affinity to the PLA surface and the lowest binding affinity to the
PS/PP surface, compared to LCI and Spinigerin.****”” In detail, a
Cg-Def random mutagenesis library was generated by Lu et al. to
screen PLA specific binding peptide over PP. In total, 8 positions
were identified with potential to improve PLA binding over PP.
After site-saturated mutagenesis and positions combination,
top three Cg-Def variants with the highest binding specificity
to PLA over PP were screened out. Interestingly, the substitution
positions among these three variants (Lys10, Asn13, Lys16,
Ser19, Cys25 and Cys36) are mainly located in the o-helix of
Cg-Def, and show mutation bias to hydrophobic or positively
charged amino acids. The binding affinity of the best variant Cg-
Def V2 (S19K/K10L/N13H) was further characterized by water
contact angle measurement and SPR, resulting in a smaller
water contact angle (more hydrophilic surface) and a higher
surface coverage (1.3-fold), respectively, compared to the wild
type.*’” On the other hand, Cg-Def with improved binding
specificity to PLA over PS was reported by Lu et al. to enhance
PLA degradation in PLA/PS mixture in a specific manner. In
detail, 4 positions (Leu9, Ser19, Cys34 and Cys36) were identi-
fied by KnowVolution campaign for the contribution of binding
specificity to PLA over PS. They are mainly substituted with
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hydrophobic or positively charged amino acids, which is also
observed when Cg-Def is engineered with enhanced binding
specificity to PLA over PP. It indicates the importance of hydro-
phobic and electrostatic interactions for PLA binding. The
binding specificity of the best variant Cg-Def YH (L9Y/S19H)
to PLA was also checked over the other three plastics, PP, LDPE
and PET. It showed different binding specificity between hydro-
phobic and hydrophilic plastics, with 2-, 2.1- and 0.8-fold
improvement to PLA/PP, PLA/LDPE and PLA/PET, respectively.
When it was fused with ICCG for PLA degradation, ICCG-Cg-Def
YH had a lower Ky, value (191 nM) compared to the wild type of
ICCG-Cg-Def (399 nM). ICCG-Cg-Def YH outperforming ICCG
WT by 1.4-fold suggests the potential of material-specific bind-
ing for plastics specific degradation.®**

Recently, immune response and generation of antibodies
against synthetic plastic, such as PET, was detected in rats with
polymer prosthesis segments implanted.?”® Moreover, produc-
tion of polyclonal polystyrene-binding antibodies after immu-
nization of rabbits with polystyrene was reported.>”® Generated
anti-PS antibodies did not bind to polypropylene, providing
confirmation of their specificity. Such antibodies were applied
for immunoassay-based analysis of microplastics. Both studies
demonstrated the feasibility of in vivo generation of plastic-
specific antibodies.

Affibodies and nanobodies

Nature offers a wide range of protein scaffolds with a rigid core
structure for developing new affinity ligands that allow the design
of high affinity binding sites in a predictable, ‘stable’ and
controllable manner with highly diverse arrangement of amino
acids.*®*! As a result, dozens of binding protein scaffolds have
been developed in recent years and are described in multiple
reviews dedicated to development and applications of these
molecules.***™* Prominent protein scaffolds are DARPin,**°
ANTICALIN™ *** adnectin,**? affibody,***** nanobody,*** Kunitz
domain,**® lipocalin,**” avimer**® and knottin.**® Binding pep-
tides based on binding protein scaffolds overcome the produc-
tion and cost challenges of antibodies and offer advantages in
applications where smaller size of binding molecules is required,
i.e., for penetration into tissue. Two promising binding protein
families, affibodies and nanobodies, are highlighted in the next
two paragraphs due to their broad application potential, easy and
cost-effective production, and rapid engineering possibilities.

Affibodies are based on the B-domain of the immunoglobulin-
binding region of the staphylococcal protein A and composed of
58 amino acids (MW 6.5 kDa) forming three-helix structures. The
mutated version of B-domain showing higher stability and selec-
tivity to Fe-region of antibody is called Z-domain.**

Within affibodies, two helices form the binding surface and
are responsible for recognizing specific epitopes on target
molecules. To generate a library of potential binders with
desired specificity and affinity, 13 amino acids located in these
helices are randomized (Fig. 16). Affibody libraries are tradi-
tionally based on phage display libraries that encode a large
variety (more than 10° variants) of affibody molecules likely
with unique specificities, expanding the repertoire of potential
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b CDR1

Helix 2
Helix 1

Fig. 16 Structure of affibody and nanobody binding protein scaffolds. (a)
3-Helices structure of Affibody Zt,q (PDB ID: 2B88).#?” Helices 1 and 2
contain amino acid positions (highlighted in yellow) that are randomized to
generate affibody library. (b) Structure of nanobody (PDB ID: 5IVO)4%®
highlighting in green, grey and yellow complementarity-determining
regions CDR1, CDR2 and CDR3, respectively. Highlighted areas in affibody
and nanobody structures are primarily responsible for target recognition
and binding to target. While the affibody binding region represents
relatively planar surface and can interact with the epitopes on the surface
of target molecules, CDR loops of nanobodies offer more flexibility and
structural diversity for possible epitopes with convex type of binding.*?°

targets that can be recognized. Bacterial,’® mRNA*" and
ribosome*®* display libraries are used as well for affinity matura-
tion of affibodies.*®® The binding of affibodies to target mole-
cules is achieved through combination of molecular forces (van
der Waals, electrostatic, hydrophobic interactions and hydrogen
bonding) between amino acids in the affibody binding site and
specific motifs (epitope) of the target. Diversified amino acids
play an important role in binding, account for 80% of the buried
surface area in the affibody and involve 62% of all residues that
interact with the target.”* The binding interface of affibody-
target complexes is comparable in size to binding interface of
the antigen-antibody. Compared to antibodies with flexible
complementarity-determining regions (CDR) loops, the binding
region of affibodies is relatively flat and tends to recognize
planar epitopes on their targets.’> Mutations introduced to
enhance affinity for target compounds can impact the structural
integrity or stability of affibodies in various environmental
conditions.’® Therefore, diverse protein engineering strategies
were proposed to achieve high-affinity affibodies without com-
promising structural stability including directed evolution, the
protein repair one-stop shop (PROSS) in silico algorithm,*’”
gradient sitewise diversity generation and screening,’’® and
the introduction of intramolecular disulphide bonds.**® In
recent decades, affibodies for over 40 targets, including amyloid
B peptide, epidermal growth factor receptor, fibrinogen, inter-
leukins, tumour necrosis factor, or insulin, were already gener-
ated for the applications in biomedicine for both in vitro
(bioimaging, diagnostics) and in vivo (therapeutics) use.*'%*!*
Nanobodies (VHH or single-domain antibody, 15 kDa) are
binding proteins that are based on the variable domain of heavy
chain-only antibodies found in camelids.*'* The single-domain
structure of nanobodies is stabilized by a beta-sheet core formed
by several beta strands. The beta-sheet core provides structural
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rigidity and stability to the nanobody domain. Nanobodies
possess specialized regions known as complementarity-
determining regions (CDR1, CDR2 and CDR3) that play a crucial
role in recognizing and binding antigens. CDRs are forming the
antigen-binding site (paratope) of the nanobody, allowing direct
interaction with the target molecule. Nanobody regions, located
between the CDRs, named framework regions (FR), maintain
the overall stability of the domain by providing structural
support. These regions are generally way more conserved com-
pared to the highly variable CDRs responsible for specificity.**?
Through distinct amino acid sequences, the CDRs facilitate
specificity by engaging in precise interactions with the target.
These interactions include combinations of hydrogen bonds,
van der Waals forces, and electrostatic attractions and are highly
dependent on the target or epitope structure. For example,
interaction between nonpolar molecule Ochratoxin A and spe-
cific nanobody Nb28 is ensured by amino acids Gly53, Met79,
Ser102, Leul49 involved in formation of hydrophobic and
hydrogen bonds. Importance of those residues was shown by
alanine scanning. Affinity to Ochratoxin A was completely lost in
case of Nb M79A.*"% Interaction of polar Reactive Red 1 (RR1)
dye with specific nanobodies occurs through hydrogen bonds
between sulpho-groups of RR1 and OH-groups of Tyr56 and
Thr50, NH; group of Lys95, Gly100 main chain NH group and
guanidinium groups of Arg58 and Arg52. In contrast to affibo-
dies, the recognition site of nanobodies (600-800 A?) is relatively
flexible and can adopt to epitopes of different shapes, i.e. flat or
concave. Moreover, convex paratopes of nanobodies are well-
suited for recognition of cavities often inaccessible for conven-
tional antibodies.*** *'® Small molecules (mycotoxins, haptens),
however, can be bound in the centre of a cavity formed by the
three CDRs, in a groove formed between CDR2 and CDR3 or in
the tunnel formed by CDR1 and one of the FR.*'” Although
production costs of nanobodies are relatively low, the develop-
ment costs remain high compared to antibodies.*'® To generate
target-specific nanobodies, three types of libraries are used:
immune, naive and synthetic. Phage display is most often used
for selection of specific variants, but other display systems
(bacterial, yeast, ribosomal) are employed as well. Nanobody
databases include more than 700 sequences of nanobodies
specific to over 50 targets. The targets include viral (HIV*'
and COVID-19"*%) and bacterial (Salmonella sp.,"*" Escherichia
coli, Staphylococcus aureus*>*) pathogens, cancer or inflamma-
tion related targets,*>**** toxins,**® hormones,**® etc. Similar to
affibodies, nanobodies are used in imaging, therapeutics and
medical diagnostics. Dozens of nanobodies are investigated in
clinical trials as therapeutics for inflammatory, infectious dis-
eases, cancer, etc.

Thus, successful engineering of affibodies and nanobodies
as highly specific binding peptides for soluble targets has
positioned them as promising candidates for applications that
necessitate substrate recognition. Moreover, first attempts to
generate nanobodies specifically binding solid surfaces (ZnO,
gold, Al,O3; and CoO) by grafting ZnO and gold-binding pep-
tides into CDR loops, are reported.*****" The Belgian company
Biotalys (formerly Agrosavfe) developed nanobodies that bind
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specifically to plant surfaces and were used in crop protection
formulations for longer retention time that allowed reduction of
chemicals sprayed on the plants.*** Similar systems employing
insect-binding peptides were developed to target insect pests.**?
In addition, nanobodies binding to polysaccharides were
applied in seed protection formulations to improve the agricul-
tural production yields.*** While the research on protein scaf-
folds for solid surface binding applications is relatively limited
and soluble targets dominate the field, advancements in protein
design and optimization may enable their wider applications in
material-specific binding in the future. This will facilitate wider
implementation of biobased sustainable solutions employing
affibodies and nanobodies in agriculture and industry, particu-
larly in applications, where material-specific binding is crucial.

Phage-display selected peptides (eMBPs, class I) and
comparison to naturally occurring peptides

Phage display is a powerful biological selection method that
has been widely used to identify new peptides that bind with
high affinity and specificity to naturally occurring and synthetic
polymers (see Section “Engineering of binding peptides and
proteins”). Phage display methodologies have been awarded
with the Noble Prize in chemistry in 2018 since they allowed to
design antibodies. Phage display is limited in its selection to
short peptides, ranging in general to up to 16 amino acids. In
this section, applications of these man-made peptides (eMBP,
class I) that bind to carbohydrate polymers, minerals, proteins,
and synthetic polymers will be presented and their modes of
binding will be discussed. Table 2 at the end of this section
summarizes for carbohydrate polymers, minerals, proteins the
cases, in which nMBPs and eMBPs (class I) found chemical
comparable to different mode of interactions.

eMBP (class I) for carbohydrates

Cellulose. Phage displayed peptides for cellulose binding
were first reported by Serizawa et al, where two groups of
heptapeptides applied to microcrystalline cellulose particles were
identified. Among them, the peptides HAIYPRH, SHTLSAK,
TQMTSPR, and YAGPYQH, rich in hydroxyl and amino groups,
interact with the ligand through hydrogen bonding. Subse-
quently, the peptides LPSQTAP, GQTRAPL, QLKTGPA, FQVPRSQ,
and LRLPPAP, were reported and are rich in aliphatic amino
acids, interact with the ligand through hydrophobic interactions.
It has been speculated that the two groups of peptides with
different binding interaction modes may have bound to the
crystalline and amorphous parts of cellulose, respectively.**®
Another heptapeptide, WHWTYYW, identified by Guo et al
efficiently binds to the cellulose nanowhiskers through an
employed YYW motif that is present in several natural CBMs.
In detail, Tyr5 is responsible for CH/n stacking interaction with
the glucose ring of cellulose and the formation of hydrogen
bonds.**® In addition, Qi et al reported a 12-polymer peptide,
THKTSTQRLLAA, which has a strong binding affinity for long
fibrous cellulose. Alanine scanning revealed that Lys3, GIn7,
Arg8, Leu9, and Leu10 have the dominating role in binding, with
three polar amino acids involved in hydrogen bond formation.**’
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Chitin. For chitin, Khoushab et al. reported a 12-mer chitin-
binding peptide, EGKGVEAVGDGR (identified via phage
ELISA), in which the middle part of the peptide mainly consists
of hydrophobic residues, suggesting possible hydrophobic
interactions between the chitin moiety and the peptide.**’

Chitosan. When it comes to positively charged chitosan, Tang
et al. found a 12-mer peptide, ADGVGDAESRTR, that binds to
chitosan-coated nanoparticles in which significant hydrogen bond-
ing occurred between the amine group of the chitosan and the
carboxyl group of the peptide, the amide group of the peptide
backbone and the hydroxyl group of the chitosan, and the two
hydroxyl groups on the peptide and the chitosan moiety. Besides,
negatively charged amino acids (Asp2, Asp6, and Glu8) were also
reported to contribute to the binding through electrostatic inter-
actions with the positively charged chitosan building blocks.**°

Hyaluronic acid. Regarding negatively charged HA, the first
eMBP for HA was reported by Mummert et al.,, GAHWQFNALTVR,
which exhibited specific binding to HA. Alanine scattering
implies a binding mode through hydrophobic-hydrophobic
interactions, as hydrophobic residues Trp3, GIn4, Phe5, Leu9,
Thr10 and Vall1 are verified as key amino acids for binding.**
However, in most identified eMBPs, electrostatic interactions are
the main driving forces for HA-binding. Examples comprise a 10-
mer peptide, RYPISRPRKR, reported by Amemiya et al.*** and a
15-mer peptide, STMMSRSHKTRSHHYV, reported by Tolg et al.**>
adopted a B-X7-B (B: Lys or Arg; X: non-acidic amino acid)
binding motif, as well as a 9-mer, CKRDLSRRC, reported by
Ikemoto et al.*”® harbouring the B-X5-B and dibasic R-R motif.

Heparin. For negatively charged heparin, Yabe et al.**® identified
a 12-mer peptide, RTRGSTREFRTG, containing four Arg residues.
Gesteira et al® reported another 12-mer peptide, CRGWRGE-
KIGNC, presenting a chemokine-like repeat BXX motif, in which
both binding modes are driven by electrostatic interactions.

Polysialic acid. Positively charged amino acids also contri-
bute to binding affinity and selectivity of the PSA-binding peptide.
Shastry et al. reported a 16-mer peptide, TLPAILQSSGTRGGGS, in
which the substitutions T1R, Q7R or Q7K resulted in strong
binding affinity and selectivity in the presence of the competing
glycan chondroitin sulphate A. However, increases in affinity
through introduction of more basic residues resulted in decreased
selectivity.*>®

Overall, phage display has been applied to discover eMBPs for
cellulose, chitin, chitosan, HA, heparin and PSA, while eMBPs for
xylan, starch, and alginate are yet to be exploited. The interactions
between carbohydrate polymers and phage-displayed peptides are
similar to those of the corresponding naturally occurring binding
domains, relying mainly on the formation of hydrogen bonds
(eMBPs for cellulose and chitosan), CH/n stacking (eMBPs for
cellulose), electrostatic interactions (eMBPS for chitosan, HA,
heparin and PSA) and hydrophobic interactions (eMBPs for cellu-
lose, chitin, HA and PSA) between the protein and carbohydrate
moiety.

