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Introduction

In this thesis, we explore the potential of polypeptide-based coatings as
molecular tools for the design of novel biomaterial surfaces, focusing on
biosensing applications. This chapter serves as a broad introduction to surface
biofunctionalization strategies for biomaterials, focusing on the currently
available techniques. We also discuss the versatility of genetically engineered
protein materials, with an eye on the advantages of protein polymers
compared to their synthetic counterparts. We then highlight the requirements
of our strategy, describing our “bottom-up” approach for the synthesis of
modular and multifunctional protein coatings. We conclude this chapter giving
an outline of the thesis.
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A long hike surrounded by nature is one of the most effective ways to combat
stress.! Aside from the obvious benefits of physical activity, the fascination
created by natural settings on the human mind is a known psychological factor
which impacts our mental health.? A pleasant and relaxing experience can,
however, be brought to a quick but temporary halt upon coming into contact
with a specimen of Urtica dioica, the stinging nettle. This inconvenience should
not distract us from the wonders of nature. On the contrary, it gives our minds
enough time to briefly dwell on the fascinating mechanism that caused the
unpleasant itch. The stinging hairs of the nettle, also known as secretory
trichomes, have fascinated scientists for centuries. It should not surprise us
that Robert Hooke outlined the basic morphology of stinging hairs as early as
1665 in one of the first books about microscopy.® These highly specialized
defensive structures are composed of a multicellular pedestal supporting a
long and hollow stinging cell. When brought in contact with the skin of a
carefree hiker, the trichomes act as hypodermic needles, injecting
inflammatory compounds such as histamine, acetylcholine, and formic acid.*
The specific mechanical requirements for the creation of a microscopic
syringe are achieved thanks to the addition of silica, calcium carbonate, and
calcium phosphate to the cell wall of the stinging cell, in a process known as
biomineralization (Figure 1-1a).5 The relatively simple morphology of the
stinging hair is in stark contrast with the complex geometry and patterning of
the biomineral distribution. The small and sharp tip must be hard and brittle to
easily break off, while the shaft is stiff and sturdy. On the contrary, the base is
flexible and thin, allowing for its compression and the subsequent expulsion of
the irritating liquid.® The layering and the distinctive deposition of silica and
calcium minerals responsible for these features enable the synthesis of an
array of exquisite defensive structures (Figure 1-1b).” Although the exact
mechanisms involved in trichome mineralization are still not completely
understood, this remarkable example of microengineering reminds us that
living organisms can precisely control and interact with minerals around them
to create a plethora of biomaterials. We gently rub our sore skin and quickly
recover from the pain, maybe in a less relaxed mood but surely fascinated by
the precision and resourcefulness of this minute weaponry. How can we
design materials capable of such microscopic deeds?

Let us continue, then, with our hike.
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Urtica dioica
Si P

Figure 1-1. (a) Energy-dispersive X-ray element mapping micrograph of full-length
stinging hair of Urtica dioica. The tip of the hair is heavily mineralized with silica (Si),
phosphorus (P) is present only in traces, while calcium (Ca) is present in all parts except
regions with high Si concentrations. Scale bar = 500 um. Adapted with permission from
Mustafa et al.® (b) Biomineralized plant surface structures. Combined topographic and
compositional contrast scanning electron microscopy images showing mineralized
structures in color. (A) Abrasive epidermis inclusions in the grass Spartina pectinata. (B)
Stinging hairs of stinging nettle Urtica mairei. (C) Barbed trichomes of the electric shock
plant Blumenbachia insignis. (D) Dense cover of stiff, branched trichomes on the mustard
Phyllolepidum cyclocarpum. Adapted from Ensikat et al.”

In this thesis, we drew inspiration from two aspects of nature for the design of
a novel protein-based coating. Firstly, we harnessed surface-binding peptides
and proteins to strategically place molecules of interest on biomaterial
surfaces. Secondly, we used proteins as molecular building blocks to impart
more functionalities to our biomaterial coating. In this chapter, we will discuss
how we applied these inspirations in our final designs. In the following section,
we will briefly introduce biomaterials and how surface functionalization is a
requirement for next-generation biomaterials. We will then focus on
polypeptides and the design of protein-based coatings. Finally, we will outline
our strategy for the synthesis of a protein-based, multifunctional, and modular
coating for biosensing applications.
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1.1. Surface functionalization is the keystone of biomaterials

Nature is an unmatched source of inspiration for engineers and scientists:
plant leaves, gecko toes, butterfly wings, shark skin, spider silk, and moth
antennae are but a fraction of the most studied designs.® Few scientific fields
have been influenced by nature as much as biomaterials science. A
biomaterial is defined as any nonviable, organic or inorganic material intended
to interact with biological systems. This definition is very broad, spanning from
implants and artificial organs to drug-delivery platforms and biosensors.
Historically, naturally derived materials such as wood were adopted for the
creation of prosthetic devices, usually as structural replacements of damaged
tissues.® Since the beginning of the 20™ century, synthetic materials such as
metal alloys, polymers, and ceramics have started to replace their natural
counterparts, providing higher stability and reliability.® These materials are
appreciated mostly for their mechanical properties, considering that they
largely perform mechanical functions. Bioinertness, described as the lack of
toxic leachable compounds, is the only mechanism used to avoid biological
rejection.® Although prosthetics continue to improve and save countless lives,
their rudimentary level of structural complexity often results in stochastic and
unplanned responses from the host. The next generation of biomaterials
should therefore strive to combine desirable macroscopic properties with
higher precision and control at the microscopic level.

Since the 1970s, the advancements in molecular biology, medical
engineering, and proteomics have provided us with the knowledge and the
tools necessary for the improvement of biomaterials. Firstly, the chemical
composition of biomaterials has become as relevant as the interface between
solid biomaterials and biological systems. Secondly, the appreciation of the
complexity of biological systems revealed the need to design multifunctional
and dynamic materials, adopting a “bottom-up” approach inspired by natural
functionalities. The incorporation of bioactive components on the surface of
new materials has greatly increased the number of possible applications,
resulting in the expansion from implantable devices to therapeutic and
diagnostic tools. Bioinspired information-rich materials could tackle new
needs: low-cost and early diagnosis of human diseases, better in vitro
screening of drug toxicity, food and water contamination, and controlled
growth of stem cells. The goal of surface engineering has shifted from
“bioinertness” to “biocompatibility”: instead of simply avoiding negative
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interactions, biomaterials should actively participate and improve the interplay
between living elements and man-made components.

The modification of solid surfaces with biocompatible functionalities has
greatly benefited both in vivo and in vitro applications. In many instances,
these functionalities have become the gold standard in laboratory and
diagnostic practice. For example, cell-adhesive oligopeptides such as
arginine-glycine-aspartic acid (RGD) are used for surface modification in
tissue engineering and regenerative medicine, while poly(ethylene glycol)
(PEG) is commonly immobilized on solid surfaces to avoid the nonspecific
adsorption of proteins and cells (anti-fouling)."-'® Antimicrobial peptides are
being evaluated as coating agents for medical devices, and antibodies have
monopolized immune-based assay systems.'*'5 However, tethering bioactive
molecules onto solid surfaces introduces two challenges: the coating must be
able to deal with unwanted biofouling, and biomolecules must be correctly and
integrally presented to maintain their desired function.

Unwanted biofouling is a well-recognized issue affecting both in vivo
and in vitro applications. In a living organism, all physiological processes are
governed by specific molecular interactions between ligands and receptors. A
solid surface lacking any topological cue is recognized as a foreign body since
it allows for the adsorption of many different proteins, in native form or
denatured.'® Thus, preventing biofouling is as critical as decorating surfaces
with the appropriate signaling moieties. Biological media can also compromise
the functionality of non-implantable biomaterials. In biosensing, for example,
biofouling is responsible for high background noise and device contamination,
ultimately causing a reduction in the sensitivity and in the lifespan of the
biosensor.""° In this case, antifouling surfaces are necessary to guarantee the
correct and prolonged functionality of the biosensing device. To address this
issue, various types of antifouling substrates have been developed in recent
years. Aside from the aforementioned PEG, other hydrophilic materials have
been explored, such as zwitterionic polymers, polysaccharides, and
peptides.?>-% In general, these antifouling materials act by creating a densely
packed hydration layer at the interface.”® In addition, they can be tailored as
molecular spacers to tether additional functionalities on substrate surfaces.?425

The development of suitable immobilization techniques represents the
second major hurdle in biomaterial synthesis. An ideal immobilization
technique should warrant the correct presentation of the desired biomolecules
without interfering with their native structure.?®?” Random orientation and
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denaturation of displayed antibodies, for example, can strongly reduce the
sensitivity of immunosensors.?® Furthermore, agueous-based chemistry is
preferable, since most biomolecules do not tolerate the presence of organic
solvents.?82° Additionally, the availability of reactive groups on the solid surface
has to be considered when choosing an appropriate strategy. Overall, these
requirements reduce the number of applicable strategies, while
simultaneously guaranteeing and enhancing the biocompatibility of a
biomaterial.

Surface biofunctionalization strategies can be broadly divided into two
categories: non-covalent immobilization based on physical adsorption, and
covalent immobilization based on the formation of chemical bonds. Physical
adsorption is a simple, mild, and quick method, resulting from the incubation
of the substrate material with a solution of the biomolecules of interest. The
biomolecules can be attached directly thanks to multiple weak interactions
(van der Waals interactions, hydrophobic interactions, etc.).3® However, the
direct non-specific adsorption of biomolecules can result in their unfolding or
misorientation. In the case of antibody immobilization for immunoassays, for
example, the majority of adsorbed antibodies is functionally inactivated.®'
Moreover, the stability of the resulting coating is generally not comparable to
covalent immobilization.

In covalent bonding, the biomolecules of interest are chemically bound
to the biomaterial surface. As previously mentioned, covalent bonding results
in irreversible coatings, with a higher control on the retention, orientation, and
distribution of bioactive molecules. Unfortunately, the process usually consists
of multiple steps, where occasional harsh conditions and toxic compounds can
drastically reduce the biocompatibility of the resulting coating.?® In fact, if the
material surface does not display any relevant functional groups (amines and
carboxyl groups), chemical or physical treatments are necessary for surface
activation.®® Similarly to non-covalent strategies, the nonspecific covalent
immobilization of certain biomolecules can result in the loss of bioactivity.3®
Furthermore, the procedures are usually too complex and expensive for bulk,
low-cost applications. For these reasons, the development of simple,
adsorption-based strategies has garnered continuous interest.

In both non-covalent and covalent approaches, the direct attachment of
biomolecules to solid surfaces results in misfolding, misorientation, steric
hindrance, and poor coverage, with obvious effects on the biocompatibility of
the resulting biomaterial.** To overcome these problems, intermediate
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molecules capable of binding both the solid surface and the biomolecule can
provide a more flexible approach.?> As mentioned earlier, antifouling spacers
can additionally be used as linker molecules, providing a multifunctional
molecular architecture capable of simultaneously tackling the two major
hurdles of surface functionalization. To summarize, a combined technique
featuring physically adsorbed antifouling linkers would favor the facile and
oriented immobilization of biomolecules in mild reaction conditions.

1.2. Protein design, the benefits of nature’s toolbox

Polypeptides are among the most well-studied and versatile biologically
derived macromolecules. Proteins are polymeric materials synthesized inside
every living cell, in a multi-step process where DNA is first converted into
messenger RNA and ultimately into a precise string of amino acids. After
having properly folded and assembled into a functional structure, these
macromolecules participate and regulate all biological processes, including
mechanical support, motion, enzymatic catalysis, storage, transport, immune
mechanisms, and cell division and death.?® Given their fundamental role,
proteins display a wealth of diverse properties, making them the ideal building
blocks for many biomaterials.

Over the past decades, protein engineering has enhanced the design
of novel molecular architectures. In fact, protein-based materials offer many
relevant features, making them an appealing alternative to synthetic polymers.
For example, proteins can undergo conformational changes in response to
external stimuli such as variations of pH, temperature, and ionic strength. Most
importantly, polypeptides are capable of self-assembling into hierarchical and
ordered structures ranging from nanocages to macroscopic three-
dimensional gels.®%” These structures assemble in a predictable and orderly
fashion, with clearly demarcated interfaces and surfaces. Furthermore, protein
materials can be highly robust and resistant to both mechanical and chemical
stresses (i.e., silks, keratin, and collagen).

In the design of surface functionalization strategies, protein materials
present two major advantages compared to their synthetic counterparts:
biocompatibility and tunability. The biocompatibility of biologically derived
molecules is an obvious feature, especially when comparing synthetic
polymers like PEG and peptide-based polymers. Firstly, synthetic polymers
are known to activate immune responses.?®%* In the case of PEG, a sizeable
fraction of the human population already produces anti-PEG antibodies due to
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previous exposure to the polymer.“® Additionally, synthetic polymers do not
degrade in the human body and the effects of their long-term accumulation
are still unclear.#'** On the contrary, proteins are fully biodegradable and,
unless they are derived from pathogenic organisms, highly biocompatible.**
Polypeptides are tunable in many aspects, from design to synthesis and
functionality. While polydispersity, limited yields, and poorly controlled
stoichiometry can severely limit the application of synthetic polymers, proteins
can be designed and produced in a facile manner with a high degree of control
over their size, sequence, and chemistry.*54¢ Furthermore, different protein
sequences can be fused and combined for the creation of novel multidomain
systems, in which each block theoretically preserves its ability to self-assemble
and its molecular function.*” The exquisite precision of protein engineering is

a) b)

Figure 1-2. Schematic representation of the recombinant production of proteins. (a) New
DNA sequences are identified in living organisms or designed in silico. (b) The gene of
interest is assembled into a circular vector called plasmid and introduced into a suitable
host such as Escherichia coli. (¢) The bacterial host is grown in the appropriate medium;
the host produces the protein of interest following the genetic instructions contained in
the plasmid. (d) The chemical or physical lysis of the bacterial cells releases the expressed
protein contained in the cell cytoplasm. (e) After the extraction, the protein is purified from
the cell lysate with chromatographic techniques.
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made possible by the advancements of genetic manipulation techniques and
recombinant technology.

The blueprint of every protein design is encoded in a genetic sequence.
Genes of interest can be identified in a living organism or rationally designed
in silico, thanks to the recent improvements in the synthetic production of new
DNA molecules (Figure 1-2a). Then, recombinant DNA technology provides
the biotechnological tools for the correct assembly and replication of the
genetic fragments. Restriction enzymes recognize and cut specific sites within
the DNA molecule, while ligases “glue” compatible fragments into expression
vectors. The most common expression vectors are circular molecules of DNA
known as plasmids, which can be easily introduced into hosts organisms such
as bacteria, fungi, and mammalian cells (Figure 1-2b). The host organism will
then produce the designed protein following the genetic instructions
contained in the expression vector (Figure 1-2c). Finally, the protein is
extracted from the host organism via cell lysis and usually purified with
chromatographic techniques (Figure 1-2d-e). Thanks to the skyrocketing
success of biotechnology in the past 40 years, recombinant technology is a
reliable method for the scalable production of newly designed proteins.*®

Aside from their use as highly lucrative medical and pharmaceutical
products, recombinant polypeptides have unsurprisingly found numerous
applications in the synthesis of biomaterials.*® Protein polymers such as
elastin-like polypeptides, for example, have reached clinical trials as drug
conjugates or as scaffolds for tissue engineering.®® Furthermore, the vast
majority of surface functionalization strategies relies on recombinant
polypeptides, especially for in vivo applications.* However, as mentioned in
Section 1.1, proteins are particularly sensitive to the harsh conditions
sometimes necessary for their covalent immobilization. Their direct adsorption
is also undesirable, often resulting in misfolding, unstable coatings, and loss
of bioactivity. It is therefore clear that the main challenge of biofunctionalization
still lies in the development of appropriate strategies to interface solid
inorganic surfaces and bioactive molecules.

1.3. Coatings for solid surfaces: towards a protein-based
molecular architecture

In the previous sections, we have outlined the relevance of surface
functionalization for the design of new biomaterials. We have highlighted that
adsorption-based immobilization methods are preferrable to covalent



11 | Chapter 1. Introduction

immobilization methods, given the mild reaction conditions and the simplicity
of the process. Furthermore, the adoption of antifouling linkers is a necessary
step for the biocompatibility of the resulting coating. Finally, we have shown
that proteins in general, and recombinant proteins in particular, can provide a
biocompatible, highly tunable, and scalable alternative to synthetic polymers
for the functionalization of biomaterial surfaces. We will now argue that
multifunctional protein-based coatings can be developed for surface
functionalization strategies.

To begin with, we must define the requirements for a biocompatible self-
assembling polypeptide-based coating.

Firstly, an ideal surface functionalization strategy should allow for the
immobilization of a wide variety of bioactive molecules (Figure 1-3a). Thus, a
suitable molecular architecture for a surface coating should accommodate this
need. In particular, the polypeptide coating should not negatively impact the
functionality of the immobilized molecules, acting as an antifouling spacer
between the solid substrate and the biomolecule.

Secondly, the polypeptide coating should correctly self-assemble on
the solid surface, maintaining the expected orientation on the interface. The
polypeptide should therefore feature a block with high affinity for the solid
substrate, enabling directed assembly (Figure 1-3b).

Thirdly, surface functionalization with a polypeptide-based coating
should be a simple and fast process, without pre-treatment of the solid
substrate. This requirement includes a series of implications that heavily
influences further design choices. The absence of surface pre-treatment
implies that our polypeptide coating must rely on physical adsorption for its
own immobilization. The coating should also be modular, so that surface-affine
blocks can be easily replaced to adapt the polypeptide coating to various solid
surfaces (Figure 1-3c). Additionally, biomolecules should be quickly and easily
attached to the polypeptide, either in the bulk or on coated surfaces (Figure
1-3d).

Finally, the synthesis of the polypeptide should be scalable and
sustainable within the current technical limitations. It must be possible to
design the polypeptide with current biotechnological tools and to produce it
within standard expression hosts.

The aim of this thesis is to develop a novel protein-based coating
following the four requirements that we have previously listed. With the help
of biotechnological tools, we aim for the design of a modular multifunctional
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Figure 1-3. Requirements of a self-assembling polypeptide coating: (a) the coating should
allow for the immobilization of a wide variety of bioactive molecules (i.e. antibodies,
enzymes, nucleic acids), acting as antifouling spacer between the molecule and the solid
surface; (b) a polypeptide block with high affinity for the solid surface should guarantee
the correct and oriented assembly of the coating; (¢) the coating should be based on
physical adsorption, and surface-affine blocks should be easily replaceable to adapt the
polypeptide for different solid surfaces; (d) the biomolecules of interest should easily
attach to the polypeptide, either in bulk before adsorption or directly on the adsorbed
coating.

coating that can physically adsorb to biomedically relevant solid surfaces. With
a “bottom-up” approach, the combination of functional polypeptide blocks
should allow us to develop an antifouling molecular architecture that can
quickly and stably adsorb on solid surfaces in a controlled and oriented
manner. In our designs, we will explore both naturally derived and de novo
computationally designed protein blocks. For the non-covalent immobilization



13 | Chapter 1. Introduction

of our protein coating, we will rely on a class of material-specific polypeptides
called solid-binding peptides. We will also explore elastin-like polypeptides as
biocompatible antifouling polymers. The addition of reactive amino acids
should provide unique moieties for the conjugation of bioactive molecules of
interest (antibodies, probes, DNA, cell-adhesive peptides, drugs). In
conclusion, we hope to prove the feasibility of such concept design for
biosensing applications, by conjugating a model antibody to our protein
coating. The design can then later be adapted for different surfaces and tested
both in vitro and in vivo for various biomedical applications.

1.4. Thesis outline

In Chapter 2, we provide an extensive overview of the state of the art in the
use of solid-binding peptides for biomedical applications. We first describe
how solid-binding peptides are developed and how they bind to solid surfaces.
We then analyze a selection of successfully implemented molecular
architectures for the functionalization of both naturally occurring (calcium
phosphate, silicates, and ice crystals) and synthetic surfaces (metals, plastics,
and graphene). We conclude the chapter with an outlook on possible
advancements and new applications.

In Chapter 3, we assess in detail the silica binding ability of a series of
solid-binding peptides. We then explore the recombinant production of simple
polypeptide diblocks named B-E, where the B block is a series of silica-binding
peptides, and the E block is a hydrophilic elastin-like polypeptide. We show
that the microbial production platform Escherichia coli can be used for the
recombinant production of the designed protein diblocks. We focus on one B-
E diblock and demonstrate that it can form dense polymer brushes on silica
surfaces and stabilize silica nanoparticles. With the help of a quartz crystal
microbalance, we show that the polypeptide brush can withstand prolonged
rinsing, but that high ionic strength buffers quickly displace the protein
diblocks. Finally, we show that the B-E diblock can prevent the non-specific
interaction between functionalized particles and polypeptide-coated glass
slides.

In Chapter 4, we explore the concept of multivalent binding for the
physical attachment of self-assembling polypeptide brushes. To increase the
resistance to displacement in a wider range of solvent conditions, we
evaluated the introduction of multiple silica-binding B blocks both as tandem
repeats and in star-like architectures via an oligomerizing domain M. We find
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that a trimer-forming M domain satisfies our production and purification
requisites, while tandem repeats show cytotoxic effects in E. coli. We then
proceed with the characterization of the trimer-forming triblock polypeptide B-
M-E. We show that this protein can self-assemble in stable and homogenous
coatings both on flat silica surfaces and on silica nanoparticles. Finally, we
demonstrate the improved salt resistance and antifouling properties of the
resulting polypeptide brush via quartz crystal microbalance.

In Chapter 5, we expand our work on the silica-binding B-M-E
polypeptide by testing the modularity of the design for the functionalization of
gold surfaces. Thanks to recombinant DNA technology, we engineer new B-
M-E polypeptides featuring a gold-binding peptide as B block and a
zwitterionic, antifouling E block. We find that both polypeptides can be
produced and purified similarly to our previous silica-binding B-M-E design. A
preliminary characterization of the triblock reveals that both polypeptides can
stably coat gold surfaces while maintaining excellent antifouling properties in
the tested setting.

In Chapter 6, we present an overview of the findings of this work in
relation to the criteria expressed in this Introduction. We first evaluate the
potential of our multifunctional and modular design as antifoulant agent,
suggesting further improvements. We then discuss our strategy for the
bioconjugation of antibodies to diblock polypeptides, with a focus on
alternative recombinant methods for future applications. Successively, we
highlight the features of our production strategy that can warrant the possible
scalability of the process. We conclude by giving a broader overview on the
role of biotechnology in materials science.
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Biomedical applications of solid-binding peptides and
proteins

Over the past decades, solid-binding peptides (SBPs) have found multiple
applications in materials science. In non-covalent surface modification strategies,
solid-binding peptides are a simple and versatile tool for the immobilization of
biomolecules on a vast variety of solid surfaces. Especially in physiological
environments, SBPs can increase the biocompatibility of hybrid materials and offer
tunable properties for the display of biomolecules with minimal impact on their
functionality. All these features make SBPs attractive for the manufacturing of
bioinspired materials in diagnostic and therapeutic applications. In particular,
biomedical applications such as drug delivery, biosensing, and regenerative
therapies have benefited from the introduction of SBPs. Here, we review recent
literature on the use of solid-binding peptides and solid-binding proteins in
biomedical applications. We focus on applications where modulating the interactions
between solid materials and biomolecules is crucial. In this chapter, we describe
solid-binding peptides and proteins, providing background on sequence design and
binding mechanism. We then discuss their application on naturally occurring
surfaces (calcium phosphates, silicates, and ice crystals) and on surfaces of artificial
materials (metals, plastics, and graphene). Although the limited characterization of
SBPs still represents a challenge for their design and widespread application, our
review shows that SBP-mediated bioconjugation can be easily introduced into
complex designs and on nanomaterials with very different surface chemistries.

This chapter is based on:
Nicold Alvisi & Renko de Vries, Biomedical Applications of Solid-Binding Peptides
and Proteins, (submitted) 2022.
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2.1. Introduction

For over 3.7 billion years, living organisms have evolved strategies to survive
in challenging environments.! One of the earliest strategies that organisms
adopted for survival was the manipulation of inorganic solids in their
environment. In particular, the incorporation of inorganic solid materials in
organized extracellular architectures allowed for the creation of solid
structures for defense, support, and spatial organization.2 Early in the evolution
of multicellular organisms, silica and calcium carbonate were already
harvested and organized in spicules by sponges or mother-of-pearl by
mollusks, in a process known as biomineralization.® Next to biomineralization,
living organisms have also evolved strategies for interacting with solid surfaces
in their surroundings, for example as a means of colonizing specific
environments such as rocks or ice.*®

Organisms have at their disposal a plethora of mechanisms for the
recognition and binding of inorganic surfaces. Specifically, proteins and
peptides prominently feature among the biomolecules that mediate these
interactions. Many proteins involved in solid-binding and biomineralization
have been described in recent years, providing insights in the interfacial
mechanisms of solid recognition. Notable examples are lustrin A, responsible
for binding the matrix of shell and pearl nacre,® silaffin-2, produced by diatoms
in the matrix of biosilica,” and the proteins involved in the self-assembly of
magnetite crystals inside magnetosensitive bacteria.®

The synthesis of novel biomaterials has taken much inspiration from
natural proteins that interact with solid surfaces. The integration of inorganic
solids in a biological environment is essential in the development of effective
medical devices such as implants, catheters, and prosthetic joints.®
Furthermore, bioanalytical devices rely on the controlled integration of
surface-bound receptors. Aside from silicates and hydroxyapatite, new
materials such as titanium, gold, silver, and plastics have been utilized for the
development of biomedical devices. While these materials can be used
without further modifications, undesired interactions with biomolecules, cells,
and tissues can hinder their successful and long-term use. It is therefore
clear that novel biomaterials must precisely control the interactions of
biomolecules with solid surfaces.

The most common functionalization approaches are based on the
physical and chemical modification of biomaterial surfaces, like grit-blasting
and acid etching of titanium implants.' These methods are widely applied
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given their scalability and robustness, although they are still lacking with
regards to biocompatibility. Alternatively, biofunctionalization is achieved via
the immobilization of synthetic coatings such as self-assembled monolayers
(SAMs) or the multilayer deposition of various polymeric materials.'>'® These
strategies are robust and versatile since they rely on the covalent
immobilization of selected biomolecules.™ Nevertheless, there is increasing
interest in employing nature’s toolkit by using solid-binding peptides and
proteins. As previously mentioned, the recognition and binding of solid
surfaces via non-covalent interactions is an effective strategy adopted by
many organisms. The use of solid-binding peptides (SBPs) can improve the
biocompatibility of surface functionalization strategies, allowing for the display
of a wide range of biologically active macromolecules while retaining their
function, with high surface specificity and ease of use.

In general, SBPs bind to solid surfaces via multiple non-covalent
interactions. Various factors can define the binding strength of SBPs, such as
surface topography and solution conditions. However, a key aspect of binding
solid surfaces resides in the amino acid composition and the structural variety
of SBPs. The term “solid-binding peptide” is usually reserved for short and
unstructured peptides, typically with disordered conformations both in solution
and when adsorbed on flat surfaces (Figure 2-1a). For the purpose of this
review, we distinguish these SBPs from longer solid-binding domains or solid-
binding proteins that may adopt ordered three-dimensional structures (Figure
2-1b)."518 |ce-binding proteins (IBPs) are a notable example of the natural
variability of interfacial recognition structures. IBPs have independently
evolved in several biological kingdoms, resulting in a large size range (3-180
kDa) and different physiological roles."”” Most importantly, they present a
remarkable variety of structural organization, from short glycosylated peptides
to three-dimensional rigid structures like parallel a-helices, four helix bundles,
and B-solenoids.'®™® These examples highlight how the lack of a precise
secondary or tertiary structure is not necessary for binding solid surfaces, both
in crystalline and amorphous solids.

Over the years, the increasing amount of evidence surrounding the
application of SBPs has brought attention to the topic. Given the broad
spectrum of possible applications within materials science, SBPs have created
many opportunities for novel bioinspired materials. In this chapter, we provide
an overview of recent literature on the use of solid-binding peptides, solid-
binding domains, and solid-binding proteins in biomedical applications. We
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focus on applications where modulating the interactions between solid
materials and biomolecules is crucial. While we include few examples relevant
for biomineralization, we mainly concentrate on applications featuring pre-
existing, untreated solid surfaces. Furthermore, we find that most applied work
makes use of short and unstructured SBPs rather than large and folded solid-
binding proteins, presumably due to the ease of obtaining and including short

Figure 2-1. Molecular dynamics simulations of solid-binding peptide and solid-binding
protein. (a) Typical disordered structure for the surface adsorbed conformations of the
gold-binding peptide AuBP1. Side view on the left, top view on the right. The amino acid
residues interacting with the gold surface are highlighted with thicker bonds. Water
molecules are not shown for clarity. Reprinted with permission from Bialowska et al.,
copyright 2013 American Chemical Society.?® (b) Simulation results for the structured
antifreeze protein MpdAFP of the beetle Microdera punctipennis dzungarica. Side view
(left) and top view (right) of the hexagonal ice-like water molecules atop the ice-binding
site of the protein. The ice-binding site consists of an ordered array of B-sheets (blue
arrows). Reprinted with permission from Liu et al., copyright 2016 National Academy of
Sciences.?'
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peptides in larger molecular architectures. Reflecting this difference, we
mainly focus on SBPs, while briefly addressing globular solid-binding domains
and proteins.

In recent years, other comprehensive reviews on SBPs have been
published. On the one hand, most of them have a broad focus and only
incidentally discuss biomedical applications among the other possible
application areas.???® Pushpavanam et al., for example, explored the
application of SBPs as molecular linkers and material synthesizers.?* On the
other hand, other authors reviewed biofunctionalization techniques for specific
biomedically-relevant surfaces, without a clear focus on SBPs.?-2% Only Care
et al. provided a brief overview on the use of SBPs as tools for medically-
relevant solid interfaces and biomaterials.?® With our review, we hope to
provide a more extensive and updated analysis.

