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RESUMEN

Las proteinas son biomoléculas con una gran diversidad de funciones en
la naturaleza. Pueden ser definidas como pequefias nano-estructuras que
trabajan en las células, ya que son una de las soluciones que la evoluciéon
ha encontrado para realizar tareas en escalas micro y hanométricas, como
transformar materia y energia mediante procesos metabdlicos u otorgar de
estructura a las células. Son biomoléculas especialmente versatiles, cuya

estructura y funcién suelen encontrarse estrechamente relacionadas.

Por todo ello, los cientificos llevan décadas dedicados a disefiar proteinas
nuevas y a modificar y mejorar las proteinas ya existentes. Hay varias
estrategias que pueden seguirse para ello, como el disefio de novo, la
miniaturizacion, el disefio racional o la reutilizacion de proteinas para usos
diversos y diferentes del original. Entre las estrategias de disefio posibles,
el uso de pequefias proteinas modulares se posiciona como una alternativa
eficiente y poco costosa para disefiar la nueva generacion de herramientas
nanotecnolégicas. Mediante el disefio modular se pueden combinar
proteinas como pequefios bloques de construccién, que ademas pueden
ser modificados y funcionalizados para construir herramientas multifuncion,

siguiendo el modelo de una navaja suiza.

Las proteinas de repeticidon son una buena opcion para el disefio modular,
ya que se trata de un sistema simplificado, basado en médulos pequefios,
en el que cada unidad sélo interacciona con los modulos adyacentes.
También se pueden insertar, eliminar o reemplazar médulos manteniendo
la estructura general de la proteina. Una de las familias de proteinas de
repeticion mas estudiadas son las TPR, del inglés ‘tetratricopeptide repeat’,
a partir de las cuales se generé una secuencia consenso (CTPR). Las

CTPR tienen caracteristicas muy interesantes para su uso en ingenieria de
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Resumen

proteinas, ya que de los 34 amino acidos que forman un médulo CTPR soélo
7 son necesarios para mantener el plegamiento correcto, lo que las hace
Optimas para realizar cambios y mutaciones en la secuencia sin alterar la
estructura. Ademas, diferentes modulos se pueden combinar formando una
proteina con distintas funcionalidades. Asimismo, las caracteristicas de las
CTPR han permitido que se usen como base para diferentes biomateriales,

como films de proteina con propiedades Opticas o actividad enzimética.

Los nanomateriales inorganicos, como por ejemplo las nanoparticulas o los
nanocristales fotoluminiscentes, son un avance critico en el control de la
materia en la nano-escala. Desde el comienzo de las ciencias coloidales a
finales del siglo XIX, se ha desarrollado una miriada de nanoparticulas
metalicas con diferentes tamafios, composiciones, formas y propiedades.
La composicién de los nanomateriales metalicos hace que éstos presenten
propiedades interesantes, como por ejemplo electromagnetismo y
actividad catalitica. Estos atractivos hanomateriales pueden combinarse
con biomoléculas, en particular con proteinas, para disefiar hibridos
coloide-biomoleculares, con interesantes propiedades como la
fotoluminiscencia, la radiacion de calor, la conduccién tanto proténica como
electrénica, o la actividad catalitica. La parte proteica a su vez otorga
estabilidad, controla el crecimiento de cristales metalicos ejerciendo de
‘plantilla molecular’, puede ser donador o aceptor de energia y reconoce
otras biomoléculas de manera especifica. Por consiguiente, la combinacién
de nanoestructuras metdlicas y proteinas es una excelente oportunidad
para desarrollar biomateriales y nano-herramientas con buena
biocompatibilidad. En este sentido, el disefio de proteinas para su
conjugacion o coordinacidon con nanoestructuras metalicas tiene objetivos
ambiciosos en campos como la biomedicina (combinar terapia vy
diagnostico, mejorar formulaciones de medicamentos, realizar nuevas
terapias), la Optica (sondas para imagen avanzadas, plasmonica,
12
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sensorica) y el cuidado medioambiental (conversion energética,
biorremediacion, control de calidad, eficiencia industrial). Por todo ello, la
biologia molecular, el disefio de proteinas y la nanotecnologia abren un
nuevo campo en el que las proteinas y los nanomateriales metalicos
pueden ser sintéticamente modificados y disefiados para expandir sus
funciones y dar solucion a problemas en diferentes ambitos, como por

ejemplo el medio ambiente o la biomedicina.

En esta tesis se propone: 1) desarrollar hibridos conjugados de
nanomaterial-proteina, empleando la fotoluminiscencia y el caréacter
metdlico de nanoestructuras como las nanoparticulas y nanocristales
metalicos; 2) disefiar hibridos basados en usar proteinas CTPR
modificadas con residuos que coordinan metales para aplicaciones
especificas en sensérica, imagen y bioelectronica. Para cumplir estos dos
objeticos generales, esta tesis se divide en 5 capitulos en los que se

exploran diferentes usos de los hibridos basados en proteinas CTPR.

En el primer capitulo se expone el marco tedrico en el que esta planteada
la tesis. Se establece laimportancia de las proteinas, como es su estructura
y como pueden modificarse y funcionalizarse para intentar resolver
problemas cientifico-técnicos. También se explora el mundo de los
nanomateriales metalicos y qué relacion tiene con las proteinas, tanto en
la naturaleza como en el laboratorio. Por dltimo, se detalla el origen, la
estructura y las caracteristicas de las proteinas CTPR, centrandose en su

uso como proteina modelo en el desarrollo de nuevos nanomateriales.

En el segundo capitulo se explora el disefio de CTPRs para construir
hibridos  proteina-nanocristal con propiedades luminiscentes.
Anteriormente se habia descrito el disefio de CTPR para formar
nanocristales fotoluminiscentes de oro in situ, en el que la proteina actta

de platilla molecular para controlar el crecimiento y estabilizacion del

13
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nanocristal. Sin embargo, varias preguntas surgen de estos trabajos,
siendo la méas importante el papel que juega la proteina en la aparicion de
la fotoluminiscencia. En el capitulo 2 se aborda esta pregunta usando
técnicas espectroscopicas avanzadas que permiten conocer el mecanismo
fundamental de la emision de los nanocristales, como la espectroscopia de
rayos X basada en radiacion sincrotrén y estudios foto-fisicos basados en
espectroscopia de fotoluminiscencia resuelta en el tiempo. Para ello, se
caracterizan nanocristales de oro no fotoluminiscentes conjugados a
proteinas CTPR dotadas con diferentes residuos de coordinaciéon metalica.
La caracterizacion permite conocer las propiedades Gpticas que emergen
de los nanocristales cuando se conjugan a las proteinas mediante los
residuos de coordinacién apropiados. El trabajo de definir los fundamentos
de la fotoemision en los nanocristales conjugados a proteinas, elaborado
en este capitulo, redunda en una mejor comprensién de estos fenémenos
fotoluminiscentes, un conocimiento Util para el desarrollo posterior de

herramientas basadas en hibridos nanocristal-proteinas.

En eltercer capitulo se inspecciona el uso de hibridos nanocristal-proteina
como sensores ambientales. En él se explicita el disefio de proteinas CTPR
gue pueden formar in situ nanocristales de oro, plata y cobre y se evalGa
su empleo para la deteccion de cambios en pardmetros ambientales como
la temperatura, la deteccion de iones metalicos o la deteccion de especies
reactivas de oxigeno, basado en cambios en su fotoluminiscencia. Entre
los tres tipos de nanocristales metalicos empleados, los nanocristales de
plata detectaron especies reactivas de oxigeno, los de oro fueron los
mejores en la deteccidn de iones metalicos y los tres tipos desempefiaron

una deteccion robusta de la temperatura.

Las capacidades de union a ligando de las proteinas son un atractivo para

aplicaciones biotecnoldgicas, por lo que en el cuarto capitulo se disefian
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y examinan proteinas CTPR con pequefios péptidos afiadidos
genéticamente que cuentan con propiedades de union a diferentes
estructuras celulares. Si ademés se agregan médulos de unién a metales
al disefio, se pueden desarrollar hibridos proteina-nanocristal con
propiedades luminiscentes que pueden usarse como sondas para
identificar organulos celulares de manera correlativa en microscopia éptica
de fluorescencia y en imagen de mapas elementales, como la fluorescencia
de rayos-X (XRF). En este capitulo se evalian diferentes variantes de
hibridos nanocristal-CTPR disefiadas para identificar el ndcleo, la
mitocondria, y el reticulo endoplasmatico utilizando XRF y microscopia
confocal de fluorescencia. Los resultados obtenidos permiten aseverar que
los hibridos NC-proteina son, por un lado, detectables en células utilizando
XRF, y, por otro lado, que pueden emplearse en microscopia de
fluorescencia para identificar organulos como las mitocondrias. Aunque los
resultados obtenidos son preliminares, son un primer paso para el
desarrollo de herramientas de bio-imagen correlativa basada en sondas

proteicas disefiadas para tal fin.

El desarrollo histérico de materiales conductores esté ligado a los metales.
En el quinto capitulo se indaga en el disefio de proteinas CTPR para
producir biomateriales conductores. Para ello se combinan dos estrategias:
la ingenieria de proteinas para conjugar nanoparticulas de oro de manera
controlada en las proteinas CTPR y el auto-ensamblaje dirigido de las
proteinas conjugadas para formar peliculas proteicas. Este enfoque
permite controlar nanométricamente la distribucién de las nanoparticulas
de oro dentro de la pelicula proteica, lo que mejora cuatro 6rdenes de

magnitud la conductividad de este biomaterial.

En conclusion, los estudios realizados en esta tesis son una demostracion

del empleo sinérgico del disefio de proteinas modulares y la sintesis de
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nanoestructuras metalicas para desarrollar nuevas herramientas hibridas

con aplicaciones nanotecnoldgicas en diversos campos.
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SUMMARY

Proteins are biomolecules with a huge role diversity in nature. They can be
defined as miniature nanostructures working inside cells, since they are one
of the solutions that evolution came with for carrying out tasks at micro- and
nano-scales, such as matter and energy transformation thought metabolic
processes or providing structures to cells. Proteins are especially versatile

biomolecules, in which their structure and function are often closely related.

For all this, scientists have been dedicated for decades to design new
proteins, as well as modify and improve the already existing ones. There
are several strategies that can be followed for protein design, such as de
novo design, miniaturization, rational design and protein scaffold
repurposing. Among the possible design strategies, the employment of
small modular proteins is rising as an efficient and cost-effective alternative
to design the next generation of nanotechnological tools. Through modular
design, small proteins can be combined as building blocks that can further
be modified and functionalized to build multifunctional tools, following a

Swiss knife model.

Repeat proteins are a good choice for modular design, since they are a
simplified system, based on small building blocks, in which the modules
only interact with adjacent ones. Modules can also be inserted, deleted and
replaced keeping the overall protein structure. One of the most studied
repeat protein families are the tetratricopeptide repeats (TPR), of which a
consensus sequence was developed (CTPR). CTPR proteins have
interesting features for protein engineering, given that only 7 out of their 34
amino acids per repeat is needed to maintain the correct TPR fold, leaving
plenty of space for changes and mutations of the sequence. Besides,

modules can be combined, building a protein with different functionalities.
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Furthermore, CTPR features have allowed their use as base for different
biomaterials, such as protein films with optical properties or enzymatic
activity.

Inorganic nanomaterials, such as nanoparticles or photoluminescent
nanoclusters, are a critical milestone in the control of matter at the
nanoscale. From the begging in of the colloidal sciences at the end of the
XIX century, a myriad of nanoparticles with different shapes, sizes,
compositions and properties have been developed. The composition of
metallic nanomaterials provides interesting properties, such as
electromagnetism or catalytic reactivity. These attractive nanomaterials can
be combined with biomolecules, particularly proteins, to design colloidal-
biomolecular  hybrids  with  interesting  properties such as
photoluminescence, heat radiation, electronic and protonic conduction or
catalytic activity. The protein half confers stability, templates the
nanocluster growth, can be an energy donor or acceptor and specifically
recognizes other biomolecules. Therefore, the combination of metallic
nanostructures and proteins is an excellent opportunity to develop
biomaterials and nano-tools with good biocompatibility. In this sense,
protein design for conjugation or coordination of metallic nanostructures
has ambitious objectives in fields such as biomedicine (theranostics, drug-
delivery, new therapies), optics (advanced imaging probes, plasmonics,
sensing), and environmental care (energy conversion, bioremediation,
guality control, industrial efficiency). For these reasons, molecular biology,
protein design and nanotechnology open a new field in which proteins and
metallic nanomaterials can be synthetically modified and design to expand
their functions and resolve problems in different scenarios, from

environmental care to biomedicine.

18
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This thesis work proposes two main objectives: 1) developing conjugated
hybrids protein-nanomaterial, employing the photoluminescence and
metallic character from nanostructures such as nanoparticles and metal
nanocluster; 2) design hybrids based on engineered CTPR modified with
metal-coordinating residues for tailored applications in sensing, imaging
and bioelectronics. In order to achieve these two objectives, this thesis work
is divided in 5 chapters in which different uses for hybrid CTPR protein-

nanomaterials are explored.

In the first chapter the theoretical background in which this thesis lies is
exposed. The importance of proteins, how it is their structure, and how can
be further modified and functionalized to solve scientific-technical problems
is established. The world of metallic nhanomaterials and their relationship
with proteins, both in nature and in the laboratory, is also explored. Finally,
the origin, structure and features of CTPR protein are detailed, focusing on

their role as a protein model to develop novel nanomaterials.

In the second chapter, CTPR protein design to build protein-nanocluster
hybrids with photoluminescent properties is explored. CTPR protein design
for in situ growing photoluminescent gold nanoclusters was previously
described, in which the protein templates the nanocluster and stabilizes it
once it is formed. However, several questions arise here, the most
important of them being the role that the protein plays in the
photoluminescent appearance. In chapter 2, this question is tackled using
advanced spectroscopic techniques that deep in the fundamental
mechanism of photoemission in nanoclusters, such as synchrotron-based
X ray spectroscopy and photophysical studies based on time-resolved
photoluminescent spectroscopy. Toward this aim, non-photoluminescent
gold nanoclusters conjugated to CTPR proteins with different metal
coordinating residues are characterized. The characterization allows to

understand and tune the optical properties arising when the nanoclusters
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are conjugated to the proteins by means of the correct choice of
coordination residues. The work developed in this chapter, results in a
better understanding of photoluminescent phenomena in protein-
nanocluster hybrids, a valuable knowledge for further develop of hybrid-
based tools.

In the third chapter, the use of nanocrystal-protein hybrids as
environmental sensors is inspected. Here, the design of CTPR proteins that
stabilize gold, silver and copper nanocrystals in situ is described, and their
use for the detection of changes in environmental parameters such as
temperature, detection of metal ions or detection of reactive species of
oxygen is evaluated based on changes in their photoluminescence. Among
the three types of metal nanocrystals employed, silver nanocrystals
detected reactive oxygen species, gold nanocrystals were the best at metal

ion detection, and all three types performed robust temperature sensing.

The ligand-binding capabilities of proteins are attractive for biotechnological
applications, so in the fourth chapter, CTPR proteins with genetically
added small peptides different cellular structures binding capabilities are
designed and examined. If metal-binding modules are also added to the
design, protein-nanocrystal hybrids with luminescent properties can be
developed and used as probes to identify cellular organelles in correlative
fluorescence light microscopy and elemental map imaging, such as X-ray
fluorescence. (XRF). In this chapter, different variants of nanocrystal-CTPR
hybrids designed to identify the nucleus, mitochondria, and endoplasmic
reticulum are evaluated using XRF and confocal fluorescence microscopy.
The results obtained show that NC-protein hybrids are detectable inside
cells using XRF and they can be employed in fluorescence microscopy to

identify organelles such as the mitochondria. Although the results obtained
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are preliminary, they are a first step for the development of correlative
bioimaging tools based on protein probes designed for this purpose.

The historical development of conductive materials is linked to metals. The
fifth chapter investigates the design of CTPR proteins to produce
conductive biomaterials. Two strategies are combined for this: protein
engineering to conjugate gold nanopatrticles in a controlled way to CTPR
proteins, and directed self-assembly of the conjugated proteins to form
protein films. This approach allows nanometric control of the distribution of
gold nanoparticles within the protein film, which improves the conductivity
of this biomaterial by four orders of magnitude.

In conclusion, the studies carried out in this thesis are a demonstration of
the synergistic use of modular protein design and the synthesis of metallic
nanostructures to develop new hybrid tools with nanotechnological
applications in several fields.
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1.INTRODUCTION
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Chapter 1: Introduction

1.1.Proteins get it done: the elegant evolution solution for working

at the nanoscale

All known living organisms are made of cells, the basic unit of life, which
are self-standing and auto-organized identities. In general, cells have three

main needs:

1. Infrastructure, to have compartments in their cellular interior that can
sustain different chemical environments.

2. Information management, for organizing, replicating, and transmitting
heritable and non-heritable information.

3. Communication, within themselves and the environment for resource
exploitation, survival, and cooperative behavior, which can be

compared with work in a physical sense.

Although many biomolecules can perform several of these roles, generally
speaking, different types of biomolecules have become specialized in each
need: nucleic acids store and encode genetic information, lipids compose
the lipidic bilayer of biological membranes which allows
compartmentalization, and proteins are the biomolecular machines that
perform work in cells, for instance in metabolic networks converting matter
and energy into useful supplies for cells. Evolution through natural selection
is the mechanism that provokes the shape and function of living matter. In
particular, for cells and their components, evolution is to blame for the
structure and machinery, shaping biomolecules under selective pressure
for millions of years!. Thus, proteins are a solution that evolution came with
for working, storing, managing waste and toxins, moving, signaling, and

interacting with the inner cell and outer environment.

Proteins are a type of biopolymers formed by monomers called amino acids.
Amino acids assemble in an array, forming a polypeptide chain. There are
24
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20 natural amino acids encoded directly in the universal genetic code, which
are called canonical amino acids (Figure 1.1), that take part in polypeptide
chains, each one of them with particular features that allow interactions with
other molecules and with the other amino acids in the polypeptide chain in
order to fold properly into a functional protein. Apart from the canonical
amino acids, there are other natural amino acids such us selenocysteine
and pyrrolysine that can be incorporated in proteins, and others that are not
part of proteins, such as the neurotransmitter gamma-aminobutyric acid or
GABA, and synthetic ones that can be chemically engineered to add new
functionalities not seen in nature?. There is usually an intimate relationship
between form and function in the world of proteins, so the amino acids that
make a protein and its structure determine the protein function. As an
example of this delicate relationship, let us look at collagen, a protein
composed of a triple helix. The amino acid glycine appears in every three
residues, which provides a slight kink that favors a rope-like triple-helical
conformation. This particularity stands for collagen robustness, stiffness,
and flexibility, all critical features for its structural function in animal
organisms. However, this rule is not followed by intrinsically disordered
proteins (IDP) and prions, which are proteins without a defined structure.
Although their biological role is still under discussion, some of them present
transient shapes, which could function as reversible signaling messengers

in cells 34,
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Figure 1.1. Canonical amino acids. Scheme with the canonical amino

acids, classified by the charge of their side chains.

Natural proteins are a marvelous source of inspiration for biotechnologists,
since they are nanometric tools that can be studied, redesign, and tinkered
in order to extend their original functions or completely repurpose them. It
is important to take in account the significant role of molecular forces on the
protein folding and their function, such as attraction and repulsion forces
(Van der Waals, steric repulsion, or hydrogen bonds)®. (Figure 1.2).The
aqueous medium in which living matter develops is also influential, since
water interaction with biomolecules is a driving force of the assembly of
many cell components and the formation of different shapes and
assemblies, such as globular proteins or biological membranes®. Moreover,
water molecules can actively participate in long-range water-mediated

contacts and dominate the dynamics of biomolecules’?.
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Figure 1.2. Forces at different scales. Upper: a dog, a fluorescence
image of a HelLa cell and a molecular model of immunoglobulin G (1gG),
correspond to objects in different size scales. All forces shape matter at
these scales, nonetheless, each scale is dominated by a predominant type
of forces, such as gravity and inertia in the macro scale, viscosity at the
microscale, and molecular repulsion and attraction forces in the sub-

nanometer scale.

In conclusion, proteins are versatile biomolecules shaped through evolution
to become the best candidates among biomolecular plans for being the

main workhorse in the nanoscale. Proteins get the cell work done, indeed.

1.2.Hybrid nanomachines: proteins conjugate inorganic molecules

in nature.

The chemistry of life is based primarily on carbon, nitrogen, oxygen,
phosphorus, hydrogen, and sulfur. However, cells often need other

elements to work correctly, some of them as prevalent as calcium or sodium
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or as scarce as molybdenum or selenium. For example, calcium is an
essential element for a myriad of biological functions, from the assembly of
nanostructures that give rise to several cellular architectures (such as the
carbonate structure of diatoms), to being involved in its cationic form in
many critical physiological processes (like muscular movement). Other
examples of cornerstone elements are sodium and potassium, whose
concentrations inside and outside the cell constitute the basis for keeping

an electric potential across biological membranes.

The mechanism in which two molecules (one of them being a biomolecule)
are linked is called bioconjugation. There are many other examples of
bioconjugates in living organisms. Magnetostatic bacteria, for example,
produce magnetic nanoparticles using protein templates for orienting
themselves along Earth’s magnetic field®. Other natural composites, such
as bone or nacre, emerged from self-assembly mechanisms and
hierarchical organization of proteins with inorganic nanostructures. The
wide variety of architectural motifs and functions derived from proteins
combined with inorganic molecules serves as awe-inspiring examples of

complex natural assemblies (Figure 1.3).
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Figure 1.3. Structural diversity from bioconjugate inorganic-organic
assemblies. A) Diatom shells are composed of silica, polysaccharides, and
proteins such as silaffins, which have a crucial role in the biomineralization
process of these microscopic algae. B) Granules from mussel byssi are
composed of proteins containing DOPA groups that coordinate iron and
vanadium, conferring the outstanding anchoring properties to mussels. C)
The magnetostatic bacteria Magnetospirillium magneticum forms magnetite
crystals inside membranous organelles (magnetosomes) that orient them
in geomagnetic fields. D) Mollusca nacre comprises aragonite platelets
interdigitated with elastic proteins like lustrin. This assembly makes the

material resilient and robust.

1.3.0n the importance of metals in biology: natural and artificial

metalloproteins.

Among the trace elements mentioned before, metals are a fascinating and
commonly occurrent group that is essential to perform structural and
precise chemical work within living organisms (Figure 1.4). Proteins often

present amino acids with specific chemical groups to coordinate and
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interact with metals located in structural pockets!'2, In particular, enzymes
are a type of proteins involved in performing chemical work, and often,
enzymes require other elements (i.e., inorganic cofactors) for correct
functioning. For example, iron-sulfur clusters are necessary for the redox
reactions that permit the electron transfer in mitochondria and chloroplasts,
and require being deeply buried in the protein to avoid interaction with the
aqueous medium®®, Enzymes that present metal ions as cofactors are
called metalloenzymes, and in general, proteins that bind metals are so-

called metalloproteins.

Natural proteins can bind to different metallic elements, such as zinc, iron,
copper, cobalt, magnesium, or nickel**. Biological functions carried out by
metalloproteins depend on the correct choice of metal, the number of
metallic atoms and its geometry, as well as the ligands that coordinate it
into the protein core (the so-called first sphere of coordination) while the
surrounding protein residues that fine-tune the environment around the
metal center configure the second coordination sphere®®, that expand on
functional capabilities such as redox potential, pH sensitivity or charge
distribution. Among the functions native metalloproteins perform both in vivo
as well as in vitro are hydrolysis, oxidoreduction, peroxidation, or reduction
(among other catalytic activities) of metabolic substrates, as well as gene
management and expression. Remarkably, molecular biology combined
with physicochemical nanoscience open a new field in which proteins and
inorganic nanocomposites can be synthetically engineered to expand new

functions and fulfill old and novel needs alike.
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Figure 1.4. Proteins coordinating metals. Proteins can coordinate
different metals such as Ca in calcite in the case of osteocalcin (blue
protein), V in the case of vanadium peroxidase (grey), Fe for the formation
of magnetosomes by MamC (purple), ceruloplasmin coordinates Cu (green
protein), and sea algae use Cd with cadmium carbonic anhydrase (red

protein).