eMBBP (class I) for minerals

Hydroxyapatite. Phage display has been used to identify
HAP-binding peptides; however, no common motifs could be
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Table 2 Sequences and properties of eMBP (class |) obtained from phage display libraries. Described sequences bind to natural and man-made
polymers. The short peptide sequences (usually <14 amino acids) form often not binding domains with cavities and can usually not distinguish between

allomorphs

Material Sequence Charge Hydrophobicity Aromatic Ref.
Silica MSPHPHPRHHHT 6 —24.9 0 435
Silica RGRRRRLSCRLL 6 —-14.3 0 435
Silica APPGHHHWHIHH 6 —-17.4 1 435
Silica MSASSYASFSWS 0 1.3 2 435
Silica MSPHHMHHSHGH 6 —-19.0 0 435
Silica KPSHHHHHTGAN 6 —25.1 0 435
Silica LPHHHHLHTKLP 6 —-12.4 0 435
Silica APHHHHPHHLSR 7 —22.1 0 435
Silica HPPMNASHPHMH 4 —-16.3 0 436
Silica HTKHSHTSPPPL 4 —-17.5 0 436
Silica HVSHFHASRHER 5 —18.1 0 436
Silica HKKPSKS 4 —-18.1 0 437
Quartz RLNPPSQMDPPF 0 —13.7 0 438
Quartz PPPWLPYMPPWS 0 —-7.8 3 439
Hydroxyapatite NPYHPTIPQSVH 2 —12.3 1 440
Hydroxyapatite CMLPHHGAC 2 4.1 0 441
Hydroxyapatite QHTNIVNTQSRV 2 —11.0 0 442
Hydroxyapatite KLPPINLHPHRL 4 —7.2 0 442
Hydroxyapatite TAPASMSDDRAS -1 —-8.9 0 442
Hydroxyapatite SILSTMSDDRAS -1 —3.4 0 442
Hydroxyapatite SSPDRALAATPF 0 -1.5 0 442
Hydroxyapatite LLADTTHHRPWT 2 -9.6 1 442
Hydroxyapatite SVSVGMKPSPRP 2 —5.7 0 442
Hydroxyapatite SVSVGMNPSPRP 1 —5.3 0 442
Hydroxyapatite SAHGTSTGVPWP 1 —5.1 1 442
Hydroxyapatite FPWLPRDNHTLN 1 —-12.6 1 442
Hydroxyapatite AVSSLSSTNYSI 0 4.8 1 442
Hydroxyapatite TMGPTAPRFPHY 2 -9.1 1 442
Hydroxyapatite QSHTRHISPAQV 3 —11.3 0 442
Hydroxyapatite SAKTLSNSPLSN 1 -7.0 0 442
Hydroxyapatite DAQQITLSHWRC 1 -8.0 1 442
Hydroxyapatite STLPIPHEFSRE 0 -9.1 0 443
Hydroxyapatite VTKHLNQISQSY 2 —8.7 1 443
Hydroxyapatite QPYHPTIPQSVH 2 —-12.3 1 440
Aragonite HTQNMRMYEPWF 1 —16.1 2 444
Vaterite ASTQPLR 1 —5.5 0 445
Vaterite TTDRPKY 1 —-16.2 1 445
Vaterite SVPQRTP 1 —8.5 0 445
Vaterite VQTPARM 1 —2.4 0 445
Vaterite QPPRSTS 1 —13.5 0 445
Vaterite VQTSSSY 0 -3.7 1 445
Vaterite RCAPPCN 1 —4.4 0 445
Vaterite HAPARVP 2 —-3.1 0 445
Cellulose HAIYPRH 3 -7.5 1 446
Cellulose SHTLSAK 2 —3.8 0 446
Cellulose TQMTSPR 1 -9.9 0 446
Cellulose YAGPYQH 1 -9.5 2 446
Cellulose LPSQTAP 0 —2.6 0 446
Cellulose GQTRAPL 1 —-5.1 0 446
Cellulose QLKTGPA 1 —4.5 0 446
Cellulose FQVPRSQ 1 -6.9 0 446
Cellulose LRLPPAP 1 0.1 0 446
Cellulose THKTSTQRLLAA 3 —6.8 0 447
Cellulose WHWTYYW 1 —-9.2 5 448
Cellulose WHWRAWY 2 —9.9 4 448
Chitin GEVGEQEKARVG -1 —-13.4 0 449
Chitin EGKGVEAVGDGR -1 —-10.3 0 449
Chitosan ADGVGDAESRTR -1 —-14.0 0 450
Hyaluronan CKRDLSRRC 3 -12.9 0 451
Hyaluronan STMMSRSHKTRSHHV 6 —-19.1 0 452
Hyaluronan GAHWQFNALTVR 2 —2.3 1 453
Hyaluronan RYPISRPRKR 5 —22.7 1 454
Polysialic acid TLPAILQSSGTRGGGS 1 -1.1 0 455
Heparin CRGWRGEKIGNC 2 —12.5 1 456
Heparin RTRGSTREFRTG 3 —22.4 0 457
Collagen WYRGRL 2 —7.8 2 458,459
Collagen KLWVLPK 2 1.5 1 459,460
Collagen DAYWHPVWVHDP 0 —-9.5 3 461
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Table 2 (continued)

Material Sequence Charge Hydrophobicity Aromatic Ref.
Collagen DLQYWYPIWDTH -1 —-12.1 4 461
Silk fibroin SYTFHWHQSWSS 2 —14.1 3 462
Silk fibroin QSWSWHWTSHVT 2 —12.2 3 462
Silk sericin HSIKMSVMQLRP 3 -2.0 0 463
Silk sericin RLMYSELPQLPR 1 —8.0 1 463
Silk sericin TLHMNWWQFTNW 1 -9.3 3 463
PET DEYCCNN -2 —10.3 1 464
PET NALVQIS 0 6.5 0 464
PET AIVGTPF 0 10.6 0 464
Polylactic acid QLMHDYR 1 —10.3 1 465
PMMA ELWRPTR 1 —-11.9 1 466
PUR VHWDFROWWOPS 1 —16.3 3 467
Polystyrene ADYLSRWGSIRN 1 —10.1 2 468
Polystyrene AGAGGGNVPVCS 0 7.0 0 468
Polystyrene AGLRLKKAAIHR 5 -2.9 0 468
Polystyrene RAFIASRRIKRP 5 —-8.9 0 468
Polystyrene VHWDFRQWWQPS 1 —-16.3 3 469
Polystyrene ETYVFDNHFHAP 0 -8.9 1 468
Polystyrene EWDITTECTVTF -3 -0.2 1 468
Polystyrene EIHGNLYNWSPLLGYSYF 0 —3.8 4 470
Polystyrene DSWPLRIYSGLSNYYHYF 1 —10.3 5 470
Polystyrene FKFWLYEHVIRG 2 0.4 2 471
Polypropylene LYARDVSRYWHV 2 —6.0 3 472
Polypropylene HVSTTDLLGPRR 2 -8.1 0 472
Polypropylene GNNPLHVHHDKR 4 —22.5 0 472
Polypropylene NFLGAVAKGAIH 2 9.3 0 472

identified. As general trend, it could be observed that hydro-
xylated and basic amino acids as well as Pro occur preferentially
in strong binding eMBPs.

The 12-mer peptide HA6-1 (SVSVGMKPSPRP) showed a
specific binding towards HAP with alternating hydrophilic
and hydrophobic residues as a common motif."’* Due to
several hydroxylated residues and a net charge of +2, the
primary interaction modes are hydrogen bonding and ionic
interactions. Comparison of the sequence of HA6-1 with nat-
ural occurring sequences revealed similarities with domains
associated with phosphate binding.*”* The binding mechanism
of the peptide was further examined by SPR, showing that the
motif SVSV is directly binding onto HAP crystals.*”> Addition-
ally, an alanine scanning and analysis of the changes in
binding HAP by QCM-D measurements, revealed that the Lys
residue at position 7 has the strongest effect on HAP
binding.*’® Therefore, it was concluded that the electrostatic
interactions governed by the cationic residue are the main
driving forces in the adhesion of the peptide HA6-1 on HAP.

Chung et al. used a different approach with the goal of
identifying eMBPs that promote the growth of individual HAP
crystals. The best binding sequence, QPYHPTIPQSVH, dis-
played repeats of Pro and hydroxylated residues. Structural
modeling of the peptide CLP12 using molecular mechanics
calculations showed that the distance between hydroxylated
residues resembles the size of single crystal HAP. Moreover, the
identified consensus sequence showed remarkable similarities
to the tripeptide repeat (G-P-Hyp) of the protein collagen.**°
HABP1 (CMLPHHGAC) is another eMBP binding HAP and was
obtained by screening a 7-polymer phage display library. Inter-
actions with HAP are achieved through hydrogen bonds and
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ionic interactions of His residues with phosphate ions in the
media.**' The eMBP VTKHLNQISQSY (VTK peptide) was identi-
fied as a good binding peptide on HAP. Interestingly, its composi-
tion is similar to certain regions found in the proteins
fibromodulin, lumican, and decorin. The peptide is rich in polar
residues, while harbouring no acidic amino acids.””” Addison
et al. investigated the effect of phosphorylation on the VIK
peptide, which changes the net charge of the peptide from +1
to —3.””% In natural binding peptides, phosphorylation plays an
important role for many biomineralization processes. However,
during phage display, it is generally not possible to introduce
modifications.””® Phosphorylation of the VIK peptide did not
improve the adsorption on HAP, but a 10-fold increase towards
bone-like-mineral (BLM), a synthetic material mimicking the
structure of natural bone, was observed.*”® Here it was shown
that through the introduction of phosphorylated residues, the
specificity of the peptide can be tailored. With the aim of
identifying HAP-binding domains on bone proteins, eMBPs dis-
played by phage display were selected by using HAP powder.*** In
addition to confirming known HAP-binding domains from the
nMBPs, statherin, DMP-1, OCN and others, new potential binding
domains on these nMBPs were also identified. These sequences
were, similar to the already known sequences, rich in acidic, as
well as Ser and Thr residues as potential sites for phosphorylation.
The authors note as main challenge, that mimics to nMBPs are
difficult to obtain with phage display, since displayed peptides
lack secondary structures, which was reported to be important for
HAP-binding domains from DMP-1.>** Interestingly, a sequence
matching the eight consecutive Glu residues in the HAP domain
of BSP could not be identified, which Li et al. attributed to the fact
that consecutive charged sequences are difficult to identify.**°
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Calcium carbonate. Since calcium carbonate can occur in
different polymorphs, phage display studies have focused on
finding binding peptides that bind to each of these forms being
calcite, aragonite, and vaterite. Vaterite, being the least stable
form of calcium carbonate, is an especially interesting target,
since it only rarely occurs in nature.*®" The heptamer ASTQPLR
was identified as eMBP and has a strong specificity to the
polymorph vaterite. One general characteristic observed in
vaterite eMBPs was that they possess positively charged amino
acids, as well as Pro residues, indicating possible B-turn struc-
tures. Schiiler et al.**> also showed that the peptide ASTQPLR
was polymorph specific as it specifically binds to vaterite in the
presence of aragonite. Interestingly, replacing the Pro residue
with Gly resulted in a shift of the specificity towards the
precipitation of the polymorph calcite.**®> The authors hypothe-
sized that the Pro residue plays a critical role in facilitating the
polymorph specificity but gave no further conclusion on how
the binding interactions to the mineral change in response to
the introduction of the Gly residue.

Calcite-binding peptides found by phage display have been
reported to be enriched in Asp, Glu, Ser and Thr. Commonly
found motifs in the identified peptides are [DEST]-X-X-[DEST],
S-[DEST] and S-X-X-S. The preferred enrichment of acidic and
hydroxyl containing residues when binding calcite crystals, was
unsurprisingly similar to the composition of nMBPs binding
calcium containing minerals. Li et al*®* further stated the
occurrence of hydroxyl containing amino acids supports the
importance of phosphorylated residues in the interaction with
the mineral."®* The eMBP AragBasic 10 (HTQNMRMYEPWF)
was identified as a binding peptide to the polymorph aragonite
and its binding behaviour was further evaluated to understand
it on a molecular level.*** The amino acids His1, Arg6, Met7,
and Trpll were identified to have strong interfacial Ca-O
bonding and form hydrogen bonds with the mineral. Despite
the initial expectations from the authors acidic amino acids
were not overly enriched in CC-binding peptides.**?

Silica. Silica has been used as a substrate to identify binding
peptides in its crystalline**® and amorphous*?® form, as well as
thermally grown silicon dioxide.**® In nature only binding
peptides towards amorphous silica can be found, which makes
it interesting to compare binding modes of eMBPs to these
three silica forms. Binding of phage displayed peptides to a
quartz substrate (crystalline silica) led to the identification of
the peptide DS202 (RLNPPSQMDPPF).**® Based on these experi-
ments, the eMBP S1 (PPPWLPYMPPWS) was designed by a
knowledge-based approach. Oren et al. employed bioinformatic
tools to compare and classify eMBPs from phage display selec-
tion to discover the key characteristics of quartz peptide inter-
actions. Strong quartz binding peptides harbour as a general
trend many aromatic and hydrophobic residues.*** Naik et al.
identified several eMBPs from phage display against amor-
phous silica.**® A striking similarity between all identified
peptides was their high content of positively charged amino
acids as well as a high number of His, often ranging between 5
and 6 residues within a 12-mer sequence. When evaluating the
ability of these peptides to precipitate silica in vitro, the peptide
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Si4-1 (MSPHHMHHSHGH) showed the highest precipitation
effect. Another strong binding eMBP Si4-10 (RGRRRRLSCRLL) was
only able to precipitate small amounts of silica. As lessons learned
the authors concluded that three characteristics are required for
efficient silica precipitation. These are the presence of hydroxy- and
imidazole-containing amino acids, as well as a high cationic charge.
Thermally grown silicon dioxide is a typical surface in semiconduc-
tor fabrication, which makes eMBPs highly interesting for manu-
facturing processes. Thermally grown silicon dioxide is in contrast
to amorphous silica not porous and less hydroxylated. eMBP for this
material show high number of His residues, which is topped by
hydrophobic and aromatic residues (examples of common
binding sequences are HPPMNASHPHMH, HTKHSHTSPPPL
and HVSHFHASRHER).**

eMBP (class I) for protein-based materials

Collagen. Rothenfluh et al identified by phage display a
5-mer eMBP, WYRGRL that binds to type II collagen o1 chain. The
5-mer eMBP sequence is similar in its composition to the
naturally occurring peptides, and consists of the aromatic amino
acids Trp and Tyr, and the positively charged amino acid
Arg.**®*% Juliana et al. reported a 6-mer eMBP, KLWVLPK, which
shows specificity to bind the human type IV collagen.*****°
Similarly, it takes the aromatic residue Trp and the positively
charged residue Lys for binding. In addition, Lin et al. identified
two eMBPs, DAYWHPVWVHDP and DLQYWYPIWDTH, which
bind specifically to the a1 chain of type XII collagen (human
cartilage lysate and cartilage pieces used for screening of the
phage display library). Computational molecular docking studies
identified WXPXW as the binding motif,*** which it is not the
same with commonly reported binding motif G-G-X and G-X-
HyP in nMBPs.

Silk. eMBPs that bind to fibroin and sericin silk proteins
have also been identified in phage display experiments. Nomura
et al. used degummed silk fibroin fibres to identify silk-binding
peptides. The identified sequences had a high frequency of Trp
and the motif QSWS was found repeatedly. To elucidate the mode
of binding, the QSWS motif was modified by replacing the Trp
with an Ala, obtaining the QSAS motif. As a result, the modified
motif showed a decrease in binding competence of more than
90%, highlighting the influence of hydrophobic interactions.
Although the motifs found are not similar to those reported in
nature, which are rich in Gly and Ala (GAGAGX), phage display
also shows that similarly to the natural self-assembly process,
hydrophobic interactions guide the binding to fibroin fibres."®
In another study, a phage display library was used to identify silk
sericin binding peptides. The sequences identified were mostly
positively charged under the conditions screened, and proposed
a binding mechanism via hydrogen bonds between the polar
residues of sericin and the charged peptide.*®® These studies
demonstrated that the interaction of binding peptides with silk
depends on the type of silk protein targeted. Hydrophobic
interactions drive the interaction with fibroin, whereas polar
interactions drive the interaction with sericin. It suggests that
the identified binding forces are similar between nMBPs and
eMBPs, even though binding motifs were different.
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eMBP (class I) for synthetic polymers

A huge challenge in medicine and material/polymer science is a
target- or material-specific binding. The latter is especially challen-
ging for polymers, since a large variety of man-made polymers with
subtle differences in chemical properties is available.****3*%> This
section focuses on binding peptides for the most common poly-
mers previously described in the Section “Naturally occurring
binding peptides (nMBPs) that bind to natural polymers and
naturally occurring inorganic materials”.

Plastic-binding sequences derived from phage display
experiments can sometimes be identified unintentionally, as
target molecules are often presented on polymer beads. Adey
et al. identified 17 plastic-binding phage sequences (P-b®),
which bind the synthetic polymers PS and PVC. The peptides
showed an enrichment of the aromatic amino acids Tyr and
Trp, predominantly in the N-terminus of the peptides. The
authors have attributed the interaction of PS with the peptides
to n-m stacking of aromatic residues of the polymer with Trp
and Tyr. Common binding motifs identified for peptides bind-
ing to PS include WXXW,*”° FHXXW**® and WXXWXXXW.*®”
For the interaction of peptides with the polymer PVC hydro-
phobic interactions are expected to be the main driving force,
but the binding mechanism was not further evaluated.*”®

Polyurethane binding peptides have been identified with the
goal of achieving bioadhesive-related fouling resistance. Four
peptides (P1-4) showed strong binding towards the polymer.
When evaluating the frequency of amino acids present in the
isolated peptides, it became evident that over 50% of all
residues could be accounted to the amino acids Ser, Arg and
Thr, while Ser had the highest occurrence. Based on these
results, the authors suggested that the interaction between the
polymer and the peptides is achieved through hydrogen bond
interactions with the carbonyl groups of the polymer.*®”

Juds et al combined phage display technology and next-
generation sequencing to report a polypeptide (LYARDVSRYWHYV)
that binds to polypropylene (PP) foils. Within the peptide sequences,
which were the most prevalent, a trend towards positive net charges
and a low hydrophobicity was observed. Ser scanning showed the
importance of Arg4, Arg8 and His11 residues, due to the reduced
binding affinity of the variant to the PP surface. Herein, the
guanidino moiety of Arg plays a crucial role in ligand recognition,
as the exchange of Arg to Lys inhibits the binding affinity, which
might be related to the formation of hydrogen bonds with C-O
groups on the PP surface. In contrast, the binding affinity of the
variant D5S was enhanced, suggesting that the acidic amino acids
Asp/Glu negatively affects the binding affinity. Additionally, variants
with three positions mutated to Ala (L1A, V6A and V12A) did not
bind to PP, indicating that hydrophobic interaction was part of the
driving force. The binding affinity decreased by more than 50%,
when the amino acids Arg8-Tyr9 were split by a Ser, or when the
Arg-Tyr position was shifted. The authors concluded that hydro-
phobic interactions do not dominate the PP binding, as the
presence of cationic residues, especially Arg, was relevant.*”>

To functionalize PET surfaces, Swaminathan et al. identified
several binding peptides. The sequences were characterized by
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a low net charge ranging from +2 to —2 at neutral pH, and in
general high values of pI. DEYCCNN showed the best result in
binding PET surfaces, and it was further combined with a silver
synthesis motif in a bifunctional peptide to assemble metallic
materials on PET. The mechanism of how the peptide interacts
with the polymer surface was not further elucidated.*®*

Studies from Serizawa et al.**® led to the discovery of peptides
specific to syndiotactic-PS (st-PS) with enrichment of hydrophobic
amino acids as Gly, Ala and Phe. Material-binding specificity
towards isotactic- (it-PMMA) and syndiotactic-PMMA (st-PMMA)
could also be observed. It-PMMA binding peptides are generally
more enriched in Ser, Thr, Tyr and Arg residues, suggesting that
hydrogen bonding between the hydroxy groups of the amino acids
with the ester groups of the polymer explains the interactions. In
contrast, peptides binding specific to stPMMA showed an enrich-
ment in amine-containing residues (His, Lys, Arg and Trp). Inter-
estingly, strong binding peptide sequences included motifs with
amine-containing residues adjacent to another study of Serizawa
et al*® 1t suggested that the amine-containing residues act as
proton donors to the ester groups of st-PMMA, which in turn form
hydrogen bonds. Furthermore, the peptide c22 (QLMHDYR)
showed specificity towards crystalline PLLA in comparison to
amorphous and atactic PLLA reference surfaces. Here, an enrich-
ment of hydrogen bond promoting amino acids (His, Lys, Arg,
Asp), as well as non-polar Leu and Ala residues was demonstrated,
which suggests that hydrophobic interactions also improve the
binding ability of the peptides.*®®

Computationally assisted design of polymer-binding peptides

As outlined in Section ‘‘Naturally occurring binding peptides
(nMBPs) that bind to natural polymers and naturally occurring
inorganic materials,” peptides have undergone evolutionary
processes to material-specifically recognize carbohydrates,
minerals and proteins. In addition, nature managed with a
relatively small subset of materials to generate a huge functional
and structural diversity, whereas mankind developed a huge
number of polymers that are often used in complex blends.
Material-specific binding domains are missing for man-made
materials including the six abundant man-made polymers (PE,
PP, PS, PVC, PET, PUR). Targeting these polymers specifically is
promised to impact the circular economy of plastics and the
management of mixed plastic waste. This section will focus on
the ways in which computational design of eMBPs could pro-
mote specific polymer binding. Molecular understanding of
general binding interactions is usually generated through mole-
cular dynamic (MD) simulations. In addition, emerging
machine learning (ML) and Al-approaches are being used to
cluster specific binding patterns and to identify key amino acids
for each material, as explained in detail in this section.