In the first part of this chapter, we provide theoretical background on
SBP sequences and on the molecular mechanisms of their binding to solid
surfaces. Next, we review the biomedical applications of SBPs to both naturally
occurring solid surfaces (calcium phosphate minerals, silica, and ice) and
surfaces of artificial materials (metals and metal oxides, plastics, and
graphene). In each case, we focus on studies that describe how SBPs are
successfully integrated in larger designs with biomedical applications. In the
outlook, we provide suggestions for future work and opportunities in this area.

2.2. Background
2.2.1. Design of solid-binding peptides and proteins

Natural adhesion peptides and proteins are products of the evolutionary
process. Consequently, these peptides may not have suitable properties for
biomedical applications. Moreover, the complex and clouded sequence-to-
structure relationship within folded peptides makes systematic engineering
difficult. Besides this, no specific binders have evolved for some crucially
important synthetic biomaterials, such as titanium and plastics. Hence, design
of new adhesion peptides and proteins is an important issue in materials
science.®®

Three main strategies have been used to identify and design functional
peptide sequences for material binding: bioabstraction, de novo
computational design and combinatorial design. While bioabstraction and
combinatorial design have typically led to sequences for SBPs, de novo
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computational design has so far been successful for the design of solid-
binding proteins. The three strategies are illustrated in Figure 2-2.

First, bioabstraction involves the isolation of solid-binding regions,
usually from natural multi-domain proteins (Figure 2-2a). The increasing
availability of three-dimensional protein structures has allowed the discovery
of minimal functional domains that were successfully adapted for surface
functionalization. The unexpected discovery of micro-organisms capable of
binding and degrading synthetic polymers has expanded the pool of possible
surfaces.®"®2 Nonetheless, although this technique has proven to work in some
specific examples, its success is not guaranteed.®-* In fact, the evolutionary
pressure on organisms to select efficient binders for synthetic surfaces has
obviously been very limited. For this reason, bioabstraction is mostly limited to
surfaces with which organisms naturally interact.

Next, de novo computational design entails the generation of synthetic
proteins with amino acid sequences that are not found in nature, based on
biophysical and biochemical principles (Figure 2-2b).* Considerable
advancements can be attributed to improved computational methods and
computing power, as well as synthetic manufacturing of new DNA sequences.
De novo design through computational engineering is a popular method and
significant progress has been made with folded binders for single crystalline
surfaces.®“2 More recently, first principles computational design was
attempted for the synthesis of new disordered SBPs.** However, it remains
difficult to rationally design binders for materials with no clearly defined
structure due to, for example, variations in local curvature, crystal plane
morphology, topology, and crystal defects.** Despite recent successes, these
methods have so far been mainly employed towards small molecule binders
and not solid materials.*®

Finally, the most used and successful method is combinatorial design.
Combinatorial design involves the synthesis of peptide libraries and the
subsequent screening and selection for binding to the surface of a specific
solid material. This technique was introduced by George Smith as phage
display, for which a library of bacteriophage viral particles is used for the
screening of the peptides.* In phage display, random peptide sequences are
fused on specific viral coat proteins, so that each viral particle displays several
copies of the same peptide (Figure 2-2c¢). With multiple rounds of “biopanning”
and multiplication, the phage library is enriched in peptides with the desired
binding properties: after incubating phages with the material of interest, the
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Figure 2-2. Examples of different peptide identification and design strategies. (a) In
bioabstraction, functional domains are isolated from naturally occurring proteins. (b)
Rational and computational methods can be applied, also to existing sequences, for the
design of de novo peptides with the desired binding characteristic. (¢) Phage display is
one of the many combinatorial methods used for the discovery of functional peptides. A
library of bacteriophages, which display a certain peptide sequence, is used for
“biopanning” and enrichment on a surface of interest. Strongly bound bacteriophages
contain the genetic information for the synthesis of high affinity peptide sequences.
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weakly bound phages are washed away while the strongly bound phages are
eluted separately. The eluted phages can be replicated and sequenced to
identify the peptide. With this method, multiple solid-binding peptides can be
identified, with high affinity for a wide variety of surfaces of interest.

Other methods of surface display have been developed, which use
bacteria and yeast for cell surface display.*’*® Phage display, however, shows
fewer technical limitations and has been applied for the development of new
drugs*® and vaccines.®® Furthermore, phage display is not limited to naturally
occurring surfaces: strong binders have been identified for, among others,
cellulose surfaces,® metal oxides,5?% titanium,* hydroxyapatite,®>% noble
metals,®”%¢ and polymeric materials.®®%2 In a few cases, phage display has also
allowed for the identification of solid-binding peptides capable of
discriminating between different surfaces and even crystal planes of the same
material.5%¢3-%¢ Unlike the previous design strategies, phage display can probe
a very large chemical space and address defects and curvature of the solid
surface. The resulting interactions generally yield more robust binding at
different environmental conditions. Phage display, however, shows a clear
bias for electrostatic bonds, generally resulting in low selectivity for the tested
surface. For this reason, the sequences found via phage display often have
little resemblance with known peptide motifs and are difficult to translate to
empirical design strategies. Furthermore, since strongly bound phages display
multiple copies of the same peptide sequence, surface functionalization
strategies relying on a single peptide can be unsatisfactory. For an extensive
overview of the use of phage display in materials science, we refer to Seker et
al.’

In combinatorial design, peptide libraries can also be created
synthetically and subsequently tested for the identification of SBPs. For
example, in split-and-mix and SPOT libraries, peptides are synthesized on a
solid support and then incubated with particles of the material of interest to
identify sequences with strong binding.3*®® Both split-and-mix and SPOT
libraries allow to test fewer peptide combinations compared to phage display,
but they provide more reliable results. A last promising alternative is directed
protein evolution. This combinatorial technique is aimed at tailoring protein
properties to specific application conditions. Starting from a known peptide
with suboptimal properties, directed evolution iterates cycles of random
mutagenesis and screening for improved protein variants with the desired
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characteristics.®® Although directed evolution has been explored for a wide
range of applications, its use in materials science is still in its infancy.”®"®

2.2.2. Techniques for analysis of binding

The screening of combinatorial libraries is an effective way to find sequences
for SBPs with high affinity for materials of interest, but it provides little
information regarding binding mechanisms and strengths. Binding of peptides
and proteins to solid surfaces is a complex physical-chemical process
depending on various conditions, such as the chemistry of the surface, the
composition of the solvent, the concentration of solutes, and temperature.
Furthermore, only few methods are available for experimentally elucidating the
atomic structures of peptides and proteins at solid interfaces, especially if they
are disordered. Unsurprisingly, the analysis of protein-surface interactions is
a broad field of study, and we suggest the review by Bansal et al. for a more
detailed discussion.™

A straightforward characterization of SBPs can be performed by
measuring the kinetics of adsorption and desorption of the peptides under a
representative set of conditions. Many instruments are available for this type
of analysis. For example, quartz crystal microbalance with dissipation
monitoring (QCM-D) is becoming increasingly popular, since many solid
surfaces are commercially available for testing and sensors can be easily
modified. QCM-D uses a piezoelectric sensor that monitors mass changes on
its surface. These data are often analyzed in terms of simple equilibrium
models where peptides independently adsorb and desorb from the surface.
However, this assumption is not always applicable, since some SBPs have
been shown to assemble cooperatively on solid surfaces.”®’® The recording of
dissipation energy can provide additional information on the density and
packing of the adsorber layers, especially in relation to changes in the
surrounding solution (pH, ionic strength).””

Atomic force microscopy (AFM) in air is an imaging technique with nm
resolution used for the visualization of SBP-coated surfaces. AFM imaging is
an effective tool to study conformation, surface coverage, aggregation, and
selectivity. This technique can therefore help establish if SBPs adsorb
independently forming uniform coatings, or if they cooperatively assemble on
the surface creating fibers and aggregates.”®’%"® The formation of peptide
layers can also be followed in real-time and in solution via AFM imaging,
although the setup optimization is more laborious.3”7°% AFM can also be used



29 | Chapter 2. Biomedical applications of solid-binding peptides and proteins

for single-molecule force spectroscopy (SMFS) in order to measure the
adhesion forces of a single SBP molecule to a solid substrate with pN
accuracy.?’ A combination of these techniques can provide a reasonably
thorough characterization of SBP binding. For example, a recent publication
by our group showed how contrasting results from SMFS and QCM-D can be
rationalized using AFM imaging.”® In addition, our results highlighted the risk
of characterizing SBPs in terms of a single equilibrium binding constant, since
independent adsorption and full equilibrium cannot be assumed for all SBPs.

Finally, nuclear magnetic resonance (NMR) spectroscopy and solid-
state NMR allow to study the structure and surface arrangement of SBPs both
in solution and adsorbed on a surface, highlighting which side chains interact
with the surface. Solid-state NMR is one of the few techniques providing
structural information at the atomic level on the conformation of peptides
adsorbed on solid surfaces. Unfortunately, these analyses are difficult and
rarely applied for SBP characterization.™

2.2.3. Molecular features determining binding of SBPs to solid
surfaces

We wish to point out three molecular features that determine the binding of
solid-binding peptides and proteins to solid surfaces: the amino acid
composition of the binding region, the orientation of the amino acids in contact
with the surface, and the number of amino acids in contact with the surface. A
schematic illustration of these molecular features is presented in Figure 2-3.

First, the amino acid composition can influence the binding strength,
since the amino acid side chains contain chemical groups with affinity for
certain solid surfaces (Figure 2-3). For example, metal-binding SBPs are
enriched in hydrophobic and polar residues, while positively charged amino
acids significantly contribute to silica binding, and aromatic residues
preferentially bind carbon-based materials.2%758283% Furthermore, threonine is
crucial in most ice-binding proteins, and acidic amino acids strongly interact
with calcium phosphate minerals, while peptides binding to plastic materials
are enriched in hydrophobic residues.’288 Single-residue mutants can
provide insightful information on which amino acid residues contribute to the
binding affinity of solid-binding peptides and proteins.2¢#” Each amino acid is
systematically substituted with a “non-functional” amino acid like alanine, and
the resulting peptides are tested with respect to their surface binding
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Figure 2-3. Schematic representation of the molecular features that determine surface
binding. Amino acids interact with solid surfaces via their side chain (in color). Enrichment
in amino acids with desirable chemical properties (charge, polarity, and hydrophobicity)
can highly influence the binding strength of a peptide sequence. The relative position and
orientation of the side chains is also responsible for stronger binding. Finally, increasing
the number of binding moieties can result in improved binding affinity.

capabilities. Furthermore, these mutants show that the position of an amino
acid within an SBP can highly affect the overall binding ability.%8°

Second, the possible orientations of each residue with respect to the
surface is a fundamental factor determining the binding strength of solid-
binding peptides, domains, and proteins (Figure 2-3).° Short SBPs usually
lack a stable three-dimensional structure, and their inherent flexibility allows
them to adopt multiple conformations upon adsorption. In some cases,
molecular simulations have shown that the orientation of anchor residues
plays a key role in determining the overall binding strength.2®’” In fact, the
anchor residues typically bind strongly to the surface, while the remaining
residues are either weakly bound or not bound in most configurations. In
addition, given their reduced size, SBPs can experience structural
confinement caused by intramolecular steric repulsions and misorientation of
relevant side chains.®" These observations lead to the hypothesis that non-
binding residues in SBPs might allow for the optimal orientation of the anchor
amino acids with respect to the surface.
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The orientation of key residues is equally relevant in solid-binding
proteins and solid-binding domains. For example, the rigid structure of IBPs is
necessary for the binding of ice crystals. These proteins feature precisely
arranged one- or two-dimensional arrays of threonines.®* These residues are
all projected away from the ice-binding site with the same orientation,
maximizing their possible interactions with matching crystal planes.
Conversely, some solid-binding domains, like the silica-binding protein Si-tag,
lack a stable three-dimensional structure and can remain partially or totally
unfolded under physiological conditions.®? These intrinsically disordered
proteins can assume an optimal conformation upon binding with a solid
surface, adapting their structure to maximize the intermolecular interface.%-%
Since the majority of proteins involved in biomineralization appears to be
intrinsically disordered,® structural flexibility seems to be preferrable to rigidity
when interacting with solid surfaces at leats for this application.

Third, the binding strength is determined by the number of amino
acids involved in surface-binding: changing the number of amino acids or
domains can be used to tune the strength of binding to the solid surface.®” For
example, the affinity of an SBP can be increased by repeating in tandem the
sequences of interest. This approach was successfully applied to many
inorganic surfaces,? but satisfactory results are not always guaranteed. %10
In these cases, the connections between SBPs presumably introduced steric
constraints, preventing optimal orientation of key residues. Alternatively,
multiple copies of an SBPs can be displayed on suitable molecular scaffolds
to engineer multivalent binding.'? This approach has been applied
successfully in various cases, leading to dramatically enhanced affinities using
both synthetic'®-'% and protein-based scaffold structures.06107

2.3. Biomedical applications of solid-binding peptides

In the following section, we will outline a selection of successful biomedical
applications of solid-binding peptides and proteins, both for naturally
occurring surfaces (calcium phosphate minerals, silicates, and ice) and
artificial surfaces (metals and metal oxides, plastics, and graphene). All in vivo
results were obtained in animal models, unless stated otherwise. A list of the
solid-binding peptides and proteins discussed can be found in Table 2-1 at the
end of this section.
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2.3.1. Naturally occurring surfaces

2.3.1.1. Calcium phosphate minerals
Calcium phosphate (CaP) minerals are the main inorganic components of
human bones and teeth. Hydroxyapatite (HA) crystals are the prevalent
mineral constituent found in native bone, while phosphate and calcium ions
are used for synthetic bone replacements such as -tricalcium phosphate (-
TCP). Calcium phosphates are therefore highly biocompatible and
osteoconductive, making them ideal biomaterials for regenerative therapies,
as bone fillers or as coatings for metal implants.'® Calcium phosphates
present good mechanical and physical properties, but they lack the ability to
recruit immature cells and induce their differentiation (osteoinductivity). For
this reason, considerable research efforts have been dedicated to the
functionalization of CaP-based materials with therapeutic growth factors.

Since many proteins and peptides are involved in the formation of hard
tissues, SBPs are a popular choice for the immobilization of bioactive
molecules on CaP surfaces. A particularly attractive feature of SBP-mediated
functionalization is the reversibility and tunability of the binding strength.
Localized delivery and sustained release of growth factors, for example, can
effectively mimic the physiological chemotactic gradient required for tissue
growth."1° Furthermore, HA surfaces include only few functional groups for
covalent bonding, making adsorption-based methods an attractive option.""!
In the current section, we will discuss the application of CaP-binding peptides
in implant coatings and remineralization therapies, material synthesis, drug
delivery, and vaccine development.

The extracellular matrix of bone is rich in acidic non-collagenous
proteins, involved in cell migration and differentiation.®> These proteins can
bind to HA crystals and regulate bone formation. Unsurprisingly, the simplest
HA-binding peptides consist of repetitive acidic amino acids. One of the first
successful attempts at cell attachment onto HA using acidic binding peptides
was reported by Fujizawa et al., featuring a poly-glutamate heptapeptide (E7)
for HA binding."'? The fusion protein also contained an RGD peptide for cell
binding, resulting in improved in vitro osteoblast attachment and
mineralization."® The same HA-binding peptide was then adopted in similar
designs with the three other cell-binding peptides, showing that not all cell-
binding motifs elicit the desired response.’*'' Promising results were
reported for fusions with the collagen-derived motif DGEA: the peptide coating
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was stable in vivo for at least 2 months when used on HA, allograft bone, -
TCP, and Ca-containing cement."'®""" Interestingly, the authors showed that
varying the length of the poly-glutamate peptide is an effective method to tune
the release rate of the adsorbed biomolecules.''*116

In the same series of experiments, Culpepper et al. showed similar
results when using a peptide derived from the bone morphogenic protein 2
(BMP-2) fused to the HA-binding peptide E7.""” The same modular protein was
extensively researched in subsequent studies, proving its remarkable
osteoinductivity both in vitro and in vivo on allograft bone, bone scaffolds, bone
substitutes, mineralized silk fibres, and hybrid aerogels.'®-'22 Tests performed
with different osteogenic peptide motifs yielded similarly positive results.'? For
example, a vascular endothelial growth factor (VEGF)-derived peptide fused
to the HA-binding peptide E7 could be slowly released from AH disks to
stimulate neovascularization in vitro.'?#'?® Finally, the poly-glutamate
octapeptide E8 was reported to effectively anchor recombinant BMP2 to HA
disks.'%®

More recently, the poly-aspartate heptapeptide D7 was investigated in
combination with a BMP-2-derived peptide. The fusion protein showed higher
affinity for HA-surfaces compared to the E7-labeled peptide, exerting excellent
bone regeneration capabilities in vitro and in vivo on synthetic bone
scaffolds.'?-'2° Shorter poly(D) peptides have been successfully applied for
the sustained release of osteogenic hormones.'3°

Non-repetitive HA-binding peptides have also been extensively studied
for cell adhesion and bone factor delivery strategies.’™ For example, an
osteocalcin-derived HA-binding peptide was fused to a BMP-2-derived
peptide.®? Follow up studies revealed that the fusion protein could target bone
tissues, while promoting stem cell differentiation in vitro and bone healing in
vivo on HA-coated surfaces.'®?'35 A fusion protein with a VEGF-derived
peptide was tested in vitro on HA and B-TCP surfaces, confirming the ability
to induce endothelial cell proliferation. 36137

Ramaraju et al. reported the use of an HA-binding peptide derived from
phage display.’® Interestingly, the peptide was shown to inhibit cell
mineralization in vitro, possibly by sequestering calcium ions and delaying
their deposition.'® Nonetheless, when the peptide was fused to other cell-
binding domains, the resulting protein could effectively coat 2D and 3D
mineralized scaffolds and induce osteogenesis both in vitro and in vivo.'4-142
In these instances, the phosphorylation of the serines in the HA-binding
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peptide has been related to an increase in its binding strength.'*
Consequently, a lack of phosphorylation resulted in weaker binding without
adverse effects. These seemingly contradictory results highlight the
importance of understanding the binding mechanisms of SBPs to better tailor
their usage.

HA-binding peptides have found several applications in the design of
tooth remineralization therapies. Peptides used for these applications are
usually derived from the enamel matrix, a protein-rich mixture that forms the
hard and highly mineralized tooth tissue. In a few recent examples,
remineralization of damaged teeth was achieved both in vivo and in vitro
thanks to four HA-binding peptides derived from the enamel matrix proteins
amelogenin and tuftelin.™*4'¥7 Positive results were also achieved with acidic
peptides derived from the dental epithelium protein copine 7 or the salivary
protein statherin.'“®'° Notably, three of these HA-binding peptides improved
remineralization without being fused to other functional peptides. This finding
indicates that these HA-binding peptides can exert a physiological function
other than surface binding.

The interactions of SBPs and CaP minerals have found limited but
noteworthy applications in the improvement of CaP-based biomaterials.'™ A
straightforward yet effective approach involved the synthesis of a protein-
mineral nanocomposite. The poly-glutamate octapeptide E8 was fused to
charged elastin-like polypeptides (ELPs) and mixed with calcium-based
fillers.’s™%% The resulting materials showed increased stability in fluids and
improved binding to teeth, without impacting their biocompatibility in
vitro."%2'% Other proof-of-principle examples relied on more exotic materials,
like spider silk fibres, polyetherimide films, methacrylate antibacterial
adhesives, and shape memory polymer gels.'®5-'%8 Finally, a notable example
was recently reported by Lauria and co-authors.'®'8 Potato virus X
nanoparticles were engineered to expose both cell-binding and HA-binding
peptide on their surface, then subsequently loaded into hydrogels, mimicking
the extracellular matrix. Remarkably, the viral nanoparticles initiated
mineralization inside the hydrogel and sustained osteogenesis in vitro,
showing good potential as an innovative composite for bone tissue
engineering.

Next, various proof-of-concept studies have addressed the use of HA-
binding peptides for the immobilization of antimicrobial peptides (AMPs)
against oral pathogens. In most instances, a HA-binding peptide was fused to
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an AMP, directly or via a short flexible linker. Huang et al. showed how the
fusion protein could effectively disrupt S. mutans biofilms in vitro, although
less effectively than conventional antibiotics.'®" The fusion protein could retain
cytocompatibility and stability in human saliva. Comparable results were
obtained with similar designs against Escherichia coli.'®>'8® Finally, using an
amelogenin-derived HA-binding peptide fused to an AMP is an effective
strategy to achieve both antimicrobial activity and carious tissue
remineralization.®*

Bone-specific drug delivery via HA-binding peptides has also been
explored in the past decade. Effective delivery of drugs to bone tissues is
complicated by the limited blood supply and the bone marrow-blood barrier.®
Nonetheless, bones are a unique solid material within the human body and
peptide-mediated delivery has proved effective and with limited off-target
effects. In a first proof-of-concept, a repetitive acidic oligopeptide (poly(E))
was directly tethered to an estrogen and tested in vivo as possible therapy
against osteoporosis.'® These promising results stimulated the testing of other
osteotropic drugs fused to acidic HA-binding tags.'¢”'% Repetitive acidic tags
were successfully used for the targeted delivery of enzymes, lyposomes, and
nanoparticles to bone tissue, showing in all cases highly promising results both
in vitro and in vivo in animal models.'®®*-'75 Poly(D) peptides have also been
applied in gene delivery therapies targeted to bone tissue. For example, the
adeno-associated virus 2 vector used for gene delivery was modified to
expose HA-binding peptides, with clear improvements.'”8""” Finally, Ren et al.
reported an elegant strategy for the delivery of drugs to specific cells in the
bone tissue: the authors combined an HA-binding peptide derived from
amelogenin and an osteoblast-specific aptamer to develop a nanocarrier with
improved specificity both in vitro and in vivo.'™®

Targeted delivery to HA surfaces furthermore finds promising
applications in the field of bioimaging, especially for in vivo bone imaging,
although only proof-of-concept studies have so far been reported. In a first
attempt, an HA-binding peptide derived from phage display was fused to a
green fluorescent protein derivative.'® The resulting fusion protein was tested
in vitro on acellular cementum of human teeth, giving positive results with
fluorescence microscopy. In another example, Bang et al. identified a
supposedly highly specific HA-binding peptide via phage display and
combined it with the fluorescent Cy5.5 dye.'® During in vivo real-time whole-
body imaging, the conjugate showed preferential binding for bone tissues. The
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development of probes for nuclear imaging was also attempted, but with
unsatisfactory results.'®

Lastly, CaP minerals have found applications in vaccine engineering.
For example, biomimetic mineralization of viral particles was proven to
increase their efficacy as vaccine vectors. CaP mineral shells have been
shown to provide physical and chemical protection to the viral particle,
resulting in enhanced infectivity, circumvention of neutralizing antibodies,
avoidance of pre-existing immunity, and improved thermal stability.'82-'8 CaP-
binding peptides have therefore found an application in this field. A relevant
example of biomineralized vaccine vectors is reported in Figure 2-4. In this
study, viral particles have been engineered to expose CaP-binding peptides
on their surface (Figure 2-4.1)."® The resulting mineralized particles showed
increased thermostability compared to uncoated particles, while improving
their ability to induce an immune response (Figure 2-4.2,3). Furthermore, CaP
nanoparticles have been successfully administered as biocompatible vaccine
adjuvants.'® In this regard, CaP-binding peptides can both guide the synthesis
of the nanoparticles and allow the exposition of antigens on their outer
She”_188,189

In conclusion, CaP-binding peptides have been extensively applied to a
vast range of biomedical applications, often yielding promising results in
animal model experiments. This success lies in the flexibility of peptide-based
functionalization strategies, given the reversibility and tunability of binding and
the inherent biocompatibility. It is also worth noting that peptides derived from
extracellular matrix proteins have provided the most promising results.

2.3.1.2. Silicates

Silica is the most abundant biomineral found in the Earth’s lithosphere, making
up almost a third of its crust.'® Given the abundancy of this material, it is not
surprising that silica mineralization is extensively used by many organisms,
such as diatoms and sponges, for the creation of complex extracellular
structures. The unique properties of silica make it an ideal material for
biotechnological and biomedical applications. Not only are silica-based
materials generally biocompatible and non-toxic, they also present excellent
thermal and pH stability, chemical inertness, and mechanical resistance.'®' For
these reasons, silica is widely used for the fabrication of implantable devices,
nanoparticle-mediated drug delivery, biosensing, and bioencapsulation
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Figure 2-4. CaP-binding peptides can be used in the design of biomineralized vaccine
carriers. (1) (A) The CaP-binding sequence was inserted in a capsid protein of human
enterovirus type 71 (EV71) (B) to achieve a uniform distribution on the virion surface (dark
blue) and induce in situ mineralization. (2) In vitro test of virus thermostability at (A) 26 °C,
(B) 37 °C, and (C) 42 °C. After incubation, the infectivity was evaluated by plaque assay.
The percentage of infectivity is shown in logarithmic scale as a function of storage time.
(3) (A) Testing of vaccines, either fresh or stored at 37 °C for 5 days, on animal models.
EV71-specific IgG titres and (B) neutralizing antibodies induced by uncoated (EV71 and
EV71-W6) and CaP-coated viral particles (EV71-W6-CaP), 4 weeks after immunization.
(C) Frequency of EV71-specific splenocytes in immunized mice 2 weeks. Adapted from
Wang et al.'8
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strategies.’? Although silica surfaces present moieties for covalent
modification, there is growing interest in simpler adsorption-based strategies.
Fortunately, the increasing understanding of biological silicification has made
silica-binding peptides an attractive alternative for the modification of silica
surfaces. For example, peptides derived from natural proteins such as silaffin
R5 have been shown to mediate the formation of nanoparticles in vitro,
allowing for the facile immobilization of biomolecules on newly synthesized
particles.'3-% |n general, peptides enriched in positively charged residues
have been shown to preferentially bind to silica surfaces.®® This finding
suggests that electrostatic interactions are a major contributor to the binding
affinity on negatively charged silica surfaces. In this section, we will provide an
overview of suggested biomedical applications of silica-binding peptides as
part of coatings for implants, for drug delivery, and in biosensing.

Silicon and silicate ions have a direct influence on the formation and
repair of bone tissue, and in recent years, bioactive glasses have been
extensively evaluated as possible bone graft materials.'®'9" Silica-binding
peptides have therefore been used for the synthesis and functionalization of
silica-based biomaterials, such as biomimetic silk films and hydrogel layers.'%8-
200 Guo et al. reported the use of a peptide solution as ink for the inkjet printing
of silica micropatterns on a hydrogel.?®' The printed silica-binding peptide
mediated the silicification of the micropatterns and allowed the alignment of
mesenchymal stem cells on the surface in vitro. In a different approach, a
bifunctional peptide was used for the multi-layer silicification of titanium
implantable surfaces, resulting in improved bone formation in vitro and in
vivo.?%2 Finally, Yun et al. prepared a porous biomineral composite material
with the help of a bifunctional peptide and marine phytoplankton.?®® The
porous calcium carbonate shell of coccolithophores (coccolith) was mixed
with the peptide solution, resulting in a silicified material with high in vitro
cytocompatibility and osteoinductivity in vivo.

The antibacterial activity of biomaterial surfaces is an important
functionality of implantable materials. Implantable silica surfaces have been
modified to reduce the chance of bacterial colonization. In two recent
publications, two bacteriolytic enzymes were adsorbed on silica and silicone
surfaces via silica-binding peptides.?2®42%® In one case, the coating showed
good antibacterial properties against Staphylococcus aureus both in static and
dynamic biofilms, providing a proof-of-concept for its usage in clinically
relevant applications.?% Interestingly, AMPs were not successfully included in
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similar bifunctional designs, to the authors’ knowledge. We speculate that the
cationic nature of most AMPs might compete with the silica-binding peptides
for the adhesion to negatively charged silica surfaces, resulting in reduced and
misoriented peptide immobilization. Interestingly, the positive charge of AMPs
can be advantageously used for the direct adsorption on mesoporous silica
particles, providing sufficient adsorption strength for delivery, release and
functionality.2%®

The targeted delivery of bioactive molecules has extensively relied on
silica nanoparticles, both porous and non-porous, as inert and biocompatible
carriers. In this context, silica-binding peptides have found many applications.
For example, Lu et al. reported the synthesis of a bi-functional peptide binding
both silica and RNA. The peptide was used for the nanoparticle-mediated
delivery of miRNA, resulting in effective gene silencing in in vitro cell
cultures.?” More recently, a silica-binding peptide linked to bioactive
polyphenols was used for the functionalization of silica nanoparticles and the
delivery to the nucleus of cancerous cells in vitro.?®® Silica nanoparticles
coated via silica-binding peptides have also been used for cell targeting. For
example, a silica-binding peptide was fused to an antibody-binding domain,
providing a flexible platform for the conjugation of different IgG antibodies to
the surface of nanoparticles for photodynamic therapy and cancerous cell
targeting.209:210

Silica-binding peptides have been shown to induce local growth of
silica. For this reason, they have been used to explore alternative methods for
drug delivery, like particle encapsulation to increase the loading of poorly
soluble drugs. Since silicification was proved to increase the thermal and
chemical stability of fluorescent proteins, enzymes, viruses, and eukaryotic
cells, this approach was tested with therapeutical compounds.?''-?'* For
example, the use of a bifunctional polypeptide allowed to stabilize a model
hydrophobic drug into polypeptide assemblies and induce the formation of a
silica shell around the polypeptide/drug core, with positive results both in vitro
and in vivo.?'52'® More recently, other molecular scaffolds were combined with
silicification. After showing that the transport protein ferritin can be modified
with a silica-binding peptide to create a silica-enveloped drug carrier, Ki et al.
proved that a second drug can be loaded into the outer silica shell.2'7'® The
resulting dual delivery system was tested in vitro, revealing that the two drugs
can be released at different rates after cellular intake. Modified ferritin was also
used for the controlled synthesis of silica nanoparticles with an encapsuled
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anticancer drug.?’® Finally, an elegant delivery method was proposed by
Delalat et al., via live diatom silica immobilization.??® In this method, diatoms
are genetically modified with a synthetic gene encoding the protein of interest
fused to silaffin-derived peptides. Since these peptides are a natural
component of diatom biosilica, they can direct the permanent immobilization
of the protein of interest on the newly formed extracellular surface. In this way,
the authors could functionalize diatom biosilica with an antibody-binding
peptide. The antibody-labelled biosilica was then loaded with micelles
containing an anticancer drug and successfully tested both in vitro and on
animal models.