Putting proteins aside, the development of metallic hanocomponents has
been a critical milestone in controlling matter at the nanoscale. Since the
beginning of colloidal science, originated from the studies on the interaction
of gold nanoparticles with light carried out by Michael Faraday*®, a plethora
of metal nanoparticles with different metallic compositions 7, shapes®19,
sizes?°, and properties'’?%22 have been developed. Metals and metallic
derivatives stand as an important source of physicochemical reactivities
and phenomena, in the form of catalysis or a wide range of electromagnetic
properties. Moreover, these attractive nanomaterials can be combined with
biomolecules, particularly metalloproteins, to design hybrid colloidal-
biological molecules with properties given by the metallic nanocomponent,

such as photoluminescence, heat radiation, electronic or protonic
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conduction, magnetism, plasmonic resonance, or catalytic activity. In
contrast, the protein can act as a template, tune the growth of the metallic
crystal, recognize other biomolecules or take an active role as donor or
acceptor of energy (photons if the protein is photoreactive, or electrons if it
has catalytic or conductive properties). Thus, combining both the inorganic
and protein elements in the design of biomaterials is an excellent
opportunity to establish new nanotechnology with enhanced
biocompatibility. In this sense, careful protein design for metal coordination
or conjugation is becoming an exciting activity, with ambitious objectives in
socially-impacted fields such as biomedicine (drug-delivery?®, theranostic?*,
therapy?®), optics (improved imaging technigues?®, plasmonics?’, sensing??)
and environmental care (energy conversion?®, bioremediation?®, quality

control®®, industrial efficiency?®?).

Inorganic nanomaterials are not the only engineerable objects in the
nanoscale. Molecular biology and biophysics have made possible to not
only rely on natural proteins, but also design them. Scientists have made
use of several strategies for the design of metalloproteins. De novo design
is one of the most common strategies followed®?33, in which a protein is
constructed from scratch using computational or first-principles
approaches. However, it is a time-consuming strategy and challenging to
implement in complex proteins, especially when tackling protein stability or
allosteric functions®4. Nature has been an excellent source of inspiration for
developing artificial metalloproteins, so the redesign of native protein
scaffolds is another exciting strategy that highly constricts the degrees of
freedom, setting a more approachable option. For example, ferritin is a
natural protein implicated in the transport and storage of iron® but has been
redesigned to bind other metals and thus be a biomolecular template for the
growth of metallic nanoparticles®?’. Natural scaffold redesign is a safe

option when exploring the stability constraints, since some particular
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structures seem to have a higher tolerance to mutations without changing
their fold, which could explain their ubiquity across protein families with
diverse functions and origins®®3°. This approach has been used for
developing multiple metalloprotein functions, such as storage and
transport®’, sensing®!, or catalysis*?*3, Another exciting strategy consists of
miniaturizing the protein system**, since simplifying the protein scaffold aids
in the protein fold and stability, a strategy that has been implemented, for
example, in the design of iron-sulfur metalloproteins®®. Furthermore,
combining these design approaches with other techniques, such as
molecular biology and chemical biology, allows site-directed mutagenesis
to introduce non-natural or non-coded amino acids and to use non-native
metal choices, enlarging the repertoire of natural functions*4’. For
example, a zinc finger protein with a non-canonical citrulline that modifies
its avidity for A-T base pairs®®, or the modification of heme groups in

myoglobin for the degradation of industrial dyes*.

The metallic nature of metalloproteins also bears advantages in their
characterization. Characterizing the metal part of metalloproteins is crucial
in a goal-oriented protein engineering process. The protein engineer must
direct their efforts towards the metal center and the coordination spheres to
develop a functional protein that meets the requirements imposed in the
design process®°%°%1, Several metal-based spectroscopic and imaging
techniques can be used, such as XPS, ICP, XRF, or XAS®2®, The
combination of these techniques provides information about the elemental
composition, amount, localization, and chemical species determination of

metals inside a biological sample, such as cells.

Other aspects related to the size and nature of proteins have to be
considered when approaching protein design. A protein has different
structural conformations, and significant thermal fluctuations or signals from

the immediate environment direct the switching between those structural
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conformations (for example the conformational changes upon ligand
binding). However, proteins have to be sufficiently robust to maintain its
integrity and structure when enduring the average thermal fluctuations of its
medium. In general, and always dependent of their biological role, proteins
need intrinsic stabilization via residue contacts, but not as many that they
cannot switch between conformations. The hydrophobic effect plays a
significant role in providing internal stabilization, directing the organization
of the water molecules towards the hydrophilic residues and relegating the

hydrophobic residues to the core of the protein, driving the protein folding®>*.

Currently, one of the main problems in the protein field is the so-called
protein folding problem®, which questions first how an amino acid
sequence encodes a specific 3D conformation among all the possible
conformations, and second, how proteins fold so quickly (usually from
microseconds to seconds®®-%8). The concept of the folding funnel®®° or its
more modern form, the folding energy landscape®, visually explores the
conformational kinetic pathways that a polypeptide chain navigates to fold
in a particular structure or the energetic barriers present between the
possible structural conformations. Some conformations are preferred
because they have an energy minimum, which appears in the energy
landscape as a pit or funnel. Using computational methods for defining
folding funnels and optimizing those conformational pathways has proved
helpful in the de novo design of protein sequences®?. In the near future, the
possibilities of designing proteins may expand immensely as the protein
folding problem is tackled with the help of artificial intelligence (Al) and
machine learning (ML). For example, several neural networks trained with
the protein structures deposited in the Protein Data Bank (PDB)®® can now
predict the structure that a particular amino acid sequence will yield®4°. As

these computational technologies further develop in the future, the design
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of proteins based on Al or ML-suggested folds and sequences would be an

exciting new venue for biotechnologists working across all fields®¢-¢8,

The new takes on protein engineering with computational power are
promising and have already yielded thrilling protein designs; however,
ditching de novo design and focusing on more accessible approaches can
be genuinely beneficial in cost and efficiency. The use of small protein
modules arises as a more straightforward and reachable alternative for
designing the next generation of protein tools. Modularity has been widely
used in many engineering fields as an intelligent strategy to make complex
systems manageable and decrease production costs®®, also appearing in
natural protein assemblies for the same reasons (i.e., viral capsids’®, RNA
binding proteins’, or enzymes’?). With a modular approach, small protein
building blocks can be tinkered, combined, and functionalized to develop

different protein tools.

Repeat tandem proteins appear in genomes due to episodes of genetic
duplications, in which the segments can later diverge to accommodate new
functions”™ (Figure 1.5). Repeated domains are observed in 50% of
proteins, with a much higher occurrence in eukaryotes’. This natural
phenomenon can be replicated synthetically to design repeat tandem
proteins. Consensus protein design has been helpful for the design of
repeat proteins’. In this approach, the sequence alignment allows
identifying the conserved amino acids and the space between them that
define the fold. This technique has the advantage of quick identification of
beneficial mutations; however, it can be difficult to avoid the phylogenetic
bias accompanying evolution and the diversity of that particular set of
homologous proteins’. One of the most critical advantages is that modules
in repeat proteins interact only with their neighboring repeats in the protein
array, narrowing the complexity of the long-range contacts that contributes

to define the fold in globular proteins. Moreover, repeat units can be
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inserted, deleted, or replaced with other units, and the overall protein
structure will be maintained as long as the units interact by compatible
interfaces between them. In particular, designed repeat proteins appear as
an exciting choice to display custom metal coordination sites.
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Figure 1.5. Repeat protein families. The number (;f annotated chains
within the Known Protein Repeat Families group, the abbreviations
correspond to the structural repeat motifs named, from left to right: ankyrin
(ANK), armadillo (ARM), HEAT, pumilio, protein prenyltransferase alpha
subunit (PFTA), protein prenyltransferase beta subunit (PFTB),
tetratricopeptide repeat (TPR), parallel beta-helix 1 (PBH1), hemopexin-like
repeats (Hemopexin), Kelch repeat (Kelch), WD-40 or beta-transducin
(WD), low-density-lipoprotein receptor (LDL-receptor), left-handed beta-
helix (LbH), leucine-rich repeats (LRR). Taken from the Database of
77

Structural Repeats in Proteins or DbStRiPs
(https://bioint.iiit.ac.in/dbstrips/stats.html).
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Several well-known repeat protein families have been engineered using the
consensus protein design approach, such as ankyrins (ANK)’8, armadillo
repeats (ARM)"®8, leucine-rich repeats (LRR)®, or tetratricopeptide
repeats (TPR)™ (Figure 1.6). The latter presents a robust protein scaffold
and interesting features for protein modification, thus being an exceptional
choice for protein engineering without the cumbersome protein stability

problem discussed before.

ARM ANK

Figure 1.6. Repeat protein scaffolds. A) Repeat proteins are arrays of
building blocks with the same motif repeated, similar to Lego blocks
assemblies. B) some of the most common repeat motifs in nature are HEAT
repeats (orange), TPR repeats (green), Armadillo repeats (yellow), and

ankyrin repeats (blue).

1.4.CTPR proteins as an ideal model for protein tinkering.

CTPR (consensus tetratricopeptide repeat) are small repeat proteins
designed from the alignment of sequences from the TPR (tetratricopeptide

repeat) family. The TPR structural motif is a well-established protein fold
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consisting of 34 amino acids in which only seven residues hold the key to
maintaining the chain’s helix-turn-helix identity, forming a completed a-
solenoid when the array has eight repeats. The TPR family is implicated in
protein-protein interactions, serving as natural scaffolds that guide
interactions between different protein domains. For example, the
Hsp70/Hsp90 organizing protein (Hop) carries three TPR domains with 3
repeats each, one of which binds the C-terminal region of Hsp70 while the
other TPR domain binds the C-terminal of the Hsp90 protein®. Other
proteins that carry natural TPR domains in their structures are nucleoprotein
TPR (a component of the nuclear pore complex) or even sensing proteins

on charge of bacterial immunity®:,

The consensus TPR sequence obtained is an ideal building block that can
be genetically combined in tandem to establish arrays with a superhelical
structure, forming a CTPRn in which n stands for the number of repeats in
a given array. The TPR fold in CTPR proteins is maintained by the action
of 8 conserved hydrophobic residues involved in the inter- and intra-repeat
interactions that give rise to the overall protein structure. This aspect opens
the door for virtually substituting the other non-conserved 26 amino acids in
the CTPR sequence, which in combination with the possibility of modifying
each of the repeats in the CTPRn array unveils a perfect opportunity for
designing novel functionalities and ligand-binding capabilities in an
engineered protein platform, while maintaining a predictable and stable
protein fold (Figure 1.7). In fact, this approach has been already employed
for the development of different CTPR-based materials, that were
bioconjugated with different molecules such as single-wall carbon
nanotubes (SWCNTS) or porphyrins®, as well as the formation of ordered

CTPR protein films with optical®® or enzymatical activity®.
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Figure 1.7. CTPR proteins are versatile for different applications. A)
CTPR module consists of 34 amino acids forming a helix-turn-helix
structure. The conserved residues are shown in green. B) Using CTPR
modularity and versatility, we can create a toolbox of different functionalities
that can be combined to form tailored bionanomachines.

1.5.General Objectives

Inspired by both natural or synthetic metalloproteins and repeat proteins,
this thesis aims to develop hybrid protein-metal conjugates exploiting the
photoluminescence and metallic character of metal nanostructures, and
apply them in sensing, imaging, and bioelectronics. The design approach
uses consensus-designed tetratricopeptide repeats modified with metal
coordinating residues. In previous works, engineered CTPR proteins with
metal coordinating residues have been thoroughly employed to in situ
template photoluminescent NCs88 and quantum dots®. However, more

in-depth work is needed in understanding the physicochemical nature of the
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photoluminescence from protein-metal nanoclusters, as well as an

exploration of possible applications of such hybrid protein-metal

biomaterials. Therefore, the stated hypothesis is that repeat proteins can
be finely engineered in conjugation with metal nanoelements for their use
in tailored applications. In particular, this thesis work focuses on using

CTPR proteins, which are simple modular repeat protein blocks, to

coordinate metallic nanoelements such as metal nanoclusters and gold

nanopatrticles following these objectives:

1. Design of stable nanocluster-protein hybrids with optimized
luminescent properties. Scaffolding of multiprotein complexes is the
most common function of TPR proteins in nature®. Since the first design
of a consensus TPR (CTPR) sequence, many efforts have been made
to explore CTPRs as scaffolds of nanomaterials. Previously, it has been
shown that by controlling the self-assembly of CTPR proteins and
modifying their sequences, such proteins can be used as templates for
metallic nanomaterials®-8%91-%_ Thijs is an exciting approach to develop
biomaterials that hold metal-driven activity, such as catalysis, sensing,
conductivity, or fluorescence. In this case, CTPR proteins play a
template role in the in-situ formation and stabilization of the metal
nanoclusters, but little is known about their implication in the nanocrystal
formation. Several open questions arise here, such as the contribution
of the protein ligand to the emerging optical properties of the
nanocluster and the possible coupling between the protein structure and
the nanocluster’s integrity. One way to tackle this problem is to use the
same protein scaffold with different residues in the metal coordination
positions. The experiments performed to elucidate the protein role in the
emerging photoluminescence from the nanoclusters are developed in
Chapter 2.
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2. Design of photoactive nanocluster-protein hybrids that hold a
specific environmental-sensing response. The possibilities of
metallic nanoclusters conjugated to CTPR proteins have led us to
explore different applications, one of those being the use of the
photoluminescence of the nanoclusters for sensing different
environmental stimuli, such as temperature, pH, the presence of other
metal species, or reactive oxygen species. For this purpose, a CTPR
protein with a metal-binding site exposed to the solvent was designed.
Several metallic salts were tested for the nucleation of nanoclusters,
including silver, copper, and gold. After synthesizing the metal
nanocluster, the different protein-metal hybrids were evaluated as
sensors through changes in photoluminescence when exposed to
differences in temperature, pH, or the presence of molecules. The
protein-nanocluster sensors proved useful in the detection of copper,
ROS species and temperature changes, as detailed in Chapter 3.

3. Design of nanoclusters-protein hybrids for cellular and bioimaging
applications. The specific molecular recognition that biomolecules as
proteins possess is an attractive feature to explore for bioimaging
applications. For that reason, several CTPR proteins have been
engineered by adding short peptides to their sequence that hold specific
binding or targeting functions with a main objective in mind: design of
improved imaging bio-probes for X-Ray Fluorescence and optical
microscopy. There is currently a lack of reliable tools to simultaneously
image different subcellular structures with precision in X-Ray
Fluorescence Nanoprobe. Several approaches have been taken that
hold substantial flaws for imaging in vivo. This project channels this
necessity onto a solution based on an engineered CTPR protein-metal
nanocluster hybrid that contains a signal peptide to target a specific
organelle structure (i.e., nucleus, endoplasmic reticulum, or

mitochondria). CTPR proteins can be used as template scaffolds for the
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synthesis of photoluminescent nanoclusters of different non-biological
metallic nature (such as Ni, Co, or Au). They could be used to
simultaneously probe different organelles and perform correlative
imaging between metal-based imaging techniques (such as XRFN) and
fluorescence microscopy. This project is extensively detailed and
discussed in Chapter 4.

Design of CTPR protein scaffolds as templates for the stabilization
and organization of gold nanoparticles to produce
electroconductive biomaterials. Historically, metallic materials have
been widely used for electric conductivity. The pursuit of an
electroconductive biomaterial has led us to take advantage of the
bottom-up approach that CTPR proteins offer, given that CTPR proteins
self-assemble forming highly ordered protein films. Thus, doping the
protein film with gold nanoparticles could endow electroconductivity
properties to a protein-based film. Ordering the gold nanoparticles finely
onto the protein film could also enhance the electroconductive
efficiency, so a CTPR protein was engineered to finely tune the ordered
attachment of 4 gold nanoparticles per protein. This yielded an
electroconductive biomaterial, which surprisingly can also have
electroconductivity without gold doping. This project is fully discussed in
Chapter 5.
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2.GENERATION OF LUMINESCENT
METAL NANOCLUSTERS ON
ENGINEERED PROTEINS
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Chapter 2: Generation of luminescent metal nanoclusters on engineered
proteins

2.1.State of the art

2.1.1. Biomineralization: inorganic materials with biomolecular templating

Biomineralization is the natural process in which living organisms create
inorganic structures by assembling inorganic ions, such as Ca, Si or metals,
through different biomolecules, including proteins and peptides. Inorganic
composites from biological origin, such as nacre or coral reefs, present
interesting differences from their non-biosynthesized counterparts (for
example, ceramics or concrete). In particular, the complexity and order of
bio-composites emerged in the form of super assemblies, and their
morphology and size are issues that have attracted the interest of material
chemists and biologists alike. The presence of proteins as components of
these organic-inorganic biomaterials was the first clue highlighting the key
role of biomolecules in such ordered and complex assemblies. In particular,
proteins and peptides can direct the controlled growth of inorganic materials

in biological organisms.

In a seminal review, Stephen Mann highlighted the importance of molecular
recognition in the process of nucleation of inorganic elements within living
organisms and envisioned the technological potential derived from
understanding and controlling the interactions between biomolecules and
inorganic composites®’. Inspired by nature, one of the first works exploring
a controlled biomineralization in vitro consisted in the controlled growth of
calcite crystals’ using a protein extract obtained from sea urchins®. This
work proved the role of proteins in the spatial regulation and assembly of
complex materials, since a distinctive crystal different from the inorganic
forms of calcite was formed, as well as the potential benefits of using a
simpler and more economic synthesis to generate tailored biomaterials

without the burdens derived from working in vivo (usually more expensive
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and complex, and less scalable protocols). After that, proteins have been
considered a powerful biological template for the synthesis of
nanocomposites, as shown in the pioneer works using ferritin as a protein
cage for the biomineralization of different inorganic materials®, including
iron sulfide!®, Being ferritin a natural iron-storage protein, it makes a good
starting point for developing genetically engineered mutants to synthesize
different inorganic structures®t. Afterwards, the need of finding not only
natural metal-binders but also novel engineered metal-binding protein and
peptide sequences fueled the expansion of combinatorial approaches in
biomimetics, such as peptide display, phage display, and cell-surface
display'®?-1%  These techniques are used for screening protein or peptide
variants looking for the fittest mutant to perform a certain function, in this
case, specific metal binding. Such brand-new peptides were genetically
fused to cage-shaped proteins to bind and reduce metal ions inside the
cavities of the ferritin®1%7, |n addition, other biological 3D assemblies have
been used for the templating of complex inorganic structures, such as virus
crystalsi®® bacterial protein crystals!®®, amyloid fibers!'°, or virus-based

nanowires!it112,

On top of the metal-binding sequences, the synthesis of inorganic materials
using proteins or peptides depends deeply on the metal of choice and the
chemistry used to template the metallic nanostructure. Many efforts have
been directed towards understanding and emulating biomineralization on
proteins, natural or synthetic. In general, the approach for such synthesis
consists in the coordination of metal ions on specific residues within the
polypeptide chain, and then the reduction of metals using strong reducing
agents such as NaBH.!*3, NaOH'?, or milder buffer systems®’. The
exquisite molecular recognition given by the diversity of functional groups
in amino acids, with the special mention of carboxylic acids, amines,

imidazole, phenol, and sulfhydryl groups, makes possible a huge plethora
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of metal-binding possibilities. Some of the metals used with this method
include Pti15116 plogll7r Coli8  Agl® Cul?® and TiO,'%; although this

thesis will primarily focus on gold nanoclusters (AuNCs).

2.1.2.Metal Nanoclusters

Metal nanoclusters (NCs) are inorganic materials that have been widely
used in sensing, biomedicine, and optics due to their interesting physical
and chemical characteristics, including their outstanding optical properties.
NCs consist of grouped metal atoms confined in a small space, typically
below 2 nm in diameter, such that the continuous metallic band disappears
and discrete energy levels start to emerge'?l. The nature of the emergent
guantum energy levels confers NCs molecule-like properties, responsible

for their optical peculiarities, among other characteristics.

NCs can be inorganically synthesized or can be templated by biomolecules.
Their shape, structure, and the coordinated ligands determine their
features, such as size-dependent photoluminescence (PL)*?2. In this sense,
the coordination of NCs with biomolecules is an emerging area of research
since such biomolecular capping can endow multiple capabilities to the
nanoclusters, including biocompatibility, stability in biological media, and
biotic functionality (electron donors or antennas in redox processes!?),
resulting in hybrid bionanomaterials with a plethora of potential

applications?4,

2.1.3.Proteins as in situ NCs templates

After the pioneer paper of Xie et al. describing the first AUNCs grown
directed by a protein!'4, the most used method for the synthesis of AUNCs
on proteins consist in the coordination of Au(lll) ions, usually provided in the

form of chloroauric acid, on reactive amino acids; followed by the reduction
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to Au(0) at a high pH, often adding strong reducing agents as NaOH or
NaBH4'%. However, some other milder reductants, such as ascorbic acid,

have been used to achieve a partial*?® or total reduction®”:2,

Several peptides and proteins can be used for the capping and stabilization
of metal NCs, which affect their optical properties and the interaction with
living matter through a specific interplay!?®. Among them, the tripeptide
glutathione (GSH) and proteins such as ovalbumin (OVA) or bovine serum
albumin (BSA) are the most used, mainly for the in situ growth of NCs.
However, in the case of GSH-stabilized nanoclusters, other methods can
be used apart from the bottom-up Au(lll) reduction??®. In particular, the use
of GSH on pre-synthesized gold nanoparticles allows an etching process*°
that can help to homogenize a polydisperse population with the size
focusing effect!?2, Another available method comprises thermal reduction
at high temperatures, which can be used only on high thermostable systems

based on single amino acids®®! or peptides such as GSH?.

Previous works have been essential to understand how Au nanocrystals
grow on proteins and how proteins can be designed to optimize the
desirable nanocluster. For example, the work by Maity et al. explored the
complete process of gold nucleation and reduction on ferritin using
crystallography®2132 whereas Xu et al. investigated the role of different
protein profiles in the nanocluster formation34. These works show that the
positive and amine-rich residues (e.qg., lysine and arginine) are responsible
for the coordination of the AuCl, ions, whereas other residues (for instance
tyrosine, tryptophan and specially cysteine) reduce and strongly bind the
metal. Moreover, our group has directed its efforts towards the green
synthesis of AuNCs, focusing on the rational design of the protein
coordination environment, first aiming at a NCs synthesis with mild-
reductants®® and afterwards clustering the coordinating residues on the

protein surface area,®” and including tryptophan in the protein sequence to
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enhance the PL properties of the NC by energy transfer from the protein to

the cluster 1.

Protein templates tune the NCs properties through coordination. Among the
NCs qualities, the optical photoluminescence is particularly fascinating and
has been extensively studied since it is applicable in many different
scenarios, such as sensing and imaging. The interest in tuning the
photoluminescence of protein-coordinated metal NCs has yielded several
works assessing different amino acid compositions and commonly used
natural proteins as coordinating agents®’. However, these works focus on
comparing various protein features among natural proteins without a
systematic work on engineering proteins to understand the underlying
relationship between NCs photoluminescence and their protein ligands. Up
to date, there is no deep understanding of the role played by the
coordinating protein on the features of NCs and the coupling between the
capping residues and PL properties of the cluster. Considering the role of
the stabilizing agents on the NCs properties, an extra level of tailoring can

be achieved by exploiting protein engineering.

2.1.4.X-ray absorption spectroscopy

The structure of nanoclusters is a crucial aspect to study. There are several
spectroscopic tools, such as UV-Vis spectroscopy or photoluminescence
spectroscopy, that can be used to probe the physico-chemical properties of
a NC by probing their molecular orbitals and extracting information on their
energy states. These techniques are based in the interaction of photons
with the studied molecules, mainly through absorption of light, and the
phenomena used for the molecules to dissipate the excess of energy (e.g.,
fluorescence). However, those approaches cannot evaluate the physico-

chemical properties of the individual atomic components of those NCs,

48



Protein-nanomaterial hybrids as tools for sensing, imaging and bioelectronics

because the generated photons do not possess enough energy to excite
electrons from inner shells in atoms. Synchrotron facilities are designed to
produce extremely energetic X-ray radiation with a high flux (number of
photons per second), as well as being equipped with optical setups that
allow manipulating the X-ray beam to control different parameters such as
their energy or size. Those high energy X-rays can excite the electrons
located in the inner shells of heavy metals, which is suitable for studying,
among others, metallic structures such as metal nanoclusters or metal
centers in proteins. In particular, synchrotron-based X-ray Absorption
spectroscopy (XAS) can shed light on the chemical environment and the
oxidation states of the metal atoms excited. XAS techniques have been vital
for determining the structure-function correlation in metalloproteins®, as

well as subtle changes in their electronic or chemical state.

X-ray absorption occurs when an incoming photon collides with a core
electron at its binding energy, ejecting such electron from the atom. (Figure
2.1). Each element has its characteristic electronic binding energy in each
core energy level (K-edge, L-edge, M-edge). Typically, XAS experiments
allow to tune the X-ray beam energy in order to excite a particular edge of
an element. Then, detectors are set up to measure the X-ray beam intensity
before and after interacting with the sample to obtain the X-Ray absorption

coefficient as a function of the beam energy.
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Figure 2.1. Schematic model of an X-ray absorption event. When the X-
ray beam has the same energy as the core shell atom’s binding energy, the
latter is ejected from the atom in the form of a photoelectron. The core hole
is then filled with an electron from higher electronic orbitals, which can

dissipate the excess of energy, for example, in the form of fluorescence.