A main challenge and prerequisite for computational stu-
dies are parametrized polymer surfaces, which mimic its struc-
tural diversity (amorphous and crystallin region). Another
challenge is the correlation between computational results
and experimental findings, as well as data volumes required
for ML-/Al-approaches. There are several parameters that can
be varied, as force fields or the source of starting structures and
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their parametrization. Until today, several surfaces were used to
investigate peptide interactions in MD simulations. The surfaces
include models of minerals like gold, silver or tin oxide and silica,
but also some synthetic polymers like poly(methyl methacrylate;
PMMA) and more complex substrates as apple leaf wax, which are
described and discussed. Besides, there are models of polymer
surfaces that were not investigated in the context of peptide
binding. These include crystalline and amorphous representa-
tions of polyethylene (PE) and poly(vinyl chloride) (PVC),**° as well
as, crystalline models of poly(tetrafluoroethylene) (PTFE) and
poly(ethylene terephthalate) (PET).**"

Molecular simulations

The interaction of binding peptides to different surfaces is
studied on a molecular level through molecular dynamic simula-
tions. The first prerequisite of MD simulations is highly resolved
structures or cured homology models. To tackle the challenge of the
lack of crystal structures, AlphaFold2 has made significant advance-
ments in the generation of high-quality three-dimensional (3D)
structures that closely resemble solved crystal structures. Prior to
the emergence of AlphaFold2, another method called PEP-FOLD 3
was used for the generation of unknown peptide structures.****%
When investigating material-binding peptides, the second require-
ment is an accurate model of the studied material. To achieve an
accurate model of a material, the right force field must be chosen,
and the parameterization has to be approximated in iterative
cycle.*** To name some specifically designed force fields for materi-
als, there are specific force fields for crystalline polyethylene,**
titanium oxide (TiO,)*® or glycolipids.*”” To study the binding
process of the peptide, the forcefield should be optimized to the
peptide simulation. An advanced forcefields for peptide simulations
is AMBER ff14SB,*® which is based on AMBER ff99SB.**° Major
changes for the forcefield included new parameters for side chain
dihedrals and adjustments to the backbone energy profile. Further
changes were summarized by Huang and MacKerell in 2018.°
Similarly important for reliable MD simulations is the sampling of
all conformation states of peptides/proteins, which requires a
sufficient amount of computing power and that will be discussed
together with the limitations for simulations further below.

Machine learning

Machine learning, and in particular deep learning in the bio-
technology field, became widely popular between 2010 and 2020
with published articles about computational protein function
prediction,” and protein structure prediction,>”* resulting
finally in AlphaFold 1,’** AlphaFold 2°® and AlphaFill."** Alpha-
Fold is based on deep learning, one field of machine learning.
Deep learning uses deep neural networks to learn features
directly from raw data. This allows the discovery of complex
patterns and relationships in the data.’®*°® The emergence of
AlphaFold2 (AF2)*® as a remarkably precise tool for protein
structure prediction has spurred the development of novel appli-
cations, including a network specifically designed for predicting
peptide binding.>* In their study, the structure prediction cap-
abilities of AF2 were combined with logistic regression to build
the mentioned predicting network. Using AF2, models were
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generated for the major histone complex (MHC) in both
peptide-bound and peptide-unbound states. These models were
then translated into a scoring system that discriminated between
binders and non-binders. By leveraging three-dimensional struc-
tures rather than relying solely on sequences, this technique
enabled a classification approach for predicting binding peptides
towards MHC as case study.’*®

In recent years, the use of machine learning techniques to
identify key characteristics in peptide sequences has been on
the rise. It was well summarized by F. Arnold in 2019,>*® who
gave an overview about ML techniques used for protein engi-
neering. To name them, there are linear regression models,
random forest tree approaches or the support vector machines
next to the more complex neural networks.

Notably, in the realm of classifying and predicting material-
binding peptides, support vector machines (SVMs) have played
a crucial role as two recent reports on peptides that bind to
polystyrene (PS) indicate.’®”**® SVM is a supervised machine
learning concept employed for tasks, such as classification and
regression. In the context of material-binding peptides, parti-
cularly with regards to PS binding, a prediction webserver
based on an SVM framework was introduced in 2017. This
web server was trained using a dataset consisting of positive
and negative experimental results obtained from phage display,
encompassing 104 sequences.’®” In this study, a trend to the
aromatic amino acids Trp, Tyr and Phe could be observed to
positively affect the PS binding affinity. Later in 2020, a similar
approach to identify PSBPs was published by Meng et al.>*®

Prerequisite for MD and ML. It is difficult to compare the
two method areas, as both have gained their own importance in
biotechnology. MD simulation is used to understand the mole-
cular processes of enzymatic catalysis and peptide binding.
While molecular dynamic simulation requires high-resolution
crystal structures or very good homology models, in machine
learning processes, the amount of data plays a crucial role. In
summary, MD simulations require little and very high-quality
data, while machine learning requires high data volumes. In
the latest years, these distinctions have become somewhat
blurred, as scientists try to minimize the amount of data
required in machine learning models, being AlphaFold an
example for generating protein structures that approximate a
crystal structure in their overall resolution and quality.>®

The application of machine learning relies heavily on large
datasets and, therefore, the generation of binding data for
material-binding peptides often involves high throughput
screening methods like phage display. Although phage display
has a limitation in sequence size, typically smaller than 12
amino acids, it remains a versatile approach capable of produ-
cing sample data for machine learning purposes.’®”**

When delving into the details of machine learning, it is also
noticeable that the machine learning field can use both struc-
tural and sequence data for training. Therefore, a new field has
risen, which tries to combine machine learning with MD
simulation.>'*>'" This approach promises profound prediction
of peptides through machine learning, which is not dependent
on large amounts of experimental data.
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Despite the power of machine learning, most of the already
investigated materials and their corresponding material-
binding peptides have been studied by MD simulation. Among
the studied material, it can be found metals, such as gold (Au),
silver (Ag), aluminium (Al), titanium oxide (TiO,) or platinum
(Pt). When it comes to synthetic polymers as PP, PET, PS, or
even more complex materials as apple leaf wax, only a few
studies have been conducted.

MD and ML strategies to understand peptide binding to
different materials

Polymers. The study of polymers through MD simulations
and machine learning is a complex endeavour. Due to this
complexity, studies that have focus on the design if peptides
binding to synthetic polymers are scarce. In 2005, Raut et al.
studied the correlation between MD simulations of a functio-
nalized alkanethiol self-assembled monolayer and their experi-
mental results based on surface plasmon resonance (SPR).
Their model did not directly correlate with their experimental
results and demonstrated the complexity of such materials.’*
In the study of synthetic polymers, rational design of MBPs
based on MD lead to the design of three eMBPs with a higher
affinity to poly(methyl methacrylate) (PMMA).>'® This was the
only found study about peptide engineering towards a synthetic
polymer. Even more complex in its composition is natural
apple wax. To the best of our knowledge, there is only one
study investigating material-binding peptides that interact with
heterogenous materials, as the apple leaf wax.>'* This study
included molecular dynamic simulations, alanine scanning
and peptide engineering. It was already described in Section
“Engineering of binding peptides and proteins” as an example
of protein engineering of peptides towards a specific material,
and it will also be discussed in the Section “Emerging applica-
tions of material-binding peptides.”

When generating polymer models for MD simulations, the
issue of crystallinity arises. Parts or even the entire polymer can
be amorphous, making it even more challenging to compute.
Although there are different articles about simulation of liquid
or amorphous metals like germanium,’™® aluminium oxide*®
or polymers like silicon,”” and polyethylene,”*® there is no
simulation of a material-binding peptide binding to an amor-
phous surface. Thus, in most cases, stiff surfaces are assumed
for simulation of peptide binding.

Graphene. In the realm of biomedicine and biosensor
technology, graphene has emerged as a promising surface with
significant potential. In recent years, there has been growing
interest in investigating the binding of myelin basic protein
(MBP) to graphene. Simulations were conducted to study the
binding of all amino acids to graphene using a newly developed
force field called GRAPPA,”"® and findings revealed different
binding preferences of each amino acid. The simulations
demonstrated that Arg, Tyr, Trp and Gln exhibited strong
binding affinity to graphene, as indicated by their calculated
free energies. In contrast, Ile displayed a weak binding to
graphene. The researchers further elucidated that compact
amino acids displayed stronger binding due to their reduced
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interaction with the surrounding water layer. Overall, this
investigation sheds light on the binding preferences of differ-
ent amino acids to graphene, providing valuable insights into
the interactions between biomolecules and graphene. Simulating
the graphene-binding peptide P1 (HSSYWYAFNNKT) and its
variant P1A3 (HSSAAAAFNNKT) in both adsorbed state and in
solution revealed a helical conformation of P1. This structure
affected the binding of residues Tyr4, Trp5, Phe8, Asn9 (P1) by
positioning them in a defined manner. In contrast to that, the
helical structure could not be formed in P1A3 trough their
substitution Y4A and W5A, leading to a diminished binding to
graphene. This highlights the importance of a three-dimensional
structure for binding.>*®

Gold and silver. Most of the studies presented in this review
focused on binding of peptides to metals by engineering
binding peptides, with material-specific binding towards gold
and silver surfaces.’*® Reports focus on three eMBPs, namely
PD4,”*' A3,°** and AUBP3,’** as well as four newly predicted
peptides designed to bind specifically to either silver or gold. To
predict new binding peptides, a combination of Bayesian
optimization, MD simulations and experimental amino acid
substitutions was employed. The study compared the binding
affinity and specificity of the original wild-type (WT) peptides,
their five corresponding variants, and four predicted peptides
obtained through Bayesian optimization. The application of
Bayesian optimization allows efficient maximization of an
objective function since the next evaluation points are intelli-
gently chosen. This decreases computational requirements,
while low data situations can be handled. Biophysical interac-
tions towards gold and silver were analysed using both quartz
crystal microbalance (QCM) and MD simulations. The results
revealed that certain amino acids, such as Tyrl, Met9 and
Phel2 exhibited high preference towards silver binding.
Furthermore, an eMBP variant containing a triad of Tyr, Met
and Phe displayed reduced binding affinity, indicating that the
type of residues present is not solely responsible for material
interactions. The study concluded that not only the specific
amino acid residues, but also the spatial arrangement and
distance between these residues within the three-dimensional
structure played a crucial role in the binding process.

This research provides valuable insights into the key amino
acids and their spatial relationships that govern the binding
affinity and selectivity of the peptides towards gold and silver
surfaces. The combination of experimental and computational
approaches contributes to the understanding of peptide-sur-
face interactions and aids in the engineering of peptides with
desired binding properties. Through this method of operation,
computational models are approved in their ability to describe
experimental behaviour and necessary changes can be intro-
duced accordingly.

In another approach, Janairo J. I. B. used the experimental
binding data of 1720 peptides®** towards gold for training an
SVM to predict the gold binding of new peptides. In addition of
an accuracy of 80.2% of the testing set, he also could find key
interactions and their importance for gold binding, as hydro-
phobicity. Additionally, the side chain size and the extended
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structure preferences proved to be important. Less important
seems to be the presence of helical structures, or the preference
between helices or bends.>*®

In 2014, Palafox-Hernandez et al. compared four gold and
silver-binding eMBPs, namely AgBP1 (WAGAKRLVLRRE),
AgBP2 (WALRRSIRRQSY), AuBP1 (TGIFKSARAMRN) and AuBP2
(EQLGVRKELRGV), on an experimental level and in silico to
elucidate the molecular differences in binding. The preferred
mode of gold binding is the direct interaction with the surface,
while for binding silver the interaction was based on solvent-
mediated interactions.’?® Here, the side-chain residues interact
with local variations in solvent density at the material interface,
rather than with the material itself. Furthermore, they could
prove the material-specificity for AgBP1 for silver over gold. The
peptides AgPB2, AuBP1 and AuBP2 showed binding to both
surfaces, for both materials. Here, QCM served as experimental
confirmation as well.

In addition, all amino acids and their binding to gold and
silver were simulated in silico to calculate the free energy. This
simulation pointed out the amino acids Arg, Trp, Cys and Tyr as
good binders, and Met, Arg, Cys, Asp and Ser as not influential.>*”

In a separate study, researchers conducted simulations to
investigate the binding process of two gold-binding eMBPs,
namely 6GBP (MHGKTQATSGTIQS) and 3GBP (MHGKTQATSG-
TIQS), in both a vacuum environment and TIP3P water.”*® Inter-
estingly, the authors reported that the flexibility of the eMBPs only
influenced their binding behaviour in the presence of water
molecules. Surprisingly, even in a vacuum environment, the
selected negative control peptide, 6NGBP (AIRRDVNCIGASMH),
exhibited an affinity for gold binding despite its structural stability.
As a result, the researchers concluded that not only specific amino
acids such as Ser, Thr, Arg and Asp are important for gold binding,
but also the overall flexibility of the peptide itself.

Aluminum. One study, investigating the binding of the
peptide “LWFYTMWH” to aluminum, led to the conclusion
of a negative effect of the water layer on the binding. The
modification (NO,, OH, COOH) of the aluminum surface could
improve the binding in silico.>*® This trend could also be
observed for other metals, as it is explained in the following.

Titanium oxide. Simulations of side chain analogues (SCAs)
of all amino acids binding to titanium dioxide (TiO,) revealed
that the bound surface solvation layer (water) could only be
penetrated by the Ser and Thr side chain analogue.>*° All the
other side chain analogues bound to the water surface, on top
of the TiO,. Besides the SCAs, the binding of a six amino acid
long titanium binding peptide (RKLPDA) found by phage dis-
play, was simulated and showed two distinct binding states.
The first binding state was an elongated structure, while the
second state was a C-formed, compact structure, supported by a
salt bridge between the Argl and Asp5. It is also important to
say that the calculated free energy of the titanium binding
peptide was lower than the sum of the individual SCAs. Similar
results for titanium binding peptides were found by Sampath
et al. They analyzed the binding of the three amino acids Arg,
Lys and Asp towards four titanium variations with different
hydroxylation states. Hereby, Arg was found as a universal
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titanium binder, while for Lys and Asp the hydroxylation state of
titanium is of high importance.>** Another study was about the
binding of the peptide RGD to two forms of TiO, (rutile (110) and
anatase (101). They could also show a negative influence of the
aqueous environment on the peptide binding.>*' The introduction
of step edges as a binding surface further decreased the binding,
due to less interacting atoms. The differences between the studies
about TiO, were reasoned by the distribution of surface hydroxyl
groups in another study. Hereby, the known titanium binding
peptide RKLPDA and RKLPDAPGMHTW were used on four tita-
nium (Ti) surfaces (negative/non-hydroxylated, neutral/non-
hydroxylated, negative/hydroxylated, and neutral/hydroxylated).

Platinum. The noble metal platinum (Pt) and binding of
peptides to it was less researched than other described metals.
N. Katarci et al. constructed four cyclic peptides binding to
platinum (1: CPTSTGQAC; 2: CQSVTSTKC; 3: CVRTSTWRCC; 4:
CIMRDGPMC).”** Their binding strength was analysed by
immunolabelling fluorescence microscopy, which concluded
that two of them were designated as weak binders, while the
residual two were designated as strong binders. All peptides had
an N- and C-terminal Cys, which were used for cyclization via
disulphide bonds. They focused in particular on the sequence
T-S-T, which was also reported before as a good metal binding
sequence.’***** It was shown that not only the T-S-T motif was
responsible for the binding, but also residues as Arg. Interest-
ingly, they could find some hints for the reported importance of
the T-S-T motif, which positively affects the flexibility of the
peptide during surface binding. In addition, it was seen that the
flexibility was reduced after binding, which was hypothesized to
be important for the binding stability.

Silica (Quartz). In addition to metals, silica and hydroxya-
patite were also employed as materials in various simulations
for different purposes. As an illustrative example, the simula-
tion of a silica-binding peptide (S1, PPPWLPYMPPWS), binding
to quartz (SiO,) was utilized as a benchmark to compare two
molecular dynamics (MD) techniques. Specifically, these tech-
niques were based on either the temperature replica-exchange
molecular dynamics (T-REMD) approach or the replica
exchange with solute tempering (REST) approach.’® Besides
the economic advantages of REST-based approach with less
needed computing power (see limitations), Wright et al. could
also identify the contact motifs for peptide S1, which were
mainly composed of Pro, Trp, and Leu. Besides the contact
amino acids, the focus of the described study was more on the
comparison of the replica-exchange techniques.