In the past decades, the increasing request for plastic-free and low cost
materials for in vitro diagnostic devices has brought attention to silica surfaces
as a reliable substrate.??' Since surface modification is a key aspect in any
biosensor design, silica-binding peptides have provided a valuable tool for the
oriented immobilization of bioactive detection elements. In a first proof-of-
principle experiment, antibodies were immobilized on silica surfaces via a
fusion peptide and used for the detection of allergens on an optical ring
resonators device.??>2?* A similar approach was explored for the detection of
pathogens, both on flat surfaces and on silica nanoparticles.??>-??” Silica-
binding peptides were also tested for the bioencapsulation of enzymes for the
detection of glucose, for immunoprecipitation essays, but also for the
detection of antibiotics and the detection of asbestos in live cells in vitro.228-2%

An elegant series of recent publications has highlighted how silica-
binding peptides can be adapted for the design of cheap biosensing platforms.
Henderson et al. designed a fusion protein featuring a silica-binding peptide,
the fluorescent protein mCherry and the enzyme sarcosine oxidase (SOx).22
The biosensing system is illustrated in Figure 2-5. In their design, the silica-
binding peptide functions as immobilization and purification tag, the mCherry
marker provides a visual reference for the monitoring of protein production,
while SOx is used to generate H20: in the presence of the prostate cancer
biomarker sarcosine (Figure 2-5a-b). A second fusion protein, containing the
enzyme horseradish peroxidase instead of SOx, can convert the H202
produced by SOx into a fluorescent product and ultimately allow the
colorimetric detection of sarcosine.?® Silica particles extracted from sand
have been employed for the purification of the recombinant protein directly
from bacterial crude extract. The functionalized particles were then inserted
in a flat, hourglass shaped device (Figure 2-5c). The device was used for the
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Figure 2-5. Silica-binding peptides are used for the immobilization of protein on silica
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Adapted from Henderson et al.?%?, Henderson et al.?**, with permission from Elsevier.
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detection of sarcosine by inverting the hourglass, allowing the particles to
sediment and come into contact with the whole sample volume.?3* This “falling
particle” biosensor was recently adapted for the DNA polymerase-based
clinical diagnosis of malaria infections in Ghana, proving how solid-binding
peptides are invaluable tools for the design of cheap, simple and effective
biosensing devices.?®

In conclusion, silica-binding peptides are versatile tools for many in vitro
applications, from drug delivery to biosensing. Given the natural abundance
and cheapness of silicates, peptide-based surface functionalization will likely
become increasingly relevant in the synthesis of silicon-based biomaterials.
Furthermore, given the importance of silicates in bone remineralization, in vivo
applications might be explored more extensively.

2.3.1.3. Ice crystals
Although liquid water is fundamental for the survival of any organism, the
formation of ice crystals can have lethal consequences for cells and tissues.
Life at sub-zero temperatures is made possible by cryoprotective molecules
like ice-binding proteins (IBPs), thanks to their ability to bind ice crystals and
modulate their growth. As mentioned in the introduction, the natural variety
of IBP structures and sequences seems to demonstrate that there is no
preferred way to bind a crystalline solid surface. Both disordered glycosylated
peptides and highly ordered proteins with molecularly flat binding interfaces
are effective IBPs.

Since their discovery in 1969, IBPs have drawn substantial attention for
their potential application in agriculture, food technology, and biomedicine.?%
A particularly promising biomedical application is the cryopreservation of cells,
embryos, organs, and other tissues. While widespread research on IBPs and
IBP analogues is still ongoing, it should be emphasized that research on the
use of IBPs in cryopreservation is still in its early stages. Considering the
wealth of excellent and comprehensive reviews on the topic, we refer the
reader to recent general reviews on cryopreservation,?®” the possible role of
IBPs in cryopreservation in general,'82382% and their use in the preservation of
organs and tissues?*® and in reproductive medicine in particular.?’
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2.3.2. Artificial surfaces

2.3.2.1. Metals and metal oxides
Metals have played a paramount role in the history of medicine since ancient
times: the Greek physician Hippocrates employed silver for the treatment of
wounds, while gold was already used in ancient China 4 millennia ago. In the
last decades, metals have found new biomedical applications especially in the
field of nanomedicine, due to their unique physical and chemical properties.?+2
Next to gold and silver, titanium is a key metal used as biomaterial. In the
following sections, we will focus on biomedical applications of gold-, silver-,
and titanium/titanium oxide-binding peptides. In the case of gold and silver, we
will mainly review therapeutic and biosensing applications, with a focus on
nanoparticle functionalization. In the case of titanium, we will instead review
the application of titanium-binding peptides in coatings for implants.

Among the noble metals, gold (Au) has found practical applications in
medical treatments.?*3%%4 For example, one of the clinical uses of gold dates
back to the late 1920s, in the form of gold salts for the treatment of rheumatoid
arthritis.?*5 In the past decades, gold nanoparticles (AuNPs or GNPs) and gold
nanoclusters (AuNCs) have been extensively researched, showing a vast
range of potential biomedical applications.?*624° The success of gold
nanostructures is due to their unique physical and chemical properties,
including biocompatibility, bioinertness, tunable morphologies and optical
properties, and resistance to corrosion and oxidation.?*¢ Furthermore, since
AuNPs present a simple surface chemistry, various conjugation strategies
have been developed for their functionalization. Many synthesis and
functionalization strategies rely on the covalent attachment of bioactive
molecules, which grants chemical stability at the expense of flexibility of use.
For this reason, gold-binding peptides have been explored for the facile and
efficient functionalization of AuNPs, both in therapeutic and biosensing
applications. In the case of Au-binding peptides, various amino acids have
been reported to recognize the Au lattice: aromatic amino acids (Y, F, W),
basic amino acids (R, K), and polar hydroxyl-containing amino acids (S, Y)
appear to have a high affinity for the gold-water interface.?® It should also be
remembered that cysteine (C) residues covalently bind to gold surfaces via
their thiol side group.

Au-binding peptides have found limited but noteworthy applications in
photothermal therapy. For example, Oh et al. designed a modified T7 phage
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displaying both an Au-binding peptide and a prostate cancer cell-binding
peptide.?®' The modified phages could assemble a thin AuNP shell and act as
nanocarriers for cancer-targeted photothermal therapy in vitro. Similar results
were achieved more recently with nucleus-targeting AuNPs by Gao et al.?%2 In
their article, the authors speculate that the aggregation of AUNPs in the cancer
cell nucleus could produce more heat during photothermal therapy, resulting
in a reduced cell viability. Furthermore, the recent report of the intracellular
synthesis of AuNPs thanks to a fusion peptide shows promising future
applications in nanomaterial synthesis and, possibly, theranostics and
bioimaging.?*?

Gold is a key material in the biosensing field, in both plasmon-based
sensing and electrochemical sensing. In biosensing platforms, the detection
of analytes relies on the precise, homogeneous, and oriented immobilization
of a biological sensitive element. In this regard, Au-binding peptides provide a
simple and fast method for the functionalization of gold surfaces. For example,
an Au-binding peptide has been successfully implemented in many
electrochemical biosensors.?>4?% In a recent publication, Lee et al. fabricated
an enzyme-based electrochemical sensor by fusing an Au-binding peptide to
a glucose dehydrogenase.?*® The fusion protein was then adsorbed on a gold
electrode surface and used for the detection and quantification of glucose in
whole blood samples. The sensor showed high sensitivity and could be stored
for over a month. It is important to remark that the fusion site (C-terminal or N-
terminal) and the amino acid sequence of the Au-binding peptides are crucial
parameters in the design of direct electron transfer-based biosensors. Both
factors directly influence the orientation, the proximity and ultimately the
interface between the enzyme and the electrode surface.?*"2% Other explored
biosensor designs include ELISA-based approaches, optical biosensors or
lab-on-a-chip microfluidic biosensors.?°®-264 Au-binding peptides have also
been tethered to DNA for the detection of nucleic acid targets.?% In their recent
reports, Kim and co-authors described the use of an Au-binding peptide in a
biosensor based on fluorescence resonance energy transfer (FRET) and a
colorimetric biosensor for the detection of Mycobacterium tuberculosis. Both
of these examples highlight how both Au-binding peptides and silica-binding
peptides can be included in biosensor designs with different rationales.266.267

Similarly to gold, the medical properties of silver (Ag) are long known:
starting from 1500 BCE, silver-containing compounds have been used as
wide-spectrum antimicrobials for topical applications.?%® Silver ions appear to
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interfere with several intracellular processes and bind the negatively charged
bacterial cell wall, increasing its permeability.?58 Nowadays, silver is generating
an increasing interest as an alternative to conventional antibiotics, and the
adsorption of silver ions onto medical devices is one of the proposed
strategies in the fight against antibiotic resistance.?®® In this context, silver-
binding peptides have provided help in the synthesis of silver-containing
hybrid materials such as silk-silver fibers and antimicrobial hydrogels.26%270

The number of Ag-binding peptides is low compared to other SBPs. In
fact, only few combinatorial studies have attempted to identify Ag-binding
sequences.?’'2* The systematic characterization of Ag-binding is less
developed compared to other metals, both in experimental quantification and
in molecular simulations.*>?* Given the structural and physical similarities
between silver and gold surfaces, however, the materials selectivity of SBPs
has been investigated for these two metals. Interestingly, peptides initially
selected for Ag surfaces could bind Au surfaces and vice versa, showing
comparable binding affinities.?*?7527 These results highlight how combinatorial
techniques alone might be insufficient to select materials-specific sequences.
Despite recent advancements, achieving preferential binding to Ag surfaces
in the presence of gold still represents a substantial obstacle.*®

Silver nanoparticles (AgNPs) have gained popularity for cosmetics,
surgical coatings, medical implants, and as bactericidal compounds, due to
their large surface to volume ratio, small size, and chemical stability.?’” Since
small AgNPs show the highest antimicrobial effect, silver-binding peptides
have been used for the size-constrained synthesis of homogeneous AgNP
populations.?”®2® The resulting AgNPs showed increased cytotoxicity against
E. coli, Pseudomonas aeruginosa, Salmonella typhimurium, Shigella flexneri
and Bacillus subtilis compared to chemically synthesized AgNPs. Bifunctional
peptides have been employed to facilitate the synthesis of AQNPs and reduce
their cytotoxicity towards fibroblast cells.?8%28! The growth of bacterial biofilm
can be effectively tackled by biofunctionalized AgNPs. Chen et al. fused a Ag-
binding peptide with the enzyme dispersin B and adsorbed the protein on
silver nanoparticles.?®> After the treatment, AgNPs could dissolve S.
epidermidis biofilm and kill the released bacterial cells. Further efforts have
been taken to make AgNPs pathogen selective. Kim et al., for example, tested
two multifunctional proteins featuring a Ag-binding peptide and two cell wall
binding domains.?®® The two proteins were adsorbed on AgNPs and
subsequently incubated with mixtures of either B. subtilis and Bacillus
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anthracis, or S. aureus and B. anthracis. This approach resulted in the
selective decontamination of only one pathogenic species from each mixture,
proving the specificity of coated AgNPs in pathogen detection and killing.

Yet another application for Ag-binding peptides was recently explored
by Woolfolk et al. The authors reported the synthesis of a bifunctional peptide
for the coating of silver diamine fluoride-treated tooth tissue.?* Silver diamine
fluoride is applied to effectively slow the progression of dental caries. In an in
vitro experiment, an Ag-binding peptide fused to a remineralization-inducing
peptide promoted the remineralization of the affected area.

Titanium (Ti) and titanium alloys are the standard inert materials for the
manufacturing of dental and orthopedic implants. The mechanical properties
of titanium, alongside its biocompatibility and resistance to corrosion, make it
ideal for implantable devices.?®® The lack of recognizable moieties on the
implant, however, does not allow for the regulation of bone cell processes and
can can induce a foreign body reaction to the implant. For this reason, SBPs
have been suggested as an easy and efficient approach for the
functionalization of Ti surfaces to modulate the interactions of the implant with
the surrounding tissue. The interfacial interactions of Ti and TiO: in aqueous
solutions and amino acids or peptides have hardly been investigated in
detail.?%® However, recent studies have highlighted the role of charged and
aromatic amino acids in the binding affinity of Ti-binding peptides.?22¢

Kang et al. effectively immobilized the epidermal growth factor on Ti
surfaces via a phosphorylated Ti-binding peptide, confirming that the
promotion of cell growth is correlated to the prolonged activation of cell signal
transduction.?®” A similarly designed bifunctional peptide, featuring the cell
attachment peptide RGDS, improved the adhesion and proliferation of
osteoblasts and fibroblasts on implant-grade Ti.288 A follow up study confirmed
that the elicited cell signal transduction is needed for improved mineral
deposition and osteogenesis.?® A recent and thorough study by Liu et al.
confirmed this finding using implants in vivo.?*® As shown in Figure 2-6, the
designed fusion peptide could anchor oral epithelial cells, sustain epithelial
sealing in vitro and in vivo and promote the expression of key genes involved
in wound healing. In a more articulated architecture, silk fibroin protein was
grafted with both a Ti-binding peptide and an RGD peptide in equal ratio. The
obtained silk was grafted onto a Ti surface, resulting in improved fibroblast
adhesion and strongly bound endothelium.?®' In another example, an in vivo
study showed that a fusion protein between a Ti-binding peptide and the bone
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Figure 2-6 (previous page). Example of a Ti-binding peptide used for the functionalization
of dental titanium implants. (1) Pseudo-3D representation of fusion peptides P1 and P2.
While the blue fragment at the N-terminal bins to the Ti surface, the peptide at the C-
terminal binds to oral epithelial cells and activates soft tissue sealing around the implant.
(2) Relative mRNA expression levels of Ln-5, Integrin a6, Integrin B4, and Plectin genes in
human oral epithelial cells. The cells were cultured for 10 days on a culturing dish,
uncoated titanium surfaces (bare) and peptide-coated titanium surfaces (P1 and P2).
gRT-PCR analysis revealed that P2 strongly upregulates the expression of key genes
involved in soft tissue sealing. (3) Immuno-histochemical analysis of Ln-5 distribution. In
the top row, the images show the gingival mucosa around the tooth and around implanted
titanium abutments, either blank or coated with P1 and P2 peptides. The bottom row
shows a magnification of selected areas (white square) indicated in the images above.
For a complete interpretation of the figure, we refer the reader to the original publication.
Reprinted from Liu et al.?%° with permission from Elsevier.

morphogenic protein BMP-2 can stabilize collagen gels around implanted Ti,
affecting osteoinduction in the surrounding tissue.?*2 More recently, 3D printed
Ti implants were coated with a Ti-binding fusion protein, promoting
angiogenesis and osteointegration both in vitro and in vivo.?*3

Growth of pathogenic bacteria on the surface of an implant leads to
inflammation and infection. Therefore, to increase the chance of successful
integration of an implanted device, bacterial growth must be minimized. For
this reason, biofunctionalization mediated by SBPs has largely focused on the
mitigation of bacterial biofilm formation using AMPs. In a first attempt, four
known AMPs were fused with a Ti-binding peptide. The resulting fusion
peptides could effectively coat a Ti surface, while reducing the attachment of
the oral pathogen Porphyromonas gingivalis.?** In a follow-up study, a rigid
linker was introduced between the two peptides, improving the adsorption
onto Ti surfaces and reducing the growth of Streptococcus gordonii and
Streptococcus sanguinis.?®> A similar approach was explored in two related
studies, where a Ti-binding peptide was fused to sequences derived from
human (-defensin-3 via flexible linkers. Peptide-coated Ti substrates showed
resistance to biofilm formation from Streptococcus oralis, S. gordonii, and S.
sanguinis.?®*6%7 Furthermore, the addition of an RGD peptide to the design
allowed for the proliferation of osteoblasts in vitro.?®” The efficacy of similar
bifunctional designs was tested in vitro against E. coli, Streptococcus mutans
and Streptococcus epidermidis.?%2% Although the antimicrobial activity of
these peptides was never tested on in vivo models, Wisdom et al. recently
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proved that such peptides can efficiently bind to Ti implantable surfaces in the
presence of serum proteins and resists brushing with a commercially available
electric toothbrush,300:30

Finally, for the sake of completeness, we refer the interested reader to
other successful biomedical applications of SBPs on other metal surfaces
such as zinc,%%? stainless steel,* and iron.%%

2.3.2.2. Plastics

In the last decades, plastics have become ubiquitous materials for packaging,
construction, clothing, and many more applications. Synthetic polymers are
exceptional materials, showing durability, chemical and physical resistance,
flexibility, ease of use, and low production costs. Although most plastics are
petroleum-based and non-biodegradable, they are widely used for the
manufacturing of laboratory and medical equipment like catheters,
membranes, surgical sutures, and implants.3®> Especially for these
applications, surface biofunctionalization is needed to adequately modulate
the interactions of plastic materials with biological fluids, cells, and tissues.5%3%
After the identification of multiple plastic-binding peptides mostly via phage
display, many plastic surfaces have been successfully functionalized in recent
years.5307-30% Not surprisingly, plastic-binding peptides are usually enriched in
hydrophobic amino acids, while polystyrene preferably binds to peptides
enriched in aromatic residues such as tryptophan (W).”? In the current section,
we will review the application of plastic-binding peptides in in vitro cell
culturing and in the synthesis of smart materials.

A few simple designs have been developed to enhance the
biocompatibility of plastic surfaces. For example, the epidermal growth factor
was anchored to polystyrene dishes via a polystyrene-binding peptide.®'® The
obtained surface was used for the adhesion and selective expansion of neural
stem cells for neurosphere culture. In a similar approach, Waku et al. coated
isotactic poly(methyl methacrylate) (it-PMMA) surfaces with a fusion protein
featuring two plastic-binding peptides and an RGD motif for cell adhesion.3"
The protein could uniformly adsorb on it-PMMA, resulting in the effective
attachment and spreading of mouse fibroblasts on the surface. In another
example, polydimethylsiloxane surfaces were functionalized with an anchor
peptide fused to the cell-adhesive GRGDS motif.3'? This one-step coating
strategy allowed for the adhesion and proliferation of mouse fibroblasts and
endothelial cells on polydimethylsiloxane. Finally, Carson et al. showed how
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these bifunctional peptides can be harnessed to mimic the myocardial
structure in vitro.3'® A nanopatterned polyurethane acrylate (PUA) surface was
functionalized with a polypeptide featuring a PUA-binding peptide and an RGD
motif. Subsequently, human stem cell-derived cardiomyocytes were cultured
on the nanogrid, resulting in mature and aligned sarcomere structures.

In more recent studies, plastic-binding peptides have been included in
more sophisticated designs, providing promising results for future in vivo
applications. For example, Garay-Sarmiento et al. exploited a plastic-binding
peptide to develop a coating for wound dressings.®'* The coating consists of
two hybrid constructs adsorbed on polycaprolactone (PCL) surfaces via a
PCL-binding peptide: while the first construct exhibits antifouling properties
thanks to a grafted polymer block, the second construct features the
bactericidal enzyme endolysin. Tests conducted in vitro showed that the
coating could effectively repel and kill E. coli and Streptococcus agalactiae,
both on flat surfaces and electrospun PCL meshes. Furthermore, the coating
showed antifouling properties against fibroblasts and blood plasma proteins.
Another application was developed by Hosseinnejad et al. for the
immobilization of an antifouling, nitric oxide-producing hydrogel for
extracorporeal membrane oxygenation, as shown in Figure 2-7.3'° A plastic-
binding peptide acted as anchor, allowing the facile and stable connection of
the hydrogel to a hydrophobic poly(4-methylpentene) (PMP) membrane
(Figure 2-7.1). Thanks to the catalytic activity of the hydrogel, the membrane
inhibited platelet activation and reduced clot formation when in contact with
human whole blood. A follow up study from the same authors confirmed the
in vitro functionality of the microgel coating in a PMP catheter challenged with
a blood flow (Figure 2-7.2).3'6

Finally, an extensive study by Hintzen et al. evaluated different plastic-
binding peptides for the development of a bioadhesive coating.3"
Multifunctional fusion proteins were screened for simultaneous binding to
poly(chloro-p-xylylene) (Parylene C) surfaces and the extracellular matrix of
the retina. Subsequently, cytotoxicity tests with retinal progenitor cells
indicated that a candidate protein showed good biocompatibility. An ex vivo
proof-of-concept experiment with rabbit eyes proved the efficacy of the
bioadhesive coating on Parylene C retinal stimulating arrays.

The examples featured in this section clearly show that plastic-binding
peptides can be included in complex designs, with promising results for in vivo
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Figure 2-7 (previous page). Plastic-binding peptides have been included in sophisticated
designs. (1) Schematic procedure for the coating of poly(4-methylpentene) (PMP) fibers
with nitric oxide-releasing microgel (NOrel). (@) The polymer-binding fusion protein is
incubated with PMP fibers, (b) the microgels are immobilized to the adsorbed support via
a click reaction. (2) The fibers were tested in blood flow experiments: (a) while coagulated
blood can be seen in non-coated fibers, (b) SEM analysis showed that NOrel coated fibers
can prevent the deposition of fibrin networks and platelet aggregation. Adapted from
Winnersbach et al.31

applications. These examples highlight how SBPs can be effectively paired to
various other functionalities, warranting biocompatibility, flexibility, and control
of surface chemistry.

2.3.2.3. Graphene

Due to their unique mechanical and electrical properties, two-dimensional
carbon materials such as graphene are attractive for biological and chemical
sensing applications. Graphene is a metallic and fully conducting two-
dimensional crystal that has justifiably received attention in recent years.
Extensive research on graphene has revealed that covalent functionalization
of its surface results in defects and loss of electronic properties, making non-
covalent techniques largely preferred.?'® It is therefore unsurprising that many
graphene-binding peptides have been isolated and characterized for a wide
variety of applications.?'® Similarly to other carbon-based materials, graphene-
binding peptides are enriched in aromatic amino acids.?'® The side chains of
these residues most likely interact with the graphene surface through - 1t
stacking. Interestingly, the position of aromatic residues within the peptide
seems to increase the binding affinity for certain regions of graphene sheets.32°
In the current section, we will mostly focus on biosensing applications.

In a first sensing approach, Mannoor et al. developed a graphene field-
effect transistor (GFET) biosensor for the detection of bacterial cells.®*' At first,
a graphene-binding peptide was fused to the frog-derived antimicrobial
peptide odorranin-HP. The fusion protein was then adsorbed onto a graphene
surface and subsequently printed onto biodegradable silk fibroin. As proof-of-
concept, the resulting flexible biosensor was implanted on a bovine tooth and
used for the real-time remote sensing of the pathogen Helicobacter pylori in
human saliva. Furthermore, the sensor was interfaced with an intravenous (IV)
bag to simulate its usage for biohazard monitoring in hospital sanitation.
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Consequently, the sensor could detect S. aureus in the IV liquid at a reported
concentration of 1 bacterium pL™.

Another GFET biosensor was developed by Khatayevich et al. for the
detection of biomolecules at low concentrations.3?? More recently, Kim et al.
developed a GFET biosensor for the detection of the neurotransmitter
neuropeptide Y (NPY).3?® Via phage display, the authors identified an NPY-
binding peptide and fused it to a graphene-binding peptide. The resulting
protein was then adsorbed onto graphene and the sensor was analyzed using
liquid-cell TEM. This technique allowed for the simultaneous testing of the
sensor and the in operando observation of the sensor surface. As a result, the
GFET device could detect NPY with pM sensitivity, even in presence of a
competing molecule. A more recent study by the same authors reported a
reduction of the sensor’s sensitivity when used with artificial sweat, revealing
a common hurdle of potentiometric sensing.’?*

Finally, Wang et al. explored the use of graphene-binding peptides as
biocompatible material synthesizers.3® A graphene-binding peptide was
connected to the cell-binding RGD peptide via a hydrophilic elastin-like
polypeptide (ELP) and used to coat reduced graphene oxide (rGO). Since
ELPs show interesting stimuli-responsive properties, their adsorption onto the
surface was shown to modulate the hydrophobicity and aggregation of rGO.
Furthermore, the resulting surface showed improved osteoblast cell
attachment compared to unmodified rGO.

In conclusion, graphene-binding peptides have been successfully
explored as a facile approach for modifying graphene for biomedical
applications. Despite the promising proof-of-concept experiments, it appears
that more research is needed for the widespread adoption of graphene in the
biomedical field.
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2.4. Outlook

In this chapter, we have collected and reviewed numerous successful applications of
solid-binding peptides and proteins on biomedically relevant surfaces. We have
shown that SBP-mediated bioconjugation can be easily introduced into complex
designs and on nanomaterials with very different surface chemistries. The examples
collected in this chapter show that SBPs can be adapted for use under various
conditions, with good binding strength for the materials under consideration.

The use of material specific SBPs, however, does not always guarantee a
direct translation from in vitro to in vivo applications. Like in all physical adsorption
processes, the competitive replacement from proteins contained in biological fluids
(Vroman effect) can compromise the functionality of SBP coatings in physiological
environments.®® The susceptibility of protein-based coatings to protease
degradation is yet another factor to evaluate, especially in long term applications.>*2
As a first step, exploring various molecular architectures and testing more than one
SBP can provide valuable indications on which protein design is more suitable. For
example, increasing the multivalency via the oriented display of multiple SBPs might
be a sufficient strategy to reduce competitive displacement. Secondly, as suggested
earlier by Care et al., the isolation and selection conditions of a suitable SBP should
appropriately mimic the physiological environment in which the SBP will have to
operate.?® Fortunately, combinatorial design strategies are flexible regarding the
working conditions and they have been successfully introduced in alternative
biopanning systems.30%53-3%% Moreover, the application of directed protein evolution
to solid-binding peptides can compensate the shortcomings of phage display
(sequence and interaction biases) and should be explored also with existing
peptides.

The discovery and design of solid-binding sequences has experienced
sizeable developments in the past decades. As we described in Section 2.1, many
techniques are available for finding functional peptide and protein sequences,
leading to large data sets that we partially collected in Table 2-1. Nevertheless,
systematic engineering of new peptides and proteins is still difficult, for the following
reason. As our review shows, smaller SBPs are used in biomedical applications more
often than larger SBPs. Computational tools for de novo design are most successful
at designing large, folded solid-binding domains and proteins. By contrast, better
tools are still needed for the computational design of shorter sequences that are
disordered both in solution and at solid interfaces. In these regards, the disparity
between experimental quantification and molecular simulations can highly vary for
different surfaces: gold and silicates, for example, are much better understood than
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titanium and silver. Thus, for de novo design of SBPs for medical applications, the
available methods do not align with demand.

The limited characterization of surface binding is a major constraint in the
design and tailoring of solid-binding sequences. In general, only a selection of known
SBPs is characterized using more than one technique, while in most cases SBP
binding is described only with one technique such as QCM-D or SPR. A more
thorough characterization should combine different techniques. In addition, simple
adsorption models are not always the correct choice for calculating affinity constants.
Since SBPs often do not bind independently and can form surface assemblies, a
quantitative and qualitative estimate of surface coverage is necessary to better
elucidate the binding process.”5276:35¢

Unfortunately, there is little work performing detailed physical characterization
of larger sets of SBPs, which would allow for a fair comparison between the
performance of different SBP sequences. Instead, for each material, a few well-
characterized and validated sequences are used in many studies. This approach can
obviously yield positive results, but it simultaneously creates a bias in favor of
previously used sequences. Although a recent report on gold-binding peptides
suggests that the binding affinity of many sequences is comparable, performing a
screening might provide a practical advantage to better tailor the design to the
application conditions, either in vitro or in vivo.?°

In conclusion, solid-binding peptides, domains, and proteins are useful surface
functionalization tools for the design of novel biomaterials and in the construction of
new biomedical devices. Despite the theoretical and technological challenges, the
promising results highlighted in this chapter clearly show that SBPs can provide a
convenient alternative to covalent functionalization strategies. Moreover, the ease of
use of SBPs is a major advantage for their application to new or underexplored
materials that might benefit from the flexibility offered by non-covalent
functionalization. Although we could not include all biomedically relevant surfaces in
our review, application-driven designs could and should explore materials such as
biodegradable plastics, absorbable polymers, 2D nanostructures, and gold and silver
nanoclusters.
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2.5. List of abbreviations

Abbreviation

Meaning

AFM
AMP
AuNP
BMP-2
CaP
ELP
GFET
HA
IBP
NMR
NPY
PCL
PMP
PUA
QCM-D
SBP
SMFS
SOx
VEGF
B-TCP

atomic force microscopy
antimicrobial peptides

gold nanoparticles

bone morphogenic protein 2
calcium phosphate

elastin-like polypeptide

graphene field-effect transistor
hydroxyapatite

ice-binding protein

nuclear magnetic resonance
neurotransmitter neuropeptide Y
polycaprolactone
poly(4-methylpentene)
polyurethane acrylate

quartz crystal microbalance with dissipation monitoring
solid-binding peptide

single molecule force spectroscopy
sarcosine oxidase

vascular endothelial growth factor
B-tricalcium phosphate
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CHAPTER 3




Self-assembly of elastin-like polypeptide brushes on
silica surfaces and nanoparticles

Control over the placement and the activity of biomolecules on solid surfaces
is a key challenge in bionanotechnology. While covalent approaches excel in
performance, physical attachment approaches excel in ease of processing,
which is equally important in many applications. In this chapter, we show how
the precision of recombinant protein engineering can be harnessed to design
and produce protein-based diblock polymers with a silica-binding block and
highly hydrophilic elastin-like block. We also show that these diblock
polypeptides self-assemble on silica surfaces and nanoparticles to form stable
polypeptide brushes, which can be used as a scaffold for later
biofunctionalization. From atomic force microscopy-based single-molecule
force spectroscopy, we find that individual silica-binding peptides have high
unbinding rates. Nevertheless, from quartz crystal microbalance
measurements, we find that the self-assembled polypeptide brushes cannot
easily be rinsed off. From atomic force microscopy imaging and bulk dynamic
light scattering, we find that the binding to silica induces fibrillar self-assembly
of the peptides. Hence, we conclude that the unexpected stability of these self-
assembled polypeptide brushes is at least in part due to peptide—peptide
interactions of the silica-binding blocks at the silica surface.