XAS spectrum is divided into the X-ray absorption near-edge structure
(XANES) and the extended X-ray absorption fine structure (EXAFS) regions
(Figure 2.2). The XANES region corresponds to the X-ray energies close to
the binding energy of the electrons (the edge). The features before the edge
correspond to the electronic configuration of the element. In contrast, the
features right above the edge represent effects such as multi-scattering or
the many bodies effect, which contains essential information about the
oxidation state of the sample and the coordination chemistry. On the other

hand, the EXAFS region goes for tens to a thousand of eV above the edge
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and represents the interference between the outgoing wave of the emitted
photoelectron and its elastic backscattering when it encounters a
neighboring atom (Figure 2.2). The interference wave depends on the
number, distances, and type of scattering atoms, so the data inferred can
define the z-number, bond distances, and the number of ligands.
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Figure 2.2. X-ray Absorption (XAS). A) The XAS spectrum can be divided
into two areas. The XANES area corresponds to the energies close to the
binding energy of the core electron (also called edge or whiteline), while the
EXAFS region corresponds to energy levels above the edge. B) The
information extracted from the EXAFS region corresponds to the
interference pattern generated by the interaction of the emitted
photoelectron from the absorber atom and the neighboring scattering

atoms.

The information extracted from the EXAFS region, has a significant
limitation in determining the atomic scatters beyond the first or second
neighboring atoms, given that the number of events is much smaller, and
other edges could be excited if the energy derives too much from the

originally targeted edge. However, in very crystalline samples, such as big
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metallic nanopatrticles, other coordination spheres beyond the second one
could be evaluated, although this is not the case for metalloproteins in
solution. The typical distance range in which the accuracy is good for non-
crystalline samples is 3-4 angstrom. This limits the EXAFS information that

can be extracted in metalloproteins with very complex coordination spheres.

2.2.Approach

The main aim of this project is to perform an exhaustive characterization of
the behavior of metallic NCs scaffolded by engineered proteins. The
approach selected to shed light on how the protein coordination affects the
photoluminescence properties of NCs consist of using non-emissive self-
standing AuNCs and their coordination into a collection of proteins that
share the same structure but encode different metal-coordinating residues,
at the same positions, to coordinate the AUNCs.

Up to date, such a systematic approach to address this relevant aspect
using engineered protein templates has not been reported. Towards this
aim, a series of CTPR proteins were designed in which the metal-binding
site is composed of different coordinating amino acids: either cysteines or
histidines. Screening diverse amino acids coordinated to NCs synthesized
ex situ will explore the role of the capping ligands while avoiding any effect
on the PL caused by the metal coordinating residues on the structure of NC
grown in situ. For the AuNCs synthesis, Prof. Prieto and co-workers!®3
described a method for the robust synthesis of water-dispersible gold
nanoclusters without organic ligands, so-called naked gold nanoclusters
(AuUNKNCs). These non-passivated gold nanoclusters are non-emissive
and require subsequent coating with different molecules such as adenosine
monophosphate (AMP) or cysteines to achieve efficient PL in various
spectral regions®. Therefore, those naked NCs are ideal to conjugate to
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the two different metal-coordinating proteins designed for the proposed
study, which resulted in strikingly distinct emission properties.

For a systematic and deep exploration of the role of the coordinating
residues over the NCs optical properties, time-resolved PL and X-ray
absorbance spectroscopies were employed to study the photophysics and
structure of protein-AuNKNCs conjugates. Time-resolved PL is an optical
spectroscopy technique that can determine the emission decay, a valuable
parameter in resolving the possible photophysical mechanism for its PL. X-
ray absorbance spectroscopy is a compendium of synchrotron radiation-
based techniques used to obtain information on the electronical
configuration of the different chemical species present in a sample, in
addition to information about their chemical environment (Nature of species
coordinated, bond-length, coordination number, geometry). Both
approaches are highly valuable to unknot the role that chosen residues in

engineered proteins have in the PL changes of AUNKNCs.

The results of this work provide the first reported example of the simple
generation of protein-NC systems with photophysical features tuned only
by the protein template, starting from a unique non-emissive nanomaterial.
Most importantly, they contribute to deepen our understanding of the
mechanisms behind the optical properties of metal nanomaterials when

biomolecules, particularly proteins, coordinate them.

2.3.Results and discussion

2.3.1. Protein Design

CTPR proteins with different metal-coordination sites were designed based
on the PDB crystal structure 2HYZ®, Metal coordination sites consisting of

a tetra-histidine (his) or a tetra-cysteine (cys) were engineered on a CTPR
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motif and repeated four times in a tandem protein. These residues were
chosen based on their ability to coordinate noble metals. As previously
described, the coordinating residues were introduced in positions 2, 6, 9,
and 13 of the CTPR motif!3’. Combining these mutated CTPR motifs (C4cys
or C4his depending on the residue used for metal coordination), and the
wild-type CTPR motif (WT) as flanking blocks, two proteins with six CTPR
modules were constructed with the following structure: WT(C4his)sWT and
WT(C4cys)sWT, which for the sake of clarity will be called C6-16his and C6-
16cys respectively; each of these designed proteins includes 16
coordinating residues (Figure 2.3). In addition, all the designed proteins
contain a C-terminal solvating helix intended to improve the solubility in

agueous media with the inclusion of polar residues!.

Designed CTPR module

A B
R,
oy
C
NaOH
Protein-AuNC
Gold Atoms Au Naked NC

Photoluminescent
conjugate

Figure 2.3. Desighed consensus tetratricopeptide repeats (CTPRS) to
coordinate naked metal nanoclusters. A) Mutated CTPR motif in which
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4 metal-coordinating histidines (orange) are introduced at positions 2, 6, 9,
and 13 within the 34 amino acid CTPR sequence. The exact positions were
mutated to 4 cysteines (yellow) to construct a coordinating protein module
based on cysteines. B) 4 CTPR motifs with the metal-coordinating amino
acids are combined and flanked with 2 wild-type CTPR modules to
construct CTPR proteins with 6 repeats (C6-16cys and C6-16his). Front-
view and side-view of C6-16his protein structural model based on the
crystal structure of CTPR8 (PDB ID: 2HYZ)*!. When the mutated CTPR
units are combined with two WT capping repeats, the coordinating residues
are localized on the inner concave surface of the CTPR superhelix. C)
Scheme of the formation of CTPR-templated AUNKNCSs, pre-formed Au

naked NCs are coordinated by the engineered CTPR repeat proteins.

2.3.2. AUNKNCs synthesis, conjugation, and characterization

The naked gold nanoclusters were synthesized following the protocol
developed by Prof. Prieto and co-workers (see Experimental Section
2.5.2.)' resulting in a transparent solution of non-photoluminescent NCs
of around 2 nm in size (Figure 2.4b and c). First, the AuNKNCs were
washed to remove the excess reactants. The optical properties of AUNCs
are one of their most valuable features. Different AUNCs can be synthesized
to tune the emission properties and other spectroscopic features such as
the PL lifetime. For example, the design of red-emitting clusters can be
achieved with the capping of specific organic molecules (such as

thiolates)'*” or increasing the size of the NCs*%’.

The AuUNKNCs-CTPR conjugates presented PL (Figure 2.4a), as expected
considering the previous report in which capping AUNKNCs with organic
molecules led to highly emissive systems. This result confirms the efficient
coordination of AUNKNCs by the engineered proteins, whereas none of the

controls, i.e., CTPR WT protein without coordinating residues and CTPR-
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16glu protein with glutamic acids in the coordinating positions, lead to
emissive composites (Figure 2.4c and 2.5). Furthermore, the chemical
identity of the metal coordinating amino acids (cys or his) within the protein
encoded different emission color of the coordinated AuNKNCs when
irradiated with a UV lamp (Figure 2.4a), and their absorbance spectra
showed a tail in the 300-350 nm region (Figure 2.4b). Both protein-
AuUNKNCs systems displayed PL upon photoexcitation at 390 nm. The PL
spectra of C6-16his-AuNKNCs (Figure 2.4c) peaks at 515 nm and tails
down to 750 nm. Strikingly, the PL spectrum of C6-16cys-AuNKNCs peaks
at 675 nm (Figure 2.4c) and tails down to 900 nm.
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— C8B-16his AuNKNCs

— C6-16cys AUNKNCS |

— AuNKNCs

— Buffer

-=-- CB-16cys
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Figure 2.4. PL properties of AuNKNCs-CTPR protein conjugates
carrying cysteines or histidines. A) Picture taken on C6-16his-AUNKNCs
(left) and C6-16cys-AuNKNCs conjugates liquid dispersions under UV light.
B) Absorption spectra of AUNKNCs and protein-AuNKNCs conjugates: C6-
16his-AUNKNCs (solid blue), C6-16cys-AuNKNCs (solid red), C6-16his
protein (dashed blue), C6-16cys protein (dashed red), AUNKNCs (green),
and buffer (black). C) PL spectra of C6-16his-AuNKNCs (solid blue), C6-
16cys-AuNKNCs (solid red), C6-16his protein (dashed blue), C6-16cys
protein (dashed red), C6WT-AuNKNCs (solid black) and AUNKNCs (green)
upon photoexcitation at 390 nm. The spikes at 470 nm and 808 nm are

ascribed to buffer contribution and scattering from the pump, respectively.
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Figure 2.5. PL properties of AuUNKNCs-CTPR protein conjugates
carrying glutamic acids or capped with L-amino acids. UV-vis
absorbance spectra (a) and PL spectra (b) at Aex = 390 nm of the L-amino

acids and the C6-16glu controls.

One of the parameters worth exploring is coordination stoichiometry, since
the quantity of gold reactant in comparison with the number of available
coordination residues in the proteins could change the coordination
dynamics, optical properties and structure of the resulting AUNCs. Thus, the
number of AUNKNCSs per protein in the conjugation reaction was varied from
3 to 100 molar excess of gold salts. Since the increase in AuUNCs size
impacts the luminescent properties shifting the emission towards the red
region**2, we hypothesize that similarly, incrementing the number of
effective coordinating residues bound to gold may also yield a PL change.
Therefore, the Au stoichiometry was changed to explore a concomitant
effect on red and blue emission bands. The screening tests indicated that
increasing the amount of gold per protein promoted the red emission band
at the expense of the blue emission in C6-16cys-AuNKNCs, (Figure 2.6).
However, for the C6-16his-AuUNKNCs, only changes in PL intensity were
observed, without significant spectral variations. Hereafter, an Au-to-protein
molar ratio of 30 equivalents will be used, unless otherwise stated, since

this ratio gives rise to the maximum PL intensity of C6-16his-AuNKNCs,
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whereas C6-16cys-AuNKNCs displays significant red emission at that gold
ratio.
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Figure 2.6. Gold:protein ratio affects the PL. Photoluminescence spectra
of the Left) C6-16his and Right) C6-16cys designed protein scaffolds with
different molar ratios of Au to protein: 100:1 (burgundy), 50:1 (red), 30:1
(yellow), 10:1 (green) and 1:1 (blue).

The protein-AUNKNCs conjugates were imaged using Transmission
Electron Microscopy. The AUNKNCs grid presented particles with a mean
diameter of 1.6 £0.3 nm (Figure 2.7) and similar polydispersity to that
previously reported by Prof. Prieto and co-workers!*3,
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Figure 2.7. Non-capped AuUNKNCs. TEM micrograph (120 kV) of
AUNKNC:s freshly synthesized.

After the conjugation, the purified protein-AuNKNCS conjugates showed a
homogeneous dispersity consisting of a mean diameter of 1.7 + 0.3 nm for
C6-16cys-AuNKNCs and 1.7 + 0.5 nm for C6-16his-AuNKNCs (Figure
2.8a), which is in agreement with the size obtained for the AUNKNCs and
the previously reported molecule-capped AuNKNCs!#4. The conjugates
were further characterized using MALDI-TOF mass spectroscopy to confirm
the coordination of AUNKNCs by the protein. The MALDI results showed
that the mean size of metal nanoclusters was 14 + 7 gold atoms per cluster
for the C6-16cys-AuNKNCs conjugates and 18 + 4 gold atoms per cluster
for the C6-16his-AuNKNCs (Figure 2.8b). Given the standard deviation of
MALDI measurements, the sample may present 18-gold atom clusters
(among other populations). 18 is one of the so-called ‘magic humbers’ for
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AUNCs and positively affects the robustness of the clusters since the 18-
gold atom clusters have the exact number of electrons to fill the s, p, and d
atomic orbitals'®. The conjugates were further characterized by X-ray
Photoelectron Spectroscopy (XPS) to determine the oxidation state of gold
within the coordinated AUNKNCSs. The deconvolution of the signal of Au 4f7»
showed a mixture of Au(0), Au(l), and Au(lll) with binding energies at 84,
85, and 87.5 eV, respectively in both protein conjugates (Figure 2.8c).
However, significant differences were observed in the relative ratios of the
different oxidation states. For C6-16his-AuNKNCs, the relative amount of
gold species was 27% Au(0), 63% Au(l), and 10% Au(lll), while for C6-
16cys-AuNKNCs, the relative amount of gold states was 72% Au(0), 22%
Au(l), and 6% Au(lll). This elemental analysis supports the fact that
cysteine-rich coordinating protein acts as a more potent reductant for gold
than the histidine-rich protein. Moreover, the different ratios of gold species
can be correlated with the optical properties of the coordinated clusters. In
this respect, the Au(l) percentage of 22% on C6-16cys-AuNKNCs agrees
with the data reported in literature for red-emitting thiolated-AuNCs, which
usually ranges from 10% to 25%*’. Meanwhile, the higher binding energy
observed on the Au 4f7/2 shell in C6-16his-AUNKNCs is commonly
described for blue-emitting gold nanoclusters!®, related to the smaller size
of the cluster as the binding energies increase!*:47. In the case of the
standalone AUNKNCs, the XPS analysis fitting revealed a composition of
80.5% Au(0) and 19.5% Au(lll); which does not agree with the XPS data
previously reported®®148  consisting of a mixture of Au(0) and Au(l);

probably due to the remaining Au(lll) salts present in our AUNKNCs sample.
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Figure 2.8. AUNKNCs-CTPR protein conjugates characterization. (a)
TEM micrographs at 120kV of the C6-16cys (left) and C6-16his (right)
templated AUNKNCs. The scale bar corresponds to 20 nm. (b) MALDI-TOF
mass spectra of the design proteins (black) and the protein-AuNKNCs
conjugates (red) for C6-16cys (top) and C6-16his (bottom). (c) XPS spectra
of AUNKNCs (left), AUNKNCs templated by C6-16cys (middle) and by C6-
16his (right). The black lines correspond to the XPS spectra, and the
colored lines correspond to the spectra deconvolution for the species Au(0)
in red, Au(l) in blue, and Au(lll) in green.

In addition to steady-state PL, time-resolved PL measurements were
carried out in the protein-AuNKNCs to shed light on their light-emitting
properties. The PL dynamics of C6-16his-AUNKNCs at 515 nm (Figure
2.9a, b) follow a three-exponential law with an amplitude-weighted average
of 1.7 ns. For C6-16cys-AuNKNCs, the PL at 700 nm decays slowly
following a three-exponential law with an average lifetime of 1.6 us (Figure
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2.9¢, d). In the case of protein conjugates produced with 100 equivalents of
gold, the results depend on the type of protein functionalization. C6-16his-
AUNKNCs possess two PL contributions at 515 and 700 nm, although its
light emission is less intense than its 30 gold equivalents counterpart and
C6-16¢cys conjugates. The PL at 515 nm decays with an amplitude average
of 2.0 ns, whereas the PL band at 700 nm decays with an average lifetime
of 0.9 ps, all of them following a three-exponential law. Contrarily, the PL
spectrum of C6-16¢cys-AuNKNCs displays a maximum at 700 nm, and PL
decay follows a three-exponential model with an average lifetime of 1.2 ps
(Figure 2.10). As reported elsewhere, the blue PL bands with nanosecond
decay components are ascribed to AuNC inner transitions across the
discrete levels within the Au d- and sp- bands *'44°. The red PL band is
assigned to phosphorescence based on the associated microsecond PL

decay and its strong intensity-dependence with oxygen (Figure 2.11).
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Figure 2.9. The PL decay curves of the protein-AuNKNCs conjugates
obtain from 30 equivalents of chloroauric salts. PL spectrum
photoexcited at 405 nm, PL dynamics detected at the PL peak and PL
lifetime components obtained from a three-exponential fit of C6-16his-
AUNKNCs (A, B) and of C6-16cys-AuNKNCs (C, D). Blue lines in (A, C)
stand for three-exponential fits to the PL decay curves. The red line in (A)

represents the instrumental response function of the setup.
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Figure 2.10. The PL spectra and PL decay curves of Protein-AuNCs
obtained from 100 equivalents of chloroauric salts. A) PL spectrum of
C6-16his AUNC photoexcited at 405 nm. The spikes at 475 nm and 808 nm
are ascribed respectively to buffer contribution and scattering from the
pump. B, C) PL decay detected at 657 nm and PL decay components. D,
E) PL decay detected at 535 nm and PL decay components. (f) PL spectrum
photoexcited at 405 nm of C6-16cys AuNCs, G, H) PL decay detected at
700 nm and PL decay components. Blue lines in (B, D, G) stand for three-
exponential fits of the PL decay curves. Red line in (D) stands for the
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PL (arb. units)

Wavelength (nm)

Figure 2.11. Phosphorescence emission from C6-16cys-AuNKNCs. PL
spectra of C6-16cys-AuNKNCSs: pristine (black open circles), bubbled with
O2 (blue open squares) and bubbled with N (red open diamonds). Solutions

were purged for 3 minutes.

Considering that the protein conjugates were synthesized from a single
batch of AUNKNCSs, and thus their size should be the same, this difference
in PL may not be a consequence of the NC size, as usually reported31148,
Besides, the size inferred from the mass spectrometry results indicated that
the blue-emissive histidine-coordinated AuNCs are only slightly larger than
the red-emissive cysteine-coordinated AuNCs. Consequently, the change

in the PL properties must instead be related to an interplay of the capping
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ligands on the AUNC electronic properties. The formation of ligand-to-metal
charge transfer (LMCT) or ligand-to-metal-metal charge transfer (LMMCT)
states has been extensively described for ligand-capped AuNCs, especially
those carrying thiol-Au coordination'®. The observed PL spectrum in C6-
16cys-AuNKNCs conjugates agrees with previous reports in protein-
templated AuNCs in which the coordination is achieved using cysteines*®!,
and also in AuNCs capped with small molecules using thiols!®2,
Furthermore, other bond-involved electron-rich heteroatoms and groups (O,
N, -COOH, and NH.) have also been related to these mechanisms and
could play an essential role in activating the metal triplet state*°. In addition,
as reported before, histidine-capped AuNCs hold a bluish-green emission
(490 nm) with short lifetimes®®?,

2.3.3. AUNKNCs conjugates stability studies

To further understand the role of the protein scaffold in the PL spectrum of
the AUNKNCs and how the luminescence changes with a compromised
protein structure, thermal denaturation ramp and enzymatic digestion were
performed. The experiments assess the protein secondary structure
(thermal denaturation) and the primary integrity of the polypeptide chain
(trypsin digestion). First, circular dichroism spectrometry (CD) was
performed in order to check the protein integrity once the AUNKNCs were
conjugated (Figure 2.12). The results showed no significant change in the
CD spectra for C6-16cys-AuNKNC compared with the pristine protein.
However, there was an evident change in the ratios between the minima at
220 nm and 205 nm in the histidine-rich protein, which points towards a

partial loss of the alpha-helical content.
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Figure 2.12. AuNKNCs-CTPR secondary structure stability. Far-UV
circular dichroism spectra of the proteins (blue), the protein-AuNCs
conjugates (red) and the non-capped AuNKNCs (green). A) C6-16cys B)
C6-16his, C) C6-16glu and D) AUNKNCs capped with L-amino acids, L-his

(blue) and L-cys (red).

When performing temperature ramps, the PL (Aex 390 nm) for C6-16cys
protein conjugates did not change along with the increasing temperature,
while for the histidine-rich protein, there was a significant increase in PL
when the sample cooled down after the temperature ramp (Figure 2.13).
The working hypothesis on this points towards a re-arrangement of the N-

Au bond due to its less stiff nature when triggered by thermal movement®®’.
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If this were the case, energy optimization could be the leading cause of the
emission increase observed. For C6-16cys-AuNKNCs conjugates, the
rigidity of the S-Au bond could explain the absence of a significant change
since the restriction for internal molecular movements of such bonds could

lead to emissive relaxation pathways when the cluster is excited®61%8,
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Figure 2.13. AuUNKNCs-CTPR protein conjugates thermal stability.
Photoluminescence of the protein-AuNCs conjugates with increasing (red
circles) and decreasing (blue circles) thermal denaturation steps for C6-
16his-AUNKNCs A) and C6-16cys-AuNKNCs B) for Aex at 390 nm.

After trypsin digestion, a decrease in the emission intensity was observed,
but the remaining PL was maintained even at high concentrations of trypsin
for both conjugates. However, the protein was utterly digested (Figure
2.14), reinforcing the importance of the surface ligand in PL rather than the
structural integrity of the protein. To further understand the role of the
coordinating amino acids and the protein scaffold, controls in which the
AUuNKNCs were conjugated to L-cysteine and L-histidine were assessed
using the same protocol and stoichiometry as for the protein conjugates.
The samples were spectroscopically characterized using PL, UV-Vis, and

CD. They all lacked PL emission (Figures 2.5 and 2.12), which points to the
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relevance of the protein metal-binding surface (i.e., the higher amount of
available coordinating residues per surface unit in the protein in constrast
with the free residues in solution) in the process of NC stabilization and

tuning their optical properties.
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Figure 2.14. Trypsinization of AuNKNCs-CTPR conjugates.
Photoluminescence of the AuNKNCs-C6-16his (A) and AuNKNCs-C6-
16¢ys (B) conjugates with increasing amounts of trypsin for Ae at 390 nm.
C) Picture of PAGE gel of the protein-AuNKNCSs conjugates with increasing
amounts of trypsin. MK= protein marker; asterisks (*) mark the control lanes
with protein-AuNKNCs without trypsin. The direction of the arrows indicates

increasing amounts of trypsin.

2.3.4.AuNKNCs conjugates X-Ray absorbance spectroscopy

The chemical and coordination properties of the NC in presence of the
proteins were characterized using X-ray absorbance spectroscopy (XAS) to
determine the relationship between the chemical composition and
coordination of the Au within the protein and the optical properties of the
AuNCs. This experiment helps to corroborate the information about
oxidation states obtained from XPS and becomes a valuable tool to attain
information about the state of the clusters and the protein coordination °°,
Protein-AuNKNCs conjugates were generated using both 30 and 100
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equivalents of Au compared to the protein, concentrated to obtain solutions
of at least 0.1 mg/mL of gold, and studied at B18 beamline (Diamond Light
Source). In addition, several controls were also analyzed to determine
possible changes in the AuNCs due to coordination to the proteins at
residues different from the designed histidines or cysteines. These controls
included non-passivated AUNKNCs but also protein conjugates with no
specific gold coordinating residues: CTPRG6 protein with 6 WT units (C6WT)
and a CTPR with glutamic acids on the inner concave face (C6-16glu),
which resulted in non-luminescent AuNKNCs, probably due to the
interaction of the Au with other residues (i.e., lysines for C6-WT and
glutamic acids for C6-16glu).

Principal Components Analysis (PCA) of the X-ray absorption near-edge
structure (XANES) region of the spectra obtained (ranging from —20 to +80
eV around the edge) suggested the presence of 3 or 4 components on the
set of samples measured. The standards used as components for the
following Linear Combination Fitting (LCF) included: Au (0) foil; Au (III)
hydroxide to mimic remaining Au salt; Au (I) Cl to emulate possible
coordination of Cl to the NC during coordination to the proteins; Au (1) sulfide
to reproduce coordination to cysteines; and Au (I) cyanide to model
coordination to histidines, lysines, or glutamic acids (as N, O and C atoms

are similar in size and better standards were not available).

Analysis of the individual samples using LCF (Figure 2.15, Table 2.1)
showed that AUNKNCs are mostly a combination of Au(0) and Au(lll)OH.
This result is in agreement with XPS analysis showing similar Au(0) and
Au(lll) populations, although in general, XPS showed the presence of
higher quantities of Au(0) in all of the samples measured. Nevertheless, for
both protein-AuNKNCs conjugates, Au(0) seems to disappear, being in
disagreement with the data extracted by XPS (Table 2.1). XANES analysis
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of C6-16¢cys-AuNKNCs conjugates suggested strong Au(l)-S coordination,
minor presence of other bonds (probably Au coordinated to nitrogen or
oxygen), and a small percentage of Au(ll)OH species. Equally, the binding
of AUNKNCs to C6-16his seemed to be dominated by Au(l)-Cl or Au(l)-CN
species, probably indicating the coordination to nitrogen from the histidines.
However, the analysis of C6-16his conjugates was more problematic due
to the lack of a standard fully mimicking the Au-imidazole bond.
Remarkably, the coordination of C6-16cys proteins with increasing amounts
of AUNKNCs did not change, but more significant amounts of Au(lll) were
observed when C6-16his was coordinated to 100 molar equivalents of gold.
(Figure 2.16).
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Figure 2.15. XAS spectra of AuNKNCs and AuUNKNCs-CTPR protein
conjugates. A) XANES spectra of the protein-AuNKNCs conjugates and their
linear combination fitting (LCF): AuNKNCs (black, LCF in grey), C6-16cys-
AuNKNCs (red, LCF in pale-red), and C6-16his-AuNKNCs (blue, LCF in pale-
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blue). Detail of the whiteline in the inset. B) FT-EXAFS of the AUNKNCs (black),
C6-16¢cys-AuNKNCs (red), and C6-16his-AuNKNCs (blue), with the colored areas
that correspond to the Au-O/N (blue), Au-S(purple), and Au-Au(orange) bonds.
C, D, E) Fitted FT-EXAFS with the single path scattering analysis for each
component of AuNKNCs (C), C6-16his (D), and C6-16cys (E) conjugates.
Measured EXAFS spectra (black), single path scattering fitting (red), Au-O/N

component (blue), Au-Au component (yellow), Au-Cl component (green), Au-S

component (purple), fitted window (grey).