Hydroxyapatite. Hydroxyapatite is one key component of
bones and, therefore, of high interest to understand the process
of biomineralization, which also included the interaction with
collagen. In a study from Duanis-Assaf, T. et al., they investigated
the binding process of a collagen peptide (SYSVGMKPSPRP) to
hydroxyapatite systemically.”*® They combined MD simulation
alanine scanning and QCM-D analysis to study the contribution
of every amino acid to its binding to hydroxyapatite. The alanine
scanning pointed out that the variants G6A, K7A, S9A, P10A
decreased the binding affinity measured by QCM-D. In particular
the K7A showed the highest reduction in binding.
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Limitations of computational design. The biggest limitation
of MD simulation arises from the sheer computational power,
which is required by more complex simulations. This leads to a
reduction in sampling, limiting the coverage of all possible
conformations. Particularly complex structures such as bio-
molecules suffer from this limitation due to their rough energy
landscape. In the past, there have been several solutions to either
lower the complexity of the system by coarse graining (see below)
or to achieve a higher sampling by new sampling methods with
the same complexity of the system. Concepts like the metady-
namics or replica-exchange molecular dynamics (REMD) to over-
come the described limitations are well summarized.>*’

The reduction of the complexity includes, for example,
grouping atoms into smaller packages to limit the degree of
freedom (coarse grain), in contrast to the complex all-atom
model. Furthermore, further degrees of freedom are minimized
in most simulations from the outset, for example by constrain-
ing the center of mass of the molecule in the simulation cell or
by periodic boundary conditions.**®

In order for the simulation to mimic reality as closely as
possible, force fields are used, often based on empirical data. In
these force fields every unbound interaction is stored as a
function. For applications such as the simulation of peptides
in aqueous solution, the AMBER force fields FF99SB and
FF14SB***%° are considered as most suitable. Despite their
tailored nature, these force fields remain models that do not
simulate all aspects with the same quality.>'>~>'%3%°

ML faces additional limitations that extend beyond peptide
binding applications. ML for protein engineering is very depen-
dent on big databases with a high data quality. This depen-
dency introduces two limitations for machine learning. Firstly,
most of the experimental results are small datasets of several
variants to a few hundred, because of the laborious work
required to create and screen variants in the lab.*****° Sec-
ondly, there is no standard operating protocol for performing
assays and saving the data consistently. This disparity between
wet lab practices and machine learning is one of the significant
gaps in the field of protein engineering.

One limitation for most of the SVM based approaches in
regard to material-binding peptides is the classification into
binders and non-binders. Therefore, these methods do not
provide any information about the binding affinity, making it
challenging to draw conclusions about the strength of the
binding interactions.’*®

Machine learning models based on supervised learning,
which for example rely on regression models, tend to over-
fitting. This was already discussed by Diettrich et al. in 1995°*!
and mentioned by Davari et al. in 2020 in the context of protein
engineering.’*® The general challenge of overfitting in the field
of machine learning was summarized together with its solu-
tions and alternative methods to avoid overfitting.>***3

Conclusion and lessons learned from computational analyses

As a general trend in reports, more and more deep learning
approaches are used to predict peptide structures and slowly
replace crystallization studies. Predicted structures can be used
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in MD simulations to get molecular understanding of the
binding process. Either the simulation results, or the peptide
sequence, or its structure, can also be used by ML again to
identify binding patterns for initial binding and/or binding
strength. In particular, experimental data on mMBPs can assist
in amino acid pattern recognition, and three key observations
can be drawn. First, the binding is not only dependent on the
peptide amino acid sequence alone, but also on its structure,
flexibility and the targeted surface chemistry (e.g. hydroxyl
groups). Flexibility, for example, was enhanced by the motif
T-S-T.>*? Second, it could be observed in several studies that the
hydration shell or the water solvation layer plays a key role in the
binding process, and it is indispensable for any binding simula-
tion. Amino acid analogues as Ser and Thr were found to
penetrate the solvation layer, while all other amino acids bound
to it.>*° In one report, the solvation layer negatively influenced
the binding during the simulation, in contrast to the vacuum.>>®
Various and different binding motifs with prominent amino
acid selections have been reported, for instance in the case of Au
(Arg, Met, Trp, His, (T-S-T)), TiO, (Thr, Ser), Pt (T-S-T, Arg),
graphene (Arg, Tyr, Trp, Gln) or PS (Trp, Tyr and Phe). Based on
the presence of Trp, Thr and Arg in the mentioned motifs, it can
be deduced that those amino acids play an important role in
several binding processes.******> Even though important resi-
dues and motifs were highlighted, an underlying mechanism
for material specificity could not be identified so far. It is barely
understood how the found interactions can be transferred into
specific peptide variants using protein engineering. Additional
work in this field is promised to result in such variants, with a
high impact on the circular economy of materials and polymers.

Discussion and general lessons learned from nMBPs and
eMBPs

Nature uses two complementary binding principles to design
material-specific binding domains/modules: chemical interac-
tions and spatial-recognition of materials/polymers. Chemical
interactions include usually a combination of several forces
such as electrostatic, hydrophobic, and/or CH/n interactions,
hydrogen bonding and/or disulphide bond formation. The
second principle, using a defined spatial-distribution of
chemical interactions, enables to even distinguish allomorphs,
for example in carbohydrates. In the following paragraphs, we
summarize the lessons learned and highlight the general bind-
ing trends of MBPs required to understand the main driving
forces for material-specific binding (Table 3). Different binding
modes between nMBPs and eMBPs will be analysed, and an
overview of selected emerging applications will be given.
Electrostatic interactions are the main driving forces in HAP
and CC, but also to a lesser extent, in charged carbohydrate
polymers such as chitosan, alginate, HA, heparin and PSA.
Positively charged chitosan and negatively charged natural poly-
mers (alginate, HA, heparin and PSA) interact with oppositely
charged residues in proteins. Translational modifications, such
as phosphorylation on Ser and Thr residues increase negative
charges in the protein, which strengthen their ability to interact
with positively charged materials. For carbohydrates, positively
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Table 3 Natural and man-made binding motifs/peptides for natural and man-made polymer materials including main chemical driving forces in material

binding. N/A: not available

Main driving force of

Main driving force of

Functional properties/type

Material interaction nMBPs interaction eMBPs that enables binding

Carbohydrates

Cellulose CH/r interactions CH/r interactions Type A, B and C

Hydrogen bonds

CH/r interactions Hydrophobic interactions

Chitin CH/r interactions Hydrophobic interactions Type A, B and C
Hydrogen bonds

Starch CH/r interactions N/A Type B
Hydrogen bonds

Xylan CH/r interactions N/A Type A, B and C
Hydrogen bonds

Chitosan CH/r interactions Hydrogen bonds Type C
Hydrogen bonds
Electrostatic interactions Hydrogen bonds

Alginate CH/r interactions N/A Type B and C
Hydrogen bonds
Electrostatic interactions

HA CH/r interactions Hydrophobic interactions Type B
Hydrogen bonds
Electrostatic interactions Hydrophobic interactions

Heparin Hydrogen bonds Electrostatic interactions N/A
Electrostatic interactions

PSA Hydrogen bonds Hydrophobic interactions N/A

Electrostatic interactions
Minerals
Calcium carbonate Electrostatic interactions

Hydrogen bonds

Hydroxyapatite Electrostatic interactions
Hydrogen bonds
Silica Electrostatic interactions

Electrostatic interactions
Protein-based materials

Collagen Hydrophobic interaction
Hydrogen bonds

Keratin Disulfide bonds

Silk Hydrophobic interaction

Synthetic polymers

PS Hydrophobic interactions
-7 interactions

PE N/A

PP Hydrophobic interactions

PU N/A

PET n-T interactions
Hydrogen bonds

pPVC N/A

PLA CH interactions, Electrostatic
interactions

PMMA N/A

charged residues in proteins, such as Arg and Lys, interact with
negatively charged carboxyl or sulphate groups of carbohydrates,
which are similarly observed in amorphous silica and collagen.

CH/r interactions are relevant interactions limited to
carbohydrate-binding peptides, in which CH/rn stacking occurs
between carbohydrate polymers and the pi system of Tyr, Trp or
Phe. CH/r interactions were not yet reported for peptide bind-
ing to the carbohydrates heparin and PSA, and mineral or
protein-based materials. Heparin and PSA-binding peptides
were shown to predominantly bind by electrostatic interac-
tions. HA-binding peptides were also shown to interact via
CH/r, despite the high similarity of HA to heparin and PSA.
One specific feature of heparin differentiating it from other
described carbohydrate polymers are the sulphate groups,

This journal is © The Royal Society of Chemistry 2024

Electrostatic interactions

Electrostatic interactions
Hydrogen bonds
Electrostatic interactions
Hydrogen bonds
Electrostatic interactions
Hydrogen bonds
Hydrophobic interactions

Structure changes through binding
Structure changes through binding

Structure changes through binding

Hydrophobic interaction Self-assembly
Hydrogen bonds

N/A Self-assembly
Hydrophobic interaction Self-assembly
n-7 interactions N/A

N/A N/A
Hydrophobic interactions N/A
Hydrogen bonds N/A

N/A N/A
Hydrophobic interactions N/A

CH interactions N/A
Electrostatic interactions

Hydrogen bonds N/A

which increase its overall charge, and thereby increase its
propensity to bind by electrostatic interactions.

Hydrogen bonding between polar amino acids (Gln, Glu and
Asp, Arg, and Asn) and ligand functional groups such as -OH
and -NH, are observed in all the three classes of nMBPs,
binding to carbohydrates, mineral- and protein-based materi-
als. Hydrogen bonds can therefore be classified as a universal
binding force among material-binding peptides.

Hydrophobic interactions are the predominant driving force
for binding within protein-based materials and are involved in
self-assembly processes of collagen, keratin and silk fibres.
Main differences of the protein-based materials to minerals
and carbohydrates are the highly polar characteristics of the
mineral- and carbohydrate-based materials, which often do not
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occur in protein-based materials. In protein-based materials,
usually repeating motifs (e.g. in collagen, keratin and silk)
occur. They ensure that the hydrophobic interactions induce
a self-assembly process for instance in form of fibres. Protein-
binding MBPs do not have a separate/specific binding domain,
but fully rely instead on their peptide sequence.

Disulphide bonds play a predominant role only in protein-
based MBPs. For example, they strengthen material stiffness in
keratin and silk fibres. Thiol groups that form disulphide
bonds are to the best of our knowledge not reported in any
binding peptide for minerals or carbohydrates.

Spatial recognition of specific chemical interactions between
MBPs and materials is achieved by a defined structural confor-
mation of the binding interface between the peptide and the
material. In naturally occurring carbohydrate-binding modules,
three main binding interfaces are flat/plane-shaped, or with
narrow or wide binding pockets (see type A, B, and C CBMs,
respectively). In rare cases, two binding sites occur in a nMBP.
These binding interfaces assist to accommodate materials/poly-
mers with a diverse chemical structure. For instance, with type A
CBMs crystalline areas of carbohydrates such as cellulose, chitin,
and xylan can be addressed material-specifically. Type B CBMs
are the most abundant form of CBMs, and accommodate carbo-
hydrate chains with four or more monosaccharide units via large
binding pockets. When recognition needs to be directed to a
specific site of the polymer, type C CBMs can come in handy as
they recognize the reducing or non-reducing termini of glycol-
oligomers through their narrow binding pocket.

In contrast to carbohydrate-binding peptides, protein- and
mineral-binding peptides do not rely on spatial recognition
through 3D-binding pockets, as described above.

Clustering of amino acid sequences of reported nMBPs provides
a comparison of their chemical properties (Fig. 17). For a compar-
ison, each amino acid in the respective sequence was given a
hydrophobicity value based on the scale of J. Kyte and R. F.
Doolittle.*” Furthermore, charges were assigned based on the side
chain (pH 7). Negative values were assigned for acidic side chains
(—1: D, E), while positive values were assigned for basic side chains
(+1: R, H, K). Keratin-binding peptides were found to have higher
overall hydrophobicity (—2.1) to (14.7) and a neutral charge (Fig. 17)
confirming the main interactions of keratin-binding peptides, as
described in the previous paragraphs. In contrast to keratin, hydro-
xyapatite has an overall negative charge (0 to (—10)) and a lower
hydrophobicity ((—12.1) to (—31.5)) (Fig. 17). nMBPs for aragonite,
calcite, collagen, and silica differ in their chemical composition and
a trend seems to emerge, although not further analysed (less than
three data points per material were reported, see Table 1). Only the
chemical composition of collagen-binding peptides was contrary to
their proposed binding mode, which was mostly based on the
hydrophobic interactions. This is described in the Sections “Engi-
neering of binding peptides and proteins” and “Phage-display
selected peptides (eMBPs, class I) and comparison to naturally
occurring peptides”.

In general, it can be stated that MBPs and their main binding
driving forces correlate with their chemical composition on
amino acid level, suggesting that a data driven approach for
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Fig. 17 Clustering of nMBP sequences based on amino acid character-
istics. Sequences of nMBPs were analysed regarding their amino acid
content. For every amino acid, a charge (-1: D, E; 1. R, H, K) and a value of
hydrophobicity**” was assigned and summed up. Hydrophobicity was
plotted against charge. All sequences were clustered in colours regarding
their binding preference. Hydroxyapatite-binding peptides clustered in the
area of lower hydrophobicity and lower charge. Keratin-binding peptides
showed a net charge close to zero and a low positive hydrophobicity. All
the other peptides showed trends for clustering, but were not further
analysed, due to a lack of reported sequences in literature.

binding prediction of peptides without 3D structure is possible,
and promising as an initial step.

eMBPs class I are short peptides (<20 amino acids) that
often do not have defined 3D structures or binding domains.
Binding motifs are primarily driven by specific chemical inter-
actions, such as electrostatic, hydrogen bonds and/or hydro-
phobic interactions. Therefore, clustering of eMBPs class I
based on their amino acid sequence permits to elucidate their
binding properties and preferences.

eMBPs for carbohydrates bind through hydrogen bonds and
electrostatic interactions. It has been found that hydrophobic
interactions can also drive binding for uncharged (cellulose
and chitin) and charged carbohydrates (chitosan, HA and PSA).
It can be concluded that for materials like carbohydrates,
driving forces of eMBP (class I) correlate with the driving forces
identified in nMBPs, but lack a spatial recognition.

eMBPs for minerals, such as vaterite-binding peptides,
showed a high similarity to cellulose-binding peptides regarding
their charge (Fig. 18). The hydrophobicity range of vaterite-binding
peptides was slightly decreased in comparison to cellulose-binding
peptides. However, for vaterite binders, no crystal structures have
been reported in contrast to CBMs. Sequences of silica-binding
peptides could also be clustered based on their average amino acid
characteristics, showing an average positive charge and a low
hydrophobicity similar to that of the related nMBPs (Fig. 17 and
18). In contrast to silica binders, mineral-binding peptides for CC
and HAP have neutral or rather positively charged sequences. The
latter finding is contrary to what was reported for the corres-
ponding nMBPs, indicating that their target might be the carbo-
nate or phosphate groups in CC and HAP.

eMBPs for protein-based materials showed the same amino
acid characteristics (hydrophobicity and charge) as their

This journal is © The Royal Society of Chemistry 2024
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Fig. 18 Clustering of eMBP sequences based on amino acid character-
istics. Sequences of eMBPs were analysed regarding their amino acid
content. For every amino acid a charge (—1: D, E; 1. R, H, K) and a value of
hydrophobicity**” was assigned and summed up. Hydrophobicity was
plotted against charge. All sequences were clustered in colours regarding
their binding preference. While silica-binding peptides were clustering
with a very low hydrophobicity and higher charge, cellulose- and
vaterite-binding peptides had a similar charge, but differed slightly in their
hydrophobicity. Polystyrene-binding peptides were not clustering at all.

nMBPs, despite of different binding motifs. The common motifs
for collagen (G-G-X and G-X-HyP) and for silk (GAGAGX) have
not been found/reported for eMBPs. Nevertheless, their inter-
actions are based on aromatic amino acids (hydrophobic parts
of fibres) and positive charges (hydrophilic parts).

eMBPs for polymers, as PS binders, could not be clustered
based on their average amino acid characteristic (Fig. 18),
indicating a more complex mechanism based on the identified
sequences, as WXXW,*”® FHXXW,*®® and WXXWXXXW (see
Section “Phage-display selected peptides (eMBPs, class I) and
comparison to naturally occurring peptides’”). No binding
motifs identified by phage display could be found within MBPs
with a defined 3D structure. Additionally, there are no nMBPs
reported for synthetic polymers such as PS, PET, PE, etc.
Therefore, no comparison between nMBPs and eMBPs for this
category of materials can be made. Designing material-specific
MBPs for man-made polymers is an emerging and enabling
research field for microplastic quantification and sustainable
polymer recycling processes. The de novo design of material-
specific peptides with a defined 3D structure remains a great
challenge to be solved, mostly due to the combinatorial com-
plexity of the protein sequence space; even a short peptide with
five amino acids generates a protein sequence space of 3.2 Mio
different peptides. Measures to address the protein sequence
space challenge and achieve computational supremacy over
protein sequence space will be discussed with emerging appli-
cations in the Section “Discussion and outlook”.