This chapter is published as:
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3.1. Introduction

A key aspect of bionanotechnology is the control of placement and the activity
of biomolecules on solid surfaces. For example, biofunctionalization of solid
surfaces is crucial in biosensing and for implanted biomaterials." In the
simplest approaches, biomolecules are either directly immobilized on surfaces
through often nonspecific covalent bonds or physically adsorbed.?® On the
one hand, covalent coupling results in stronger immobilization since bonds are
typically irreversible. On the other hand, physical adsorption generates bonds
to the surface that are typically reversible, but the process is simpler.

In biosensing, the surface attachment of antibodies used to detect
antigens provides a useful example. The direct and nonspecific covalent
immobilization of antibodies on solid surfaces may lead to a significant loss of
antibody activity, especially at high surface densities.* A probable cause for
the loss of activity is the misorientation of the antibodies, leading to reduced
accessibility of the antigen-binding region. Another cause is the partial or full
denaturation of the antibodies, caused by the direct contact with the solid
surface (Figure 3-1a). The same mechanisms are operative when antibodies
are directly physically adsorbed on surfaces (Figure 3-1b). One solution to
avoid misorientation or denaturation is to indirectly attach antibodies, or other
bioactive molecules, to the surface via polymer brushes (Figure 3-1c).
Following this strategy, the performance of diagnostic devices can be
improved using antifouling polymers.® The technology for the synthesis and
subsequent functionalization of antifouling polymer brushes on solid
substrates has reached a sophisticated level.>” However, the required
procedures for low-cost, bulk applications are still too complex and too
expensive. Therefore, there is continued interest in the development of
technologies for the generation of stable polymer brushes via simple
adsorption.

The most notable examples of non-covalently immobilized polymer
brushes are poly(ethylene glycol) (PEG) copolymers such as PEG-g-PLL (poly
I-lysine) and PEG-g-PEI (polyethylene imine).® These have a so-called “bottle-
brush” architecture, consisting of a polycationic main chain (PLL or PEI) to
which short PEG side chains are grafted. The polycationic main chain adsorbs
onto many relevant surfaces, while the PEG side chains extend
perpendicularly from the polycationic main chain, thereby forming a brush.
PEG is widely used as an antifouling material, while bioactive molecules can
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Figure 3-1. Biomolecule immobilization strategies illustrated for the case of antibodies. (a)
Direct covalent attachment. (b) Direct physical adsorption. (c) Attachment to a covalently
anchored polymer brush. (d) Attachment to a physically anchored PLL-g-PEG brush. (e)
Physical immobilization through an SBP immobilization tag. (f) Physical immobilization
through an SBP immobilization tag and antifouling polypeptide linker.

be readily attached to the PEG side chains by chemical procedures (Figure
3-1d).6'9‘11

A complementary approach to synthetic polymers is the use of
recombinant or synthetic polypeptides. Polypeptides offer the advantage of
precise control of polymer chemistry, including the conjugation of bioactive
molecules such as antibodies, and the possibility to directly include other
functional peptide or protein blocks in the design.'2'® Another advantage is the
possibility to use many extensively studied solid-binding peptides (SBPs) as
binding modules for specific surfaces. SBPs are short amino acid sequences
that interact non-covalently with solid surfaces with affinities in the micro- to
nanomolar range, and they have been widely employed as immobilization tags
for the direct immobilization of proteins on various surfaces (Figure 3-1e).""
However, as emphasized before, attachment to an antifouling polymer brush
is preferred to prevent loss of activity of sensitive biomolecules such as
antibodies.
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There is precedent for the use of SBPs as part of genetically engineered
polypeptide designs. For example, sequences based on spider silk have been
fused to silica-binding domains to synthesize biomimetic coatings for
nanoparticles.” The chimeric silk proteins form B-sheet-rich fibers on silica
surfaces. In a similar strategy, Li et al. have used silica-binding domains to
immobilize micelles of elastin-like polypeptides (ELPs) on silica nanoparticles
and surfaces.'® Immobilization using a diblock polypeptide with an SBP and an
inert hydrophilic domain such as a hydrophilic ELP (Figure 3-1f) is another
promising option. This design has recently been explored by Li et al.?° for the
immobilization of cells on gold surfaces. Here, we wish to explore a similar
diblock design for coating silica surfaces.

Following Li et al., we use ELPs as inert and antifouling polypeptide
blocks.?® ELPs are based on sequence motifs from human tropoelastin
characterized by the pentapeptide EX = VPGXG where X is any amino acid
except proline, and they have been extensively characterized.?'?? ELPs have
found applications in biosensing,?® tissue engineering,?* nanoparticle
coatings,?® drug delivery systems,?®  biomineralization  studies,?”
immunoassays,?® and molecular switches.?® To obtain inert and hydrophilic
polypeptide brushes, we choose serine as a guest residue in our ELPs (X=S).

The authors have previously developed a diblock polypeptide C-BX"2
consisting of an oligolysine block BX"? = K12 and a random coil hydrophilic block
with a collagen-like sequence, C = (GXaaYaa)izz. The C-B¥"2 diblock
spontaneously assembles on DNA to form a dense brush.?® The same diblock
polypeptide also assembles into dense hydrophilic brushes on the surface of
nanodiamonds, providing the nanodiamonds with colloidal stability and
promoting their uptake by cells.®’

Building on our previous experience with the C-BX"? diblock, the basic
design that we study here is also a simple diblock. We explore B-ES4 diblocks,
where ES = VPGSG and B is a series of silica-binding peptide blocks. First, we
characterize in detail the silica-binding properties of the B domains, using
quartz crystal microbalance (QCM), atomic force microscopy (AFM), and
single molecule force spectroscopy (SMFS).32-% Next, we demonstrate that
the B-E®4 diblocks form dense polymer brushes on silica surfaces and show
that the diblocks stabilize silica nanoparticles. We also explore interactions of
coated silica nanoparticles with coated silica surfaces using a single-particle
surface mobility assay. We find that even prolonged rinsing does not displace
the diblocks from silica surfaces, unless high ionic strength buffers are used.
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We attribute this feature to strong peptide—peptide interactions of the SBPs on
the silica surface, in addition to their inherent affinity to silica surfaces.

3.2. Materials and methods

“Scan-Asyst air” AFM tips were purchased from Bruker (USA). The
maleimide-PEG-NHS molecule was purchased from Polypure. QCM-D
sensors were purchased from Biolin Scientific (Sweden). A number of
peptides were custom ordered from PepScan (Table 3-1), the reported purity
is from high-performance liquid chromatography (HPLC) analysis, the
reported mass is the experimental mass from mass spectrometry. Peptides
were ion-exchanged to Na+ counterions by the manufacturer. Poly(l-lysine)-
grafted poly(ethylene glycol) was purchased from SuSoS (Switzerland) with a
grafting ratio of 3.5. The molecular weight of the PLL backbone and PEG side
chains was 20 and 2 kDa, respectively. All other chemical reagents were
purchased from Sigma-Aldrich.

3.2.1. Buffer preparation

10 mM phosphate buffer (PB) pH 7.4 with different amounts of added NaCl is
used throughout. Buffer solutions were filtered and degassed before use.

3.2.2. Quartz crystal microbalance with dissipation monitoring

A Q-Sense E4 (Biolin Scientific, Sweden) quartz crystal microbalance with
dissipation monitoring (QCM-D) instrument was used to quantify peptide and
polypeptide binding to silica. QCM sensors coated with SiO. were obtained
from the instrument manufacturer and cleaned according to instructions of the
manufacturer. Prior to measurements, the instrument was equilibrated with
starting buffer (PB with added NaCl as indicated) for at least 20 min at a flow

Table 3-1. Purity and molecular weight of synthetic peptides.

Name Sequence MW (Da) Purity (%)
BR14 Ria 2151.6 >96
BF3-Cys R13C 2204.7 >99
BRT (RTHRK)4 2732.3 >08
BfT-Cys (RTHRK)4C 2835.5 >92
Bra (RQSSRGR)2 1672.9 >02
BRA-Cys (RQSSRGR)2C 1776.1 >98
ES;3 (VPGSG)s 1210.3 >99

ESs-Cys (VPGSG)sC 13135 >98
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rate of 50 uL min-'. Analysis of QCM-D data was done using QSense software
(Biolin Scientific). For some measurements a linear filter was applied to correct
for a small amount of baseline drift. Experimental observables are the changes
in resonance frequency Af and energy dissipation D. If energy dissipation is
small enough, the adsorbed mass Am per unit area is calculated from the
change in resonance frequency through the Sauerbrey equation:
Af = -2 (1)

The oscillation frequency is an odd multiple (n = 1,3,5,...) of the crystal
resonance frequency (5 MHz). The numerical prefactor (for a 5 MHz crystal,
per unit area of crystal surface) is C = 17.7 ng cm? Hz'. The active area of the
crystal was 0.2 cm? Adsorbed masses per unit area /” obtained from the
Sauerbrey equation, versus the bulk concentration C were fitted by an

effective Langmuir adsorption isotherm:

Kg c
= PP max (2)
1+Kd,appc

where I'max is the limiting adsorption, at high concentrations, and K app
is an apparent dissociation constant.

3.2.3. Atomic force microscopy tip functionalization

We followed previously published protocols for functionalization of AFM tips
for single molecule force measurements.®® AFM tips (Bruker, USA) were
cleaned with chloroform. Amino activation was performed by immersing the
AFM tips in 30 pL of (3-aminopropyl-)triethoxysilane (APTES) and 10 pL of
triethylamine, in a closed chamber under an argon atmosphere, for 2 h. Next,
tips were cleaned again with chloroform and nitrogen gas and 1 mg of a
maleimide-PEG-NHS linker was dissolved in 0.5 mL of chloroform and 30 L
of triethylamine. AFM cantilevers were then soaked in this solution in a small
Teflon beaker for 3 h. Finally, tips were washed three times with chloroform.
Peptides Bf"*-Cys, Bf"-Cys, Bf9-Cys and ES3-Cys were covalently attached to
maleimide groups of the PEG linkers attached to the AFM tips via thiol bonds.
To this end, a solution was prepared of 100 uL of peptide (100 yM), 2 uL of
EDTA (100 mM, pH7.5), 5 pL of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) (1 M, pH 7.5), 2 uL of TCEP (100 mM), and 2 uL of HEPES (1 M,
pH 9.6). Tips were immersed in the abovementioned solution for 4 h. Tips were
washed with PB and stored at 4 °C in PB for not more than 2 weeks before
use.
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3.2.4. Atomic force microscopy imaging in air

Atomically flat silica surfaces were obtained using silicon wafers (Siltronic AG)
with a 2-3 nm oxide layer due to natural oxidation with oxygen in air. Silica
surfaces were cleaned with ultrapure (Milli-Q) water and ethanol and plasma-
cleaned for 5 min. For AFM imaging, peptide solutions, at concentrations as
indicated, were filtered with a 10 kDa centrifugal filter and sonicated for 30 min
to ensure that no peptide aggregates were present prior to imaging. Next,
cleaned silica surfaces were immersed in 100 uL of peptide solution for 1 h.
Silica samples were gently rinsed with ultrapure water and carefully dried with
nitrogen. Samples were imaged with a Multimode Bruker AFM (Bruker, USA)
using the automatic ScanAsyst imaging mode. ScanAsyst air tips were used
with a nominal radius <10 nm.

3.2.5. Dynamic light scattering

For dynamic light scattering (DLS), a ZS-Nano (Malvern, UK) instrument was
used, employing small-volume (20 yL) quartz cuvettes. Light scattering was
measured at a scattering angle of 173°, at room temperature, T = 20 °C.
Hydrodynamic sizes reported are the average of three measurements,
obtained using the Zetasizer software version 7.13 (Malvern, UK). For DLS on
peptide solutions, peptide solutions were filtered using a 10 kDa centrifugal
filter and sonicated for 30 min to ensure that no peptide aggregates were
present prior to the measurement. For each peptide sample, continuous, time-
dependent measurements were performed, and each reported hydrodynamic
size is the average of three measurements with duration of the measurement
being controlled using the instrument. For measurements on silica
nanoparticles coated with polypeptides, the polypeptide solution and the silica
nanoparticles were sonicated for 15 min. The polypeptide solution was filtered
using a 0.22 um filter. Increasing concentrations of polypeptide were
incubated with the silica nanoparticles for 10 min. For each sample,
continuous measurements were performed, and each reported hydrodynamic
size is the average of three measurements, with duration of the measurement
being controlled using the instrument.

3.2.6. Single molecule force microscopy measurements

Silica surfaces were prepared as described for AFM imaging in air.
Functionalized tips prepared as described above were used, and experiments
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were performed in PB buffer pH 7.4 at the indicated concentration of NaCl.
Single-molecule force-extension measurements, in a liquid flow cell, were
performed using a ForceRobot 300 instrument (JPK, Germany) which allowed
to probe a grid of points (10 um x 10 ym) on the silica surface for multiple
times, to give a total of >2000 measurements per pulling rate. Pulling rates
used here were 12, 10, 5, 2.5, 1.25, 0.625, 0.325, and 0.165 ym s™'. A contact
time between the tip and the surface of 0.2 s was set to let the peptides bind
the surface. The spring constant and sensitivity of the cantilevers used here
were calibrated with the contact-free thermal noise routine from the JPK
software. The JPKSPM data analysis software, Microsoft Excel (USA), and
Matlab (USA) were used to analyze the data and classify events. For each
force-extension curve, a baseline was subtracted. Peptides studied here
consist of no more than 21 amino acids. The PEG linker has an average
number of 27 repeat units. Assuming a 0.4 nm contour length per monomer,
we expect forces to vanish at extensions longer than about 20 nm. Data was
therefore preclassified using the JPKSPM software, with force-distance
curves for which there was still a significant force at extensions >20 nm not
being analyzed. The loading rate for each curve was obtained as the slope of
the force versus time curves immediately before rupture. To analyze the force
extension curves, individual force extension curves were analyzed with a freely
jointed chain (FJC) model.*” For M parallel chains:

L(f) = L (coth (:LTDT) —%0) 1 N, e 3)

Where F is the applied force, N is the total number of segments, kg is
the Boltzmann constant, and T is the temperature. The contour length L,
determines the overall range of the force extension curve. The Kuhn length
b = 0.7 nm determines the slope in the low-force regime and the curvature in
the mid-force regime, while the segment elasticity MK, determines the slope
in the high-force regime. Only single-rupture events were analyzed; a very
small subset with multiple smaller rupture events was not considered in the
analysis.

The loading rate dependency of the rupture force data was fitted to the
Friddle-de Yoreo (FdY) model.®® This model accounts for the expected
transition from a near-equilibrium regime with fast re-bonding at low loading
rates (L), to a regime of rapid irreversible nonequilibrium detachment at high
loading rates, described by the Bell-Evans model. The near-equilibrium regime
is characterized by an apparent equilibrium rupture force ( fi, ), the
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nonequilibrium regime by the unbinding rate k,; and distance to the
transition state x,:

1
— kBT R(Ffeq 1
f = fog + 2L FTe0E, (3 (4)
where
Lr-xt
R =
(feq) koff(feq)kBT (5)

This is solved using the approximate relation e?E;(z) = In (1 +e_%)
where y =0.577 is Euler’s constant. Furthermore, kj is the Boltzmann constant
and T is the absolute temperature.

To calculate the free energy of binding per unit length AG,, we use the
Manohar relationship for pulling polymers away from a surface, where AG, =
Yadrlmono @Nd Lyono is the length of the monomer.® We take [,,,,,, = 0.35 nm.
The tension y,q;, is:

47 sinh Teqb
Yaan = ki_Tln (#) (6)

kpT

Where b is the Kuhn length, for which we take b = 0.7 nm. The free
energy is expressed in thermal energies ksT, where T =298K is the
temperature of the experiment.

3.2.7. Construction of expression plasmids for polypeptides

To construct expression plasmids for the polypeptides, synthetic genes
encoding Bf® = Re, Bf" = (RTHRK)4, and B??= (RQSSRGR): were synthesized
by Macrogen (Amsterdam, The Netherlands). A synthetic gene for ESs was
designed using the Codon scrambler tool developed by Tang and Chilkoti*°
and synthesized by GenScript Inc. (USA). All the synthetic fragments were
designed in order to contain the features necessary for recursive directional
ligation by plasmid reconstruction (PRe-RDL) cloning, as described by
McDaniel et al.*' Sequences of the DNA fragments used are given in Table
A3-1. The fragments were ligated into separate XballEcorl-digested pET-
24a(+) vectors, in order to construct a library of PRe-RDL compatible vectors.
A total of 10 ng of plasmid DNA was transformed into E. coli BL21 cells by
means of electroporation. Colonies containing the correct DNA inserts were
selected and confirmed by DNA sequencing. Next, plasmids for expression of
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the diblock polypeptides B-ES4 were constructed from the PRe-RDL plasmids
for the elastin-like protein block ES4 and those for the binding blocks B, as
described by McDaniel et al.*' Full amino acid sequences for the diblock
polypeptides B-ES4 are given in Table A3-2.

3.2.8. Protein expression

E. coli BL21 transformed with the expression plasmids for the polypeptides
was cultured at 37 °C and 200 rpm for 16 h in 10 mL Terrific Broth (TB) medium
containing 50 ug mL-" kanamycin. A starter culture was inoculated in 2 L of TB
medium containing 50 ug mL™" kanamycin and incubated for 24 h at 37 °C and
200 rpm. After 8 h from the start of the incubation, Isopropyl B- d-1-
thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM and
cells were grown overnight before harvesting.

3.2.9. Protein isolation and purification

Bacterial cells were centrifuged at 3300 rpm for 10 min at 4 °C and
resuspended in 50 mL of cold phosphate-buffered saline (PBS). Cells were
lysed using three cycles of a French press (SLM Aminco). Next, 4 mL of 10%
(v/v) polyethyleneamine was added to the cell lysates to precipitate DNA. The
cell lysate was centrifuged for 15 min at 15,000 rpm at 4 °C to pellet the
insoluble fraction. The ELP-containing polypeptides were first purified using
inverse transition cycling. Ammonium sulphate was added to the supernatant
to a final concentration of 0.5 M. The supernatant was heated to 37 °C and
centrifuged for 10 min at 15,000 rpm at 37 °C. The pellet was resuspended in
10 mL of cold 20 mM HEPES pH 8.0 to solubilize the aggregated ELP. The
ELP-enriched lysate was centrifuged for 10 min at 15,000 rpm at 4 °C to pellet
the remaining insoluble matter. Next, polypeptides were further purified using
ion-exchange chromatography. The low ionic strength buffer (buffer A) was
20 mM HEPES pH 8.0. The high ionic strength buffer was 20 mM HEPES pH
8.0 and 1 M NaCl (buffer B). Samples were injected in a cation-exchange
column (UNO Q6, Bio-Rad Laboratories, USA) and eluted with a linear
gradient from buffer A to buffer B. The polypeptides of interest typically eluted
at a salt concentration of 0.7 M, as found by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis. In some cases,
SDS-PAGE indicated that a small amount of impurities was still present. These
were removed using a mild bake-out procedure: solutions were heated at 60
°C for 15 min, cooled in ice for 10 min, and then centrifuged for 15 min at
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15,000 rpm at 4 °C to pellet the insoluble contaminants. The final purity of the
polypeptides was assessed by SDS-PAGE.

3.2.10. Mass spectrometry

To confirm the identity of the polypeptides, their molecular weights were
determined using matrix-assisted laser desorption/ionization (MALDI) mass
spectrometry. Spectra were obtained using a Bruker UltraFlextreme machine
(Bruker, USA). Samples were prepared for analysis following the instructions
provided by the manufacturer.

3.2.11. N-terminal protein sequencing

N-terminal sequencing was performed by Alphalyse (Odense, Denmark) on
an ABI Procise 494 sequencer by Edman degradation chemistry.

3.2.12. Particle mobility assay

For glass substrate functionalization, glass slides (25 x 75 mm, #5, Menzel-
Glaser) were precleaned by 30 min of sonication in isopropanol (absolute,
VWR) and 10 min of sonication in ultrapure water. After the substrate was dried
with a nitrogen stream, 1 min of oxygen plasma was applied to the slides to
plasma-oxidize the surface. Custom-made fluid cell stickers (Grace Biolabs)
with an approximate volume of 20 yL were then attached to the substrate and
0.5 mg mL™" of PLL-g-PEG solution in ultrapure water, respectively 0.5 mg mL-
' of BRT-ES4 solution in ultrapure water was immediately injected to the flow
chamber and incubated for 5 h at room temperature.

For particle functionalization, vials with carboxyl-functionalized silica
particles (Bangs Laboratories, 1 ym mean diameter) at a concentration of 1
mg mL" were incubated with, respectively, 0.9 mg mL-" of BR7-ES4 in ultrapure
water and 0.9 mg mL" of PLL-g-PEG in ultrapure water and placed on a
rotating fin (VWR, The Netherlands) for 3 h at room temperature. Streptavidin-
coated polystyrene superparamagnetic particles (10 mg mL", Dynabeads
MyOne Streptavidin C1, 65001, Thermo Scientific) at a concentration of 1 mg
mL" in PBS (130 mM NaCl, pH 7.4) were incubated with 5 uL of 11 nt ssDNA
(5" TCACGGTACGA 3' Biotin, Integrated DNA Technologies) at a
concentration of 2 uM in PBS and mPEG-Biotin (PG1-BN-1k, Nanocs) at a
concentration of 100 uyM in PBS buffer for 70 min on a rotating fin. The particle
mixtures were washed with 0.05 vol % Tween-20 (Sigma-Aldrich) and
reconstituted in 1000 yL of PBS (130 mM NaCl, 7 mM Na:HPO4, and 3 mM
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NaH:PO4 at pH 7.4). Right before injecting particles to the flow chamber, the
particle solution was sonicated with 10 pulses at 70% with 0.5 duty cycle
(Hielscher, Ultrasound Technology).

For the particle mobility assay, particles with different modifications
were added to the variously modified surfaces at a final concentration of 0.01
mg mL" in PBS. The trajectory of the particles was recorded for 1 and 5 min
at a frame rate of 30 and 60 Hz with an integration time of 5 ms in a field of
view of 883 x 552 ym2 with the Leica microscope (Dark field microscopy,
Leica DMI5S000M). By applying a Gaussian fitting over the intensity of pixels
around the particle, the center of every particle can be determined to within
approx. 20 nm and tracked over all frames.

3.3. Results and discussion

At neutral pH, silica has a weak negative charge.*? Under these conditions and
at low ionic strength, arginine has been found to adsorb most strongly to silica
compared to the natural amino acids, at least in part due the high pKa of its
side chain.®® Indeed, in sequences of many silica-binding peptides, arginine is
over-represented. While many sequences have been reported as being SBPs,
a detailed characterization of their binding to silica has only been carried out
for few of them. Here we choose to explore as binding domains B the peptide
sequences BT and Bf?, and the oligoarginine control peptides Bf" = R,. The
peptides were fused to ELP (repeat sequence of VPGSG) to generate brush-
like diblocks B-ES4 (Figure 3-2).

The first SBP characterized is the highSP peptide which was
engineered from a weaker binding precursor isolated from E. coli.*** The
sequence of highSP will be referred to as B after its first two residues, Bf" =
(RTHRK)4. Bf" shows high affinity to silica, zinc and other oxidized metals and
has already been successfully employed as binding tag.***” A second
evaluated SBP is SB7, which was isolated from the spore-coat protein CotB1
of Bacillus cereus.*® Its sequence will be referred to as Bf?, again after the first
two residues, Bf? = (RQSSRGR).. This peptide was designed as short affinity
purification tag, using silica-based materials.

Representative QCM-D data for the adsorption of the solid-binding
peptide BFT in PB to silica are shown in Figure 3-3a. The lowest concentration
for which we observe significant binding is slightly below 1 uM. For this
concentration, as well as for higher concentrations, adsorbed peptide layers
form in less than 10 min. Flushing with PB buffer for 10 min does not lead to
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> B-E°4

B?® = RRRRRRRRR
B?? = RQSSRGRRQSSRGR
BT = RTHRKRTHRKRTHRKRTHRK

Figure 3-2. Schematic structure of B-ES4 diblocks for forming hydrophilic polypeptide
brushes on silica surfaces.

significant detachment of the adsorbed peptides. The out-of-phase response,
or energy dissipation, is minimal and so is the dispersion between frequency
shifts for different harmonics, indicating a rigidly adsorbed peptide layer that
co-vibrates with the crystal oscillations.

Since we wish to construct diblock polypeptides B-ES4 with solid-
binding domains B and long hydrophilic ELP domains ES4 (ES = VPGSG), we
also performed QCM-D measurements on the adsorption of a short elastin-
like peptide ESs to silica. For efficient brush formation, the longer hydrophilic
blocks should not compete with the binding blocks in binding to the silica. For
example, it is well-known that PEG has a strong affinity for silica.*® For PLL-g-
PEG polymers, this may compete with the PLL backbone in adsorbing to silica
surfaces. The results of our measurements are included in Figure 3-3a. Within
the accuracy of the instrument, we could not detect any adsorption of ES3,
suggesting that this ELP is a good choice as a hydrophilic block when aiming
to construct self-assembling brushes on silica.

Since the out-of-phase response or dissipation D in the QCM-D
experiments was shown to be negligible and there was hardly any dispersion
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Figure 3-3. Representative QCM-D data for the adsorption of the SBP Bf" and the short
ELP £5; to silica. (@) Frequency Af (Hz) shift versus time t (s) for Bf" at increasing peptide
concentrations (purple: 0.175 uM; blue: 5 uM; red: 10 uM), and for £53 (green: 5 uM). The
vertical dashed line indicates the start of the buffer wash (PB). (b) Representative curve
of saturation adsorbed mass 7"(ng cm) versus peptide concentration ¢ (M) for the SBP
B4, Blue filled squares: adsorption in PB buffer; red filled squares: adsorption in PBS
buffer. Data were fitted using Langmuir isotherms (solid lines) to obtain apparent
dissociation constants Kqape (M) and maximum adsorbed masses Iiax (Table 3-2). Error
bars are standard deviations for >3 independent measurements.
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between frequency shifts for different harmonics, the Sauerbrey equation can
be applied to relate the frequency shift to adsorbed mass per unit area.™
Results for the saturation values of the adsorbed mass per unit area I' as a
function of peptide concentration ¢ (M) for Bf™ are shown in Figure 3-3b. The
results for the other SBPs B*?and B*"# were similar, and are shown in Figure
A3-1. A Langmuir equation was applied to fit the data to get apparent
dissociations constants Kqapp and plateau values Imax for the adsorbed mass
per unit area.

Strictly speaking, the validity of the Langmuir equation requires that the
peptides are non-interacting on the surface, and that the adsorbed layer is in
full equilibrium. For all three peptides (B?7, Bf? and Bf'#), there are strong
indications for irreversible adsorption rather than equilibrium adsorption, and
for an important role of peptide—peptide interactions at the solvent-silica
interface. Hence, it is unlikely that the peptides satisfy the requirements for the
validity of the Langmuir equation. Therefore, we prefer to denote the
dissociation constants obtained by the Langmuir fits of the QCM data as
apparent dissociation constants Kg,app-

Values for dissociations constants Kaapp and plateau values Imax are
listed in Table 3-2. Within the rather large error of the measurements, there
are no significant differences in the apparent dissociation constants of the
peptides. Apparent dissociation constants Kqap for all three peptides are in
the order of uM. Saturation densities are in the order of 0.5 mg m. Both values
are fairly typical for adsorbed peptide layers.'4%%° The saturation density
corresponds to an approximate surface area per peptide in the order of 5 nm2.

Next, we attempted to image the ultrastructure of the adsorbed peptide
layers by performing AFM imaging on dried peptide layers in air. Control
measurements of clean silica slides did not show any feature with heights in
excess of 200 pm. AFM images show surface features that are strongly
dependent on the concentrations at which the layers are formed. For all
peptides, at low concentrations, we observe a homogeneous background and
small globular features, whereas at higher concentrations, a homogeneous
background and surface-bound fibrils are observed. Selected results for the
SBP BRT are shown in Figure 3-4a-c; an overview with results for all SBPs and
concentrations tested is shown in Figure A3-2.

For the SBPs BfT and Bf?, surface-bound fibrils were observed when
adsorption was performed at concentrations above about 5 uM, whereas for
the BR'* control peptide, surface-bound fibrils were already observed at
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Table 3-2. Parameters from Langmuir fits of QCM-D data.

Peptide | PB PBS

Kd,app [1 06 M'1] Tinax [ng Cm'Z] Kd,app [1 06 M'1] Tnax [ng cm'z]

Br 1.4 90 0.7 70
BRT 3.6 70 3.3 40
Bra 2.5 40 0.5 40
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Figure 3-4. Surface-induced fibril formation for SBP B*" on silica. (a-¢) AFM images of Bf”
adsorbed onto silica from PB buffer and incubated for 1 h, imaged in air, for different
concentrations and magnifications. Scale bars are 200 nm. (a) 3.66 uM, (b) Zoom-in of
region outlined in (a). (¢) 36.6 uM. (d) Hydrodynamic diameter Dy (nm) from DLS of 1 mg
mL-" SBP solutions in PB, as a function of time. Red circle: BR?; green square: BY'; blue
triangle: Bf™4.
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concentrations of around 0.5 uM, one order of magnitude lower. For each
peptide, cross-sections of multiple fibrils (n = 6) were analyzed and average
fibril heights hsmm were calculated. Fibrils heights for different peptides are
similar: hai= 0.8 £ 0.2 nm for Bf", hii= 0.5 = 0.2 nm for B*%, and hsri= 0.9 +
0.4 nm for BR™. It should be noted that drying may have impacted the final
morphology of the fibrils as imaged. This could be checked by complementary
AFM imaging experiments in liquid.