Table 2.1: XANES data from AuUNKNCs and AuNKNCs-CTPR protein
conjugates. Data acquired with LCF analysis of Au Ls-edge XANES spectra
fitting, in which each possible coordination is weighted using the standards

described.
) Au() | Au(llny | Audl) | Au(l)
Sample R-factor X Au(0) cl OH S CN
AuNKNCs 0.0008930 |0.0001050 | 61.8 | --- | 38.2 | ---
C6-16c¢cys- 0.0015115 |0.0001849 | --- 59 |[80.5 [13.6
AUNKNCs 30 eq
C6-16c¢cys- 0.0010692 |0.0001293 4.8 (85.2 |10.0
AUuNKNCs 100 eq
C6-16his- 0.0033612 |0.0004060 | --- |60.3 | --- --- 139.7
AUNKNCs 30 eq
C6-16his- 0.0054142 |0.0006469 | --- |49.4 | 6.9 --- |43.6
AUuNKNCs 100 eq
C6-16glu- 0.0008712 |0.0001025 | 14.3 |48.2 | 11.0 | --- |26.5
AUNKNCs 30 eq
C6-16glu- 0.0011418 |0.0001381 | 36.4 |42.2 | --- - (214
AUuNKNCs 100 eq
C6-WT-AuNKNCs [0.0020385 [0.0002449 | --- |59.2 | 6.2 - | 34.6
30 eq
C6-WT-AuNKNCs (0.0018819 [0.0002272 | --- [65.1 | 2.5 - 324
100 eq
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Figure 2.16. XANES spectra of AUNKNCs and AuNKNCs-CTPR protein
conjugates. Au Ls-edge XANES spectra (black lines) and LCF (colored
lines) of AUNKNCs and protein-AuNKNCs with including protein controls,
for 30 and 100 gold equivalents.

Further analysis of the samples using extended X-ray absorption fine
structure (EXAFS) allows obtaining information on the coordination sphere
around the Au within the AuNCs, including the bond length and coordination
numbers of the different bonds involved. LCF using the abovementioned
standards was initially attempted to analyze the different samples (Figure
2.17). However, the lack of standards fully mimicking the Au-imidazole (or
other Au(l)-N/O bonds) made it difficult to obtain suitable fittings under these
circumstances. Accordingly, analysis of the different samples was
performed using only single scattering paths of the different types of Au
bond expected (O, S, Cl, Au; where O includes both Au-O and Au-N
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contributions) for the fit (Figure 2.16, Table 2.2). This analysis confirmed
the main Au (0) character of AUNKNCs that was observed on XPS and
XANES measurements. FT-EXAFS fitting in agreement with XANES
suggested Au-Au coordination (bond length of 2.86 A, which fits the
canonical Au-Au bond length extracted in Au crystals by EXAFS 1491%8) for
two-thirds of the Au in the NCs, while the other third of the gold was present
in Au-O/N bonds (bond length of 1.99 A).
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Figure 2.17. EXAFS spectra of AUNKNCs and AuNKNCs-CTPR protein
conjugates. Au Ls-edge FT-EXAFS fittings of the C6-16his-AuNKNCs (A,
B), C6-16cys-AuNKNCs (C, D), C6-WT-AuNKNCs (E, F), C6-16glu-
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AUKNCs (G, H). Measured spectra (black), fitted spectrum (red) and single

scattering paths for each component: blue for O/N, orange for Au-Au, green

for Cl and purple for S-Au.

Table 2.2. Data acquired from Au Ls-edge FT-EXAFS analysis. On each

component, the Amplitude (So>*CN) and bond length is described for each

sample. Standard deviation in brackets; when no brackets appear, the

parameter was fixed during the fitting.

Au-O/N Au-S Au-Cl Au-Au
R- Amplitude e Amplitude e Amplitude 0N Amplitude Eme
Sample o ctor ) & (SOE*CN) Ie(r’l&%th (SOE*CN) Ie(r’l&%th (SOE*CN) Ie(rkg)th (SOE*CN) Ie(r}:%th
0.88 1.99 7.08 2.86
AUNKNCS | 0.094 1264.9| 16y | 00y | - - - " | (1.56) |(0.01)
C6-16¢ys- 1.24 1.98 0.55 2.33
AUNKNCs|0.0278 [105.2 | (0.24) |(0.02) | (0.23) ((0.02) - - - -
30 eq
C6-16¢cys- 0.92 1.982 0.46 2.32
AUNKNCs|0.0354 [42.03| (0.12) |(0.009)| (0.15) |(0.02) - - - -
100 eq
C6-16his- 1.03 1.97 0.32 2.32
AUNKNCs|0.0257 (34.00| (0.23) |(0.02) - - (0.17) |(0.03) - -
30 eq
C6-16his- 1.40 1.97
A?SIOKNCS 0.0409 (0.04 | (0.09) |(0.01) - - (000152)* 2.19* (52§*7 (03015)’*
eq
C6-16glu- 0.85 1.98 3.16 2.83
AUNKNCs|0.0938 [39.23 | (0.11) [(0.02) - - - - | (052) |(0.02)
30 eq
C6-16glu- 0.36 1.94 6.37 2.84
AUNKNCs|0.1219 [17.70| (0.11) |(0.04) - - - - (0.01)
100 eq
C6-WT- 1.21 1.99
AUNKNCs|0.0625 [25.04 | (0.14) |(0.01) - - - - - -
30 eq
C6-WT- 1.19 1.99
AUNKNCs|0.1385 (12.24| (0.22) |(0.02) - - - - - -
100 eq

* Most likely due to secondary scattering events.
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FT-EXAFS also revealed exciting changes in the structure of AUNKNCs
upon interaction with CTPR proteins. For example, spectral analysis from
C6-16¢cys-AuNKNCs suggested both significant Au-O/N and Au-S
contributions in the assembly of the clusters. Bond lengths for Au-O/N and
Au-S were 1.98 A and 2.32 A, respectively. However, while the importance
of Au-O/N in C6-16cys-AuNKNCs conjugates decreased with increasing
amounts of AUNKNCs, Au-S contribution to the structure of the AUNCs was
not altered. Furthermore, the spectra of C6-16cys-AuNKNCs protein
conjugates did not contain metallic contributions from Au-Au bonds
commonly present in NPs and NCs with well-formed metallic cores. Equally,
the FT-EXAFS spectra of C6-16his-AUNKNCs were dominated mainly by
Au-O/N contributions (bond length 1.97 A) and small amounts of Au(l)-Cl
(bond length 2.32 A; Table S2 in Annex 1), with no or little importance of
Au-Au bonds (only a small contribution when the protein reacted with
increasing amounts of AUNKNCSs). Au-O/N contributions (bond length 1.99
A) also dominated the FT-EXAFS of control system C6WT-AuNKNCs,
independently of the quantities of AUNKNCs used to coordinate onto the
protein. Still, a small peak between R 2.3-2.7 A was observed for samples
containing both AUNKNCs and the WT protein, which is most likely a
multiple scatterings event, although it could also indicate possible Au-:-Au
aurophilic interactions 148150159 |nstead, C6-16glu-AUNKNCs showed a
combination of Au-O/N (bond length 1.94-1.98 A) and significant Au-Au
single scattering contributions (bond length 2.83-2.84 A), suggesting a
strong Au(0) character for the NCs bound to those proteins. However, the
size of the NCs when C6-16glu reacted with 30 or 100 equivalents of
AUNKNCs are smaller than the unreacted ones, as estimated from the
Amplitudes (So>*CN) obtained from the FT-EXAFS fitting (Figure 2.17 and
Table 2.2).
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The evidence extracted from the EXAFS and XANES analysis points
towards a change in the metallic character of the AUNKNCSs, which is lost
upon protein coordination with both types of his-based and cys-based
CTPR protein scaffolds designed to bind to the NCs. The main component
in AUNKNCs is the Au-Au bond, with an amplitude (So?*CN) of 7.1 (Table
2.2), in agreement with a cluster core of metallic nature. In the case of the
C6-16c¢ys protein, the coordination is, as expected, predominantly directed
by the sulfur present in the cysteines, although some Au-O/N coordination
is also contributing, probably from few lysines and glutamic acids present
in CTPR scaffolds. The lack of Au(0) signals could relate to a coreless
AuUNC structure, such as Au-SR stapled catenanes, as reported previously
on FT-EXAFS analysis of BSA-templated AuNCs'®2. The interesting
photoemission properties of Au(l) — thiolate structures have been
extensively studied!*1%° and rise as a good candidate for the type of cluster
observed in C6-16¢cys-AuNKNCs.

On the other hand, the coordination between C6-16his and AuNKNCs
shows the main contribution from Au-O/N bonds. This contribution is
expected from the high amount of active nitrogen atoms in the protein, and
together with a lack of realistic signals from Au-Au interactions, should
indicate the presence of Au-N stapled clusters. Besides, evidence points to
the stability and PL enhancement effect N/O-containing groups such as
amines or carboxylic acids have in photoluminescent protein-templated
AUNCs 148150159 gand, more importantly, the impact that amine-rich proteins
have in shifting AUNCs PL towards blue **’. The glutamic acids present in
the C6-16glu protein also seem to direct the binding of AUNKNCs. However,
they do it without altering their metallic nature significantly (Table 2.2), as
observed by the presence of Au-Au interactions in C6-16glu samples and
the coordination numbers particle diameters estimated from the EXAFS

spectra. Instead, the original CTPR scaffold (C6-WT) without any
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differential designed coordination residue displayed the expected general
Au-O/N coordination, representing non-directed coordination, in opposition
with the data extracted for the designed protein scaffold holding specific
coordination residues geometrically tinkered alongside one verge of the
protein.

XANES and EXAFS results combined with the PL studies suggest that the
sole coordination by primary amine-containing or carboxylic groups on the
WT and C6-16glu proteins is insufficient for an effective PL. In opposition,
the PL observed in C6-16cys-AuNKNCs could rise from the interaction
between the metal and thiols: LMCT and LMMCT transitions possibly due
to the presence of new Au(l)-S bonds. Charge transfer from the sulfur to the
Au(l) atom, most likely via a metal-centered triplet state, could explain the
appearance of phosphorescence, manifested by a red emission shift and
long ps lifetimes 161, On the other hand, the high concentration in a reduced
space of active imidazole groups in C6-16his-AuNKNCs could compensate
for the lack of a strong Au(l)-SR interaction since imidazole can act as a
coordinating group as well as a reductant. Moreover, the synthesized C6-
16his-AUNKNCs resemble histidine-capped AuNCs holding intense blue PL
with lifetimes at the nanosecond regime 1%, The Au(l)-N bond directed
by the imidazole seems key to explaining the fluorescent properties of C6-
16his-AuNKNCs, arising from optical transitions across the discrete

molecular-like AUNC levels.

2.4.Conclusions

Protein-based AuNCs have risen as excellent biocompatible nanomaterials
with valuable properties given by their PL and the molecular recognition
capacities derived from proteins. Recently, the efforts to comprehend the

nature of the PL from such hybrids have shed light on the importance of
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ligands and synthesis conditions. These investigations, which represented
the initial steps to study these relevant effects, were developed using
natural and widely used proteins and peptides such as BSA, OVA, or GSH

and in situ methodologies for the NC synthesis.

Herein, rational design has been used on simple scaffolding proteins,
CTPRs, to explore the effect of the coordinating protein on the PL properties
of originally non-emissive AUNKNCs through engineering specific
coordination residues on the same protein scaffold. Additionally, the
selection of previously described water-dispersible non-emissive AUNKNCs
allowed us to use the same nanomaterial to solely study the effect of the
protein capping, without additional coordination/ reduction effects from the

protein environment on the in situ synthesis methods of metal nanoclusters.

Besides, an extensive optical and X-ray spectroscopical characterization of
the designed protein-AuUNKNCs compaosites sheds light on the mechanisms
underlying the relationships between the NC composition and the metal
coordination by biomolecules and optical properties of metal NCs.
Interaction of unstabilized nanoclusters with proteins carrying engineered
metal coordination sites showed dramatic differences depending on the
chemical nature of those amino acids. Proteins based on glutamic acid
maintained the metallic nature of the AuUNKNCs bond. However, those
carrying lysine, histidine, or cysteine transformed the structure of the
clusters radically, losing their Au-Au metallic core and maybe being
transformed into Au-N/S stapled type structures. These Au-amino acid
interactions also seem to control the resulting photophysical properties of

the clusters, allowing to switch and tune the PL of nanoclusters effectively.

Finally, the reported synthesis method that combines engineered

coordinating modules and naked nanoclusters offers a quick, green, and
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easy way of developing emissive systems with tunable PL emission
wavelengths and lifetimes.

Engineered repeat proteins can be envisioned as tailored, modular protein-
based systems for the control interfacing of biomolecules with
nanomaterials towards 1) the fundamental physicochemical studies on the
properties of emerging the bio-nano hybrid materials with advanced
properties, and 2) the design of future multifunctional protein-hybrids with
customized PL properties for a broad range of applications.

2.5.Experimental section

2.5.1.Protein expression and purification

Proteins were over-expressed using Escherichia coli C41 cells. Overnight
saturated cell culture was diluted and grown until the optical density
reached 0.6 at 37°C. At this point, the protein expression was induced using
0.6 mM of Isopropyl B-d-1-thiogalactopyranoside (IPTG), and the cells were
grown at 30°C for 5 hours. Overexpressed proteins were purified using the
His-tagged fusion method in a nickel nitriloacetic acid (Ni-NTA) affinity
chromatography column, and His tag removed using tobacco etch virus
(TEV) protease. Then, electrophoresis gels were used to confirm the
molecular weight and the purity of the purified proteins. The protein
concentration was estimated using the molar extinction coefficient
calculated from their amino acid composition. Purified proteins were stored
at -80°C.

2.5.2.AuNKNCs synthesis

The synthesis of the naked AUNKNCs was developed by Prof. Prieto’s
laboratory (Instituto de Ciencia Molecular (ICmol) at Universitat de

Valéncia)'®3, Briefly, AUNKNCs were synthesized by mixing a NaOH
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solution (440 uL, 2M) with water (860 yL) and then adding an aqueous
solution of HAuCI4 (25 pL at 50 mM HAuCI4; at a NaOH/Au molar ratio of
704/1). The mixture became colorless immediately and was kept without

stirring for one hour.

2.5.3.AUNKNCs conjugation to proteins

After the synthesis of AUNKNCSs, the pH is adjusted using HCI, and the
protein is added in a molar ratio of 30/1 HAuCl4/protein. The mixture is left
overnight under stirring and covered from light. Then, the sample is washed
and concentrated using an Amicon 3 kDa ultrafiltration device. For the
screening of conditions, the reagents and proteins were mixed in a
microplate: AUNKNCs were synthesized as mentioned before in situ in each
well, keeping the same molar ratios of gold and NaOH as exposed in the
AUNKNCs synthesis. After one hour, the protein was added to a final fixed
concentration of 20 uM and left overnight. The photoluminescence was
registered using a Biotek Synergy H1 plate reader, with a Aex of 370 nm

under aerobic conditions (Figure 2.6).

2.5.4.TEM imaging

TEM measurements were conducted on a JEOL JEM 1400 Plus
microscope (120 kV). The samples for TEM were prepared by drop-casting
of the protein solution at 100 nM concentration over a TEM grid and blotted

to dry. The analysis of the images was performed using ImageJ software.

2.5.5.MALDI-TOF MS analysis

Mass spectra were acquired on an UltrafleXtreme 1ll MALDI-ToF mass
spectrometer with delayed extraction (Bruker) accoutered with a pulsed N2
laser (A= 337 nm). MALDI-TOF sample preparation included 2 pL of the

sample mixed with 2 yL of sinapic acid (matrix) in 50:50 water/acetonitrile
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with 0.01% trifluoroacetic acid (TFA). Thus, 1 pL of the mixture was
deposited onto the MALDI plate and air dried. All mass spectra were
acquired in positive reflection mode using delayed extraction with a range

of 50-100 laser shots and an excitation voltage of 20 kV.

2.5.6.X-Ray Photoelectron spectroscopy

X-ray photoelectron spectroscopy measurements were executed with a
SPECS SAGE HR 100 spectrometer accoutered with a 100 mm mean
radius PHOIBOS analyzer and a nonmonochromatic X-ray source. An Mg
Ka line of 1253.6 eV energy and 250 W was placed perpendicular to the
analyzer axis and calibrated using the 3d5/2 line of Ag, with a full width at
half maximum of 1.1 eV. An electron flood gun was used to neutralize the
charge. Measurements were conducted directly on dry deposited films in
an ultrahigh vacuum chamber at a pressure of 8 x 10—8 mbar. The analysis
of spectra was done with CasaXPS 2.3.15dev87 software. Spectra were
charge-corrected by fixing the adventitious carbon C sp3 at 284.8eV.

2.5.7.0ptical and Photophysical Spectroscopy

Absorbance spectra of protein-AuNKNCs conjugates were acquired on a
96-well microplate using a Biotek Synergy H1 plate reader. For time-
resolved PL measurements, a 405 nm PDL 828 Picoquant Sepia laser with
a 50 ps pulse duration was employed as a photoexcitation source. The
repetition rate was set at 10 MHz, and the beam was mildly focused on the
sample. Photoluminescence measurements were carried out in solution in
2 mm optical path quartz cuvettes. Samples were purged with N, prior and
stirred while measuring. A 420 nm long-pass filter was used to remove
scattering from pump pulses. Photoluminescence was collected with a pair
of achromatic, convergent lenses (2" diameter and a focal of 7.5 cm) and
sent to an SP2500 Acton Research spectrometer to select the desired

spectral window in an Nx-cooled CCD (Princeton Instruments). Two
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different excitation/detection configurations were employed to monitor the
nanosecond and microsecond time domains. PL decay measurements in
the ns-time region involved excitation with the 405 nm picosecond diode
laser described above with a repetition rate of 10 MHz and acquisition with
a PicoQuant HydraHarp-400 time-correlated single-photon counting
(TCSPC) system. Analogous measurements in the pys time-domain involved
excitation with a 355 nm passively Q-switched Nd:YAG laser (TEEM
Photonics; 0.3 ns pulse duration, at 269 Hz repetition rate) and acquisition
with a TimeHarp 260 TCSPC board. PL spectra were acquired by filtering
the desired wavelength with a spectrometer (SP2500, Acton Research) and
detected with a Picoquant PMA Hybrid-Photomultiplier Assembly with a
transit time spread of less than 50 ps. PL decay analysis was carried out
with Fluofit software (Picoquant). The phosphorescence origin of C6-16cys-
AuNKNCs emission was assessed bubbling the sample with O, and
afterward bubbling with N». Solutions were purged for 3 minutes (Figure
2.11).

2.5.8.Thermal stability vs. photoluminescence measurements

Photoluminescence was measured in a Biotek Synergy H1 plate reader
conducting thermal denaturation ramp from 20°C to 100°C and from 100°C
to 20°C every 10°C, using a Aex at 390 nm. The secondary structure of the
protein-AuUNKNCs conjugates was checked using circular dichroism (CD)
on a spectropolarimeter Jasco J-1500, with a PM-539 detector and a 150W
Xe arc excitation lamp. CD spectra from 260 nm to 180 nm were measured
at 20°C and 100°C using a scanning speed of 200 nm/min and 5
accumulations, a bandwidth of 5 nm, a data pitch of 0.2 nm, and a DIT of
0.5 s. The CD signal was recorded at 220 nm for the thermal denaturation

ramps using a JP Selecta Tectron Bio thermostat controller.
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2.5.9.Trypsin digestion

Protein-AUNKNCs samples were incubated with increasing molar
equivalents of trypsin from porcine pancreas (Sigma Aldrich, CAS 9002-
07-7), from 10:1 (trypsin:CTPR conjugates) to 1000:1 in 10X increments,
and were incubated for 1 h. Photoluminescence of the protein-AuNKNCs
conjugates was measured on a Biotek Synergy H1 plate reader at Aex=390
nm. In addition, polyacrylamide gel electrophoresis was performed to
check the protein integrity after trypsin digestion, running the digested

samples with incremental amounts of trypsin at 200 V.

2.5.10.X-Ray Absorbance Fine Structure (XAFS)

X-ray Absorption Spectroscopy data were collected at B18 beamline at
Diamond Light Source at the Au L3-edge (11919eV) using Cr-coated
mirrors and a Sil1l monochromator. Samples were measured in liquid form
inside plastic Eppendorf tubes at concentrations over 0.1 mg/ml of Au. Data
collection was performed in fluorescence mode employing a 36-element
solid-state Ge detector positioned at 90 degrees from the incoming beam.
Energy scans were performed from 11719 to 12919 eV (k-range up to 16
A7) with a constant energy step of 0.3 eV and a total acquisition time of ca.
3 minutes per scan. Scans were repeated from 50 to 100 times per sample
and then averaged (where the number of repetitions was selected
depending on Au concentration and XAS signal). The resulting spectra were
from the Ie/lo signal, measured by an ion chamber placed before the sample
and filled with ca. 70 mbar of Argon and up to 1 atm He (resulting in

absorption of ca. 10% of the incoming beam).

The standards used contained a mixture of the expected oxidation states
present in the AUNKNCs and protein samples and some of the possible
ligands bound to the Au once coordinated to the inner interface of the

proteins studied. In particular, those standards included: Au(0) foil; Au(lll)
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hydroxide; Au(l) CI; Au(l) sulfide; and Au(l) cyanide. Those standards were
obtained from the XAS standard database provided by Hephaestus
software, while Au(l) Cl was measured experimentally at the 114 beamline
(Diamond). The measurements and standards were calibrated using

corresponding Au foil scans to align the edge to 11919 eV.

Data processing and analysis were then performed with Athena and
Artemis software from the Demeter package using the IFEFFIT codel®.
Initially, Principal Components Analysis was run on the series of Au
samples in the XANES region (-20 to +80 eV around the edge), and target
transform was applied on a series of Au standards (including Au(0) foil,
Au(lll) hydroxide, Au(l) chloride, Au(l) sulfide, and Au(l) cyanide) to confirm
their presence as components in the samples measured. XANES linear
combination fits (LCF) were then performed in the range -20 to +80 eV
around the edge using the standards mentioned above.

EXAFS fits were performed in the k-range (from 2.5 to 15.5 A™). R-range
varied from 1 to 2.4 A (when only fitting the first shell) or from 1 to 3.4 A
(when also Au-Au signal was included in case of a significant fraction of
metallic gold). In the absence of a 3d structure, only single scattering paths
were used for the fit, including Au-O/N, Au-Cl, Au-S, Au-Au. Most of the
parameters were left free to be optimized by the fits, but values obtained by
the fit of Au standards were used as starting guesses when possible.
However, Debye-Waller for Au-O/N was fixed to 0.002 A2 as found from the
fit of the Au(lll) hydroxide standard, the decision to fix it was due to its strong
correlation to the amplitude parameter. Eo was optimized to different values
for different paths because they are representative of fractions of the
sample where Au atoms are in various oxidation states. Coordination
Numbers (CN) were left free to be optimized by the fit and were obtained

using a single parameter for amplitude representing the product of Sg>* CN.
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3.SENSING APPLICATIONS OF METAL
NANOCLUSTERS TEMPLATED BY
ENGINEERED PROTEINS
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3.1.State of the art

The IUPAC defines a chemical sensor as ‘a device that transforms chemical
information, ranging from the concentration of a specific sample component
to total composition analysis, into an analytically useful signal’. Equally, it
also defines a physical sensor as ‘a device that provides information about
a physical property of the system’'%. Both type of sensors are extremely
useful for extracting information from their environment and have been used
and perfected since ancient times'®1%7, Nonetheless, ordinary methods to
measure physical variables such as temperature, pressure, humidity and
mass change, or chemical parameters like acidity, presence of molecular
species and electric conductivity are constructed for giving responses in
meso- and macro- scales, so these spatial resolutions are not sufficient to
probe micro- and nano-scale environments. New tools for measuring
physical and chemical parameters are needed in a world in which we
require better sensitivity and reliability at those smaller scales, given the
importance of the phenomena that occurs at the nano and micro settings,
for example, the significance of tumor microenvironment (enhanced

temperature, inflammation) in tumor cell growth68:16°,

Photoluminescent metal NCs have been widely used as sensors because
luminescence emission can be encoded to change in response to specific
modifications in their environment, including fluctuations in temperature,
oxidative stress imbalances derived from cellular metabolism, acidity, or the
presence of different substances like metal ions, or biomarkers. In this way,
the precise information about the physicochemical status extracted from the
microenvironment could be used to evaluate the best actions to be taken,
e.g., therapeutic treatments for a patient or ecological interventions in a

polluted location.
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3.1.1.Temperature sensing and nanothermometry

Temperature is a fundamental thermodynamic variable and one of the
environmental parameters with a critical influence on living organisms. In
the case of environments at the micro and nanoscale in biological systems,
temperature is a crucial trigger of chemical and physical dynamic
processes, controls metabolism and thermodynamic mechanisms, but can
also become an early sign of relevant phenomena such as inflammation?®2,
However, traditional thermometers cannot measure on the sub-micrometer
scale, especially in environments with fast thermodynamic changes, such
as the intracellular environment. Thermoresponsive nanomaterials are one
way to measure temperature at the nanoscale, as well as suitable actuators
that respond to thermal stimuli. The importance of accurately measuring
temperature at micro and nano scales emerges from the role that heat
variations, called hyperthermia or hypothermia, have in living organisms
across several pathologies (e.g., tumor growth, inflammation, or stroke%4).
Besides, heat can be used for treatments, but it must be precisely controlled
for safety issues. For example, hyperthermia therapy is a commonly used
anticancer treatment in which the temperature of the malignant cells is
raised above physiological levels (around 42° C) using irrigations with
solutions at the required temperature'”®. However, the treatment can be
more focused and less harmful for healthy tissues using tumor-targeted
metallic nanoparticles that can produce heat when externally activated
using light (photothermal therapy or PTT)* or magnetic stimulation
(magnetic hyperthermia therapy or MHT)"2. In this sense, the accurate
temperature measurement at the nanoscale becomes a grounding step for

any thermal-related therapy or studied phenomena.