Advances in nano- and microplastic
analytics

Micro(nano)plastics (MNPs) are persistent pollutants whose
increasing presence in land, water, food, and even air has
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generated concern about potentially harmful, but poorly under-
stood effects on the environment and human health.>*® While
the initial scientific concern started many years ago,**” public
attention has been captured by the growing media exposure
given to microplastics in the environment and, more recently, to
smaller sub-micron or nanometric plastic particles. The latter
has been reported not only in the aquatic environment,>*® but
also in the air,>* drinking water, and food,>° possibly by
release from food contact materials, such as feeding bottles'>”
and plastic tea bags.”>' A staggering 42 000 tons of microplastics
are released into the environment per year, as reported by the
European Chemical Agency (ECHA).”>* Potentially more alarm-
ing from a human health point of view are the reports of
nanoplastics being internalized in the human body.>** More-
over, microplastics have a unique capacity to adsorb and
accumulate various toxic substances, including persistent
organic pollutants (POPs), heavy metals, and other harmful
chemicals present in the environment.>®* Unfortunately, the
presence, distribution, and fate of MNPs is still poorly under-
stood, due to the lack of methods harmonization for the larger
microplastics and the near total absence of methods for the
smaller sub-micron (<1 pum) nanoplastics. This problem has
been highlighted by Schwarferts®>® which, although published
in 2019, reflects a scenario that still exists today (Fig. 19).%°°

In the case of MNPs, identification and quantification can
be undertaken using a limited number of techniques, each of
which has specific limits, advantages and disadvantages. For
particles with sizes of a few microns and above, the methods
are established, but lack harmonization. In general, methods
able to identify polymers fall into two categories: those based
on optical microspectroscopy and those based on mass spectro-
scopy. In the first case, individual particles are visualized and
identified as plastics using methods that combine light micro-
scopy with vibrational spectroscopy, specifically IR-microscopy
(LFTIR or QCL-IR) or Raman microscopy (LRAMAN). For the
detection, identification, and enumeration of microplastics,
the optical diffraction limit and detector sensitivity remain
dominant factors in dividing the measurable from the non-
measurable - pRaman may detect particles ranging from
0.5 um to 1 pm, while uFTIR instruments with linear or focal
plan array detectors can reach only around 5 pm to 6 pm. For
these methods, the analysis time is a major factor when sample
complexity often requires the analysis of hundreds or thou-
sands of particles to achieve statistical relevance. For pFTIR and
MRAMAN analysis, times of 0.5 to 1 days are realistic estimates
for the analysis of sample derived from low solids aquatic
sources. In the case of the more recently commercialised
QCL-IR, this time may be reduced by a factor of 4 to 5, but
compared to PFTIR, it may have more limited spatial resolu-
tion, and by acquiring spectra over a narrower spectral range
may be more prone to misidentification when analysing weath-
ered particles, as compared to uFTIR.>*’

Although the PFTIR/QCL-IR and pRaman techniques have
become the workhorse methods for routine microplastics ana-
lysis, their lower size limits and modest throughput are pushing
researchers to find new ways to improve their performance. In
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the case of Raman, studies indicate that the speed of analysis
and spatial resolution can be improved by the use of stimulated
Raman microscopy.’>®°*° In the case of -IR, it has been shown
how improvements in performance can be achieved by substi-
tuting the conventional IR light source in a benchtop instru-
ment with radiation from a synchrotron source.’®® When
applied to microplastics, the brightness and highly collimated
nature of synchrotron IR light can produce higher spatial and
spectra resolution, which can improve not only the lower size
limit but the specificity of the spectral identification of micro-
plastics, through improved signal-to-noise ratios.>®' These var-
iants show the potential for improvement to the family of
vibrational microscopy-based methods, but cost and availability
will present challenges to their more widespread application.
The second category, thermo-analytical methods (Pyrolysis-
GCMS, TED-GCMS), use high temperature to decompose the
polymeric materials into characteristic volatile chemical frag-
ments, which are separated by gas chromatography (GC), iden-
tified by mass spectrometry (MS), and subsequently used to
determine the polymer of origin. With appropriate calibration,
the methods have the potential to identify and quantify the mass
of polymers with a sensitivity of 0.1 g to 1 pg, depending on the
polymer. The main advantages of the thermo-analytical methods
are the lower analysis times (0.5 h to 1 h) and the absence of any
fundamental lower limit on particle size, provided the sample
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contains a sufficiently large number of particles as to reach the
mass detection limit. In this respect, it should be noted that the
mass detection limit of 0.1 pg is the equivalent of a single
polymer particle with a size of 50 pm to 60 um, and consequently,
the method is much less sensitive than the pFTIR and pRaman
methods (1 um PE = 0.5 pg). The key disadvantage of these
methods, in addition to their limited sensitivity, is that they
require time-consuming calibration for each polymer type, pro-
duce a mass-based result and cannot directly provide any infor-
mation on particle size, shape or number (Fig. 19).

For the identification of individual plastic particles in the
sub-micron range, the conventional vibrational spectroscopy
instruments are not effective, but IR combined with atomic
force microscopy (AFM) or Raman with Optical Tweezers*®* can
produce IR*®® or Raman spectra with spatial resolutions com-
patible with nanoplastics. These methods, although promising,
are highly time-consuming and their suitability for routine
measurements has yet to be demonstrated. For ensemble
measurement of particles smaller than 1 um, the nanotechnol-
ogy field offers many technical solutions for measuring size,>®
and number or mass of particulates, but except for sp-
ICPMS,>** all lack the ability to identify particle composition.
In the absence of a revolutionary new technological break-
through to overcome these limitations, the most promising
strategy would be to look for ways to extend the capabilities of

NTA
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e 2
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2
- 3
TEM or SEM
CF3
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L7 Sensitivity Throughput Chemical composition

- Not available 1: Low 5: High

Fig. 19 Established and developing techniques relevant to detection, quantification and characterization of micro- and nanoplastics. For particles less
than 1 um a methodological gap is present, which is driving the development of new or hybrid techniques. Detection techniques are rated for their
sensitivity (triangles), analysis throughput (circles), and determination of chemical composition (squares), rated as 1 for low performance and 5 for high
performance. No sensitivity is assigned to fractionation methods. Techniques such as HPLC, NMR, EM-EDX, CLS, TRPS and SLS were not included in the
analysis, and they are thoroughly discussed by Schwaferts et al.>>® and Caputo et al.>*® In figure abbreviations: Fourier-transform infrared spectroscopy
(FT-IR), dynamic light scattering (DLS), multi angle light scattering (MALS), nanoparticle tracking analysis (NTA), asymmetric field flow fractionation (AF4),
centrifugal field flow fractionation (CF3), gas chromatography-mass spectrometry (GC-MS), thermal extraction and desorption (TED), transmission and
scanning electron microscopy (TEM and SEM). Pictures for AF4 and CF3 devices were kindly provided by Postnova Analytics GmbH.

This journal is © The Royal Society of Chemistry 2024

6482 | Chem. Soc. Rev., 2024, 53, 6445-6510


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00991a

Open Access Article. Published on 15 May 2024. Downloaded on 4/2/2026 7:23:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

existing nanoanalytics, by providing a means to render plastic
materials distinct from the natural background of organic and
inorganic colloids. Since traditional analytical techniques for
microplastic analysis are time-consuming, labour-intensive,
and often limited by the sample throughput there is a growing
need for cost-effective methodologies that enable high-
throughput sampling and analysis. In this context, MBPs offer
several advantages in microplastic analytics. They enable selec-
tive detection and differentiation of different types of plastics,
which is crucial for understanding the composition and dis-
tribution of microplastics in environmental or food samples.
Moreover, their application can be extended to different sample
matrices, such as water, sediment or biological tissues. Thus,
by using these peptides, researchers can develop selective and
efficient methods to identify and analyse microplastics in
various samples.

In the following section, we present different methods that
have been adapted to detect nano- and microplastics, and offer
promising technological opportunities in the field.

Emerging analytical techniques for nano- and microplastic
detection and characterisation

Field flow fractionation (FFF). A prerequisite to identify and
analyse nano- and microplastics is their effective separation in
size and nature from other polymer-based materials. While
material specific labelling is often used as methodological
approach for their fluorescence-based detection, the need to
separate excess free labelled molecules from the plastic parti-
cles without disrupting the binding between label and nano-
particles presents a considerable challenge that cannot be
neglected. For molecular species or small particulates in the
lower nanometer size, size exclusion chromatography (SEC)
offers means of purification possibilities,”®® but the usable size
range and the levels of surfactants necessary in eluents may
make it unsuitable for many samples.>*>*°® As an alternative, in
recent years FFF has begun to emerge as a powerful separation
technique, which is compatible with water-based sample dis-
persions and eluants. FFF has been shown to be effective in the
size fractionation of polymeric nanoparticles while also allow-
ing their separation from low-molecular-weight molecules.’®”
In contrast to SEC, FFF methods do not use any static phase to
obtain size separation. Size fractionation by FFF is based on
pumping liquid dispersed particles through a thin, ribbon-like
channel (typically 50 um to 350 um thick), which is subjected to
a separating force perpendicular to the direction of the flow
(Fig. 20). Under appropriate flow rates, the liquid moves under
laminar flow conditions, producing a parabolic velocity profile

FIELD FLOW FRACTIONATION CHANNEL

“ ° DIFFUSION o

e

o °
LAMINAR FLOW

Fig. 20 Working principle of field flow fractionation, smaller particles
travel longer through the flow channel, while larger particles are retained.
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across the channel with a maximum value at the centre, and
decreasing to zero at the channel walls. When a separating
force is applied perpendicular to the direction of the flow,
particles in suspension move towards one wall of the channel,
while counteracting diffusive forces tend to drive the particles
back towards the centre of the channel. When these forces
reach equilibrium, each particle tends to move along the
channel at a characteristic distance from the accumulation
wall, which is dependent on its diffusion coefficient and size.
In general, the separating field helps to retain larger particles
closer to the channel walls where the liquid flow is slower. As a
result, smaller particles travel faster and elute earlier from the
channel, while larger particles elute later.>*® This mode of
fractionation, small particles eluting first, is known as normal
or Brownian separation. The separating field, depending on the
FFF technique, may be a perpendicular liquid flow (asymmetric
field flow field fractionation, AF4) or by centrifugal force
(centrifugal field flow fractionation, CF3). Other members of
the FFF family such as gravitational sedimentation and electric
FFF are not discussed here as these have limited applicability to
the particular materials of this study. The general applicability
of FFF is attributed to ease with which it may be coupled to a
broad range of detectors for concentration measurements, such
as UV-visible, fluorescence and differential refractive index
detectors. Online coupling of particle-sizing instruments such
as multi-angle light scattering (MALS) and dynamic light scat-
tering (DLS) detectors are also often applied (for improved
quality in size measurements), and direct or off-line coupling
to ICP-MS for elemental analysis is also known.”®°

AF4 has been shown to perform well in characterisation of
nanomedicines,®”° separating size fractions of polymeric nano-
particles, and in analysing protein-nanoparticle interactions in
pre-clinical testing studies.’®”””" However, comparing to other
potential nanoplastic characterisation techniques, AF4 fractiona-
tion systems may not operate reliably as particle size approaches
the micron size range,”*® where the usual “normal” elution
regime gradually transitions to “steric” elution with the larger
particles eluting faster than smaller particles. In a standard AF4
channel,””* the onset of steric elution may occur as particle size
increases above 0.5 pm to 0.8 um. As an alternative or comple-
mentary fractionation method, CF3 coupled to various detectors
has been successfully applied in the characterisation of
nanoplastics.>>*>” In the case of CF3, the sample fractionation
occurs as the sample flows through a curved channel mounted
on the rim of a spinning disc. To achieve the fractionation, the
disc and channel are spun at high speed so generating a
centrifugal field which moves larger and denser particles towards
the outer wall of the channel where they elute more slowly than
the smaller or less dense particles, which remain closer to centre
of the channel.

Notwithstanding the upper size limitations of the FFF
methods, current literature data highlights the potential of
FFF in size-separating very heterogenous sub-micron plastic
particles from complex matrices.>>>>”>*”%37> For example, a
study of carbon-based aggregates and nanoplastics have shown
that appropriate selection of loading and elution parameters
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can allow operators to undertake a global separation across a
wide size range (1 nm to 800 nm) or selectively target narrower
size populations (e.g. 100 nm to 200 nm) to obtain higher
resolution data. An important practical finding was that this
flexibility can be achieved without modifying the mobile phase
or the channel components.>”> However, despite the power of
the AF4 method as a tool to isolate/fractionate nanoplastics in
environmental waters and marine food products,®**”> most
studies reporting analysis of samples derived from biogenic
sources are still focused on the fractionation of plastic particles
sized above 0.1 um.>’® A recent exception is the study by Wahl
et al.””” who have used py-GCMS analysis to determine the
composition of size fractionated material from contaminated
soil. Using a combination of AF4 fractionation and off-line
compositional analysis by py-GCMS, it was possible to show for
the first time the presence of heterogeneously shaped 0.02 um
to 0.15 um nanoplastics in soil. Moreover, considering the
major advantage of being able to selectively collect nanoplastic
fractions for off-line analysis by e.g. advanced high resolutions
imaging techniques, it is to be expected that AF4 will play an
increasingly important role in revealing the presence of real-
world nanoplastics in complex environmental or biological
matrices.

Although less commonly reported, the other prominent FFF
technique which could be to separate nanoplastics in environ-
mental matrices is CF3. Schwaferts et al.’”> compared the use of
AF4 and CF3 (each coupled to UV, MALS and Raman detectors)
for the separation of particles of different sizes and densities,
such as PS 0.350 pm, PS 0.500 pm and PMMA 0.500 pum. Better
separation was achieved with the CF3 technique due to the
separation force that depends not only on the size of the
particles, but also on their density. This would make this
separation technique attractive for environmental applications
where various plastics with different densities could be present
in the sample. Furthermore, it is expected to offer advantages in
separating denser inorganic particles from lower density poly-
mer materials. In the normal elution mode, CF3 covers a wider
size range (10 nm to 20 um, depending on material and density)
than AF4, but cannot reach the same minimum size, particu-
larly for low density materials such as polymers.

An important aspect of the elution process in FFF methods
is that it can often be run in a mild, water based, close to
physiological medium, often even in phosphate buffered saline.
These conditions allow for biomolecules and peptides to main-
tain their native structure, which is highly relevant for preser-
ving the biological or pharmaceutical functionality of emerging
materials such as nanocarriers for drug delivery, including
lipid, virus- and polymer-based nanoparticles.’”® Similarly, main-
taining these interactions is important when studying the nature
of environmental nanoplastics and their association with natural
organic matter and pollutants.””*** Finally, with a view to the
future, coupling FFF analytics with innovative particle labelling
methods based on material-specific binding peptides could
provide advances in the sizing and identification of nanoplastics
derived from environmental waters or biomatrices. However,
while polymer identification based on fluorescent labelling of
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microplastics was already demonstrated,”® >** nano-sized plastic
particle identification by polymer-specific binding peptides using
AF4 or CF3 are yet to be explored.

Surface affinity-based sensors

Surface affinity-based sensors can be configured to enable the
detection of, e.g. nano- and microplastics, as well as the analysis
of their behaviour or interactions, in a real-time manner. In this
type of technique, a molecular probe is usually immobilized on
a sensor chip and the sample to analyse is injected over the
surface through microfluidics. The interaction of a target pre-
sent in the sample and the surface generates a physical change,
which is transformed into a measurable signal. Two of the main
techniques used in surface-based affinity sensors are quartz
crystal microbalance with dissipation monitoring (QCM-D) and
surface plasmon resonance (SPR).

QCM-D measures the oscillation of a piezoelectric quartz
crystal, on which a change of the absorbed mass induces a
modification of the resonant frequency. Moreover, dissipation
monitoring can provide information on the viscoelastic proper-
ties of the material bound to the sensor surface. In the case of
rigid films, dissipation is minimal, and the frequency shift is
linearly proportional to the adsorbed mass as described by
Sauerbrey®®® with the equation: Am = —C x Afin. The resonance
frequency change, Af, which results from the binding, is used to
calculate the change of mass, Am. The constant C is related to
the properties of quartz and the parameter n in the equation is
the index of the quartz crystal.

QCM-D has been used to investigate the binding of nano-
and microplastics to environmentally relevant surfaces in dif-
ferent conditions. Alginate and natural organic matter (NOM)
were for instance used to study the effect of particle shape on
the attachment of PS spheres of 0.200 um.>®*® The deposition of
PS and polyethylene (PE) on NOM and silica surfaces was
compared in another study.>®” In the same way, the deposition
kinetics of PS (0.050 pm and 0.500 pm) was measured on silica
and alumina coated crystal sensors.>®® The influence of two soil
components (dissolved black carbon and humic acid) was also
investigated on the deposition of fresh and aged PS nanoplas-
tics, thus aiming to provide new insights on the stability and
transport of these nanoplastics in aquatic environments.>*°
Similarly, the sensor surface of the QCM-D was coated with
different extracellular polymeric substances naturally present
in biofilm from Escherichia coli in order to assess the influence
of biofilm on deposition of PS nano- and microplastics (dia-
meters of 0.02 um, 0.20 um, and 2.00 pm).>*° The role of water
chemistry and particle coating was also investigated through
the deposition kinetics of PS nanoparticles (and quantum
dots).>®" The quartz crystal can also be modified by polymer
films, as was done to study the electrostatic adsorption of PS
particles by QCM-D.*>”%% These studies demonstrate the
potential of the technique to investigate the influence of multi-
ple parameters on the fate of nano- and microplastics in the
environment. Indeed, the sensor’s surface and the experi-
mental conditions can be adapted for environmentally relevant
assays. More importantly, the main drawback of QCM-D lies in
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the applicability of the Sauerbrey equation, which is limited to
specific conditions of low absorbed mass and dissipation
energy. Thus, mass calculation of nano- and microparticles is
intrinsically biased as spherical particles, when absorbed on
the sensor surface and immersed in a fluid, can induce
turbulence thus deviating from the ideal Sauerbrey assump-
tions. The variation in dissipation makes the data treatment
much more complex, with the risk of overestimation of the
adsorbed mass of particles.

SPR also presents potential for application in nano- and
microplastics analysis. This technique is based on an optical
phenomenon occurring when a p-polarized light hits a noble
metal surface at the interface of media with different refractive
indices. In total internal reflection conditions, the incident
light photons energy is transferred to the oscillating free
electrons, which generates surface plasmons inducing a dip
in the reflected light spectrum. The spectral position of the dip
is related to the refractive index of the layer and angle in
contact with the noble metal. As the analyte binds and dis-
sociates at the surface, the refractive index varies and modifies
the resonance angle, which is monitored in real time. The
linear relationship between the amount of bound material, and
the spectral position of the resonant peak permits quantifica-
tion of the absorbed material, with a sensing depth of around
0.300 pm from the sensor surface. So far, this technique was
rarely applied to nano- and microplastics analysis: a study
focused on the detection of microplastics of PE, PS and poly-
vinyl chloride (PVC),>** while smaller PS particles (0.100 um to
0.460 pm diameter) were characterised by SPR using the
effective refractive index of the colloids.>*> SPR effect occurs
also in nanostructured surfaces. Localised SPR offers several
advantages over conventional SPR including higher sensitivity
and miniaturisation potential. The detection of nanoplastics
using localised SPR was described using gold nanoparticles
coupled to a peptide probe, where the absorbance intensity and
wavelength shift were measured by UV-Vis spectroscopy.’”®

The low number of SPR applications in the area of micro-
plastics research can probably be explained by two factors:
because of the sensing depth limited to a few hundred nan-
ometers, the method is generally applied to the detection of
smaller analytes, such as biomolecules. Moreover, nano-
particles are generally dispersed together with molecules (e.g.
surfactants, NOM), and SPR is a surface sensitive technique,
which can detect molecular monolayers. The signal coming
from a change of refractive index can be due to the bulk effect
of particles, as well as to the binding of the other components
of the sample analysed. The portion of the signal attributable to
the absorption of particles alone can be difficult to distinguish.
Additionally, molecules diffuse more rapidly than particles and
can saturate the surface signal inducing an error in the quanti-
fication of particles or in the evaluation of their binding
kinetics.