To establish whether fibril formation is induced by the silica surface or
if fibrils form in solution and subsequently adsorb, we monitored peptide
solutions for long periods using DLS. Results are shown in Figure 3-4d.
Peptide solutions of 1 mg mL" were carefully filtered and sonicated to ensure
that no aggregates were present at the start of the measurement. The
concentration of 1 mg mL™" is well above the concentrations for which fibrils
were observed in the AFM images. Hydrodynamic radii were measured for 1
h. During this time, the observed hydrodynamic diameter (D+) remained small,
in the order of 2.5 nm, which is the size expected for monomeric peptides in
solution. Samples measured over 3 days and 1 week did not show any
noticeable change in hydrodynamic size either (data not shown). Hence, fibril
formation of the SBPs appears to be driven by interaction with silica surfaces
and not start in the bulk solution. These results confirm that SBPs strongly
interact with each other when adsorbed to silica surfaces; clearly, a simple
Langmuir adsorption isotherm cannot be used to describe the mechanism of
a peptide layer formation on the surface, even though the data of saturation
adsorption /max versus concentration ¢ can be fitted with a Langmuir isotherm.

To obtain information on the binding of individual SBPs to silica, in the
absence of peptide—peptide interactions, we resorted to the measurement of
single-molecule force-extension curves using AFM. An AFM tip is function-
alized with maleimide-terminated PEG linkers, to which cysteine-terminated
SBPs are attached via thiol bonds at a low density, as sketched in Figure A3-
3a. As shown in Figure A3-4d-f, there are typically a small number of peptides
M <30 that interact simultaneously with the surface when using this
procedure.® The low density guarantees that peptides do not interact with
each other during the experiments.

The peptides studied here consist of no more than 21 amino acids, while
the PEG linker has an average number of 27 repeat units; assuming an
approximate size of 0.4 nm per monomer, a total contour length for the
constructs of approximately 20 nm can be calculated. The absence of
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attraction at distances larger than this cutoff was used as a first selection
criterion to identify relevant events. Histograms of rupture forces for the SBPs
and the negative controls (respectively, the inert ELP peptide E53 and the non-
functionalized PEG linkers) are shown in Figure 3-5a,b. As expected, for the
SBPs we find a large number of rupture events and forces at rupture of order
100 pN. In contrast, for the negative controls, the number of events for which
a rupture is detected is much lower, and typical rupture forces are lower, thus
validating that in our experiment we measure adhesion forces of SBPs for the
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Figure 3-5. Single-molecule AFM based force spectroscopy. (a) Histogram of number of
events n versus breaking force Fpreax (pN) for SBPs BR-Cys, Bf™-Cys, BFf3-Cys. (b)
Histogram of number of events n versus breaking force Fueax (ON) for negative controls:
PEG-linker without conjugated peptide, and the non-adsorbing elastin-like peptide Es®. (¢)
Example fit of single force-curve for Bf3-Cys with the freely jointed chain model, used to
extract approximate numbers of parallel peptides M and contour lengths Lc. (d) Final result
of data analysis, for the case of Bf"-Cys: breaking force Fureax (PN) versus loading rate r
(pN s, for selected events with M = 1, ..., 7. The red line is the fit with the FAY model, fit
parameters for all SBPs are given in Table 3-3.
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silica substrate. A typical force-extension curve for the SBP Bf'*Cys is
shown in Figure 3-5c¢. All similar force-extension curves were fitted with a
Freely Jointed Chain (FJC) model for M parallel chains, to give the contour-
length L., breaking force Fureak, and loading rate r at rupture, as well as an
estimate of the number M of parallel chains in the rupture event. While most
force-extension curves showed only a single rupture event and hence could
be analyzed as described above, a small number of force-extension curves
were also recorded that showed rupture in multiple steps.®' These rare events
were excluded from the analysis. We find that most rupture events have a
number of parallel bonds M < 10. To ensure that we measure binding and
unbinding of individual peptides, we focus on the events corresponding to a
low number of parallel bonds, M = 1, ..., 7. Histograms of the contour-length
L. and number of parallel bonds M are presented in Figure A3-4. For data with
M =1, ..., 7, rupture force versus loading rate was analyzed using the FdY
model for M parallel bonds that can detach and reattach.®52 The FdY model
has been used before to analyze the adhesion of proteins to substrates,53%
polymer to minerals,®® and of peptides to inorganic materials.>® At low loading
rates, the rapid (re)binding and unbinding leads to a constant rupture force,
but at higher loading rates, the model recovers the known logarithmic loading-
rate dependence for the case in which rebinding is neglected.3® An example
fit for the SBP Bf" is shown in Figure 3-5d, fits for the other SBPs are given in
Figure A3-3. Fit parameters for all SBPs are listed in Table 3-3. An approximate
binding free energy 4G is calculated from the fitted Feq by using a relation
previously derived by Manohar (Table 3-3).%°

We want to highlight the relatively high off-rates for B*’, for example (ko
= 2.9-10% s7"), although they are still not as high as for the adhesion of a shorter
and more weakly adhering peptide (GCRL) to silica (kor = 2.6:10° s).5" Our
data demonstrates that single SBPs detach rapidly, thereby supporting the
hypothesis that the relative stability of SBP layers is caused by peptide-peptide
interactions at the silica surface, which reinforce the surface layers.

Table 3-3. Fit Parameters for FAY Fits of Rupture Force Versus Loading Rate for SBP,
Binding to Silica.

SBP Kot (s™) xt (A) Feq (PN) AG (ks T)
BR™S 145.9 0.6 29.4 2.62
Bre 246.4 0.3 46.1 3.81

BRT 287.4 0.4 40.0 3.36
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After it was established that all SBPs bind with similar affinities, have
similar off-rates as individual peptides, but form peptide layers that are not
easily detached, B-ES4 diblock polypeptides were generated with binding
blocks B = Bf”, Bf?and Bf°. A shorter R, block was used compared to the
experiments with synthetic peptides (B instead of B*'#) since highly cationic
polypeptides are often difficult to express because of their possible toxicity to
the production host, in our case E. coli.

Three fusion proteins were successfully produced and purified from E.
coli. Representative SDS-PAGE and MALDI coupled to time-of-flight mass
spectrometry (MALDI-TOF) results for Bf"-ES4; are shown in Figure 3-6. As
expected, the overexpressed polypeptides are not found in the insoluble cell
pellet (Figure 3-6a) but rather in the soluble extract obtained after cell
disruption. The presence of positively charged silica binding domains B in the
fusion proteins was used for purification via cation-exchange chromatography.
This method allowed for a nearly complete purification in one step. A final mild
bake-out procedure was sufficient to further purify the desired proteins to an
acceptable level (Figure 3-6a). As previously observed, the poor SDS-binding
of ELPs leads to anomalously high molecular weights in SDS-PAGE when
compared with globular protein molecular weight standards.5”%® To confirm
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Figure 3-6. Purification and characterization of recombinant B-£549 diblock polypeptides,
example data for BR™-ES4. (@) SDS-PAGE analysis. Lane 1: insoluble pellet; lane 2: purified
polypeptide; lane M: molecular mass marker. (b) MALDI-TOF spectrum.
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the identity of the polypeptides, MALDI-TOF spectra were determined for the
purified proteins (Figure 3-6b). The experimentally determined masses
correspond well with the theoretically expected values, as shown in Table 3-4.
A further confirmation was obtained via N-terminal protein sequencing (data
not shown).

Next, layer formation on silica surfaces was studied using QCM-D for
the B-ES4 diblocks and compared to that of the binding blocks B alone. A
representative comparison for 1 yM BFf" peptide versus the same molar
concentration of Bf"-ES4 diblock polypeptide is shown in Figure 3-7. At this
concentration, saturated layers were formed for both the SBP and the diblock
polypeptide. The curves of the frequency shift Af and dissipation D versus time
are substantially different for the two cases: for the diblock polypeptide, both
the frequency shift and the dissipation are higher. This indicates that, due to
the ESsotails, the adsorbed mass per unit area is higher. In addition, the highly
hydrated non-adsorbed ES4 tails do not co-vibrate with the quartz crystal, in
contrast to the strongly adsorbed Bf” domains, leading to high dissipation.%®
Similar results were found for the other diblock polypeptides, Bf?-ES4 and B°-
ES4. This finding confirms that the diblock polypeptides form self-assembled
ESs brushes as intended.

Given the complexities and uncertainties in precisely fitting QCM-D data
for cases when significant dissipation is present, the frequency change Af was
used as a qualitative measure for the adsorbed amount.® Limiting values of the
frequency change Af versus concentration are shown in Figure 3-8. Whereas
for the individual B blocks we found that saturated layers are formed at
concentrations around 1 yM, it seems that for the diblock polypeptides a
saturation value for the frequency change is already reached at concentrations
below 1 uyM. This could be caused by the steric repulsion of the ES tails
limiting further adsorption, as was also found for similar diblock polypeptides
adhering to double stranded DNA.®°

Table 3-4. Molecular weights of diblock polypeptides B-ESx as computed from the
amino acid sequence and as determined using MALDI-TOF.

Diblock polypeptide Mineo (kg mol) Mexp (kg mol)
BR9-ES4 17.452 17.458
BRA-ESy 17.645 17.652

BRT-ES49 18.704 18.708
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Figure 3-7. Representative comparison of QCM-D data for adsorption to silica for 1uM B-
ES4 diblock polypeptides with corresponding data for the SBP B. Red: diblock
polypeptides BR"-ES4; blue: SBP BR'. (a) Frequency shift versus time. (b) Dissipation
versus time.
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Figure 3-8. Limiting frequency shifts Af for B-ESi diblocks, versus polypeptide
concentration ¢ (UM). Green: B=BfT; blue: B=B*<; red: B=B".

Other aspects of the polypeptide brushes self-assembled from B-ES4
on silicawere investigated for the specific case of B = B*’. First, we considered
the dependence of brush formation on solution conditions. Since the
adsorption of the cationic binding peptides is largely electrostatically driven,
we expect a significant dependence of the layer formation on the ionic
strength of the buffer. This expectation is confirmed by the QCM-D results
shown in Figure 3-9.

As shown in Figure 3-9a, an adsorbed layer is rapidly formed when
flowing a solution of 5 uM of Bf™-ES4 in PB over a clean silica surface. Upon
rinsing with PB buffer, there is a negligible change in the frequency shift,
indicating minimal desorption. This observation is similar to the peptide
binding blocks B by themselves. Upon shifting to PBS (=PB + 150 mM NaCl),
we observe a significant decrease in the magnitude of the frequency shift.
Finally, upon flushing in PB + 500 mM NacCl, the frequency shift drops nearly
to the baseline. A separate channel was used to correct for the effect of the
buffer on the crystal oscillation frequency. The experiment indicates that the
stability of the self-assembled polypeptide brushes is strongly influenced by
the ionic strength of the buffer.
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Figure 3-9. Salt-dependence of brush formation for 5 uM BRfT-E54 frequency shift Af versus
time ¢. (@) Adsorption of Bf™-ES4 from PB followed by washing with PBS (150 mM NaCl),
followed by washing with a high salt buffer (PBS + 0.5 M NaCl). (b) Adsorption from PB
followed by washing with PB (blue), compared with adsorption from PBS followed by

washing with PBS (red).



A Sticky Tale: biomaterial coatings from modular proteins | 108

In another QCM-D experiment, brushes were assembled at different
ionic strengths rather than exposed to a higher ionic strength after having
been formed at low ionic strength. Results are shown in Figure 3-9b. A 5 uM
solution of BR7-ES4 in either PB or PBS was flown over a clean silica sensor.
After a saturated layer had formed, the sensor was rinsed with either PB or
PBS for 4 h and the shift in frequency of the sensor was monitored. We find
that the frequency shift for assembly in PBS is similar to the shift when the
layer is first formed in PB and subsequently exposed to PBS. Note that for this
experiment, we performed prolonged rinsing with buffer and even after many
hours of rinsing, there is hardly any shift in frequency. This indicates that for a
given buffer composition, there is no polypeptide desorption neither when
rinsing with PB for saturated layers formed in PB nor for PBS for saturated
layers formed in PBS.

The self-assembled polypeptide brushes can be used to stabilize and
functionalize not only macroscopic flat silica surfaces but also silica nano- and
microparticles. To investigate brush formation around silica nanoparticles,
DLS was performed on nonporous silica particles with a reported
hydrodynamic diameter of Dv = 163 nm. A diluted suspension of these
particles was incubated for 5 min with increasing concentrations of the diblock
polypeptide Bf"-ES4. As shown in Figure 3-10, we determine a hydrodynamic
diameter of 161 = 0.8 nm for the bare silica particles, in agreement with the
manufacturer specifications. Upon increasing the BRf"-ESx diblock
concentration, the particle diameter increases until it stabilizes at a final
diameter of approximately 189 nm at 0.5 uM BF7-ESi. This implies an
approximate hydrodynamic brush height of h = 14 nm. In a separate DLS
experiment, it was found that the hydrodynamic diameter of the free B?7-ES40
diblock, which is dominated by the coil size of the ES4x block, was Dy = 9 + 1
nm. This finding suggests that the ES4 chains of the adsorbed diblocks are
stretched. A similar result was found for polypeptide brushes self-assembled
around DNA.®°

In searching for effective uses of our hydrophilic brush-forming poly-
peptides, we were inspired by a novel single-molecule biosensing platform in
which the mobility of a functionalized micrometer-sized particle tethered to a
functionalized surface is modulated by single-molecule interactions.®'-%3 This
new biosensing platform allows for the continuous monitoring of analytes and
is based on affinity interactions, similarly to, for example, an antibody sandwich
or competition assay. For such a platform, it is essential to completely block
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Figure 3-10. Formation of stable polymer brush on silica particles measured with DLS.
Particle diameter versus concentration of Bf"-E%4. Bare nonporous silica particles were
incubated with increasing concentrations of B*7-E540, and the particle size was measured
by means of dynamic light scattering. Each measurement was repeated three times, error
bars are contained within the size of the dot. The gray dashed line represents the
measured hydrodynamic diameter of bare silica particles.

interaction of the tethered particles with non-functionalized surfaces. As a first
demonstration of the functionality of the self-assembled brushes in a
biosensing application, we demonstrate the effectiveness of the BR-ES4
diblocks in blocking nonspecific particle-surface interactions. It is nonetheless
worth noting that for full functionality of the polypeptides in biosensing, we will
also need to show adequate antifouling against smaller biomolecules and long-
term stability of the brushes. This aspect will be the subject of later chapters.

Blocking of nonspecific interactions by polypeptide brushes formed by B?’-
ES4diblocks on silica nanoparticles and glass slides was tested using a particle
mobility assay, as illustrated in Figure 3-11. The interactions between particles
and surface are directly reflected by the mobility.®* To record the mobility of
micron-sized particles over time, we used dark-field microscopy. The position
of every particle at each frame is localized with an accuracy of about 20 nm
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Figure 3-11. Schematic representation of the particle mobility assay. Particles coated with
biomolecules such as ssDNA, streptavidin, and B~7-ES4 sediment to the surface of the
substrate and show Brownian motion. The mobility and fraction of stuck particles is
influenced by the interactions between particles and surfaces. (a) Schematic of a particle
not interacting with the surface and (b) a particle strongly interacting. (¢) Example of
particle position trajectories recorded over time for multiple particles. The insets show
typical observed trajectories for a stuck and freely moving particle.
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and then reconstructed into a trajectory over time. Silica particles and
magnetic particles with specific modifications are sedimented onto the surface
of coated glass slides and their trajectories are reconstructed. For each
particle, a two-dimensional diffusion coefficient Dzp is determined from the
mean squared displacement, ((7(t + 7) — 7(t))?) = 4D,p7 . By analyzing the
particle trajectories and setting a threshold for the diffusion coefficient, freely
moving particles and stuck particles are distinguished, and percentages are
obtained for particles that ultimately become stuck. Results are given in Table
3-5, for silica and polystyrene particles with various surface modifications, and
for silica surfaces coated with either B*"-ES4 diblock polypeptides or PLL-g-
PEG copolymers, which is the current standard for self-assembled antifouling
brushes. While both Bf"-ES; and PLL-g-PEG coatings are effective in
preventing nonspecific interactions if both the particle and the surface are
non-functionalized, various functionalized particles with biosensing
applications such as ssDNA-, biotin-PEG-, and streptavidin-coated particles
stick stronger to PLL-g-PEG-coated glass slides. In contrast, minimal
nonspecific interactions are found between these functionalized particles and
glass slides coated with BR7-ES4, demonstrating the usefulness of Bf7-ES4 as
a blocker of nonspecific particle-surface interactions.

3.4. Concluding remarks

By comparing the surface binding ability of different arginine-rich silica-
binding peptides B, we have established that in-plane, peptide—peptide
interactions play a crucial role in the formation of adsorbed silica-binding
peptide layers. Presumably thanks to the cooperative nature of the layer
formation by the SBPs B, the self-assembled brushes formed by the B-ESs
diblocks are excellent blockers of various nonspecific interactions.

Table 3-5. Fraction of differently modified particles stuck to differently modified silica
surfaces (%), as obtained from a particle mobility assay.

particle type modification glass modification
BRT-ES40 PLL-g-PEG
silica BRT-ES49 1.3+0.6 38+ 09
silica PLL-g-PEG 1.9+0.6 25+ 0.2
polystyrene ssDNA 1.0+£0.7 25.0+14.6
polystyrene biotin-PEG 1.7+£0.8 126+ 6.0

polystyrene streptavidin 3.2+£1.0 80.1 £ 13.0
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A possible advantage of these polypeptides over other self-assembling
brush systems such as PLL-g-PEG is that our diblock polypeptide can directly
be used as a recombinant immobilization tag for functional proteins. In
addition, we have found that PLL-g-PEG does not perform as effectively as
BRT-ES4 in blocking nonspecific interactions of functionalized particles with
glass surfaces. Nonetheless, further testing is necessary to evaluate the
antifouling properties of our polymer brush compared to PLL-g-PEG. Since
SBPs have been investigated for many types of surfaces, such as plastics and
metals, the recombinant polypeptide approach also appears to be easier to
generalize than the synthetic adsorbing bottle-brush systems.

Our diblocks are also a good starting point for the design of
polypeptides that form brushes with improved salt resistance, as it may be
required for some applications. Stronger attachment of the brushes to silica
could possibly be engineered by arranging for higher binding cooperativity.
For example, elaborating on a previous example of silica-binding ELP
micelles,’” one could try designing triblock polypeptides featuring an
additional “self-assembly” midblock, which could be a more hydrophobic ELP
block. Alternatively, one could try to include multiple binding tags in a linear
topology, although the gain in binding strength should be balanced against an
inevitable reduction in the grafting density of the polymer brush.
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3.5. List of abbreviations

Abbreviation Meaning
AFM atomic force microscopy
DLS dynamic light scattering
ELP elastin-like polypeptide
FdY Friddle-de Yoreo
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HPLC high-performance liquid chromatography
MALDI matrix-assisted laser desorption/ionization
MALDI-TOF MALDI coupled to time-of-flight mass spectrometry
PB phosphate buffer
PBS phosphate-buffered saline
PEG poly(ethylene glycol)
PEG-g-PLL poly(l-lysine)-grafted poly(ethylene glycol)
PEG-g-PEI polyethylene imine-grafted poly(ethylene glycol)
PRe-RDL recursive directional ligation by plasmid reconstruction
QCM quartz crystal microbalance
QCM-D quartz crystal microbalance with dissipation monitoring
SBP solid-binding peptide
SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel
electrophoresis
SMFS single molecule force spectroscopy
TB Terrific Broth
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3.6. Appendix

Table A3-1. Sequences of used synthetic gene fragments

Nucleotide sequence

Amino acid sequence

BR9

BRQ

BRT

ES4x0

cccctctagaaataattttgtttaactttaagaag
gaggagtacatatgcgtcgccgtcgacgecg
gcgcecgtaggtgatgataataattcttcaggatc
cgaattc
cccctctagaaataattttgtttaactttaagaag
gaggagtacatatgcgccagagcagccgceg
gccgecgcecagagcagecgeggecggggg
tgatgataataattcttcaggatccgaattc
cccctctagaaataattttgtttaactttaagaag
gaggagtacatatgcgtacccatcggaaacg
cactcaccgcaaacgcacacaccggaagcg
tacgcatcgcaaggggtgataataataagactt
caggatccgaattc
gaggagatacatatggtcgggagtgcctggat
cgggcgttcctgggtccggagtacctggceteg
ggagtaccgggttctggegttccaggtagtag
cgtcccagggagtggggtacctgggtcgggt
gtaccgggctctggtgtgcctggttcgggagtc
ccaggttccggagtgccaggatcaggcgtac
caggctcaggtgtccctggttcaggagtgccg
ggaagtggggtccctggatctggtgtcccagg
atctggagttccgggatcaggtgtgccagattc
tggagtgcccggatctggggatgectgggage
ggcgtacctggtagtggggttccaggetccgg
tgtacccggatcaggggtaccaggttcaggtgt

acctggatcaggagtcccgggtagtggagtac
cagggtcaggtgttccagggtctggagtccct
ggcagtggtgtaccaggatccggagtcececg
gaagcggtgttcccggtagcggagttccagga
tcgggggtaccggggtcaggagttcctggatc
cggcgtgccaggcageggggtacccggcetce
aggagtacccggttcaggggttcctggttctgg
tgttcctggctgataataatgatcttcaggaattc

RRRRRRRRR

RQSSRGRRQSSRGR

RTHRKRTHRKRTHRKRTHRK

SGVPGSGVPGSGVPGSGVPGSG
VPGSGVPGSGVPGSGVPGSGVP
GSGVPGSGVPGSGVPGSGVPGS
GVPGSGVPGSGVPGSGVPGSGV
PGSGVPGSGVPGSGVPGSGVPG
SGVPGSGVPGSGVPGSGVPGSG
VPGSGVPGSGVPGSGVPGSGVP
GSGVPGSGVPGSGVPGSGVPGS
GVPGSGVPGSGVPGSGVPGSGV
P

*for underlined nucleotides
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Table A3-2. Full amino acid sequences of diblock polypeptide

Amino acid sequence

BF-ES49

BRA-ES,

BRT-ES49

RRRRRRRRRGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG
SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG
SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG
SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG
SGVPGSGVPGSGVPGSGVPGSGVPGSGVP
RQSSRGRRQSSRGRGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG
SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG
SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG
SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG
SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP
RTHRKRTHRKRTHRKRTHRKGSGVPGSGVPGSGVPGSGVPGSGVPG
SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG
SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG
SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG
SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP




A Sticky Tale: biomaterial coatings from modular proteins | 116

120

100

80

60

I"(ng/lcm?)

40

20

1.E-09 1.E-08 1.E07 1.E-06 1.E-05 1.E-04 1.E-03
c(M)

60

50

40

30

I"(ng/lcm?)

20

10

L

1.E-09 1.E-08 1.E-07 1.E-06 1.E-05 1.E-04 1.E-03
c(M)

Figure A3-1. QCM-D data for the adsorption of the SBPs (a) B*?and (b) B*'#. Saturation
adsorbed mass 7"(ng cm?) versus peptide concentration ¢ (M). Blue filled squares:
adsorption in PB buffer; red filed squares: adsorption in PBS buffer. Data was fitted using
Langmuir isotherms (solid lines) to obtain apparent dissociation constants Kqape (M) and
maximum adsorbed masses 7Imax (Table 3-2, main text). Error bars are standard
deviations for > 3 independent measurements.
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Figure A3-2. AFM images in air for SBPs B", Bf?, and Bf™ deposited on clean silica
surfaces from solution (phosphate buffer) at different concentrations. (a) Top row B*T;
middle row BR?; bottom row Bf’#; concentration decreases from left to right. Surface-
induced fibril formation is most pronounced at higher concentrations. (b) 200x200 nm
zoom for BfT at 3.66 mM for region indicated by red square in (a).
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Figure A3-3. (a) Schematic representation of AFM-based force-spectroscopy for SBPs
adhering to silica. Peptides are in red, the PEG27 linker is in green, AFM tip is in yellow.
(b) Average rupture force versus loading rate for all events with < 7 SBPs binding in
parallel (open symbols) and fit to Friddle-de Yoreo model for BR9. (c) Average rupture force
versus loading rate for all events with < 7 SBPs binding in parallel (open symbols) and fit
to Friddle-de Yoreo model for Bf"3Cys. For the fit parameters, see Table 3-2, main text.
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Figure A3-4. Event selection for the measurement of force-extension curves using AFM.
All single-rupture events were fitted to a FJC model, to give a contour length Lc and the
number N of SBPs binding (in parallel) to the surface. (a)-(c) Histograms of contour
lengths. The average contour length and standard deviation are indicated in the figures.
(a) BF"; (b) BR?; (c) B~*Cys. (d)-(f) Histograms of number N of SBPs binding (in parallel)
to the surface. For determining the average rupture force versus loading rate, only events
with N < 7 are used, indicated in grey. (d) B*"; (e) B*?; (f) Bf"*Cys.
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Design of polypeptides self-assembling into antifouling
coatings: applying multivalency

In this chapter, we propose to apply multivalent binding of solid-binding
peptides (SBPs) for the physical attachment of antifouling polypeptide brushes
on solid surfaces. Using a silica-binding peptide as a model SBP, we find that
both tandem-repeated SBPs and SBPs repeated in branched architectures
implemented via a multimerization domain work well to improve the binding
strength of polypeptide brushes, as compared to earlier designs with a single
SBP. At the same time, either the solubility or the yield of recombinant
production is low for many of the designed sequences. For a single design,
with the domain structure B-M-E, both solubility and yield of recombinant
production were high. In this design, B is a silica-binding peptide, M is a highly
thermostable, de novo-designed trimerization domain, and E is a hydrophilic
elastin-like polypeptide. We show that the B-M-E triblock polypeptide rapidly
assembles into highly stable polypeptide brushes on silica surfaces, with
excellent antifouling properties against high concentrations of serum albumin.
Given that SBPs adsorbing to a wide range of materials have been identified,
the B-M-E triblock design provides a template for the development of
polypeptides for coating other materials such as metals or plastics.

This chapter is published as:

Nicold Alvisi, Chuanbao Zheng, Meike Lokker, Victor Boekestein, Robbert de
Haas, Bauke Albada, Renko de Vries; Design of Polypeptides Self-Assembling
into Antifouling Coatings: Exploiting Multivalency in Biomacromolecules 2022
23 (9), 3507-3516
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4 1. Introduction

A key challenge in designing interfaces between artificial materials and
biological materials (foods, body fluids, tissues, microorganisms, etc.) is to
prevent unwanted adsorption and accumulation of biological macromolecules
and microorganisms at the interface."? For solid surfaces, coatings with a
hydrophilic polymer brush can prevent biofouling to a large degree.®* The
brushes can be attached to the surfaces either chemically or via multiple
weaker physical bonds, with both approaches having their own advantages
and disadvantages.?>® The best-known examples of physical attachment of
antifouling brushes are comb polymers with surface-binding main chains and
antifouling side chains, such as the widely used poly(L-lysine)-g-poly(ethylene
glycol) (PLL-g-PEG) graft copolymers with PLL main chains and a high density
of short PEG side chains.®” This polymer is particularly effective for negatively
charged surfaces such as glass.®

For strong physical attachment to a wider range of important solid
materials (metals, plastics, and minerals), solid-binding peptides (SBPs) are a
useful strategy.®® SBPs are short amino acid sequences selected for binding
to solid surfaces, usually with enrichment strategies such as phage display.'%'
Multiple SBPs have been discovered and developed, with binding affinity for
a wide range of materials including oxides,'>'® metals," and plastics.'>""
Despite their application potential, their actual use for immobilizing molecular
cargo to solids is still limited. In fact, the binding of SBPs to solids is not
permanent since their dissociation constants are typically larger than 100 nM,
depending on the solution conditions.

An obvious strategy to engineer stronger binding using SBPs is to
introduce multivalent binding, displaying multiple SBPs on a scaffold structure
(Figure 4-1a, b). A first approach is to use tandem repeated SBPs, connected
directly or via spacers (Figure 4-1a). Hassert et al. reported the development
of a strongly silica-binding peptide (highSP) containing quadruple repeats of
the minimal binding motif of a weaker precursor.'® Cho et al. showed that
triplicate tandem repeats of a ZnO-binding peptide led to stronger and more
stable peptide coatings on ZnO particles than the single SBP.™ Contrarily,
Seker et al. showed that the use of multiple SBPs does not necessarily lead to
stronger binding.?° Recent findings by Bansal et al. suggest that the lack of
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a) c)

Figure 4-1. Multivalent display of SBPs. (@) Linear tandem repeats. (b) Star-like
architectures on scaffold. (€) Brush-forming polypeptides with SBPs as “surface stickers”.
Left: B-E diblock architecture, middle: Bs,-E diblock architecture with tandem repeated
SBPs, right: B-M-E star-like architecture, with oligomerizing middle block M.

improved binding could be due to the fact that the tandem repeated SBPs
cannot simultaneously adopt the optimal spatial conformation for surface
binding.?!

Among the possible scaffold architectures for multivalent display, star-
like architectures have been explored for SBPs (Figure 4-1b).2?2 Tang et al.
reported a 100- fold increase in binding affinity for a tetravalent dendron
exposing hydroxyapatite-binding peptides compared to the monovalent
peptide.® Similar results were reported also for trimeric and tetrameric
dendrons with diamond-like carbon-binding peptides.?* Pentameric dendrons
were also developed in order to mimic phage display.?® Protein-based
scaffolds have also been explored. For example, Terskikh et al. employed the
pentameric assembly domain of the cartilage oligomeric matrix protein to
increase the binding affinity of a synthetic peptide for cell-type specific surface
recognition.?® Similarly, Sano et al. fused a titanium-binding aptamer to the L
chain of ferritin, creating a cage architecture of 24 polypeptide chains with a
1000-fold increase in binding affinity compared to the single SBP.?"

Here, we focus on the physical attachment of antifouling polypeptide
brushes to solid surfaces using SBPs as surface stickers, with the potential to
design self-assembling brushes suitable for a wide range of solid substrates.
Previously, we have reported the design of a protein-based diblock polymer
B-E comprised of a silica-binding SBP block B, and a hydrophilic elastin-like
domain E (Figure 4-1c, left). We showed that these polymers assemble into
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stable hydrophilic brushes on silica surfaces and nanoparticles.?® While the
coatings were relatively stable against prolonged rinsing with phosphate-
buffered saline (PBS), solutions with higher ionic strengths (>0.5 M NaCl) were
still able to displace the adsorbed polymers.