Several approaches have already been taken for sensing temperature at
the nanoscale, such as the use of organic dyes!’°, carbon dots!”’, quantum

dots, fluorescent proteins!’>1’¢, or photoluminescent metallic clusters!’®, in
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which emission intensity varies along with temperature ranges. Even more
complex techniques like XAS!® have been used for such endeavors.
However, nanothermometry has different limitations that have to be
accounted for. Notably, for many thermoresponsive nanomaterials, their
toxicity (for example, in quantum dots due to their heavy metal
composition), low biocompatibility, stability in biological media, and minor
sensitivity are substantial burdens for their use in cellular organisms.
However, thermal responsiveness endowed with biomolecular recognition
is an interesting feature since the nanothermometer can be targeted to
specific tissues expressing a biomarker or to distinct intracellular
compartments when using proteins as templates of the thermoresponsive
nanomaterial. Equally, this approach could help to enhance the
biocompatibility of such nanomaterials, by using non-toxic biomolecules.
Some efforts have previously been made in this direction using protein-
passivated metal nanoclusters®-182 Nevertheless, they have limitations
such as hysteresis, i.e., the differential response the thermometer has at a
given temperature when performing temperature heating or cooling ramps,
common in temperature sensors and which makes measurements
unreliable, and a low range of temperature sensitivity (typically from 4°C to
the temperature at which the protein is still stable and folded, usually below
60°C). The low range of temperature sensitivity is not a handicap when
measuring ordinary biological samples, because they usually lie in within
the operation range, but can be problematic in the case of extreme
environments and extremophile organisms (for example, bacteria living in

submarine fumaroles).

3.1.2. Chemical sensing

Sensors can be designed not only to measure physical variables but also

to identify the presence of specific molecules and assess the chemical
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environment, for instance, pH levels. The pursuit of a device for chemical
and molecular sensing has driven the efforts in the field towards innovative
proposals, such as electronic noses and chemical tongues®®-18¢  The
complexity of these devices relies on a sensor array that can deal with a
heterogenous input of molecules for complex detections. However, much
simpler chemical detectors can be designed, especially using nanoparticle-
based devices sensitive to metal species or redox processes®’, such as
the formation of reactive oxygen species (ROS)8. In particular, the
detection of heavy metals®3-18 or rare-earth elements® could be relevant
for determining contaminants in food and the environment, or assessing the

availability of chemical resources for mining.

Detection of molecules has remarkable relevance in health monitoring. In
this field, the relevant molecule to be detected becomes a biomarker. The
National Institute of Health (NIH, USA) defines a biomarker as a
characteristic of an organism that is objectively measured and evaluated as
an indicator of normal biological processes, pathogenic processes, or
pharmacological responses to a therapeutic intervention80191.192
Biomarkers used in diagnostics must be detectable in samples easy to
obtain from the patient (i.e., in bodily fluids like blood, urine, saliva), and
provide information to allow early diagnosis and treatment#31%3, Biomarkers
are typically used to diagnose a disease, assess its prognosis, and predict
the efficacy and safety of a drug. Therefore, it is necessary to differentiate
between disease-related or drug-related biomarkers. The first one informs
about the effect of a treatment or the progression of the disease!84194-1%:

the second one predicts drug efficacy and response in patients.

DNA and protein®®% have been used for templating nanomaterials for
sensing purposes, and design can further increase complexity by adding
logic gates!®194-19 or chemoresistors?>144179191  Those elements might

include logical operators, switchers and simple computation to the sensing
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device, and increase the reliability of the detection. Apart from other
photoluminescent nanostructures, for instance carbon dots and quantum
dots, NCs have been widely used for chemical sensing and detection of
ions, such as Cu?* 19819 or toxic metals like Hg?* 2°2, Particularly, AUNCs
are a popular sensor option given their chemical stability and low reactivity
with other components of the cellular medium. Furthermore, the importance
of biological and cellular processes has fueled the recognition of
biomolecular sensing as an important section of chemical sensing, in which
the development of photoluminescent nanoprobes, including metallic NCs,
is bursting.

The use of nanoclusters as fluorescent reporters to detect chemical species
and biomarkers is increasing due to their stability, tunable optical properties,
and the wide variety of biomolecules with recognition capabilities used for
their conjugation?®®2%, For this purpose, NCs are commonly synthesized
using a templating strategy that avoids NCs aggregation, leading to stable
nanomaterials of a specific size. Since NCs radius (i.e., the number of
atoms comprising the clusters) and ligands define their fluorescence
properties, using templating agents is translated into a defined size and
optical properties. In addition, the templating molecule can also provide
recognition capability for molecular targets. Therefore, nanoclusters
synthesized following this strategy might have selectivity for the analyte and
tunable fluorescence properties that allow the target molecule's specific

recognition, detection, and quantification.

Many research lines focused on sensing develop nanoparticles, quantum
dots, and nanodots. In particular, the number of publications related to NCs
is increasing since they have a great potential for chemical detection due to
their tunable properties. In particular, their photoluminescence (PL) is an

interesting property that can be used both in PL spectroscopy and
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fluorescence imaging, although PL spectroscopy is the appropriate
technique if more accurate quantitative results are required. The key to
using NCs as fluorescent reporters in biosensing strategies is to tune their
optical properties, leading to their specific detection and quantification.
Designed proteins for the precise synthesis of metal nanoclusters and
tailored specificity is, in this sense, an intelligent approach to cover different

biosensing needs (Figure3.1).
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Figure 3.1. Overview of bottom-up synthesis of bio-templated metal

NCs, their properties and their use as biosensing tools.

3.2.Approach

Protein engineering can be used for designing functionalized tools that can
fulfill a set of desired requirements or perform a specific action. Simple
modular proteins are excellent to use as templates for creating functional
nanostructures because of their stability properties, modularity, and

structure. For example, in a consensus tetratricopeptide repeat (CTPR),
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only 8 residues of the 34 within each CTPR repeat are conserved and have
structural significance, leaving plenty of space for mutations and changes
alongside the protein. In the past, an easy way to template metal
nanoclusters on a CTPR protein with specific binding capability (Hsp90)
was showed, and the use of this system to build a fluorescent probe that
recognizes the CTPR target molecule and reports the binding through a
change in the PL®2. In the present work CTPR templated metal nanoclusters
for sensing different stimuli, such as temperature, ions, and reactive oxygen
species (ROS) is explored, with the primary objective of developing an array
of modular sensing tools that could be combined in the same protein
scaffold.

3.3.Results and discussion

3.3.1.Protein design and NCs synthesis

Blue fluorescent protein stabilized metal NCs were synthesized in one step
by reducing the metal salt (HAuCls, AgNO; or CuSO4) with sodium
ascorbate in the presence of a CTPR protein with 3 modules, in which the
last one bears a C-terminal cysteine (C3_cys), at 37°C for 72 h. The as-
obtained protein stabilized metal NCs suspension are light brown under
visible light (Figure 3.1A) and emit strong blue fluorescence under 365 nm
irradiation (Figure 3.1B). The UV-visible spectra (Figure 3.1C) of the
protein-stabilized metal compared with the spectrum of the protein at the
same concentration showed, in addition to the characteristic protein
absorption at 280 nm, the presence of small and broad peaks around 350-
370 nm, and in the case of AuNCs a slight rise around 560 nm due to the
presence of a small fraction of gold nanopatrticles. The fluorescent protein-

stabilized metal NCs showed maximum excitation and emission peaks at

94



Protein-nanomaterial hybrids as tools for sensing, imaging and bioelectronics

375 and 453 nm (CuNCs), 371 and 445 nm (AgNCs) and, 365 and 438 nm
(AuNCs), respectively (Figure 3.1D).
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Figure 3.1. PL characterization of metal NC-CTPR protein conjugates.
A and C) images of CTPR-metal NCs solution under visible light and UV
light: C3_cys-CuNCs (1), C3_cys-AgNCs (2), and C3_cys-AuNCs (3). B)
UV-Vis absorption spectra of the non-conjugated CTPR protein and the
synthesized protein-NCs conjugates. D) Excitation and emission spectra of
CTPR templated NCs.

The fluorescence quantum yield (®x) of C3_cys-CuNCs, C3_cys-AgNCs,
and C3_cys-AuNCs were 4.1, 2.6, and 3.5%, respectively, when
anthracene was used as a reference. These values are in the same range
as those reported for other protein-stabilized fluorescent metal NCs in the

literature 183.200,.201
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MALDI-TOF mass spectrometry was used to determine the size of the NCs.
The spectra of the protein-NCs complexes showed clear shifts compared
to the spectrum of the protein. However, the peaks in the mass spectra that
correspond to the protein-NCs conjugates were broader than the pure
protein peak, indicating the presence of protein populations with different
numbers of metal atoms. Thus, it is possible that the laser irradiation during
the MALDI-TOF acquisition was etching the NCs bound to the proteins. For
example, the mass spectrum of C3_cys-CuNCs (Figure 3.2) showed a
prominent peak at m/z= 14,693.34 Da, corresponding to C3_cys-CuNCs
with six copper atoms per protein (compared to an m/z= 14,321.65 Da for
the free protein). Similarly, the mass spectrum of C3_cys-AuNCs showed a
peak at m/z= 14,869.47 Da, indicating three gold atoms per protein, and the
mass spectrum of C3_cys-AgNCs showed a peak at m/z= 14,789.94 Da
that corresponds to five silver atoms per protein. It is plausible that other
NCs species were also formed; however, they were not clearly detected by

MALDI-TOF mass spectrometry.
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Figure 3.2. MALDI-ToF analysis of metal NC-CTPR conjugates. Mass

spectra of non-conjugated C3_cys protein (magenta trace) and the protein-
NCs conjugates: C3_cys-CuNCs (blue trace), C3_cys-AgNCs (red trace),
and C3_cys-AuNCs (green trace). The shifts in the peaks relative to the
protein spectrum correspond with the absorption of six Cu atoms, five Ag

atoms, and three Au atoms.

3.3.2.Temperature sensing

The photoluminescence (PL) of protein stabilized metal NCs was tested
under a temperature range from 25°C to 60°C (Figure 3.3). The
fluorescence decays up to 40% in all the NCs evaluated, no matter the
metal of choice (Figure 3.3D, 3.3E, and 3.3F). Potential hysteresis effects
may hamper the use of a sensor as a reliable nanothermometer. Thus, it is
important to evaluate that the fluorescence intensity at a specific
temperature is not dependent on the heating or cooling cycles and remains
the same when the system is being heated up or is cooling down.
Hysteresis effects may emerge from local conformational changes of the

protein in the surroundings of the metal NC 2°7:2%8, However, CTPR proteins
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present good thermodynamic stability under the temperature range in which
the sensor was evaluated and a fully reversible thermal denaturation 2°;

therefore, these scaffolds guarantee a system without hysteresis.
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Figure 3.3. Metal NC-CTPR conjugates as temperature sensors. CTPR-
templated NCs emission spectra under a temperature gradient from 25°C
to 65°C (upper row) for C3_cys-CuNCs (A); C3 cys-AgNCs (B) and
C3_cys-AuNCs (C). Normalized fluorescence intensity vs. temperature
(lower row) for C3_cys-CuNCs (D); C3_cys-AgNCs (E) and C3_cys-AuNCs
(F).

The stability of the fluorescent signal from the metal NCs through different
cycles of temperature was also tested. It is observed that the metal NCs
can undergo heating and cooling cycles from 25°C to 60°C without losing
the temperature response and the resolution of the detection (Figure 3.4).

CTPR-templated metal NCs can perform several cycles without losing
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fluorescence or temperature sensitivity, making them robust temperature
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Figure 3.4. Cycles of temperature sensing. Normalized fluorescence
intensity vs. the number of temperature cycles between 25°C and 65°C for
C3_cys-CuNCs (A), C3_cys-AgNCs (B), and C3_cys-AuNCs (C).

3.3.3. lon detection

Several ions were tested as targets for the sensing properties of the protein-
stabilized metal nanoclusters. Among these ions, only copper showed a
significant quenching of the fluorescence emission of the metal

nanoclusters for each of the nanocluster compositions (Figure 3.5).
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Figure 3.5. lon detection by protein-stabilized nanoclusters. The
change in the fluorescence emission intensity of the protein-stabilized
nanoclusters upon the addition of different ions at the same concentration
(10 pM). C3_cys-CuNCs (A); C3_cys-AgNCs (B) and C3_cys-AuNCs (C).

Moreover, gold protein-stabilized nanoclusters were the most responsive to
Cu?*, quenching up to 40% of the PL at 10 uM of Cu?* (Figure 3.6). This
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Figure 3.6. Cu detection by protein-stabilized nanoclusters.
Fluorescence emission spectra of CTPR templated metal NCs in the
presence of different Cu?* concentrations (upper panels) C3_cys-CuNCs
(A); C3_cys-AgNCs (B) and C3_cys-AuNCs (C). Normalized fluorescence
vs. Cu?* concentration plots (lower panels). C3_cys-CuNCs (D); C3_cys-
AgNCs (E) and C3_cys-AuNCs (F).

No studies have been performed to explore the mechanism of fluorescence
guenching by copper, but there are some possible explanations for this
effect. One possibility is that Cu?*, as a paramagnetic species, can enhance
intersystem crossing (ISC) as a mechanism of non-radiative dissipation of
the energy absorbed, competing with fluorescence emission and thus
quenching the PL of the metal NCs?!. Another possible explanation is a

reaction with Cu?* causing de-attachment of Au NCs from the coordination
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residues, thus leading to a loss of PL. However, further characterization
would be necessary to detangle copper's molecular mechanism underlying

fluorescence quenching.

3.3.4.Reactive Oxygen Species (ROS) detection

The different nanoclusters samples were evaluated as sensors for detecting
oxidative stress through reactive oxygen species in the environment. The
Ag-based nanoclusters were the only protein-templated nanocluster that
showed a reliable response to ROS (Figure 3.7). PL of the Ag-NCs was
guenched in response to the amount of ROS produced by Rose Bengal
(RB) in time. The quenching occurred slowly in time, with a 10%
fluorescence loss in an hour. It is important to note that the positive control
used to detect ROS formation, 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid (ABTS), showed a more significant response to ROS than
the AgNCs.

Al Bl
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Figure 3.7. ROS detection by CTPR-AgNCs. A) Fluorescence emission
spectra of the C3_cys Ag nanoclusters with no ROS control (black lines)
and RB NCs, i.e., oxidative environment from ROS production (red lines).

B) Stern-Volmer plot showing the quenching of the Ag-NCs fluorescence
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with time upon irradiation of RB, related to increased amounts of ROS.
ABTS was used as a probe for ROS production; its absorbance was
measured to check ROS formation (green spheres, absorbance on green

axis).

In the case of the copper nanocluster, an initial quenching of the system
before sample irradiation was observed. However, there was no further
guenching upon irradiation when ROS were synthesized (data not shown).
Thus, RB may be quenching the nanocluster fluorescence due to an
interaction between the molecule and the Cu atoms. The mechanism of how
ROS quenches the fluorescence in AgNCs is not yet solved in our system.
However, considering the low stability to oxidation of the Ag-NCs, oxido-
reduction changes on the Ag-NCs directed by ROS activity may induce a

guenching in the fluorescence.

3.4.Conclusions

In previous work, we developed new technologies to use designed CTPR
proteins for the controlled growth of AUNCs. The main objectives of the
current work were: 1) evaluate the potential of repeat protein scaffolds as
versatile templates for the synthesis and stabilization of NCs with different
metal compositions (Au, Ag, and CuNCs); and 2) explore the use of CTPR
stabilized metal NCs as sensors for different conditions, such as
temperature, ions, or ROS. The sensitivity of these NCs for temperature
sensing and the ability to undergo several temperature cycles without losing
sensing efficiency are remarkable. Moreover, AUNCs can detect small
concentrations of copper ions in solution, and AgNCs showed sensitivity to
ROS species. Although previously reported systems showed similar
detection capabilities, and in some cases, with better specificity and

detection limits, the primary advantage in CTPR templated metal NCs is
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that the same system can encode different sensing capabilities and
functionalities by changing the metal attached. Therefore, this work
demonstrates the versatility of the repeat protein scaffolds to obtain protein-
stabilized nanoclusters with different metal compositions, which increases
their potential use in the field of biosensing. Furthermore, due to the
modular nature of these proteins, CTPR protein templated metal NCs have
a great potential as integrated modules in larger assemblies of CTPR
proteins. In this way, multi-component sensing tools using their modularity

and different functional elements alongside the protein array could be built.

3.5.Experimental section

3.5.1.Chemicals

All chemicals were purchased from Sigma-Aldrich and used without further
purification. Ultrapure reagent grade water (18.2 MQ, Wasserlab) was used

in all experiments.

3.5.2.CTPR protein design and purification

CTPR protein was produced following standard molecular biology protocols
for recombinant protein expression. First, the CTPR3_cys protein cloned
into a pPro-EX-HTb vector was transformed in Escherichia coli C41 (DE?3)
cells. Next, the cells were grown with ampicillin in Luria—Bertani media (LB).
IPTG induced the protein expression at OD = 0.6-0.8. After 16 h expression
at 20°C, cells were harvested, and the his-tagged proteins were purified via
affinity chromatography using Ni-NTA resin. Next, the his-tag was cleaved
using TEV protease, and a second Ni-NTA affinity column purification was
performed to remove the his-tag and the TEV protease from the protein
sample. Finally, the protein concentration was determined by absorbance
at 280 nm using the extinction coefficient calculated from the amino acid
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composition. The CTPR3 with an additional cysteine residue at the C-
terminal (C3_cys) has the following amino acid sequence:

GAMDPGNSAEAWYNLGNAYYKQGDYDEAIEYYQKALELDPNNAEAWY
NLGNAYYKQGDYDEAIEYYQKALELDPNNAEAWYNLGNAYYKQGDYDE
AIEYYQKALELDPNNAEAKQNLGNAKQKQGC (Molecular weight:
14463.4 daltons).

3.5.3.Synthesis and characterization of protein stabilized metal

Nanoclusters

The protein-stabilized metal NCs were synthesized following a previously
reported procedure using sodium ascorbate instead of ascorbic acid to
provide a reducing environment®2, Briefly, 1000 uL of protein at 10 uM were
mixed with HAuUCls, AgNO3, or CuSO4 (5 uL 10 mM, 5 eq. related to protein)
for at least 30 minutes to allow the adsorption of metal ions to the protein's
stabilizing sites. Then, the reduction of the metal ions to metal NCs was
achieved by adding 5 pL of sodium ascorbate at 100 mM (10 eq. related to
metal ions). The reaction was incubated at 37°C for 72 h. Next, the samples
were concentrated to 500uL using Amicon ultrafiltration tubes with a 10-kDa
membrane. Finally, the unreacted salts were removed by gel filtration
chromatography using an lllustra NAP-25 column. The purified samples
were kept at 4°C for further experiments. The absorption and fluorescence
spectra of protein stabilized metal NCs were recorded using a
spectrophotometer UV-Vis (Jasco V630-Bio) and a fluorometer (Perkin
Elmer LS55).

3.5.4.Fluorescence quantum yield

The fluorescence quantum yield (dx) was calculated using anthracene in
ethanol as a reference (®ref = 0.27, Aexc = 370 nm, and Aem = 423 nm) and

the following formula:
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(1) e = brey o (1)

Gradyes nrefz

Where Grady and Grad.s are the gradients from the plot of integrated
fluorescence intensity versus absorbance at the excitation wavelength for
the sample and the reference, respectively, and nx and nes are the refractive
indexes of the solvents, water, and ethanol, respectively. Fluorescence
measurements were performed using a fluorometer (Perkin Elmer LS55),
and absorbance was recorded with a spectrophotometer UV-Vis (Jasco
V630-Bio) in quartz cuvettes (5 mm pathlength).

3.5.5.Temperature sensing

The fluorescence spectra of a C3_cys-metal NCs suspension at 10 uM
protein concentration were measured at different temperatures ranging
from 25°C to 65°C. In addition, the reversibility and the cycle stability of the
metal NCs as temperature sensors were tested, repeating the process for

5 cycles in the same sample.

3.5.6.lon detection

Different ions at 10 uM including Na*, K*, Ag*, Ca%", Ba?*, Cd?*, Co?*, Pb#,
Zn?*, Ni%*, Mn?*, Mg?*, Fe?*, Fe*, and Hg?* were incubated with the metal
NCs to evaluate the selectivity of the protein-stabilized metal NCs towards
them. After 30 min of reaction, 200 uL of the reactant solution was
transferred into a quartz cuvette (5 mm pathlength) for fluorescence spectra

recording at room temperature.

Copper detection was evaluated by the incubation of protein-stabilized
metal NCs in phosphate-buffered solution (10 mM phosphate pH 7.4) with

ion solutions at different concentrations (0—10 pM) at 1:1 (v/v). The
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fluorescence spectra were recorded under the same experimental

conditions.

3.5.7.R0OS detection

To detect reactive oxygen species (ROS), the assays were performed
using Rose Bengal as the synthesizer for ROS. When irradiated with green
light, this dye can produce singlet oxygen molecules. As a control for the
presence of ROS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) was used. ABTS is widely used in antioxidants studies as the
reporter for oxidative stress environments 2°72%8 |n a typical experiment, 90
pl of 10 uM protein stabilized metal NCs in phosphate-buffered solution
were mixed with 10 pl of RB at 100 mM. The PL was measured in a quartz
cuvette (5 mm pathlength) upon irradiation with a green LED lamp during
15-minute steps for a total time of 60 minutes. In parallel, 25 pl of ABTS
were mixed with 10 pl of RB (100 mM) and 65 ul of phosphate-buffered
solution as a positive control of ROS detection. Absorbance was measured
using a Jasco spectrophotometer (model V630BIO UV-Vis) before and after
irradiation with a green LED lamp during 15 min steps for a total time of 60

minutes.
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4.ENGINEERED PROTEIN-
NANOCLUSTER FOR BIOLOGICAL
APPLICATIONS
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4.1.State of the art

4.1.1.Fluorescence microscopy for cellular imaging

Fluorescence microscopy is a robust methodology used to reveal the
internal structure of cells and the distribution of their components. Among
the fluorescence microscopy techniques, confocal laser scanning
microscopy (CLSM) allows data reconstruction in 3D using optical
sectioning. Moreover, it can be used as a qualitative and quantitative
technique?’’. However, a classical burden of conventional fluorescence
microscopy is the resolution limit due to light diffraction, defined by Ernst
Abbe in the equation?:8;

g A
" 2NA

In which A is the wavelength of the fluorescence emission of the probe and
NA is the numeral aperture of the objective employed. Still, recent advances
in super-resolution fluorescence microscopy?'® (with approaches such as
STED?*°, PALM?21222. STORM?23, or MINFLUX?2422%) have been vital to
tackling this problem. As such, the application of super-resolution
microscopy methods sheds light on a large number of cellular processes.
Examples include the distribution, dynamics, and organization of
subcellular structures and mechanisms such as membranes and lipid
rafts??®, chromosomal DNA in nuclei??”?28, human immunodeficiency virus
(HIV) viral infection??°, or molecular traffic within the endoplasmic reticulum
(ER)?%231 " microtubules and mitochodria?®?2%, In addition, those
techniques have also been used to study the cellular uptake, distribution,
and behavior of a number of molecules or nanomaterials (i.e., metal

nanoparticles) designed as therapeutic or biotechnological agents.
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Spatial analysis of metals in biological samples is important to understand
different biological processes (i.e., cellular homeostasis, cellular
metabolism, diseases)?2%, but it is challenging to study bio-metals
thoroughly using fluorescence microscopy?®. The localization and
distribution of bio-metals can be partially followed using emissive chelating
molecules, which alter their PL emission upon binding to free metal
jons?34236-238  However, most cellular metals are found bound to
biomolecules or stored in safe compartments rather than as free
ions230:234.239 - Equally, it is also vital to study the behavior and fate of
nanomaterials used in commercially available products and therapeutic or
biotechnological agents once they are internalized by organisms24:241,
Following the fate and degradation processes of metal-based
nanomaterials is complicated using optical methods. Fluorescence can be
lost upon release of linked fluorophores or degradation of fluorescent
materials, since the endosomal/lysosomal pathway is the uptake pathway
followed in most instances?*?, meaning that the fate of the non-fluorescent
material or free ions generated cannot be followed anymore with fluorescent

microscopy.