Advanced electron microscopy

EM based approaches are very powerful tools for detection and
characterisation of nano- and microplastics, as these provide a
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high resolution and can be coupled with chemical analysis.
However, EM techniques might require a sample preparation
that modifies the sample conditions, such as chemical fixing,
deposition of a conductive coating, substrate embedding and
exposure to vacuum. Thus, these are not suitable for analysis in
aqueous media or real time monitoring. Optical microscopy
can be easily implemented in flow conditions but, in the
standard bright field configuration, the resolution is too low
for nano-size materials, due to the diffraction limit. Optical
microscopy in dark field (DF) configuration permits the visua-
lisation of smaller objects due to their scattering properties. DF
microscopy is based on indirect sample illumination, owing to
the use of a circular opaque light stop on the condenser that
filters out the direct light, resulting in bright objects on a dark
background. As a result of the scattering effect, particles much
smaller than the diffraction limit can be visualised. The intensity
and the spectrum of the diffracted light depends mainly on the
size and the refractive index of the particles. DF microscopy
enables tracking the Brownian motion of the nano- and micro-
plastics and to directly measure their binding to a surface. In this
way, the affinity of the particles for a substrate can be assessed. In
a similar way to QCM-D or SPR, the surface can be functionalized
in a way that is tailored to the purpose of the assay. For example,
classical microscope glass slides were modified with polymers
and polyelectrolytes to present a range of physico-chemical
properties. These surfaces were then used to characterize the
hydrophobicity of nanoplastics by measuring their adsorption to
the different surfaces by DF microscopy.>®” > This approach
provides high versatility, since the surface can be modified with a
large range of functionality (inorganic layers, polymers, bio-
molecules, etc.), and the measurement conditions can be tuned
for environmentally relevant studies. Moreover, providing a
signal for each event, this method is sensitive to single nano-
or microplastic particles.

Material-binding peptides for detection of nano- and
microplastics

Fluorescent labels have been reported for the detection of nano-
and microplastics. The most studied dye is Nile red, as it can
label a broad range of polymers, but it does not have the
specificity to distinguish between the polymer types.>8¢0%6°
The lack of specificity is particularly problematic for the detec-
tion of nanoplastics compositions, which being largely C, H, O
based, cannot be reliably distinguished from other background
organic material usually present in real-world sample matrices.
Thus far, few studies have reported sensitive and specific
detection of nano- and microplastics using peptide biosensors.
Material-binding peptides present a great possibility to expand
in current available methods and combine labelling of plastic
particles with the above-mentioned analytical and fractionation
techniques. A study by Bauten et al. demonstrated that PS nano-
and microplastics can be detected and quantified in a high-
throughput manner after labelling particles with a plastibody
consisting of a material-binding peptide and a fluorophore. To
achieve high-throughput analysis of samples, labelled particles
were analysed in combination with fluorescence-activated cell
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sorting (FACS), which allowed the analysis of millions of
particles per minute.’®* Moreover, the use of material-binding
peptides for polymer detection has also been reported for
different types of microplastics, such as PS, PP, and PE, but
on one size range (106 um > x > 75 um).®°> Fluorescent
material-binding peptides used in this study were successful in
staining PS particles derived from mice intestines. A prerequi-
site for the application of fluorescent peptides in real environ-
mental samples is the reduction of the organic background by
reagents such as Fenton’s reagent, which dissolves the organic
matter.’®*°% Another potential method to reduce the back-
ground is the use of washing detergents (preliminary results).
In addition, the goal of material specificity of material-binding
peptides through protein engineering is of great importance in
order to have a targeted effect on micro- and nanoplastics. The
first successes in this respect were achieved by Lu et al.***?””
Moreover, material-binding peptides LCI and Tachystatin A2
conjugated with gold nanoparticles were used to colourimetri-
cally quantify PP and PS microplastics with high sensitivity
achieving detection range of 2.5 ug mL™~ ' to 15 pug mL ™ %%
Interestingly, high degree of specificity of LCI and Tachystatin
A2 to targeted polymers was demonstrated. The developed
assay was validated using PS and PP spiked fresh lake water.
In addition, PS detection immunoassay was developed using
PS-specific polyclonal antibodies produced in vivo following
immunization of rabbits with PS particles.>”® Apart from col-
ourimetric and fluorescence-based assay, material-binding pep-
tides were utilized in localized SPR analysis, where page display
derived PS binder served as material specific probe.®®”

As shown in previous sections, protein engineering of
material-binding peptides offers a great opportunity to modify
the binding properties of different peptides in order to achieve
a specific labelling of plastic particles, which will enable the
differentiation of synthetic polymers and organic matter, and
even the specific detection of different types of plastic. The
combination of specific labelling and analytical techniques
such as FFF, FACS or microscopy-based, will enable the detec-
tion, identification, and quantification of nano- and microplas-
tics in different types of samples.

Emerging applications of material-
binding peptides

MBPs enable to functionalize material surfaces in a cost- and
energy-efficient way at ambient temperature. Large toolboxes of
nMBPs and eMBPs exist to functionalize natural materials (e.g.
plant leaves, hair, teeth) and man-made materials (e.g. inert
polymers such as Teflon, PE or graphene) as shown in previous
sections. MBPs are compatible with scalable production tech-
nologies including unit operations such as dip or spray coating.
Therefore, many applications could be envisioned within a
sustainable bioeconomy based on renewable resources since
binding properties (e.g. strength, material-specific binding,
resistance against pH, salt or temperature) can be reengineered
by protein engineering methodologies to match applications
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demands. Such problem-solution-fits or need-solution-pairs are
under development for various applications. To the best of our
knowledge, MBPs are not yet industrially used beyond diagnos-
tic applications, since mainly chemical immobilization meth-
odologies are employed.

Apart from the important and prominent example on micro-
and nanoplastic quantification for monitoring food quality and
environmental health, three emerging fields of MBP impact
(biocatalysis, plant health, and medicine) will be highlighted in
the subsequent paragraphs (Fig. 21).

All applications fields employ bifunctional MBPs. The sec-
ond functionality besides material binding could be a biologi-
cal functionality (e.g. an enzyme in biocatalysis application or
antimicrobial feature in plant health), a chemical functionality
(e.g. a chemical catalyst) or a functionality that changes physi-
cal properties (e.g. anti-fouling). Both binding domains a con-
nected through a spacer sequence, that spatially separates both
binding domains. Spatial separation of both binding domains
ensures that those do not interact intermolecularly and, there-
fore, maintain their material-binding, catalytic or functional
property. The following application areas will be discussed in
this chapter:

Applications in biocatalysis comprise efficient immobiliza-
tion of biocatalysts and chemocatalysts on various of material
surfaces. Materials comprising polymers and stainless steel
open up opportunities to design biocatalytic microfluidic and
membrane reactors. Here we discuss the state of the art in
immobilization matrices and enzymes.

Applications in medicine often require generation of bio-
compatible interfaces for implants, prostheses, and -cell-
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Fig. 21 Highlighted applications of MBPs in biocatalysis, medicine, and
plant health. In biocatalysis, MBPs enable immobilization of catalysts on
surfaces like stainless steel or synthetic polymers for the construction of
novel reactors. Medical applications include implant functionalization and
anti-fouling effects to repel pathogens and increase implant compatibility.
Applications of MBPs for plant health are focussed on nutrient release and
pest control, that can enable more sustainable agriculture. Protein model
was generated with ChimeraX 1.4.4¢
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growth/recruitment. Such biocompatible interfaces can be gen-
erated through MBPs. Functionalities such as anti-microbial
and anti-fouling properties have been reported. Diagnostic
applications are not discussed in this review since those are
well summarized in several reviews.®°%°%°

Applications in plant heath and agriculture are rapidly
emerging and are considered as highly promising, especially
for the reduction of pesticide use. MBPs provide a superior
rainfastness compared to standard chemical pesticide formula-
tions and can be fully biobased and degradable without accu-
mulation in the environment.

Biocatalysis

In general, MBPs are fused through a stiff linker to an
enzyme®*® or a chemical catalyst,’’° to enable an oriented
and dense coverage of the surface material. The oriented
immobilization ensures that enzymes are usually immobilized
in a functional manner. A suitable linker length ensures that
enzymes maintain their flexibility, which is often a prerequisite
for a high activity. MBPs, referred to as MatterTag, have been
reported, in the study from Dedisch et al**® to be generally
applicable and scalable immobilisation toolbox for various
enzymes on polymer surfaces.

Enzymes immobilized through MBPs have mostly been
monomeric enzymes (e.g. phytase, cellulase and laccase). To
the best of our knowledge, no multimeric enzymes have been
reported to be immobilized through MBPs.

Polyethylene terephthalate has been reported in three stu-
dies as polymer matrix for immobilization of catalysts. The
phytase enzyme YmPh and the cellulase CelA2M2 were success-
fully immobilized using the peptide Tachystatin A2. For both
enzymes, the residual activity on the surface was improved
more than 3-fold by the presence of the MBP.>*® The immobi-
lisation of phenolic acid decarboxylase (PAD) on PET was
performed by Biischer et al. Functionalisation of PET with
PAD using the MBP Dermaseptin S1 resulted in a substrate
conversion of 88% within a reaction time of 2 h.°™* This
approach enabled the enzymatic decarboxylation of ferulic acid
to 2-methoxy-4-vinylphenol on the additively manufacturable
material. Since this product is a strong inhibitor of the enzyme,
in situ product removal was needed to be applied in the form of
extraction with n-heptane. PET, as an additively manufactur-
able material, could be used to create optimal packing struc-
tures for the in situ extraction. In a study regarding plastic
degradation, immobilisation of the cutinase Tfuc2 from Ther-
mobifida fusca was achieved using Dermaseptin S1. The immo-
bilization resulted in a 22.7-fold increased degradation rate of
PET, resulting in a degradation of 57.9% within 96 h at 70 °C.
The material-binding peptide mimics the function of natural
binding domains like cellulose-binding domains in cellulases
by guiding the depolymerizing enzyme to the material. This
functionality becomes especially important for the application
within diluted suspensions of microplastic.®*?

Polypropylene was used as a material for immobilization of
the copper efflux oxidase (CueO laccase). Immobilization of the
enzyme acted as a method of semi-purification to facilitate
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enzyme engineering by lowering the background activity. Sur-
face functionalization was achieved by the MBP LCI with the
enzyme being attached to the bound peptide by posttransla-
tional peptide ligation. This method, which employs the sortase
A enzyme from Staphylococcus aureus enables the efficient
construction of fusion proteins that cannot be expressed in
their full form. The system was used for laccase and sortase
engineering, enabling the identification of variants with higher
specific activity.®’® Immobilization of biocatalysts on polypro-
pylene was also achieved for the phytase enzyme YmPh and the
cellulase CelA2M2 by Dedisch et al. Here, the enzyme activity on
the surface could be increased up to 11-fold. Additionally, the
immobilization of YmPh on PP showed residual activity of the
enzyme on the surface of 52%, after eight rounds of washing.
Additionally, LCI was identified as the best binder for both
enzymes when targeting PP.>*® Additionally, a variant of the
MBP LCI (LCI F16C) was used to immobilize a synthetic
Grubbs-Hoveyda type catalyst on polypropylene, enabling
ring-opening metathesis polymerization on the surface.®'°
Polystyrene was used in several studies. LCI and Tachystatin
A2 were identified as effective PS-binders and two enzymes the
phytase YmPh and the cellulase CelA2M2 were functionally
immobilized on PS. Similar to PP, it was found that YmPh
immobilized on PS showed 60% residual enzyme activity after
eight cycles of catalysis and washing.**® Additionally, the applica-
tion of sortase mediated protein ligation was used to enable the
attachment of various functionalities to the LCI MBP. Among
other surfaces, PS was reported as a suitable support here.*"*
Polyester-polyurethane was targeted for its biocatalytic
degradation, as described for PET above. The material-
binding peptide Tachystatin A2 was fused to the bacterial
cutinase Tcur1278 and was shown to promote adhesion to
the polymer. The degradation of the polyester-polyurethane
nanoparticles was enhanced 6.6-fold and half-life of the parti-
cles was reduced 6.7-fold. More interestingly, it was shown that
the anchoring effect was very prominent in highly diluted
samples by actively directing the enzymes to the particles.®'
Gold surfaces were chosen as another showcase of the MBP-
based enzyme immobilization. Dedisch and coworkers identi-
fied LCI as a potent binder to immobilize both enzymes, while
the eGFP reporter protein could also be immobilized well using
Tachystatin A2. For the immobilization of YmPh phytase using
LCI, the surface coverage was evaluated, identifying the cover-
age of YmPh-LCI to be 2.6-fold higher compared to the YmPh
wildtype.**® Additionally, adsorption kinetics and Langmuir
isotherms were recorded to permit a better understanding of
the binding. Another application of material-binding peptides
on gold surfaces were used to immobilize the P450 BM3
enzyme. Cytochrome P450 enzymes (CYPs) in general shows
poor stability, often resulting in low activity on industrial
substrates. Immobilizing CYPs was shown to improve stability
and enable efficient separation of enzyme and products, which
is especially interesting for long-term operation. The applica-
tion of material-binding peptides removes the necessity to
embed the protein or perform mutations across the entire
protein to enable immobilization. Additionally, it enabled
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adjustment of the distance between the enzyme and the surface
to assure a desired orientation of the enzyme, and to avoid
denaturation.®®

Stainless steel was reported as another surface for biocata-
lysis. The immobilization of YmPh phytase and CelA2M2
cellulase was characterized with the interesting observation
that no phytase activity was found for the wildtype YmPh,
and catalytic activity on the material could only be achieved
by addition of the MBPs. Fusion of the cellulase with MBPs led
to and increased activity on the stainless-steel surface, with the
highest increase of 2.3-fold observed when using the MBP
Cecropin A.*%®

Indium tin oxide served for the immobilization of P450 BM3
variant, as described above for the gold surfaces. Affinity of the
P450 enzyme to the surface was increased by the fusion to the
MBP HighSP-BP, which resulted in higher enzyme activity
compared to the soluble form.**®

The peptides Cecropin A, LCI and Tachystatin A2 were
identified as potent candidates for the immobilization of
enzymes on silicon wafers. The activity of both investigated
enzymes (YmPh phytase and CelA2M2 cellulase) was signifi-
cantly increased (up to 6-fold) by fusing the three investigated
MBPs to the enzyme’s C-terminus individually.**®

In respect to enzyme class, no limitations seem to exist since
nine enzymes of different classes were described to function in
peptide-immobilized form. Moreover, the immobilization of
synthetic catalysts was enabled using the same approach.
Building on the immobilization of single enzymes, the immo-
bilization of enzyme cascades can enable efficient conversion of
various compounds by combining multiple enzymatic reactions
in one process.®’” The immobilization in flow reactors can
allow for the application of enzymes or hybrid catalysts in
continuous reactions, while also distributing catalysts for indi-
vidual conversion steps throughout the reactor. Immobilizing
enzymes in membranes offers the possibility of combining
enzymatic activity with selective effects of the membrane.®®

In similar approaches, biocatalysts are immobilized on
microbes like Escherichia coli, to mainly facilitate enzyme
engineering campaigns.®*®®*° Further development of this
approach would open up the generation of hybrid, living and
catalytic materials. However, currently, there are no MBPs
directly applied in this field.

Medicine

Main application of MBPs in medicine are related to generate
biocompatible interfaces for implants, prostheses, and cell-
growth/recruitment and embedded additional functionalities.
Here we will give emphasis on anti-microbial and anti-fouling
properties due to their societal and industrial importance.
Since wound dressings are applied when critical points of
entrance for pathogens are present, a killing and repelling
function is highly desirable to avoid infections. Two approaches
have been developed to target these aspects. Killing of the
pathogens can be performed by endolysins, bactericidal enzymes,
that originate from bacteriophages. Production of the endolysins
at the end of their reproductive cycle results in the cleavage of the

6488 | Chem. Soc. Rev., 2024, 53, 6445-6510

View Article Online

Chem Soc Rev

peptidoglycan layer and release of the phage. Unlike antibiotics,
bacterial resistance to the endolysins is regarded as highly
unlikely, presenting a great potential for the clinical treatment
of infections. On the other hand, endolysins do not present any
harmful effect on eukaryotic cells. An anti-fouling effect can be
achieved by attaching polymer brushes to a surface. Brushes from
zwitterionic carboxybetaines were shown to mediate resistance
against protein adsorption and bacterial adhesion, since their
jungle-like properties prevent bacteria from interacting. Addition-
ally, the polymer brushes could render wound dressings less
adhesive for mammalian cells, reducing the release of proin-
flammatory cytokines and minimizing tissue damage from adhe-
sion. Unfortunately, the drafting of polymer brushes to the
surface is not scalable due to required plasma treatment. Grow-
ing polymer brushes from MBPs solves the scalability challenge
in an elegant manner. Since the immobilization of endolysins
was shown to be possible by the application of MBPs as well (e.g.
LCI-PlyGBS94), a combined solution of endolysins and polymer
brushes, immobilized through MBPs could be realized. The
combination of both properties by creating a certain ratio of
both molecules on the surface resulted in a 93% reduction of
bacterial concentration and is pivotal within the early stages of
wound healing.***

Biofouling presents a major challenge for the functionality
of medical devices, if they are in constant contact with a
biologically active environment. One example is the construc-
tion of extracorporeal membrane oxygenations systems. These
systems are utilized to treat patients with isolated or combined
cardiopulmonary failure. The oxygenators consist of hollow
fibres, that mediate the oxygenation and decarboxygenation
of blood flowing through. Protein adsorption on the fibre
surface, however, presents the risk of coagulation cascades
resulting in clot formation, which drastically reduces the
oxygenation efficiency and causes life-threatening complica-
tions. As a precaution measure, anticoagulation agents can be
applied, which, however, drastically increase the risk of bleed-
ing complications. The release of nitric oxide (NO) contributes
to the thromboresistant properties of blood vessel epithelium
and could be transferred to the oxygenation system as well.
Research was performed on the immobilization of enzyme
mimetic non-fouling microgels for the release of nitric oxide.
To achieve immobilization, the poly(4-methyl-1-pentene) (PMP)
fibre mat of the oxygenator was functionalized using an eGFP-
LCI fusion protein. After washing off, the microgel containers
were attached to the protein using a thiol-epoxy click reaction.
Immobilization of the microcontainers was verified using X-ray
photoelectron spectroscopy and the system effectively reduced
blood clot formation in a 48-minute test trial.®**

Introduction of implants to the human body is always linked
to the risk of implant rejection due to the implant being
detected as a foreign harmful object by the immune system.
Furthermore, the site of implantation opens the possibility of
entrance for pathogens, that can cause inflammation leading to
implant rejection. To sustain implant compatibility, two stra-
tegies can be followed, either increasing positive interaction
between mammalian cells and the implant or by releasing
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antibiotic compounds from the implant surface. Due to their
great biocompatibility and mild binding conditions, the appli-
cation of MBPs offers a possibility to follow these strategies.