For the design of polypeptide brushes with good resistance to
displacement in a wider range of solvent conditions, we here explore whether
we can employ multivalent SBP binding. Based on the literature on multivalent
binding of SBPs discussed above, we consider both designs B»-E with tandem-
repeated SBPs (Figure 4-1c, middle) and designs B-M-E with star-like
architectures, where M is an oligomerizing domain (Figure 4-1c, right).
Unfortunately, we find that many designs do not satisfy basic prerequisites,
such as simple production and purification, and good solubility. However, we
find that these prerequisites are satisfied by a specific B-M-E design, where M
is a highly stable, de novo-designed, trimer-forming domain. For this design,
we investigate its self-assembly on silica surfaces, the stability of the brushes
it forms, and the antifouling properties of these brushes with respect to bovine
serum albumin.

4.2. Materials and methods

4.2.1. Construction of expression plasmids for polypeptides

For the construction of B.-E diblocks with tandem repeated binding blocks B,
a synthetic gene encoding for B, -ES2 was synthesized by Twist Bioscience
(USA). For n = 1, the block encodes a poly-histidine tag for downstream
purification, the BfT = (RTHRK)s tag, and the linker polypeptide ESx =
(VPGSG)20. For n = 2, the block encodes a poly-histidine tag for downstream
purification, two Bf" = (RTHRK). tags interspaced by a linker ES; = (VPGSG)s,
and the linker polypeptide ES2 = (VPGSG)20. For n = 3, the block encodes a
poly-histidine tag for downstream purification, three Bf" = (RTHRK). tags
interspaced by a linker ES3 = (VPGSG)s, and the linker polypeptide ES2 =
(VPGSG)20. The synthetic fragments were designed to contain the features
needed for PRe-RDL cloning, as described by McDaniel.? The fragment was
digested with BamHI/Acul and ligated into a BamHI/Acul-digested pET-24a(+)
vector containing the ES2 = (VPGSG)20 sequence.

For the construction of B-M-E triblocks, a synthetic gene encoding for
the Bf"-M block was synthesized by Integrated DNA Technologies (Belgium).
The block encodes a poly-histidine tag for downstream purification, the Bf" =
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(RTHRK)4 tag, a linker polypeptide ESs = (VPGSG)s and the multimerization
domains M. The synthetic fragment was designed to contain the features
needed for PRe-RDL cloning, as described by McDaniel.?® The fragment was
digested with BamHI/Acul and ligated into a BamHI/Acul-digested pET-24a(+)
vector containing the ES«0= (VPGSG)40 sequence.

For all constructs, plasmid DNA was transformed into Escherichia coli
DH5a via heat shock. Colonies containing the correct DNA insert were
selected and confirmed by DNA sequencing. Then, the plasmid was
transformed into E. coli T7-Express. The full amino acid sequences of the
polypeptides are reported in Table A4-1.

4.2.2. Protein expression

E. coli T7-Express containing the expression plasmids for the polypeptides
was cultured at 37 °C and 215 rpm for 16 h in 25 mL terrific broth (TB) medium
containing 50 pg mL' kanamycin. The starter culture was inoculated in 1 L of
lysogeny broth (LB) medium containing 50 ug mL" kanamycin and incubated
at 37 °C and 215 rpm until ODeoo > 0.6. When necessary, 0.5% D-glucose was
added. Then, isopropylthio-B-galactoside was added to a final concentration
of 1 mM and cells were incubated overnight at 18 °C and 215 rpm before
harvesting.

4.2.3. Protein purification

Bacterial cells were centrifuged at 6000 rpm for 30 minutes at 4 °C and
resuspended in 30 mL of cold extraction buffer (50 mM Tris pH 8.00, 300 mM
NaCl, 30 mM imidazole). Phenylmethylsulfonyl fluoride was added to the cell
suspension to a final concentration of 1 mM. Cells were lysed via sonication
(Q125 Sonicator, QSonica). The cell lysate was centrifuged for 30 minutes at
30,000 g at 4 °C to pellet the insoluble fraction. Next, the polypeptide was
purified using immobilized metal ion affinity chromatography (IMAC). The
sample was injected in an IMAC column (Bio-Scale Mini Profinity IMAC
cartridge, Bio-Rad Laboratories, USA) and washed with extraction buffer
containing 2 M NaCl to remove DNA contamination. The polypeptide was
eluted with a linear gradient from extraction buffer to elution buffer (50 mM
Tris pH 8.00, 300 mM NaCl, 300 mM imidazole). The purity of the polypeptides
was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE).
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4.2.4. Matrix-assisted laser desorption/ionization-time of flight
analysis
To confirm the size of the polypeptide, its molecular weight was determined
using matrix-assisted laser desorption/ionization mass spectrometry coupled
to time-of-flight mass spectrometry (MALDI-TOF). The spectrum was obtained
using a Bruker UltraFlextreme machine. The sample was prepared following
the instructions provided by the manufacturer.

4.2.5. Circular dichroism

For the circular dichroism measurements, a Jasco Spectropolarimeter J-715
was used. Data were collected and analyzed with Jasco software. For the
sample preparation, the protein was dissolved at a concentration of 0.1 mg
mL™" in PBS pH. 7.4. The solution was sonicated for 10 min to reduce the
presence of aggregates before the measurement. A quartz cuvette with a 1
mm path was used. For the spectrum measurements, the instrument was set
to continuous scanning mode, with a data pitch of 0.1 nm, a scanning speed
of 50 nm min-' and a band width of 2 nm. Each spectrum was accumulated 20
times. For the temperature ramp, the ellipticity was measured at 222 nm while
increasing the temperature of the sample from 20 °C to 95 °C, at 1 °C min™".

4.2.6. Dynamic light scattering

For the dynamic light scattering (DLS) measurements, a ZS-Nano (Malvern,
U.K.) instrument was used. Light scattering was measured at a scattering
angle of 173° at a temperature of 20 °C. The reported hydrodynamic sizes
were obtained using the Zetasizer software version 7.13 (Malvern).
Nonfunctionalized silica microspheres with a diameter of 163 nm were
purchased from Bangs Laboratories (USA). For DLS on B-M-E solutions, the
protein was dissolved in the appropriate buffer (phosphate buffer PB with
increasing concentrations of NaCl). The solutions were filtered using a 0.22
pum filter and sonicated for 10 min to reduce the presence of aggregates
before the measurement. For each sample, continuous measurements were
performed, with the duration of each measurement defined by the instrument.
Each reported hydrodynamic size is the average of 10 measurements. For
measurements on silica nanoparticles coated with B.,-E or B-M-E, the
polypeptide solution and the silica nanoparticles (50 yL, 0.01% v/v) were
sonicated for 10 min. The polypeptide solution was filtered using a 0.22 ym
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filter. Increasing concentrations of protein were incubated with the
nanoparticle solution (total volume 100 yL) for 10 min. For each sample,
continuous measurements were done, each reported hydrodynamic size is
the average of 10 measurements, with the duration of the measurement
defined by the instrument. For the {-potential measurements, the samples
were prepared following the same procedure. A dip cell (Malvern) was used.
Each reported {-potential value is the average of 15 measurements.

4.2.7. Quartz crystal microbalance with dissipation monitoring

The binding of polypeptide to silica was quantified with a quartz crystal
microbalance with dissipation monitoring (QCM-D), using a QSense E4
instrument (Biolin Scientific, Sweden). QCM sensors coated with SiO2 were
obtained from Biolin Scientific and cleaned according to the provided
instructions. For the salt dependency measurements, each sensor was
equilibrated with the appropriate buffer (PB, PBS 150 mM NaCl, PBS + 0.5 M
NaCl, PBS + 1 M NacCl) at a flow rate of 50 yL min-" until a stable baseline was
reached. Bn-E or B-M-E were dissolved to a final concentration of 10 uM and
dialyzed in the previously mentioned buffers. The protein solutions were
sonicated for 10 minutes prior to the measurement. Analysis of QCM-D data
was performed using QSense software (Biolin Scientific). For the antifouling
test, each sensor was equilibrated with PBS at a flow rate of 50 yL min' until
a stable baseline was reached. The SiO, sensors were coated with PLL-g-PEG
(1 mg mL™"), the diblock polypeptide B-E (5 uM) and B-M-E (5 uM) until a stable
value of frequency shift (Af) was reached. Coated and uncoated sensors were
then flushed with a solution of bovine serum albumin (2 mg mL-"). Analysis
of QCM-D data was performed using QSense software.

4.2.8. Atomic force microscopy imaging in air

Atomically flat silica surfaces were obtained by using silicon wafers (Siltronic
AG) with a 2-3 nm oxide layer due to natural oxidation with oxygen in air. Silica
surfaces were cleaned with ultrapure water (MilliQ) and ethanol, and plasma-
cleaned for 5 min. For atomic force microscopy (AFM) imaging, 30 pL of
protein solution were deposited on a cleaned silica surface and incubated for
1 min. After that, samples were gently rinsed with MilliQ water and carefully
dried with nitrogen. Samples were imaged with a Multimode Bruker AFM
(Bruker, USA) using the automatic ScanAsyst imaging mode. ScanAsyst air
tips with a nominal radius <10 nm were used.
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4 3. Results and discussion

In Chapter 3, we found that B-E diblocks with silica-binding blocks Bf"=
(RTHRK)s and elastin-like hydrophilic blocks ESsw = (VPGSG)4o satisfy the
prerequisites of simple production and purification, as well as good solubility
and silica binding.'®?® Therefore, our current designs still employ B as
binding block for silica surfaces and ES4 as hydrophilic brush-forming block.
We designed both B,-E diblocks with tandem repeated binding blocks B (up
to three repeats) and B-M-E triblocks, with oligomerizing mid-blocks M of
different valences m. As oligomerizing blocks M, we selected four naturally
occurring®-% and three highly stable, de-novo computationally designed
oligomerizing domains.** In some cases, the N-terminal of the oligomerization
blocks did not allow for suitable display of the binding block. For these cases,
we used M-B-E triblock designs instead. Finally, we used short ES, sequences
(n = 3-5) as linkers for connecting oligomerization and binding blocks to form
tandem repeats. Designs are listed in Table 4-1. They all feature N-terminal
poly-histidine-tags, were recombinantly produced in Escherichia coli, and
purified using IMAC affinity chromatography. For full protein sequences, see
Table A4-1.

Table 4-1. Overview of tested designs.

oligomerization block M protein design
name origin m type Sequence
Bn-E BRT- ES4
N/A Bn-E BRT-ES3 -BRT -ES49
Bn-E BRT-ES3-BRT-ES3 -BRT-ES4
Foldon® 3 B-M-E BRT- Mfeldon_ES,,
153.50A3 s 3 B-M-E BRT- ES5-I53.50A_FS,,
LSM-a3! § 7 B-M-E BRT- ES3-MSM-a-ES
TRAP32 11 M-B-E MTRAP_ES3-BRT-ESyg
HROOC3_234 3 B-M-E BRT-ES3-MHROOC3 2_FS
HROOC3_234 % 3 B-M BRT-ES3-MHRO0C3 2
ank1C4_2% é 4 M-B-E Mank1C4.2_FS3-BRT_ES 4
1na0C3_3* 3 M-B-E M1ma0C33_ESs-BRT-ES,,
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SDS-PAGE analysis of the expression and purification of the tandem-repeat
designs Bn-E (n = 1-3) is shown in Figure A4-1. We found that the expression
of the tandem-repeat designs decreases rapidly with increasing n. Some
improvement in expression for n = 2 and 3 was found using LB medium
containing 0.5% D-glucose (Figure A4-1b,d,f), suggesting that the expression
at higher n is limited by the toxicity of the polypeptide.3®* QCM-D analysis of
brush formation by B,-E diblocks with n = 1, 2 on silica-coated quartz sensors
showed that the tandem-repeat strategy is effective in improving brush
stability against displacement by high ionic strength solutions (Figure A4-2).
Nonetheless, the tandem repeat designs will not be further explored because
of the problems in the production of these polymers. Instead, we will focus on
employing oligomerizing mid-blocks M with star-like display of the SBPs
(Figure 4-1c, right).

While all designs containing natural oligomerization domains could be
expressed (Figure A4-3), the expression of the constructs with de-novo
designed oligomerization domains was found to be higher (Figure A4-3e, f).
However, preliminary investigations showed that the proteins with the de-novo
designed oligomerization domains 1na0OC3_3 and ank1C4_2 had lower
solubility than the construct with the HROOC3_2 oligomerization domain.
Therefore, we focus our attention on the design BRT-ES3-MHROOCI2ES,,
containing the trimerization domain HRO0C3_2 (PDB 5K7V) designed by
Fallas et al..3* We will subsequently refer to this construct as B-M-E, with the
implicit understanding that the binding block is B = Bf"-ES3, the multimerization
block is M = M'R0032.2 gand the hydrophilic random coil block is E = ES4o.

A schematic representation of the B-M-E triblocks adhering to a silica
surface is shown in Figure 4-2a, with Figure 4-2b showing the experimental
crystal structure of the trimer of M.3* Representative SDS-PAGE results for the
purification process and MALDI-TOF results for the purified triblock are shown
in Figure 4-3. Although a fraction of B-M-E did not bind to the IMAC column,
the protein could be eluted with high purity (Figure 4-3a). To confirm the
correct size of the polypeptide, the purified protein was analyzed using MALDI-
TOF mass spectrometry (Figure 4-3b). We found that the experimentally
determined mass (51.370 kg mol') is equal to the theoretically expected value
(51.363 kg mol") within the error of the measurement.

First, we investigated whether the trimerization domain M still folds
correctly when included in the B-M-E triblock. The domain is extremely stable
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a) b)

Figure 4-2. (a) Schematic representation of the structure of a trimer of the B-M-£ triblock,
with B = BRT-ES;, M = MMROOC3.2 and E = ESx, adsorbed to a silica surface. (b) Crystal
structure of the trimer of MHR0C3-2 (PDB 5K7V), corresponding to a view from the top (C-
terminal side) for the adsorbed B-M-E trimer.
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Figure 4-3. Purification and characterization of B-M-E triblock. (a) SDS-PAGE analysis.
Lane 1: intact cells; lane 2: cell lysate; lane 3: soluble lysate; lane 4: IMAC flow-through;
lane 5: IMAC fractions; lane M: molecular marker. (b) MALDI-TOF spectrum.
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in solution, both at high temperature and in presence of denaturants.®
Furthermore, the secondary structure of the M domain is exclusively a-helical
(Figure 4-2b), even though a large portion of the B-M-E triblock has a
disordered structure. For this reason, if the circular dichroism spectrum of the
B-M-E triblock shows features that are distinctive for a-helical proteins, we can
assume that the trimerization domain M is correctly folded. CD spectra for the
triblock are shown in Figure 4-4a. At 20 °C, the spectrum clearly shows two
negative bands at 222 nm and 210 nm, characteristic of a-helical proteins.3®
We conclude that the trimerization domain M is still correctly folded when
included in the B-M-E triblock.

Next, we investigated the thermal stability of the trimerization domain in
the B-M-E triblock. As shown in Figure 4-4a, heating the protein solution to 95
°C does not drastically affect the features of the spectrum. After cooling back
to 20 °C, the spectrum is similar to the measurement before heating, indicating
a fully reversible behavior and no significant unfolding. The upward shift could
be caused by the partial evaporation of the sample during the heating phase,
with a consequent increase in the protein concentration. As shown in Figure
4-4b, the measured ellipticity at 222 nm increases slightly and monotonically
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Figure 4-4. Analysis of the secondary structure of the B-M-E triblock with circular
dichroism spectroscopy. (@) Molar ellipticity vs wavelength. Spectra were recorded at 20
°C, at 95 °C and again at 20 °C. Solution conditions: 0.1 mg mL™" of protein in PBS, pH
7.4. Data were collected in a cell with a 1 mm path length. (b) Ellipticity at 222 nm plotted
as a function of temperature during a heating ramp (1 °C min™).



137 | Chapter 4. Design of polypeptides self-assembling into antifouling coatings: applying
multivalency

during a temperature ramp from 20 °C to 95 °C, clearly indicating that there is
no unfolding before 95 °C within the timescale of the measurement.

Possibly, the trimerization of the M block could be affected by the
presence of the binding block B at the N-terminus or the random coil block E
at the C-terminus. To investigate this, we first evaluated if the presence of the
binding blocks affects trimerization. To this end, we expressed and purified
the diblock B-M (Figure A4-4). We found that this polypeptide quickly
aggregated in solution after purification. Since the M block, the B block, and
the B-M-E triblocks are soluble in PBS pH 7.4, we conclude that the B and M
blocks co-precipitate in our B-M diblock design. We hypothesize that since the
binding block B is highly cationic (+12) and the trimerization domain M has a
high net negative charge (-24), the observed co-precipitation is likely caused
by strong electrostatic interactions between B and M blocks (see schematic in
Figure A4-5c).

Next, we explored the consequences of electrostatic interactions
between B and M blocks for the self-assembly in solution of the B-M-E
triblocks. Theoretically, the long hydrophilic random coil blocks E should
solubilize the B-M precipitates, in line with previous observations regarding
the use of hydrophilic ELPs for the stabilization and solubilization of
macromolecules.®” Nevertheless, the E blocks may not be able to completely
prevent association of B-M-E trimers in solution. The sizes for B-M-E triblocks
in solution were determined using DLS. Since we hypothesized that B-M
interactions are electrostatically driven, we varied the salt concentration to
establish whether they can be screened by the addition of salt. As shown in
Figure 4-5a, we find that the scattering intensity for B-M-E solutions is highly
salt-dependent, showing a sharp decrease beyond a salt concentration [NaCl]
= 400 mM. As shown in Figure 4-5b, below [NaCl] = 400 mM, using a
distribution analysis of the autocorrelation function, we only detect assemblies
with hydrodynamic diameters Dy = 250 nm. Above [NaCl] = 400 mM, we
observe a slight decrease of the size of the large assemblies. Additionally, we
observe assemblies with a much smaller hydrodynamic diameters Dy = 22 nm
at [NaCl] = 400 mM. For [NaCl] > 400 mM, the scattering intensities
corresponding to the large and small assemblies are similar. Given the strong
dependence of scattering intensity on particle size, this finding implies that at
least at [NaCl] > 400 mM, most of the B-M-E proteins is part of the small
assemblies.

A trimer of the M block has a height of 5 nm and a diameter of 7 nm.
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Figure 4-5. Salt-dependence of self-assembly of B-M-E triblocks in solution. (@) Light
scattering intensity (scattering angle 173°) versus concentration NaCl added to PB buffer
[NaCl] (mM). (b) Distribution analysis of dynamic light scattering data. Open symbols:
hydrodynamic diameter Dk, e (nm) for major peak; closed symbols: hydrodynamic
diameter Dy, e (nm) for minor peak. Solution conditions: 1 mg mL™ protein, dissolved in
10 mM PB pH 7.4 with the indicated amount of NaCl. Dashed lines are guides to the eye.

The hydrodynamic diameter of a single E block is 9 nm.?® Hence, the observed
assemblies with a hydrodynamic diameter Dn =22 nm could likely correspond
to the B-M-E trimers, although this cannot be established with certainty from
the DLS measurements alone. We attempted to separate the putative trimers
from the larger assemblies using size exclusion chromatography (SEC) at a
salt concentration [NaCl] = 500 mM to establish their precise solution
stoichiometry. Unfortunately, we found that the proteins eluted as a single
broad peak covering a range of hydrodynamic sizes (Figure A4-5a). At the
same time, SDS-PAGE indicated that the peak fractions only consisted of the
B-M-E protein (Figure A4-5b). This observation likely indicates that the trimers
are in fast equilibrium with the larger assemblies. Indeed, all SEC fractions
showed the presence of both the larger and the smaller assemblies in DLS.
The interaction of the B-M-E triblocks with silica surfaces was
investigated using monodisperse non-porous silica nanoparticles with a
hydrodynamic diameter Dy =163 nm. As we have shown for the B-E diblocks,
this DLS-based method allows for a straightforward determination of both the
concentration of protein required for a stable adsorbed polypeptide brush and
the brush height.?® Results are shown in Figure 4-6a. The results show that a
protein concentration of ~1 uM is required for the formation of a stable brush.
At lower concentrations, bridging interactions lead to particle aggregation,
resulting in very high scattering intensities and large effective particle radii. At
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Figure 4-6. Interaction of B-M-E triblocks with 163 nm silica particles. (@) Effective
hydrodynamic radius Drert (nm) of the particles as determined using dynamic light
scattering, versus concentration of added protein B-M-E (uM). Long-dashed line
represents the diameter (Dn =163 nm) of the bare silica particles, short-dashed line is a
guide for the eye. Solution conditions: silica particles were dissolved in 10 mM PB pH 7.4
at a concentration of 0.01% v/v. Protein was dissolved in 10 mM PB pH 7.4. (b) Zeta
potential { (mV) of the particles versus concentration of added protein B-M-E (uM).
Solution conditions: silica particles were dissolved in 10 mM PB pH 7.4 at a concentration
of 0.01% v/v. Protein was dissolved in 10 mM PB pH 7.4.
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higher concentrations the bridging interactions disappear, and we measured
a particle diameter of Dn = 220 nm, leading to an estimated brush height h =
28 nm.

Electrophoretic Light Scattering was used to determine the change in
C-potential of the silica particles coated with the B-M-E triblocks. Results are
shown in Figure 4-6b. Consistently with the DLS results, we found that a
concentration of B-M-E of a few uM is required to give rise to a significant
change of the {-potential, due to self-assembly of a polypeptide brush on the
surface of the silica particles. The coating makes the {-potential less negative,
increasing from around -40 mV to around -20mV.

In Chapter 3, we found that binding with a single solid-binding peptide
is not strong enough to resist displacement at higher salt concentrations.?®
This finding was part of the motivation to investigate multivalent SBP binding.
We used a QCM to investigate whether the B-M-E triblocks can still form stable
brushes on silica surfaces at high concentrations of NaCl. The triblock
polypeptide was dissolved at a concentration of 10 uM in PB, PBS, PBS with
0.5 M NaCl and PBS with 1 M NaCl. The kinetics of adsorption of the B-M-E
triblocks at these different salt concentrations on silica were followed via QCM.
Polypeptide solutions were flushed over the silica sensors and after a stable
layer had formed, sensors were rinsed with the various buffers used for layer
formation. Results are shown in Figure 4-7. As expected, a lower ionic strength
of the buffer leads to a stronger QCM signal, but the influence of ionic strength
is not very large: even at 1M NaCl, the QCM signal at saturation for PBS + 1
M NaCl is still = 70% of that for the PB. In addition, prolonged rinsing with PBS
+ 1 M NaCl does not remove the layers formed in the same buffer.

According to the QCM measurements, the B-M-E trimers form stable
layers on silica surfaces, with good resistance against rinsing with both low
and high salt buffers. This observation, however, does not necessarily imply
that the proteins adsorb as expected, with their binding domains B facing the
silica and the elastin-like blocks E facing the solution. One possibility is that
the larger assemblies observed in DLS for bulk solutions adsorb on the silica
and form inhomogeneous layers. To exclude this possibility, we performed
AFM of B-M-E layers adsorbed on silica. Imaging was done in air; the results
are shown in Figure 4-8. We found that after drying, B-M-E layers are very thin
(<10 nm) and homogeneous over large areas of 2 ym x 2 ym. The surface
morphology of the B-M-E layers as observed in AFM is that of densely packed
dots, which we tentatively identify with the trimers. Hence, AFM rules out the
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Figure 4-7. Salt dependence of brush formation on silica for 10 uM B-M-E measured with
quartz crystal microbalance. Frequency shift Af (Hz) versus time t (s) after the start of
injection of 10 uM B-M-E. Buffers used for brush formation and consecutive rinsing are
the following: PB (blue); phosphate-buffered saline (PBS, 150 mM NaCl, orange); PBS +
0.5 M NaCl (yellow); PBS + 1 M NaCl (purple). Rinsing with buffer starts at the change in
QCM signal following the vertical dashed line.
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Figure 4-8. Surface morphology of B-M-E coated silica from AFM in air. Silica surfaces
were coated for 1 min with solutions of 2 mg mL"" of B-M-E in PBS, rinsed, dried, and
imaged in air. (@) 2um x 2 pm; (b) 0.5um x 0.5 pm; () 0.5um x 0.5um silica only (contral).
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possibility that the larger dynamic assemblies observed using DLS in solution
lead to inhomogeneous coatings.

Next to brush stability, the prevention of biological fouling is a key
property for the successful application of adsorbed brushes. As a first step,
we tested the antifouling ability against high concentrations of serum albumin
in PBS pH 7.4. We used PLL-g-PEG polymers as a positive control for self-
assembled antifouling brushes, and we also tested our previously designed B-
E diblock polypeptides. QCM was used to follow the kinetics of brush assembly
on silica-coated quartz sensors. After brush formation, a high concentration of
bovine serum albumin (BSA, 2 mg mL") was flushed on the sensor, followed
by rinsing with PBS. As a negative control, we used a bare silica sensor. QCM
results are shown in Figure 4-9.

For the negative control on bare silica, a strong QCM signal is observed
upon injecting BSA. Only a small part of the adsorbed BSA is removed in the
PBS rinsing step that follows, demonstrating the BSA has adsorbed
irreversibly. The results for the PLL-g-PEG-coated silica sensors are as
expected: the self-assembled PLL-g-PEG brushes effectively prevent the
adsorption of BSA on the silica surface (Figure 4-9a). During BSA injection, a
small decrease in frequency shift is recorded, indicating a small amount of
BSA adsorption on the PEG tails. However, BSA is weakly bound and is
removed again in the subsequent rinsing step. The results for silica sensors
coated with the B-E diblock show that brushes are gradually rinsed off by PBS
(Figure 4-9b). Upon injecting BSA, only a very small amount of BSA adsorbs,
which is removed during the subsequent rinsing step. However, a fair amount
of brush desorption takes place during the BSA injection step. The B-E
brushes are considerably less stable than the PLL-g-PEG brushes with respect
to rinsing with both PBS and BSA in PBS.

Finally, the results for sensors coated with the B-M-E triblock are shown
in Figure 4-9c. At least for this assay, this polymer seems to perform better in
terms of both stability and antifouling properties: changing from PBS to 2 mg
mL'" BSA in PBS hardly influences the QCM signal. Since we do not observe
changes in the signal upon flushing with concentrated BSA, we can also
conclude that all binding blocks B in the B-M-E coatings are properly oriented
toward the silica surface, as designed. In fact, for the weakly bound B-E
diblocks, we observe strong displacement caused by BSA, indicating that the
negatively charged BSA molecules compete effectively with the negatively
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Figure 4-9. Antifouling properties of PLL-g-PEG, B-E and B-M-E polymer brushes
adsorbed on silica surface. QCM frequency shift Af (Hz) versus time t (s) after starting the
injection of the brush forming polymer. At the first dashed vertical lines, we switch to
rinsing with PBS. At the second vertical dashed lines, we inject 2 mg mL-" BSA in PBS. At
the third dashed vertical lines, we switch back to rinsing with PBS. Blue lines: bare silica
negative control; orange lines: with pre-adsorbed polymer brush. (a) PLL-g-PEG brush,
(b) B-E brush, (¢) B-M-E brush.
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charged silica. This also indicates a strong interaction between the B block
and BSA. In the B-M-E coatings, any exposed binding blocks B would have
also led to strong interactions with BSA, which we did not observe.

4.4. Concluding remarks

Our work shows that it is possible to design, produce, and purify self-
assembling polypeptide brushes that harness multivalent binding of SBPs for
attachment to solid surfaces. The number of successful designs is strongly
limited by practical constraints such as polypeptide toxicity, low expression
levels, and low solubility. However, we also show that the design with
sequence BRT-ES;-MHR00C3.2_FS,y has very promising properties, forming highly
stable and antifouling polypeptide brushes on silica surfaces.

Given the initial success of our B-M-E design as antifoulant against
concentrated solutions of BSA in PBS, the following step would be to evaluate
complex biological fluids such as diluted serum. In fact, antifouling behavior
against a single prominent serum protein such as BSA does not guarantee
similar results with a complex mixture of biomolecules.®*% Hence, further
changes to our original design may still be necessary. These modifications
could include changing the length or nature of the E block.