4.1.2.X-ray fluorescence

Among the different techniques that allow direct detection of metals to track
their localization inside tissues and organs (PET, MRI, or LA-ICP-MS), X-
ray fluorescence (XRF) is an ideal technigue for defining the distribution of

biological metals and nanomaterials alike.

XRF is based on the interaction of X-rays with the electrons at the inner
shell orbitals of atoms. Each element has its characteristic electronic
binding energy in each core energy level (K-edge, L-edge, M-edge). X-rays
are sufficiently energetic to excite the internal atomic orbitals of atoms from

heavy elements (including most metals), while visible light in fluorescence
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microscopy triggers transitions in the molecular orbitals. When one electron
is excited and ejected out of an internal orbital, another electron located in
an orbital at a higher shell fills the new electronic hole, and the energy
excess is released in the form of fluorescence emission, which is unique for
each element (Figure 4.1). This unequivocal emission makes XRF a perfect
technique to directly detect the elemental components of nanomaterials.
Also, as the XRF emission is element-specific, multiplex identification of
different elements (i.e., the combined use of probes in the same sample) is
feasible. This is interesting for biological contexts, particularly if the

elemental probes used are not naturally present in the sample.

Synchrotron-based X-ray fluorescence (SXRF) takes advantage of high
brilliance synchrotron radiation produced in dedicated facilities. Current
synchrotron facilities provide X-ray beams with high flux (number of photons
per second), allowing good sensitivity and detection limits of metals, and
possess advanced optical setups that allow beam manipulation to control

parameters such as beam size.
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Figure 4.1. X-ray fluorescence mechanism. When an X-ray interacts with

an electron from the inner orbitals of the atom, the electron is ejected and
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another one fills the electronic hole, emitting fluorescence as an energetic
release. The fluorescence emission is characteristic of each element.

4.1.3.X-ray fluorescence microscopy for metal identification in cells.

Synchrotron X-ray fluorescence mapping (SXRF)?* is ideal for tracking bio-
metals and metal-based nanomaterial inside biological samples such as
tissues or cells at the micro- (U-SXRF)%*223 and nano- (SXRFN)?*® scales.
Since the A of X-rays is much shorter than visible light used in fluorescence
microscopy, the resolution limit is mostly imposed by the optics setup
available in the beamline used to focus the X-rays?**. With the proper
mirrors, the beam can be focused below the 50x50 nm? range?*?, which
combined with good penetration of X-rays is ideal to assess metal
distribution within cells?*®, Still, since the mapping is done by scanning the
sample with the beam, the high-resolution vs. large field imaging trade-off
must be considered, because map scanning at high resolution is slow and

time-consuming.

Besides, XRF mapping can be combined with other optical or X-ray based
imaging, spectroscopic, or scattering technigues, such as fluorescence
microscopy?*®, Soft X-ray transmission microscopy?*, ptycography?*’, or
XAS spectroscopy?*. The combination of such techniques for imaging
offers a valuable multi-approach for in-depth studying of cells, their
components, and the bio- or exogenous metals present in them. For
instance, correlative SXRF and different X-ray tomographic techniques
have produced high-quality 3D elemental maps of algae*®°, Caenorhabditis
elegans nematodes treated with cobalt nanoparticles?*8, the precise fate of
an anti-cancer metallocomplex in cancer cells?*°, and iron functionalized
nanoparticles in cervical cancer immortalized cells (HeLa)?°. In addition,
correlative SXRF and fluorescence microscopy have been used to

elucidate manganese toxicity in HeLa cells??, the effects of metals in the
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cytoskeleton of dendrites?®?, tracking the nuclear delivery of iron oxide-
titanium nanoparticles?®3, and for organelle identification using dual-labeled
antibodies (carrying both gold nanoparticles and commercial dyes)?.

Still, there is a lack of commercially available, cheap, and robust organelle-
specific tags for sub-cellular recognition in SXRF imaging. Therefore,
tracking the different organelle structures with precision in SXRFN is
challenging, making it difficult to determine the exact subcellular localization
of any metal studied. Certain cellular compartments can accumulate
specific metals of biological origin in a preferential way, for example, Zn in
the nucleus, which can serve for organelle recognition by SXRFN?2%,
However, this is not possible for most organelles. Alternatively,
antibodies?®"258, DNA?2°%2¢0 carbon nanotubes (CNTs)?%, or organometallic
complexes?®? have been tested as organelle-specific metal-containing
probes. Some of these strategies achieved a good level of success in
labeling cellular organelles and proteins. Nevertheless, they also faced
several drawbacks. Although antibodies are an excellent option to label
sub-cellular targets due to their molecular specificity and variety of options
available, they have significant flaws as well, such as the high cost of these
reagents and the need for permeabilization and fixation of cells (which can
alter the internal content of cells)?®3. CNTs and organometallic complexes
face other limitations, including low or non-cell permeability and labeling
efficiency, and the need for complicated synthesis to produce them. Other
approaches, including protein-encoded lanthanide-binding tags?® and
guantum dots?**, rely on rare elements, which increases their cost.
Furthermore, most of these approaches do not allow multiplexing.
Therefore, there is a need for new cellular probes capable of labeling
efficiently and detecting simultaneously different organelles by SXRFN (or
similar techniques). The value of these cellular probes can be increased if

they can serve for correlative fluorescence imaging as well.
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4.2.Approach

4.2.1.0rganelle tags for correlative fluorescence microscopy and SXRFN
imaging
Repeat proteins are a versatile engineering platform for multi-purpose
nanotechnological tools. CTPR proteins, in particular, can be easily
modified to include protein binding domains, peptides, or click chemistry
reactive sites, among other functionalities?®®, and their modular nature
makes them an ideal scaffold for producing different modules with
distinctive functionalities. They can also be designed to contain metal
binding domains?>42% and used to synthesize and stabilize small
luminescent nanoclusters of different metals, including non-biological (Au,
Ag) or trace bio-metals (Ni, Co). These NCs show excellent stability and
biocompatibility, and have been used before as imaging probes in
fluorescence microscopy®’. Moreover, engineered NC-CTPRs are
promising probe candidates for SXRF, as they can combine specific
targeting domains with metal-binding domains within the same molecule
(Figure 4.2). We recently demonstrated the potential of those hybrid
systems as protein-specific probes for p-SXRF in tissue samples by

targeting successfully Hsp90 proteins in the hearts of fibrotic mice.
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Figure 4.2. CTPR proteins can be engineered as correlative imaging
labels. A) A CTPR protein with a fused signal peptide and a fluorescent
metal nanocluster can be used as a label for different cellular organelles.
B) X-Ray Fluorescence image of an MDA-MB-231 cell treated with AUNCs
in which the Au channel is shown in magenta, the K in green (cytoplasm
marker), and the Zn in blue (nuclear marker). A live confocal image of
another MDA-MB-231 cell treated with AuNCs labeled with RITC
(magenta), DAPI (blue), and ER-tracker (green).

This chapter describes a versatile strategy to design modular protein
systems that combine organelle-targeting capabilities with distinct optical
and X-ray fluorescence emissions (Figure 4.2). Organelle-specific SXRF
nanoprobes are produced by introducing naturally occurring signal peptides
(i.e., short polypeptide sequences that cells use for protein sorting into the
correct organelles) at the terminal sites of CTPR proteins carrying metal-

binding modules for the templating of photoluminescent metal NC. Peptides
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are chosen over other alternatives (small molecules or DNA aptamers)
because they are highly organelle-specific and can be easily encoded in the
genetic sequence of CTPR using molecular biology techniques. In addition,
this approach allows easily changing the organelle targeted and the
elemental composition of the metallic nanoprobe by interchanging the
designed organelle tags and the metal salts used to generate the
photoluminescent NC. Therefore, changing the NC composition of various
NC-CTPRs carrying different signal peptides should be feasible to
simultaneously recognize multiple organelle targets, which is not currently

possible.

4.3.Results and discussion

4.3.1.Protein design for organelle tags

Signal peptides specific for individual organelles were genetically encoded
at the C-terminal of CTPRs with 6 modules (C6). The protein variants and

the peptides chosen were:

- NUCLtag: for nuclear labeling, the nuclear localization signal (NLS)
sequence from SV40%’ was chosen, as it is commonly used for
delivering DNA and proteins to cell nuclei?®®. Its amino acid sequence is
PKKKRKYV. Although Zn is usually used in SXRF cellular maps to
identify nuclei, an unequivocal non-biological metal probe for the
nucleus is valuable for better identification.

- MITOtag: for mitochondrial labeling, the peptide chosen was
MLSARSAIKRPIVRGLATYV. This peptide is a mitochondrial targeting
sequence (MTS) used to translocate proteins into the mitochondrial
matrix?>%269, Mitochondria are interesting organelles to identify due to

their role in many metabolic and energy-related physiology. This peptide
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was encoded at the N-terminal of the protein, which is the common
location of MTS within natural proteins that carry it.

- ERtag: for endoplasmic reticulum (ER) labeling, which was chosen
given its essential role in protein synthesis, modification, and transport.
For this purpose, the peptide sequence encoded was KDEL, a signal
peptide present in intern proteins of the ER and recognized by a
transmembrane protein, the KDEL receptor, for the retrotransport of

proteins back to the ER?"%:272,

Those proteins also carried 16 cysteines (C6-16cys) as metal coordination
residues, forming a metal-binding domain that has already proven efficient
in templating NC for in situ synthesis®” and conjugating to naked NC 275-27°,

4.3.2.Metal NC synthesis and characterization

Au, Ni, and Co NCs were synthesized in situ using an excess of 2
equivalents of metal salt per coordination residue followed by an ascorbate
reduction. The NC-protein hybrids were characterized using mass
spectroscopy and PL spectroscopy. The MALDI-TOF analysis (Figure 4.3)
of the organelle-tag CTPR variants confirms the agreement between
experimental and theoretical masses (theoretical masses: C6-16cys 26,025
Da, C6-16cys.nuctLtag 26,890 Da, C6-16CyS.mitotag 28,047 Da, C6-16CYS.criag
26,510 Da). However, CTPR carrying NCs (NC-CTPR) do not fly as
effectively as the protein-only samples, and thus they were difficult to
identify by MALDI-TOF mass spectroscopy (Figure 4.3 right).
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Figure 4.3. MALDI-ToF analysis of CTPR tag variants. Mass spectra of
the NC-CTPRs variants (left) and the NC-C6-16cys.nucLiag Samples bearing
NiNCs, CoNCs, and AuNCs (right).

C6-16cys.nuciiag Was used to grow in situ metallic Ni, Co, or Au NCs, and
the Protein-NC systems subjected to further PL spectroscopic
characterization. All three NC-C6-16cyS.nucLtag protein hybrids showed
similar PL properties, with maximums of excitation at Aex= 390 nm, and
emissions peaking at Aex= 450 nm and with long tails until 650 nm (Figure
4.4A). The PL emission of all systems was tested under different pH
conditions, as it is known that pH can affect the PL properties of NCs. The
internalization of our NC protein hybrids by cells occurs through
mechanisms that lead them to endosomal compartments,® which can
eventually evolve into acidic lysosomes. Therefore, understanding the pH-
dependence of the PL properties of our NC-protein hybrids could help us to
a better interpretation of in vivo fluorescence images. As expected, the
emission from all NC-CTPRs was pH-dependent. Between pH 7.6 and pH
5, the fluorescent emission of all systems was successfully maintained, but
this was significantly decreased at pH 4.4 (Figure 4.4B). Indeed, a

precipitated solution was recovered from pH 4.4 samples, which was further
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PL(a.u)

cleaned and stabilized in a pH 7.6 buffer solution, recovering the lost

emission (Figure 4.4C).
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Figure 4.4. Photoluminescent spectra of C6-16cys with different

metallic NC grown in situ. A) Excitation (Aem 450 nm) and emission (Aex
390 nm) spectra measured in PBS at pH 8 of C6-16cys (blue), AUNCs-C6-
16cys (orange), NiNCs-C6-16cys (cyan) and CoNCs-C6-16cys (red). B) PL
emission spectra (Aex 390 nm) of AuNC-C6-16cys (orange), NiNCs-C6-
16cys (cyan) and CoNCs-C6-16¢cys (red) at pH 7.6 (solid line), pH 5
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(dotdashed line), and pH 4.4 (dashed line). C) PL emission spectra of
AuNCs-C6-16cys (orange), NiNCs-C6-16cys (cyan) and CoNCs-C6-16¢cys
(red) before acid treatment (solid line) and after the recovery from pH 4.4 to
pH 7.6 (dashed line).

4.3.3.Cellular distribution and stability of NC-CTPR by SXRFN and

Fluorescence microscopy

The distribution of NC-protein hybrids inside cells was first assessed using
SXRFN. MDA-MB-231 cells were seeded onto silicon nitride windows,
treated with 40 uM of Au, Ni, or Co untargeted-NC-C6-16cys for 24 hours,
mildly fixed with 1% PFA, and air-dried in a desiccator. Samples were then
imaged using nano-focused synchrotron radiation at beamline 114
(Diamond light source, UK). This allowed us to follow Au-L-edge, Co-K-
edge, and Ni-K-edge fluorescence emissions and obtain elemental maps to
visualize the internal distribution and quantify the amount of metal NCs-C6-
16cys on fixed MDA-MB-231 breast cancer cells. The XRF maps obtained
(Figure 4.5) show differences in the internalization of the three metal NCs.
Au was distributed following a vesicular-like pattern in samples treated with
AuNCs-C6-16¢cys. However, when CoNCs were used to treat MDA-MB-231
cells, Co showed a more homogeneous distribution alongside the cell, but
some 'hotspots' colocalizing in areas with high concentrations of cellular Zn
were also visible. The cellular distribution of Ni was more challenging to
analyze due to background Ni emission from the experimental setting,
probably from Ni traces in the optics setup. Nevertheless, the Ni signal was
enhanced in cells treated with NiNCs, and image processing (energy
calibration and fitting correction using the PyMca software?82283) allowed to
see a homogeneous distribution similar to the one observed for CoNCs
treated cells. Finally, samples treated simultaneously with the three types

of NCs-C6-16cys showed an equal cellular distribution of Au, Ni, and Co to
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Au-treated

Ni-treated Co-treated

Triplet

those previously observed in cells treated with each of the individual NC-
C6-16c¢ys (Figure 4.5).

Figure 4.5. SXRFN elemental maps of NC-CTPR treated cells. Metal
distribution (Zn, Au, Co, and Ni) of MDA-MB-231 cells treated with 40 pM
of AUNC-C6-16cys (Au-treated), CoNC-C6-16cys (Co-treated), NiNCs-C6-
16cys (Ni-treated) and 20 uM of each metal NC (triplet).

122



Protein-nanomaterial hybrids as tools for sensing, imaging and bioelectronics

The XRF data was further analyzed to obtain the metal concentration in
each cell area (Figure 4.6A). The XRF maps of K were used to define the
cell areas. Quantification of metal amounts was not possible for samples
treated with NINC-C6-16cys (due to the strong nickel background).
However, using the PyMca software?®, quantification of Au and Co was
possible. Cells treated with AUNC-C6-16cys contained around 0.4+0.3 uM
of the metal, while concentrations of Co were in the range of 0.6£0.4 uM in
cells treated with CoNC-C6-16cys (Figure 4.6A). Moreover, the amounts of
each of the metals inside the vesicular areas observed were found to be
higher than in the rest of the cell, ranging from 1.3+0.5 uM in the case of Au
to 1.6+£0.8 uM in the case of Co (Figure 4.6A). Remarkably, Au and Co were
found to colocalize in similar vesicles when cells were treated with all three
(Au, Ni, and Co) of the NC-C6-16cys proteins (triplet cells). The
concentrations of metals on those cellular structures (0.7+0.4 uM of Au and
0.9£0.5 uM of Co) where only half when compared with vesicles in cells
treated independently with the individual NC-C6-16cys. This decrease in
concentration was expected due to the lower dose at which those triplet
cells were exposed (20 uM). Nevertheless, this data supports our previous
observations using live confocal microscopy, in which AUNCs-CTPR are

distributed in vesicles around the nucleus.
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Figure 4.6. Metal concentration and AuNCs oxidation state in NC-

CTPR treated cells. A) Average concentration after SD propagation

analysis of Au and Co in MDA-MB-231 breast cancer cells treated with
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individual doses of Au or CoNC-C6-16cys (40 puM) or a combination of Au,
Ni, and CoNC-C6-16cys (20 uM of each). Bars with soft colors show the
concentration of the metals found inside the whole cells, whereas bars with
bright colors indicate the concentration of the metals found inside vesicles.
B) XANES spectra of the three standards used (colored) and different
vesicular areas of the Au-treated cells (grey). The total number of areas

measured is 6.

Additionally, samples treated with AUNC-C6-16cys were further studied
using XAS. XANES maps were collected from areas with high
concentrations of Au (i.e., vesicular areas) to determine the average
oxidation state of the Au and try to assess the stability of the NCs within
cells. Previously, XANES spectra were acquired from a gold sheet, and
solid samples of AuCl and AuCl; were used as standards. Remarkably, by
comparing the spectra acquired from vesicular areas with the gold
standards, it was shown that most Au found within cells was in the form of
AU species (except for one specific vesicular area, which contained more
significant quantities of Au'). This result agrees with previous in vitro
analysis using XPS and suggests that Au NCs stabilized by our TPR
proteins are stable inside cells after 24 h treatment (Figure 4.6).

A combination of the data obtained from our measurements demonstrates
that Au and CoNC-C6-16cys are good options for further developing metal-
labeling tools for cells in SXRF, since UM concentrations of non-biological
metals templated by CTPR proteins can be detected inside cells. Still,
changes observed in the cellular distribution of the different metals might
be due to faster degradation of Ni or Co NCs once their NC-C6-16cys are
inside the cells, compared with the more stable AuNC-C6-16cys protein-
nanomaterial hybrid. This hypothesis would align with our previous

observations showing that CoNC-C6-16cys and particularly NiNC-C6-
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16cys seem to be less stable than AUNC-C6-16c¢ys in vitro, as they tend to
form aggregated nanoparticles that were visible hours after their synthesis.
Such stability concerns hinder the use of Co and NiNC-C6-16cys as SXRF
tags Therefore, more work is needed to improve the protein stabilization of
CoNC and NiNC by NC-C6-16cys.

4.3.4.Fluorescence microscopy

AUNC-C6-16cys were further assessed as organelle probes using confocal
laser scanning microscopy (CLSM). They were expected to be internalized
in endosomes, since vesicle-like uptake was observed in SXRF and
previous studies incubating cells with NC-CTPR hybrids®’. However, the
NC-CTPR hybrids need to be localized in the cytosol to be adequately
sorted to each organelle. For these reasons, an endosomal escape agent
was used to trigger the release of the different targeted AUNC-C6-16cys
into the cytosol. L17E peptide was chosen for this purpose, since it was
developed for endosomal escape and cytosolic delivery of proteins?®. The
L17E peptide is an amphiphilic derivative of a cationic membrane-Iytic
peptide, and its mechanism of action is pH-responsive. The peptide does
not interact with the endosomal membranes at physiological pH conditions.
However, in an acidic environment such as the interior of a lysosome or a
mature endosome, the peptide becomes cationic, triggering the interaction
with membrane lipids and inducing membrane lysis. The L17E peptide has
been successfully used for the cytosolic delivery of big proteins such as
immunoglobulins. In addition, AuUNC-C6-16CcyS.nucLag, AUNC-C6-16cys.
miTotag, and AUNC-C6-16cySeriag Were labeled with Alexa-fluor-647 for

enhanced localization purposes.

Figure 4.7 shows the fluorescence images obtained from HelLa cells treated
with 20 LJ.M of AuNC-CG-chys.NUCLtag, AUNC-CG-].GC)/S.MWOtag, and AuNC-

C6-16cys.eriag labeled with Alexa Fluor 647 in the presence or absence of
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L17E peptide. Confocal microscopy showed that all NC-protein hybrids
were internalized into endosome-like vesicles, without identifying any
contribution of the L17E peptide in the uptake mechanism. The only
observable difference was the presence outside cells of red fluorescence
attributed to Alexa-labelled NC-protein hybrids. This could indicate the
presence of processes of cell death or aggregation of AUNC-C6-16cys-
L17E to the surface of the well. The importance of L17E concentration for
the internalization of the NCs-C6-16cys was further studied by incubating
HelLa cells with 20 pM of AuUNC-C6-16cyS.nucLiag Mixed with increasing
concentrations of the L17E peptide: from 20 uM (1x) to 160 uM (8x) (Figure
4.9). Images acquired using confocal microscopy showed differences in the
size and morphology of the vesicles in which the AUNC-C6-16cyS.nucLag
proteins were internalized. There seemed to be a correlation between the
decrease in cell integrity and the increase in the size of vesicles carrying
the proteins with the increased concentration of L17E used to treat cells.
This fact was particularly clear at the highest concentration of L17E used,

as several dead cells could be observed.
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L17 peptide

No peptide

MITOtag

ERtag

NUCLtag

Figure 4.7. CLSM images of HeLa cells treated with AUNCs-CTPR tags.
CLSM fluorescence images of HelLa cells incubated with 20 uM of L17E,
AUNC-C6-16cyS.nucLiagy AUNC-C6-16CyS-mitotag, @and AUNC-C6-16CyS.eriag
labeled with Alexa Fluor 647 (red channel). Cells were stained with Hoechst
33342 for nuclei identification (blue channel), Mitotracker Green (upper
panel) and ERtracker Green (middle and lower panels) for organelle

identification (green channel).
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Other transfection agents such as lipofectamine 2000 or ProteoJuice™
were also used in attempt to improve the efficiency of the lysosomal escape
of the tagged proteins. Lipofectamine did not affect the internalization of the
protein, as they were still found mostly in the same fluorescent vesicles.
Only a limited number of death cells showed localization of the Alexa-
labeled AUNC-C6-16cys.nucLiag, @S Shown by partial colocalization with the
nuclear dye Hoechst 33342. ProteoJuice is a commercially available
transfection agent commonly employed to internalize protein in cells. Some
preliminary data on HelLa cells incubated with Alexa-labeled AuNC-C6-
16cys.mitoag Showed the Alexa Fluor 647 signal from the protein in a
distribution pattern very similar to the one of commercial Mitotracker (Figure
4.10). This suggested the presence of some endosomal escape and later
efficient targeting of mitochondria by AUNC-C6-16cyS.mitoag. These
preliminary results point towards the importance of using the correct
delivery agents for endosomal escape and the utility of organelle-tagged
AuNC-C6-16cys proteins for bioimaging.
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2X

&
Figure 4.8. Effect of L17E in HelLa cells. CLSM fluorescence images of
Hela cells incubated with 20 uM of AUNC-C6-16cys.nucLiag (Magenta and

red channels) and increasing concentrations of L17E peptide, from 20 uM

(1X) to 160 uM (8X). Lipofectamine 2000 was also tested as a delivery

agent. Hoechst 33342 dye was used for nuclei staining (blue channel).
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No Proteoluice ProteolJuice

Figure 4.9. Effect of ProteoJuice™ transfection agent in AuNC-C6-
16cys-mitorag treated cells. CLSM brightfield (upper panel) and
fluorescence (lower panel) images of Alexa-labelled AUNC-C6-16CyS-mitotag
hybrids at 20 uM (red channel) in the absence or presence of ProteoJuice
protein transfer agent. Nuclei dyed employing Hoechst 33342 (blue

channel).
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4.4.Conclusions

CTPR proteins have been proved to be versatile protein systems. Their
designability and modularity are excellent features that allow to imagine and
test different applications using CTPR as building blocks. CTPR proteins
can be adapted to meet different needs for biomedical applications. Taking
into account the CTPR scaffold role in nature, metallic nanoclusters can be
templated within the protein structure using metal-binding modules. Protein-
binding peptidic sequences can be added as well. This dual binding-
emissive system can be used for several purposes, in particular for sensing
and imaging. We designed CTPR-based systems as photoluminescent
metal tags for organelle identification in correlative SXRFN and
fluorescence microscopy. The SXRFN data shows that out of the three
metallic hybrids tested, AUNC-C6-16cys are the most suitable to be used
as nanoprobes due to their increased stability compared with Co and Ni
analogs. Moreover, further optimization of the synthesis and cluster
stabilization of NiINC-C6-16cys and CoNC-C6-16cys is needed to develop
a set of multiplexing metal probes. Besides, AuNC-C6-16cys protein
variants encoding different peptide organelle tags were assessed as
labeling tools for the nucleus, the mitochondria, and the ER. The work
carried out and detailed in this chapter is the first step to developing such
labeling tools, although several limitations need to be accounted in the
future, such as the need for external agents for cytosolic delivery, the
enhancement of NC photoemission for cellular imaging or the need to find

more suitable signal peptides.
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4.5.Experimental section

4.5.1.CTPR protein design and purification

CTPR proteins were produced following standard molecular biology
protocols for recombinant protein expression. First, CTPR variants encoded

the signal peptides were constructed by PCR using the set of primers:

Table 4.1. Primers used for organelle-tag CTPR variants construction.