Adhesive effects mediated by MBPs were used to increase the
cell attachment to polydimethylsiloxane (PDMS) surfaces.
PDMS has a number of beneficial properties for the use in
biomedical applications including high flexibility, transparency
and permeability for oxygen. The material is typically used for
the fabrication of biocompatible devices like heart valves and
microfluidic devices. These devices enable examination of cell
behaviour regarding different aspects like physical stimulation,
stretching or stiffness. A major drawback to this application is
the limited interaction between eukaryotic cells and the PDMS
surface. Large ECM proteins are typically used to render the
surface more adhesive for mammalian cells, however, batch to
batch variety and production cost of these proteins present
some major drawbacks. A more defined approach to increase
cell adhesion on PDMS surfaces was presented by fusing a
cellular adhesion sequence (GRGDS) to the material-binding
peptide LCI. This sequence presents the minimal recognition
motif of the fibronectin ECM protein. Application of the pep-
tide on PDMS surfaces was shown to increase cell viability and
application on structured surfaces resulted in directional cell
growth. Besides the presented approach, there are different
cellular adhesion sequences, that could be applied in a similar
way to present different signals to the adhering cells. Addition-
ally, immobilization of growth factors might be a promising
application of the material-binding peptides for cell character-
ization. Both approaches could be combined in the establish-
ment of a peptide-based toolbox for cell adhesion applicable for
a variety of different surfaces and cell types.®>* Another application
of this concept is presented by the attachment of epiretinal visual
protheses, which are the most common treatment in the case of
retinal degenerations. Here, a peptide-based approach for the
fixation of epiretinal stimulating arrays was proposed as an
alternative to the conventionally used titanium retinal tacks. These
tacks are known to cause unavoidable retinal damage and removal
of the prostheses is aggravated, which illustrates the need for an
effective fixation method. To enable epiretinal fixation, the arrays
for retinal stimulation can be coated using Poly[chloro-p-xylylene]
(Parylene C). Parylene C is typically used in medical applications
since it shows high biocompatibility and, moreover, presents
transparency and flexibility as beneficial features for the applica-
tion in retinal protheses. Parylene C could afterwards be fixed on
the extracellular matrix (ECM) of the surrounding cells using
material-binding peptides. The most important proteins of the
ECM include collagen, laminin and fibronectin, which can be
specifically targeted by binding peptides. Within the presented
work, a bioadhesive peptide consisting of the material-binding
peptide cecropin A, a domain Z spacer and the peptide osteopon-
tin was used to obtain a first proof-of-concept of attaching the
Parylene C material to the surrounding tissue. This enabled a non-
invasive fixation of epiretinal visual prostheses with high applic-
ability and biocompatibility.®**

Antimicrobial effects by compound release were established
on bare-metal alloys like stainless steel, which are commonly
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used in implants. These surfaces could be treated chemically or
physically to create compound releasing layers before. Through
the combination of two material-binding peptides, the surface
can be covered with micro-containers of a different material. In
this project, polycaprolactone (PCL) and stainless steel were
crosslinked using the biadhesive peptide approach. Five differ-
ent material-binding peptides were screened for their binding
to the two chemically different materials. Dermaseptin S1 was
identified as a binder for stainless steel, while LCI showed best
adhesion to PCL. Both peptides were combined to a biadhesive
molecule with a domain Z spacer. The immobilization of PCL
particles on the stainless-steel surface was confirmed by micro-
scopy. The particles were loaded with kanamycin and kanamy-
cin release was detected by inhibition of cell growth after
Escherichia coli cells were incubated with coated stainless steel.
The presented system features wide applicability, since differ-
ent surfaces could be functionalized, and a variety of com-
pounds could be loaded to the micro-containers. General
medical interest can be expected for this system since the
release of compounds on a surface is widely needed.®*’

Plant health

The key challenges in sustainable agriculture and the produc-
tion of healthy food involve minimizing pesticide use and
ensuring their effective degradation. Formulations for the
delivery of pesticides and nutrients must be as degradable as
the agent itself and contaminations of soil with microplastic
must be avoided especially. The significance of this goal was
elucidated by a European Union legislative call in 2021. MBPs
that decorate microgels (pesticide loaded containers) and bind
to the wax layer of plant leaves in a rainfast manner are a
promising solution. The underlying technology is termed
greenRelease. The microgel degradation speed and compound
release can be controlled through cross-linking between the
polymer chain. Through control of pore size and chemical
modification of the polymers, small ions (e.g. copper salts or
nutrients) as well as larger pesticide molecules and proteins
can be incorporated efficiently (up to 30% of the polymer dry
weight).’*® These microgels can further be enhanced for biode-
gradability by utilizing biopolymers, such as cross-linked poly-
saccharides. An alternative approach is presented by
bifunctional peptides, in which antimicrobial peptides (AMPs)
are fused to the MBPs. The advantages of AMPs are that they
can target specific pathogens (e.g. against soybean rust)®”” and
employed AMPs are often harmless for humans. The main
drawback of bifunctional peptides compared to the greenRe-
lease technology is the amount of pesticide available; even
though millions of bifunctional peptides (3 nm to 10 nm in
size) are immobilized per cm?® of surface, the amount remains
low compared to the contents of micrometre-sized microgels.
The main advantage of MBPs over standard formulation is
that MBPs achieve an excellent and strong binding to wax layers
of plant leaves and the binding strength and rainfastness can
be tuneable by protein engineering.®*® The strong binding is
advantageous for farmers since fewer rounds of pesticide
applications are necessary and standard spraying equipment
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can be used. MBPs are usually anchored in wax layers of plant
leaves and likely move in the wax layers like proteins in
biological membranes. Growth and photosynthesis of plants
are not affected by the formulation, and its biodegradability
can be tuned to application demands and pesticide/nutrient
release (e.g. ~50% present on plant leaves after 3 weeks).

In the following section one greenRelease and one bifunc-
tional peptide approach are presented to illustrate the problem-
solution fit that MBPs can provide to ensure healthy food
production.

The controlled release of micronutrients in the form of trace
elements was investigated using biohybrid microgels. The
microgels were functionalized with strong chelating ligands
for Fe**. To mediate adhesion to the plant surface, different
material-binding peptides were screened, resulting in the selec-
tion of Plantaricin A as a binder to plant surfaces. The immo-
bilization of the microgel and the Fe’" could be verified by
treating iron deficient cucumber plants with the formulation.
Since the introduced iron contributed to chlorophyll formation,
the efficacy of the release could efficiently be monitored by
regreening of the leave surface. A comparable approach could
be followed using pesticides instead of nutrients in an accord-
ingly modified microcontainer. Here, the same principles apply
to achieve a rainfast application of the compounds while also
facilitating release over a prolonged period, reducing the fre-
quency and intensity of treatment, that is needed.®*®

A similar approach to reducing pesticide usage was pre-
sented using the direct fusion of two peptides. Active agents are
not released from a container but are immobilized on the leaf
surface directly. The focus of this research was on the Asian
soybean rust (Phakopsora pachyrhizi). The aim was to adhere an
active agent to the soybean leaf and hinder Phakopsora pachyr-
hizi spores from germination. This was achieved by fusing the
material-binding peptide Thanatin with the antimicrobial pep-
tide Dermaseptin 01. Thanatin was chosen based on screening
of peptides, that were fused to the fluorescent reporter eGFP for
detection. The peptide showed rainfast adhesion, that was also
stable under elevated temperatures and sunlight over a time of
17 days. The antimicrobial effect of the bifunctional peptide
was evaluated in vitro by inoculating soybean leaflets with
Phakopsora pachyrhizi. A reduction in infection severity was
recorded when treatment with the peptide was performed, with
the reduction being more apparent when the leaf was rinsed.
Direct attachment of the active compound to the leave is overall
less complicated than immobilized microcontainers in terms of
production of the formulation. Without the fabrication of the
microgel, the application becomes even more cost effective. The
direct immobilization of active compounds could, therefore, be
a valuable option whenever the compound can be fused to a
material-binding peptide in its active form.®*°

In addition to laboratory research and field trials, the
interaction between material-binding peptide and leaves was
investigated using computational approaches. To the best of
our knowledge, this presents the only published approach in
which molecular dynamics (MD) simulations were employed to
engineer peptide binding to a heterogenous surface like plant
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wax.®®® In the study conducted by Dittrich et al., the binding of
MacHis peptide to the cutin matrix of apple wax was simulated.
The simulation system consisted of a cellulose layer as a
foundation, with a matrix of polyesters (specifically, linked
10,18-dihydroxyoctadecanoic acid) added on top. Random com-
ponents of wax, which composition had been previously ana-
lysed using GC/FID and GC/MS techniques, were placed on the
surface. The entire system was equilibrated through a 100 ns
NVT MD simulation run.

Subsequently, the MD trajectory with the binding of MacHis
peptide to the wax surface was analysed to determine the
relative contact of each amino acid in MacHis with the surface.
Eight amino acids exhibiting significant contact were selected
for in vitro alanine scanning. MacHis variants with changes in
their amino acid sequence were conjugated to enhanced green
fluorescent protein (eGFP). Among the tested variants, specifi-
cally R6A, Y16A, and R6A/R10A, a highly reduced remaining
fluorescence was observed after five rounds of washing, similar
to the negative control (eGFP). Other variants also displayed a
significant decrease in remaining fluorescence compared to the
wild-type MacHis. In summary, the positions R6, R10 and Y16
are important for the rainfast binding of MacHis to the wax
layer of plant leaves and these positions can be used to tune the
rainfastness binding.

The potential mean force (PMF) of MacHis and several other
peptides (Plantaricin A, LCI, Pleurocidin, and Magainin) for
desorption from the surface was assessed using adaptive
steered MD (ASMD). The simulation results were further com-
pared to the corresponding in vitro experiments and matching
results were found for Plantaricin A, Pleurocidin and Magainin.
This shows that PMF and ASMD are suitable for the investiga-
tion of peptide desorption behaviour from the plant wax sur-
face. Notably, against the predicted order, LCI exhibited higher
rainfastness in vitro compared to MacHis. Even though this
contradicts the expectations derived from previous simula-
tions, the study presents a profound approach to identify key
residues for wax layer binding. Understanding on a molecular
level driving forces for material-specific binding to wax layers
will enable the design of next generation MBPs that bind to
plant leaves and not to the often more hydrophilic surface of
fruits. The latter opens up possibilities to deliver pesticides to
plant leaves specifically and thereby protect consumers.

Discussion and outlook

The size of the protein sequence is a curse and blessing at the
same time since it is unimaginably large. Its diversity allows to
design specific antibodies and material-specific binding pep-
tides; however, the theoretical protein space of even short
proteins can only be explored to a neglectable fraction by
experimental means (see Section “Engineering of binding pep-
tides and proteins”).®*' Diversity supremacy of the protein
sequence space is therefore, the ultimate goal for efficient
design of powerful material-specific binding peptides that
match application demands. In Fig. 22, we provide a roadmap
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Fig. 22 Challenges to achieve the ultimate goal of computational supremacy over the protein sequence space and achieve full in silico design of MBPs.
The overview represents a challenge list to illustrate a roadmap to MBP innovations, reaching computational supremacy in MBP design and is accordingly
divided into the “general challenges in design of MBPs"”, “general application challenges” and “specific application challenges”. All challenges will be

presented and discussed in the following paragraphs.

composed of 18 challenges to achieve Diversity Supremacy
through an understanding of biophysical principles by gener-
ating sufficient experimental data, which enables computa-
tional methodologies to explore and exploit the theoretical
protein sequence for the design of powerful material-binding
peptides. In addition to the general challenge of achieving
computational diversity supremacy in MBP-design, specific
challenges for applications in plant health, medicine, biocata-
lysis, and NP-/MP-management (emphasized) are discussed.

I. General challenges in designing material-specific and
powerful MBPs are: (a) large diversity of man-made and natural
materials in respect to composition and structure, (b) lack of
parameterized computational material models and defined
reference materials, (c) lack of systematic protein engineering
strategies to understand driving forces of material-specific
binding, (d) lack of validated methodologies, especially screen-
ing system for directed MBP-evolution in respect to material-
specific binding and addressing the diversity challenge of the
huge protein sequence space (see Section “Engineering of
binding peptides and proteins’”). Addressing the challenges
from (a)-(d) are prerequisites to generate a molecular under-
standing of interactions between MBPs and material surfaces
and identifying biophysical driving forces.

This journal is © The Royal Society of Chemistry 2024

(a) Large diversity of man-made and natural materials in
respect to composition and structure

Man-made materials and especially polymer-based products
are often composed of mixed-plastics with hundreds of combi-
nations that differ in their chemical composition, crystallinity,
morphology, and contain in a low one-digit percent range additives
with diverse properties and functions.*®***®® In contrast, natural
materials are based on a comparatively low number of materials,
their properties are acquired in sophisticated mineralisation or
supramolecular assembly processes.”**>"%** Therefore, changes in
chemical composition, wettability, and degree of crystallinity are
the main challenges to be addressed by MBPs.**>%*® The example
of nMBPs binding to cellulose shows, that natural cellulose-
binding domains can preferentially bind to crystalline cellulose
or amorphous cellulose depending on the specialized cellulase
function.>® Phage display-derived peptides that bind to semicon-
ductor materials can exhibit binding preference for the crystalline
areas®” and have usually a promiscuous binding behaviour due to
a lack of a defined binding domain.

Morphology is likely not a main challenge for MBPs, since
MBPs have a size of 1 nm to 5 nm so that even small
morphological differences e.g. in height, that often range from
1 pum to 5 pm in materials, will not influence MBP binding
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interactions; scaled to a 1 m MBP in size, the difference of 1 um
to 5 pm in material morphology would appear like a mountain
of 1000 m, so that the direct surroundings will be ‘seen’ by an
MBP as an even topology. Nevertheless, defined morphological
patterns can add functionalities such as antifouling or super-
hydrophobic effects to products application
fields'621,638,639

In summary, the large diversity of man-made and natural
materials will likely require an array of specialized MBPs to
material-specifically address difference in crystallinity and
composition, especially in mixed-material products.

in various

(b) Lack of parameterized computational material models
and defined reference materials

The prerequisite to generate a molecular understanding of MBP-
material surface interactions are parameterized computational
models of materials, which we mostly lack (see Section ‘“Com-
putationally assisted design of polymer-binding peptides”).
Parameterized surface models were already created for several
crystalline polymer structures (e.g. PE, PTFE, PET*! or PVC®*")
and natural surfaces (e.g. apple leave wax®*®). There are some
models reported for amorphous surfaces,®**®*' however, the
accurate representation of these surfaces is more challenging.
The computational models are required to mimic material
properties on a structural level, especially in respect to crystal-
linity and mixtures of crystalline and amorphous areas that are
often important for macroscopic material properties. In addi-
tion, energetical considerations of e.g. partial charges of surface
molecules must be made to most accurately model molecular
interactions. Good knowledge of surface properties is needed to
implement correlations between findings from computational
analysis and laboratory analysis. Often employed MD simulations
require substantial computational resources and time to be
performed. To efficiently evaluate the different energetical states
and to find the global minimum in the energy landscape of the
simulation, sampling techniques can be employed, that most
efficiently use the limited computational power. Examples of this
approach include replica exchange molecular dynamics simula-
tion, that runs multiple simulations in parallel and exchanges
replicates repeatedly to probe the energy landscape.’*® However,
the application of these sampling techniques was only done in
few examples for material-binding peptides. Additional work is
needed for optimized implementation of these methods.
Limited amount of work has been invested into the simula-
tion of the interaction between peptides and polymer surfaces.
To build well-founded knowledge on the interaction, the com-
plexity of the system should be increased stepwise. Identifying
interactions with crystalline surfaces first, will give a basic
understanding of interaction principles. Afterwards, the mate-
rial complexity can be increased by including amorphous
surfaces, surfaces with mixed crystallinity and mixed materials.
Changes in the interaction principles, that are observed with
more complex systems, can provide insights on how the pep-
tide interaction is altered. It is needed to introduce material
complexity gradually and include experimental validation to
the workflow to confirm good material representation in the

6492 | Chem. Soc. Rev, 2024, 53, 6445-6510

View Article Online

Chem Soc Rev

simulation. In combination with the constantly increasing
computational power available, the computational analysis of
complex systems in MD simulations will become a shrinking
hurdle in the field of material sciences. In summary, this trend
will, in combination with the rapid development of machine-
learning approaches, lead to major advances in computational
research on surfaces and surface interactions.””’