While PLL-g-PEG brushes are already adequate for many applications,
we believe that recombinant antifouling polypeptides may offer advantages for
specific cases. In particular, the B-M-E triblock sequence can be directly used
as a combined adhesion and antifouling tag for displaying proteins on
surfaces. Also, given the wealth of data on SBPs suitable for other surfaces,
we expect it will be relatively straightforward to develop B-M-E triblocks that
strongly adhere to metals and plastics.
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4 5. List of abbreviations

Abbreviation Meaning
AFM atomic force microscopy
DLS dynamic light scattering
IMAC immobilized metal ion affinity chromatography
LB lysogeny broth
MALDI-TOF matrix-assisted laser desorption/ionization coupled to
time-of-flight mass spectrometry
PB phosphate buffer
PBS phosphate-buffered saline
PEG poly(ethylene glycol)
PEG-g-PLL poly(l-lysine)-grafted poly(ethylene glycol)
PEG-g-PEIl polyethylene imine-grafted poly(ethylene glycol)
QCM quartz crystal microbalance
QCM-D quartz crystal microbalance with dissipation monitoring
SBP solid-binding peptide
SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel
electrophoresis
SEC size exclusion chromatography
TB Terrific Broth
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4.6. Appendix

Table A4-1. Amino acid sequences of all constructs

Amino acid sequence

BRT-ES4

BRT-ES;-
BRT-ES49

BRT_ ES 3=
BRT-ES,-
BRT-ES49

BRT_
Mfoldon_

ES4x0

BRT-ES5-

MI53.50A_

ES40

MGSSHHHHHHSSGGSGVPGSGVPGSGVPRTHRKRTHRKRTHRKRT
HRKGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGS
GVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGS
GVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGS
GVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGS
GVPGSGVPGSGVPGSGVPGSGVPGC
MGSSHHHHHHSSGGSGVPGSGVPGSGVPRTHRKRTHRKRTHRKRT
HRKGSGVPGSGVPGSGVPRTHRKRTHRKRTHRKRTHRKGSGVPGSG
VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG
VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG
VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG
VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG
VPGSGVPGSGVPGC
MGSSHHHHHHSSGGSGVPGSGVPGSGVPRTHRKRTHRKRTHRKRT
HRKGSGVPGSGVPGSGVPRTHRKRTHRKRTHRKRTHRKGSGVPGSG
VPGSGVPRTHRKRTHRKRTHRKRTHRKGSGVPGSGVPGSGVPGSGV
PGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGV
PGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGV
PGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGV
PGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGV
PGC
MGHHHHHHGGSRTHRKRTHRKRTHRKRTHRKGYIPEAPRDGQAYVR
KDGEWVLLSTFLSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP
GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP
GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP
GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP
GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG
MGHHHHHHGGSRTHRKRTHRKRTHRKRTHRKSGVPGSGVPGSGVP
GSGVPGSGVPGMKMEELFKKHKIVAVLRANSVEEAIEKAVAVFAGGVH
LIEITFTVPDADTVIKALSVLKEKGAIGAGTVTSVEQARKAVESGAEFIV
SPHLDEEISQFAKEKGVFYMPGVMTPTELVKAMKLGHDILLLFPGEVV
GPQFVKAMKGPFPNVKFVPTGGVNLDNVAKWFKAGVLAVGVGKALV
KGKPDEVREKAKKFVKKIRGATEGSLEGSGVPGSGVPGSGVPGSGVP
GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP
GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP
GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP
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BRT-ES;-
MLSM-a_

ES4x0

MTRAP.
ES4-BFRT-
ES40

M7na0C3_3.
ES;-BRT-
ES4x0

BRT-ES;-
JVJHROOC3 2

-ES40

Mank1C4_2_
E S 3 BRT_
ES40

GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP
G
MGHHHHHHGGSRTHRKRTHRKRTHRKRTHRKGSGVPGSGVPGSGV
PSQRVNVQRPLDALGNSLNSPVIIKLKGDREFRGVLKSFDLHMNLVLN
DAEELEDGEVTRRLGTVLIRGDNIVYISPSGVPGSGVPGSGVPGSGVP
GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP
GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP
GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP
GSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVP
G
MGHHHHHHGGSYTNSDFVVIKALEDGVNVIGLTRGADTRFHHSEKLD
KGEVLIAQFTEHTSAIKVRGKAYIQTRHGVIESEGKKSGVPGSGVPGSG
VPGSGVPGSGVPGRTHRKRTHRKRTHRKRTHRKSGVPGSGVPGSGV
PGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGV
PGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGY
PGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGV
PGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGV
PGSGVPG
MGSSHHHHHHSSGMNLAEKMYKAGNAMYRKGQYTIAIIAYTLALLKD
PNNAEAWYNLGNAAYKKGEYDEAIEAYQKALELDPNNAEAWYNLGN
AYYKQGDYDEAIEYYQKALELDPNNAEAKQNLGNAKQKQGLGSGVP
GSGVPGSGVPRTHRKRTHRKRTHRKRTHRKGSGVPGSGVPGSGVPG
SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG
SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG
SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG
SGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG
SGVPG
MGSSHHHHHHSSGRTHRKRTHRKRTHRKRTHRKGSGVPGSGVPGS
GVPMIEEVVAEMIDILAESSKKSIEELARAADNKTTEKAVAEAIEEIARLA
TAAIQLIEALAKNLASEEFMARAISAIAELAKKAIEAIYRLADNHTTDTFM
ARAIAAIANLAVTAILAIAALASNHTTEEFMARAISAIAELAKKAIEAIYRL
ADNHTTDKFMAAAIEAIALLATLAILAIALLASNHTTEEFMAKAISAIAEL
AKKAIEAIYRLADNHTSPTYIEKAIEAIEKIARKAIKAIEMLAKNITTEEYKE
KAKSAIDEIREKAKEAIKRLEDNRTGSGVPGSGVPGSGVPGSGVPGSG
VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG
VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG
VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG
VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG
VPGSGVPGSGVPG
MGSSHHHHHHSSGMSEDGELLILAAELGIAEAVRMLIEQGADVNASD
DDGRTPLHHAAENGHLAVVLLLLLKGADVNAKDSDGRTPLHHAAENG
HKTVVLLLILMGADVNAKDSDGRTPLHHAAENGHKEVVKLLIRKGADV
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NTSDSDGRTPLDLAREHGNEEVVKLLEKQLGSGVPGSGVPGSGVPRT
HRKRTHRKRTHRKRTHRKGSGVPGSGVPGSGVPGSGVPGSGVPGSG
VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG
VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG
VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSG
VPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPGSGVPG
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Figure A4-1. Expression and purification of polypeptides B,-E with tandem repeated SBPs:
BRT-ES4 (n = 1), BRT-ES3 -BRT -ES40 (n = 2) and BRT-E53-BRT-£53-BRT-ES4 (n = 3). SDS-PAGE
analysis. Lane 1: intact cells; lane 2: cell lysate; lane 3: insoluble lysate; lane 4: soluble
lysate; lane 5: IMAC fractions; lane M: molecular marker. (@) n = 1, LB medium; (b) n = 1,
LB medium + 0.5% D-glucose; (€) n = 2, LB medium, (d) n = 2, LB medium + 0.5% D-
glucose; (€) n = 3, LB medium; (f) n = 3, LB medium + 0.5% D-glucose.
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Figure A4-2. Stability of brushes formed on silica surfaces by Bq,-£ polymers with n = 1
and 2 (BRT-ESi and BRT-E53-BRT-E540). Frequency change Af (Hz) as measured by QCM,
versus time t (s) after injection of polypeptide solutions at a concentration of 5 uM. Buffers
used for brush formation and consecutive rinsing are phosphate buffer (PB, blue),
phosphate buffer saline (PBS, 150 mM NaCl, orange), and PBS + 0.5 M NaCl (yellow).
Rinsing with buffer starts at the change in QCM signal following the vertical dashed line.
(@) BFT-ES40; (b) BFT-E53-BFT-ES40.
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a) b) c)
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Figure A4-3. Expression and purification of triblock constructs B-M-E. (a) SDS-PAGE
analysis of BRT- MPlcon-ES,,. Lane 1: intact cells; lane 2: cell lysate; lane 3: insoluble lysate;
lane 4: soluble lysate; lane 5: IMAC fractions; lane M: molecular marker. (b) SDS-PAGE
analysis of BfT- ESs-M5350A-ESy,. Lane 1: IMAC fractions; lane 2: IMAC flow-through; lane
3: soluble lysate; lane 4: cell lysate; lane 5: intact cells; lane M: molecular marker. (¢) SDS-
PAGE analysis of Bf"- ES3-M-SM-a-ES,. Lane 1: IMAC fractions; lane 2: IMAC flow-through;
lane 3: soluble lysate; lane 4: cell lysate; lane 5: intact cells; lane M: molecular marker. (d)
SDS-PAGE analysis of MTR4P-ES3-BRT-ES,. Lane 1: intact cells; lane 2: cell lysate; lane 3:
soluble lysate; lane 4: IMAC flow-through; lane 5: IMAC fractions; lane M: molecular
marker. (e) SDS-PAGE analysis of Mma0C3-3-£55-BRT_ES,o. Lane 1: intact cells; lane 2: cell
lysate; lane 3: soluble lysate; lane 4: IMAC fractions; lane M: molecular marker. (f) SDS-
PAGE analysis of Ma1C4-2-FS3-BRT_ES,,. Lane 1: intact cells; lane 2: cell lysate; lane 3:
soluble lysate; lane 4: IMAC flow-through; lane 5: IMAC fractions; lane M: molecular
marker.
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Figure A4-4. Expression and purification of B-M di-block construct (BR"-E53-MHR00C32),
SDS-PAGE analysis. Lane 1: IMAC eluate; lane 2: IMAC flow-through; lane 3: soluble
lysate; lane 4: cell lysate; lane 5: intact cells; lane M: molecular weight marker.
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Figure A4-5. Size exclusion chromatography of triblock construct B-M-£ (BRT-£5-
MHROOCS2_FS,4) at high salt. (@) Chromatogram, absorbance at 280 nm versus elution time.
Superose 6 Increase 10/300 GL column; buffer is PBS + 500 mM NaCl pH 7.4; flow rate:
0.5 mL min™"; fraction size: 0.5 mL. (b) SDS-PAGE of fractions P1-A1 (lane 1), P1-A2 (lane
2) and P1-A3 (lane 3). (c) Schematic illustration of the possible electrostatic driving force
for insolubility of B-M diblocks and salt-dependent bulk self-assembly of B-M-E. Only the
B-M part of the triblock is illustrated. Experimentally observed insolubility of the B-M
diblock is likely due to electrostatic association of the positively charged binding blocks B
(charge +12) with the negatively charged trimerization blocks M (charge -24). In the
context of the trimer B-M-E we hypothesize that the same interaction causes the
experimentally observed salt-dependent reversible formation of higher order self-
assemblies in solution.
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Design of antifouling polypeptides self-assembling on gold
surfaces: applying modularity

One of the advantages offered by protein-based coatings is the ability to precisely
control the chemistry and the functionalities included in larger designs. In this
chapter, we explore the modularity of our B-M-E triblock design regarding both the
binding block B and the polymer block E. Using a solid-binding peptide (SBP) with
affinity for gold as a B block, our design can be adapted for the functionalization of
gold surfaces. At the same time, we replace the polymer block E with a zwitterionic
elastin-like polypeptide to tentatively improve the antifouling properties of the
protein-coating. We find that the new gold-coating B-M-E proteins can be
recombinantly produced with high solubility and high yield. Similarly to our previous
silica-binding design, these proteins retain the thermal stability granted by the
trimerization domain M. Our preliminary results also show that the two proteins can
form stable coatings on gold surfaces, with excellent antifouling properties against
high concentrations of bovine serum albumin. Although more thorough testing and
characterization are still needed, our preliminary work proves the modularity of the
B-M-E triblock design.
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5.1. Introduction

In Chapter 3, we compared the surface binding capabilities of three solid-
binding peptides (SBPs) when included in recombinant B-E diblocks. We
selected the B'-tag as a silica binder for our following designs, aiming to
improve the salt resistance of the polymer brush by increasing the binding
cooperativity. In Chapter 4, we showed how multivalent binding of SBPs can
be effectively harnessed for the functionalization of silica surfaces. Whereas
multivalency via tandem repeats revealed many practical constraints, the
design of star-like structures proved to be an effective strategy. Unlike many
tested designs, the polypeptide BR7-ES;-MHR00C3-2-ES,, could be easily produced
and purified, with good expression levels and high solubility. Measurements
performed via Dynamic Light Scattering and a Quartz Crystal Microbalance
revealed that the polypeptide forms brushes on silica surfaces, resisting
displacement at high concentrations of NaCl. Furthermore, the adsorbed
brush displays good antifouling properties against bovine serum albumin
(BSA), comparably to poly(l-lysine)-grafted poly(ethylene glycol) (PLL-g-PEG)
brushes.

In Chapters 3 and 4, the production and screening of different
polypeptides was performed using recombinant DNA technology. We
engineered recombinant polypeptides to include either more functional
peptides at specific locations (SBPs in tandem), or entire protein blocks
(multimerization domain M). In previous chapters, we have suggested that the
design, because of its modular nature, could be exploited for the
functionalization of surfaces other than silica. Since SBPs have been
developed for a multitude of solid surfaces (plastics, metals, etc.), they could
be explored as B blocks for the design of a new recombinant B-M-E triblock.
Thus, to test the modularity of the design with respect to the B block, we here
investigate a recombinant B-M-E triblock adapted for coating gold surfaces.

Gold surfaces are becoming increasingly relevant both in the fields of
biosensing and in biomedical research."* In particular, gold nanoparticles
have been extensively explored due to their biocompatibility, inertness and
tunable chemical and optical properties.>® Gold nanoparticles have been
extensively investigated in plasmon-based sensing, such as label-free single
molecule detection.” Gold is also extensively studied and used in
electrochemical sensing, mostly for the fabrication of nanoengineered
surfaces for electrodes.! Additionally, gold nanoparticles are widely used in
therapy and diagnostic applications, for drug delivery, in vivo imaging
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(computer tomography, photoacoustic imaging) and photothermal therapy.3®
Many diagnostic kits already available on the market make use of gold
nanoparticles, including rapid diagnostic kits for SARS-CoV-2.°

Gold nanoparticles can be functionalized both via covalent and non-
covalent ligands. In covalent bindings, thiol-mediated interactions are the most
common. The sulfur of thiols and thiolated ligands forms a covalent bond with
the gold surface.® This stable, irreversible interaction is often used for the
protection, stabilization and functionalization of gold nanoparticles.* Not all
applications may benefit from covalent bindings, however. A more tunable and
biocompatible alternative is provided by non-covalent interactions, for
example via solid-binding peptides.

Many sequences for SBPs binding to gold have been reported, although
not all of them have been thoroughly characterized. As a model gold-binding
peptide, we focus on the peptide GBP-1 (MHGKTQATSGTIQS). Its physical
and chemical characteristics are well known.'® Unlike many proteins and self-
assembled monolayers on gold, GBP-1 does not contain cysteine residues
and thus cannot covalently bind the gold surface via a thiol link. Nonetheless,
the reported binding strengths are comparable to other thiol-based systems
in agueous environments, even at high salt concentrations.''?> Probable
binding mechanisms seem to involve the polar groups of glutamines, serines
and threonines.’™'* GBP-1 has already been used as a fusion tag in many
protein designs: GBP-1 was included in different biosensor designs for the
detection of hepatitis,’>'® influenza' and SARS,™ but also for enzyme
immobilization,’®?" nanoparticle delivery?>?®* and immunological essays.?*
Nevertheless, our experience with B-E diblocks featuring a single SBP
suggests that the stability of the adhering layers might be suboptimal in many
of these applications. The designs could therefore benefit from increasing the
binding valency. Interestingly, Braun et al. reported that a tandem repeat of 3
GBP-1 sequences shows a much increased binding strength and surface
coverage compared to a single GBP-1.13%

In our original triblock design adapted for silica, we selected a
hydrophilic polymer chain E to evaluate its antifouling properties. This block
showed good antifouling properties against concentrated BSA. Nonetheless,
we anticipate that improved antifouling properties might be necessary in real
life applications and different environmental conditions. For this reason, we
test the modularity of the design with respect to the E block by replacing the
antifouling polymer chain E.
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A successful strategy for the creation of antifouling surfaces involves
zwitterionic polymer brushes. Zwitterionic polymers are electrically neutral
materials that alternate positive and negative charges along their chains. They
have recently been proven to be excellent polymers for reducing non-specific
adsorption at sensing interfaces.?6-2 Zwitterionic protein polymers are also
used in biosensing and nanoparticle coatings.?®>*® Common zwitterionic
antifouling peptides consist of short repeats of the amino acids glutamic acid
(E) and lysine (K)." EK peptides have been successfully introduced into
existing proteins without altering their functionality, improving their stability.%'
In addition, alternated or mixed EK sequences could confer antifouling
properties to solid surfaces and particles.*

In our previous design, the polymer block E was based on the
pentameric motif VPGXG from elastin, in which X can be any amino acid
except proline. In the original E block, the uncharged and hydrophilic amino
acid serine was chosen (X=S). To explore the antifouling properties of
zwitterionic protein brushes, we redesign the E block to contain alternating
positive and negative guest residues X. In our new E block design, aspartic
acid (X=D) and lysine (X=K) are chosen as alternating guest residues, resulting
in the final E block sequence E%o = (VPGDG-VPGKG)20. Lysine was selected,
since the other positively charged amino acids (histidine and arginine) have a
higher affinity for gold and could compete with GBP-1 for surface binding. The
use of aspartic acid was inspired by the zwitterionic polypeptide (ZIPP)
designs synthesized by Banskota et al.®

In this chapter, we test two proteins to evaluate the modularity of our
design towards both the B and the E block. The domain structure of the two
new proteins is BCBP1-ES;-MHROOC32.EX,,  where BC®8F' is the gold-binding
peptide GBP-1, and X = S (serine, uncharged) or Z (zwitterionic). The star-
shaped architecture is maintained in both designs, to introduce multivalent
binding on gold surfaces. We perform a preliminary assessment of the
antifouling properties of the zwitterionic polymer brush compared to the
original E block. Our results confirm our expectations regarding the modularity
of our protein design, with respect to exchanging both the B block and the E
block.
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5.2. Materials and methods

5.2.1. Construction of expression plasmids for polypeptides

For the construction of B-M-E triblocks, a synthetic gene encoding for the
BOGBP-1_-ES3-MHR00C3-2 block was purchased from Integrated DNA Technologies
(Leuven, Belgium). The block encodes a poly-histidine tag for downstream
purification, the B®%"" = (MHGKTQATSGTIQS) tag, a linker polypeptide ES; =
(VPGSG)s and the multimerization domains M"R%C3.2. The synthetic fragment
was designed to contain the features needed for recursive directional ligation
by plasmid reconstruction (PRe-RDL) cloning, as described by McDaniel et
al.3* For our first polypeptide design (B®6F-ES3-MHRO0C32_ES ), the BB 1-ES5-
MHRO0C3.2 block was digested with BamHI/Acul and ligated into a BamHI/Acul-
digested pET-24a(+) vector containing the ES4 = (VPGSG)40 sequence. Four
our second polypeptide design (B®8"-ES;-MHRO0C3-2_.FZ,,) a second synthetic
gene encoding for part of the antifouling E%20 = (VPGDG-VPGKG)10 block was
purchased from Twist Bioscience. The synthetic fragment was designed to
contain the features needed for PRe-RDL cloning, as described by McDaniel
et al.’* Following the PRe-RDL method, the BC¢BP7-ES;-HRO0C32 plock was
digested with BamHI/Acul and ligated into a BamHI|/Acul-digested pET-24a(+)
vector containing the E%» = (VPGDG-VPGKG)io sequence. The resulting
construct was once again digested with BamHI/Acul and ligated into a
BamHI/Acul-digested pET-24a(+) vector containing the EZ2 block to construct
the complete B-M-E ftriblock. For both constructs, plasmid DNA was
transformed into Escherichia coli DH5a via heat shock. Colonies containing
the correct DNA insert were selected and confirmed by DNA sequencing.
Then, the plasmid was transformed into E. coli T7-Express.

5.2.2. Protein expression.

E. coli T7-Express containing the expression plasmids for the polypep-
tides was cultured at 37 °C and 215 rpm for 16 hours in 25 mL Terrific Broth
medium containing 50 ug mL-" kanamycin. The starter culture was inoculated
in 1 L of lysogeny broth medium containing 50 yg mL"' kanamycin and
incubated at 37 °C and 215 rpm until ODsoo > 0.6. Then, isopropylthio-p-
galactoside was added to a final concentration of 1 mM and cells were
incubated overnight at 18 °C and 215 rpm before harvesting.
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5.2.3. Protein purification

Bacterial cells were centrifuged at 6000 rpm for 30 minutes at 4 °C and resus-
pended in 30 mL of cold extraction buffer (50 mM Tris pH 8.00, 300 mM NaCl,
30 mM imidazole). Phenylmethylsulfonyl fluoride was added to the cell
suspension to a final concentration of 1 mM. Cells were lysed via sonication
(Q125 Sonicator, QSonica). The cell lysate was centrifuged for 30 minutes at
30,000 x g at 4 °C to pellet the insoluble fraction. Next, the polypeptide was
purified using immobilized metal ion affinity chromatography (IMAC). The
sample was injected in an IMAC column (Bio-Scale Mini Profinity IMAC
cartridge, Bio-Rad Laboratories) and washed with extraction buffer. The
polypeptide was eluted with a linear gradient from extraction buffer to elution
buffer (50 mM Tris pH 8.00, 300 mM NaCl, 300 mM imidazole). The purity of
the polypeptides was assessed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE).

5.2.4. Matrix-assisted laser desorption/ionization time-of-flight
analysis
To confirm the size of the polypeptide, its molecular weight was determined
using matrix-assisted laser desorption/ionization (MALDI) mass spectrometry
coupled to time-of-flight mass spectrometry (MALDI-TOF). The spectrum was
obtained using a Bruker UltraFlextreme machine. The sample was pre-
pared following the instructions provided by the manufacturer. Data was
processed with the software package FlexAnalysis v3.4.

5.2.5. Circular dichroism

For the circular dichroism measurements, a Jasco Spectropolarimeter J-715
was used. Data was collected and analyzed with Jasco software. For the
sample preparation, the protein was dissolved at a concentration of 0.1 mg
mL" in phosphate buffered saline (PBS) pH 7.4. The solution was sonicated
for 10 min to reduce the presence of aggregates before the measurement. A
quartz cuvette with a 1 mm path was used. For the spectrum measurements,
the instrument was set to continuous scanning mode, with a data pitch of 0.1
nm, a scanning speed of 50 nm min"' and a band width of 2 nm. Each spectrum
was accumulated 20 times.
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5.2.6. Quartz crystal microbalance with dissipation monitoring

A Q-Sense E4 Quartz crystal microbalance with dissipation monitoring (QCM-
D) instrument  (Biolin  Scientific, Sweden) was used to quantify
polypeptide binding to silica. Gold-coated QCM sensors coated with Au were
obtained from Biolin Scientific and cleaned according to the provided
instructions. Each sensor was equilibrated with PBS at a flow rate of 50 uL min-
" until a stable baseline was reached. The Au sensors were coated with B®2"
T-ES3-MHROOC32_FS ., and BEEP-1-ES3-MHRO0C32_EZ,, (10 uM) until a stable value of
Af was reached (35 mins). Coated and uncoated sensors were then flushed
with a solution of BSA (1 mg mL™). Analysis of QCM-D data was performed
using QSense Dfind software v1.2.7.

5.3. Results

Representative SDS-PAGE results for the purification process of the two
triblocks are shown in Figure 5-1. For simplicity, we will refer to our two
polypeptides as B®5”'-M-ES and B®5"'-M-EZ. In both cases, a fraction of the
target protein did not bind to the IMAC column, similarly to previous
observations regarding the silica-binding B-M-E triblock. Nonetheless, B5"'-
M-ES could be eluted with high purity, while B®5*'-M-E? showed the presence
of a few impurities.

To confirm the correct size and purity of the polypeptide B®5*'-M-EZ,
the purified protein was analyzed using MALDI-TOF mass spectrometry
(Figure 5-2). We found that the experimentally determined mass (51.712 kg
mol') is comparable to the theoretically expected value (51.704 kg mol™")
within the error of the measurement. Furthermore, no contaminants could be
detected.

We then investigated if the trimerization domain M can still correctly fold
in the new B®5”'-M-EZ triblock. As mentioned in Chapter 4, the trimerization
domain is extremely stable and exclusively a-helical, even though the gold-
binding B¢8"'-M-EZ triblock is mostly composed of disordered structure.3® For
this analysis, we recorded the circular dichroism spectrum of a version of the
BCBP1-M-EZ triblock in which the EZ block was truncated to only half of its length
(BCBP1-ES3-MHRO0C32.FZ,5) . A preliminary measurement with this truncated
protein would allow us to evaluate the effect of both the gold-binding B¢&">’
block and the E? block on protein folding, reducing the influence of the
unfolded EZ block on the circular dichroism spectrum. Like in Chapter 4, we
assume a correctly folded M domain will yield a circular dichroism spectrum
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Figure 5-1. Purification of gold-binding B-M-E triblocks with SDS-PAGE analysis. Lane 1:
intact cells; lane 2: cell lysate; lane 3: soluble lysate; lane 4: IMAC flow-through; lane 5:
IMAC fractions; lane M: molecular marker. (a) B¢2>'-M-ES; (b) B°2*'-M-EZ.
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Figure 5-2. MALDI-TOF spectrum of B8"'-M-EZ protein.

with features that are distinctive for a-helical proteins. CD spectra for the
truncated the BCB>'-M-EZ triblock are shown in Figure 5-3. At room
temperature (20 °C), the spectrum shows two clear negative bands at 210 nm
and 222 nm, typical of a-helical proteins.® Increasing the temperature of the
sample to 95 °C causes a mild change at the 222 nm band. After cooling down
to room temperature, the measurement is identical to the spectrum before
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heating, indicating full thermal stability and suggesting no significant unfolding.
Similar results were found also for the B®™'-M-ES triblock (data not shown).
We tested the ability of the two B-M-E blocks to adhere to gold surfaces
and prevent biological fouling. QCM was used to assess both the assembly of
polymer brushes on gold-coated quartz sensors and the ability to prevent the
unspecific adhesion of BSA in PBS buffer, pH 7.4. The QCM sensors were first
coated with the gold-binding triblocks and, after brush formation, a high
concentration of BSA (1 mg mL™") was flushed on the sensors. The sensors
were then rinsed with PBS buffer. A bare gold sensor was used as negative
control. The results of this preliminary experiment are shown in Figure 5-4.
For the negative control on bare gold, QCM signal is recorded after the
injection of BSA. Rinsing the sensor with PBS does not result in a change in
QCM signal, showing that BSA has adsorbed irreversibly on the sensor. Gold
sensors can be stably coated with both B®8™'-M-ES and B®"'-M-EZ, as shown
in the first part of the graph: after injection of the protein solutions, the sensors
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Figure 5-3. Analysis of the secondary structure of a gold-binding B¢8”7-M-£Z triblock with
circular dichroism spectroscopy. Molar ellipticity is plotted versus wavelength. Spectra
were recorded at 20 °C, at 95 °C and again at 20 °C. Solution conditions: 0.1 mg mL" of
protein in PBS, pH 7.4. Data were collected in a cell with a 1 mm path length.
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are quickly coated and reach a stable QCM signal. No desorption seems to
take place when the sensors are flushed with PBS solution. These results show
that the B®2”" block can confer gold-binding abilities to our proteins, with good
and stable coverage. It can also be noted that the B°5"'-M-E? coating causes
a larger frequency shift compared to B¢2”’-M-ES. Since the two proteins have
a comparable molecular mass, the recorded difference suggests that the B¢
'-M-E? coating binds with a higher protein density. This hypothesis is
confirmed by the similar energy dissipation recorded for the two coatings,
indicating that the coating hydration is not responsible for the mass difference
(data not shown).

Finally, the assay shows that both ES and E? blocks retain excellent
antifouling properties. Upon injecting the BSA solution, the QCM signals for
both proteins are hardly influenced. The small variations in the recorded
frequency shift can be attributed to the expected signal drift of the QCM
sensor over long measurements.
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Figure 5-4. Antifouling properties of gold-binding B-M-E polymer brushes adsorbed on Au
surface. QCM frequency shift Af (Hz) versus time t (s) after starting the injection of the
brush-forming polymer. At the first dashed vertical lines we switch to rinsing with PBS, at
the second vertical dashed lines we switch to injecting 1 mg mL" BSA in PBS, and at the
third dashed vertical lines we switch back to rinsing with PBS. Blue line: bare gold negative
control, orange line: B®#™'-M-ES, yellow line: BS5™1-M-EZ.
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5.4. Concluding remarks

Our preliminary work proves the modularity of our B-M-E triblock design,
towards both the B block and the E block. While gold surfaces can be
functionalized after replacing the silica-binding SBP with the gold-binding
peptide GBP-1, the hydrophilic E block can also be easily replaced with a
zwitterionic E block. In both cases, exchanging blocks does not negatively
impact the folding and stability of the M block. Furthermore, the antifouling
properties of the polypeptide are maintained with the use of a zwitterionic
protein polymer.

These promising preliminary results are in line with research on
zwitterionic polymers, even though further research is required to evaluate
their antifouling behavior with complex biological fluids (diluted serum or
blood). Changes in the length of the EZ block might be necessary to meet these
conditions and grant sufficient antifouling properties.

The functionalization of gold nanoparticles requires both a highly
antifouling coating and the precise exposition of bioactive moieties in most
applications (theranostics, drug delivery, and photothermal therapy). These
results can be achieved only with good coverage of the gold surface. For this
reason, the coverage and formation of a polymer brush should be better
investigated using Quartz Crystal Microbalance. A thorough analysis is also
necessary to confirm the higher protein density of B°8”'-M-EZ coatings.

The modularity of the triblock design can also be further explored by
adding more functionalities to the protein. For example, proteins tags for the
attachment of cargos (antibodies, probes, and drugs) could be placed at the
C-terminal of the protein to ensure their correct exposition on the surface.
Alternatively, a different set of SBPs could be tested to develop B-M-E
triblocks suitable for other relevant surfaces (plastics and metals). Although
different multimerization domains (M blocks) could be explored in the future,
the results collected in Chapter 4 clearly indicate that finding a suitable
replacement is not a trivial task. Given the positive results obtained with the
current M block, we therefore gauge it unnecessary, albeit technically feasible,
to investigate different molecular architectures.
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5.5. List of abbreviations

Abbreviation Meaning
BSA bovine serum albumin
MALDI-TOF matrix-assisted laser desorption/ionization coupled to
time-of-flight mass spectrometry
PBS phosphate-buffered saline
PEG-g-PLL poly(l-lysine)-grafted poly(ethylene glycol)
QCM quartz crystal microbalance
QCM-D quartz crystal microbalance with dissipation monitoring
SBP solid-binding peptide
SDS-PAGE  sodium dodecyl sulfate-polyacrylamide gel
electrophoresis
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6.1. Introduction

In the Introduction, we described a strategy for the design of a protein-based
molecular architecture for the stable functionalization of biomedically relevant
surfaces. We also introduced the requirements for functionalization, each
presenting their own underlying challenges. Firstly, the architecture should
allow the immobilization of sensing/reactive moieties on the surface of interest.
This requirement is obviously crucial for the development of any surface
functionalization strategy. Secondly, the architecture should allow the proper
orientation of the reactive moieties, and, by consequence, the coating should
properly orient itself on the surface. Proper orientation is necessary to ensure
both retention of functionality and proper surface coverage. Thirdly, the
process should be simple and fast, comprising only a few steps. Ideally, the
surface functionalization does not require pre-treatments, necessitating short
incubation times and no toxic compounds. Finally, the production process
should be scalable in a manner compatible with current technology.