Variant . .
Forward primer Reverse primer
name
5 TAA TAA AAG CTT
TCACACTTTACGTTT

NUCLtag M13/puUC TTTTTT CGG ACC
CTGTTITCTGTTT

AGC 3’

5'GCC ATG GGATCC ATG CTG
TCT GCG CGT TCT GCG ATT AAA
MITOtag | CGT CCG ATT GTG CGT GGC CTG M13/puC
GCG ACC GTG GCT GAG GCA

TGG TAC AAC CTG 3

5 TAATAA AAG CTT
TCACAG TTCATCTTT
ACCCTGTTITCTGTTT

AGC 3

ERtag M13/pUC

Then, the CTPR variants were cloned into a pPro-EX-HTb vector using the
restriction enzymes BamHI and Hindlll, and transformed in Escherichia coli
C41 (DE3) cells. Then, the modified bacteria were grown with ampicillin in
Luria—Bertani media (LB). IPTG induced the protein expression at OD =
0.6-0.8. After 16 h expression at 20°C, cells were harvested, and the his-
tagged proteins were purified via affinity chromatography using Ni-NTA
resin. Next, the his-tag was cleaved using TEV protease, and a second Ni-

NTA affinity column purification was performed to remove the his-tag and
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the TEV protease from the protein sample. Finally, the protein concentration
was determined by absorbance at 280 nm using the extinction coefficient

calculated from the amino acid composition.

4.5.2.Metal NC synthesis

The protein-stabilized metal NCs were synthesized following a previously
reported procedure using sodium ascorbate instead of ascorbic acid to
provide a reducing environment®2. Briefly, 1000 pL of protein at 10 uM were
mixed with HAUCls, CoSO., or NiSO4 (2 uL 10 mM, 2 eq. related to protein)
for at least 30 minutes to allow the adsorption of metal ions to the protein's
stabilizing sites. Then, the reduction of the metal ions to metal NCs was
achieved by adding 5 pL of sodium ascorbate at 100 mM (10 eq. related to
metal ions). The reaction was incubated at 50°C for 24 h. Next, the samples
were concentrated to 500uL using Amicon ultrafiltration tubes with a 10-kDa
membrane. Finally, the unreacted salts were removed by gel filtration
chromatography using an lllustra NAP-25 column. The purified samples
were kept at 4°C for further experiments. The absorption and fluorescence
spectra of protein stabilized metal NCs were recorded using a Biotek
Synergy H1 plate reader.

4.5.3.MALDI-TOF mass spectra

Mass spectra were acquired on an UltrafleXtreme |ll MALDI ToF-ToF mass
spectrometer with delayed extraction (Bruker) equipped with a pulsed N
laser (A= 337 nm). MALDI-ToF sample preparation included 2 pL of the
sample mixed with 2 pL of sinapic acid (matrix) in 50:50 water/acetonitrile
with 0.01% trifluoroacetic acid (TFA). Then, 1 pL of the mixture was
deposited onto the MALDI plate and air-dried.
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4.5.4.CTPR Sample preparation for XRF imaging

Carbon framed (5x5 mm) silicon nitride membranes (500 nm thick) were
deposited on 6 well plates, where they were washed with water, 70% and
100% ethanol, and let to dry in the air. Then, the membranes were irradiated
with UV light for 20 min to sterilize them. A drop of 0.1 mg/ml of polyLys
was added to each frame for 20 minutes, and then membranes were
washed 3 times with PBS and dried in the air again. MDA-MB-231 breast
cancer cell line was purchased from American Type Culture Collections
(Manassas, VA, USA). This cell line was grown as a monolayer in
Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 2 mM L-glutamine, 0.25 yg mL? fungizone, and a
mixture of 100 Units of penicillin and 100 pg mL*? streptomycin. All the
media, serum, L- glutamine, fungizone, and antibiotics were purchased
from GIBCO. Cell lines were maintained at 37°C in an incubator with a
humidified atmosphere consisting of 75% air and 5% CO2. A solution of
5x10° cells/ml MDA-MB-231 cells was prepared, and 50 pl of those were
placed on the frame and left to attach for 2 hours in DMEM medium. Excess
cells were removed, and fresh DMEM medium was added to the well, and
then let rest for 24 hours. 500 puL of Au, Co and/or NiNC-C6-16cys
dispersed in PBS were diluted in medium containing 10% FBS at the
desired concentration. The resulting sample was filtered through a 0.22 pm
Millex-GP filter (Merck-Millipore Darmstadt, Germany). Cells were
incubated with NC-C6-16cys (40 uM or 20 uM for the triplet cells) for 24h.
Then, cell media with the proteins was removed, and cells were washed
with phosphate buffered saline (PBS) for complete removal of NC-C6-16cys
from cell medium. After the CTPR protein treatment, the cells were washed
twice with Tris-glucose buffer and dipped for 2 s in sterile water. Then the

cells were fixed using 1% paraformaldehyde (PFA) for 5 min at room
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temperature, blotted using filter paper to remove any excess liquid, and
dried in a desiccator.

4.5.5.XRF imaging

Silicon nitride membranes were visualized in both reflective and
transmission mode using a Zeiss Axio Image M2m visible microscopy at the
114 beamline (Diamond Light Source UK) to select cells for XRF analysis.
XRF maps and XANES spectra were acquired at room temperature using
the four elements silicon drift diode detector available at 114. Beam energy
was set at 12 keV and focused at 50 x 50 nm?2. First, coarse XRF scans
were acquired to confirm the exact position of cells (300 nm step size, 200
ms dwell time). Then, fine cellular mapping was used to obtain the
elemental composition of selected cells (100 nm step size, 200 ms dwell
time). Moreover, we acquired XANES maps in regions of interest (between
1.5x1.5 um? and 3x3 um?in size) of cells treated with AUNC-C6-16cys. Solid
Au sheet, AuCl, and AuCl; were measured as XANES standards. The maps
were collected using a small number of key energies (i.e., 11862.5,
11926.5, 11951.6, 11952.5, and 11975.6 eV; 100x100 nm? step size, 200
ms dwell time), which allowed to simulate the Au XANES spectra of each
point analyzed, and assess the oxidation state of Au. The energies used for
these maps were previously chosen by comparison of the standards
acquired. This method has been recently developed by beamline scientists
at 114 and allowed us to collect XANES maps in a short time, removing all

traces of beam damage.

4.5.6.CLSM imaging

Tagged AuNC-C6-16cys were labeled using Alexa Fluor 647 protein label
kit (ThermoFisher). HeLa cells were cultured on a y-Slide 8-well plate at a
density of 1x10* cells per well in 250 pL of complete medium. After 24 h,

the growth medium was removed, and cells were then incubated 16h at
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37°C in the presence of the AUNC-C6-16cys (20 uM) and L17E peptide (20
pMM). Then, the cells were incubated 5 min with PFA 1%, washed 3 times
with PBS, incubated 20 min with Hoechst 33342 (ThermoFisher) for nuclear
staining, Mitotracker Green™ and ERtracker Green™ (ThermoFisher) for
organelle staining, washed three times with PBS to remove free unbound
protein stabilized metal NCs and finally 250 uL of PBS was added to each
well. Cellular uptake of the nanoclusters was detected using a Confocal
Fluorescence Microscope (LSM 510 Meta, Zeiss). Excitation wavelengths
of 405 nm to image the Hoechst dyed nuclei, 515 nm to image the
Mitotracker Green™ and ERtracker Green™ and of 633 nm to image the
Alexa dyed NC-protein hybrids were used for all the confocal fluorescent

microscopy experiments.
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5.CONDUCTIVE BIOMATERIALS: USING
PROTEINS TO ORGANIZE METALLIC
NANOPARTICLES
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5.1.State of the art

5.1.1.Conductivity and charge transfer in living organisms

The discovery of the electric conductivity in animal tissues by Luigi Galvani
in the 1770s powered the exploration of electrical phenomena within living
beings, termed bioelectricity?°. Tissue scale bioelectrical phenomena has
been observed in excitable animal tissues such as the cardiac muscle
tissue?®! or the nervous tissue?®2. In both systems, the electrical excitation
is generated by a rapid and transient charge exchange across both sides
of cellular membranes within the tissue, moving as a wave alongside the
membrane (a mechanism termed action potential) and triggering action
potentials in adjacent cells. This behavior translates in synchronized
electrical excitation at tissue level. Nonetheless, bioelectricity also regulates
and synchronizes cell behavior in vivo?%2%4, especially in cell proliferation
processes such as wound healing?®-2%¢ embryogenesis (early development
of organisms)?*#2°” and cancer?*®%1, Moreover, bioelectricity on cell
populations and tissues is not exclusive to animals since it has also been
observed in physiologic processes of plants?89.299:302-304 pacteria®*>-27, and

archaea?82:283,

The basis of such electrical processes in living organisms relies on the
movement of charged ions (such as H*, Ca?*, Na*, K*), which occur and are
maintained by the formation of ionic gradients alongside different cellular or
subcellular compartments. For example, the bioenergetic machinery of cells
uses electrochemical gradients of H* in mitochondrial compartments as
reservoirs for energy conversion, in which conductivity plays a significant
role. Conductivity is a physical phenomenon consisting of the movement of
charged particles, such as electrons (electroconductivity) and protons

(protonic conductivity) throughout materials or molecules. In cellular
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respiration and many other bioenergetic processes, protonic and electronic
conductivity events can be commonly coupled. For instance, at the cellular
level, protonic movement is a ubiquitous mechanism in energy-related
processes, as transmembrane protein proton pumps generate electric fields
across membranes (i.e., membrane potentials). This occurs in
mitochondrial cell respiration, where a proton gradient generated between
the intermembrane space and the mitochondrial matrix is used for driving
the phosphorylation of adenosine diphosphate (ADP) into adenosine
triphosphate (ATP) by the protein ATP synthase3%®. Proton charge transfer
(PT) and proton-coupled electron transfer (PCET) also have a meaningful
role in living systems3%, for example, it occurs between enzymes and
enzymatic cofactors (such as the coenzymes nicotinamide adenine
dinucleotide, NAD, or flavin adenine dinucleotide, FAD) in which the

coenzyme is reduced.

The underlying molecular process in electroconductivity of biological origin
is electron transfer (ET), which occurs in the electron transport chain,
among others. This is an array of bacterial, mitochondrial or chloroplast
transmembrane protein complexes that transfer electrons from donors to
acceptors via redox centers, and helps to maintain the proton gradient
responsible for the cellular respiration. Two intermolecular and long
distance ET mechanisms in molecules are commonly proposed: electron
hopping®®®-= and quantum tunneling?®°:308:315316 ' Ag g general approach, in
electron hopping the electric current is produced by the movement of
electrons from the excited states of atomic donors to electronic holes in
atomic acceptors, following a path alongside a lattice — for example, an
array of redox molecules. Instead, in quantum tunneling the ET occurs
when the electron passes through an energetic barrier with a defined
thickness, typically below 4 nm3136 je. a tunnel junction3’3 Such

transfer is a forbidden phenomenon by classical mechanics, but the
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probability of a tunneling event decrease exponentially with the thickness
increase of the barrier. The distance range, the energetic barrier between
the donor and the acceptor, the chemical environment and thermal

fluctuations can affect which mechanism dominates the ET32°,

Nowadays, the molecular control of conductivity from biological origin takes
importance as a possible solution for designing devices and materials for
current problems, such as neurological regenerative medicine or
sustainable energy harvesting. Remarkably, several types of biomolecules
have been shown to participate in charge transport processes. Those
include DNA3®?° and proteins®?1-323, which seem to be dominated by the
hopping transport regime, at least at long-range distances and biological
temperature ranges®“. Thus, proteins can be envisioned as promising

sources of conductive molecules for the design of bioelectronic tools.

5.1.2.Protein conductivity

Most proteins are usually considered insulators, although electronic and
protonic conductivity has been recently shown in some types of proteins.
Long-range electronic conductivity in protein-based materials arises from
two mechanisms: redox-mediated via hopping electron transfer across
redox centers, which are spaced closely enough for coherent overlap to
occurtl®, or non-redox-mediated conduction with a bandgap that depends,
among other parameters, on the protein amino acid composition and the
secondary structure of the protein scaffolds!'®. Protonic conductivity occurs
when protons are transported along the protein scaffold using charged
amino acids, such as aspartic and glutamic acids!*2. In addition, special
charge transport occurs between redox-active amino acids, such as
tyrosine or tryptophan, where the charge transport happens by proton-

coupled electron transfer simultaneously showing electronic and protonic
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transport (PCET) 32, These different types of transport can interplay
depending on the composition of the polypeptide chain36,

Protein conductivity opens the door to develop new biocompatible
conductive materials. Proteins are promising building blocks due to their
versatility, designability and biocompatibility. Still, while there are emerging
efforts in this area, there is an open challenge related to the limited
conductivity of protein-based systems. The control of the charge transport
mechanism in protein-based materials would allow tuning their conductive
properties, necessary to generate bio-based conductive materials and
devices. Several strategies have been reported to boost electronic or
protonic charge transport in protein-based systems. For example, protonic
charge transport in reflecting protein films has been tuned by varying the
composition of the charged amino acids®’. The electronic transport has
been favored by introducing redox-active amino acids, such as tryptophan
or tyrosine, or redox-active compounds, such as naphthalene diimide (NDI),
alongside the protein scaffold®®-314, However, despite the increasing
knowledge on transport mechanisms, charge transport through long
distances is difficult to control and tune as it depends on the structure of the
protein-film and its chemical composition.®®**8, The conjugation of
conductive nanomaterials, such as metallic nanoparticles, with protein-

based systems can be a useful choice for enhancing protein conductivity.

5.1.3.Nanomaterials for conductivity

Both charge transport mechanisms, ET and PT, can be used in synergistic
devices using, on one hand, biomolecule scaffolds that already present
some conductivity, and, on the other hand, different synthetic nanomaterials
to enhance such conductivity. The miniaturization of electronics and their
molecular coupling with biologic systems is a field in expansion®32, In this

sense, the use of synthetic molecules as dopants integrated in biomolecular
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devices is being explored for developing new devices. For instance,
graphene, a carbon allotrope with exceptional electroconductive properties,
has been used for developing graphene-cellulose composites endowing
conductive properties to cellulose-based supports and matrices®32,
peptide-graphene nanowires®® and graphene-protein thin
supercapacitators®°33 for miniaturized bioelectronics. Other common
approach is the conjugation of conductive polymers!?333233  sych as
PEDOT, which has been used with polysaccharides and carbon nanotubes
as a support matrix for neural cells®**. These examples prove the potential
that hybrid biomaterials have in electronics for applications in energy

management, novel electronic devices and regenerative medicine.

Metallic nanomaterials deserve a special mention, since metals are the
most used elements for crafting electroconductive devices due to their high
conductivity. Several biological systems have been employed to template
metallic nanomaterials for conductive purposes, such as nanowires based
on Au and Ag salt deposition onto amyloid fibers®®, Pd and Pt salts
deposited onto filamentous proteins from a hyperthermophile
microorganism**®, or Ni and Co nanowires templated by the tobacco mosaic
virus (TMV) capsid’s central channel®®. Apart from metal salts, metallic
nanostructures such as gold nanoparticles have been used for the
decoration of DNA3%, chitosan gels®?*® and decellularized matrix®® for
cardiac tissue scaffolding, or conductive silk fibers®*¥’. Protein-based hybrid
structures can also be generated with the specific arrangement of
functionalized nanomaterials (gold nanoclusters, nanoparticles) along the
protein backbone®293:309329-331 These approaches have resulted effective

in enhancing conductivity to biomolecular-based materials.
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5.2.Approach

The current chapter describes a novel approach that combines protein
design, biomolecular templating of gold nanoparticles (AuNPs), and protein
self-assembly to enhance the conductive properties of protein-based films
(Figure 5.1). CTPR proteins are an ideal starting point scaffold for designing

conductive biomaterials for the following reasons:

- The consensus tetratricopeptide repeat protein (CTPR) used as a
protein scaffold comprises a 34 amino acid helix-turn-helix module33.
The folding of CTPRs is defined by a few conserved residues; hence,
there is much room for engineering new protein-based devices by
introducing changes in non-conserved residue positions in the
polypeptide sequence338:3%°,

- CTPRs assemble, forming transparent ordered solid films through their
intrinsic self-assembly properties of the structured units®®32, by drop
casting and drying a concentrated solution of protein. As previously
demonstrated, these self-assembly capabilities enable photoconductive
and electroactive functional assemblies based on CTPRs**'. CTPR
protein-based films have shown protonic transport due to their ionic
nature and high content of charged amino acids, and as such, they have
been proven to be attractive actuators that generate and discharge
electric potential as a response to humidity in the environment333:334,
The intermolecular order CTPRs adopt in films and the rigidity of the
monomeric CTPR unit could be advantageous for charge transport
alongside the protein film.

- In parallel works, the incorporation of AUNPs for electrical interfacing of
redox enzymes or the AuNP-assisted assembly of a heme protein
(cytochrome ¢, which contains an heme group that act as a redox

center) resulted in effective improvement of the long-range charge
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transfer efficiency'2333533¢ that naturally occurs between redox groups.
AuNPs have also been used to generate AuNPs-peptide conductive
nanocomposites®’. The previous works showed the value of design
strategies to improve conductivity in protein-based systems and
inspired the use of AUNPs as electron conductive elements in a CTPR-
based macroscopic hybrid films.

Engineered Protein

a'ﬁ”’ % »“‘;o‘;,x‘y
S
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Figure 5.1. Conductive protein-based biomaterials. Top) Engineered
repeat proteins as building blocks to fabricate self-assembled conductive
films. Bottom) Protein-AuNPs hybrids as building blocks to fabricate

AuNPs-doped self-assembled films with enhanced conductivity.

This constitutes a novel approach to tune the charge transport properties of
protein-based materials by using electron-dense AuNPs. Two strategies
are combined in a unique way to generate the conductive solid films: first,

the controlled self-assembly of a protein building block, and second, the
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templating of AuUNPs by the engineered building block. This bottom-up
approach allows controlling the structure of the films and the distribution of
the AuNPs within, leading to enhanced conductivity.

Herein, a CTPR unit was first designed to template AuNPs in unigue
positions with nanometer precision through an orthogonal conjugation
strategy. Then, protein self-assembly after solvent evaporation guided the
formation of both solid films of CTPRs and CTPR-AuNPs. Remarkably, the
CTPR films already displayed conductivity in the hundred nS/m range,
recordable at micrometer length scales and mainly attributed to protonic
charge transport. The CTPR-AuUNPs hybrid films showed an enhancement
of four orders of magnitude in conductivity compared to the CTPR-only films
and, presumably, different charge transport properties. The current results
demonstrate a strategy to fabricate protein-based conductive films with
enhanced conductivity by using highly conductive nano-elements, which
paves the way for the future application of hybrid protein-based systems in

the field of bioelectronics.

5.3.Results and discussion

5.3.1.Protein design for nanoparticle templating

CTPR proteins were identified as good candidates to generate protein-
based conductive films due to their ability to form ordered macroscopic
materials through their self-assembly properties. CTPR16, a protein
composed of sixteen CTPR repeats, was chosen as a scaffold considering
its high stability and 16 nm length, making it suitable for templating several
nanoparticles per protein. Moreover, as demonstrated for squid ring teeth
proteins, the number of tandem repetitions significantly and systematically
enhances bulk transport properties®®. Therefore, sixteen CTPR repeats

appeared as an appropriate protein size for promoting conductivity. To
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ensure a homogeneous and controlled distribution of AUNPs over the CTPR
film, AuNPs were introduced precisely on selected CTPR scaffold regions
by covalent linkage. CTPR16 protein was engineered with 4 unique
cysteine residues in the loop of the 2", 6™ 10", and 14" repeats, by the
mutation R33C. This position is integrated in the final loops of the repeats,
and the repeats were chosen in order to have the AuNPs faced in opposite
directions (Figure 5.2). This mutation allows the selective conjugation of
the AuNPs, leading to CTPR164cys (Figure 5.2D). As there are no other
cysteine residues in the protein, the AuNPs would be attached specifically
on these positions. Position 33 within the CTPR sequence was selected
since it is a non-conserved position®?*® and, therefore, a non-structural
position, besides being located in a solvent-exposed loop that will facilitate
the conjugation. Repeats 2", 6™, 10" and 14" were selected to encode a
CTPR-AUNP complex with optimal inter-particle distance with 2
nanoparticles per superhelical turn?®®, and alternate particles facing
opposite sides of the superhelix (Figures 5.2 and 5.3B). These mutations
did not significantly affect the structure or scaffold stability, as confirmed by
circular dichroism (CD) (Figure 5.3D).
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Figure 5.2. Sequence and structure of CTPR164cys. (A) Sequences of the wild
type CTPR consensus (top) and of the mutated CTPR including the cysteine
residue used for repeats number 2, 6, 10 and 14 (down). (B) Ribbon
representation of one CTPR repeat. (C) and (D) Ribbon representation of

CTPR164cys With its mutated cysteine residues highlighted as colored spheres.

147



Chapter 5: Conductive biomaterials: using proteins to organize metallic
nanoparticles

A A
N—O
Cysteme
CTPR proteln

C 1,0 CTPR16,¢,s
AuNps
e AuNP
© u S
S 06
2
§ 0,41
<
0,2
0,0 ; ,
400 600
D % (nm)
24000 E o6l
_ 18000 | CTPR164¢,s ' CTPR16,c,s-
"5 12000] CTPR16 8 AuNps
5 r 5 0.4} 77, CTPR16,q,,
o 6000+ £ i
£ 0‘» § AuNPs
3 : < 0.2t ’
T, -6000
w [
= -12000 - ,
18000200 220 240 260 7 8 9 10 11 12
. Elution volumen (ml)
% (nm)

Figure 5.3. AuNPs conjugation to CTPR. A) Schematic representation of
the conjugation strategy followed. The free amines from the PEGylated
AuNPs and the thiol groups from the cysteines (shown in blue) of the
CTPR164cys protein are linked using sulfo-SMCC molecules. B) Ribbon
representation of the CTPR164cys-AUNPS conjugated protein. Structural
model is based on the structure of PDB ID: 2HYZ. The mutated cysteine
residues are highlighted in blue. C) UV-Visible spectra of the AuNPs with
their characteristic LSPR peak at 520 nm (black line) and the CTPR164cys-
AuNPs conjugate (red line). D) CD spectra of CTPR164cys (red line)

compared with the original CTPR16 (black line). E) Size exclusion
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chromatograms of AUNPs (blue dotted line), the CTPR164cys protein (black
dotted line) and the CTPR164c,s-AuNPs conjugates (red line).

5.3.2.Nanoparticle synthesis, conjugation and characterization

Newly synthesized AuNPs 3.1 + 0.7 nm in diameter coated with amine-
polyethylene glycol (Amine-PEG; to maintain their colloidal stability)
showing a localized surface plasmon resonance (LSPR) around 510 nm
were conjugated to CTPR16a4cys proteins using sulfo-SMCC conjugation
chemistry. As shown in Figure 5.3A, the NHS ester group of the sulfo-
SMCC linker reacts with amine groups of the amine-PEG AuNPs, while its
maleimide group reacts orthogonally with cysteines in the protein scaffold.
After conjugation, the CTPR164cys-AUNPs complexes were purified from
unbound AuNPs by affinity chromatography. The eluate that exhibited a
pink/purple color, characteristic of the AuNPs, was analyzed by size
exclusion chromatography (Figure 5.3E). The elution time of CTPR164cys-
AuNPs was the shortest compared to free CTPR164cs and free AUNPs, due
to their larger hydrodynamic radius. Moreover, the UV-visible absorption
spectrum of the CTPR164cys-AUNPS conjugates showed the AUNPs LSPR
peak at 510 nm (Figure 5.3C), which confirmed AuNPs incorporation into
the CTPR164cys.