(c) Lack of systematic protein engineering strategies to
understand driving forces of material-specific binding peptides

In the section on lessons learned, binding motifs, molecular
interactions and the role of structures of nMBPs and eMBPs are
summarized in respect to material binding. Open questions
concern the lack of a comprehensive protein engineering strat-
egy to elucidate general principles for material and material-
specific binding and the role of the 3D-structure of binding
peptides. Experimental studies have been limited to phage
display methodologies that usually employ peptides with less
than 16 amino acids (limited in material-specificity) and a few
directed evolution studies that are limited by the number of
screened variants and biased diversity due to the application of
random mutagenesis methods.”*®**> Employed random muta-
genesis methods have a preference to replace a large base by a
large base or a small base by a small base (termed transition
bias) which limits on the protein level the generated type of
amino acid substitutions.®**> A systematic study on the BSLA
lipase and comparison of standard random mutagenesis library,
obtained by error-prone PCR, to a library of the same BSLA
lipase that contained all natural diversity at each amino acid
positions (site saturation mutagenesis (SSM) library), concluded
that general design principles cannot be deducted from epPCR
libraries since only 20% to 30% beneficial positions could be
identified. However, the SSM library of BSLA that contained all
the natural diversity with one amino acid exchange (~3600
variants) was successfully used to elucidate general design
principles of lipases in respect to improved tolerance against
organic solvents®**®*> and ionic liquids.®*®**” Such an SSM-
library approach with MBPs, and screened against several man-
made materials, with the aim to study contributions of hydro-
phobic, polar, and charged interactions is likely a promising
and systematic strategy to generate the experimental data
required for AI- and machine learning approaches to advance
towards in silico designed MBPs and also to enable the de novo
design of MBPs.%*®

(d) Lack of validated methodologies, especially screening
system for directed MBP-evolution for material-specific binding

Nearly all phage-display and directed MBP evolution
approaches have been performed to improve binding proper-
ties to target materials. Resulting changes in binding properties
to other materials are also investigated, for instance directed
evolution of the MBP LCI to improve binding to polypropylene
resulted in a variant with altered binding properties to
polystyrene.”>*?° Screening concepts, in which material-
binding preferences are selected in a competitive screening
format are missing. Pioneering concepts are the work of Yi Lu

This journal is © The Royal Society of Chemistry 2024
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et al. where a microtiter plate assay was developed in which
PLA-binding preference over PP binding was improved 4.45-
times. The screening system in 96-well plate format was sepa-
rated into two screening steps; from the master mutant library
plates the Cg-Def-EGFP (MBP-eGFP) variant containing super-
natants are transferred into PP and PLA-coated MTPs and the
remaining fluorescence ratio of the same variant in the PP and
PLA plate after washing are compared and used as selection
criteria (measure for the binding strength).’”” A more detailed
depiction of available validated methodologies for directed
MBP-evolution can be found in the Section “Engineering of
binding peptides and proteins”.

In summary, competitive screening concepts and systems
that are close to application conditions and that employ mixed
materials will in the future be required to design powerful
MBPs (see specific application section).

General application challenges are (¢) MBPs binding proper-
ties are often insufficient to match application demands, (f)
lack of general applicable toolboxes of MBPs fused/conjugated
to biological, chemical or physical functionalities to explore
applications, (g) lack of validated biocompatible and scalable
production technologies to functionalize materials on surfaces
or to integrate bifunctionalities within materials, (h) often lack
of sufficient production titres of MBPs (>10 g L™ "), and MBPs
as well as conjugates are often not addressed or implemented
in regulatory frameworks. Regulatory challenges are addressed
within the challenges of individual application fields.®***>*

(e) MBPs binding properties are often insufficient to match
application demands

As a protein, MBPs have physical limits in respect to their thermal
resistance (in general <90 °C). Tolerance towards molar-
concentrations of product/substrate, proteolytic digestion, deter-
gents, salts, and pH need often to be improved, since industrial
application conditions can differ vastly from the natural environ-
ment that enzymes are exposed to (e.g. in metabolic pathways of
microorganism). Tailoring of enzyme properties to application
demands by improving above mentioned properties is routinely
performed by directed evolution methodologies®>*®** for instance
by following the KnowVolution®*>*® design strategy. Improved
properties in above mentioned applications have not yet been
reported, but can easily be included and selected for in reported
screening systems for directed evolution.”>**° Additional chal-
lenges, for MBPs that arise from scalable production technologies
(e.g binding within seconds for dip coating processes) have to the
best of our knowledge also not yet been reported despite their
importance for MBP innovations.®**°%°

(f) Lack of generally applicable toolboxes of MBPs fused/
conjugated to biological, chemical or physical functionalities to
explore applications

The general application potential of MBPs that are fused or
conjugated to biological functionalities (e.g. enzymes, anti-
microbial peptides, anti-freeze proteins etc.>***'>°3%) chemical
functionalities (e.g. catalysts®'®), functionalities that alter phy-
sical properties (e.g. water-repellent or superhydrophobic
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Fig. 23 Universal functionalisation toolbox based on bifunctional MBPs
that are fused and spatially separated through a helix to prevent intra-
molecular interactions that might affect their functionality. In a modular
system every MBP can be equipped with functionality that could be a
chemical one (e.g. a chemical catalyst or fluorophore through click-
chemistry), a physical one, which alters physical properties (superhydro-
phobicity, water repellent), or a biological function (e.g. fluorescent eGFP
reporters, enzyme or anti-microbial peptides) Protein model was gener-
ated with YASARA 20.10.4 and visualized and coloured with ChimeraX
1746

coatings) or even particles or colloids (see microgels in plant
health applications) are emerging research fields (Fig. 23).
What is lacking are modular toolbox systems, in which MBPs
can be combined with functional entities (biological, chemical
or physical) to bifunctional units in a modular way. Processes
for scaled production for bifunctional peptides with high titers
up to the two-digit gram scale have to be improved individually
and unexpected effects, in respect to aggregate formation or
loss of functionality, need to be addressed. Nevertheless, we
believe that bifunctional peptides have a huge application
potential since the coating of surfaces can be achieved from
aqueous solutions at ambient temperature in a sustainable an
energy-efficient manner.

(g) Lack of validated biocompatible and scalable
manufacturing technologies to functionalize materials on
surfaces or to integrate bifunctionalities within materials

One gram of MBP is sufficient to coat >250 m” at ambient
temperature and from an aqueous solution.*'° Expenses in
MBP production costs will, therefore, likely not limit (bulk)
industrial applications of engineered MBPs and already small
amounts of MBPs in kg scale will be sufficient for bulk produc-
tion processes. However, due to their limited thermal resistance
of MBP as a peptide in nature, standard polymer processing
technology such as injection moulding, that often require tem-
peratures between 200 °C and 300 °C, will not be tolerated by
most enzymes and MBPs. Therefore, alternative biocompatible
and scale manufacturing processes must be developed to coat
material surfaces and to integrate biological functionalities in
materials. Promising scalable and biocompatible production
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technologies for MBP coatings on surfaces are spray- and dip
coating processes.*’® Both proved in the lab scale to be very
promising since one additional washing step after spray- or dip-
coating resulted usually in a dense and robust MBP-coated
surfaces.®*® A main limitation is, however, that a 10 min to
30 min incubation time is often required in dip coating processes
to achieve high coating densities.* The fastest reported coating
with an eMBP was within 20 s on a carbon nanotube-based
electrode, however, this result is highly dependent on the coated
material.°®" Solvent or electrospinning processes have potential to
be used for integrating biofunctionalities for instance for pro-
grammed degradation or release of protein based therapeutics.’®
Additive manufacturing processes can be operated at peptide
compatible temperatures®®® and could, as sandwich processes
for multi-layered products (e.g in cardboard production pro-
cesses), be scaled and represent therefore a promising manufac-
turing technologies of the future for MBPs.

(h) Often lack of sufficient production titers of MBPs (>10 g L )

The bioethanol process demonstrates that by biotechnology
means, with an engineered cocktail of cellulases, and metabo-
lically engineered microorganisms, a bulk product such as
bioethanol can be produced with costs less than $10 per kg®**
without recycling of enzyme catalysts. Bacillus strains and filamen-
tous fungi, like Trichoderma reesei, Aspergillus niger, Chrysosporium
lucknowense and Aspergillus oryzae enable production titres of up to
100 g L' and are widely used industrially for production of
enzymes like cellulase, phytase and lipase.®®® Escherichia coli was
proven to facilitate the production of proteins at titres reaching
9.7 g L%, as demonstrated with protein fusion construct of human
growth factor.°®® Yeast host, like Pichia, Yarrowia and Saccharo-
myces, reach production titres of 14.8 g L' as shown for
gelatine.®®”” MBPs are with size range of 20 to 100 amino acids
often 3 to 50 times smaller than industrial enzymes. Therefore, on
a molar level, production titres of ~10 g L™* should already be
sufficient to enable bulk applications in surface coatings since one
gram is sufficient to coat >600 m>>'® Such titres are already
achieved for nMBP such as cellulase binding domains in contrast
to titres for eMBPs which are often below 1 ¢ L 5%° eg a
production titre of 0.8 ¢ L™" was obtained for the antimicrobial
peptide plectasin in Pichia pastoris at a production scale of 5 L.5%®

III. Specific challenges in applications for MBP-use in (i)
biocatalysis, (j) medicine, (k) plant health, and (I) nano-/
microplastic.

(i) Biocatalysis

Immobilization attaches in catalysis a catalyst to an inert
carrier surface, allowing for more stable, efficient, and cost-
effective use of biological and chemical catalysts in industry.
Catalyst can be reused and reactions can be stopped at any time
through simple catalyst removal.®®® eMBPs offer several advan-
tages in enzyme immobilization over standard processes of
which, an oriented and typically productive immobilization of
enzymes and chemical catalysts, is an important feature.>**%°
In addition, immobilizations can be performed from aqueous
solutions at ambient temperature in an energy-efficient
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Fig. 24 Exemplary construct of material-binding peptide fused to a
cutinase (TfCut; 7XTR).%%%%0 The cutinase is fused N-terminally via a 17X
linker to the material-binding peptide LCI (2B9K). LCI binds to polymers
like PS and PP as well as PET as examples.®>*® Cutinases like TfCut or
cutinase-like PET-hydrolases can be for example utilized for the enzymatic
degradation of poly(butylene adipate-co-terephthalate) (PBAT) or PET,
respectively. Using binding peptides in combination with polymer degrad-
ing enzymes can accelerate the polymer degradation because of the
closer proximity of the biocatalyst to the polymer.%*® The shown protein
model was generated with YASARA 20.10.4 and visualized and coloured
with ChimeraX 1.7.4¢

manner. Following a straightforward washing step, coating
densities usually exceed 60%.%'%?*77%¢! eMBP-based immobili-
zations can be easily scaled up and used to functionalize various
materials like PP, PE, Teflon, metals/metal alloys, ceramics, foams,
and natural surfaces such as hair, teeth, or plant leaves that are
often challenging to achieve by chemical means. The 3D-structure
of eMBPs ensures that amino acid side chains can bind strongly in
a defined manner to all kind of surfaces, comparable to anti-
bodies. Methodologies such as SPR and QCM-D are routinely used
to determine binding kinetics of adhesion promoting peptides and
surface coating densities.?*®?4377:526:661.670.671 gne point to con-
sider as a manageable challenge is that the spacer that spatially
separates eMBP’s binding domain and the enzyme or metal
catalyst has to ensure that the two do not interact intramolecularly,
which might cause a loss of catalytic and/or binding function.
Moreover, in case of depolymerase-MBP fusions (Fig. 24), known
for efficient depolymerisation of synthetic or natural polymers due
to the presence of polymer-binding domain, that ensures proximity
of catalytic domain to its solid substrate, it is crucial that the spacer
allows interaction of the catalytic domain with the polymer surface.
Therefore, engineering of entire fusion construct including optimi-
zation of spacer length and flexibility is important. An additional
challenge arises from the presence of additives, as the majority of
plastic materials originating from consumer products with a broad
range of incorporated additives that may impact binding.

(i) Medicine

The properties of MBPs reach from antimicrobial activity over
support in cell adhesion to antifouling effects, which are all of
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high interest in different medical fields and in detailed explained
in the Section “Emerging applications of material-binding pep-
tides — Medicine.” For implants like dental implants there is an
urgent need to firmly attach to the surrounding tissue and for
specific antimicrobial activities after implanting to prevent
inflammations by bacterial infections like from Staphylococcus
aureus or different Candida spp. as summarized for AMPs.%”> 7
In addition, those infections need to be more and more tackled
due to the increase in dental implants. In the United States (US)
approximately half a million people undergo dental implantation
each year with an expected grow of 150% until 2030. Using the
material-binding peptides with polymer brushes on top to gen-
erate a “Kill&Repel”®*! effect was published and further elabo-
rated in Ssection “Emerging applications of material-binding
peptides — medicine”. Biocompatible surface that allow differ-
entiating human cells on PDMS or Parylene C with simple and
cell-compatible removal procedures are of high interest for tissue
engineering.®”> Despite emerging medical applications and first
proof of concept publications (technology readiness level; TRL =
3-4), there is no material-binding peptide reported in use as
medical product. The advanced therapy medicinal products
(ATMPs) in a european framework including the committee for
advanced therapies (CAT) at the european medicines agency
(EMA) has to be updated to facilitate future therapy
development.®’® Therapies based on tissue engineering, cell
therapy and gene therapy are covered by the CAT. For the EU
for example all guidelines are published by the European com-
mission for health under the name “EudraLex”. Although the
first guidelines and a regulatory framework have been generated,
the approval process remains challenging and time-consuming,
especially for cutting-edge innovations like material-binding
peptides (not directly defined in the EU regulations so far).
Challenges such as a sufficient production volume at acceptable
costs and a required purity have also to be stated (see general
application challenges (g) and (h)).®”**”” Different plant-based
production strategies like AMP expression in chloroplasts, in
cereals or in callus or cell culture systems are promising and
summarized with regulatory challenges by Holaskova et al.®”* The
summarized studies show different concepts and first promising
results, but a universal expression platform system for AMPs was
not found yet. Further challenges for plant-based production of
AMPs like adequate regulations frameworks and their differences
between for example Europe and the US are explained more in
detail in the named review by Holaskova et al.®”*

(k) Plant health

MBPs can be used in technologies that protect plants from
pathogens and, therefore, enhance plant health. These tech-
nologies consist of an MBP that binds to the surface of plant
leaves (on the wax layer), which serves to immobilize through a
bifunctional peptide either a microgel container that can slowly
release pesticides (greenRelease) or another peptide/enzyme
that possess (e.g. an antimicrobial activity).®>>*?° MBPs adhere
in a strong and rainfast manner helping to reduce the number
of required spray applications and the use of pesticides in
general which aligns with the sustainable pesticide use
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directive (SUD) from the european commission (see “Emerging
applications of material-binding peptides.”). A relevant chal-
lenge is the time-consuming field trials, in which the success
and representativity of results depend on several factors, such
as complex planning, implementation of statistical experi-
mental designs, data collection and even factors that are
beyond control, as weather events. Another challenge is that
different design of peptides and/or containers, needed to con-
trol diverse pests, needs different regulatory applications and,
therefore, different time-consuming field trials.

() Nano-/microplastic

In 2020, an analytical gap to monitor plastic particles smaller
than 1 pm in high-throughput was identified.®”® Standard
analytics such as Raman, IR and GC/MS do not have a sufficient
throughput due to extended sample preparation and measure-
ment times. Additionally, these methods are not sufficiently
sensitive or cannot distinguish between plastic particles and
natural inorganic particles.®”°"®®> Toxic effects of nanoplastic
particles in animal experiments are reported in respect to brain
inflammations, but are not well substantiated;*3-°8¢
lation of microplastic particles in freshwater mussel tissues are
reported without detecting acute toxic effects.®®” Nevertheless,
high-throughput analytics to routinely monitor NP/MPs con-
centrations in wastewater treatment plants, drinking and
ground water, as well as to monitor the accumulation in
organisms that act as ‘“accumulation biomarkers” (e.g
freshwater mussel tissues), are important to ensure human
and environmental health. Notably, the shift to a circular
(bio-)polymer economy might lead to a rapid increase in
NP/MPs concentrations in the environment.

With fluorescent labelled eMBP (termed Plastibodies), a
proof of principle to detect and sort nano- and microplastic
particles in high-throughput was achieved by fluorescence-
activated cell sorting (FACS) methodologies down to 500 nm.***
Field-flow fractionation is also a promising alternative to sort
and analyse NP/MPs (see Section “Advanced in nano- and
microplastic analytics”). It is likely, that the methodology of
plastibodies can be transferred to standard and cost-effective
microtiter plate readers. A main protein engineering challenge
remains the design of plastibodies that bind material-
specifically to NP/MPs and can distinguish between polymer
particles and inorganic particles. In respect to application
challenges, they grow from the application to determine the
retention ability of filters (e.g. ceramic or steel filters), to isolate
and quantify NP/MPs from organisms that act as NP-/MP-
biomarkers, and to determine NP/MPs concentration in waste-
water, ground and drinking water. In case of filters, a set of
standardized NP/MPs, that are labelled with Plastibodies, can
be used to determine, in combination with pyrolysis-GC/MS
(polymer content) and FACS (size distribution), the ability of
filters to remove NP-/MP-particles in aqueous suspension. In
case of the NP-/MP-biomarkers as an additional challenge,
labour-intensive preparatory steps to isolate the NP/MPs from
biomarker organisms and to remove the organic matters are
required prior to quantification. Determination of diluted

accumu-
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NP/MPs in wastewater, ground and drinking water or from
lakes/seas requires a concentration step of at least 1000 L.
Currently, there is no technology/equipment that allows to
solve this concentration challenge in a time-efficient manner
to enable routine measurements.

An additional challenge that hampers research on NP-/MP-
analytics that nanoplastics or microplastics standards are not
available for most of the abundant synthetic polymers. Never-
theless, there are reports on simple and robust production
protocols of particles for PET,**®°*° PE, PP, PS, PVC® and
PLA.®*"%* It is thereby important to keep in mind that labora-
tory produced nano- and microplastics are usually free of
additives, and might differ in crystalline/amorphous content,
as well as aging processes (e.g. caused by UV light in the
environment).

In essence, various promising applications of MBPs in catalysis,
medicine, plant health, and NP-/MP-monitoring applications have
emerged due to MBPs properties and their simple, energy-efficient
and scalable coating processes. In many applications in the four
discussed application fields material-specific binding is a prere-
quisite for sustainable innovations. The efficient design of
material-specific and powerful MBPs, by capitalizing on the huge
protein sequence, is the holy grail for MBP-design and innova-
tions. The latter can finally only be achieved through advanced Al
and/or machine learning systems that achieve a ‘pure’ in silico
design of MBPs with applications-tailored properties through
supremacy over the protein sequence space. Protein engineering
strategies based on SSM libraries that are combined with well-
parameterized material surfaces are a straightforward roadmap to
generate the experimental data and biophysical as well as mole-
cular understanding that is required to enable in silico design of
MBPs with predefined binding properties.
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