In Chapters 3, 4, and 5, we showed how polypeptide-based brushes can
be effectively used for the functionalization of solid surfaces. In Chapter 3, we
focused on silica surfaces and, upon finding promising yet unsatisfactory
results, we showed how multivalency can be harnessed to increase binding
strength in Chapter 4. The increase in binding strength allowed the
stabilization of the protein coating at high salt concentrations. We showed that
the architecture can be engineered to present antifouling properties
comparable with synthetic polymers within the tested settings. In Chapter 5,
we showed how our multimeric design can be effectively adapted for gold
surfaces while retaining its antifouling properties. Although these results
provide a promising groundwork for the assembly of antifouling protein
coatings on solid surfaces, we did not yet fully reach our aims. In the following
sections, we offer a critical evaluation of the achieved goals in relation to our
proposed strategy, and we discuss possible future developments.

6.2. A ready-to-use antifouling coating

In Chapter 2, we provided an extensive overview on the biomedical
applications of solid-binding peptides (SBPs). Although SBPs have been
included in complex designs in many instances, simple designs featuring an
SBP and a functional domain were tested both in vitro and in vivo with similar
rates of success. However, most designs fail to address a crucial aspect in any
surface functionalization strategy: it is a rather enticing misconception that
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SBPs alone can confer antifouling properties to coated surfaces. As discussed
in section 2.4, the Vroman effect describes the constant competitive
replacement of any adsorbed biomolecule by the proteins contained in
biological fluids. This effect is more marked for non-specifically adsorbed
proteins, but SBP coatings are also subject to this intrinsically inescapable
physical process. Moreover, SBPs might directly interact with the proteins
contained in complex media, resulting in non-specific adsorption. It is
therefore paramount that any adsorption-based coating strategy take these
issues into account, especially for long term and therapeutic applications.

The unwanted adsorption of proteins can be prevented with the addition
of antifouling polymers. For this reason, in Chapter 3 we introduced a
hydrophilic elastin-like polypeptide (block E) to our design. The results of
Chapter 3 and 4 show that this block can impart antifouling properties to
coated silica surfaces against nanoparticles and serum proteins. Similarly, in
Chapter 5, preliminary results show that a B-M-E triblock featuring a gold-
binding B block and a modified E block can form an antifouling coating on gold
surfaces. These proof-of-concept results alone provide sufficient evidence for
the use of our B-M-E design as a protein-based antifoulant. Nevertheless,
further tests are necessary to evaluate possible in vitro and in vivo
applications.

Our diblock polypeptide B-E showed remarkable antifouling properties
in the particle mobility assay described in Chapter 3. In Chapter 4, however,
the same diblock could not prevent the adsorption of bovine serum albumin
on the silica-coated sensors of a quartz-crystal microbalance. The results of
Chapters 3 and 4 highlight a fundamental aspect in the evaluation of
antifouling properties: the testing conditions must resemble the application
conditions as closely as possible. Our tests were conducted in environments
that do not resemble the physiological conditions in which a biosensing
platform might perform. In particular, our coating should be evaluated at
different values of pH (such as those found in saliva and sweat) and in the
presence of more complex solutions (such as diluted serum, whole serum,
and whole blood). Combined with the new antifouling E block introduced in
Chapter 5, these tests could expand the range of possible applications of our
antifouling coating. Moreover, recently designed zwitterionic elastin-like
polypeptides might grant even better antifouling properties under more
challenging conditions.’
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The preliminary results of Chapter 5 strongly indicate that the assembly
of antifouling polypeptide coatings based on the B-M-E design is not restricted
only to silica surfaces. On the contrary, the proper choice of one of the many
available SBP sequences may allow for the functionalization of other
biomedically relevant surfaces. The novelty of a modular design that can be
easily adapted for surfaces with substantially different surface chemistries
cannot be overstated. While our B-M-E design can already be used as
antifouling coating for silica and gold surfaces, future tests should expand the
pool of treatable materials. As previously mentioned in section 2.4, new and
relatively unexplored and important materials such as biodegradable plastics,
nitrocellulose, and absorbable polymers could provide a proof-of-concept for
interesting and farsighted applications. Biodegradable plastics will eventually
need to find a prominent role in laboratory practices given the increasing
amount of evidence against the use of petroleum-derived plastic materials, the
devastating effects of their release in the environment, the growing debate
around restrictions on their use, and the remarkable weight of single-use
laboratory consumables.?® The implementation of functionalization
techniques for biodegradable materials will help define their possible uses and
promote their widespread adoption. Furthermore, adsorption-driven
biofunctionalization could find interesting applications for absorbable
polymers such as surgical sutures. For these intrinsically transient and short-
lived materials, the improved biocompatibility of protein coatings may greatly
outweigh the concerns around their long-term stability.

As a final discussion point, we should evaluate the introduction of
additional functionalities to our current B-M-E design to improve its
biocompatibility. The use of antifouling coatings in biosensing is strictly linked
to better functionality and sensitivity. Additionally, antifouling coatings prevent
the unwanted adsorption of proteins and the formation of pathogenic biofilms
on implanted biomaterials to increase the chance of successful integration.
Since tissue inflammation is linked to implant rejection, our protein coating
could include functionalities that locally reduce the host immune response. For
example, immunoregulatory proteins secreted by parasitic helminths are
known to possess anti-inflammatory properties.® These extraordinary
mechanisms of immune evasion could be integrated into our existing designs
through genetic engineering.
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6.3. The next step: biofunctionalization

In the previous section, we argued that our B-M-E triblock possesses the
necessary features to be used directly as antifouling agent. Such antifouling
coating would already provide sufficient functionalization for a few applications
in biomedicine (such as catheters and bandages) and industrial equipment.
The ability to include more functionalities is therefore crucial for other
biomedical applications such as biosensing. Our protein-based coating offers
three alternative strategies for the controlled addition of biomolecules on
coated surfaces, which are schematically depicted in Figure 6-1: chemical
attachment to unique reactive residues, fusion of polypeptides via genetic
engineering, and attachment via protein tags, either covalent or non-covalent.

The first strategy involves the addition of a unique chemically reactive
terminal amino acid, either natural or unnatural (Figure 6-1a). Cysteine and
tyrosine, among others, can specifically react with various linker molecules,
usually via click reactions. The use of an intermediate linker would allow for
the attachment of various functional compounds, such as other polypeptides,
nucleic acids, and drugs. Given the degree of flexibility granted by this
approach, we have tentatively explored chemical functionalization for our B-E
diblock protein. Our diblock designs from Chapter 3 provide a straightforward
approach for the chemical conjugation of cargo molecules. In fact, the protein
C-terminal is theoretically available for the conjugation of linkers with a precise
stoichiometry (one linker per polypeptide). For this reason, we included a
terminal cysteine in our B-E diblock designs, providing a single reactive
sulfhydryl group in a highly accessible position (Appendix Chapter 4).
Sulfhydryl groups are commonly used in many bioconjugation approaches,
because of their reactivity and stability.”

A common protein labelling strategy is maleimide modification, with the
formation of a thioether bond that is stable at physiological pH.8° As a proof-
of-concept, we first confirmed that the terminal cysteine in the diblock
polypeptide is accessible for functionalization with a methoxy-PEG2000-
maleimide (MPEG2K-MAL, Sigma-Aldrich) polymer, as shown in Figure 6-2.
We then tested a series of linkers for the site-specific conjugation of our
diblock polypeptide to monoclonal antibodies (mAbs). The functionalization of
antibodies often requires site-specific mutations for the addition of unnatural
amino acids or peptide tags.' Since genetic engineering of mAbs is a costly
procedure, we instead explored a bioconjugation strategy that can be readily
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Figure 6-1. Schematic depiction of the proposed biofunctionalization strategies using a
polypeptide-based coating. (a) The addition of a reactive amino acid can be used for the
conjugation of an intermediate linker molecule. The linker can be attached to any
biomolecule of interest. (b) Polypeptides could be directly fused to the coating via genetic
engineering. In this case, entire polypeptide chains (left) or functional domains (right) can
be used. (¢) Protein-based fusion tags could be added to the polypeptide via genetic
engineering. Both covalent (SpyTag/SpyCatcher) and non-covalent (protein G) peptides
can be used.

applied to any mAb. As shown by van Geel et al., the globally conserved
glycosylation site on the Fc domain of antibodies can be enzymatically
trimmed and functionalized with an azido-modified sugar, thus enabling site-
specific click reactions (see Figure 6-3a)."

To preliminarily test the bioconjugation efficiency of an azido-modified
model mAb (trastuzumab), we evaluated if the modified glycan can be
conjugated with a bicyclononyne-PEG2000 polymer (BCN-PEG2K) through a
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Figure 6-2. Bioconjugation of methoxy-PEG2000 (mPEG2K) polymer with diblock protein.
(a) Schematic representation of the bioconjugation reaction between our B-E diblock
featuring a terminal cysteine and mPEG2K. (b) Sodium dodecy! sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis of mPEG2K-maleimide conjugated to B-E diblock
featuring a terminal cysteine. The protein solution was incubated with an excess of tris(2-
carboxyethyl)phosphine (TCEP) to reduce disulfide bridges for 2 hours at 4°C. The protein
was then incubated with 2, 4, 10, 20, and 30 molar equivalents of mMPEG2K-maleimide at
room temperature overnight. Lane 1: B-E diblock; lane 2: 2 equivalents mPEG2K-MAL;
lane 3: 4 equivalents mPEG2K-MAL; lane 4: 10 equivalents mPEG2K-MAL; lane 5: 20
equivalents mMPEG2K-MAL; lane 6: 30 equivalents mPEG2K-MAL. The two black arrows
indicate the band shift resulting from the conjugation.

click reaction. These results are shown in Figure 6-3b. In our bioconjugation
strategy, we tested a series of bifunctional linkers that could react with the
azido-modified sugars on the mAb and the C-terminal cysteine of our diblock
polypeptides (see Figure 6-3c). Since dibenzoannulated cyclooctyne (DBCO)
and BCN probes were successfully tested in antibody-drug conjugates, they
were both evaluated for the reaction with the azido-modified sugar.'"'?
Furthermore, we evaluated the use of 3-arylpropionitriles (APN) instead of
maleimide for cysteine coupling, given their increased selectivity and stability
to hydrolysis in biological environments. '3

Unfortunately, various initial attempts at bioconjugation of mAb and
diblock polypeptide via the aforementioned bifunctional linkers were not
successful. The reasons for the unsuccess are hard to pinpoint. Elastin-like
polypeptides, named block E in our designs, have been extensively used in
similar bioconjugation strategies with a wide range of payloads.™ " |t is
therefore reasonable to assume that the chemical composition of the E block
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Figure 6-3. Bioconjugation of BCN-PEG2000 (BCN-PEG2K) polymer with remodeled
mAb. (@) Schematic representation of glycan remodeling of trastuzumab: the native Ab is
trimmed by an endoglycosidase; next, an azido-modified sugar is attached using a
glycosyl transferase. The azido-modified Ab is then attached to the BCN-PEG2K polymer
via click conjugation. (b) SDS-PAGE analysis in reducing conditions of BCN-PEG2K
conjugated to azido-trastuzumab. Glycan remodeling was performed on trastuzumab with
materials and protocol kindly provided by Synaffix (The Netherlands). The remodeled
trastuzumab was then purified with protein A and incubated with 2, 5, and 20 molar
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equivalents of BCN-PEG2K overnight at 4°C. Lane 1: native trastuzumab; lane 2: azido-
trastuzumab; lane 3: 2 equivalents BCN-PEG2K; lane 4: 5 equivalents BCN-PEG2K; lane
5: 20 equivalents BCN-PEG2K. The two black arrows indicated the minor shift of the band
corresponding to the heavy chain of trastuzumab between native and remodeled mAb. A
small upward shift is visible after bioconjugation. (¢) Chemical structure of the bifunctional
linkers tested for the conjugation of our B-E diblock and azido-modified trastuzumab:
DBCO-PEG4-maleimide (top, purchased from Creative Biolabs, USA) and BCN-PEG4-
APN (bottom, purchased from Conju-Probe, USA).

and the size of the antibody conjugate should not be limiting factors for the
conjugation efficiency. We can nonetheless recognize the solubility of the
polypeptide-linker conjugate as a probable point of attention, especially during
downstream processing. The preliminary results reported here show that
further research might have yielded a successful outcome, particularly since
positive results were achieved by our colleagues in this research project using
the same reaction to couple ssDNA and mAbs." In our case, progress was
deemed too slow to justify further research efforts, and we instead focused
our attention on improving the binding affinity of the polypeptide via
multivalency (Chapter 4). We still believe that this strategy should be
investigated, alongside other promising alternatives.

A second possible strategy for cargo attachment would involve the
direct fusion of the peptides or proteins of interest via genetic engineering
(Figure 6-1b). As amply described in Chapter 2, this strategy was successfully
explored with cell-adhesion motifs, antimicrobial peptides, and enzymes used
as payload for SBP “stickers”. The same microbial production host
(Escherichia coli) can be used, granting ease of manipulation, fast growth, and
low costs. In the specific case of therapeutic immunoglobulin G (IgG)
antibodies, bacterial cells lack the molecular machinery required for the
glycosylation of the Fc region. However, especially for biosensing applications,
bacteria could be utilized for the recombinant production of antigen-binding
fragments, aglycosylated IgG variants, and non IgG antibody formats.'® While
engineering therapeutic mAbs requires substantial economic investments, our
proposed solution would be cheaper, scalable, and applicable in smaller
enterprises of low- and middle-income countries. However, it is worth
mentioning that, unlike the previously described strategy, this method is
restricted to peptides and proteins.

A third strategy for the immobilization of relevant biomolecules would
entail the addition of protein-based fusion tags (Figure 6-1c). Unlike chemically
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synthesized linkers, protein-based tags can be included in our polypeptide
designs at the genetic level with no repercussions on protein production and
purification. These tags could then be used for the selective conjugation of
target biomolecules, either in bulk or on coated surfaces. For example, an
increasingly popular tag system is the SpyCatcher/SpyTag system, in which a
13 amino acid peptide (SpyTag) spontaneously forms an irreversible
isopeptide bond with its 15kDa partner (SpyCatcher).'® This system has been
successfully applied in the synthesis of antibody-enzyme complexes and in
combination with elastin-like polypeptides, suggesting its compatibility with
our protein designs.?2" A major shortcoming of this approach is the required
engineering of both protein conjugates with either SpyTag or SpyCatcher,
which would greatly hinder the use of commercially available mAbs.
Fortunately, in our review in Chapter 2, we reported a system for the capture
of 1IgGs based on the antibody-binding protein G. Proteins G, A, and L are
bacterial proteins that can strongly and non-covalently bind the Fc region of
antibodies and they are routinely used in affinity chromatographic purification
techniques. These proteins could provide a universal tag for the
bioconjugation of antibodies to our protein designs. Alternatively, shorter
peptides derived from protein A, for example, could be used.?®*?® To
summarize, the use of protein-based tags would introduce a second reaction
step in our functionalization strategy while expanding the repertoire of
polypeptides available for bioconjugation.

Finally, although our diblock B-E designs could be used as anchors, the
results of Chapters 3 and 4 highlight that these designs underperform with
regards to binding strength and antifouling properties. Our trimeric B-M-E
design improved both these features, but it does not grant the same precise
control over surface geometry. In fact, while the stoichiometry of a diblock-
conjugate reaction is well-defined, each B-M-E design provides three possible
reactive groups. Hence, the conjugation of a single cargo molecule to a B-M-
E trimer is difficult. In this case, the use of reactive terminal amino acids or
protein tags would nonetheless be a preferrable option in combination with
longer E blocks that could provide sufficient spacing and reduce steric
hindrance. We also believe that the improved stability and antifouling
properties of the B-M-E design certainly outweigh the reduced control over
payload conjugation.
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6.4. The promise of scalability

The design, production, and purification of recombinant proteins is one of the
fundamental aspects of biotechnology. Most biotechnological efforts,
however, are focused on therapeutic compounds, with a clear bias in the
destination of molecular tools, techniques, and funding. Therefore, the needs
of materials science must be met within the boundaries of current
biotechnological knowledge. The polypeptides introduced in the Chapters 3,
4, and 5 presented us with practical challenges that should be taken into
consideration, both in the design of different polypeptides and in relation to
future scalability.

A first point of attention revolves around the synthesis of long DNA
fragments encoding repeated amino acid sequences. Although the
redundancy of the genetic code grants a certain degree of exploitable
flexibility (e.g., Codon Scrambler), this feature is directly at odds with the need
to optimize the codon frequency for increased production vyield.?*
Furthermore, the recognition of unique DNA sequences is a key aspect in most
molecular biology tools (PCR, restriction enzymes, recombination-based
assembly techniques). Fortunately, most hurdles can be effectively tackled
thanks to advanced tools for cloning strategies in silico and molecular
techniques tailored for tandem-repetitive amino acid sequences.? In addition,
the synthetic manufacturing of DNA sequences has greatly improved in recent
years. For these reasons, the synthesis, replacement, and cloning of new DNA
fragments is not a limitation for the modularity of our B-M-E design. As proven
by the preliminary results in Chapter 5, we can safely assume that our cloning
strategy is compatible with the suggestions highlighted in the previous
sections.

The recombinant production of synthetic proteins constitutes another
important step with a significant impact on the scalability of the process. The
scalability of a fermentation process is critical for successful large-scale,
industrial implementations. Industrial scale-up is usually developed starting
with small volumes in a laboratory setting, followed by the stepwise
transferring to larger volumes in industrial bioreactors. The optimization of
technical parameters such as mass transfer, oxygen transfer rate, reactor
geometry, and agitation speed, is studied in bioprocess engineering, and is
thus not in the scope of this thesis. It should nevertheless be remembered that
the production of recombinant proteins with bacterial hosts is a highly
successful and widely adopted strategy with almost 40 years of market
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expertise.?® For the sake of easy scalability, we adopted E. coli as our
expression system.

Aside from the E. coli strain that we utilized in Chapters 3, 4, and 5, we
could consider using different production hosts. For example, E. coli strains
have been engineered to improve the secretion efficiency of overexpressed
proteins and reduce misfolding and protease degradation.?”?® The secretion
of recombinant proteins could also positively influence the cytotoxic effect of
our tandem designs described in Chapter 4. Alternatively, other E. coli strains
have been mutated to create oxidative conditions in the cytoplasm, allowing
for the formation of disulfide bonds required for protein folding.2®3° Finally,
eukaryotic expression systems such as yeasts (Saccharomyces cerevisiae
and Pichia pastoris)®'*2 and plants (Nicotiana benthamiana)®® would provide
yet another cheap and attractive alternative with improved control on
glycosylation.

In Chapters 3 and 4, all the described protein designs could be
produced using E. coli as a host. Still, the ability to produce purifiable amounts
of protein was not deemed as a sufficient prerequisite for production scale-up.
For subsequent physical characterization, we focused on designs with a
consistent protein yield. For both our B-E and B-M-E designs, we could
achieve stable yields of 2-3 mg L' growth medium. The results of Chapter 4
highlight that the net charge of the expressed protein can increase cytotoxic
effects with an obvious influence on the production yield. Our preliminary
results from Chapter 5 indicate that the non-cytotoxic variant of our B-M-E
design adapted for gold surfaces could be produced with yields of 8-10 mg L
' growth medium. Luckily, the optimization of the fermentation process can
attain higher and stable yields even for cytotoxic proteins via different E. coli
strains and improved culture conditions.?® Given the wealth of available
biotechnological tools in this regard, we can assume that our protein designs
are compatible with standardized industrial scale-up processes.

The scalability of protein production is linked to the effective surface
area that can be coated by our polypeptide. During our Dynamic Light
Scattering measurements in Chapter 4, non-porous silica particles could be
stably coated with a concentration of B-M-E polypeptide in the uM scale (see
Figure 4-6). A quick calculation reveals that the total surface area of the silica
particles is = 1.2 * 10 m2. Although full coverage was achieved at a protein
concentration between 1 and 10 uM, we will assume for our calculations that
a 10 uM concentration of B-M-E is needed to fully coat the area. If we assume
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the optimization of the production can ultimately yield 1 g of polypeptide (10
mg L yield, 100 L reactor), the amount would be sufficient to coat a silica
surface of = 24 m?2. We can therefore conclude that 1 g of our protein coating
would be ideal for applications that do not require the functionalization of large
surfaces, such as biosensing cartridges.

The purification of recombinant proteins from the bacterial cytoplasm is
the last relevant step in our production strategy. Based on the necessary level
of purity, protein purification generally relies on a series of chromatographic
techniques applicable both at small and large scale.?® In Chapter 3, proteins
were purified via ion exchange chromatography, while we chose immobilized
metal affinity chromatography (IMAC) for the purification in Chapters 4 and 5.
Although ion exchange chromatography provides greater freedom in the
optimization of its parameters, we opted for the addition of an IMAC-
compatible poly-histidine tag to our designs instead of exploiting the positive
charges on the silica-binding peptides. A poly-histidine tag allowed us to
reliably streamline the purification process for different proteins without
relying on the physical properties of solid-binding peptides. In this way, protein
designs with different solid-binding peptides could be purified without altering
the method used (Chapter 5). This design choice relies on the premise that
the IMAC-tag does not negatively influence surface binding nor the
functionality of the surface coating. In the case of our B-M-E designs for silica
and gold surfaces, this premise was experimentally proved to be correct.
Preventively, the addition of a cleavable peptide sequence could be
considered, to enable the removal of the poly-histidine tag after product
recovery.

The estimation of the costs of recombinantly produced proteins is
heavily dependent on the intended final use. In general, proteins for industrial
use (enzymes for food, cleaning products, and waste management) and
proteins for pharmaceutical use (antibodies, hormones, and vaccines) have
similar manufacturing techniques. Although the production and purity
requirements are more stringent for pharmaceutical proteins, the costs of
production do not account for the drastic difference in retail pricing. In fact,
the difference in price is driven by clinical trials, research and development,
patent constraints, marketing, liability, and return on investment to
shareholders. Proteins for pharmaceutical use have a retail cost on the order
of 107-10° US dollars per kg: since lengthy clinical trials are needed for
commercialization, the time to recoup the initial investment under patent
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protection is short.>* On the contrary, proteins for industrial use have a retail
cost on the order of 10 US dollars per kg.** It is therefore clear that our B-M-E
triblock could provide cheap coating only for uses that do not require clinical
trials such as in vitro biosensing systems. As a measure of comparison, the
retail price range for a synthetic antifouling polymer such as PEG spans from
10 to 108 US dollars per kg for long polymer chains or additional reactive
moieties.353%

6.5. A hopeful outlook: new designs, new sources

The considerations laid out in sections 6.2-6.4 collect and organize most of the
practical output that, by lack of space or relevance, we could not organically
present in the previous chapters. We can now conclude that we have partially
reached our goal and that further research may bridge the current gap. We
have detailed the many possible ways forward, both in biosensing applications
and, more broadly, for surface coatings. We will now focus our attention on
the prospects of this technology in relation to the advancements in the field of
materials science.

The number of architectures studied in this thesis is as limited as it is
serendipitously sufficient to find successful designs. It is therefore desirable
that other protein-based molecular architectures be explored for the self-
assembly of coatings on solid surfaces. While we relied on multivalent display
of solid-binding peptides via multimeric protein blocks, the use of different
protein blocks can provide higher control over the assembly of uniform
coatings. For example, the addition of crosslinking moieties (e.g., tyrosine)
interspersed in the E block could enable the formation of highly stable and
uniform antifouling coatings. Since elastin-like polypeptides present
customizable physical properties and excellent biocompatibility, the rational
manipulation of our E block can open new applications in tissue engineering
and drug delivery.*” Alternatively, the multimerization M block can be replaced
or engineered for the self-assembly of larger structures. Given the exceptional
wealth of protein nanomaterials capable of self-assembling in 1D and 2D
structures, these strategies could be implemented in our B-M-E designs.®

The wealth of data on protein nanomaterials conceals two structural
problems that are delaying the widespread application of such materials.
Firstly, the absence of a database dedicated to protein nanomaterials is a
major obstacle in the design of polypeptides based on previously
characterized architectures or domains. In Chapter 2, we attempted to
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describe an updated and comprehensive overview of the biomedical
applications of solid-binding peptides, including amino acid sequences and
tested applications. Although we hope to have provided a valuable tool for
present and future material scientists, it is obvious that solid-binding peptides
and biomedicine represent but a fraction of the multifaceted and intrinsically
multidisciplinary field of protein design. Many databases are already collecting
data about protein structures (Protein Data Bank) and sequence and functions
(Expasy), while others focus on materials properties (SpringerMaterials).3%4°
The creation of a database dedicated to proteins as molecular building blocks
would introduce a flexible toolbox in the rational design of functional
nanomaterials.

The second challenge lies in current technological limitations. As this
thesis amply demonstrates, the interaction between functional building blocks
is hard to predict in terms of production, purification, yield, folding, stability,
and overall functionality of the resulting polypeptide. The lack of reliable
predictive tools for the abovementioned factors results in a “trial and error”
approach to protein design rather than a rational one. In the short term,
increasing the number of tested designs is the most logical option. As testified
by the success of the biotech company Ginkgo Bioworks, automation of cell
programming accompanied by high-throughput genome engineering will
allow the screening of an increasing number of protein designs in shorter
times. Concurrently, the improvements in computational power and neural
networks will contribute to the development of reliable software for the in silico
screening of new protein materials.

In conclusion, the increasing role of biotechnology in materials science
will provide valuable tools for the synthesis of innovative protein nanomaterials
for the biofunctionalization of solid surfaces. We hope that the findings of this
thesis represent one of the many incremental steps towards reaching that
goal.
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6.6. List of abbreviations

Abbreviation

Meaning

APN

BCN
BCN-PEG2K
DBCO

IgG

IMAC

mAb
mPEG2K
mPEG2K-MAL
PCR

PEG
SDS-PAGE

ssDNA
TCEP

3-arylpropionitriles

bicyclononyne

bicyclononyne-PEG2000
dibenzoannulated cyclooctyne
immunoglobulin G

immobilized metal affinity chromatography
monoclonal antibody

methoxy-PEG2000
methoxy-PEG2000-maleimide

polymerase chain reaction

poly(ethylene glycol)
sodium dodecyl
electrophoresis
single strand DNA
tris(2-carboxyethyl)phosphine

sulfate-polyacrylamide

gel
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Summary

A biomaterial, in its broadest definition, is any synthetic, nonviable material
intended to interact with biological systems. Although rudimentary
biomaterials have existed for centuries as replacements for damaged tissues,
scientists and engineers have only recently unravelled the molecular
requirements for novel biomaterials. In particular, it has become clear that the
interface between solid materials and biological systems plays a fundamental
role in the design of information-rich and dynamic materials. The
functionalization of solid surfaces allows for the creation of biomaterials that
can actively participate and improve the interplay with living components,
drastically expanding the possible applications from implants to diagnostic and
therapeutic tools. As we detail in Chapter 1, however, the modification of solid
surfaces with biocompatible functionalities presents two challenges: the
coating must resist unwanted adsorption of proteins and cells (biofouling),
while maintaining its structural integrity and desired functions. To overcome
these challenges, we explore the potential of polypeptide-based coatings as
molecular tools for the design of novel biomaterial surfaces, focusing on
biosensing applications.

The synthesis of a protein-based coating relies on the use of
functional polypeptide blocks. In our designs, we want to make use of solid-
binding peptides as anchors for the non-covalent adsorption of our protein
coating. Solid-binding peptides have been successfully applied in materials
science in the past decades, as evidenced by the multiple examples in the use
of solid-binding peptides for biomedical applications. In Chapter 2, we first
describe how solid-binding peptides are developed and how they bind to solid
surfaces. We then analyze a selection of successfully implemented molecular
architectures for the functionalization of both naturally occurring (calcium
phosphate, silicates, and ice crystals) and synthetic surfaces (metals, plastics,
and graphene). Although the use of solid-binding peptides still presents
practical constraints, we conclude the chapter with an outlook on possible
advancements and new applications.

In Chapter 3, we assess in detail the silica binding ability of a series
of solid-binding peptides. We then explore the recombinant production of
simple polypeptide diblocks named B-E, where the B block is a series of silica-
binding peptides, and the E block is a hydrophilic elastin-like polypeptide. We
show that the microbial production platform Escherichia coli can be used for
the recombinant production of the designed protein diblocks. We focus on one
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B-E diblock and demonstrate that it can form dense polymer brushes on silica
surfaces and stabilize silica nanoparticles. With a quartz crystal microbalance,
we show that the polypeptide brush can withstand prolonged rinsing, but that
high ionic strength buffers quickly displace the protein diblocks. Finally, we
show that the B-E diblock prevents non-specific interactions between
functionalized particles and polypeptide-coated glass slides.

The concept of multivalent binding for the physical attachment of self-
assembling polypeptide brushes is explored in Chapter 4. To increase the
resistance to displacement in a wider range of solvent conditions, we evaluate
the introduction of multiple silica-binding B blocks both as tandem repeats and
in star-like architectures via an oligomerizing domain M. We find that a trimer-
forming M domain satisfies our production and purification requisites, while
tandem repeats show cytotoxic effects in E. coli. We then proceed with the
characterization of the trimer-forming triblock polypeptide B-M-E. We show
that this protein can self-assemble in stable and homogenous coatings both
on flat silica surfaces and on silica nanoparticles. Finally, we demonstrate the
improved salt resistance and antifouling properties of the resulting polypeptide
brush via QCM.

In Chapter 5, we expand our work on the silica-binding B-M-E
polypeptide by testing the modularity of the design for the functionalization of
gold surfaces. Thanks to recombinant DNA technology, we engineer new B-
M-E polypeptides featuring a gold-binding peptide as B block and a
zwitterionic, antifouling E block. We find that both polypeptides can be
produced and purified similarly to our previous silica-binding B-M-E design. A
preliminary characterization of the triblock reveals that both polypeptides can
stably coat gold surfaces while maintaining excellent antifouling properties in
the tested setting.

This thesis concludes with a general discussion in Chapter 6, where
we present an overview of the findings of this work, including preliminary
results on a click chemistry-based bioconjugation strategy that were not
included in the previous chapters. We first evaluate the potential of our
multifunctional and modular design as antifoulant agent, suggesting further
improvements. We then discuss our strategy for the bioconjugation of
antibodies to diblock polypeptides, with a focus on alternative recombinant
methods for future applications. Successively, we highlight the features of our
production strategy that can warrant the possible scalability of the process.
We conclude by giving a broader overview on the role of biotechnology in
materials science.
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