The conjugation efficiency was analyzed by transmission electron
microscopy (TEM) (Figure 5.4A). TEM images acquired for determining the
distribution of the AuNPs showed the presence of spatially limited
assemblies made of 3 or 4 particles, with a disposition in agreement with
the arrangement encoded by the engineered CTPR164cys Scaffold (Figure
5,4A, left panel). Such assembled nanostructures were not observed in the
original amine-PEG functionalized AuNPs, for which primarily large
aggregates of particles are observed (Figure 5.4A, right panel). The

CTPR164cys-AuNPs conjugates also revealed some larger assemblies
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composed of more than 4 AuNPs per group, which could be due to the
linkage of two or more proteins through the AuNPs, as the activated AuNP-
SMCC intermediates are not monovalent and could potentially be grafted
by two or more proteins. However, the conjugates assemblies and the
control particle before conjugation show a different behavior, with a

predominance of 1-4 assemblies in the conjugates, whereas a

predominance of large nonspecific aggregates was found in the control
sample (Figure 5.5).
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Figure 5.4. AuNPs arrangement within CTPR proteins. A) Left: TEM
micrograph of CTPR164cys-AUNPS conjugates in discrete groups. Right:
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TEM micrograph of the PEGylated AuNPs in aggregates. B) Model
structure of CTPR164cys-AUNPS conjugate based on the crystal structure of
CTPR20 and the location of the cysteine mutations in the CTPR protein. A
STM image of one CTPR164cys-AuNPS conjugate is shown with the profile
plots of lines 1 and 2 shown below. C) Powder X-ray Diffraction (P-XRD)
spectra of CTPR164cys-AUNPS conjugate film in red and P-XRD spectra of
the CTPR16 film in black. D) STM images of the CTPR164cs-AUNPS

conjugates deposited on a gold surface at different magnifications.

The CTPR164cys-AuNPs nanoscale structure was explored using scanning
tunneling microscopy (STM) at bias voltages between 0.1 V and 1.5 V at
room temperature (Figure 5.4B). Conjugated CTPR164cys-AUNPs at 1 nM
were deposited by drop-casting over a freshly flame-annealed gold surface.
Groups of four AuUNPs allocated in good agreement with the disposition of
the four cysteine residues in the designed protein were observed. According
to image profiles, the distances between gold nanoparticles are slightly
larger than expected from the model based on the CTPR crystal structure,
which can be explained by the flexibility of the CTPR spring-like
backbone®*®. Moreover, since STM images are based on the current
measured between the tip and the sample, the obtained STM images
already confirm the conductivity of the AuNPs attached to the scaffold

protein.
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Figure 5.5. AuNPs analysis on TEM micrographs. Left) relative counts
of assemblies divided by classes (1 to 4, 5 to 8 and 9 and more particles
per group). Right) relative count of particles divided by classes (1 to 4, 5 to
8 and 9 and more particles per group).

5.3.3.Film formation and conduction measurements

CTPR164acys and CTPR164cys-AuNPs solid-state assemblies were
generated using CTPR protein intrinsic head-to-tail and side-to-side
interactions®2, A 300 puM protein solution was deposited into a planar
surface, and a transparent solid film was formed after drop drying. X-ray
diffraction (XRD) was used to check the internal order in the films (Figure
5.4C). The XRD spectrum of the CTPR164cys film showed two peaks at 26
=9.6° (001) and 20.0° (002), which could correspond to a lamellar packing
of the protein with a periodical d-spacing of 9.1 A, in agreement with
previously described CTPR protein films®. CTPR164cys-AuNPs films also
showed a peak at 206 = 20.1°, related to the protein packing. In addition,
these AuNPs-doped films exhibited two peaks that are not present in the
pure protein film. The first peak at 26 = 37.7° is assigned to the crystal

structure of AUNPs3*, whereas the second peak at 26 = 3.6° corresponds
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to a periodical d-spacing of 2.3 nm. This spacing is attributed to the
arrangement of gold nanoparticles within the solid film. It suggests a tighter
packing of the AuNPs in the 3D film than observed in a single molecule
arrangement with STM (Figure 5.4B). To explore further the packing of the
gold nanoparticles within the CTPR164cys-AuNPs films, STM was
performed (Figure 5.4D). A 1 uM solution of CTPR164cys-AuNPS conjugates
(1000 times higher than the previous concentration for single-molecule
imaging) was deposited directly onto a gold surface. After solvent
evaporation, a thin layer of CTPR164cysAUNPs was formed. STM images of
the formed layer showed rows of AuUNPs homogeneously distributed within
the film. AuNPs are closer than expected from linear protein packing, as the
proteins intercrossed, minimizing AuNPs distances. The average inter-
particle distance between AuNPs centers in the film is 4.2 + 0.3 nm (Figure
5.4D), with a nanoparticle gap of ~ 0.6 nm. This smaller interparticle
distance measured in the 2D film differs from the larger inter-particle
distance determined for individual CTPR164cys-AuNPs (Figure 5.4B) but
agrees with tighter packing in the solid film previously determined by XRD
(Figure 5.4C). However, the inter-particle distance in film reported by XRD
(2.3 nm) and STM (4.2 nm) slightly differs since XRD reports on the 3D

arrangement and STM on 2D surfaces.

Charge transport properties of both CTPR164cys protein and CTPR164cys-
AuNPs conjugate films were studied by measuring current-voltage (I-V)
curves in the (-1 V, +1 V) interval (Figure 5.6). The absolute value of the
applied bias was limited to 1 V, which is smaller than the thermoneutral
voltage for water electrolysis.®” Films were formed onto Si/SiO, wafers with
interdigitated gold electrodes on top using different protein and conjugate
batches to ensure reproducibility. The electrodes described a channel with
a width W to length L ratio (W/L) of approximately 600, which minimized the

effect of edge currents between the electrodes (see the Experimental
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section 5.4.10 for details). Films showed an ohmic behavior (constant G in
Figure 5.6B) at a low applied voltage interval (-0.3 V, 0.3 V). In this range,
protein films showed an average conductivity value of 140 + 19 nS m™,
where the current was transported through 20 um of protein film according
to the inter-distance length (L) between the electrodes. Conductivity was
calculated using the equation o = G x L/(t x W), where G = I/V is the
conductance obtained from the 1-V curve slope. The thickness of each film
(t) was measured by atomic force microscopy (AFM), and W and L were
defined by the electrode design (vide supra). In the films doped with AUNPs,
their conductivity increased by 4 orders of magnitude, with an average value
of 1.37 £ 0.35 mS m™ in the same applied voltage range. Measurements
were performed across sets of independent batches of proteins and AuNP
conjugates with high reproducibility of the current measurements when
scaling the results by the film thickness (different curves in Figure 5.6A). To
better compare the profile of the curves, Figure 5.6B shows the voltage
dependence of the conductance normalized by its value in the low voltage
regime (G/Glow). The G/Glow-V curves are symmetrical for the CTPR164cys
and CTPR164cys-AuNPs films. The conductance in the CTPR164cys films
showed a significant increase with the applied voltage, different from the
behavior observed for CTPR164cys-AuNPs films. Assuming that, the edge
resistivity is similar in the electrodes for all the films, these differences in the
curve profile indicate differences in the main charge transport mechanism
between the films with and without AUNPs. The normalized conductance of
the CTPR164cys films showed an exponential increase at absolute values of
voltage = 0.4 V. This non-linear profile is consistent with the presence of
charge-carrier blocking at the electrical contacts, which is characteristic of
protonic conductivity®°6334, This observation agrees with previously reported
protonic charge transport for CTPR protein films®4. On the contrary, the

CTPR164cys-AuNPs films showed a quasi-linear increase in conductance
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for most of the explored voltage range (-1 V - 1 V), indicating a difference
in their charge transport properties. The enhancement of the conductivity
observed for the films with AuNPs is consistent with electron-like charge
transport within the films. The inter-particle distance measured in the AUNP-
doped films is compatible with hopping electron transfer between the
AUNPs®*1342 In addition, the described packing distance between
consecutive layers within the protein films33234 is also compatible with
hopping electron transfer between layers. These effects would facilitate
electron transport, thus increasing the conductivity alongside the
CTPR164cys-AuNPs films. This hypothesis agrees with the observations
extracted from the G/Glow vs. V curves. A precise characterization of the
charge transport mechanism through the protein films with and without
AuNPs would require deeper studies combining several techniques and
analyzing the temperature and humidity dependence of the conductivity.
However, the overall results shown here point to mainly protonic charge
transport in the CTPRs films and the emergence of electronic charge
transport in the CTPR164cys-AuNPs films.
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Figure 5.6. Transport properties of protein and protein-AuNPs thin
films. A) Current intensity (I) vs applied voltage (V) plot obtained for
different CTPR16 films in black and CTPR164cys-AuNPs films in red. The Y

axis shows the intensity corrected by the film thickness (t) in logarithmic
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scale. B) Normalized conductance (G/Glow) vs applied voltage (V) for
CTPR16 films in black and CTPR164cys-AuNPs film in red obtained from the

curves of part A.

5.4.Conclusions

This work showed for the first time that gold nanoparticles, as an added
electronic component, can be used to enhance the conductivity of protein-
based films composed of engineered proteins. The main assets of this
approach exploit (i) the rigid superhelical scaffold of CTPR proteins, (ii) their
self-assembly properties, making it possible to form protein films, and (iii)
the engineering of such proteins to form nanobioconjugates, enabling a
strategy for controlled nanoparticles templating. Our study shows that a
rigid superhelical scaffold, i.e., the engineered CTPR protein, can be used
to space up to 4 AuNPs per protein regularly. Solid protein films were then
formed based on the self-assembly properties of CTPR proteins. Such films
formed with pure protein or CTPR164cys-AUNP conjugates exhibit long-
range conductivity. CTPR164cys-AuNPs films display a conductivity value of
1.37 + 0.35 mS m™, four orders of magnitude larger than those measured

for protein films.

Furthermore, AuNPs may promote a change in the charge transport
properties, as reflected by differences in the |-V curve profiles. The results
presented are consistent with different charge transfer mechanisms: a
mainly protonic mechanism for the CTPR films and an additional electronic
component for the AuNPs-doped films. The latter is favored by the short
AUNP interparticle gap observed in the CTPR164cys-AUNPS films (~0.6 nm),
which is suitable for hopping electron transfer between AuNPs within the
films. Although the conductive mechanisms along CTPR and CTPR164cys-
AuUNPs films need further studies, our work opens the way to new designs
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and understandings of long-range conductivity through protein, which is a
fundamentally interesting and potentially significant development of
bioelectronics materials. A generic approach for grafting any nanoparticle
on the scaffold of the proteins without altering its structure is also
demonstrated. Given the modular nature and the geometry of CTPR
proteins, other inorganic nanomaterials could be arranged with adjustable
inter-particle distances, making our approach a versatile tool for other

applications such as optical coupling.

5.5.Experimental section

5.5.1.Materials

All chemical reagents were purchased from Aldrich and used without further
purification. Ultrafiltration tubes used were Amicon Millipore with a
regenerated cellulose membrane and a cut-off of 3 kDa. The cobalt NTA
affinity resin used is ABT 6BCL-QHCo0-100 (Agarose Bead Technology).
Ultrapure reagent grade water (18.2 MQ, Wasserlab at 25 °C) was used in
all experiments. Gold(lll) chloride hydrate (HAuCl4, 299%), sodium citrate
tribasic dihydrate (298%), sodium borohydride (NaBH4, 296%), and amine-
functionalized mercapto-poly-(ethyleneglycol) (HS-PEG2K-NH,) were
purchased from Sigma-Aldrich Merck. All glassware was washed with aqua

regia, rinsed with Milli-Q water, and dried before use.

5.5.2.Measurements

UV-Vis and fluorescence spectra were recorded on a Synergy H1
microplate reader (Biotek) using 96-well plates. Fast Protein Liquid
Chromatography (FPLC) was performed on a GE Life Science AKTA prime
plus apparatus with a Superdex 75 column. Gel reader apparatus used was

a Syngene G:Box Chemi XR5. Matrix-Assisted Laser Desorption/lonization
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Time Of Flight mass spectrometry (MALDI-TOF) was done by the National
Center of Biotechnology (CNB) proteomic service in Madrid on an AB Sciex
ABi 4800 MALDI TOF/TOF mass spectrometer. High-Resolution
Transmission Electronic Microscopy (HR-TEM) measurements were done
on a JEOL JEM 1400 Plus.

5.5.3.Gel filtration chromatography

Gel filtration chromatography was performed using an AKTA prime plus
Fast Protein Liquid Chromatography (FPLC) equipment (GE Healthcare).
After Ni-NTA column purification, the dialyzed elution fractions were
injected into a Superdex 75 HR 10/30 size exclusion chromatography
column (GE Healthcare) and run at 0.5 mL min™? in PBS buffer with a
detection UV absorption at 280 nm. The samples were collected in 0.5 mL

fractions and stored at 4 °C.

5.5.4.High-resolution transmission electron microscopy (HR-TEM)

HR-TEM measurements were conducted on a JEOL JEM 1400 Plus
microscope. The samples for HR-TEM were prepared by drop contact of
the sample solution at 100 nM concentration of protein with a TEM grid and
blotted to dry. The analysis of the images was performed using ImageJ
software. The statistical analysis was performed using a Mann-Whitney
non-parametrical test with GraphPad Prism software.

5.5.5.Scanning tunneling microscopy (STM)

STM images were obtained with a home-built Scanning Tunneling
Microscope designed for room-temperature experiments®*. All the images
were recorded in ambient conditions using commercial gold substrates
(Arrandee) cleaned before sample deposition by flame-annealing. Freshly

cut gold wires (99.99%) were used as tips. Samples were prepared by the
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drop-casting technique from an aqueous solution of CTPR164cys-AUNPS.
0.1-10 nM concentrations for individual molecule imaging were used, while
for layer formation, a 1 M protein concentration was used. A drop of 200—
300 pL of the solution was deposited over our 1 cm? gold substrates, which
were rinsed with water several times after assembly periods of 10 to 30
minutes. The gold surface was then dried under N: flow. Images were
recorded using bias voltage values between 0.1 V and 1.5 V and a setpoint
current between 500 pA and 5 nA. The protein body could not be imaged in
the range of voltages studied, reflecting its low electrical conductance. The
typical apparent height of the AuNP was 0.4 nm, accounting for their
expected poor coupling to the gold substrate. X-ray diffraction (XRD) was
performed in a Panalytical X'Pert PRO diffractometer with Cu tube (lambda
Ka = 1.54187 A) operated at 45 kV, 40 mA, Ni beta filter, programmable
divergence, and anti-scatter slits working in fixed mode, and fast linear

detector (X’Celerator) working in scanning mode.

5.5.6.Gold nanoparticles synthesis

Gold nanopatrticles (~3 nm) were prepared by fast reduction of HAuCl, (20
mL, 0.125 mM) with freshly prepared NaBH. (0.3 mL, 10 mM) in the
presence of sodium citrate (0.25 mM) under vigorous stirring®¥. The
solution color changed from yellow to reddish. After two minutes stirring, the
seed solution was aged at 27 °C for 30 minutes before promoting sodium
borohydride  decomposition.  Amine-functionalized = mercapto-poly-
(ethyleneglycol) with a molecular weight of 2000 g mol™ was used for ligand
exchange. An aqueous solution of HS-PEG2K-NH» (0.5 mL, 2.9 mM) was
added dropwise to as-synthesized gold nanoparticles under vigorous
stirring, and incubated for 2 h. PEG-modified gold nanoparticles were
centrifuged using Millipore Amicon Centrifugal Filter Units (10 kDa) and

finally dispersed in water.
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5.5.7.Protein design and purification

Based on consensus CTPR16 protein, four cysteine residues were
introduced in a loop position 33 of the CTPR repeats 2, 6, 10, and 14 to
form CTPR16.4cys protein. The mutation was introduced in CTPR1 by quick-
change site-directed mutagenesis. The CTPR16.cys gene was generated
from the CTPRL1 wild type gene by sequential additions of CTPR1 wild type
or mutated repeats, depending on the CTPR repetition number, and cloned
into a pPro-EX-HTa vector. The protein was expressed as His-tagged
fusion and purified using standard affinity chromatography methods as
previously described’. The protein was dialyzed into PBS buffer (150 mM
NaCl, 50 mM phosphate buffer pH 7.4) with 2 mM B-mercaptoethanol and
stored frozen at —20 °C. The protein concentration was determined by UV-
absorbance at 280 nm using the extinction coefficient calculated from the

amino acid composition*,

5.5.8.Modification of AUNPs and conjugation with CTPR164cys

Protein 1 mL of amine-PEG AuNPs at 160 nM were incubated with 39 pL
of freshly prepared 22.9 uM 4-(N-maleimidomethyl) cyclohexane-1-
carboxylic acid 3-sulfo-N-hydroxysuccinimide ester (Sulfo-SMCC)
dissolved in water in a microtube for 30 min at room temperature (final molar
ratio Sulfo-SMCC : AuNPs = 5 : 1). The AuNPs concentration was
calculated from their absorption at 510 nm using the following equation: In
£=2332111 xIn D + 10.80505, where ¢ is the molar extinction coefficient
(M cm™ ) and D is the nanoparticle core diameter in nm of the gold
nanoparticles measured by TEM, according to Liu et al**’. Protein cysteines
were reduced using 5 mM dithiothreitol (DTT) for 45 minutes and purified
using an lllustra NAP-5 desalting column equilibrated with a solution of 150
mM NacCl, 50 mM phosphate buffer pH 8.0. Before conjugation, the excess

SulfoSMCC was removed from the AuNPs suspension by using an
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ultrafiltration unit Amicon® Ultra — 0.5 mL with a 3000 Da molecular weight
cut-off (MWCO) at 21 000 g for 5 min and by washing 5 times with 150 mM
NaCl, 50 mM phosphate buffer pH 8.0. Purified AUNPs-SMCC were then
incubated with 7.6 pL of 5.9 uM freshly reduced CTPR164cys at room
temperature with 20 rpm spinning for 1 h (final molar ratio CTPR164cys :
AuUNPs = 1: 4). After nanoparticle conjugation, the reaction was blocked by
adding 5 pyL of 10 mM B-mercaptoethanol. After overnight incubation,
CTPR164cys-AuUNPSs conjugates were purified from the excess of unbound
AuNPs and linker using protein His-Tag and Ni-NTA column. Free AuNPs
were eluted in the flow-through, while CTPR164cys-AUNPS conjugate was

eluted from the nickel column with a 300 mM imidazole buffer solution.

5.5.9.Film formation

Protein solid ordered films were generated as previously described33?,
CTPR164cys protein alone and CTPR164cys-AUNPS conjugates were diluted
to 3% (w/v) protein concentration in 10 mM NacCl, 10 mM Na phosphate pH
7.0 buffer. The solutions were deposited on different surfaces, depending
on the experiments to be performed. Quartz cuvette was used for circular
dichroism (CD) analysis, glass surface for conductivity measurements, and
silicon wafer for X-ray diffraction (XRD) analysis. The drop volumes also
vary between 10 to 30 pL. The solvent was evaporated at room temperature

for 12 hours, resulting in solid thin films.

5.5.10.Lithography of the electrodes

A pattern of interdigitated electrodes with a defined channel of 20 pm in
length L and 11.8 mm in width W was fabricated through clean-room
processes of “maskless” lithography (“Heidelberg DWL66fs” model) and
thermal evaporation. A Si/ SiO, wafer was coated by 2 mm “AZ 1512HS”
(MicroChemicals GmbH) positive resin and exposed to a A = 405 nm laser

that printed the designed electrode pattern. The wafer was then introduced
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in an AZ351B developer (1 : 4 developer : water) to remove the resin parts
exposed to the laser. To ensure that all the resin is removed, the wafer was
further exposed to plasma (50 W) for 30 s. The revealed sample was
introduced in a thermal evaporator (Nanosphere, de Oxford Vacuum
Science model) where a chromium 5-10 nm thick layer was first evaporated
to increase the adhesion to the substrate, followed by a 50 nm thick gold
layer. Finally, a lift-off process was performed, introducing the sample in
acetone to remove all the resin in the sample and obtain the desired pattern
shown in Figure 5.7.

Figure 5.7. Set up used for conductive measurements. CTPR164cys-
AuNPs film deposited over silicon wafers with gold electrodes patterned

over them.

5.5.11.Electrical conductivity measurements

To study the conductive properties of the CTPR164cys and CTPR64cys-
AuNPs, thin films of the protein and the conjugate devices were prepared
over silicon wafers with gold electrodes patterned as described in the

previous section (Figure 5.7). Using a Keithley 4200-SCS, current versus
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voltage curves were recorded in the interval (-1 V, +1 V) for both the
CTPR164cys protein and the CTPR16a4cys-AUNPS conjugate. Olympus
standard silicon nitride probes of 0.05 N m™ and 18 kHz (OMCL-
RC800PSA) were employed to contact the electrodes. The aspect ratio
(WIL) of the interdigitated electrodes is 590, which allowed us to obtain
measurable currents even for low conducting plain CTPR164cys films and
reduce the effect of edge currents between the electrodes. The low
conductance of CTPR16.4cys forced us to prepare a thicker film of this protein
than the one with AuNP conjugate. Thus, 4-5 ym thick films for the protein
and 20-100 nm thick films for the conjugate were prepared. The thickness
of the films was measured using a profilometer for CTPR164cys films and an
atomic force microscope (AFM) on jumping mode for the CTPR16a4cys-
AuUNPs films.
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6.GENERAL CONCLUSIONS

This thesis has focused on the design of protein and metallic nanomaterials
hybrids. First, a systematic work using advanced spectroscopic techniques
has been carried out for understanding the importance of metal coordinating
residues within the protein for the fine tuning of the optical properties of gold
nanoclusters. Then, several applications of designed CTPR proteins have
been proved, in particular protein designs for sensing environmental
parameters, correlative elemental-fluorescence imaging, and conductive
biomaterials. In this sense, the initial hypothesis established at the
beginning of this thesis, which states that repeat proteins, in particular the
modular CTPR proteins, can be finely engineered in conjugation with metal
nanoelements for their use in tailored applications, has been demonstrated
in different scenarios. The conclusions regarding the objectives determined

in the introductory chapter are detailed below:

- Design of stable nanocluster-protein hybrids with optimized
luminescent properties. A careful investigation of the physicochemical
phenomena rising photoluminescence in gold nanoclusters conjugated
to precisely engineered CTPR proteins was performed. The role of
metal coordination residues and protein stability were assessed using
advance spectroscopical techniques. The interaction of uncapped
nanoclusters with proteins carrying engineered metal coordination sites
showed remarkable differences in PL emission wavelength and lifetime,
depending on the chemical nature of those coordinating residues.
Moreover, the described synthesis method offers an easy, green and
quick way of developing photo-emissive NC-protein hybrids as an

alternative to in situ nanocluster growth. Further studies can be
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proposed to elucidate open questions, such as the molecular
mechanisms implicated in the photoemission.

- Design of photoactive nanocluster-protein hybrids that hold a
specific environmental-sensing response. In this chapter, CTPR
proteins were evaluated as protein templates to direct the synthesis of
different metal nanoclusters (Au, Ag and Cu), and those NC-protein
hybrids tested as biosensors. The three metal NC-protein hybrids
showed remarkable sensitivity and efficiency as temperature sensors.
Furthermore, the AuNCs hybrids were able to detect nanomolar
concentration of copper ions in solution and AgNCs detected the
formation of ROS species.

- Design of nanoclusters-protein hybrids for cellular and bioimaging
applications. Here, dual detection probes based on CTPR proteins
were designed for correlative SXRFN and fluorescence microscopy.
Three metallic NC templated by CTPR were assessed as SXRFN
probes, AuNCs, NiNCs and CoNCs, of which AuNCs was the most
stable and robust nano probe. Further fluorescence confocal
microscopy of AUNCs-CTPR proteins carrying specific signal peptides
was performed for evaluating AuNC-protein as fluorescent organelle-
tags, which relies on external transfection agents for the cytosolic
delivery of nanoclusters-CTPR proteins. Out of the different agents
were tested, one showed promising results. Exciting work on
developing correlative XRF-fluorescence microscopy organelle tags
awaits in the future.

- Design of CTPR protein scaffolds as templates for the stabilization
and organization of gold nanoparticles to produce
electroconductive biomaterials. The work developed in this chapter
showed that gold nanoparticles can be used to enhance four times the
conductivity of pristine protein-based films. The careful design of CTPR

protein allows to nanometric control the conjugation of AuNPs in a
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desired pattern. Furthermore, AuNPs promote a change in the charge
transport properties: a mainly protonic mechanism for the CTPR films
and an additional electronic component for the AuNPs-doped films. The
latter is favored by the short AuNP interparticle gap observed in the
CTPR164cys-AuNPs films, which is suitable for hopping electron transfer
between AuNPs within the films. Thus, the methodology employed can
act as a guide for ordering other interesting molecules in a controlled

way onto protein films.

Overall, the studies carried out in this thesis are a demonstration of the
synergistic use of modular protein design and the synthesis of metallic
nanostructures to develop new hybrid tools for nanotechnological

applications in several fields.
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